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Editorial on the Research Topic

Plant molecular farming for biopharmaceutical production and beyond
Plant Molecular Farming (PMF) continues to advance as a multidisciplinary field at the

intersection of biotechnology, agriculture, and therapeutic development, yet challenges

such as limited expression efficiency, protein instability, and scalability continue to shape its

translational landscape. Recent studies have shown promising advancements in plant

genetic engineering and novel expression systems, which have significantly improved the

yield, purity, and functionality of plant-derived pharmaceuticals (Eidenberger et al., 2023;

Akher et al., 2025). However, there remains a need for comprehensive research to address

regulatory, economic, and ethical considerations, as well as to explore the successful

commercialization and global impact of these plant-made pharmaceuticals. The articles in

this Research Topic illustrate how platforms including Nicotiana benthamiana, Arabidopsis

thaliana, moss, and chloroplast-based systems are evolving into flexible and scalable

biomanufacturing hosts for therapeutics, metabolic products, and nanomaterials.

Several studies across this Research Topic highlight the continual refinement of N.

benthamiana as a host for improved recombinant protein production. Suppressing the

defense-associated genes Nb-SABP2 and Nb-COI1 markedly increased transient

expression efficiency by reducing immune responses that normally limit heterologous

protein accumulation, offering a practical strategy for enhancing yield without affecting

plant growth (Kopertekh). Yang et al. also characterized the papain-like cysteine protease

(PLCP) gene family and identified specific proteases that degrade recombinant proteins,

revealing targets whose suppression can further improve protein stability in planta.

Additional refinement comes from Kaur et al. (2025) employed multiplex CRISPR/Cas9

editing to disrupt all seven core glycosyltransferase genes responsible for plant-specific N-

glycan motifs, generating stable, Cas9-free N. benthamiana lines completely lacking a-1,3-
fucosyltransferase and b-1,2-xylosyltransferase activities. These glycoengineered plants

grew normally and formed a robust platform for producing biotherapeutics with

human-compatible glycosylation profiles.

Glyco-optimization remains central to enabling therapeutic-grade protein production

in plants. Göritzer et al. demonstrated that modifying amino acids adjacent to the conserved

Asn297 site, particularly through the Y300L variant, markedly increases N-glycan occupancy in

plant-produced IgG1 and enhances Fc receptor binding and thermal stability, thereby reducing

functional differences between plant- and mammalian-derived antibodies. Moss systems offer
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an additional avenue for controlled glycan engineering. Jonner et al.

showed that introducing Spodoptera frugiperda mannosidase III and

hexosaminidase into Physcomitrium patens, together with promoter

tuning and targeted subcellular localization, enables production of

recombinant human lysosomal acid a-glucosidase (Repleva GAA,

RPV-002) enriched with paucimannosidic (MM) glycans. The

engineered moss lines retained normal growth and achieved up to

43.5% of MM glycans, offering a practical strategy for improving

mannose receptor–mediated uptake of therapeutic proteins.

Several articles in this Topic highlight the production of

functional therapeutic molecules in plant systems. Yu et al.

demonstrated that expression of an epidermal growth factor

(EGF)–transdermal peptide fusion in A. thaliana yields a

recombinant protein capable of penetrating the skin, and topical

application markedly improves skin barrier repair in mice,

illustrating the potential of plants for dermatological biologics.

Melendez et al. reported that N. benthamiana can rapidly

produce a monoclonal antibody targeting the extracellular

enveloped virion (EV) form of Monkeypox virus; the plant-

derived antibody bound the MPXV A35 antigen and neutralized

EV particles, demonstrating that plant-based systems can generate

antibodies with functional antiviral activity against this clinically

important virion form. Wang et al. also compared the expression of

full-length and mature nattokinase, revealing that the full-length

precursor induces rapid leaf necrosis, whereas the mature enzyme

accumulates efficiently and retains strong fibrinolytic activities,

supporting its feasibility as a plant-produced therapeutic enzyme.

Viral nanoparticle technologies represent another major

thematic area in this Research Topic. Ljumović et al. developed

an innovative foliar spray infection method for producing Tomato

Bushy Stunt Virus (TBSV)-derived viral nanoparticles in N.

benthamiana, offering a simple and scalable alternative to syringe

or vacuum infiltration and demonstrating compatibility with

vertical farming systems. This advance is paired with a detailed

description of a GMP-compliant manufacturing facility for

producing clinical-grade plant-made nanomaterials, which

outlines upstream cultivation, downstream purification, and

regulatory considerations and provides a practical blueprint for

industrial-scale nanoparticle production Pivotto et al. Vater et al.

also demonstrated that N. benthamiana can produce functional

human Galectin-1 (hGAL1) with correct folding, glycan binding,

and immunomodulatory activities, reinforcing the suitability of

plant systems for generating active immunotherapeutic proteins.

The Research Topic features significant contributions in metabolic

engineering and agricultural biotechnology. Gerasymenko et al.

demonstrated that co-expression of specialized isoprenyl

diphosphate synthases (IDSs) and substrate-producing enzymes

in N. benthamiana enables efficient biosynthesis of irregular

monoterpene malonyl glucosides that are otherwise difficult to

obtain, illustrating the versatility of plant systems for generating

structurally diverse metabolites with pharmaceutical potential. Qi

et al. reviewed advances in RNA interference as a precise and

environmentally sustainable strategy for crop protection,

highlighting developments in delivery platforms, regulatory

considerations, and pathways for integration into large-scale
Frontiers in Plant Science 026
agricultural practice. Schubert et al. utilized multilayered zein-

based protein bodies in N. benthamiana to encapsulate both wild-

type and hypoallergenic parvalbumin, enhancing resistance to

gastrointestinal digestion and enabling controlled release. These

engineered protein bodies were efficiently internalized by intestinal

epithelial cells, establishing a promising plant-derived

bioencapsulation platform for oral administration.

Together, these studies reflect a field moving rapidly toward

technical maturity, translational relevance, and manufacturing

readiness. We thank all contributing authors and reviewers for

advancing the scientific and practical foundations of this evolving

field, and we hope this Research Topic will inspire continued

innovation across molecular farming applications.
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and Nb-COI1 plant defence
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Currently transient expression is one of the preferred plant-based technologies

for recombinant protein manufacturing, particularly in respect to

pharmaceutically relevant products. Modern hybrid transient expression

systems combine the features of Agrobacterium tumefaciens and viral vectors.

However, host plant reaction to Agrobacterium-mediated delivery of gene of

interest can negatively affect foreign protein accumulation. In this study, we

investigated whether the modulation of plant immune response through

knockdown of the Nb-SABP2 and Nb-COI1 N. benthamiana genes could

improve recombinant protein yield. In plants, the SABP2 and COI1 proteins are

involved in the salicylic acid and jasmonic acid metabolism, respectively. We

exemplified the utility of this approach with the green fluorescence (GFP) and b
nerve growth factor (bNGF) proteins: compared to the tobacco mosaic virus

(TMV)-based vector the Nb-SABP2 and Nb-COI1-suppressed plants provided an

increased recombinant protein accumulation. We also show that this strategy is

extendable to the expression systems utilizing potato virus X (PVX) as the vector

backbone: the enhanced amounts of bNGF were detected in the Nb-SABP2 and

Nb-COI1-depleted leaves co-infiltrated with the PVX-bNGF. These findings

suggest that modulating host plant reaction to agrodelivery of expression

vectors could be useful for improving transient foreign protein production in

N. benthamiana.
KEYWORDS

Nicotiana benthamiana, Nb-COI1, Nb-SABP2, plant defense response, recombinant
proteins, transient expression
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Introduction

Transient expression in N. benthamiana is an advanced

technology, which has turned plants into commercial platform for

recombinant protein production (Lomonossoff and D’Aoust, 2016;

Schillberg et al., 2019; Schillberg and Finnern, 2021). This method

uses the ability of Agrobacterium tumefaciens to transfer T-DNA

carrying the expression vector with the gene of interest into plant

cells (Kapila et al., 1997; Fischer et al., 1999). The major advances in

this technique have centered on the development of hybrid

expression systems combining features of A. tumefaciens and viral

vectors (Gleba et al., 2005; Peyret and Lomonossoff, 2015). With a

few exceptions the modern viral expression vectors rely on

sequences of RNA (tobacco mosaic virus (TMV), potato virus X

(PVX), cowpea mosaic virus (CPMV)) and DNA (bean yellow

dwarf virus (BeYDV)) viruses (Gleba et al., 2007; Peyret and

Lomonossoff, 2015). Among different species that have been

tested for transient expression Nicotiana benthamiana is the

preferred host due to a short life cycle, fast growth rate, suitable

for massive infiltration leaf anatomy and a partly defective RNA

silencing system (Goodin et al., 2008; Bally et al., 2018). Current

research in the field of N. benthamiana-based transient expression

is focused on the improvement of vector delivery systems and fine-

tuning of plant expression host. A number of strategies have been

developed to design plant cell conditions supporting foreign protein

production. The first one is based on co-expression of cell cycle

regulatory genes. In particular, several research groups reported

about positive impact of virus- and plant-derived cell-cycle

regulators on recombinant protein accumulation in N.

benthamiana (Norkunas et al., 2018; Kopertekh and Reichardt,

2021, 2022). Another experimental approach of plant cell

engineering has been described in publication of Wang et al.

(2023). The authors showed that the application of a semi-

dominant negat ive ga in-of- funct ion mutant form of

plasmodesmata located protein 5 (PDLP) from Arabidopsis

thaliana facilitated TMV-based vector movement and enhanced

foreign protein production. One of the recent reports demonstrated

that the depletion of the NbCORE receptor perceiving the cold

shock protein of A. tumefaciens improves agroinfiltration

productivity in N. benthamiana (Dodds et al., 2023). Finally, the

attenuation of plant defense response against microbial components

of transient vector delivery system has been also addressed to design

a supportive cell environment for increased foreign protein

accumulation. There are several examples in the literature

showing that downregulation of endogenous plant genes involved

in post-transcriptional gene silencing (PTGS) process can elevate

recombinant protein accumulation in N. benthamiana host.

Particularly, this approach has been shown to be feasible for the

DCL2, DCL4 (Matsuo and Matsumura, 2017; Matsuo, 2022), RDR6

(Matsuo and Atsumi, 2019) and Arg2 (Ludman et al., 2017) genes

encoding Dicer-like 2, Dicer-like 4, RNA-dependent RNA

polymerase 6 and Argonaut 2 proteins, respectively.

One of the essential components of the plant pathogen response

is the regulatory network of phytohormones. Salicylic acid (SA),

jasmonic acid (JA) and ethylene (ET) are major plant hormones

that orchestrate defense reaction (Li et al., 2019; Ngou et al., 2022).
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The phytohormones involved in plant response to biotic stress have

been shown to play an essential role in both Agrobacterium- and

virus-plant interactions. In respect to plant-Agrobacterium

pathosystem it was demonstrated that the defective in SA

accumulation Arabidopsis thaliana and N. bethamiana plants

were more susceptible to infection, whereas mutants

overproducing SA were relatively resistant (Yuan et al., 2007;

Anand et al., 2008). It was suggested that SA shuts down the

expression of the Vir regulon by the attenuation of the VirA protein

kinase activity (Yuan et al., 2007). The role of JA and SA in plant-

virus interaction has also been reported. For example, the

exogenous application of SA and JA improved plant resistance to

RNA viruses (Lee et al., 2011; Shang et al., 2011). Inversely,

suppression of the SA and JA biosynthetic and signaling genes

accelerated development of symptoms and accumulation of virus

titters (Liu et al., 2004; Pacheco et al., 2012; Garcıá-Marcos et al.,

2013; Zhu et al., 2014). Considering the negative impact of plant

defense response on microbial component of transient vector

delivery system, we supposed that the attenuation of defense

reaction might have positive effect on agroinfiltration efficiency

and subsequent recombinant protein accumulation. To proof our

hypothesis we modulated pathogen defense in N. benthamiana by

silencing two endogenous genes, Nb-SABP2 and Nb-COI1, which

are involved in SA and JA metabolism, respectively. The Nb-SABP2

gene encodes a SA-binding protein 2 termed SABP2, which is

essential for establishing systemic acquired resistance (SAR)

(Kumar and Klessig, 2003; Forouhar et al., 2005). The SABP2 is

involved in the conversion of biologically inactive methyl salicylate

(MeSA) into active SA leading to activation of the SA-dependent

defense response (Park et al., 2007). The coronatine insensitive 1

(COI1) gene encodes an F-box COI1 protein that determines the

substrate specificity of the E3 ubiquitin ligase SCFCOI1 complex.

This complex targets repressors of the JA-induced genes for

degradation inducing their expression (Xie et al., 1998; Xu et al.,

2002; Chini et al., 2009).

We report here that transient downregulation of the Nb-SABP2

and Nb-COI1 genes facilitated accumulation of viral vector and

target protein transcripts, and resulted in enhanced recombinant

protein production in N. benthamiana. These findings indicate that

the attenuation of plant host response against biotic stress could

have value in improving transient expression technology.
Materials and methods

Plasmid constructs

The pLH-35S-COI1-INT-COI1 and pLH-35S-SABP2-INT-

SABP2 constructs were designed in several steps. The 186 bp

region of the Nb-COI1 gene was amplified from N. benthamiana

cDNA using two primer combinations, NcoI-COI1-forw/COI1-

BamHI-rev and SpeI-COI1forw/COI1-XhoI-rev. The 230 bp

fragment of the Nb-SABP2 gene was amplified from the same

cDNA sample as for the Nb-COI1 gene by two primer pairs: the

NcoI-SABP2-forw/SABP2-HindIII-rev and the XbaI-SABP2-forw/

SABP2-SalI-rev. The second intron (IV2) of the potato ST-LS1 gene
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was amplified from the p35S-creINT plasmid (Mlynárová and Nap,

2003) by PCR using the BglII-ST-LS1-INT-forw/ST-LS1-INT-SalI-

rev and HindIII-ST-LS1-INT-forw/STLS1-INT-SalI-rev primer

combinations. The amplified fragments were cloned in pGEM-T

Easy (Promega, Walldorf, Germany) vector and sequenced. The

primers can be found in Supplementary Table S1. Next, the sense

and antisense gene fragments together with the separating hairpin

loop sequence were introduced between the 35S promoter and

terminator in the pCK-GFP plasmid (Reichel et al., 1996). The

pCK-35S-COI1-INT-COI1 construct was generated by the ligation

of the NcoI-XbaI digested pCK-GFP with three restriction

fragments, NcoI-COI1-BamHI, BglII-ST-LS1-INT-SalI and SpeI-

COI1-XhoI, derived from the pGEM-NcoI-COI1-BamHI, pGEM-

BglII-ST-LS1-INT-SalI and pGEM-SpeI-COI1-XhoI plasmids,

respectively. The restriction enzymes used for cloning are defined

at 5’ and 3’ ends of the restriction fragments. Finally, the Nb-COI1

RNAi cassette from the pCK-35S-COI1-INT-COI1 plasmid was

cloned into PstI restriction site of the pLH7000 binary vector

(Töpfer et al., 1993) resulting in the pLH-35S-COI1-INT-COI1

(Nb-COI1hpc).

Ligation of the NcoI/XbaI digested pCK-GFP plasmid with

three restriction fragments, NcoI-SABP2-HindIII, HindIlI-ST-

LS1-INT-SalI and XbaI-SABP2-SalI, yielded the pCK-35S-SABP2-

INT-SABP2 plasmid. For the Nb-SABP2 gene, the NcoI-SABP2-

HindIII, HindIlI-ST-LS1-INT-SalI and XbaI-SABP2-SalI restriction

fragments were obtained from the pGEM-NcoI-SABP2-HindIII,

pGEM-HindIlI-ST-LS1-INT-SalI and pGEM-XbaI-SABP2-SalI

plasmids. Next, the silencing expression cassette from the pCK-

35S-SABP2-INT-SABP2 intermediate construct was released by PstI

and ligated to NsiI digested pLH7000 resulting in the pLH-35S-

SABP2-INT-SABP2 (Nb-SABP2-hpc) final plasmid.

To design the pLH-TMV-GFP expression construct the

HindIII-KpnI digested pLH-Dbar-PacI (Kopertekh et al., 2004)

plasmid was ligated with three restriction fragments, namely,

KpnI-NcoI fragment of pICH17344, NcoI-SpeI fragment of

pICH17344, and SpeI-HindIII fragment of pICH17344. The pLH-

TMV-GFP was subsequently used to prepare the pLH-TMV-bNGF.
At first, the bNGF gene containing XhoI and SwaI restriction sites at

5’ and 3’ ends, respectively, was synthesized by BioCat (Heidelberg,

Germany). Then, XhoI-b-NGF-SwaI sequence digested with XhoI

and SwaI enzymes was introduced into identical cloning sites of the

pLH-TMV-GFP construct.

The pLH-PVX-bNGF expression vector was constructed as

follows. At first, the bNGF gene containing NheI restriction site at

the 5’ of the start codon and SalI restriction site at the 3’ end of the

stop codon was synthesized by BioCat (Heidelberg, Germany).

Following NheI-SalI restriction the bNGF sequence was ligated

into equally digested pPVX201 (Chapman et al., 1992) producing

the pPVX-bNGF. To transfer the PVX-bNGF sequence into the

pLH-Dbar-PacI plasmid the pPVX-bNGF was linearized with SphI

and, following removal of the single stranded termini with T4

polymerase digested with EheI. The SphI-EheI DNA fragment

containing the PVX-bNGF sequence was ligated to pLH-Dbar-
PacI plasmid restricted with StuI. The final plasmid was

designated as pLH-PVX-bNGF.
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The pLH7000, pLH-35S-COI1-INT-COI1, pLH-35S-SABP2-

INT-SABP2, pLH-TMV-GFP, pLH-TMV-bNGF and pLH-PVX-

bNGF expression vectors were introduced into A. tumefaciens

(recently renamed to Rhizobium radiobacter) strain C58C1 by the

freeze-thaw method (Holsters et al., 1978).
Agroinfiltration of N. benthamiana

A. tumefaciens cultures (strain C58C1) containing the

expression vectors were grown overnight in LB medium

supplemented with appropriate antibiotics (100 mg/L

spectinomycin, 300 mg/L streptomycin, 50 mg/L rifampicin, 100

mg/L carbenicillin), pelleted by centrifugation and resuspended in

agroinfiltration buffer (10 mM MES, 10 mM MgCl2, 150 µM

acetosyringone, pH 5.6). The final optical density of A.

tumefaciens cultures carrying the pLH-TMV-GFP, pLH-TMV-

bNGF and pLH-PVX-bNGF vectors was adjusted to OD600 of

0.1, whereas the A. tumefaciens cultures carrying the pLH7000,

pLH-35S-COI1-INT-COI1 and pLH-35S-SABP2-INT-SABP2

plasmids were brought to a final OD600 of 0.3. Agrobacterium

suspensions were infiltrated into expanded leaves of 5-6 week-old

N. benthamiana plants using a syringe without a needle. N.

benthamiana plants were grown in the greenhouse at 24/22 0C

day/night temperature with a 16 h light and 8 h dark photoperiod.
Gene expression analysis

Expression of the Nb-SABP2, Nb-COI1, TMV, GFP and bNGF
was estimated by qPCR analysis. To this end, RNA from the

agroinfiltrated and non-agroinfiltrated N. benthamiana plants was

isolated using the BioSELL RNA Mini Kit (Bio&SELL, Feucht,

Germany). One mg of RNA was used to synthesize cDNA by the

random hexamer primer and Maxima Reverse Transcriptase

according to the manufacturer’s protocol (Thermo Scientific,

Waltham, USA). The qPCR has been carried out with the Nb-

SABP2-forw/Nb-SABP2-rev, Nb-COI-forw/NbCOI-rev, gfp-forw/

gfp-rev, bNGF-forw/bNGF-rev and TMV-CP-forw/TMV-CP-rev

primers specific to the Nb-SABP2 (JX317629.1), Nb-COI1

(AY547493.1), GFP (KX458.181.2), bNGF (KF057035.1) and

TMV coat protein (M34077.1) genes, respectively. The qPCR

reactions were accomplished in Mastercycler® EP realplex

(Eppendorf, Hamburg, Germany) utilizing Maxima SYBR Green

qPCR Master Mix (Thermo Scientific, Waltham, USA). Relative

quantifications were performed based on the DCT method using

cyclophilin (cyp) (AY368274.1) gene as an internal standard. Primer

sequences for target and reference genes are listed in Supplementary

Table S1.

In total samples from 6-8 plants were subjected to RNA

analysis. Each sample was pooled from three middle leaves of one

plant. The number of samples is designated in figure legends as n.

Three technical replicates were performed for each probe. The

Mann-Whitney U test was applied to test if there were differences

between wild type and silenced plants.
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GFP imaging

For visual detection of GFP fluorescence N. benthamiana leaves

were illuminated with a handheld UV lamp and photographed with

the Canon digital camera EOS 300D.
Protein quantification

The GFP and bNGF proteins were quantified by specific ELISA.
Plant samples were collected from the middle agroinfiltrated leaves

at 3, 5 and 7 dpi. The description of the GFP quantification can be

found in Kopertekh and Reichardt (2021). The amounts of the

bNGF protein in N. benthamiana leaves were determined as

follows. Leaf material (300 mg) was harvested, homogenized in

two volumes (w/v) of TBS buffer (50 mM Tris, 150 mM NaCI,

0.05% Tween-20, pH 7.4) and clarified by centrifugation for 10 min

at 4 °C. ELISA plates were coated overnight with capture antibody

diluted in carbonate buffer (0.1 M NaHCO3, 0.1 M Na2CO3, pH

9.5). After incubation, the plates were washed three times with TBS

buffer and blocked with blocking solution (TBS buffer

supplemented with 1% BSA) for 1 h at room temperature.

Following washing step as described above the plates were coated

with the fresh prepared plant extracts and incubated overnight at 4 °

C. Subsequently, the washing with TBS was repeated and a biotin

anti-human NGF antibody in TBS buffer containing 1% BSA was

added and incubated for 1 h at room temperature. After washing

step performed as described, an avidine alkaline phosphatase was

added and incubated for 30 minutes at room temperature. Finally,

the plates were developed for 30 min with p-nitrophenyl phosphate

as substrate and optical density was measured at 405 nm in a

SUNRISE™ microplate reader (Tecan, Männedorf, Switzerland).

All plates contained control bNGF protein diluted in TBS buffer for

a standard curve.

Recombinant protein accumulation was analyzed in 6-8

biological and three technical replicates. The biological replicate

represents a pooled sample from three middle leaves of one plant.

The Mann-Whitney U test was performed to test if there were

differences in recombinant protein accumulation between

agroinfiltrated wild type and silenced plants.
Results

Expression of the Nb-SABP2 and Nb-COI1
genes in agroinfiltrated N.
benthamiana leaves

To examine the involvement of the Nb-SABP2 and Nb-COI1

genes in N. benthamiana defense response to Agrobacterium-

mediated delivery of virus-based expression vector the expression

profile of these genes was investigated in agroinoculated leaf tissue.

Following agroinfiltration of N. benthamiana plants with A.

tumefaciens cultures carrying the pLH7000 and pLH-TMV-GFP

(Figure 1) constructs the Nb-SABP2 and Nb-COI1 transcripts were

quantified by qPCR at 2, 5 and 7 days after inoculation (dpi) and
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compared to that of non-treated plants. This analysis showed that

the Nb-SABP2 gene was upregulated in response to A. tumefaciens

(pLH7000) and TMV (pLH-TMV-GFP) at early infection stage, 2

dpi (Figure 2A). In the N. benthamiana leaves treated only with A.

tumefaciens the accumulation of the Nb-SABP2 RNA was increased

with a significant fold change value of 5.9 at 2 dpi, 6.3 at 5 dpi and

4.8, at 7 dpi. In presence of the pLH-TMV-GFP virus vector the Nb-

SABP2 expression increased at levels 8.9, 8.7 and 6-fold of the

means for the non-treated plant at 2, 5 and 7 dpi, respectively. These

results suggest that the Nb-SABP2 gene is involved in N.

benthamiana defense reaction against both components of

transient gene delivery system, Agrobacterium and virus vector,

and its upregulation starts at the early infection stage.

The expression profile of theNb-COI1 gene differed from that of

the Nb-SABP2 gene (Figure 2B). In comparison to non-inoculated

control, no significant differences in the Nb-COI1 transcript

accumulation were observed in agroinfiltrated N. benthamiana

leaves at 2 and 5 dpi. The upregulation of the Nb-COI1 gene

expression in treated leaves started late in the infection, at 7 dpi,

achieving a 1.6-fold increase for Agrobacterium (pLH7000) and 2.4-

fold increase for TMV (pLH-TMV-GFP). Therefore, the Nb-COI1

gene is also involved in plant defense response against

Agrobacterium-mediated delivery of the TMV-based vector.
Downregulation of the Nb-SABP2 and Nb-
COI1 genes facilitated TMV and foreign
protein transcript accumulation

To determine whether downregulation of the Nb-SABP2 and

Nb-COI1 endogenous genes can influence the TMV and foreign

protein RNA accumulation the pLH-35S-COI1-INT-COI1 and

pLH-35S-SABP2-INT-SABP2 constructs have been designed. Both

construct are based on the pLH7000 vector backbone and utilize the

CaMV 35S promoter and terminator to control the dsRNA

expression unit. The Nb-SABP2 dsRNA expression cassette in the

pLH-35S-SABP2-INT-SABP2 vector includes the Nb-SABP2 DNA

fragment of 230 bp in sense and antisense orientation separated by

the second intron of the potato ST-LS1 gene (Figure 1A). The pLH-

35S-COI1-INT-COI1 silencing construct contained a 186 bp

fragment of the Nb-COI1 gene in direct and indirect orientation

and the same splitting intron sequence as in the case of the pLH-

35S-SABP2-INT-SABP2 plasmid (Figure 1B).

The functionality of the pLH-35S-SABP2-INT-SABP2 and pLH-

35S-COI1-INT-COI1 constructs has been tested for two vectors,

pLH-TMV-GFP and pLH-TMV-bNGF (Figure 1C). For each

expression vector N. bethamiana plants were agroinfiltrated with

the A. tumefaciens cultures in following combinations: (i) pLH-

TMV-GOI, (ii) pLH-TMV-GOI/pLH-35S-COI1-INT-COI1, (iii)

pLH-TMV-GOI/pLH-35S-SABP2-INT-SABP2, (iv) pLH-TMV-

GOI/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1. The

GOI designates the GFP and bNGF encoding sequences. The

levels of the Nb-SABP2, Nb-COI1, TMV, GFP and bNGF
transcripts were determined by qPCR analysis in the Nb-SABP2

and Nb-COI1 silenced leaves and compared with those of plants

treated only with the pLH-TMV-GOI vector. The qPCR results for
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the pLH-TMV-GFP virus vector demonstrated that the Nb-SABP2

mRNA levels were reduced to 91% and 90% in the pLH-TMV-GFP/

pLH-35S-SABP2-INT-SABP2, and pLH-TMV-GFP/pLH-35S-

SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1 agroinfiltrated

leaves, respectively (Figure 3). The presence of the pLH-35S-

COI1-INT-COI1 dsRNA construct resulted in the downregulation

of the Nb-COI1 gene by 57% for the pLH-TMV-GFP/pLH-35S-

COI1-INT-COI1 combination and by 68% for the TMV-GFP/pLH-

35S-SABP2-INT-SABP2/pLH35S-COI1-INT-COI1 mixture of A.

tumefaciens cultures. The content of TMV RNA elevated by 7, 9

and 6-fold in the Nb-COI1, Nb-SABP2 and Nb-COI1/Nb-SABP2-

silenced plants, respectively. The accumulation of the GFP

transcripts correlated with that of the TMV: it was increased by 5,

6 and 4-fold for the pLH-TMV-GFP/pLH-35S-COI1-INT-COI1,

pLH-TMV-GFP/pLH-35S-SABP2-INT-SABP2, and pLH-TMV-

GFP/pLH-35S-SABP2-INT-SABP2/pLH35S-COI1-INT-COI1

samples, correspondingly.

The qPCR data for the TMV vector carrying the bNGF coding

sequence are shown in Figure 4. Similar to the pLH-TMV-GFP virus

vector the Nb-SABP2 expression was reduced by 90% in leaves

agroinfiltrated with the pLH-TMV-bNGF/pLH-35S-SABP2-INT-

SABP2 culture mixture and by 86% in leaves agroinfiltrated with

the pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2/pLH-35S-

COI1-INT-COI1 culture mixture. In leaves agroinfiltrated with the
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pLH-TMV-bNGF/pLH-35S-COI1-INT-COI1 and pLH-TMV-

bNGF/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1

combinations the Nb-COI1 mRNA levels were reduced by 60% and

59%, correspondingly. Downregulation of the Nb-SABP2 and Nb-

COI1 genes resulted in increased accumulation of the TMV RNA at

3 fold in all tested combinations of constructs.

Positive correlation was also found between the accumulation of

viral and bNGF RNA. The bNGF gene showed significant fold

change values of 3.6, 4.2 and 3.3 in the pLH-TMV-bNGF/pLH-35S-

COI1-INT-COI1, pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2

and pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2/pLH-35S-

COI1-INT-COI1 samples, respectively. These results suggest that

the RNAi constructs for the Nb-SABP2 and Nb-COI1 are functional

in a transient assay and the suppression of these genes has positive

effect on foreign protein transcript accumulation.
Downregulation of the Nb-SABP2 and Nb-
COI1 genes enhanced transient
recombinant protein accumulation

Having identified the beneficial effect of the Nb-SABP2 and Nb-

COI1 gene suppression on transient gene delivery system at RNA

level (Figures 3, 4), we assessed the recombinant protein
FIGURE 1

Schematic representation of expression constructs used in this study. (A) The pLH-35S-COI1-INT-COI1 RNAi construct. The pLH-35S-COI1-INT-
COI1 plasmid contains the bar and Nb-COI1 RNAi expression cassettes. The components of the pLH-35S-COI1-INT-COI1 are designated as follows:
bar, bar gene; Nb-COI1, the 186 bp fragment of the Nb-COI1 gene in sense and antisense orientation; INT, the second intron (IV2) of the potato ST-
LS1 gene. (B) The pLH-35S-SABP2-INT-SABP2 RNAi construct. The pLH-35S-SABP2-INT-SABP2 plasmid contains the bar and Nb-SABP2 RNAi
expression cassettes. The components of the pLH-35S-SABP2-INT-SABP2 are designated as follows: bar, bar gene; Nb-SABP2, the 230 bp fragment
of the Nb-SABP2 gene in sense and antisense orientation; INT, the second intron (IV2) of the potato ST-LS1 gene. (C) The pLH-TMV-GOI expression
vector. Features are as follows: RdRp, RNA-dependent RNA polymerase; MP, movement protein; genes of interest (GOI): bNGF (bNGF) and GFP
(GFP); CP, coat protein encoding sequence; (D) The pLH-PVX-bNGF expression vector. Features are as follows: RdRp, RNA-dependent RNA
polymerase; 25K, 12K, 8K, triple gene block; bNGF, bNGF gene; CP, coat protein encoding sequence. All expression constructs are based on the
pLH7000 vector backbone. The regulatory elements used in expression vectors are pAct2, Act2 promoter from A thaliana; tNos, nopaline synthase
terminator, p35S, CaMV 35S promoter; t35S, CaMV 35S terminator. LB, RB, left and right border of T-DNA, respectively.
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accumulation. Investigation of N. benthamiana leaves

agroinfiltrated with the pLH-TMV-GFP under UV light revealed

stronger GFP fluorescence in the presence of the Nb-SABP2 and

Nb-COI1 RNAi silencing constructs (Figure 5A). Following a visual

observation, the expression of GFP recombinant protein was

analyzed over time in N. benthamiana leaves by specific ELISA.

This analysis showed that the GFP accumulation increased steadily

from day 3 to 7 and reached a peak on day 7 (Figure 5B). Compared

to samples agroinfiltrated with the pLH-TMV-GFP alone, higher

recombinant protein amounts were detected in leaf tissue co-

infiltrated with the A. tumefaciens cultures containing the pLH-

TMV-GFP and RNAi expression vectors. Production of GFP

increased by 2.4-fold for the pLH-TMV-GFP/pLH-35S-COI1-INT-

COI1 combination of expression constructs, by 2.6-fold for the

pLH-TMV-GFP/pLH-35S-SABP2-INT-SABP2 combination of

expression constructs and by 2.2-fold for the pLH-TMV-GFP/

pLH-35S-SABP2-INT-SABP2 /pLH-35S-COI1-INT-COI1

combination of expression constructs. The highest GFP
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accumulation level 560 ± 30 µg/g fresh weight was detected at 7

dpi in the N. benthamiana leaves co-infiltrated with the pLH-35S-

SABP2-INT-SABP2 RNAi construct.

The expression profile of bNGF protein was similar to that of

the GFP protein with the accumulation peak at 7 dpi (Figure 5C).

The ELISA data revealed that co-expression of the pLH-TMV-

bNGF/pLH-35S-COI1-INT-COI1, pLH-TMV-bNGF/pLH-35S-

SABP2-INT-SABP2 and pLH-TMV-bNGF/pLH-35S-SABP2-INT-

SABP2/pLH-35S-COI1-INT-COI1 constructs increased bNGF

accumulation over the pLH-TMV-bNGF control in 1.8, 2.2 and

1.6-folds, respectively. The highest bNGF production 91 ± 10 ng/g

fresh weight was observed at 7 dpi when the pLH-TMV-bNGF and

pLH-35S-SABP2-INT-SABP2 were combined.

To investigate whether RNAi-mediated suppression of the Nb-

SABP2 and Nb-COI1 plant defense related genes can facilitate the

accumulation of bNGF delivered by the PVX-based expression

vector N. benthamiana plants were agroinfiltrated with the A.

tumefaciens cultures carrying following constructs: the pLH-PVX-

bNGF/pLH-35S-COI1-INT-COI1, pLH-PVX-bNGF/pLH-35S-

SABP2-INT-SABP2 and pLH-PVX-bNGF/pLH-35S-SABP2-INT-

SABP2/pLH-35S-COI1-INT-COI1. Five days after inoculation the

agroinfiltrated leaves were examined using ELISA assay to

determine the bNGF production. The results of this analysis are

shown in Figure 6. In line with the results obtained for the pLH-

TMV-bNGF expression vector knockdown of the Nb-SABP2 and

Nb-COI1 genes had positive impact on the bNGF accumulation.

Co-infiltration of the pLH-35S-COI1-INT-COI1 caused 2.6-fold

enhancement of the bNGF amount. Combination of the pLH-

PVX-bNGF and pLH-35S-SABP2-INT-SABP2 led to 3.3-fold

increase in bNGF content. Finally, simultaneous suppression of

Nb-SABP2 and Nb-COI1 gene expression by the corresponding

RNAi constructs resulted in 2.4 fold increase in bNGF

accumulation. The best performing combination (pLH-PVX-

bNGF/pLH-35S-SABP2-INT-SABP2) yielded 129 ± 25 ng/g fresh

weight of bNGF.
The size and relative abundance of GFP and bNGF were

estimated using Western blot analysis in total protein extracts

from agroinfiltrated plant tissue. In the Nb-SABP2 and Nb-COI1

downregulated plants as well as in the control plants agoinfiltrated

only with the pLH-PVX-bNGF and pLH-TMV-GFP the produced

proteins had the expected size of 27 kDa for GFP and 35-37 kDa for

bNGF (Supplementary Figure S1).
Discussion

The success of transient expression depends on both host plant

and expression vector delivery component. Recent overview of the

molecular changes in agroinfiltrated N. benthamiana leaves

demonstrated that hybrid expression systems consisting of A.

tumefaciens and binary vector trigger the plant defense response
FIGURE 2

Expression of the Nb-SABP2 and Nb-COI1 genes in agroinfiltrated N.
benthamiana leaves. N. benthamiana plants were agroinfiltrated with
A. tumefaciens cultures carrying the pLH7000 and pLH-TMV-GFP
expression vectors. The total RNA was isolated from leaf samples
collected on 2, 5 and 7 dpi and subjected to qPCR analysis. The
levels of the Nb-SABP2 (A) and Nb-COI1 (B) mRNA were quantified
by gene-specific primers and normalized to cyp gene. Values
represent the means with SE (n=8). Asterisks indicate significance as
determined by the Mann-Whitney test, with *and ** denoting p <
0.05 and p < 0.01, respectively. Not significant values are
determined as ns.
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and this can limit the recombinant protein yield (Hamel et al.,

2023). In this study we suppressed N. benthamiana immunity

through knockdown of endogenous genes involved in plant

hormone metabolism. The expression pattern of the Nb-SABP2

and Nb-COI1 genes assessed by qPCR analysis revealed that both

genes were upregulated upon agroinfiltration conferring their

involvement in plant immune reaction. The association of the

SABP2 with SA-dependent plant defense response to biotic stress

has been shown by several research groups. In Nicotiana tabacum

the Nt-SABP2 gene expression was induced after TMV inoculation

(Kumar and Klessig, 2003). Similarly, the functional homologs of

the Nt-SABP2 gene from A. thaliana, At-MES1, At-MES7 and At-

MES9 were transcriptionally upregulated during infection with

Pseudomonas syringae (Vlot et al., 2008). Our data are also

consistent with the experiments demonstrating the positive role

of a key regulator of JA signaling COI1 in plant defense. For

example, in Sacharum sp the expression levels of the Ss-COI1–4b
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and Ss-COI1–3b genes were increased in smut-resistant cultivar

YC05–179 and downregulated in smut-susceptible cultivar ROC22

(Sun et al., 2022). Similarly, the higher Ta-COI1 transcript amounts

were observed during early response to Blumeria graminis in

resistant Triticum aestivum variety in comparison to susceptible

one (Liu et al., 2018).

To examine whether suppression of plant immune system can

facilitate the TMV multiplication we targeted the Nb-SABP2 and

Nb-COI1 genes with corresponding dsRNAs. Downregulation of

these genes increased susceptibility to TMV virus carrying GFP and

bNGF sequences, which was manifested by the enhanced viral RNA

accumulation in agroinfiltrated leaves. Our data are in agreement

with the previous reports demonstrating that SA functions as a

positive regulator of TMV resistance. For instance, Kumar and

Klessig (2003) showed that the Nt-SABP2-silenced N. tabacum

plants accumulated higher levels of TMV coat protein in

comparison to control plants. In N. benthamiana knockdown of
FIGURE 3

TMV and GFP RNA accumulation in Nb-COI1 and Nb-SABP2-silenced N. benthamiana leaves. N. benthamiana leaves were agroinfiltrated with four
combinations of A. tumefaciens cultures, namely, pLH-TMV-GFP, pLH-TMV-GFP/pLH-35S-COI1-INT-COI1, pLH-TMV-GFP/pLH-35S-SABP2-INT-
SABP2, pLH-TMV-GFP/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1. Leaf samples for RNA isolation were collected at 6 dpi. RNA levels
were quantified by qPCR using primers specific to the Nb-SABP2, Nb-COI1, TMV and GFP. Values represent the means with SE (n=6). Asterisks
indicate significance as determined by the Mann-Whitney test, with ** denoting p < 0.01. Not significant values are determined as ns.
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SA-metabolism-related genes including Nb-SABP2, Nb-ICS1

(isochorismate synthase), Nb-NPR1 (non-expresser of PR gene 1),

Nb-SAMT (SA methyl transferase) strongly increased susceptibility

to TMV (Zhu et al., 2014). The role of JA in TMV resistance has not

been fully clarified. Our data are in accordance with the report

showing the positive role of the JA biosynthetic and signaling genes

in antiviral response: downregulation of the Nb-COI1, Nb-OPR3

(12-oxo-phytodienoic acid reductase), NbJMT (jasmonic acid

carboxyl methyltransferase) genes boosted accumulation of TMV

(Zhu et al., 2014). In contrast, Oka and co-workers demonstrated

that silencing of the JA receptor COI1 resulted in resistance against

TMV in tobacco containing N gene (Oka et al., 2013). These

authors suggested that the JA signaling is indirectly responsible

for TMV susceptibility through modification of SA-dependent and

SA-independent resistance pathways.
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The usefulness of strategy based on plant defense response

modification for biotechnological purposes was demonstrated for

GFP and bNGF recombinant proteins: the enhanced accumulation

of TMV correlated with the increased amounts of GFP and bNGF
transcripts. Furthermore, ELISA investigation confirmed this

observation at protein level. For TMV-based expression vector,

the downregulation of the Nb-SABP2, Nb-COI1 and Nb-SABP2/Nb-

COI1 genes enhanced GFP accumulation by 2.4, 2.6 and 2.2 fold,

respectively. Co-expression of the pLH-TMV-bNGF and RNAi

constructs increased bNGF yield by 1.8-fold for the pLH-TMV-

bNGF/pLH-35S-COI1-INT-COI1 combination, 2.2-fold for the

pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2 combination and

1.6-fold for the pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2/

pLH-35S-COI1-INT-COI1 combination. These results are in

content with data that have been reported for a number of
FIGURE 4

TMV and bNGF RNA accumulation in Nb-COI1 and Nb-SABP2-silenced N. benthamiana leaves. N. benthamiana leaves were agroinfiltrated with four
combinations of A. tumefaciens cultures, namely, pLH-TMV-bNGF, pLH-TMV-bNGF/pLH-35S-COI1-INT-COI1, pLH-TMV-bNGF/pLH-35S-SABP2-
INT-SABP2, pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1. Leaf samples for RNA isolation were collected at 6 dpi. RNA
levels were quantified by qPCR using primers specific to the Nb-SABP2, Nb-COI1, TMV and bNGF. Values represent the means with SE (n=6).
Asterisks indicate significance as determined by the Mann-Whitney test, with * and ** denoting p < 0.05 and p < 0.01, respectively. Not significant
values are determined as ns.
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strategies for plant host optimization. In particular, transient co-

delivery of virus-derived cell cycle regulator genes elevated GUS

accumulation about 2-3 fold (Norkunas et al., 2018). Similar

increase in production of GFP and scFv-TM43-E10 antibody
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fragment was observed in N. benthamiana leaves, which were co-

infiltrated with the At-CycD2 and At-CDC27a plant cell regulators

and TMV-based vector containing the GFP and scFvTM43-E10

sequences (Kopertekh and Schiemann, 2019). Modification of gene
FIGURE 5

Transient production of GFP and bNGF recombinant proteins in Nb-COI1 and Nb-SABP2-silenced N. benthamiana leaves. (A) GFP visualization in
agroinfiltrated leaves. N. benthamiana plants were co-agroinfiltrated with Nb-COI1 and Nb-SABP2 RNAi silencing constructs and pLH-TMV-GFP.
Images were taken at 5 dpi. The representative leaves coinfiltrated with the pLH-TMV-GFP (1), pLH-TMV-GFP/pLH-35S-SABP2-INT-SABP2 (2), and
pLH-TMV-GFP/pLH-35S-COI1-INT-COI1 (3), pLH-TMV-GFP/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1 (4) are shown. (B) Time course
analysis of GFP production. The leaves of N. benthamiana plants co-agroinfiltrated with the pLH-TMV-GFP, pLH-TMV-GFP/pLH-35S-SABP2-INT-
SABP2 and pLH-TMV-GFP/pLH-35S-COI1-INT-COI1, pLH-TMV-GFP/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1 A. tumefaciens cultures
were sampled at 3, 5 and 7 dpi and analysed by specific ELISA for GFP accumulation. (C) Time course analysis of bNGF production. The leaves of N.
benthamiana plants co-infiltrated with the pLH-TMV-bNGF, pLH-TMV-bNGF/pLH-35S-COI1-INT-COI1, pLH-TMV-bNGF/pLH-35S-SABP2-INT-
SABP2, pLH-TMV-bNGF/pLH-35S-SABP2-INT-SABP2/pLH-35S-COI1-INT-COI1 A. tumefacines cultures were sampled at 3, 5 and 7 dpi and analysed
by specific ELISA for bNGF accumulation. Values represent the means with SE (n=8). Asterisks indicate significance as determined by the Mann-
Whitney test, with * and ** denoting p < 0.05 and p < 0.01, respectively.
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silencing machinery through simultaneous knockout of Nb-DCL2

and Nb-DCL4 genes using CRISPR/Cas9 technology enhanced the

production of human fibroblast growth factor by 9 fold (Matsuo,

2022). In the same manner, the CRISPR/Cas9-mediated editing of

the Nb-RDR6 gene elevated GFP accumulation in N. benthamiana

by 2.5-fold (Matsuo and Atsumi, 2019).

A combined downregulation of multiple genes may have an

additive effect to maximize the recombinant protein yield in

transient expression. The simultaneous silencing of the Nb-SABP2

and Nb-COI1 genes did not result in synergistic effect compared to

the suppression of the Nb-SABP2 and Nb-COI1 alone: we observed

lower RNA and protein accumulation levels for TMV, GFP and

bNGF in double-silenced plants. Data reported in several papers

indicated the importance of the crosstalk between JA and SA to

determine the degree of TMV resistance (Oka et al., 2013; Zhu et al.,

2014). It can be suggested that in the Nb-SABP2/Nb-COI1-

suppressed leaves the balance between endogenous JA and SA did

not provide the superior cellular conditions for TMV infection in

comparison to the individual silencing of the Nb-SABP2 and Nb-

COI1 genes. Therefore, separated knockdown of the Nb-SABP2 and

Nb-COI1 genes is more effective for enhanced recombinant

protein production.

In summary, we demonstrated in this study that the

components of Agrobacterium-mediated vector delivery system
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upregulate the Nb-SABP2 and Nb-COI1 genes, which take part in

SA and JA-mediated plant defense response. The suppression of

plant immunity through silencing of these genes improved

recombinant protein yield as was exemplified by the full TMV-

based expression vector. We suppose that this strategy can be useful

for several commercial transient expression systems including

GENEWARE® (Shivprasad et al., 1999), TRBO (Lindbo, 2007),

magnICON® (Gleba et al., 2007), TMV launch vector (Musiychuk

et al., 2007) utilizing TMV as the vector backbone. This approach

might be extended to other virus-based expression vectors given

that other plant-virus-based expression systems are limited by the

SA- and JA-mediated virus resistance. Indeed, we demonstrated the

increased bNGF production in the presence of the Nb-SABP2 and

Nb-COI1 RNAi silencing constructs when the bNGF encoding

sequence was delivered by the PVX-based virus vector.

It is important to note that this strategy is might be

incompatible with the application of expression vectors

containing strong suppressors of gene silencing such as P19

protein of Tomato bushy stunt virus (TBSV) (Scholthof, 2006).

However, the commercial plant virus-based expression vectors

listed above do not utilize strong silencing suppressors.
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Characterization of a plant-
derived monoclonal antibody
targeting extracellular enveloped
virions of Monkeypox virus
Jennifer A. Melendez1,2†, Haiyan Sun1†, James Bonner1,2

and Qiang Chen1,2*

1Biodesign Institute, Arizona State University, Tempe, AZ, United States, 2School of Life Sciences,
Arizona State University, Tempe, AZ, United States
In 2022, the global outbreak of monkeypox virus (MPXV) with increased human-

to-human transmission triggered urgent public health interventions. Plant-derived

monoclonal antibodies (mAbs) are being explored as potential therapeutic

strategies due to their diverse mechanisms of antiviral activity. MPXV produces

two key infectious particles: themature virion (MV) and the extracellular enveloped

virion (EV), both essential for infection and spread. Effective therapies must target

both to halt replication and transmission. Our prior research demonstrated the

development of a potent neutralizingmAb against MPXVMV. This study focuses on

developing a plant-derived mAb targeting MPXV EV, which is critical for viral

dissemination within the host and generally resistant to antibody neutralization.

Our findings reveal that the mAb (H2) can be robustly produced in Nicotiana

benthamiana plants via transient expression. The plant-made H2 mAb effectively

targets MPXV EV by binding specifically to the A35 MPXV antigen. Importantly, H2

mAb shows notable neutralizing activity against the infectious MPXV EV particle.

This investigation is the first to report the development of a plant-derived anti-EV

mAb for MPXV prevention and treatment, as well as the first demonstration of anti-

MPXV EV activity by an mAb across any production platform. It highlights the

potential of plant-produced mAbs as therapeutics for emerging infectious

diseases, including the MPXV outbreak.
KEYWORDS

Monkeypox virus (MPXV), extracellular enveloped virion (EV), monoclonal antibody,
plant-made biologics, plant-made antibody
Introduction

Monkeypox virus (MPXV) is a zoonotic double-stranded DNA virus belonging to the

Orthopoxvirus genus and shares close genetic and structural similarities with other genus

members including Vaccinia virus (VACV), Variola virus (VARV, the causative agent of

smallpox), and ectromelia virus (ECTV) (Lum et al., 2022). Endemic to central and western
frontiersin.org0120

https://www.frontiersin.org/articles/10.3389/fpls.2024.1481452/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1481452/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1481452/full
https://www.frontiersin.org/articles/10.3389/fpls.2024.1481452/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2024.1481452&domain=pdf&date_stamp=2024-11-01
mailto:qiang.chen.4@asu.edu
https://doi.org/10.3389/fpls.2024.1481452
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2024.1481452
https://www.frontiersin.org/journals/plant-science


Melendez et al. 10.3389/fpls.2024.1481452
Africa for decades, MPXV experienced a global resurgence in

2022 through human-to-human transmission, leading to 109,699

confirmed cases worldwide and prompting an international

health emergency declaration by the World Health Organization

(WHO, 2024). MPXV exists in two infectious forms that facilitate

infection: the mature virion (MV) and the extracellular enveloped

virion (EV), each of which is responsible for the inter-host and

intra-host dissemination, respectively (Schmidt et al., 2012).

Transmission of MPXV occurs through bodily fluids, respiratory

droplets, direct contact with infected skin lesions, or contaminated

fomites (Lum et al., 2022). The incubation period ranges from 5 to 21

days, and symptoms can include headache, fever, lymph node swelling,

and muscle aches. Within 3 days of infection, a rash develops at the

infection site, spreading to other bodily areas and resulting in papules

or blisters (Lum et al., 2022). Currently, there are no specific approved

treatments for MPXV. Antiviral therapies for other orthopoxviruses

can be administered to treat MPXV infection under compassionate

use policies (Siegrist and Sassine, 2022), although the clinical outcomes

and risk-benefit ratio remain uncertain. Smallpox vaccines can also

provide cross-protection against MPXV. However, due to the global

eradication of smallpox in 1980, the vaccine is no longer routinely

used (Gruber, 2022). Ongoing research and development efforts are

focused on MPXV-specific treatments, underscoring the critical

need for prophylactics and post-exposure therapeutics to protect

immunocompromised individuals and those with severe allergic

reactions to orthopoxvirus vaccines.

In the past few decades, monoclonal antibodies (mAbs) have

emerged as promising protein-based biologics for combating a wide

range of diseases due to their high specificity, versatility, and efficacy

(Pantaleo et al., 2022). mAbs can be engineered to precisely target

specific pathogens or cells, leading to better efficacy and fewer side

effects compared to traditional therapies. Given the demonstrated

effectiveness of neutralizing antibodies in protecting animals and

humans from orthopoxvirus infections (Belyakov et al., 2003;

Edghill-Smith et al., 2005; Sang et al., 2023), mAbs present a

promising class of therapeutic candidates for combating the re-

emerging MPXV epidemic. Our previous research demonstrated the

development of a mAb that has potent neutralizing activity against the

MV form of MPXV to curb the inter-host transmission (Esqueda et al.,

2023). In contrast, there is still a need to developmore efficacious mAbs

against the EV form of MPXV as it is generally more resistant to

antibody neutralization due to the extra membrane that EVs possess

(Vanderplasschen et al., 1998; Law and Smith, 2001). As a result,

developing mAbs that can effectively target and neutralize the EV form

of MPXV is crucial for achieving comprehensive protection and

treatment of MPXV infection. The major viral antigens displayed by

the EV of MPXV are A35 and B6, which are homologous to the

VACV EV antigens of A33 and B5, respectively (Manes et al., 2008;

Wang et al., 2023; Zhao et al., 2024). A35/A33 is particularly

noteworthy for its role in viral dissemination within the host and

anti-A33 antibodies have demonstrated protective efficacy in

susceptible mice against lethal ECTV and VACV infections.

Additionally, anti-A33 antibodies have been shown to reduce ECTV

viral load in infected organs (Payne, 1980; Cohen et al., 2011;

Tamir et al., 2024). Recently, a mAb (H2) has been isolated from

A33-specific memory B cells of a volunteer vaccinated against smallpox
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over 40 years ago (Gu et al., 2022). The H2 mAb has been

shown to bind to the A33 antigen of both VACV and ECTV, inhibit

ECTV replication, and protect mice from VACV infection (Gu et al.,

2022). However, the neutralizing activity of H2 mAb and other anti-

A33/A35 mAbs against the EV form of MPXV has not been

extensively characterized.

Currently, more than 100 mAbs are approved for therapeutic

use (Mullard, 2021). The predominant platform for producing these

biologics is based on mammalian cell culture systems, particularly

Chinese hamster ovary (CHO) cells. CHO cells are favored for their

ability to produce mAbs with high efficiency and human-like

glycosylation patterns, which are crucial for antibody efficacy

(Dahodwala and Lee, 2019). However, this production platform

has several drawbacks, including high production costs and

potential risks of contamination by mammalian pathogens.

Furthermore, the glycosylation patterns in proteins produced by

CHO cells can be heterogeneous, potentially hindering the

development of mAbs with optimal effector functions (Sumit

et al., 2019). Plants have emerged as a promising alternative

platform for the production of mAbs (Chen, 2022). Utilizing

plants as expression systems leverages their inherent capacity for

rapid growth and biomass accumulation, which can significantly

shorten production time and lower production costs compared to

traditional mammalian cell culture methods (Chen and Davis, 2016;

Nandi et al., 2016). Plant-based production of biologics also reduces

the chance of introducing human pathogens during the

manufacturing process (Chen, 2011). Furthermore, plant

glycoengineering enables the generation of mAbs with a

homogenous glycosylation profile, offering the capacity to

modulate antibody Fc effector functions such as antibody-

dependent cellular cytotoxicity (ADCC) activity and complement-

dependent cytotoxicity (CDC) (Chen, 2016; Eidenberger et al.,

2023; Esqueda and Chen, 2023).

In this study, we characterized a mAb H2, which was expressed

in a glycoengineered Nicotiana benthamiana plant line (Strasser

et al., 2008), targeting specifically the EV form of MPXV. The H2

mAb was successfully expressed and purified from N. benthamiana

plants, achieving robust protein expression levels within 5-6 days

post infiltration (DPI). Our findings reveal that plant-produced H2

mAb (p-H2 mAb) exhibits strong and specific binding to both

MPXV-infected cells and its target antigen. Importantly, H2 mAb

also demonstrated neutralizing activity against the EV form of

MPXV. These results collectively suggest that plant-produced H2

mAb may be an effective candidate for eliminating MPVX EV

virions, highlighting its potential therapeutic application in

combating MPXV infections.
Materials and methods

Expression vector design and
Agrobacterium tumefaciens infiltration

The heavy chain (HC) and light chain (LC) of the H2 mAb (Gu

et al., 2022) were synthesized by Azenta Life Sciences (Burlington. MA,

USA). For targeting the H2 mAb to the apoplast of leaf cells, the
frontiersin.org

https://doi.org/10.3389/fpls.2024.1481452
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Melendez et al. 10.3389/fpls.2024.1481452
calreticulin signal peptide from Nicotiana plumbaginifolia (Giritch

et al., 2006) was added to the N-terminus of both the LC and HC,

without including any ER retention signals in either construct. Full

sequences for the LC and HC can be found in the Supplementary Data

Sheet 1. The synthesized HC and LC fragments were initially cloned

into pBluescript KS+ and were then cloned into the one-module plant

expression vector pBYR11eK2Md as described previously (Jugler et al.,

2022a). Positive clones were verified by colony PCR using primers

detailed in the Supplementary Material and were electroporated into

Agrobacterium tumefaciens strain EHA105 (Esqueda and Chen, 2021).

The EHA105 strain containing the H2 mAb construct was

agroinfiltrated into the leaves of glycoengineered N. benthamiana

plants using a needleless syringe as previously described (Leuzinger

et al., 2013; Chen and Lai, 2014). Plants were grown in 65% humidity,

at 25°C, with a 16-hour light and 8-hour dark cycle as described

previously (Lai and Chen, 2012; Goulet et al., 2019).
H2 mAb extraction and purification

Leaves of glycoengineered N. benthamiana (~ 200 g per batch)

were harvested at 5 DPI and homogenized in a buffer containing 1x

phosphate-buffered saline (PBS) at pH 5.2, 10 mg/mL Sodium L-

ascorbate, 1 mM ethylenediaminetetraacetic acid (EDTA), and 2

mM phenylmethylsulfonyl fluoride (PMSF) as previously described

(Fulton et al., 2015; Jugler et al., 2020). The homogenate was filtered

through a cheesecloth. The plant protein extract was centrifuged

twice 15,000 x g at 4°C for 30 minutes and the pH of the supernatant

was adjusted to 5.2 using 0.5N HCl. The protein extract was then

incubated at 4°C overnight to precipitate host proteins. Following

incubation, the plant extract was clarified by centrifuging three

times at 15,000 x g at 4°C for 30 minutes. The pH of the clarified

extract was adjusted to 7.0 using 0.5M NaOH and filtered using a

0.2-micron vacuum filter. The p-H2 mAb from plant extract was

then purified using Protein A (MabSelect, Cytiva, Marlborough,

MA, USA) affinity chromatography using a protocol provided by

the manufacturer as we reported previously (Lai et al., 2010; Jugler

et al., 2020). At least five batches of H2 mAb purification

were conducted.
SDS-PAGE and western blot analysis

For SDS-PAGE analysis, purified p-H2 mAb was separated

under both reducing and non-reducing conditions using 4-20%

acrylamide gels and protein bands were visualized with Coomassie

Blue R-250 staining as previously described (Jugler et al., 2022b).

The purity of the H2 mAb was determined by imaging and

quantifying Coomassie blue-stained protein bands on SDS-PAGE

using a densitometer as described previously (Jugler et al., 2020).

Western blot analysis was performed as previously described (Jugler

et al., 2023). Briefly, total leaf soluble proteins were subjected to

SDS-PAGE under reducing condition with 10% (v/v) b-
mercaptoethanol and non-reducing condition on 4-12% or 12%

acrylamide gels. The proteins were then transferred to PVDF

membranes at 90 V for 90 minutes) in 1x transfer buffer (25mM
Frontiers in Plant Science 0322
Tris, 192 mM glycine, 10%Methanol, pH8.3). The membranes were

blocked with 5% milk in 1X PBS containing 0.1% Tween-20 (PBS-

T) and incubated for 1 hour at room temperature with goat anti-

human kappa conjugated to horseradish peroxidase (HRP) for

detecting the LC (Southern Biotech, Birmingham, AL, USA,

1:3,000 dilution) or goat anti-human gamma-HRP for the HC

(Southern Biotech, Birmingham, AL, USA. 1:5,000 dilution).

Detection was carried out using Pierce Western Blotting Substrate

(Thermo Scientific, Waltham, MA, USA) for 5 minutes.

Membranes were washed five times with 1X PBS-T at 5-minute

intervals, and images were captured using the ImageQuant imaging

system (Cytiva, Marlborough, MA, USA).
ELISA

1. P-H2 Binding to MPXV A35 Antigen

An ELISA was conducted to measure the specific binding of p-

H2 mAb to the A35 antigen. The coding sequence of the antigen

protein was cloned into the pET28a vector and expressed in E. coli

strain BL21 as described previously (Fang et al., 2006; Yang et al.,

2017). The soluble fraction of A35 was purified using immobilized

metal affinity chromatography (IMAC) with Ni²⁺ resin, following

the manufacturer’s instructions (Thermo Fisher Scientific,

Waltham, MA, USA). Purified A35 (200 μl at 1μg/ml) was then

coated onto a 96-well plate and incubated at 4°C overnight. The

plate was blocked with 5% milk and followed by generic human IgG

(SeraCare Life Sciences Inc., Milford, CT, USA, 50μg/ml). The plate

was then incubated with p-H2 mAb (5μg/ml) conjugated to HRP

using EZ-Link Plus Activated Peroxidase Kit (Thermo Fisher

Scientific, Waltham, MA, USA). Detection of p-H2 mAb was

performed using an HRP substrate (TMB, SeraCare Life Sciences

Inc., Milford, CT, USA), after which the reaction was stopped with

1M H2SO4. The plate was then read on a spectrophotometer at 450

nm (Biotek Powerwave, Agilent Technologies., Santa Clara, CA,

USA) and results were calculated and graphed using GraphPad

Prism 10.2.2 (GraphPad, San Diego, CA, USA). The binding ELISA

was conducted six times with technical triplicates.

2. Time Course of H2 mAb expression in plants

An ELISA that detects the fully assembled mAb was performed

to investigate the temporal expression patten of H2 mAb in plants

as described (Lai et al., 2014). Glycoengineered N. benthamiana

plant leaves (at least 20 leaves per time point) were agroinfiltrated

(OD600 = 0.2) with the expression vector of H2 mAb. Leaves were

harvested at 4-9 DPI and stored at -80°C. Once all samples were

collected, the leaves were ground for 5 minutes using a chilled

mortar and pestle. Protein extracts from each DPI were isolated,

clarified using the same extraction buffer and procedure as

described in the “H2 mAb Extraction and Purification” section

above. Throughout the isolation process, buffers, containers, and

procedures were pre-chilled at 4°C and conducted at 4°C to ensure

the stability of the H2 mAb. The extracts were then assayed on a 96-

well plate coated with the capture antibody (goat anti-human HC,

Southern Biotech, Birmingham, AL, USA, 200 μl at 2μg/ml). After 1

hour of incubation at 37°C, the plate was incubated with the

detection antibody (a goat anti-human kappa IgG labeled with
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HRP, Southern Biotech, Birmingham, AL, USA, 0.25μg/ml) for 1

hour at 37°C. The plate was then developed using an HRP substrate

(TMB, SeraCare Life Sciences Inc., Milford, CT, USA) and read on a

spectrophotometer at 450 nm (Biotek Powerwave, Agilent

Technologies., Santa Clara, CA, USA). For each ELISA, serial

dilutions of an isotype IgG with known concentrations were

included as standards to generate a standard curve, which we

used to calculate the concentration of the H2 mAb in the leaves

(mg of mAb per gram of fresh leaf weight, FLW). The H2

concentration was then graphed using GraphPad Prism 10.2.2

(GraphPad, San Diego, CA, USA). The time-course experiments

were repeated three times. Proteins isolated from each experiment

were assayed using ELISA, which was conducted at least twice with

technical replicates.
Virus propagation and cell culture

MPXV strain WRAIR 7-61 (BEI Resources, NR-58622,

Rockville, MD, USA) was propagated by infecting T175 cm²

flasks of BSC40 cells (American Type Culture Collection (ATCC)

CRL-2761, Manassas, VA, USA) at a multiplicity of infection (MOI)

of 0.01 for one hour at 37°C in Eagle’s Minimal Essential Medium

(MEM) containing 2% fetal bovine serum (FBS) (ThermoFisher,

Waltham, MA, USA). After infection, the cells were overlaid with

Dulbecco’s Modified-Minimal Essential Medium (DMEM)

(ThermoFisher, Waltham, MA, USA) supplemented with 5% FBS.

Upon observing viral cytopathic effect (CPE) in 75-100% of cells

(approximately 3-4 days post-infection), the virus was harvested by

scraping cells into media, centrifuging at 1,000 x g for 10 minutes,

and resuspending the pellet in 10 mM Tris, pH 8.0. Crude viral

stocks were prepared by freeze-thaw cycles (-80°C, thawed on ice

for 30 minutes, then at 37°C for 10 minutes), removing cellular

debris by centrifugation at 1,000 x g for 10 minutes, and collecting

and aliquoting the supernatant. These crude viral stocks were

titrated by infecting confluent monolayers of BSC40 cells with

serial dilutions of the viral stock, staining the cells with 0.1%

crystal violet in 20% ethanol (MilliporeSigma, Burlington, MA,

USA) three days after infection, and then counting plaques. VACV

strain Copenhagen (COP) VC2 (kindly provided by Virogenetics)

(Jentarra et al., 2008) was prepared similarly as described for MPXV

but cultivated in BHK21 cells (ATCC, CCL-10) in MEM with 5%

FBS. Additionally, the virus was purified by centrifugation on a 36%

sucrose pad at 18,000 x g for one hour at 4°C. Like MPXV, VACV

stocks were titrated using BSC40 cells.
Immunofluorescence staining

BSC40 cells were seeded into a 96-well plate at 50% confluency,

infected in triplicate with different dilutions of MPXV or VACV

stocks, then fixed with 4% Paraformaldehyde (ThermoFisher,

Waltham, MA, USA) in PBS for 15 minutes at room temperature

by 24 or 48 hours post infection, respectively. After fixation, the
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cells were permeabilized with 0.1% Saponin (MilliporeSigma,

Burlington, MA, USA) in PBS and stained with 5 μg/ml p-H2

mAb at 4°C overnight. The next day, cells were washed three times

with PBS and stained with Alexa488 goat anti-human IgG Kappa

(Southern Biotech, Birmingham, AL, USA) at a 1:500 dilution for

1.5 hours at room temperature. Images were captured using the

EVOS Cell Imaging System (Thermo Fisher Scientific, Waltham,

MA, USA). Experiments were independently repeated three times

for both MPXV and VACV.
Preparation of extracellular
enveloped virions

EVs were isolated by infecting a confluent monolayer of BSC40

cells in a 60 mm dish with the indicated virus (MPXV or VACV) at

an MOI of 5. The monolayer was washed twice to remove input

IMVs, and the cell media supernatant was collected 18-24 hours

post-infection. The supernatant was centrifuged twice at 1,000 x g

for 10 minutes to remove infected cells. This approach is

comparable to, if not more stringent than, previously published

protocols for EV isolation (Benhnia Mohammed et al., 2009b). EV

stocks were used immediately or stored overnight at 4°C prior to

subsequent neutralization assays.
MPXV and VACV neutralization assay

MPXV EVs were neutralized by diluting fresh MPXV and

VACV EV stocks by 10-3 and 10-5, respectively, and then adding

the appropriate volume of antibody or PBS to each dilution. The

mixtures of diluted EVs and antibody/PBS were incubated at 37°C

for one hour and then applied to confluent monolayers of BSC40

cells in a volume of 0.1mL for an additional hour at 37°C, with

rocking every ten minutes. After the one-hour infection,

monolayers were washed twice with fresh cell media and then

incubated in cell media. MPXV and VACV-infected cells were

stained with crystal violet 48 hours (VACV) and 72 hours (MPXV)

post-infection. Percent (%) plaque reduction was calculated as:

[(number of plaque per well without mAb) − (number of plaque

per well with diluted mAb)/(number of plaque per well without

mAb) × 100].
Statistical analyses

Statistical analyses were performed using GraphPad Prism

software version 10.2.2. First, the data distribution was assessed

using the D’Agostino & Pearson normality test, confirming a

Gaussian distribution for all neutralization data. Subsequently, T-

tests were employed to compare the neutralization activity of the p-

H2 mAb against MPXV and VACV with data from at least two

independent experiments with technical triplicates. A p-value of less

than 0.05 was considered statistically significant.
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Results

Expression of H2 mAb in
Nicotiana benthamiana

The coding sequences of H2 mAb HC and LC were cloned into

the plant expression vector and agroinfiltrated into leaves of a

glycoengineered line of N. benthamiana plants that forgo the

attachment of plant-specific xylose and fucose on their complex

N-glycans (Strasser et al., 2008). Western blot analysis validated the

expression of H2 mAb in plants, showing detection of the HC and

LC at the expected molecular weights of 50kDa and 25 kDa

respectively (Figure 1). Results obtained under non-reducing

conditions indicated that p-H2 assembled into its tetrameric IgG

format (Supplementary Figure S1), although there were minor, not-

fully-assembled fragments that shared a similar banding pattern

with the pharmaceutical-grade IgG isotype control (Supplementary

Figure S1). Furthermore, the temporal expression pattern of p-H2

mAb was investigated by an ELISA that detects only the assembled

form of IgG. Our results indicate that the fully assembled mAb

accumulated quickly in plants with its peak expression (~ 150 mg of
mAb per gram FLW) occurred at 5-6 DPI (Figure 2). These results

indicate the robust production and assembly of p-H2 mAb

in plants.
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Assembly and purification of plant-
produced H2 mAb

p-H2 mAb was purified by a two-step purification protocol

previously developed in our laboratory. SDS-PAGE analysis of

purified p-H2 mAb demonstrated that the mAb can be purified

to greater than 90% homogeneity by this purification method,

which is comparable to that of the control mAb produced in

CHO cells (Figure 3). No significant degradation products were

detected for either LC or HC (Figure 3, Lane 1), indicating the

integrity of p-H2 mAb. Furthermore, p-H2 mAb was detected as a

major band of approximately 170 kDa (Figure 3, Lane 3),

confirming the assembly of the mAb as indicated by the western

blot and ELISA results.
p-H2 mAb specifically binds to the target
Monkeypox virus antigen

The specific recognition of p-H2 mAb to its cognate antigen was

investigated by two independent methods. We first measured its

binding to the specific MPXV antigen displayed on the authentic

virus. Our results demonstrated that p-H2 mAb exhibits targeted

binding to MPXV-infected BSC40 cells (Figure 4A), but with no
FIGURE 1

Western blot analysis of the H2 mAb produced in glycoengineered N. benthamiana plant. Total proteins were extracted from N. benthamiana leaves
infiltrated with either the H2 mAb construct or buffer. Proteins were then separated by SDS-PAGE under reducing condition and transferred to PVDF
membranes. Immunodetection was performed under reducing condition using antibodies against human gamma HC (A) or human kappa LC (B).
Lane 1: 20 µg of total proteins from buffer-infiltrated leaves, serving as a negative control. Lane 2: 20 ng of isotype IgG, serving as both a positive
control and a loading control. Lane 3: 20 µg of proteins from leaves infiltrated with the H2 mAb construct. One representative blot from multiple
experiments is shown.
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binding observed to uninfected cells (Figure 4B) or cells detected

with only the secondary antibody (Figure 4C). As shown in

Figures 4D–F, similar cell numbers and distributions were

observed under bright-field settings, regardless of whether the
Frontiers in Plant Science 0625
cells were infected, uninfected, stained sequentially with primary

and secondary antibodies, or stained with only the secondary

antibody. Similarly, the p-H2 mAb also demonstrated specific

binding to cells infected with the closely related VACV

(Figure 5). To confirm that p-H2 mAb specifically recognized its

target antigen (A35) displayed on MPXV EV, an ELISA was

performed with purified A35. As shown in Figure 6, p-H2 mAb

indeed showed specific binding to A35 antigen. These results

demonstrated that p-H2 mAb displayed Fab domains with

authentic conformation that can recognize its target antigen in

purified form as well as when displayed on the surface of the virion.
p-H2 mAb neutralizes extracellular
enveloped Monkeypox virion

The neutralization potential of p-H2 mAb against the EV virion

of MPXV was investigated by a plaque assay as described previously

(Denzler et al., 2011; Arndt et al., 2016). As shown in Figure 7A,

treatment with p-H2 mAb resulted in significant neutralization of

MPXV compared to the negative control achieving a 56% plaque

reduction (p = 0.0001 compared to the negative control).

Additionally, the p-H2 mAb also exhibited significant

neutralizing activity against VACV, which is similar to that of

MPXV (p = 0.14 compared to MPXV), resulting in a 45% plaque

reduction when treated with p-H2 mAb (p < 0.0001 compared to

the negative control) (Figure 7B). These results indicate that p-H2

mAb are functional in vitro against the EV form of MPXV as well as

that of VACV.
Discussion

The global MPXV outbreak in 2022 was the largest and most

widespread in history, with a significant increase in human-to-

human transmission highlighting the urgent need for prophylactics

and therapeutics (Lum et al., 2022). These measures are critical to

prevent further virus spread and to protect and treat individuals

who are allergic to existing MPXV vaccines or unable to mount a

protective response to vaccination, especially given the current lack

of an FDA-approved therapy specifically for MPXV. mAbs are

promising candidates for treating MPXV infection, as their

protective efficacy against related orthopoxviruses has been

demonstrated in animal models, although research on MPXV

remains limited (Belyakov et al., 2003; Edghill-Smith et al., 2005).

MPXV produces two distinct types of infectious particles: the MV

and the EV. MV, characterized by a single lipid membrane, is

predominantly released from infected cells upon cell lysis (Roberts

and Smith, 2008; Lum et al., 2022). In contrast, EV buds off from

infected cells, acquiring an additional outer lipid envelope that

confers resistance to the host’s immune responses, facilitates more

efficient viral spread within the host, and helps the virus evade

immune detection (Payne, 1980; Schmidt et al., 2012).

Consequently, MVs primarily establish initial infection and

facilitate host-to-host transmission, while EVs are crucial for viral

spread and immune evasion within the host (Schmidt et al., 2012).
FIGURE 3

Assembly and purification of plant-produced H2 mAb. The p-H2
mAb was extracted from leaves of glycoengineered N. benthamiana
plants and purified using Protein A affinity chromatography. Purified
p-H2 mAb was analyzed by SDS-PAGE under both reducing (Lanes 1
and 2) and non-reducing conditions (Lanes 3 and 4), and
subsequently stained with Coomassie blue. Lanes 1 (3 µg protein)
and 3 (1 µg protein) show the plant-produced H2 mAb, while Lanes
2 (3 µg protein) and 4 (1 µg protein) show the Isotype IgG reference
produced in CHO cells, serving as both a positive control and a
loading control. A single representative result from multiple
experiments is presented.
FIGURE 2

Time course of H2 mAb expression in N. benthamiana. Total protein
was extracted from glycoengineered N. benthamiana leaves
agroinfiltrated with the H2 mAb construct at 4, 5, 6, 7, 8, and 9 days
post-infiltration. The Levels of H2 mAb were quantified by an ELISA
that specifically detects assembled IgG. The data presented are
derived from three independent infiltration experiments, with each
ELISA repeated twice with technical replicates.
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FIGURE 5

p-H2 mAb recognizes viral antigen in VACV-infected BSC40 cells. BSC40 cells infected with VACV were stained sequentially with p-H2 mAb and the
secondary antibody Alexa488-conjugated goat anti-human IgG Kappa (A, D) or with the secondary antibody only [(C, F), negative control].
Uninfected BSC40 cells stained with p-H2 mAb and Alexa488-conjugated goat anti-human IgG Kappa (B, E) served as an additional negative
control. Immunostained images are shown in panels (A–C), with corresponding bright field images in panels (D–F).
FIGURE 4

Recognition of viral antigen in MPXV-infected BSC40 cells by p-H2 mAb using immunofluorescence microscopy. MPXV-infected (A, D) or
uninfected [(B, E), negative control] BSC40 cells in a 96-well plate were fixed and permeabilized, then incubated with p-H2 mAb and subsequently
stained with Alexa488-conjugated goat anti-human IgG Kappa. Panels (C, F) show MPXV-infected BSC40 cells stained directly with Alexa488-
conjugated goat anti-human IgG Kappa, serving as a secondary-antibody-only negative control. Images were captured using an EVOS Cell Imaging
System with the EVOS AlexaFluor 488 light cube filter (A–C) or under white light settings (D–F). Scale bar represents 50 µm.
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Accordingly, a successful mAb-based therapy for MPXV should

target both MVs and EVs to ensure effective virus neutralization

during early infection stages and control viral spread within the

host. Failure to target both forms may result in incomplete viral

containment, leading to ongoing viral replication and transmission.

Previously, we developed a mAb with potent neutralizing activity

against the MV form of MPXV, aimed at preventing inter-host

transmission (Esqueda et al., 2023). In this study, we sought to

characterize an EV-specific mAb to inhibit viral spreading within the

infected host, focusing on the EV-specific antigen A35 from MPXV.

The A35 antigen, a homolog of VACV A33, is an envelope

glycoprotein, contributing to the formation of action-containing
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microvilli and facilitating the effective viral dissemination within

the host (Perdiguero and Blasco, 2006; Wang et al., 2023). We

specifically selected the H2 mAb for further evaluation as a

candidate against MPXV EV due to its demonstrated ability to

inhibit VACV infection and its recognition of a conserved epitope

on both VACV A33 and MPXV A35 (Gu et al., 2022; Yefet et al.,

2023). Here, we demonstrated that H2 mAb was rapidly expressed in

glycoengineered N. benthamiana plants, reaching an accumulation

level of approximately 150 mg/gram FLW within 5-6 days post-gene

delivery. This expression level is comparable to that of other plant-

expressed mAbs driven by the same expression vector (Jugler et al.,

2021; Sun et al., 2023). However, further yield enhancement of p-H2

mAb in plants can be achieved through several strategies, such as

employing improved expression vectors (Klimyuk et al., 2014) or co-

expressing H2 mAb with chaperones (Margolin et al., 2020). Our

results also confirm that p-H2 mAb correctly assembled into the

expected IgG structure and was purified to a high degree of

homogeneity, with no detectable degradation or truncation

occurring during its accumulation or purification from plants. We

validated the specific binding of p-H2 mAb using two distinct assays.

First, we assessed its binding to the MPXV antigen on the authentic

virus and found that p-H2mAb specifically bound toMPXV-infected

cells. Similarly, it bound to cells infected with VACV. To further

confirm that p-H2 mAb recognizes its target antigen on MPXV EV,

we conducted an ELISA using purified A35 EV antigen. The results

confirmed that p-H2 mAb specifically binds to the A35 antigen,

indicating proper folding and recognition of its target antigen in both

purified form and on the surface of the virion. Importantly, p-H2

mAb exhibits neutralization activity against both live MPXV and

VACV, with comparable potency to each other and to that reported

for ECTV (Gu et al., 2022). Given that the mammalian cell-produced

H2 mAb has shown significant protective efficacy against lethal

VACV infection in mice (Gu et al., 2022), the similar neutralizing

potency against MPXV suggests that p-H2 mAb may also be effective
FIGURE 7

Neutralization of extracellular virion of MPXV and VACV by p-H2 mAb. EVs of MPXV (A) or VACV (B) were incubated with either PBS (negative
control) or p-H2 mAb (25 µg/ml) before being added to BSC40 cells. MPXV- or VACV-infected cells were stained with crystal violet three days or
two days later, respectively. Plaque numbers were counted, and plaque reduction percentage (%) was calculated. The results represent data from at
least two independent experiments with technical triplicates. *** and **** indicate p values of 0.0001 and < 0.0001, respectively, from
T test analysis.
FIGURE 6

Specific binding of p-H2 mAb to the MPXV A35 antigen. MPXV A35
antigen was immobilized on ELISA plates. After blocking with 5%
milk and generic human IgG, the plates were incubated with serial
dilutions of HRP-conjugated p-H2 mAb. The mean and standard
deviation of absorbance values at 450 nm were measured from six
independent experiments, each with technical triplicates, and the
data were plotted using GraphPad Prism 10.2.2.
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in vivo as a prophylactic or therapeutic agent for preventing or

treating MPXV infection.

Neutralizing MPXV EV with antibodies is challenging primarily

due to the EV’s additional outer lipid envelope. Studies with VACV

have shown that direct antibody neutralization of EVs is inefficient

even at high antibody concentrations (Vanderplasschen et al., 1998;

Galmiche et al., 1999; Law and Smith, 2001; Bell et al., 2004; Viner

and Isaacs, 2005). However, further studies reveal that anti-EV

antibodies can provide protection through mechanisms beyond

neutralization, such as Fc effector functions. For example,

polyclonal antibodies against A33 and B5 have been shown to

engage the complement system, eliminating VACV EVs via CDC

activity through opsonization and virolysis (Lustig et al., 2004; Cohen

et al., 2011). Additionally, Fc receptor engagement and ADCC

activity of anti-EV antibodies have been documented (Benhnia

Mohammed et al., 2009a, Benhnia Mohammed et al., 2009b;

Cohen et al., 2011). Given that Fc effector functions depend on the

N-glycosylation of the antibody’s Fc domain (Kellner et al., 2017;

Steffen et al., 2020), this evidence suggests that our plant-based system

may provide an opportunity to enhance the efficacy of anti-MPXV

EV mAbs. Plant glycoengineering has enabled the production of

mAbs with a homogeneous N-glycosylation profile, a level of

uniformity that current mammalian-cell-based systems cannot

achieve (Chen, 2016). Since p-H2 mAb was produced in the

glycoengineered GnGn plant line, it is expected to exhibit the same

uniform GnGn N-glycosylation structure as other mAbs produced in

this line ofN. benthamiana (Jugler et al., 2022a, Jugler et al., 2023; Sun

et al., 2023). Afucosylated GnGn glycoforms have been shown to

enhance CDC and ADCC activity via increased binding to Fc-gamma

receptors (Sun et al., 2019; Yu et al., 2021; Yang et al., 2023). Thus, p-

H2 mAb may offer additional mechanisms of MPXV elimination in

vivo in addition to neutralization, supporting the hypothesis that p-

H2 mAb might have better in vivo efficacy compared to mammalian

cell-produced H2 mAb due to enhanced Fc effector functions. While

plant host engineering has produced plant lines with several

advantages over mammalian systems for producing mAbs with

defined human N-glycans, challenges remain. One such challenge

is underglycosylation, which is occasionally observed in plant-

produced IgGs (Chen, 2016). This issue can be addressed by co-

expressing oligosaccharyltransferases—enzymes that transfer

preassembled oligosaccharides to polypeptides in the endoplasmic

reticulum (Chen, 2016). Additionally, as a relatively new production

platform, there has been uncertainty regarding regulatory hurdles in

approving glycoprotein biologics made in plants. Fortunately, results

from human clinical trials of plant-made glycoproteins have shown

that they are not particularly immunogenic, and even the presence of

plant-specific glycans does not induce any unwanted side effects

(Shaaltiel and Tekoah, 2016; Rup et al., 2017).

This study is the first to report the development of an anti-EV

mAb in plants for preventing and treating MPXV infection, as well as

the first demonstration of anti-MPXV EV activity by an mAb across

any production platform. In the next phase of the study, we plan to

perform comparative analyses of the CDC and ADCC activities of

various H2 mAb glycovariants, including those produced in

mammalian cells, and assess their efficacy in animal models. These

studies will provide valuable insights into the full potential of plant-
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produced H2 mAb. It would also be worthwhile to investigate

potential synergistic effects with a therapeutic cocktail comprising p-

H2 anti-EV mAb and anti-MV mAb against MPXV. These analyses

could provide valuable insights into how different viral proteins dictate

the requirements for the host to eliminate the virus using various

mechanisms and how Fc effector functions contribute to protection in

vivo. As H2 mAb was isolated from a volunteer vaccinated with the

VARV vaccine and has demonstrated inhibitory activity against both

VACV and ECTV, our findings on its activity against MPXV further

expand its effectiveness against another orthopoxvirus, supporting its

potential as a broad-spectrum, pan-orthopoxvirus therapeutic. In

August of 2024, the WHO re-declared that the MPXV epidemic a

Public Health Emergency of International Concern. As MPXV

outbreaks continue, up to 90% of cases occur in people with human

immunodeficiency virus (HIV) (Saldana et al., 2023), who experience

in more severe symptoms than those without HIV (Chastain et al.,

2023). Therefore, it is crucial to monitor emerging mutants and

quickly develop effective therapeutics against them. We propose that

the plant-based system may be one of the best platforms to rapidly

develop therapeutic mAbs that maintain efficacy against potential

mutants via Fc effector functions and quickly screen for mAb cocktails

with synergistic interactions. In summary, this study demonstrates the

potential of using anti-EV mAbs as therapeutics against MPXV

infection and highlights the utility of plant biotechnology in

developing biologics against viral infections.
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Double-stranded RNA (dsRNA) has emerged as key player in gene silencing for

the past two decades. Tailor-made dsRNA is now recognized a versatile raw

material, suitable for a wide range of applications in biopesticide formulations,

including insect control to pesticide resistance management. The mechanism of

RNA interference (RNAi) acts at the messenger RNA (mRNA) level, utilizing a

sequence-dependent approach that makes it unique in term of effectiveness and

specificity compared to conventional agrochemicals. Two primary categories of

small RNAs, known as short interfering RNAs (siRNAs) and microRNAs (miRNAs),

function in both somatic and germline lineages in a broad range of eukaryotic

species to regulate endogenous genes and to defend the genome from invasive

nucleic acids. Furthermore, the application of RNAi in crop protection can be

achieved by employing plant-incorporated protectants through plant

transformation, but also by non-transformative strategies such as the use of

formulations of sprayable RNAs as direct control agents, resistance factor

repressors or developmental disruptors. This review explores the agricultural

applications of RNAi, delving into its successes in pest-insect control and

considering its broader potential for managing plant pathogens, nematodes,

and pests. Additionally, the use of RNAi as a tool for addressing pesticide-

resistant weeds and insects is reviewed, along with an evaluation of production

costs and environmental implications.
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1 Introduction

The phenomenon of RNA-induced gene silencing (RNAi) gained

prominence following its disclosed mechanism in pests, but it was in

tobacco (Nicotiana tabacum) plants that this phenomenon was

initially documented and published as early as 1928 (Wingard,

1928). This groundbreaking discovery has revolutionized our

understanding of gene regulation and its implications for various

biological processes, particularly gene silencing via RNAi. Harnessing

this process has shown promise in diverse applications, including

gene knock down, disease treatment, and crop improvement. Over

the last decade, substantial efforts have beenmade to exploit RNAi for

the development of novel crop protection methods. Moreover, RNAi

technology has facilitated the creation of genetically modified crops

with enhanced traits such as increased yield, improved nutritional

content, and prolonged shelf life (Kumar et al., 2020).

Sustainable agriculture entails the development and

implementation of environmentally friendly technologies and

practices that are readily accessible and advantageous to farmers in

terms of crop improvement and productivity (Fletcher et al., 2020).

To minimize the adverse effects of synthetic pesticides on health and

the environment, there has been a shift towards employing bio-based

alternatives. This shift aims to promote agricultural sustainability,

leading to the adoption of more environmentally friendly and

innovative crop protection strategies by the scientific community.

Plant genetic engineering has emerged as a promising avenue to

address food shortage and mitigate the impact of plant stresses.

Notably, the development of transgenic crops employing advanced

biotechnological techniques, including RNAi, has been a significant

contribution in this regard. Transgenic RNAi crops are still regarded

as GM crops. Provided that Double-stranded RNA (dsRNA)-based

products contain no GM organisms (e.g., bacteria for dsRNA

production), they are not regarded as genetically modified

organisms (GMOs). Interestingly, recent developments using

exogenous dsRNA spray to control pathogens and pests have

provided a non-transgenic alternative to GMOs (Rajam, 2020;

Rodrigues and Petrick, 2020). Furthermore, RNAi induces the

silencing of target genes, which is more advantageous than genome

editing tools (Arpaia et al., 2020). These distinctive features of RNAi

have made it a popular and effective strategy for crop enhancement

and protection (Arpaia et al., 2020; Rajam, 2020).

In this review, we explained the mechanism of RNAi-mediated

gene silencing and furnished a comprehensive report of the role

of RNAi in protecting crops against diverse biotic stresses.

Furthermore, we have directed attention towards the potential of

RNAi as an innovative and potent alternative for global crop

protection strategy, as well as its application in the development

of futuristic smart crops resilient to various biotic stresses.
2 The functional basis of
RNA interference

The ability of RNAi to specifically inhibit gene expression arises

from the design 21-25 bp dsRNAs, ensuring only the intended
Frontiers in Plant Science 0232
target gene is silenced. The specificity grants RNAi a wide range of

potential applications for genetic studies and agriculture, including

the protection of beneficial insects against viruses and parasites

(San-Miguel and Scott, 2016; Mehlhorn et al., 2021), novel and

highly specific insect and parasites control, and traditional plant-

incorporated protectants (PIPs: i.e. transgenic plants/RNAi-based

plant traits) (Walawage et al., 2013). Another crucial aspect of RNAi

is its conservation across different species, indicating its versatile use

in manipulating gene expression not only within an organism but

also for the organism’s survival and adaptation.

RNAi regulates gene expression through small noncoding

RNAs (sRNAs) (Rajam, 2020) (Figure 1). These sRNAs identify

the target messenger RNA (mRNA) via homology-based binding

and facilitate its degradation with effector proteins. Within the

RNAi pathway, there are two primary classes of sRNAs: short-

interfering RNAs (siRNAs) and micro-RNAs (miRNAs) (Margis

et al., 2006; Borges and Martienssen, 2015; Mamta and Rajam,

2018). While the basic pathway for sRNA biogenesis involves

trimming long dsRNAs to form sRNAs, the type of sRNA present

is determined by the source of the dsRNA (Parker and Barford,

2006). The application of RNA-based products for insect

management requires dsRNA longer than 50 bp but not sRNAs

(Ivashuta et al., 2015; Yoshida et al., 2023; Chi et al., 2023), although

some studies have shown that sRNA can trigger gene silencing

(Gong et al., 2013; Liu S. et al., 2021). In contrast, fungi and plants

take up both dsRNAs and sRNAs (Wang and Jin, 2017; Subha et al.,

2023; McLaughlin et al., 2023), suggesting different uptake

mechanisms for these organisms (Wang and Jin, 2017).

siRNAs were originally observed during transgene- and virus-

induced silencing in plants (Mello and Conte, 2004). They are

generally formed from the dsRNA obtained from various sources,

including viruses, transposons, transgenes, aberrant mRNAs, and

inverted repeats (IRs), among others (Preall and Sontheimer, 2005;

Matranga and Zamore, 2007; Golden et al., 2008; Wilson and

Doudna, 2013). In addition to siRNAs, a multitude of miRNAs

have been identified in various eukaryotes, and their sequences are

available online. miRNAs are short, endogenous, single-strand

RNAs, typically 21-24 nucleotides long, derived from hairpin

transcripts. They play a regulatory role in gene expression in

animals and plants (Bartel, 2009; Feng and Riddle, 2020).

Furthermore, multiple miRNAs can regulate the same gene

(Samad et al., 2021). The miRNA pathway operates at the post-

transcriptional level and is involved in a range of physiological and

pathophysiological processes (Ambros, 2004; Yu et al., 2017). Even

though siRNAs and miRNAs were first found in separate research

studies, these two small RNAs are closely connected in their

biological functions, formation of RNA-protein complexes, and

capacity to regulate gene transcription negatively (Meister and

Tuschl, 2004). Both siRNA and miRNA molecules are initially

generated from dsRNAs processed by the ribonuclease III enzyme

Dicer into 20-30 nucleotide duplexes (Margis et al., 2006).

In plants, whereas for the miRNAs, the related endogenous

genes are transcribed into long primary microRNAs (pri-miRNAs)

under the action of RNA Polymerase II (Pol II) (Wassenegger and

Krczal, 2006). These pri-miRNAs, which are single-stranded and

polyadenylated RNA molecules, form hairpin-like structures.
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Dicer-Like1 (DCL1) cleaves the pri-miRNAs, generating precursor

microRNAs (pre-miRNAs) which undergo further processing by

DCL1 (Zotti and Smagghe, 2015). This leads to the production of

mature miRNA duplexes consisting of the active miRNA strand and

its complementary strand miRNA*. The pre-miRNAs are

subsequently transported to the cytoplasm through HASTY

(HST), the ortholog of human exportin-5, where they undergo

further processing by the cytoplasmic RNase III Dicer to produce

approximately 22-nucleotide miRNAs duplexes (Figure 1, Left).

The export of pre-miRNAs is facilitated by HST (Cambiagno

et al., 2021).

For siRNAs, these RNAi-triggering dsRNAs are formed in the

nucleus through several mechanisms (Figure 1, Right). The 21/22-

nt sRNAs are primarily associated with mRNA cleavage and are

involved in posttranscriptional gene silencing (PTGS) (Hamilton

and Baulcombe, 1999). The 24-nt sRNAs are primarily associated

with RNA-directed DNA methylation (RdDM) and transcriptional

gene silencing (Henderson et al., 2006; Hamilton et al., 2015). Both

metazoan and plant Dicer-Like proteins display domains such as

DEAD-box, helicase-C, domain of unknown function 283

(DUF283), PIWI/Argonaute/Zwille (PAZ), RNase-III, and

dsRNA-binding domain (dsRBD) domains (Parker et al., 2005).

These sRNAs, which consist of 21-24 nucleotide duplexes, are
Frontiers in Plant Science 0333
subsequently incorporated into the RNA-induced silencing

complex (RISC). With the RISC, they undergo unwinding (Borges

and Martienssen, 2015). Following this step, an Argonaute (AGO)

protein cleaves the passenger (sense) strand, while retaining the

guide (antisense) strand within RISC (Kedde et al., 2007; Ketting,

2011; Gong, 2021). The guide strand of the sRNA then directs RISC

to target mRNA through Watson-Crick base pairing, resulting in

the cleavage of the target mRNA by the AGO protein and

subsequent degradation. This degradation of the target mRNA

leads to specific post-transcriptional gene silencing (Huvenne and

Smagghe, 2010; Borges and Martienssen, 2015; Tyagi et al., 2019;

Kaur et al., 2020). The AGO protein Nrde-3, which is necessary for

nuclear RNAi in Caenorhabditis elegans, was identified through a

genetic screen and found to reside in the cytoplasm until siRNA

binding induced its translocation to the nucleus (Guang et al.,

2008). The dynamic localization of RNAi factors suggests a highly

regulated and adaptable system for gene regulation in cells, allowing

for efficient targeting and silencing of specific genes or transcripts.

Beyond these classical miRNAs and siRNAs, other classes of

RNA are continually being discovered, participating in a wide range

of pathways and regulatory mechanisms. Recent research has

uncovered further intricacies within the RNAi machinery. For

example, the involvement of long non-coding RNAs (lncRNAs)
FIGURE 1

Biogenesis of small RNAs and mechanism of gene silencing. The left panel demonstrates miRNA biogenesis and gene silencing. The right panel
shows siRNA biogenesis and gene silencing; Abbreviations used in the figures: dsRNA, double-stranded RNA; siRNA, small-interfering RNA; RISC,
RNAi-induced silencing complex; mRNA, messenger RNA; AGO, Argonaute; RNA Pol II, RNA polymerase II; PAZ, PIWI/ARGONAUTE/ZWILLE;
DUF283, domain of unknown function 283; dsRBD, dsRNA-binding domain; pre-miRNAs, precursor microRNAs; HST, HASTY.
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in plant immunity, the mechanisms of lncRNA action in various

stages of immunity, and different interactions between plants,

microbes and insects (Wu et al., 2020; Statello et al., 2020).

Additionally, a study found that aphids translocated a lncRNA

into plants, which functioned as lncRNA virulence factors by

enhancing aphid fecundity (Chen et al., 2020).
3 RNAi application in crop protection

The RNAi mechanism operates at the mRNA level through a

sequence-dependent mode of action, rendering it unique in potency

and selectivity compared to regular agrochemicals. One advantage

of RNAi, whether through transformative or non-transformative

approaches, is its potential to enable farmers to target pathogens,

nematodes, and pests more specifically. The technology can be

designed by using RNA sequences that match specific gene

sequences in the target pathogens, nematodes, and pests, thereby

minimizing harm to other species. Careful selection of unique

regions of insect genes results in highly targeted effects, while

avoiding unintended consequences. RNAi in crop protection can

be achieved through plant transformation via PIPs, such as

transgenic plants, or through non-transformative strategies

employing a spray-induced gene silencing (SIGS) process.

Exogenously applied dsRNA can be taken up by two means:

pathogenic cells directly uptake dsRNAs to evoke RNAi in

pathogens. On the other hand, exogenously applied dsRNAs can

be taken up by plant cells and then transferred to interacting

pathogens to induce RNAi responses. Irrespective of the delivery

strategy, the use of RNA-based products to provide plant protection

against pests and pathogens represents a potential alternative to

conventional pesticides. Moreover, these dsRNAs can function as

resistance repressors for resistant insect and weed strains. In this

category of non-PIPs, dsRNA-containing end-use products

(dsRNA-EPs) are anticipated to enter the market in four

categories: (i) direct control agents; (ii) resistance factor

repressors; (iii) development disruptors; and (iv) growth

enhancers (Zotti and Smagghe, 2015; San-Miguel and Scott,

2016). This review will focus exclusively on developments related

to crop protection (Figure 2).

The RNAi strategy, known as host-induced gene silencing

(HIGS), has been successfully employed in transgenic plants to

protect crops from specific insects (Head et al., 2017; Rodriguez

Coy et al., 2022; Darlington et al., 2022), plant pathogens (Ray et al.,

2022; McLaughlin et al., 2023), viruses (Tenllado and Dıáz-Ruıź,

2001; Khalid et al., 2017), and nematodes (Sikandar et al., 2021;

Morozov et al., 2019), as reviewed recently. The use of transgene-

expressed dsRNA for inducing virus resistance and gene silencing in

plants has proven to be effective against various viral infections and

pests (Waterhouse et al., 1998). Scientists have successfully enhanced

the natural defenses of plants by targeting specific genes involved in

pathogen defense or insect resistance pathways, thus eliminating the

need for chemical pesticides. However, approval from various

regulatory agencies is required for crops that express dsRNA due to

laws and regulations concerning genetically modified organisms.

These factors complicate broader applications of HIGS worldwide,
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despite undeniable practicality and efficiency of HIGS strategies.

Furthermore, the spray application of exogenous dsRNA or sRNA

has initiated an era of RNAi-based fungicide strategies for controlling

crop disease (Wang and Jin, 2017; Islam and Sherif, 2020). Table 1

summarizes some examples of successful application of HIGS and

SIGS through RNAi-based approaches in insects or fungi.

Research efforts are underway to explore non-transformative

approaches to control insects, diseases, nematodes, and weeds. It is

anticipated that RNAi-based products will soon be available on the

market as sprays for foliar application, trunk injection, root dipping,

or seed treatment to directly employ as controlling agents. Since the

discovery of RNAi and its regulatory potential, scientists have been

investigating diverse applications of this powerful tool in insect

control. The immense potential of RNAi lies in its capacity to

selectively target and suppress genes responsible for insect survival

and reproduction. An important advantage of utilizing RNAi in

insect control is its distinct mode of action in comparison to

traditional chemical pesticides (Kupferschmidt, 2013; Cagliari

et al., 2019). RNAi-based products can be designed to selectively

target particular pests while sparing non-target species. This

targeted approach not only minimizes environmental impact but

also mitigates the risk of pest resistance development.

dsRNA-based products, such as RNAi therapeutics or RNAi-

based pesticides, utilize this mechanism to selectively suppress

disease-causing genes or pest-specific genes. By designing dsRNA

molecules that are complementary to the target gene’s mRNA,

researchers can effectively shut down the expression of the target

gene, potentially leading to the treatment of genetic disorders or

enhanced crop protection. One of the earliest studies in the use of

sprayable RNA molecules to control insect pests involved the

application of siRNA, which led to effective RNAi silencing in the

diamondback moth (Plutella xylostella). When larvae were fed with

Brassica spp. leaves sprayed with chemically synthesized siRNAs

targeting the acetylcholine esterase gene AchE2, mortality rates of

about 60% were observed (Gong et al., 2013).

Moreover, the use of RNA to target pathogen resistance to

conventional fungicides is currently in development (Song et al.,

2018). Botrytis cinerea transfers small RNAs into plant cells, which

then bind to the plant’s AGO1 to suppress host genes essential for

plant immunity (Weiberg et al., 2013). This application is sprayed

onto the surface of fruits (such as tomato, strawberry, and grape),

and vegetables (such as lettuce and onion), resulting in a significant

inhibition of grey mold disease development (Wang et al., 2016).

Recent advances in nanoparticle technology have significantly

improved the potential applications for plant protection. To address

issues related to dsRNA stability, double-layered hydroxide (LDH)

nanoparticles were developed and combined with dsRNA molecules

to produce “BioClay” (Mitter et al., 2017; Dubrovina and Kiselev,

2019; Yong et al., 2021; Jha et al., 2023). Nanoparticles are particles

with diameters ranging from 1 to 100 nanometres (nm), with high

stability and transport in plants (Cheng et al., 2024). LDH also

degrades safely under mildly acidic conditions, thereby minimizing

risk of the excessive persistence of dsRNA in the environment (Abd

El-Monaem et al., 2023). Foliar spraying of LDH-dsRNA could

disrupt Bemisia tabaci at multiple whitefly developmental stages by

enhancing the delivery of dsRNA to cotton leaves (Jain et al., 2022).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1502015
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Qi et al. 10.3389/fpls.2024.1502015
Additionally, optimizing nanostructures for agricultural use enhances

the stability of RNA-based treatments, boosting control effectiveness

and minimizing environmental impact (Wang et al., 2023).

Up to now, RNA-based molecules (dsRNA or siRNA) commonly

utilized in insect and disease management studies have been

expensive synthetic molecules or have been produced through

time-consuming, laborious procedures. To address the limitations

of these methods, the potential of delivering dsRNA expressed in

bacteria has been investigated, providing an alternative method for

large-scale target gene screening. For instance, the Escherichia coli

HT115 (DE3) strain has been used to produce large quantities of

dsRNA due to its lack of the enzyme RNase III which degrades

dsRNA (Ahn et al., 2019; Figueiredo-Prates et al., 2023).

Nanomaterials derived from plant viruses offer a promising

alternative to synthetic nanoparticles. Unlike synthetic

nanoparticles, plant viruses offer a higher environmental

biocompatibility and degradability, yet they are exceptionally robust

in the harsh environment. And most importantly, they are non-

infections to mammals. Indeed, some of the most widely used plant
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viruses have been cowpea mosaic virus (CPMV) (Beatty and Lewis,

2019; Ortega-Rivera et al., 2021) and tobacco mild green mosaic virus

(TMGMV) (Caparco et al., 2023). Practical applications of RNAi

have rapidly advanced with transgene-expressed dsRNA employed

not only for inducing virus resistance and gene silencing in plants but

also for enhancing crop traits such as yield improvement and

nutritional enhancement. Although the precise mechanism of

external RNA recognition, uptake, and transport is yet to be

determined, recent studies demonstrated that exogenous RNA

application is a promising strategy for the regulation of plant

properties, indicating the need for further research.
4 Overcome barriers to foliar uptake
of sRNAs

Indeed, efficient methods to facilitate the uptake of exogenous

dsRNA for RNAi-mediated crop protection are essential for

practical applications. In recent years, there has been a growing
FIGURE 2

The pathway of silencing insect and fungal genes induced by sprays of sRNAs. Insects and fungi directly take up sprayed RNAs. Externally applied
sRNAs are taken up by plant cells (A) and then transferred into insect (B) or Fungal cells (C). In beneficial microbe process, the sRNA from the
beneficial microbe would be first transferred to the host plant and then to the pathogen (Wen et al., 2023). sRNAs can be loaded onto layered
double hydroxide (LDH) clay nanosheets, which are designer, non-toxic, degradable, and layered. Once loaded, the dsRNA remains on the LDH and
exhibits sustained release. LDH has been developed to increase sprayed RNA stability and target delivery. Current RNA spray applications are based
on mature small RNAs for spray-induced gene silencing against fungal pathogens. RNAi is also efficient for the control of plant pathogens (Joga
et al., 2016). RNAi-based products can be used to suppress virus infection in pests either by administering a sugar water solution containing dsRNA
or through large-scale field treatments. Future applications may be extended to mRNAs to produce inhibiting peptides inside fungi and pests.
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interest in the market for dsRNA, promoting both established

companies and startups to focus on enhancing production

efficiency and developing stable delivery systems. With the

potential of dsRNA for crop protection, many companies and

academic researchers are exploring cost-efficient methods for

large-scale dsRNA production. It is speculated that externally

applied synthetic dsRNA and siRNA may enter plant tissues and

cells through natural mechanisms similar to those used by

extracellular nucleic acids from plant microbial pathogens,

insects, or viruses (Tatematsu et al., 2018; Dubrovina and Kiselev,

2019; Dad et al., 2021; Liu G. et al., 2021). However, the existing

literature offers limited insight into the natural mechanisms

responsible for the recognition, uptake, and translocation of

exogenous nucleic acids in plant tissues.

Environmental risks associated with chemical and microbial

pesticides are typically evaluated using a tiered approach (Pathak

et al., 2022). This approach often involves testing the maximum

hazard dose of known environmental exposure concentration using

non-target indicator species from different ecological guilds such as

pollinators, predators, and parasitoids (Lundgren and Duan, 2013).

Predicting toxic effects and designing maximum hazard assays for
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the numerous potentially exposed organisms is a challenging task. It

has been reported that foliar applied transgene-encoding dsRNA

was detectable in RNA probes obtained from treated Arabidopsis

leaves at 1 day and 7 days post-treatment, but its presence sharply

decreased after 14 days (Lundgren and Duan, 2013). The “RNAgri”

agricultural industry has developed microbial fermentation

technology for large-scale production of dsRNA, utilizing a

protein to bind the desired RNAs and protect them against

degradation. The resulting dsRNA products are considered safer

to use and more stable than naked dsRNA (Numata et al., 2014).

Additionally, bacterial minicells have shown promise as a

technology for both the production and encapsulation of dsRNA

(Islam et al., 2021). If successful, this technology could provide

improved shielding and slow, sustained release of dsRNA for

agricultural purposes under open-field conditions. It is important

to note that siRNAs might exhibit off-target binding in the genome

of non-target species. However, considerations for microbial

production of dsRNA include potential by-products from

fermentation and the additional concern of GMOs (Figueiredo-

Prates et al., 2023). In addition to the standard quality control

measures aimed at ensuring dsRNA purity, bacterial production
TABLE 1 Examples of RNA-mediated gene silencing in phytopathogenic fungi/pests via different applications to plants.

Croup
Target
Organism

Target Gene(s) Species
Application
Method

Silencing Outcome Reference

Insects

Radopholus
similis

Chs-2, Unc-87, Pat-
10, Eng1a

Banana

Host induced gene
silencing via
transgenic plants)

Reduction in nematode
multiplication and
root damage

Mwaka
et al., 2023

Helicoverpa
armigera

Chitinase Tomato and tobacco
Detrimental effects on larval
growth and survival

Mamta
et al., 2016

Bemisia tabaci
Trehalose-6-phosphate
synthase 1 and 2

Nicotiana tabacum
90% mortality and decreased
the fecundity in whitefly adults

Gong
et al., 2022

Myzus persicae ATPD, ATPG Oilseed rape

Spraying

nanocarrier-delivered RNA
pesticides affected
insect survival

Ma et al., 2023

Sogatella furcifera
Vacuolar-type
(H+)-ATPase

Rice
More than 97%
insect mortality

Ma et al., 2024

Sitobian avenae Salivary sheath protein Hordeum vulgare
60% reduction in
disease resistance

Biedenkopf
et al., 2020

Fungi

Aspergillus flavus Alk Maize

Host induced gene
silencing via
transgenic plants)

84% reduction in aflatoxin
accumulation and reduced
fungal biomass

Omolehin
et al., 2021

Fusarium
oxysporum

Chs Soybean
Reduction in lesion size &
fungal biomass

Kong
et al., 2022

Fusarium
graminearum

SGE1, PP1, STE12 Wheat
Reduction in fungal infection
structures, inhibition of
DON biosynthesis

Wang
et al., 2020

Magnaporthe
oryzae

DES1 Rice

Spraying

25-60% reduction in
disease symptoms

Sarkar and
Roy-
Barman, 2021

Sclerotinia
sclerotiorum

VPS51, DCTN1, SAC1,
DCL1,
DCL2

Lettuce
Collard green

Reduction in disease
symptoms and lesion size

Qiao
et al., 2021

Botryotiania
fuckeliana

Chitin synthase class III,
DCL 1, DCL2

Fragaria ananassa
75% reduction in
biomass accumulation

Islam
et al., 2021
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systems require meticulous attention to exclude potential

contaminants and living GMOs. Longer dsRNA (>200 nt) yields

many siRNAs after cleavage, enhancing RNAi response and

reducing resistance (Darlington et al., 2022). Transgenic plants,

with continuous dsRNA, increase selection pressure and resistance.

RNAi resistance may come from reduced cellular uptake (Khajuria

et al., 2018), mRNA mutations, RNAi suppressor production

(Tayler et al., 2019), target gene overexpression, silencing

machinery gene downregulation (Timani et al., 2023), increased

nuclease activity, or behavioral changes (Spit et al., 2017; Kadoić-

Balas ̌ko et al., 2020). Recently, cell-free platforms for dsRNA

synthesis have been established, allowing for cost-effective, GMO-

free production of significant quantities of dsRNA suitable for use

in agricultural applications. The efficiency of RNAi naturally varies

among the target species, life stage, and delivery strategy. Choosing

appropriate combination of these factors can significantly expedite

research and conservation of resources. Regardless of the delivery

strategy or target species, the successful implementation of a non-

transformative RNAi strategy hinges on the identification of unique

regions within essential target genes. This ensure that even minor

changes in expression levels will elicit substantial consequences.
4.1 Uptake efficiency

Broad translational success of RNAi technology depends on

effective delivery approaches. In order to access the plant RNAi

machinery for small RNA production, dsRNA needs to penetrate

the cytoplasm. The plasma membrane, composed of different

components than the cell wall, serves as a highly selective barrier

that restricts the entry of extracellular particles.

The cell membrane is a negatively charged lipid bilayer with

transmembrane channels and transporters that regulate the

movement of small molecules across membranes through active

transport, osmosis, and diffusion. Recent reports emphasize the

importance of extracellular vesicles (EVs) in facilitating the

transport of various plant defense and virulence factors between

the plant and the pathogen (Bahar et al., 2016; Mordukhovich and

Bahar, 2017; Yang et al., 2020; Tran et al., 2022). EVs are

heterogenous phospholipid bilayer membrane-bound spherical

structures that carry biologically active cargo such as liposomes,

proteins, and nucleic acids (Liu G. et al., 2021). They have been

implicated in cell-to-cell communication and biomolecules transfer

(Colombo et al., 2014; Mathieu et al., 2019; Gurunathan et al., 2021).

The topical application of exogenous nanoparticle-dsRNA complexes

on plants can also improve the absorption efficiency of dsRNA into

pathogens. Recent advances in RNA-based products have utilized

liposomes and synthetic spherical lipid-based nanoparticles for sRNA

delivery (Yan et al., 2021; Komarova et al., 2023; Qiao et al., 2023).
4.2 Stability on plant surfaces

RNAi efficacy is impacted by the persistence and stability of

topically applied dsRNA before entering the plant. As foliar uptake of

dsRNA is not instant, longer leaf-surface retention ensures a stable
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supply of dsRNA. Environmental elements such as rain, ultraviolet

(UV) radiation, and microbial degradation can degrade dsRNA and

diminish its effectiveness. Therefore, the development of a delivery

system that shields dsRNA from degradation is crucial for practical

field applications. Recent studies have revealed that formulating

dsRNA with nanocarriers can protect it from UV and nuclease

degradation (Schwartz et al., 2020; Zhang et al., 2022; Ijaz et al.,

2023). Additionally, the use of nanoparticles has also demonstrated

increased persistence of sprayed dsRNA on leaf surfaces even after

rinsing (Vatanparast and Kim, 2017; Nitnavare et al., 2021). These

approaches showed that when dsRNA is complexed with layered

BioClay, it tends to remain on leaves, while unprotected dsRNA is

readily washed off. Furthermore, nanoparticles have the potential to

improve foliar and cellular uptake of sprayed dsRNA (Golestanipour

et al., 2018; Wu et al., 2023; Mat-Jalaluddin et al., 2023). For instance,

it has been demonstrated that BioClay delivered dsRNA can prolong

protection against B. cinerea on tomato leaves and fruit, as well as on

mature chickpea plants (Niño-Sánchez et al., 2022). Specifically,

BioClay increased the protection duration from 1 to 3 weeks on

tomato leaves and from 5 to 10 days on tomato fruits when compared

with naked dsRNA.

In summary, while RNAi as a foliar spray exhibits potential for

insect control, there are challenges to be addressed for successful

field applications. Continued research and development efforts are

essential to overcome these challenges and fully harness the

potential of this technology in agriculture.
4.3 Delivery scalability

Nanotechnology-mediated RNAi provides new approaches for

the control strategies of plant diseases and insect pests. Delivery

scalability must be considered when dsRNA is exogenously applied

to crops. Utilizing RNAi as a foliar spray in large-scale agricultural

fields necessitates efficient and cost-effective delivery systems. The

successful cellular uptake and subsequent initiation of target gene

silencing by exogenous dsRNA are influenced by various factors

that can influence their effectiveness (Das and Sherif, 2020). One

such factor is the length of the dsRNA utilized. Studies have

indicated that shorter dsRNA tend to be more effective in gene

silencing compared to longer ones, as they can more readily

penetrate cells and interact with their target genes (Numata et al.,

2014; Dalakouras et al., 2016; Dubrovina and Kiselev, 2019). sRNAs

can move short and long distances within plant cells. Primary

siRNAs can spread over short distances (10-15 cells) through the

symplastic route without producing secondary siRNAs (Han et al.,

2019). Systemic spreading of RNA silencing via the phloem has

been reported in studies using plant transformation (David-

Schwartz et al., 2008; Liu and Chen, 2018). Long-distance

movement or systemic silencing is phloem-mediated and requires

the amplification of silencing signals by RNA-dependent RNA

plolymerases (RDRPs) (Cuperus et al., 2010; Bally et al., 2016;

Dalakouras et al., 2018; Uslu et al., 2020). It has been documented in

several studies that the phloem-mediated transport of systemic

sRNA signals from source to sink (Qiao et al., 2018; Yan and

Ham, 2022). Furthermore, the concentration of applied dsRNA also
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plays a crucial role in its efficacy. Higher concentrations may

enhance cellular uptake, but excessive amounts can potentially

cause off-target effects or even toxicity (Willow et al., 2021).

Therefore, finding an optimal concentration is essential for

achieving successful gene silencing without adverse effects.

It is worth noting that the effectiveness of exogenous dsRNA-

induced RNAi in plant-microbe interactions can vary depending on

factors such as the delivery method, targeting strategy, and the

specific organisms involved. Ongoing research aims to further

optimize and understand the potential of this approach for

sustainable agriculture and crop protection (Yan et al., 2020).
5 Mitigation and avoidance of risks
associated with RNAi-based products

RNAi is an emerging technology that offers new opportunities for

innovative insect control strategies and the development of desired

traits in genetically modified plants. The next generation of RNAi-

based products will harness dsRNA to induce gene suppression in

insect species, either through in planta production or application via

plant spraying. Regulatory agencies for biotechnological products,

such as the U.S. Environmental Protection Agency (US-EPA) and the

European Food Safety Authority (EU-EFSA), have extensive

experience in assessing ecological risk associated with newly

introduced PIPs, the unique mode of action of dsRNA may

necessitate a distinct assessment framework, as indicated by several

years of crop assessments (Devos et al., 2014; Papadopoulou et al.,

2020). To fully harness the potential of RNAi-based products, effective

communication among agricultural consumers, RNAi-based product

users (farmers), RNA pesticides producers, and public institutions will

be essential to ensure accurate information exchange and mutual

understanding. This should be firmly rooted in scientific evidence

pertaining to RNAi-based products. Additionally, the implementation

of appropriate management, oversight, and legislation, along with

safety evaluation and approval processes, will be imperative for the

successful adoption and regulation of RNAi-based products.
5.1 Regulatory concerns

The utilization of RNAi-based products in agriculture may

provoke regulatory concerns regarding their safety, potential off-

target effects, and long-term impacts on ecosystems (Paces et al.,

2017; Christiaens et al., 2018; Dávalos et al., 2019). Adhering to

regulatory guidelines and requirements is vital for the development

and approval of RNAi-based products. Close collaboration with

regulatory authorities throughout the development process helps

early identify potential risks and effective resolution (Arpaia et al.,

2020). It is important to consider, for the risk assessment purposes,

that RNAi-based products might take longer to demonstrate efficacy

compared to conventional pesticides (Romeis and Widmer, 2020;

Fletcher et al., 2020). Globally, the legislative status of dsRNA

pesticides varies, which reflects diverse regulatory approaches.

In the USA, biochemical pesticides still need to be registered by

the US EPA before manufacture, transport, and sale (Leahy et al.,
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2014). The EPA approves them under the Federal Insecticide,

Fungicide, and Rodenticide Act (FIFRA) and the Federal Food,

Drug, and Cosmetic Act (FFDCA), basing the approval on a risk/

benefit standard. While no specific data requirements for sprayable

or externally applied dsRNA-based pesticides are available, the EPA

requires that the active ingredient as well as the final product must

be evaluated (Wozniak et al., 2024).

Australia has an advanced and efficient agricultural industry,

focusing on developing innovative systems through research and

design to enhance food production and sustainability. In terms of

RNAi-based products, Australia has been a pioneer in establishing a

legal structure for approving these crop protection products. By

October 8, 2019, topically applied dsRNA-based products for

protecting plants against pests (insects, fungi, and viruses) are

defined as agricultural chemical products. Previously, the office of

the gene technology regulator (OGTR) and the Australian

Pesticides and Veterinary Medicines Authority (APVMA)

regulated these products. However, the OGTR’s review indicated

that applying RNA to an organism for the induction of temporary

RNAi is not GMOs. So, SIGS-applications are not under OGTR

regulation and should be regulated based on risk. Currently, there

are no specific guidelines regarding data requirements for the

registration of RNAi-based agricultural products. However, at a

minimum, data related to chemistry, manufacturing, human health,

worker health and safety, environmental fate and toxicity, efficacy,

and crop safety are required. In Australia, the APVMA will keep

providing regulatory supervision for topically applied RNAi-based

products. And the APVMA must be ensure that the safety, trade,

and efficacy requirements related to the specific active ingredient or

product are fulfilled. On February 9, 2021, the Food Standards

Australia New Zealand (FSANZ) approved the RNAi-based

herbicide-tolerant and insect-resistant corn product DP23211 for

food. This transgenic corn simultaneously expresses the dsDvSSJ1

and IPD072Aa proteins for the control of corn rootworms

(Diabrotica spp.). In addition, multiple transgenic plants based on

RNAi technology have been approved for commercial cultivation.

In 2014, JR Simplot’s InnateÔ (SPS-ØØE12-8 (E12)) potato was

approved for cultivation in the United States and subsequently

approved in many countries such as Malaysia, Canada, Mexico,

Japan, Australia, and New Zealand (James, 2014).

In the EU, any plant protection product (PPP), which is a

pesticide safeguarding crops or other valuable plants, must receive

authorization before being place on market. The legal framework

for this process is defined in Regulation (EC) No. 1107/2009 (EC,

2009). The authorization process consists of approving the active

substance and subsequently authorizing the PPP. The authorization

of a PPP is conditional upon the approval of the active substance by

the EU Commission, based on a risk assessment conducted by the

EFSA. A PPP containing an approved active substance is then

assessed and authorized by the Member States (MS). To streamline

the authorization process, the EU is divided into three zones, the

Northern, Central, and Southern (EC, 2009). The risk assessment of

a PPP is conducted by one Member State for the entire zone, with

the Additional Member States in the same zone must accepting the

results and decision of the assessing state. However, they can make

claims based on national ecological or agricultural specificities to
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determine their risk management options. The European Medicines

Agency (EMA) mandates an extensive risk assessment process for

novel therapeutic approaches such as RNA interference (Hines

et al., 2020; Talap et al., 2021). This assessment includes

evaluating potential off-target effects on non-target genes that

could lead to adverse events. RNAi is mechanism that relies on

sequence homology. Several studies have indicated that siRNA is

not always specific and can lead to off-target effects (Carthew and

Sontheimer, 2009). RNAi have the potential to impact unintended

organisms when the target gene share homologous sequences with

non-target organisms, thus resulting in unintended environmental

consequences and affecting beneficial organisms. The efficiency of

RNAi as a foliar spray is influenced by several factors. First, the

selection of target gene is critical. Identifying genes that are essential

for insect survival or reproduction increases the likelihood of

successful RNAi-mediated suppression (Ghosh et al., 2017;

Mamta and Rajam, 2017). Second, it is important to design

dsRNA molecules that are specific to the target gene and can be

efficiently taken up by the pests.

To ensure the safety, efficacy, and quality of RNAi-based

products, it is essential for companies to strictly adhere to

regulatory guidelines. Distinguishing regulatory studies as either

risk-driven or advocacy-driven would help dispel the public’s

misconception that extensive and intricate regulations for

products developed through modern breeding techniques solely

aimed at addressing higher safety risks (Auer and Frederick, 2009;

Qaim, 2020). This suggestion assumes that assessing potential safety

concerns is more important than promoting consumer acceptance

of these technologies and products. Utilizing bioinformatics could

assist in identifying off-target sequences and potential effects in

non-target species. These guidelines are established by regulatory

authorities such as the Food and Drug Administration (FDA) in the

United States or EMA in Europe (Hokaiwado et al., 2008; Mohr and

Perrimon, 2012; Setten et al., 2019). Compliance with these

guidelines allows companies to demonstrate that their products

meet all necessary standards before they can be approved for use.

For instance, it was reported that siRNA resulting from Dicer-2

processing can have a variable length (20-22 nt) in different insect

species (Christiaens et al., 2018).
5.2 Post market surveillance

After a product receives market approval, continuous monitoring

and surveillance are necessary to identify any potential safety concerns

that may arise post-commercialization. Encouraging professionals to

report any adverse events helps ensure timely identification and

mitigation of risks. When assessing the environmental risks

associated with the use of dsRNA-based pesticides, it is crucial to

consider the distribution, stability, and persistence of dsRNA in the

environment following product application (OECD, 2020). It has

shown a rapid decline in the concentration of foliar-applied dsRNA

under field conditions with a 95% reduction after 3 days (Bachman

et al., 2020). Recent studies have indicated that the decrease of dsRNA

in soil is attributed to both adsorption to soil and chemical and

microbial degradation (Dubelman et al., 2014; Parker et al., 2019). The
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flag bearer here is the global giant Monsanto whose brand “Biodirect”

is already developing RNA-based biopesticides to control pests,

followed by other multinationals such as Bayer, Syngenta, and

others (Abdellatef et al., 2021).

While RNAi-based technologies offer evident safety advantages

compared to numerous current crop protection products, unintended

impacts on human health (OECD, 2023) and the environment cannot

be completely ruled out (OECD, 2020). It is important for researchers

and regulatory agencies to continue studying and monitoring the

potential effects of RNAi-based technologies order to ensure their

safe use in agriculture (Auer and Frederick, 2009). Additionally, public

awareness and education about these technologies can help address any

concerns or misconceptions surrounding their impact on human

health. It is considered unlikely for dsRNA to pose a significant risk

to human health in a sequence-specific manner, because of the

difficulty in achieving successful systemic delivery (Chen et al., 2018).

Systemic exposure following consumption of plants containing dsRNA

that mediate RNAi is limited in higher organisms by extensive physical

and biochemical barrier (Jay et al., 2013). The approach involves

comparing regions of the dsRNA with gene orthologs in databases

for non-target species in different agroecosystems, to avoid off-target

effects as siRNA. Non-coding RNAs in biological fluids are unstable

due to enzymes and kidney removal (Moreno et al., 2021).

Environmental dsRNA without protection would have similar issues.

Introduced dsRNA must be similar enough to endogenous transcripts

for degradation, but their impact may still be minimal due to delivery

constraints. RNAi-based insect pest control is not extremely effective in

various pests because the dsRNA degrades quickly and the insects don’t

take it up or process it efficiently. In addition, dsRNA can be degraded

by nucleases in nucleic acid digestion in the insect midgut guts as has

for example been reported for Liu et al. (2012). To counter unintended

impacts on closely related beneficial species, an understanding of the

setting in which the RNAi technology will be applied is key. Overall, a

balanced approach that considers both the benefits and potential risks

of RNAi-based technologies is necessary for their responsible

implementation in crop protection.
6 Conclusions

In conclusion, the utilization of exogenous dsRNA-induced

RNAi technology holds great potential for revolutionizing various

aspects of agriculture and crop management. By harnessing this

innovative approach, we can pave the way for more eco-friendly and

sustainable practices in gene regulation. By targeting genes related to

plant diseases, exogenous dsRNA-induced RNAi offers a promising

solution for combating plant pathogens, potentially reducing reliance

on chemical pesticides and minimizing their harmful effects on

human health and the environment (OECD, 2020; 2023). This

technology also benefits crop improvement by selectively targeting

specific genes involved in desirable traits such as drought tolerance or

insect resistance, thus accelerating breeding programs, and

developing new varieties with enhanced resilience and productivity

(Jothi et al., 2023). However, before exogenous dsRNA-induced

RNAi can be widely adopted in agricultural practices at large-scale

levels such as greenhouses and fields, several essential considerations
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need to be addressed. One critical aspect is production technologies-

optimizing methods for synthesizing quantities of high-quality

dsRNA molecules efficiently will be essential to meet the demands

of commercial applications. Additionally, cost-effectiveness plays a

vital role in determining whether this technology becomes

economically viable on a larger scale. Research efforts should focus

on finding ways to reduce production costs while maintaining

efficacy. Enhancing the stability of dsRNA is critically significant

because it directly impacts the effectiveness of applications. In

challenging environmental conditions, dsRNA is susceptible to

degradation, resulting in diminished efficacy. Advancements in

dsRNA delivery mechanisms are essential. Currently, the available

methods exhibit low efficiency and poor targeting capabilities. In

agricultural applications, encapsulating dsRNA within liposomes can

facilitate better adherence to plant foliage and enable timely release,

thus allowing for precise action against pests and enhancing pest

management efficiency. The development of novel carriers or the

optimization of existing delivery system parameters can further

enhance the effectiveness of dsRNA.
7 Future directions

The United Nations Environment Programme (UNEP) and the

Food and Agriculture Organization (FAO) have recognized the

crucial necessity of rehabilitating degraded ecosystems. They claim

that the required restoration efforts are indispensable for attaining

sustainability goals, including food and water supply security,

biodiversity preservation, poverty alleviation, and climate change

mitigation. Comprehensive risk assessments are necessary to ensure

environmental safety when deploying exogenous dsRNA-induced

RNAi technology extensively. When adequate conservation

biocontrol strategies are implemented in combination with RNAi

technology, the effectiveness of sustainable crop protection can be

greatly enhanced. This is especially significant considering that

RNAi products have relatively lower environmental risks

compared to traditional pesticides.The U.S. EPA has officially

approved the innovative RNA-based biopesticide Ledprona by

Greenlight Biosciences to combat the increasingly severe

destructive pest, the Colorado potato beetle (CPB, Leptinotarsa

decemlineata) (Kadoić-Balasǩo et al., 2020; Rodrigues et al., 2021).

The EPA emphasizes that RNA-based biopesticides provide farmers

with additional tools to address the challenges of climate change

and contribute to resistance management. In summary, while there

are still challenges ahead regarding production technologies and

cost-effectiveness issues surrounding exogenous dsRNA-induced

RNAi technology’s implementation in large-scale agricultural
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settings like greenhouses and open fields, continued research

efforts will play a pivotal role in realizing its potential to achieve

more sustainable farming practices worldwide.
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Papadopoulou, N., Devos, Y., Álvarez-Alfageme, F., Lanzoni, A., and Waigmann, E.
(2020). Risk assessment considerations for genetically modified RNAi plants: EFSA’s
activities and perspective. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00445

Parker, J. S., and Barford, D. (2006). Argonaute: A scaffold for the function of short
regulatory RNAs. Trends Biochem. Sci. 31, 622–630. doi: 10.1016/j.tibs.2006.09.010

Parker, K. M., Barragán-Borrero, V., van-Leeuwen, D. M., Lever, M. A., Mateescu, B.,
and Sander, M. (2019). Environmental fate of RNA interference pesticides: adsorption
and degradation of double-stranded RNA molecules in agricultural soils. Environ. Sci.
Technol. 53, 3027–3036. doi: 10.1021/acs.est.8b05576

Parker, J., Roe, S., and Barford, D. (2005). Structural insights into mRNA recognition from
a PIWI domain-siRNA guide complex. Nature 434, 663–666. doi: 10.1038/nature03462

Pathak, V. M., Verma, V. K., Rawat, B. S., Kaur., B., Babu, N., Sharma, A., et al.
(2022). Current status of pesticide effects on environment, human health and it’s eco-
friendly management as bioremediation: A comprehensive review. Front. Microbiol. 13.
doi: 10.3389/fmicb.2022.962619

Preall, J. B., and Sontheimer, E. J. (2005). RNAi: RISC gets loaded. Cell 123, 543–545.
doi: 10.1016/j.cell.2005.11.006

Qaim, M. (2020). Role of new plant breeding technologies for food security and
sustainable agricultural development. Appl. Econ. Perspect. Policy 42, 129–150.
doi: 10.1002/aepp.13044

Qiao, L., Lan, C., Capriotti, L., Ah-Fong, A., Nino-Sanchez, J., Hamby, R., et al.
(2021). Spray-induced gene silencing for disease control is dependent on the efficiency
of pathogen RNA uptake. Plant Biotechnol. J. 19, 1756–1768. doi: 10.1111/pbi.13589

Qiao, W., Medina, V., Kuo, Y. W., and Falk, B. W. (2018). A distinct, non-virion
plant virus movement protein encoded by a crinivirus essential for systemic infection.
mBio 9, e02230-18. doi: 10.1128/mBio.02230-18

Qiao, L., Niño-Sánchez, J., Hamby, R., Capriotti, L., Chen, A., Mezzetti, B., et al.
(2023). Artificial nanovesicles for dsRNA delivery in spray-induced gene silencing for
crop protection. Plant Biotechnol. J. 21, 854–865. doi: 10.1111/pbi.14001

Rajam, M. V. (2020). RNA silencing technology: A boon for crop improvement. J.
Biosci. 45, 118. doi: 10.1007/s12038-020-00082-x

Ray, P., Sahu, D., Aminedi, R., and Chandran, D. (2022). Concepts and
considerations for enhancing RNAi efficiency in phytopathogenic fungi for RNAi-
based crop protection using nanocarrier-mediated dsRNA delivery systems. Front.
Fungal Biol. 3. doi: 10.3389/ffunb.2022.977502

Rodrigues, T. B., Mishra, S. K., Sridharan, K., Barnes, E. R., Alyokhin, A., Tuttle, R.,
et al. (2021). First sprayable double-stranded RNA-based biopesticide product targets
proteasome subunit beta type-5 in colorado potato beetle (Leptinotarsa decemlineata).
Front. Plant Sci. 18. doi: 10.3389/fpls.2021.728652

Rodrigues, T. B., and Petrick, J. S. (2020). Safety considerations for humans and other
vertebrates regarding agricultural uses of externally applied RNA molecules. Front.
Plant Sci. 11. doi: 10.3389/fpls.2020.00407

Rodriguez Coy, L., Plummer, K. M., Khalifa, M. E., and MacDiarmid, R. M. (2022).
Mycovirus-encoded suppressors of RNA silencing: Possible allies or enemies in the use
of RNAi to control fungal disease in crops. Front. Fungal Biol. 3. doi: 10.3389/
ffunb.2022.965781

Romeis, J., and Widmer, F. (2020). Assessing the risks of topically applied dsRNA-
based products to non-target arthropods. Front. Plant Sci. 11. doi: 10.3389/
fpls.2020.00679

Samad, A. F. A., Kamaroddin, M. F., and Sajad, M. (2021). Cross-kingdom regulation
by plant microRNAs provides novel insight into gene regulation. Adv. Nutr. 12, 197–
211. doi: 10.1093/advances/nmaa095

San-Miguel, K., and Scott, J. G. (2016). The next generation of insecticides: dsRNA is
stable as a foliar-applied insecticide. Pest Manag. Sci. 72, 801–809. doi: 10.1002/ps.4056

Sarkar, A., and Roy-Barman, S. (2021). Spray-induced silencing of pathogenicity
gene MoDES1 via exogenous double-stranded RNA can confer partial resistance
against fungal blast in Rice. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.733129

Schwartz, S. H., Hendrix, B., Hoffer, P., Sanders, R. A., and Zheng, W. (2020). Carbon
dots for efficient small interfering RNA delivery and gene silencing in plants. Plant
Physiol. 184, 647–657. doi: 10.1104/pp.20.00733

Setten, R. L., Rossi, J. J., and Han, S. P. (2019). The current state and future directions
of RNAi-based therapeutics. Nat. Rev. Drug Discovery 18, 421–446. doi: 10.1038/
s41573-019-0017-4

Sikandar, A., Khanum, T. A., and Wang, Y. (2021). Biodiversity and community
analysis of plant-parasitic and free-living nematodes associated with maize and other
rotational crops from Punjab, Pakistan. Life (Basel) 11, 1426. doi: 10.3390/life11121426
Frontiers in Plant Science 1343
Song, X. S., Gu, K. X., Duan, X. X., Xiao, X. M., Hou, Y. P., Duan, Y. B., et al. (2018). A
myosin5 dsRNA that reduces the fungicide resistance and pathogenicity of Fusarium
asiaticum. Pestic. Biochem. Physiol. 150, 1–9. doi: 10.1016/j.pestbp.2018.07.004

Spit, J., Philips, A., Wynant, N., Santos, D., Plaetinck, G., and Vanden Broeck, J. (2017).
Knockdown of nuclease activity in the gut enhances RNAi efficiency in the Colorado
potato beetle, Leptinotarsa decemlineata, but not in the desert locust, Schistocerca gregaria.
Insect Biochem. Mol. Biol. 81, 103–116. doi: 10.1016/j.ibmb.2017.01.004

Statello, L., Guo, C. J., Chen, L. L., and Huarte, M. (2020). Gene regulation by long
non-coding RNAs and its biological functions. Nat. Rev. Mol. Cell Biol. 22, 96–118.
doi: 10.1038/s41580-020-00315-9

Subha, D., AnuKiruthika, R., Sreeraj, H., and Tamilselvi, K. S. (2023). Plant
exosomes: nano conveyors of pathogen resistance. Discovery Nano. 18, 146.
doi: 10.1186/s11671-023-03931-4

Talap, J., Zhao, J., Shen, M., Song, Z., Zhou, H., Kang, Y., et al. (2021). Recent
advances in therapeutic nucleic acids and their analytical methods. J. Pharm. BioMed.
Anal. 206, 114368. doi: 10.1016/j.jpba.2021.114368

Tatematsu, M., Funami, K., Seya, T., and Matsumoto, M. (2018). Extracellular RNA
sensing by pattern recognition receptors. J. Innate Immun. 10, 398–406. doi: 10.1159/
000494034

Tayler, A., Heschuk, D., Giesbrecht, D., Park, J. Y., and Whyard, S. (2019). Efficiency
of RNA interference is improved by knockdown of dsRNA nucleases in tephritid fruit
flies. Open Biol. 9, 190198. doi: 10.1098/rsob.190198

Tenllado, F., and Dıáz-Ruı ́z, J. R. (2001). Double-stranded RNA-mediated
interference with plant virus infection. J. Virol. 75, 12288–12297. doi: 10.1128/
JVI.75.24.12288-12297.2001

Timani, K., Bastarache, P., and Morin, P. J. (2023). Leveraging RNA interference to
impact insecticide resistance in the Colorado potato beetle, Leptinotarsa decemlineata.
Insects 14, 418. doi: 10.3390/insects14050418

Tran, T. M., Chng, C. P., Pu, X., Ma, Z., Han, X., Liu, X., et al. (2022). Potentiation of
plant defense by bacterial outer membrane vesicles is mediated by membrane
nanodomains. Plant Cell. 34, 395–417. doi: 10.1093/plcell/koab276

Tyagi, S., Sharma, S., Ganie, S. A., Tahir, M., Mir, R. R., and Pandey, R. (2019). Plant
microRNAs: biogenesis, gene silencing, web-based analysis tools and their use as
molecular markers. 3 Biotech. 9, 413. doi: 10.1007/s13205-019-1942-y

Uslu, V. V., Bassler, A., Krczal, G., and Wassenegger, M. (2020). High-pressure-
sprayed double stranded RNA does not induce RNA interference of a reporter gene.
Front. Plant Sci. 11. doi: 10.3389/fpls.2020.534391

Vatanparast, M., and Kim, Y. (2017). Optimization of recombinant bacteria
expressing dsRNA to enhance insecticidal activity against a lepidopteran insect,
Spodoptera exigua. PloS One 12, e0183054. doi: 10.1371/journal.pone.0183054

Walawage, S. L., Britton, M. T., Leslie, C. A., Uratsu, S. L., Li, Y., and Dandekar, A. M.
(2013). Stacking resistance to crown gall and nematodes in walnut rootstocks. BMC
Genomics 14, 668. doi: 10.1186/1471-2164-14-668

Wang, M., and Jin, H. (2017). Spray-induced gene silencing: a powerful innovative
strategy for crop protection. Trends Microbiol. 25, 4–6. doi: 10.1016/j.tim.2016.11.011

Wang, M., Weiberg, A., Lin, F. M., Thomma, B. P., Huang, H. D., and Jin, H. (2016).
Bidirectional cross-kingdom RNAi and fungal uptake of external RNAs confer plant
protection. Nat. Plants 2, 16151. doi: 10.1038/nplants.2016.151

Wang, M., Wu, L., Mei, Y., Zhao, Y., Ma, Z., Zhang, X., et al. (2020). Host-induced gene
silencing of multiple genes of Fusarium graminearum enhances resistance to Fusarium
head blight in wheat. Plant Biotechnol. J. 18, 2373–2375. doi: 10.1111/pbi.13401

Wang, Y., Yan, Q., Lan, C., Tang, T., Wang, K., Shen, J., et al. (2023). Nanoparticle
carriers enhance RNA stability and uptake efficiency and prolong the protection against
Rhizoctonia solani. Phytopathol. Res. 5, 2. doi: 10.1186/s42483-023-00157-1

Wassenegger, M., and Krczal, G. (2006). Nomenclature and functions of RNA-
directed RNA polymerases. Trends Plant Sci. 11, 142–151. doi: 10.1016/
j.tplants.2006.01.003

Waterhouse, P.M., Graham,M.W., andWang, M.-B. (1998). Virus resistance and gene
silencing in plants can be induced by simultaneous expression of sense and antisense
RNA. Proc. Natl. Acad. Sci. U. S. A. 95, 13959–13964. doi: 10.1073/pnas.95.23.13959

Weiberg, A., Wang, M., Lin, F. M., Zhao, H., Zhang, Z., Kaloshian, I., et al. (2013).
Fungal small RNAs suppress plant immunity by hijacking host RNA interference
pathways. Science 342, 118–123. doi: 10.1126/science.1239705

Wen, H. G., Zhao, J. H., and Zhang, B. S. (2023). Microbe-induced gene silencing
boosts crop protection against soil-borne fungal pathogens. Nat. Plants 9, 1409–1418.
doi: 10.1038/s41477-023-01507-9

Willow, J., Soonvald, L., Sulg, S., Kaasik, R., Silva, A. I., Taning, C. N. T., et al. (2021).
RNAi efficacy is enhanced by chronic dsRNA feeding in pollen beetle. Commun. Biol. 4,
444. doi: 10.1038/s42003-021-01975-9

Wilson, R. C., and Doudna, J. A. (2013). Molecular mechanisms of RNA interference.
Annu. Rev. Biophys. 42, 217–239. doi: 10.1146/annurev-biophys-083012-130404

Wingard, S. A. (1928). Hosts and symptoms of ring spot, a virus disease of plants. J.
Agric. Res. 37, 127–153.
Wozniak, C. A., McClung, G., Gagliardi, J., Segal, M., and Matthews, K. (2024).

“Regulation of genetically engineered microorganisms under FIFRA, FFDCA and
TSCA,” in Regulation of Agricultural Biotechnology: The United States and Canada.
Eds. C. A.Wozniak and A. McHughen (Springer, Heidelberg), 57–94. doi: 10.1007/978-
94-007-2156-2_4
frontiersin.org

https://doi.org/10.3390/jof7110904
https://doi.org/10.3390/jof7110904
https://doi.org/10.1021/acsinfecdis.1c00410
https://doi.org/10.2903/sp.efsa.2017.EN-1246
https://doi.org/10.3389/fpls.2020.00445
https://doi.org/10.1016/j.tibs.2006.09.010
https://doi.org/10.1021/acs.est.8b05576
https://doi.org/10.1038/nature03462
https://doi.org/10.3389/fmicb.2022.962619
https://doi.org/10.1016/j.cell.2005.11.006
https://doi.org/10.1002/aepp.13044
https://doi.org/10.1111/pbi.13589
https://doi.org/10.1128/mBio.02230-18
https://doi.org/10.1111/pbi.14001
https://doi.org/10.1007/s12038-020-00082-x
https://doi.org/10.3389/ffunb.2022.977502
https://doi.org/10.3389/fpls.2021.728652
https://doi.org/10.3389/fpls.2020.00407
https://doi.org/10.3389/ffunb.2022.965781
https://doi.org/10.3389/ffunb.2022.965781
https://doi.org/10.3389/fpls.2020.00679
https://doi.org/10.3389/fpls.2020.00679
https://doi.org/10.1093/advances/nmaa095
https://doi.org/10.1002/ps.4056
https://doi.org/10.3389/fpls.2021.733129
https://doi.org/10.1104/pp.20.00733
https://doi.org/10.1038/s41573-019-0017-4
https://doi.org/10.1038/s41573-019-0017-4
https://doi.org/10.3390/life11121426
https://doi.org/10.1016/j.pestbp.2018.07.004
https://doi.org/10.1016/j.ibmb.2017.01.004
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1186/s11671-023-03931-4
https://doi.org/10.1016/j.jpba.2021.114368
https://doi.org/10.1159/000494034
https://doi.org/10.1159/000494034
https://doi.org/10.1098/rsob.190198
https://doi.org/10.1128/JVI.75.24.12288-12297.2001
https://doi.org/10.1128/JVI.75.24.12288-12297.2001
https://doi.org/10.3390/insects14050418
https://doi.org/10.1093/plcell/koab276
https://doi.org/10.1007/s13205-019-1942-y
https://doi.org/10.3389/fpls.2020.534391
https://doi.org/10.1371/journal.pone.0183054
https://doi.org/10.1186/1471-2164-14-668
https://doi.org/10.1016/j.tim.2016.11.011
https://doi.org/10.1038/nplants.2016.151
https://doi.org/10.1111/pbi.13401
https://doi.org/10.1186/s42483-023-00157-1
https://doi.org/10.1016/j.tplants.2006.01.003
https://doi.org/10.1016/j.tplants.2006.01.003
https://doi.org/10.1073/pnas.95.23.13959
https://doi.org/10.1126/science.1239705
https://doi.org/10.1038/s41477-023-01507-9
https://doi.org/10.1038/s42003-021-01975-9
https://doi.org/10.1146/annurev-biophys-083012-130404
https://doi.org/10.1007/978-94-007-2156-2_4
https://doi.org/10.1007/978-94-007-2156-2_4
https://doi.org/10.3389/fpls.2024.1502015
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Qi et al. 10.3389/fpls.2024.1502015
Wu, K., Xu, C., Li, T., Ma, H., Gong, J., Li, X., et al. (2023). Application of
nanotechnology in plant genetic engineering. Int. J. Mol. Sci. 24, 14836. doi: 10.3390/
ijms241914836

Wu, L., Liu, S., Qi, H., Cai, H., and Xu, M. (2020). Research progress on plant long
non-coding RNA. Plants (Basel). 9, 408. doi: 10.3390/plants9040408

Yan, Y., and Ham, B. K. (2022). The mobile small RNAs: Important messengers for
long-distance communication in plants. Front. Plant Sci. 13. doi: 10.3389/
fpls.2022.928729

Yan, S., Qian, J., Cai, C., Ma, Z. Z., Li, J. H., Yin, M. Z., et al. (2020). Spray method
application of transdermal dsRNA delivery system for efficient gene silencing and pest control
on soybean aphid Aphis glycines. J. Pest Sci. 93, 449–459. doi: 10.1007/s10340-019-01157-x

Yan, S., Ren, B. Y., and Shen, J. (2021). Nanoparticle-mediated double-stranded RNA
delivery system: A promising approach for sustainable pest management. Insect Sci. 28,
21–34. doi: 10.1111/1744-7917.12822

Yang, J., Hwang, I., Lee, E., Shin, S. J., Lee, E. J., Rhee, J. H., et al. (2020).
Bacterial outer membrane vesicle-mediated cytosolic delivery of flagellin triggers host
Frontiers in Plant Science 1444
NLRC4 canonical inflammasome signaling. Front. Immunol. 11. doi: 10.3389/
fimmu.2020.581165

Yong, J. X., Zhang, R., Bi, S. N., Li, P., Sun, L. Y., Mitter, N., et al. (2021). Sheet-like
clay nanoparticles deliver RNA into developing pollen to efficiently silence a target
gene. Plant Physiol. 2, 886–899. doi: 10.1093/plphys/kiab303

Yoshida, K., Suehiro, Y., Dejima, K., Yoshina, S., and Mitani, S. (2023). Distinct
pathways for export of silencing RNA in Caenorhabditis elegans systemic RNAi.
iScience 26, 108067. doi: 10.1016/j.isci.2023.108067

Yu, Y., Jia, T., and Chen, X. (2017). The ‘how’ and ‘where’ of plant microRNAs. New
Phytol. 216, 1002–1017. doi: 10.1111/nph.14834

Zhang, H., Goh, N. S., Wang, J. W., Pinals, R. L., González-Grandıó, E.,
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Improving the N-glycosylation
occupancy of plant-produced
IgG1 by engineering the amino
acid environment at Asn297
Kathrin Göritzer1*, Valentina Ruocco1, Ulrike Vavra1,
Shiva Izadi1, Omayra C. Bolaños-Martı́nez1,
Thareeya Phetphoung2, Nuttapat Pisuttinusart2,
Waranyoo Phoolcharoen2 and Richard Strasser1

1Department of Applied Genetics and Cell Biology, BOKU University, Vienna, Austria, 2Department of
Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn
University, Bangkok, Thailand
Monoclonal antibodies are crucial recombinant biopharmaceuticals, with

N-glycosylation at Asn297 essential for their functionality. Plants are

increasingly used for antibody production, achieving high expression levels and

enabling glycoengineering to produce homogenous human-like N-glycan

structures. However, plant-produced human IgG1 often shows significant

underglycosylation with potential adverse effects for immune functions and

stability. This study addressed this limitation of the widely used plant-based

expression platformNicotiana benthamiana by employing protein engineering to

enhance N-glycosylation occupancy in plant-produced IgG1. This was achieved

through an amino acid mutation near the conserved glycosylation site in the CH2

domain of the heavy chain. The transient expression of trastuzumab and SARS-

CoV-2 neutralizing IgG1 antibody COVA2-15 in N. benthamiana, with mutations

such as Y300L, resulted in a notable improvement in glycosylation occupancy.

While the structural integrity and monodispersity of the IgG1 variant remained

unaltered, an improvement in thermal stability was observed. Furthermore,

functional assays showed that antigen binding and human hFcRn interaction

were unaffected, while FcgRIIIa binding affinity increased. These findings

demonstrate the potential of protein-engineering to enhance the quality and

functionality of plant-produced IgG1 antibodies, making them comparable to

mammalian-produced counterparts.
KEYWORDS

monoclonal antibodies, Nicotiana benthamiana , IgG1, N-glycosylation,
glycosylation efficiency
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1 Introduction

Monoclonal antibodies represent the most important and fastest-

growing class of recombinant biopharmaceuticals, utilized in various

therapeutic settings (Crescioli et al., 2024). The conserved N-

glycosylation at Asn297 of human IgG1 is crucial for its proper

folding and functionality, particularly in terms of receptor interaction.

Consequently, glycosylation is considered a critical quality attribute of

recombinant antibodies, necessitating tight control to ensure effective

antibody functions, avoid unwanted side effects, and facilitate the

development of biosimilars (Reusch and Tejada, 2015).

Plants are increasingly being used for the production of

recombinant biopharmaceuticals and have successfully expressed

various classes of highly effective recombinant antibodies against

viruses and human antigens (Ruocco and Strasser, 2022;

Shanmugaraj et al., 2022; Eidenberger et al., 2023; Göritzer et al.,

2024a). Expression levels of more than 1 g/kg for IgG antibodies are

frequently achieved by transient expression in Nicotiana

benthamiana plants, making this system economically attractive

(Bendandi et al., 2010; Ridgley et al., 2023). Host glycoengineering

enables the production of functional IgG antibodies with human-

like complex N-glycan structures that lack core fucose residues,

resulting in increased functional activities (Strasser et al., 2008;

Forthal et al., 2010; Zeitlin et al., 2011; Stelter et al., 2020).

However, it has been demonstrated that the transient

expression of recombinant human IgG1 antibodies in Nicotiana

benthamiana leaves results in significant underglycosylation at

Asn297 in the Fc domain, which is likely influenced by the local

amino acid environment adjacent to the N-glycosylation site

(Murray et al., 2015; Castilho et al., 2018). In contrast,

recombinant IgG1 antibodies produced in mammalian cells are

typically more than 99% glycosylated at Asn297 (Stadlmann et al.,

2008). The observed underglycosylation at the conserved N-

glycosylation site increases the heterogeneity of recombinant IgG1

antibodies, potentially leading to adverse effects on immune effector

functions. Non-glycosylated (i.e., both heavy chains in the

assembled antibody lack N-glycans) or hemi-glycosylated (i.e.,

one heavy chain is non-glycosylated while the other is

glycosylated) IgG1 antibodies typically display reduced effector

functions (Ha et al., 2011; Ju and Jung, 2014).

To address this issue, several strategies have been employed to

increase N-glycosylation occupancy in plant-produced proteins. One

approach involves the co-expression of oligosaccharyltransferase

(OST) subunits from Leishmania such as LmSTT3D or LdOST to

compensate limitations of the plant endogenous OST complex

(Castilho et al., 2018; Beihammer et al., 2023). Here, we aimed to

address the issue of underglycosylation in plant-produced IgG1 by

exploring an alternative strategy to enhance N-glycosylation

occupancy. We focused on mutating amino acids adjacent to the

N-glycosylation site to improve glycosylation efficiency. We

generated various variants of the monoclonal IgG1 antibody

trastuzumab, which targets the breast cancer antigen HER2, as well

as the SARS-CoV-2 neutralizingmonoclonal IgG1 antibody COVA2-

15 (Claret and Vu, 2012; Brouwer et al., 2020; Göritzer et al., 2024a).
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This was achieved by mutating single amino acids near the N-

glycosylation sequon to resemble sequences found in other IgG

isotypes, such as human IgG2, IgG3, IgG4, and mouse IgG2, which

have been previously approved for human therapy. To verify the

broader applicability, we analyzed the glycosylation status, structural

integrity, thermal stability, and receptor binding properties of the

mutated IgG1 glycosylation variants.
2 Material and methods

2.1 IgG1 expression vectors

The codon-optimized genes of the heavy chain (OP892522.1)

and light chain (OP892523.1) required for expression of trastuzumab

IgG1 in N. benthamiana were synthesized by GeneArt (Thermo

Fisher Scientific, USA). Sequences for expression in N. benthamiana

were flanked with the signal peptide from barley alpha-amylase

(AAA98615) and the restriction sites XhoI and AgeI. The synthesized

DNA was then amplified by PCR with the primers “Strings_7F

(CTTCCGGCTCGTTTGACCGGTATG ) / S t r i n g s _ 8R

(AAAAACCCTGGCGCTCGAG)”, and the constructs were separately

cloned into the AgeI/XhoI sites of the binary vector pEAQ-HT

(Sainsbury et al., 2009).

Construction of expression vectors for pEAQ-COVA2-15 heavy

chain and light chain have been described previously (Göritzer

et al., 2024a).

To generate IgG1 variants, point mutations were introduced

using QuikChange site-directed mutagenesis kit (Agilent

Technologies) according to manufacturer’s protocols using the

primes described in Supplementary Table S1.

For expression in leaf epidermal cells of N. benthamiana, the

plasmids were introduced into Agrobacterium tumefaciens strain

UIA143 (Strasser et al., 2008).

Mammalian cell produced trastuzumab IgG1 was kindly

provided by Alois Jungbauer (da Silva et al., 2019).
2.2 Plant material and agroinfiltration

N. benthamiana plants were grown at 23°C under long-day

conditions (i.e., 16 h light/8 h dark). Infiltration into leaves of 5-

week-old N. benthamiana was done as previously described

(Göritzer et al., 2017). Briefly, the respective Agrobacteria were

grown in LB-medium overnight at 29°C. Bacteria were centrifuged,

resuspended in infiltration buffer (10 mMMgSO4, 10 mMMES and

0.1 mM acetosyringone) and the suspension was used for infiltration.

Agrobacteria suspensions of heavy-chain plasmids were infiltrated

with a OD600 of 0.15, while Agrobacteria suspension with light-chain

plasmids were infiltrated with an OD600 of 0.1. Recombinant proteins

were expressed in N. benthamiana glycosylationmutant plants (DXT/
FT) (Strasser et al., 2008). Infiltrated leaves were harvested 5 days post

infiltration (dpi) and used for protein extraction as previously

described (Göritzer et al., 2024a).
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2.3 Antibody purification

Clarified leaf extracts were passed through columns packed with

Pierce Protein A resin (Thermo Fisher, USA). Proteins were eluted

with 0.1 M glycine pH 3.5, followed by the immediate addition of

10% (v/v) 1 M Tris-HCl pH 9.0 to neutralize the pH. Fractions

containing the protein of interest were pooled and dialyzed against

1xPBS pH 7.4 at 4°C overnight using a dialyzing cassette with 10-

kDa molecular weight cutoff (MWCO; Slide-A-Lyzer, Thermo

Scientific, USA). Pooled and dialyzed protein fractions were

concentrated using Amicon centrifugal filters with an MWCO of

30 kDa (Merck Millipore) and subjected to SEC on a HiLoad 16/600

Superdex 200 pg column (GE Healthcare, USA) equilibrated with

1xPBS pH 7.4 connected to an ÄKTA pure (GE Healthcare, USA)

fast protein LC system.
2.4 Mass spectrometric analysis

For mass spectrometric analysis of IgG1 glycopeptides, 20 µg of

purified protein was S-alkylated with iodoacetamide and digested in

solution with trypsin (Promega, Austria). The digested samples

were loaded on a nanoEase C18 column (nanoEase M/Z HSS T3

Column, 100Å, 1.8 µm, 300 mm × 150 mm, Waters), detected with

an Orbitrap MS (Exploris 480, Thermo Fisher Scientific, Austria)

and the obtained data analyzed using Skyline Version 22.2 software.

For intact protein analysis, around 2 µg of the protein solutionwas

directly injected to a LC-ESI-MS system (LC: Agilent 1290 Infinity II

UPLC). A gradient from 15 to 80% acetonitrile in 0.1% formic acid

(using a Waters BioResolve column (2.1 x 5 mm) at a flow rate of 400

mL/min was applied (9 minutes gradient time). Detection was

performed with a Q-TOF instrument (Agilent Technologies 6230B

LC- TOFMS) equipped with the Jetstream ESI source in positive ion,

MSmode(range: 100-3200Da). Instrumentcalibrationwasperformed

using ESI calibration mixture (Agilent). Data was processed using

MassHunter BioConfirm B.08.00 (Agilent) and the spectrum was

deconvoluted by MaxEnt. Two blank runs (injection of 5 mL MS-

gradewater)were performedprior to the injectionof the samples and a

blank run was performed in between each sample in order to reduce

carry-over from previous measurements/samples.
2.5 SDS-PAGE

For reducing or nonreducing SDS-PAGE a total of 5 mg of

purified protein was loaded on a 10% gel and visualized with

Coomassie Brilliant Blue staining.
2.6 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) was conducted using a

CFX real-time PCR instrument (Bio-Rad Laboratories, Hercules,

CA, USA) in 1×PBS buffer at pH 7.4 as previously described

(Göritzer et al., 2024b). In short, monoclonal antibodies were

diluted to a concentration of 1 mg/mL in the formulation buffer.
Frontiers in Plant Science 0347
SYPRO Orange Fluorescent Dye (Thermo Fisher Scientific,

Waltham, MA, USA) was diluted 1000-fold from a 5000×

concentrated stock to prepare the working dye solution in the

formulation buffer before addition to the antibody samples.

Thermal denaturation was initiated by gradually increasing the

temperature from 25 to 95°C at a rate of 0.05°C/s. Fluorescence

intensity measurements were recorded using the FRET channel.

Automated data processing of thermal denaturation curves

involved truncating the dataset to eliminate post-peak quenching

effects. The first derivative approach to calculate Tm was used. In

this method, Tm is the temperature corresponding to the maximum

value of the first derivative of the DSF melting curve.
2.7 Dynamic light scattering

DLS measurements were performed as described previously

with protein concentrations of 500 µg/mL in 1×PBS pH 7.4

supplemented with 0.05% Tween on a Malvern Zetasizer nano-ZS

(Malvern Panalytical, Malvern, UK) in a 12 mL quartz cuvette

(Göritzer et al., 2024b). Samples were measured at 25.0°C, and the

LS was detected at 173° and collected in automatic mode. The mean

values and SDs of the number weighted diameter were calculated

from three measurements for each sample, and each reported value

is an average.
2.8 OMNISEC

SEC-LS was used to characterize the recombinant expressed

proteins in solutions relating to their purity, native oligomers or

aggregates, and molecular weights as previously described (Göritzer

et al., 2024a). Analyses were performed on an OMNISEC

multidetector gel permeation chromatography (GPC)/SEC system

equipped with a refractive index detector, a right-angle LS detector, a

low-angle LS detector and a UV/visible light photodiode array

detector (Malvern Panalytical, Malvern, UK). A Superdex 200

Increase 10/300 GL column (Cytiva, Marlborough, MA, USA) was

used and equilibrated with Dulbecco’s PBS without Ca and Mg, P04-

361000 (PAN-Biotech, Germany), as running buffer. Experiments

were performed at a flow rate of 0.5 mL min−1 at 25°C and analyzed

using OMNISEC software version 11.40 (Malvern Panalytical,

Malvern, UK). Proper performance of the instrument was ensured

by calibration and verification using the 200 mg Pierce BSA standard

(Thermo Fisher Scientific). Before analysis, samples were centrifuged

(16,000× g, 10 min) and filtered through 0.2 mm Durapore PVDF

centrifugal filter(s) (MilliporeSigma, Burlington,MA, USA). A 100 µL

volume of each sample was injected at a concentration of 1 mg/mL.
2.9 Antigen-binding ELISA

To determine the binding of the purified recombinant IgG1 to

the antigens HER2 and SARS-CoV-2 RBD, ELISA plates coated

with 100 ng/well purified RBD-His or 250 ng/well purified HER2

(kindly provided by Elisabeth Laurent, BOKU University, Vienna)
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as previously described (Göritzer et al., 2017; Göritzer et al., 2024a).

For detection HRP-labeled anti-human IgG antibody was used

(W4031, Promega, Austria). The EC50 was calculated in

GraphPad Prism 9.0.
2.10 Receptor binding by surface plasmon
resonance spectroscopy

Binding of IgG glycosylation variants to human FcRn was

determined by surface plasmon resonance (SPR) in three replicates,

using the Biacore T200 system (Cytiva) at 25°C. A Biacore CM5

Sensor Chip (Cytiva) was directly coated with 2.5 µg/mL of hFcRn

(R&D Systems, 8639-FC-050, P55899) using an amine coupling kit

(Cytiva, BR-1000-50) to approximately 80 response units (RU). PBS

pH 6 supplemented with 0.05% Tween-20 was used as running

buffer. Recombinant IgG1 were injected at 25-400 nM for 60 s and

allowed to dissociate for 60 s. The chip was regenerated in PBS pH

7.4. The binding kinetics, kon (1/Ms), koff (1/s) and KD (nM) were

calculated from global fittings using a 1:1 binding model (BIAcore T2

Evaluation software).

For in vitro binding experiments to the extracellular domain

(amino acids 17-208) of FcgRIIIa/CD16a was performed using a

Biacore T200 (Cytiva), first the sensor chip surface was captured

with anti-His antibody with the His Capture Kit (Cytiva) to a CM5

chip as described in the manufacturers’ protocol. The capturing of

anti-His antibody reached 32000 RU. Secondly, immobilization of

the His-tagged FcgRIIIa (V158 allotype, AcroBiosystems) on the

chip surface was performed for 60s with a concentration of 1 mg/mL

and a flow rate of 10 mL/min in HEPES-EP running buffer. 40 RU

units were achieved. The immobilization step was previously

optimized to avoid avidity effects using lower concentration of

FcgRIIIa. Flow cell 2 remained unmodified and served as a reference

cell for the subtraction of systematic instrument noise and drift. IgG

binding curves were generated in multi-cycle kinetic experiments at

five different concentrations in three independent runs ranging

from 31.25 nM to 500 nM with 180 seconds association and 480

seconds dissociation time at a flow rate of 10 mL/min. After each

run, surface regeneration was accomplished using 10 mM glycine,

pH 1.7, for 120 seconds at a flow rate of 30 mL/min. The binding

kinetics, kon (1/Ms), koff (1/s) and KD (nM) were calculated from

global fittings using a 1:1 binding model (BIAcore T2

Evaluation software).
3 Results

3.1 Mutating amino-acids adjacent to the
N-glycosylation site improves site-
occupancy in plant-produced human IgG1

We transiently expressed the monoclonal IgG1 antibody

trastuzumab (“Tz”) in the glyco-engineered plant line Nicotiana

benthamiana DXT/FT, which is almost completely devoid of b1,2-
xylose- and a1,3-fucose-carrying N-glycans (Strasser et al., 2008). To
Frontiers in Plant Science 0448
investigate the role of the amino acid adjacent to the N-glycosylation

sequon in glycosylation efficiency in plants, we generated various

trastuzumab variants by mutating single amino acids near the N-

glycosylation sequon of IgG1. These variants were designed to

resemble sequences commonly found in other IgG isotypes, such as

human IgG2, IgG3, IgG4, and mouse IgG2 (Figure 1A).

After transient expression of all IgG variants in N. benthamiana

and small-scale purification from at least three pooled biological

replicates, their glycosylation status was investigated. LC-ESI-MS

analysis of the proteolytically digested heavy chain (HC) showed

that, in contrast to commercially available trastuzumab produced in a

mammalian cell line (“Tz-IgG_Ctrl”), considerable amounts of the

non-glycosylated peptide are present in plant-produced wild-type

IgG1 (~ 30%) and these amounts were further increased in the

variant Q295D (~ 40%, Figures 1B, C). Other variants, including

Y300F, Y296F and Y296F/Y300F, showed a notable reduction in the

non-glycosylated peptide (~10-20%), with variant Y300L performing

the best, which carries the mouse IgG2 sequence in close proximity to

the sequon, exhibiting the most pronounced effect, with almost non-

detectable amounts of non-glycosylated peptide. The reduction of

underglycosylation was further demonstrated by immunoblotting of

total soluble protein extracts under reducing conditions showing the

presence of a double band representing the glycosylated (~ 53 kDa)

and underglycosylated (~ 50 kDa) HC (Supplementary Figure S1),

with a shift towards a single band for variant Y300L. This shift is

caused by a higher degree of N-glycosylation occupancy as confirmed

by Pngase F digestion followed by visualization by immunoblotting of

Tz-IgG1 and variants Y300F and Y300L produced in N. benthamiana

DXT/FT, which are not carrying a-1,3 linked core-fucose and can be

cleaved by PngaseF in contrast to wild-type produced IgG1

(Supplementary Figure S2).

Besides the N-glycosylation efficiency of the different hosts,

mammalian and plant-based systems also differ tremendously in

terms of structural composition of attached N-glycans. The N-glycans

found on plant-produced IgG1 variants showed a highly homogeneous

profile, with biantennary complex-type GlcNAc2Man3GlcNAc2

(GnGn) as major glycoform. Mammalian cell-line produced

trastuzumab glycan profiles are more complex and include high levels

of galactosylation and sialylation, incomplete processing of branches

and the possible modification with bisecting GlcNAc and core a1,6-
fucosylation. Notably, the very homogenous glycosylation profile

consisting of mostly GnGn type N-glycans of plant-produced IgG1

did not change by mutating amino-acids close to the N-glycosylation

site demonstrating that the local amino acid environment does not affect

complex N-glycan processing.

To further quantify and characterize the N-glycosylation

occupancy of plant-produced IgG variants, we carried out an

additional mass-spectrometry analysis by examining intact, fully

assembled IgG (Figures 1D, E). While mammalian cell-line

produced trastuzumab exhibits nearly complete N-glycosylation

occupancy, intact MS measurements of the plant-produced wild-

type IgG1 confirmed the presence of considerable amounts of non-

glycosylated (0xGnGn) and the presence of hemi-glycosylated

(1xGnGn) trastuzumab which is only glycosylated in one of the

two HCs (together 24%). These values were significantly reduced in
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all variants, except for Q295D. Variant Y300L displayed the most

favorable outcome, with up to 98% of the assembled antibodies

being fully glycosylated (2xGnGn).

To verify whether the Y300L mutation is also beneficial in terms

of N-glycosylation occupancy in other monoclonal IgG1 antibodies,
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we generated a mutated variant of the SARS-CoV-2 neutralizing

IgG1 antibody COVA2-15 (Figure 2). After transient expression in

N. benthamiana and purification, wild-type and Y300L COVA2-15

IgG1 were analyzed via LC-ESI-MS of tryptic glycopeptides and

subjected to intact mass spectrometry as described above.
FIGURE 1

N-glycosylation analysis of trastuzumab (Tz) IgG1 variants produced in N. benthamiana DXT/FT. (A) Overview of the introduced amino acid sequence
changes close to the conserved N-glycosylation site at position Asn297 of human IgG1. (B) LC-ESI-MS mass spectrometry spectra of tryptic peptide
of Tz-IgG1 variants (wt:”EEQYNSTYR”, (M+2H)2+). Major glycoforms are labeled with abbreviations according to the ProGlycAn system
(www.proglycan.com). (C)Quantification of the non-glycosylated glyco-peptide of Tz-IgG1 variants from LC-ESI-MS. (D) The N-glycan site occupancy
of fully assembled intact Tz-IgG1 variants was determined using LC-ESI-MS. The peaks corresponding to non-glycosylated (0xGnGn), hemi-glycosylated
(1xGnGn) and fully glycosylated (2xGnGn) IgG1 are highlighted. Multiple peaks represent different glycoforms and variations in the clipping of C-terminal
lysine. (E) Quantification of the peaks from D.
frontiersin.org

http://www.proglycan.com
https://doi.org/10.3389/fpls.2024.1531710
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Göritzer et al. 10.3389/fpls.2024.1531710
Glycopeptide analysis (Figures 2A, B) showed the presence of high

amounts of non-glycosylated peptide in wild-type COVA2-15 IgG1.

Intact MS measurements (Figures 2C, D) confirmed that

underglycosylation is mostly the hemiglycosylated type (1xGnGn,

~22%). However, the Y300L mutation significantly improved N-

glycosylation, reducing underglycosylation to approximately 5%.
3.2 IgG1 glycosylation variants exhibit
similar overall structural integrity, but differ
in thermal stability

In the next step, we scaled up the recombinant production of

trastuzumab and COVA2-15 IgG1 variants in N. benthamiana to

enable downstream analysis of the mutations’ effects and increased

N-glycan occupancy on conformation and structural integrity. All

variants were successfully expressed and purified, yielding amounts

consistent with previously reported values (~100 mg/kg leaf fresh

weight) (Kallolimath et al., 2020; Göritzer et al., 2024a). SDS-PAGE

analysis of affinity- and SEC-purified IgG1 under reducing

conditions showed predominant bands at the expected sizes of 53

kDa for the HC and 25 kDa for the light chain (LC) in all variants,

except COVA2-15 IgG1. The latter displayed an additional minor

band at around 40 kDa, corresponding to a commonly observed

degradation product for this IgG1 variant in plants, likely due to

proteolytic cleavage in the variable domain of the HC within the
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apoplast (manuscript under preparation; Figure 3A). Under non-

reducing conditions all variants also showed characteristic bands at

~150 kDa corresponding to the fully assembled IgG1 antibody.

Size-exclusion chromatography coupled with light scattering

revealed single, monodisperse peaks for all variants, with molecular

sizes in the expected range of 149-151 kDa, confirming proper

conformational integrity (Figure 3B; Table 1) and the absence of

high molecular weight aggregates or additional degradation

products. The high homogeneity of the variants was further

supported by dynamic light scattering, which demonstrated a

narrow particle size distribution. Notably, the Y300L mutants

exhibited a significantly reduced polydispersity index (PDI <

0.05), indicating improved sample monodispersity compared to

wild-type IgG1 produced in planta and in mammalian cell lines

(Figure 3C). The non-glycosylated N297Q variant was not analyzed

because it displayed a very high tendency to aggregate.

We next performed differential scanning fluorimetry to assess

the thermal stability of IgG1 variants. Thermal unfolding of all

antibodies revealed two distinct transitions, corresponding to the

unfolding of the Fc domain (Tm1) and the Fab domain (Tm2)

(Figure 3D; Supplementary Table S2). While all variants showed

similar Tm2 values to wild-type of around 80°C and 72°C for

trastuzumab and COVA2-15, respectively, Tm1 varied

significantly among the variants. Commercial trastuzumab

exhibited the highest Tm1 (69.25°C), whereas the plant-produced

non-glycosylated IgG1 (N297Q) displayed a 10°C reduction in
FIGURE 2

N-glycosylation analysis of COVA2-15 (CoV) IgG1 variants produced in N. benthamiana DXT/FT. (A) LC-ESI-MS mass spectrometry spectra of tryptic
peptide of CoV-IgG variants (wt:”EEQYNSTYR”, (M+2H)2+). Major glycoforms are labeled with abbreviations according to the ProGlycAn system
(www.proglycan.com). (B) Quantification of the non-glycosylated glyco-peptide of CoV-IgG variants from LC-ESI-MS from A. (C) The N-glycan site
occupancy of fully assembled intact CoV-IgG variants was determined using LC-ESI-MS. The peaks corresponding to unglycosylated, hemi-glycosylated
(1xGnGn) and fully glycosylated (2xGnGn) are highlighted. Multiple peaks represent different glycoforms and variations in the clipping of C-terminal
lysine. (D) Quantification of the peaks from C.
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thermal stability, consistent with previous reports highlighting the

critical role of the Asn297 N-glycan in maintaining the IgG Fc

domain’s conformation (Kiyoshi et al., 2017). Plant-produced wild-

type trastuzumab IgG1 exhibited a Tm1 value 4°C lower than that of

the commercial mammalian-produced version, emphasizing the

role of not only the presence but also the composition of attached
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N-glycans for thermal stability of IgG1. Notably, the Y300L

mutation improved the thermal stability of both trastuzumab and

COVA2-15 IgG1, with an increase in Tm1 of up to 2°C compared to

their wild-type counterparts further approaching values of

mammalian produced IgG1.
3.3 Altered Fc glycosylation occupancy
does not alter binding to antigens and has
a minor impact on binding to the neonatal
Fc receptor

We tested the functionality of the IgG1 glycosylation variants in

terms of antigen-binding and receptor binding. Binding of

trastuzumab and COVA2-15 IgG1 to the antigen HER2 and

SARS-CoV-2 RBD, respectively, was unaffected by Fc-domain

modifications (Figure 4; Supplementary Table S3). This is in

accordance to previous reports that showed only minor cross-talk

between the IgG1 Fc domain and antigen-binding capacities (Ha

et al., 2011).
FIGURE 3

Characterization of purified recombinant IgG1 variants. (A) SDS-PAGE and Coomassie Brilliant Blue (CBB) staining of affinity and size-exclusion
purified trastuzumab (Tz) and COVA2-15 (CoV) IgG1 variants from N. benthamiana DXT/FT. (B) Normalized size-exclusion chromatograms (A280) of
affinity-purified and gel-filtration purified Tz- and CoV-IgG1 variants (A280 nm). (C) Dynamic light scattering (DLS) of Tz- and CoV-IgG1 variants. The
mean diameter (size) and the homogeneity (PDI) were measured using a Malvern Zetasizer nano-ZS at 25°C. Each sample was measured in
triplicates. (D) Thermal unfolding of Tz- and CoV-IgG variants was determined by differential scanning fluorimetry (DSF) in 1xPBS buffer pH 7.4.
Experiments were performed at 1 mg/mL. Represented values are the mean ± SD of three technical repeats of three independent experiments.
TABLE 1 Molecular weight (MW) and retention volume (RV) of
recombinant IgG1 variants determined by SEC-LS.

RV (mL) MW (g/mol)

Tz-IgG_Ctrl 13.40 150539.5 ± 3889.4

Tz -IgG 13.41 148917.3 ± 4217.9

Tz -IgG_Y300L 13.47 149475.9 ± 3302.4

CoV -IgG 12.94 150851.8 ± 2384.0

CoV-IgG_Y300L 12.90 149559.1 ± 2099.3
Commercial trastuzumab (Tz-IgG_Ctrl) and N. benthamiana produced IgG1 variants were
subjected to OMNISEC and molecular weight was determined with OMNISEC software
v11.40 software.
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The human FcRn is a key determinant in extending the plasma

half-life of antibodies by recycling them through transcytosis

pathways (Pyzik et al., 2019). Binding of IgG glycosylation

variants to FcRn was assessed using surface plasmon resonance

(SPR). A Biacore CM5 sensor chip was coated with recombinant

FcRn, and IgG variants were injected at concentrations ranging

from 25 to 400 nM. Binding kinetics were analyzed using a 1:1

binding model to determine kinetic parameters, including the

association rate constant (kon), dissociation rate constant (koff),

and equilibrium dissociation constant (KD). Additionally, affinity

was determined by steady-state kinetics (Table 2; Supplementary

Figure S3A).

The interaction was characterized by fast association and very

fast dissociation constants. Commercial trastuzumab (Tz-IgG_Ctrl)

exhibited the highest kon, indicating rapid binding to FcRn, and the

lowest KD, reflecting the highest affinity for FcRn. The association of

plant-produced IgG variants was generally lower but improved with

the introduction of the Y300L mutation. The dissociation constants

were very fast for all variants and hence were challenging to fit in a

1:1 binding model. Therefore, affinity constants were also

determined by steady-state. These KD values were generally

higher than values determined by kinetic measurements and may

be more reliable due to the rapid association and dissociation of the

complex. Affinity determined by steady-state kinetics showed very

similar FcRn binding of commercial and plant-produced

trastuzumab, even when the Y300L mutation was introduced

(Table 2; Supplementary Table S5).

The affinity of COVA2-15 IgG1 wild-type to FcRn was generally

lower than the trastuzumab counterpart and was similar to the

N297Q variant. Introduction of the Y300L mutation with increased

N-glycosylation occupancy significantly improved FcRn binding,

reaching the same affinity as commercial trastuzumab. The primary

interaction between IgG1 and FcRn is mediated by the protein-

protein interface involving the CH2 and CH3 domains of the Fc

region, rather than directly by the N-glycans at Asn297. However,

glycosylation at Asn297 contributes to the overall structural integrity

and stability of the Fc region, which may indirectly influence binding.

Indeed, the relatively low RUmax of the N297Q variant and the

slightly reduced RUmax of COVA2-15 wild-type IgG1 compared to

commercial trastuzumab (Supplementary Table S4) indicates the
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presence of aggregated or non-functional protein under the tested

conditions, which is in accordance with the importance of the Asn297

N-glycan for the structural integrity of IgG1.
3.4 Improved N-glycan occupancy
increases the binding to FcgRIIIa

It has been extensively shown that the N-glycan at position

Asn297 significantly influences the binding affinity of IgG1 to Fcg
receptors (Reusch and Tejada, 2015; Golay et al., 2022). In this

study, we investigated the binding of IgG1 variants to FcgRIIIa
(CD16a, V158) using SPR (Table 3; Supplementary Figure S3B). An

anti-His antibody was immobilized on a CM5 sensor chip, followed

by the capture of FcgRIIIa and the injection of monoclonal

antibodies at concentrations ranging from 31.25 to 500 nM.

Binding kinetics were analyzed using a 1:1 binding model to

determine kinetic parameters. For the interaction of IgG1 with

FcgRIIIa, also a fast association and dissociation were characteristic,

whereas better fits of the 1:1 model were achieved compared to

binding interactions with FcRn as described above. Commercial

trastuzumab exhibited the lowest affinity (KD=295.38 ± 4.31 nM),

while plant-produced IgG1 variants showed a 3- to 4-fold increase

in affinity to FcgRIIIa. This is in accordance with previous reports

demonstrating the role of the a1,6-linked core fucose in the N-

glycan at position Asn297 of mammalian-produced IgG1 in

reducing the affinity to FcgRIIIa, which is significantly improved

when this glycan moiety is removed, as in IgG1 produced in glyco-

engineered N. benthamiana plants (Stelter et al., 2020). Improving

the N-glycan occupancy through the Y300L mutation further

increased binding affinity to FcgRIIIa for COVA2-15 IgG1 and to

a lower extend for Trastuzumab IgG1 (Supplementary Table S6).
4 Discussion

The production of recombinant IgG1 antibodies in plants,

particularly in Nicotiana benthamiana, has been shown to result

in significant underglycosylation at the conserved Asn297 site. This

phenomenon has been consistently observed in both transiently
FIGURE 4

Antigen binding of different trastuzumab (Tz) and COVA2-15 (CoV) IgG1 variants. EC50 of binding of commercial trastuzumab (Tz-IgG_Ctrl) and
recombinant Tz-IgG1 variants (Tz-IgG, Tz-IgG_N297Q, Tz-IgG_Y300L), as well as COVA2-15 IgG1 variants (CoV-IgG, CoV-IgG_Y300L) produced in
N. benthamiana DXF plants to the respective antigens HER2 and SARS-COV-2 RBD was determined by ELISA. Each value is the mean ± SD from
three independent measurements with two technical repeats and are depicted in detail in Supplementary Table S3.
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produced IgG1 in N. benthamiana leaves and in stably expressed

antibodies derived from various tissues and species (Rademacher

et al., 2008; Vamvaka et al., 2016; Castilho et al., 2018; Jansing et al.,

2019; Eidenberger et al., 2022). In contrast, mammalian cell-derived

recombinant IgG1 is typically fully glycosylated at this site

(Stadlmann et al., 2008).

The high expression levels achieved through viral vectors in

plants can lead to an overload of the endogenous plant OST

machinery, resulting in reduced N-glycosylation (Eidenberger

et al., 2022). The limitation of the plant OST complex appears

to be specific to distinct sites like Asn297 and is likely influenced

by the local amino acid environment adjacent to the N-

glycosylation site (Murray et al., 2015). While overexpression of

the entire OST complex or individual subunits, such as LdOST or

LmSTT3D, has been shown to increase N-glycan occupancy on

recombinant glycoproteins expressed in plants, these approaches

occasionally resulted in unwanted side effects (Castilho et al.,

2018; Göritzer et al., 2020; Beihammer et al., 2023). For instance,

the overexpression of LmSTT3D led to increased amounts of

incompletely processed N-glycan structures, likely due to

mislocalization to the Golgi apparatus and interference with

other cellular processes (Castilho et al., 2018). LdOST seemed to

be better suited and displayed only ER localization and did not

lead to unwanted alterations of the overall N-glycan profile when

co-expressed with recombinant antibodies (Beihammer

et al., 2023).

To date, LdOST has only been employed for transient co-

expression with plant-produced recombinant glycoproteins. For

robust industrial-scale production of human IgG1 in N.
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benthamiana, the use of a stable engineered line expressing

LdOST or, alternatively, the engineered Y300L IgG1 HC variants

would be advantageous.

Our study aimed to address the issue of underglycosylation in

plant-produced IgG1 by exploring strategies to enhance N-

glycosylation occupancy through target protein engineering. We

focused on mutating amino acids adjacent to the N-glycosylation site

to investigate the role of the amino-acid sequence around the N-

glycosylation sequon for glycosylation efficiency of the endogenous

plant OST. We chose human sequences and sequences from murine

immunoglobulins because human sequences are unlikely to cause

adverse side effects, and several murine IgG1 and IgG2 antibodies,

such as Ibritumomab tiuxetan, have been approved for human therapy

(Grillo-López, 2002). The results demonstrated that mutating specific

amino acids near the N-glycosylation sequon significantly improved

glycosylation efficiency, while not changing the composition of

attached glycans. Notably, the Y300L mutation resulted in almost

non-detectable amounts of non-glycosylated peptide, indicating a

substantial improvement in glycosylation occupancy.

Our findings suggest that protein engineering of the target

protein, specifically through amino acid mutations adjacent to the

N-glycosylation site, can lead to increased glycosylation efficiency.

The Y300L mutation not only improved glycosylation occupancy,

but also enhanced thermal stability of the IgG1 antibodies. This is

consistent with previous studies that reported reduced thermal

stability of non-glycosylated IgG1, primarily affecting the CH2

domain (Garber and Demarest, 2007).

While as expected antigen-binding was not affected, increased

glycosylation of IgG1 also resulted in improved glycosylation-
TABLE 3 Kinetic parameters of recombinant IgG1 binding to FcgRIIIa determined by SPR.

kon (1/Ms) koff (1/Ms) KD (nM) steady-state
KD (nM)

Tz-IgG_Ctrl 131348.0 ± 462.7 0.0388 ± 0.0005 295.38 ± 4.31 501.92 ± 8.18

Tz-IgG 362784.9 ± 3811.0 0.0296 ± 0.0007 81.69 ± 2.21 166.80 ± 6.85

Tz-IgG_Y300L 425111.5 ± 1365.1 0.0325 ± 0.0002 76.47 ± 0.29 152.31 ± 6.02

CoV-IgG 306487.9 ± 2456.5 0.0388 ± 0.0007 126.74 ± 2.93 258.65 ± 17.57

CoV-IgG_Y300L 367319.4 ± 14973.9 0.0358 ± 0.0005 97.62 ± 5.49 194.99 ± 6.26
Values for kinetic constants kon, koff and KD, as well as KD obtained by steady-state analysis represent means ± SD from three independent experiments at 5 different concentrations.
TABLE 2 Kinetic parameters of recombinant IgG1 binding to human FcRn determined by surface plasmon resonance (SPR) spectroscopy.

kon (1/Ms) koff (1/Ms) KD (nM) steady-state
KD (nM)

Tz-IgG_Ctrl 1579899.1 ± 2.8x105 0.084 ± 0.015 53.07 ± 0.77 195.31 ± 17.98

Tz-IgG_N297Q 124391.3 ± 2.9x104 0.011 ± 0.001 93.47 ± 28.7 309.12 ± 33.87

Tz-IgG 701727.1 ± 8.9x103 0.093 ± 0.042 94.00 ± 3.08 212.24 ± 1.49

Tz-Y300L 813348.6 ±1.5x104 0.100 ± 0.051 84.21 ± 2.56 209.28 ± 4.62

CoV-IgG 389378.1 ± 9.6x103 0.076 ± 0.001 195.57 ± 2.51 344.19 ± 28.14

COV-IgG_Y300L 170333.4 ± 2.4x104 0.012 ± 0.001 74.36 ± 14.35 209.63 ± 9.82
Values for kinetic constants kon, koff and KD, as well as KD obtained by steady-state analysis represent means ± SD from three independent experiments at 5 different concentrations.
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dependent activities, such as enhanced FcgRIIIa binding affinities.

These results align with previous studies that reported decreased

FcgRIIIa binding of hemi-glycosylated IgG1 (Ha et al., 2011). The

recycling of human IgG1 via interaction with FcRn is a crucial

factor in determining the serum half-life. It is established that FcRn

interacts with specific amino acid residues located within the CH2

and CH3 domains, which are distant from the conserved N-

glycosylation site (Ying et al., 2014). However, FcRn affinity

chromatography showed differences between glycoengineered

IgG1 variants with reduced binding of partially or fully

deglycosylated variants (Cymer et al., 2017). The non-glycosylated

trastuzumab variant displayed a reduced affinity for FcRn by SPR.

Furthermore, a distinction in binding was identified between

COVA2-15 IgG1 and the Y300L variant with increased N-

glycosylation. Although the observed discrepancies in binding

could be ascribed to variations in the aggregation propensity of

the non-glycosylated IgG1 variants, it is conceivable that the glycans

exert a more direct influence on FcRn binding.

Increasing the glycosylation occupancy in plant-produced IgG,

combined with well-established glyco-engineering approaches in

plants to produce monoclonal IgG antibodies with human-like N-

glycosylation, can significantly enhance the performance of

therapeutic plant-based IgG antibodies. These well-established

approaches include producing N-glycans without core-fucose and

with either terminal galactose or sialic acid, which are essential for

enhancing the effector function and circulatory half-life of

monoclonal antibodies (Strasser et al., 2009; Forthal et al., 2010;

Castilho et al., 2015; Kogelmann et al., 2024).

In conclusion, our study demonstrates that targeted amino acid

mutations near the N-glycosylation site can significantly enhance

glycosylation efficiency in plant-produced IgG1 antibodies. This

approach not only improves the structural integrity and thermal

stability of the antibodies but also enhances their functional

activities, such as receptor binding. These findings provide

valuable insights into the optimization of plant-based expression

systems for the production of high-quality recombinant antibodies.
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Epidermal growth factor (EGF) is recognized for its role in regulating keratinocyte

proliferation and differentiation, thereby facilitating the restoration of impaired

skin barriers. Nevertheless, challenges related to the penetration and safety of

EGF remain to be resolved. In this study, we evaluated the efficacy of TDP1, a

transdermal peptide, in enhancing the penetration of EGF through murine skin,

utilizing EGF expressed in A. thaliana. The coding sequences of the TDP1 and EGF

genes were cloned as a fusion construct into a plant expression vector. The

resulting plasmid, pGM3301-TDP1-EGF, was introduced into A. thaliana via the

floral dip method. Positive clones were identified using polymerase chain

reaction (PCR). High-expression strains were selected through Western-blot

analysis and enzyme-linked immunosorbent assay (ELISA). Homozygotes

plants were obtained through self-pollination. The impact of the TDP1-EGF

fusion protein on the restoration of a compromised epidermal barrier was

assessed using dermatoscopy. Keratinocyte (KC) proliferation was examined via

hematoxylin and eosin (H&E) staining, while KC differentiation, lipid synthesis, and

inflammatory factors were analyzed using reverse transcription quantitative PCR

(RT-qPCR) and immunohistochemistry. Compared to other expression systems,

the A. thaliana system utilized for TDP1-EGF expression offers the advantages of

being devoid of toxicity from endogenous plant substances, rendering it both

safe and suitable for scalable production of the recombinant protein. The yield of

the TDP1-EGF fusion protein expressed in A. thaliana accounted for 0.0166% of

the total soluble protein. EGF conjugated with TDP1 displayed enhanced

transdermal activity compared to unconjugated EGF, as evidenced by the

Franz diffusion cell assay. Furthermore, the biological efficacy of the TDP1-EGF
frontiersin.org0156

https://www.frontiersin.org/articles/10.3389/fpls.2025.1573193/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1573193/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1573193/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1573193/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1573193/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1573193/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1573193&domain=pdf&date_stamp=2025-04-04
mailto:20160125@wzu.edu.cn
mailto:wangypbio@cjaas.com
https://doi.org/10.3389/fpls.2025.1573193
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1573193
https://www.frontiersin.org/journals/plant-science


Yu et al. 10.3389/fpls.2025.1573193

Frontiers in Plant Science
fusion protein surpassed that of EGF alone in ameliorating epidermal barrier

damage in a murine skin injury model. This research has the potential to

revolutionize the development and delivery of skincare products and

establishes a foundation for the application of molecular farming in skin health.
KEYWORDS

epidermal growth factor, transdermal peptide, fusion protein, a. thaliana expression
system, skin barrier damage repair
1 Introduction

The skin barrier is a regular structure composed of the stratum

corneum and intercellular lipids in a “brick and mortar”

arrangement, and its main function is to protect the skin against

mechanical, physical, chemical, and biological external stimuli and

maintain the stability of the internal environment of the body

(Montero-Vilchez et al., 2021; Panzuti et al., 2020). It is the first line

of defense against external factors that may harm the body (Xu

et al., 2019; Goverman, 2014). The skin barrier is formed by the

basal layer keratinocytes proliferating and differentiating in an

orderly manner as they migrate upward to form the spinous

layer, granular layer, and eventually the stratum corneum (Segre,

2006; Joly-Tonetti et al., 2021). A healthy skin barrier is one that

undergoes a continuous process of self-renewal (Labarrade et al.,

2015; Hänel et al., 2013; Candi et al., 2005; Lim, 2021). When the

structure of the skin barrier is damaged, harmful substances and

pathogens from the external environment can invade the skin and

disrupt its internal homeostasis (Yosipovitch et al., 2019). This will

then hinder the differentiation of keratinocytes, leading to abnormal

proliferation and an inability to form a healthy skin barrier,

eventua l ly g iv ing r i se to a ser ies of sk in problems

(Wikramanayake et al., 2014; Lee et al., 2006). Thus, regulating

keratinocyte proliferation and differentiation is essential for

preserving skin barrier integrity and safeguarding skin health.

Epidermal growth factor (EGF) is the first discovered growth

factor, and it is a 53-amino acid peptide that plays an important role

in regulating cell growth, proliferation, and differentiation (Liou

et al., 1997). EGF promotes the phosphorylation of AKT/PI3K,

thereby activating the AKT/PI3K signaling pathway. The AKT/

PI3K signaling pathway represents a critical intracellular signaling

network that plays a pivotal role in regulating diverse physiological

processes, including cell metabolism, proliferation, survival, and

migration, eventually resulting in elevated expression of

differentiation markers (e.g., filaggrin) in keratinocytes (KC) (Oda

et al., 2005; Haase et al., 2003). Thus, its function is also to promote

the differentiation of keratinocytes, and such a function can

facilitate the repair of damaged epidermal barriers (Zhang et al.,

2014; Chen et al., 2022b; Li et al., 2021). However, the transdermal

efficacy of EGF is rather low because the large size of EGF (6,045

Da) makes it difficult for the peptide to effectively penetrate the
0257
membrane of KC (Adamson and Rees, 1981). The transdermal

peptide (TDP1), a short peptide consisting of 11 polar amino acids,

served as a carrier to facilitate the transdermal delivery of protein

therapeutics to the dermal layer. Studies have shown that simply

mixing transdermal peptide with insulin and applying it to the skin

of diabetic rats can effectively lower their blood glucose levels (Chen

et al., 2006). A study demonstrated that fusing TDP1 with EGF

enhances the efficacy of EGF in repairing compromised

skin barriers.

TDP1 is derived from TD1, a bacteriophage-derived

transdermal peptide, through codon optimization for plant-based

expression. Plant bioreactors offer the advantage of performing

post-translational modifications on eukaryotic proteins, a capability

absent in prokaryotic expression systems (Webster and Thomas,

2012). Expressing the TDP1-EGF fusion protein would ensure that

the structure and function are very close to those of the natural

protein, thus guaranteeing the efficacy of both TDP1 and EGF

(Huang and McDonald, 2012). Plant bioreactors do not contain

pyrogens, endotoxins, or other allergenic substances, thus reducing

the potential risk of allergenicity and pathogenicity that may

contaminate the exogenously expressed proteins (Moustafa et al.,

2016; Ren et al., 2018). The plant bioreactor system can stably

express exogenous proteins with lower costs, making it easier to

achieve industrial application (Ma et al., 2003). Although the

expression level of foreign proteins in A. thaliana is below 0.1%

of total protein—a concentration necessary for commercial

applications—the use of a whole-plant expression strategy renders

this approach viable. This approach not only can boost the

bioaccumulation of the foreign proteins but also ensure stable

inheritance and significantly reduce labor costs (Zhang et al.,

2021). However, some plant expression systems are not suitable

for expressing skin care products; for example, studies have shown

that nicotine can affect protein composition and damage organelles,

particularly disrupting mitochondrial and peroxisomal reactive

oxygen species (ROS) homeostasis in the 3D human skin model

EpiDerm (Pozuelos et al., 2022). These alterations may aggravate

skin infections, impede wound healing, and promote oxidative

damage in skin cells. Consequently, due to safety concerns,

Nicotiana tabacum is deemed unsuitable for producing skin care

products. In contrast, more suitable plant candidates for such

applications include Arabidopsis thaliana, legumes, fruits, and
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vegetables. As a model plant, A. thaliana possesses several

advantageous traits compared to other species, including high

transformation efficiency, robust adaptability, rapid growth, a

short life cycle, and substantial biomass (Vasseur et al., 2018;

Koenig and Weigel, 2015). Furthermore, A. thaliana is

distinguished by its elevated anthocyanin content (Kovinich et al.,

2014), which may synergistically augment the skin care benefits of

the TDP1-EGF fusion protein. Moreover, Arabidopsis extract is

officially recognized and registered as a cosmetic raw material in the

International Nomenclature of Cosmetic Ingredients (INCI)

catalog. The expressing TDP1-EGF in A. thaliana offers several

advantages over its expression in bacterial system. Foremost among

these is the enhanced safety of the final product, a critical

consideration given its intended future application in humans.

Additionally, plant-based expression eliminates the need for

extensive protein purification, as the target protein can be utilized

as a crude extract of total protein, thereby simplifying the process

and substantially reducing costs associated with protein drug

preparation (Michalak, 2023). However, the efficacy of using a

crude protein extract—subjected only to centrifugation to isolate

the soluble fraction—depends on achieving a sufficiently high

expression level of the target protein. In this study, TDP1 and

EGF were co-expressed as a fusion protein to enhance the

transdermal delivery of EGF. The coding sequence of this fusion

gene was optimized for expression in A. thaliana to improve safety

and preserve the functionality of the fusion protein. Subsequently, A

murine model of skin barrier impairment was employed to assess

the safety and efficacy of the fusion protein. The primary goal was to

establish to a feasible strategy for repairing skin barrier damage and

treating associated skin disorders while evaluating the practicality of

plant-based expression systems for fusion protein production.

These findings offer valuable insights into the therapeutic

potential of EGF in skin health and provide a foundation for

investigating the mechanisms underlying fusion protein-mediated

skin barriers repair and for developing novel skincare raw materials.
2 Materials and methods

2.1 Construction plant expression vector

The TDP1 gene was amplified from the plasmid pET-15b-

TDP 1 v i a PCR u s i n g g e n e - s p e c ifi c p r im e r s : 5 ’ -

ATGCCCATGGGTCATATGGCGTGCAG-3’ (forward) and 5’-

ATGGGGTACCACCGCCACCGCC-3’ (reverse). Similarly, the

EGF gene was amplified from pET-15b-EGF using primers 5’-

ATGGGGTACCAACAGCGACT-3 ’ ( forward) and 5 ’ -

ATCGGGTAACCCAGGATCCTTAGC-3’ (reverse). The resulting

PCR products were cloned into the pEASY®-T1 vector as a fusion

construct, generating pEASY-TDP1-EGF, which was subsequently

transformed into Escherichia coli. Positive clones were identified

through PCR screening and confirmed by DNA sequencing. The

pEASY-TDP1-EGF plasmid was extracted from a verified clone,

digested with NcoI and BstEII, and the TDP1-EGF DNA fragment

was ligated into the NcoI/BstEII-digested plant expression vector
Frontiers in Plant Science 0358
pGM3301, yielding pGM3301-TDP1-EGF. Cleavage sites are

detailed in Supplementary Table S1. The ligation product was

transformed into Trans-T1 E. coli, and positive clones were

selected via PCR and DNA sequencing. The plasmid isolated

from one positive clone was then introduced into Agrobacterium

tumefaciens strain EHA105. The recombinant A. tumefaciens

EHA105 was subsequently used to transform A. thaliana for

TDP1-EGF expression.
2.2 Transformation of arabidopsis strains
and screening of transgenic plants

YEP medium was utilized to culture Agrobacterium until an

OD600 of 0.8-1.0 was achieved, after which the cells were harvested

by centrifugation at 4,000 × g/for 20 minutes at 4°C. The cells were

resuspended in transformation solution (50 g/L of sucrose, 2.2g/L of

½ MS, 200 mL/L of surfactant, pH 5.8) and then used to infect A.

thaliana, performed according to a previous study (Harrison et al.,

2006; Purwantoro et al., 2023). After infection, the plants were

incubated darkness for 48 hours, then cultivated under a 16-hour

light/8-hour dark photoperiod with a light intensity of 50-100 µmol

m-2 s-1. Seeds from the T1 generation were harvested, and positive

clones were initially screened for growth on solid MS medium

(Murashige and Skoog medium) supplemented with 11 mg/mL

glufosinate. MS medium, a foundational formulation, is widely

utilized in plant tissue culture. In this study, solid MS medium

was utilized primarily for the germination and development of

Arabidopsis thaliana seeds. To screen for transgenic A. thaliana

seedlings, the medium was supplemented with glufosinate (1 L MS

formulation: 2.2 g MS salt mix, 10 g sucrose, PH 5.7, 6.5 g plant

agar). Plants exhibiting normal growth were transplanted into

individual soil-filled pots, with one plant per pot, and seeds were

harvested from each plants to obtain the T2 generation. Based on

the T2 segregation ratio, heterozygous plants carrying a single copy

of the recombinant gene were selected to generate the T3

generation, yielding homozygous plants for the recombinant gene.
2.3 RT-qPCR analysis of transgene
expression in transgenic arabidopsis

To confirm the integration of the TDP1-EGF fusion gene into

the A. thaliana genome, transgenic plants from the T3 generation

were initially screened via PCR. Genomic DNA was extracted from

whole plant and subjected to PCR analysis using gene-specific

primers: 5’-AACAGCGACTCTGAATGCCCGC-3’ (forward) and

5’-GCGCAGTTCCCACCACTTCAGGTC-3’ (reverse). Following

verification, seeds from these plants were germinated to produce

additional plants for gene expression analysis. Total RNA was

isolated from distinct tissues (roots, stems, leaves, and flowers),

and RNA concentrations was quantified. For each sample, 1 mg of

total RNA was reverse transcribed using the PrimeScript RT reagent

Kit (Takara, Dalian, China). Quantitative real-time PCR (qPCR)

was conducted on a LightCycler 96 system (Roche, Basel,
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Switzerland) with SYBR Green Master Mix (Applied Biosystems,

Foster City, CA, USA) and gene-specific primers: 5 ’-

ATGGCGTGCAGCAGTAGCCCGAG-3’ (forward) and 5’-

AACAGCGACTCTGAATGCCCGC-3’ (reverse). Total RNA was

extracted from various A. thaliana tissues (roots, stems, leaves, and

flowers) using the pBiozol Plant Total RNA Kit (BioFLUX-Pion

Inc., USA), and TDP1-EGF mRNA expression levels in these tissues

were quantified via RT-qPCR. Total protein was extracted from

positive clones and analyzed by SDS-PAGE using Tricine gel. The

TDP1-EGF band was detected by Western blot with an anti-EGF

antibody. The yield of TDP1-EGF, expressed as a percentage of total

plant protein, was determined using an ELISA kit (MEIMIAN,

China, MM-0184H1), and plants exhibiting high expression levels

were selected for subsequent protein production experiments.
2.4 Hydrogel preparation

To formulate a hydrogel for topical application, 1.2 g of

carbomer, 10 g of glycerin, and 6 g of propylene glycol were

combined with 20 g of water and stirred slowly to achieve a

homogeneous mixture. Subsequently, 1.2 g of triethanolamine

was added, and the mixture was stirred gently until a hydrogel

matrix formed. The hydrogel matrix was sterilized by autoclaving at

1214°C for 15 minutes, and after cooling to room temperature,

supplemented with a sterile TDP1-EGF solution to a final

concentration of 35 ng/mL hydrogel. The resulting TDP1-EGF

hydrogel was stored in a refrigerator at 4°C until use. A Hydrogel

containing only EGF was prepared following the same procedure.
2.5 Transdermal absorption of the fusion
protein TDP1-EGF

Six male mice were randomly assigned to three groups, with two

mice per group. To assess the transdermal penetration of TDP1-

EGF and EGF, the dorsal skin of two mice from each group was

depilated. A 3 cm × 3 cm area of the dorsal skin was secured over

the mouth of a conical flask filled with normal saline, ensuring the

inner skin surface contacted the saline. Hydrogel containing either

TDP1-EGF or EGF was uniformly applied to the depilated skin. The

saline was continuously agitated using a magnetic stirrer, and 1 mL

samples were collected hourly, stored at 4°C, with the volume

replenished by adding 1 mL of normal saline. Concentrations of

TDP1-EGF and EGF in each sample were quantified using an

ELISA kit.
2.6 Animal model and treatments

To establish a murine model of skin barrier damage, the dorsal

skin of mice was initially shaved with a razor. Subsequently, the

hairless dorsal region was treated with Veet depilatory cream

(Hubei, China) for 90 seconds and then cleaned with a pad
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moistened with warm, sterile water. Given that depilatory cream

may induce mild skin irritation, a 24-hour interval was observed

post-depilation before subjecting the skin to physical disruption

through repeated adhesive tape stripping. Accordingly, 24 hours

after depilation, the dorsal skin of the mice was stripped multiple

times using adhesive tape (3M600 Scotch Tape, 3M Corporation,

USA). The degree of barrier impairment was evaluated by

measuring transepidermal water loss (TEWL), with a VapoMeter

(Delfin Technologies, Finland). A TEWL value of greater than 35

mg/cm2/h was considered adequate damage in this model (Jing

et al., 2024; Fusté et al., 2019). Subsequently, the mice were

randomly allocated into five groups, with five mice per group.

The control group remained untreated. The remaining groups

underwent tape stripping were then treated with either hydrogel

alone (vehicle group), hydrogel containing the soluble protein

fraction from wild-type Arabidopsis thaliana (Arabidopsis group),

hydrogel with purified EGF (EGF group), or hydrogel containing

the soluble protein fraction from TDP1-EGF transgenic A. thaliana

(TDP1-EGF group). The condition of the dorsal skin was assessed

every 12 hours through photography, dermoscopy, and

TWEL measurements.
2.7 Histology examination

To evaluate the efficacy of TPD1-EGF in promoting skin barrier

repair, changes in epidermal thickness of the dorsal skin of mice

were assessed following treatment. Initially, dorsal skin tissue was

soaked in 4% paraformaldehyde for 24-48 hours and subsequently

rinsed with running tap water for 4-6 hours. The tissue samples

were then immersed in 70% ethanol overnight and dehydrated

through a graded series of ethanol solutions (80%, 95%, and 100%),

followed by 100% xylene. Subsequently, the samples were sectioned

into 6 mm-thick slices, deparaffinized in xylene, and rehydrated

using a descending ethanol gradient (95%, 90%, 80%, 70%, 0%). The

rehydrated sections were stained with hematoxylin and eosin (HE;

Solarbio, Beijing, China) and examined under a DM3000

microscope (Leica, Wetzlar, Germany) to measure epidermis

thickness. To examine the impact of TPD1-EGF on skin cell

differentiation, two differentiation-related proteins, involucrin and

loricrin, were selected for analysis. Initially, rehydrated tissue

sections were immersed in sodium citrate antigen retrieval

solution (Solarbio, Beijing, China). Subsequently, the sections

were treated dropwise with either a 1:500 dilution of anti-

involucrin antibody (Proteintech, Wuhan, China) or a 1:200

dilution of anti-loricrin antibody (Absin, Shanghai, China), and

incubated overnight at 4°C. The sections were then washed three

times with PBS and incubated with a horseradish peroxidase

(HRP)-conjugated secondary antibody at 37°C for 4 hours.

Following this, 3,3’-diaminobenzidine (DAB) chromogen was

applied, and the sections were counterstained with hematoxylin.

The stained sections were then examined under a DM3000

microscope (Le i ca , Wetz l a r , Germany) to eva lua t e

histological changes.
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2.8 Immunofluorescence analysis
Following antigen retrieval with sodium citrate solutions as

described in Section 3.7, tissue sections were incubated with either a

1:200 dilution of anti-PCNA antibody (Cat. No. 2586; RRID:

AB_2160343; Cell Signaling Technology, Beverly, MA, USA) or a

1:200 dilution of anti-K16 antibody (Cat. No. 2586; RRID:

AB_2160343; Cell Signaling Technology, Beverly, MA, USA) at 4°C

overnight. The sections were then washed three times with PBS and

incubated with an Alexa Flour 568-conjugated secondary antibody for

1 hour at 37°C. Subsequently, the sections were mounted using an

antifade medium containing DAPI (Invitrogen, Life Technologies,

Carlsbad, CA, USA) and examined using a Ti2-E & CSU-W1

confocal fluorescence microscope (Nikon, Tokyo, Japan).
2.9 Statistical analysis

Data analysis and statistical procedures adhered to the

guidelines and requirements outlined by Frontiers in Plant Science

for experimental design and analysis. Mice were randomly and

blindly allocated to groups, with each group consisting of an equal

number of mice. Technical replicates were averaged prior to

statistical analysis and excluded from calculation of variance

parameters. Differences between pairs of groups were evaluated

using an unpaired Student’s t-test. Statistical analyses were

performed using GraphPad Prism 6.01 (GraphPad Software, San

Diego, CA, USA). Multicomponent data and multiple group

comparisons were assessed via one-way analysis of variance

(ANOVA) followed by Dunnett’s test. Statistical significance was

determined at an F-value corresponding to P < 0.05 in the one-way

ANOVA. The reported group size represents the number of

independent values (n = 4) before being statistically analyzed. All

quantitative data are presented as the mean ± standard error of the

mean (SEM).
3 Results

3.1 Distribution of TDP1-EGF in transgenic
arabidopsis thaliana

To assess the expression levels of the TDP1-EGF fusion gene in

A. thaliana, genomic DNA was extracted from glufosinate-resistant

plants for molecular analyses. Initial PCR screening confirmed the

integration of the TDP1-EGF gene into the A. thaliana genome

(Figure 1A). The expression of TDP1-EGF in the transgenic A.

thaliana plants was further evaluated using RT-qPCR. Total RNA

was extracted from the roots, leaves, stems, and flowers of

transgenic plants and subjected to RT-qPCR to quantify TDP1-

EGF transcript levels. Results indicated the presence of TDP1-EGF

transcripts across all examined tissues, with significantly elevated

levels in stems compared to other tissues (Figure 1B). RT-qPCR

Primer sequences are provided in Supplementary Table S2. From

the transgenic lines analyzed, four exhibiting high TDP1-EGF
Frontiers in Plant Science 0560
transcript abundance were selected for protein expression

analysis. Total protein extracted from whole plants revealed a

band of approximately 8.2 kDa via SDS-PAGE and Western blot

analysis using an anti-EGF antibody, aligning with the predicted

molecular mass of the TDP1-EGF fusion protein (Figure 1C). The

TDP1-EGF fusion protein constituted approximately 0.016% of the

total soluble protein extracted from transgenic plants (Figure 1D).

The transdermal properties of TDP1-EGF were assessed using a

Franz diffusion cell assay relative to an EGF standard,

demonstrating a time-dependent increase in fusion protein

accumulation in the receiver compartment, with the fusion

protein consistently exhibiting significantly greater transdermal

efficacy than the EGF standard across all time points (Figure 1E).
3.2 Cultivation of homozygous fusion
protein arabidopsis thaliana

To establish homozygous and genetically stable positive plants,

a substantial quantity of seeds was harvested. These seeds were

cultivated on MS basal medium supplemented with 11 mg/L

glufosinate (Figure 2A). Following Mendelian inheritance

principles, T2 seeds were collected from individual transgenic A.

thaliana plants (Supplementary Figure S3B). Heterozygote (Aa) =

3:1 was identified through screening of T2 seeds (Figure 2B).

Subsequently, homozygote (AA) = 1:0 was selected from T3

generation seeds (Figure 2C).
3.3 TDP1-EGF enhances epidermal barrier
repair

To assess the therapeutic efficacy of TDP1-EGF in epidermal

barrier recovery, a standardized murine model of skin barrier damage

was established via tape stripping, utilizing transepidermal water loss

(TEWL) as the primary measure of barrier function. The TDP1-EGF-

treated group demonstrated superior wound healing properties

compared to other experimental groups. At 24 hours post-injury,

this group displayed earlier scab formation and significantly reduced

scab areas. By 36 hours, distinct white marginal spots, slight bulging,

and initial signs of shedding were observed in the TDP1-EGF, EGF,

and Arabidopsis groups, in contrast to the vehicle group. Notably,

while the vehicle, Arabidopsis, and EGF groups showed minimal

changes in scab area between 36 and 60 hours, the TDP1-EGF group

demonstrated progressive white edge formation and scab

detachment. At 72 hours, the TDP1-EGF group exhibited a

substantial reduction in scab area, with emerging stratum corneum

in shed regions, though vascular network development remained

incomplete. By 84 hours, unlike the delayed and less pronounced scab

detachment in other groups, the TDP1-EGF group demonstrated

significant scab reduction, accompanied by clear neovascularization

in previously shed areas, approximating normal skin morphology

(Figure 3A). TEWL measurements, conducted at 12-hour intervals,

consistently indicated enhanced epidermal barrier recovery in the
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FIGURE 2

Selection of Transgenic Arabidopsis thaliana Plants Homozygous for the TDP1-EGF Gene. (A) Screening T1 transgenic seedlings; (B) Screening of T2
generation transgenic seedlings; (C) Screening T3 transgenic seedlings
FIGURE 1

Analysis of TDP1-EGF Expression in Arabidopsis thaliana. (A) PCR detection of the TDP1-EGF DNA fragment in positive transgenic plants. (B) RT-
qPCR analysis of TDP1-EGF transcript levels across various tissues of positive transgenic plants. (C) SDS-PAGE and Western blot analysis of total
protein extracted from positive transgenic plants. (D) ELISA-based quantification of TDP1-EGF protein within the total soluble protein extracted from
whole transgenic plants. (E) Franz diffusion cell assay assessing the transdermal activity of TDP1-EGF from total protein extracts compared to an EGF
standard. All graphical data are presented as mean ± SEM from two or three independent experiments. Statistical significance is denoted by ‘*’ (P <
0.05) and ‘**’ (P < 0.01).
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TDP1-EGF group, with notably faster recovery rates than other

groups prior to 72 hours (Figure 3B). Skin hydration analysis at 84

hours revealed significantly elevated moisture content in the TDP1-

EGF group (Figure 3C). Dermoscopic analysis identified early

pigmented spots and hyperkeratosis in the vehicle and Arabidopsis

groups at 24 hours. Whereas the TDP1-EGF group developed

characteristic red and white spots at 36 hours, followed by
Frontiers in Plant Science 0762
progressive crust shedding and new cuticle formation at 60 and 72

hours, culminating in neovascularization by 84 hours (Figure 3D).

Collectively, these findings highlight TDP1-EGF’s substantial

therapeutic potential, suppressing excessive keratinocyte

differentiation and scar formation while accelerating wound healing

through enhanced scab detachment, stratum corneum regeneration,

and neovascularization.
FIGURE 3

Effects of TDP1-EGF on epidermal barrier repair in mice. (A) Photographs of damaged dorsal skin area at various time points. (B) Assessment of skin
barrier damage via transepidermal water loss (TEWL, mg/cm2/h). Barrier repair rate was calculated as: [(TEWL value after molding – TEWL value at a
specific time point)/(TEWL value after molding – TEWL value before molding)] ×100%. (C) Skin hydration levels measured using a skin moisture
analyzer. (D) Dermoscopic observation of the damaged murine skin barrier across multiple time points. Data are presented as mean ± SEM (n = 5).
Statistical significance is denoted by ‘*’ (P < 0.01) and ‘**’ (P < 0.001).
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3.4 TDP1-EGF modulates keratinocyte
proliferation in a murine model of
epidermal barrier damage

To evaluate the impact of TDP1-EGF on epidermal hyperplasia

in mice, skin sections from each treatment group were examined

using H&E staining and immunofluorescence. H&E staining

revealed no significant differences in epidermal thickness between

the TDP1-EGF and EGF groups or between the vehicle and

Arabidopsis groups. However, the TDP1-EGF group displayed

significantly thinner epidermis compared to the vehicle and

Arabidopsis groups (Figure 4A). To further determine whether

TDP1-EGF suppresses aberrant epidermal proliferation,

immunofluorescence analysis was conducted to evaluate the

expression of proliferation markers K16 and PCNA. The TDP1-

EGF-treated group exhibited markedly reduced K16 and PCNA
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expression levels compared to the vehicle, Arabidopsis, and EGF

groups. Strikingly, TDP1-EGF exerted a more potent inhibition of

K16 and PCNA expression than EGF alone, with statistically

significant differences. These results suggest that, while TDP1-

EGF and EGF share similar biological functions in alleviating

epidermal hyperplasia, TDP1-EGF’s enhanced transdermal

efficacy—attributable to TDP1’s properties—confers a more

pronounced regulatory effect on proliferation marker expression

(Figures 4B, C).
3.5 Effects of TDP1-EGF on cell
differentiation and lipid synthesis

To elucidate TDP1-EGF’s role in epidermal barrier recovery, its

effects on cell differentiation and lipid synthesis were assessed.
FIGURE 4

TDP1-EGF alleviates epidermal hyperplasia in mice. (A) Epidermal thickness alterations in dorsal skin assessed via hematoxylin and eosin (H&E)
staining. (B) Keratin 16 (K16) expression levels in epidermal sections evaluated by immunofluorescence analysis. (C) Proliferating cell nuclear antigen
(PCNA) expression levels in epidermal sections evaluated by immunofluorescence analysis. All graphical data are presented as mean ± SEM from
four independent experiments. Statistical significance is denoted by ‘##’ (P < 0.01 vs. control), ‘*’ (P < 0.05 vs. vehicle), and ‘**’ (P < 0.01 vs. vehicle).
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Immunohistochemical analysis revealed that markedly elevated

loricrin expression in the TDP1-EGF-treated group compared to

the vehicle, Arabidopsis, and EGF groups, alongside a significantly

thinner epidermis. Notably, loricrin in the TDP1-EGF group

displayed a highly organized arrangement, in contrast to the

reduced and disordered expression observed in the vehicle,

Arabidopsis, and EGF groups (Figure 5A). Elongation of very

long-chain fatty acids 1 (ELOVL-1), a key enzyme in the fatty

acid elongation pathway, is essential for synthesizing ultra-long-

chain fatty acids that serve as critical precursors for ceramide

production. Serine Palmitoyltransferase (SPT), the rate-limiting

enzyme in sphingolipid biosynthesis, catalyzes the initial step of

sphingolipid synthesis, indirectly influencing ceramide generation.

Fatty acid synthase (FAS), a multifunctional enzyme complex,

drives the de novo fatty acids synthesis, providing fundamental

components for ceramides, cholesterol esters, and other complex

lipids. Collectively, these enzymes form an integrated network

underpinning the synthesis of lipids vital for epidermal barrier

integrity and function. Real-time quantitative PCR (RT-qPCR)

analysis further demonstrated significantly elevated transcript

levels of SPT, FAS, and ELOVL-1 in skin tissue from the TDP1-

EGF compared to the vehicle, Arabidopsis, and EGF groups, which
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showed no notable intergroup differences. Strikingly, TDP1-EGF

surpassed EGF alone in upregulating lipid synthesis gene expression

(Figure 5B). Primers sequences for RT-qPCR are provided in

Supplementary Table S2. These results suggest that TDP1-EGF

substantially enhances skin repair and regeneration by upregulating

proteins involved in cell differentiation and lipid synthesis, an effect

likely attributable to TPD1’s enhancement of EGF’s transdermal

delivery within the fusion protein.
3.6 TDP1-EGF alleviates epidermal
inflammation

To assess the impact of TDP1-EGF on the inflammatory

response in epidermal barrier damage, mRNA expression of key

pro-inflammatory cytokines (IL-1b, TNF-a, and IL-6) were

quantified in skin tissue. Primers sequences for RT-qPCR are

provided in Supplementary Table S2. RT-qPCR analysis

demonstrated that the TDP1-EGF-treated group exhibited

significantly reduced transcript levels of IL-1b and TNF-a
compared to the vehicle and Arabidopsis groups, though no

notable difference was observed between the TDP1-EGF and EGF
FIGURE 5

TDP1-EGF upregulates differentiation proteins and lipid synthesis genes to enhance skin barrier repair. (A) Expression levels of differentiation proteins
involucrin and loricrin assessed via immunohistochemical analysis. (B) Transcript levels of lipid synthesis genes (FAS, ELOVL-1, and SPT) quantified by
RT-qPCR. All graphical data are presented as mean ± SEM from four independent experiments. Statistical significance is denoted by ‘##’ (P < 0.01 vs.
control), ‘*’ (P < 0.05 vs. vehicle), and ‘**’ (P < 0.01 vs. vehicle).
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groups (Figures 6A, B). Conversely, while IL-6 expression showed

no significant variation among the vehicle, Arabidopsis and EGF

groups, the TDP1-EGF group displayed a pronounced

downregulation of IL-6 levels compared to all other experimental

groups (Figure 6C). These results indicate that TDP1-EGF

markedly suppresses the expression of inflammatory cytokines IL-

1b, TNF-a and IL-6, exerting a more potent anti-inflammatory

effect than EGF alone. This suggests that TDP1-EGF not only

enhances epidermal barrier repair but also effectively modulates

the inflammatory response associated with barrier damage.
4 Discussion

Epidermic growth factor is a protein known to promote wound

closure and epidermal regeneration (Li et al., 2021). However, the

effectiveness of topical application of EGF at the wound site can be

hampered by the poor transdermal delivery of the protein into the

skin tissue, primarily because of the size of EGF, which is greater

than 6,000 Da, making it difficult to penetrate the corneal layer,

which only allows molecules of less than 500 Da to readily pass

through (Bos and Meinardi, 2000; Adamson and Rees, 1981). One

approach to improve EGF’s skin penetration is to fuse it with a

highly efficient transdermal peptide. Given that this strategy entails

the construction and expression of a recombinant protein, the

expression system employed must prioritize product safety. While

prokaryotic expression systems are well-established and widely

utilized for exogenous protein production. Unfortunately,

expressing exogenous proteins in a prokaryotic expression system

such as the E. coli expression system may not be desirable if the

expressed proteins are for human or animal usage since there is a

risk of contamination by endotoxins, which pose a risk to health

(Wakelin et al., 2006). Additionally, E. coli-based systems demand

costly fermenters, stringent conditions, and offer limited scalability
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(Chaudhary et al., 2024). Thus, expressing exogenous proteins in a

plant expression system would be more desirable (Chen et al., 2023;

Huang and McDonald, 2012; Moustafa et al., 2016).

Currently, numerous plants are capable of enhancing the

expression levels of foreign proteins through transient expression,

thereby meeting commercial standards (Ruhlman et al., 2007). For

stable nuclear transformation, optimizing expression vectors is

widely acknowledged as an effective approach to enhance

recombinant protein yields. For example, Ruggiero et al. (2000)

demonstrated that incorporating an enhanced 35S promoter and

35S terminator in tobacco enabled the production of approximately

3 g of purified recombinant collagen per 100 kg of powdered plant

material (Ruggiero et al., 2000). Similarly, Suo et al. (2006) reported

substantially improved expression levels of bone morphogenetic

protein 2 (BMP-2) in tobacco by employing the CaMV 35S

promoter and codon optimization strategies (Suo et al., 2006). In

our prior study, despite employing comparable optimization

strategies, the expression level of the target protein was limited to

0.016% of total soluble protein, falling below commercial standard

(Figure 1D). To achieve commercialization requirements,

additional optimization approaches will be pursued, including

optimizing Arabidopsis thaliana growth conditions, improving

the post-translational stability of TDP1-EGF, and exploring co-

expression with molecular cofactors. In a related study, Wirth et al.

(2004) expressed hEGF in tobacco, targeting its accumulation to

either the cytoplasm or the apoplast. Cytoplasmic accumulation

resulted in a minimal expression level of 0.00001% of total soluble

protein, whereas apoplast-targeted accumulation significantly

elevated hEGF expression to 0.11% (Wirth et al., 2004). Similarly,

Qiang et al. (2020) enhanced the stability and expression levels of a

fusion protein by expressing oleosin-EGF in Arabidopsis thaliana

seeds, with the highest expression level reaching 14.83 ng/mL (Qiang
et al., 2020). These investigations offer valuable insights and

approaches for further optimizing recombinant protein

expression in plant-based systems.
FIGURE 6

TDP1-EGF modulates inflammatory cytokine gene expression assessed by RT-qPCR. (A) To investigate the effect of TDP1-EGF on the expression
levels of the inflammatory factor IL-1b. (B) To examine the effect of TDP1-EGF on the expression levels of the inflammatory factor TNF-a. (C) To
assess the effect of TDP1-EGF on the expression levels of the inflammatory factor IL-6. Graphical data are presented as mean ±SEM from four
independent experiments. Statistical significance is denoted by ‘##’ (P < 0.01 vs. control), ‘*’ (P < 0.05 vs. vehicle), and ‘**’ (P < 0.01 vs. vehicle).
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Our data demonstrate that TDP1-EGF is expressed across all A.

thaliana tissues, including stems, roots, leaves, and flowers, as

confirmed by RT-qPCR analysis, suggesting that A. thaliana serve

as an effective bioreactor for the commercial production of TDP1-

EGF (Figure 1B). Consequently, A. thaliana represents a promising

plant-based bioreactor system for commercial applications. The

transdermal peptide TDP1 can be linked to EGF via fusion

expression or chemical coupling. Notably, EGF activity and TDP1

transdermal properties remained unaffected when expressed as the

TDP1-EGF fusion protein (Supplementary Figure S4). Our findings

revealed that the TDP1-EGF fusion protein reached peak

accumulation during the second week of A. thaliana growth.

Additionally, the fusion protein exhibited no impact on the

phenotype or genetic patterns of A. thaliana, supporting the

feasibility of fusing the transdermal peptide TPD1 with EGF. In

experiments accessing epidermal barrier repair, hydrogel

supplemented with total protein extracted from wild-type A.

thaliana demonstrated superior repair promotion compared to

hydrogel alone, suggesting that plant-derived compounds may

enhance repair processes and potentially synergize with TDP1-

EGF to improve epidermal barrier recovery. Taking into account

both safety and efficacy, a wealth of current data has indicated that

the optimal concentration of EGF is 1 mg per 30g (Fabi and

Sundaram, 2014; Esquirol Caussa and Herrero Vila, 2015).

Accordingly, the TDP1-EGF hydrogel was formulated with a

protein-to-hydrogel ratio of 1mg per 30 g to attain the optimal

concentration. After expression in A. thaliana, TDP1-EGF was

extracted as the soluble protein fraction, incorporated into a

hydrogel, and applied directly to the damaged skin. Its efficacy in

skin repair was then compared with that of hydrogel alone and

hydrogel containing standard EGF. The result demonstrated

significantly accelerated recovery of the damaged skin with the

TDP1-EGF hydrogel, indicating that fusing EGF with TDP1

substantially enhanced EGF’s efficacy in skin repair. This

improvement stemmed not from superior intrinsic activity of the

fusion protein over EGF alone, but rather from TPD1-mediated

enhancement of EGF’s transdermal delivery (Figure 3A). The safety

and efficacy of biological approaches to transdermal drug delivery

have been consistently substantiated. For example, Rothbard et al.

(2000) reported that the conjugation of Cyclosporine A with an

arginine oligomer effectively penetrated the epidermal barrier and

exerted anti-inflammatory effects (Rothbard et al., 2000). Similarly,

Kim et al. (2006) successfully transduced Botulinum Neurotoxin

(BoNT), an anti-aging compound, into mouse skin using the cell-

penetrating peptide Pep-1 (Kim et al., 2006). To further assess the

efficacy of transdermal peptides, multiple parameters were

employed to evaluate TDP1-EGF ‘s effectiveness, and the

collective dare underscore the benefits of fusing EGF with TDP1,

positioning this approach as a promising enhancement for EGF

application in treating damaged skin.

Our prior research has demonstrated that a healthy epidermal

barrier is formed by the proliferation and differentiation of

keratinocytes (Wikramanayake et al., 2014). Damage to the skin

barrier leads to abnormal proliferation of keratinocytes, which in

turn causes continuous deterioration of the barrier (Yang et al.,
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2020; Patrick et al., 2021). The key to repairing the barrier is to

normalize the differentiation of abnormally proliferating

keratinocytes. An important measure of epidermal barrier

function is the TEWL value (Montero-Vilchez et al., 2022; Lodén

et al., 1999). A growing body of research has established that EGF

effectively promotes skin wound healing and epidermal

regeneration, primarily by regulating proteins associated with cell

proliferation, differentiation, and migration (Gibbs et al., 2000). Our

results demonstrated that topical application of TDP1-EGF

effectively promoted the recovery of epidermal barrier damage in

the dorsal skin of mice, outperforming EGF alone, as evidenced by

increased skin moisture levels observed via dermoscopy

(Figures 3B, C). These findings confirmed our hypothesis that

transdermal peptides, such as TPD1, facilitate the delivery of EGF

to keratinocytes in the deeper epidermal layers, enabling precise

exertion of its therapeutic effects. H&E staining revealed that,

following tape stripping, the epidermis thickened due to injury;

however, no significant difference in epidermal thickness was

observed between the TDP1-EGF-treated group and the negative

control group (Figure 4A). Collectively, these results indicate that

TDP1-EGF treatment prevents aberrant keratinocyte proliferation.

EGF regulates differentiation, migration, proliferation, and

other biological activities of keratinocytes through a mitogen-

activated protein kinase (MAPK)-dependent mechanism and

PI3K/AKT signal transduction (Haase et al., 2003; Chen et al.,

2022a). TDP1-EGF was shown to modulate the expression of key

differentiation markers, including involucrin and loricrin, thereby

promoting orderly differentiation of stratum corneum cells to

maintain skin barrier integrity (Figure 5A). Loricrin and

involucrin are pivotal proteins in the differentiation of epidermal

keratinocytes (Lee et al., 2014). Involucrin expression signals the

onset of terminal differentiation in keratinocytes, with elevated

levels closely linked to cellular flattening and keratinization

(LaPres and Hudson, 1996). Research has demonstrated that the

promoter region of the involucrin gene contains transcription factor

binding sites that can be activated by the MAPK pathway, enabling

EGF to enhance involucrin gene transcription by activating this

pathway (Ghahary et al., 2001; Gibbs et al., 2000). Additionally,

researchers have confirmed that EGF can upregulate involucrin

expression in the A431 cell line and promote its differentiation

process (Rosdy, 1988). To date, no direct evidence supports EGF-

mediated regulation of loricrin expression. However, our prior

research demonstrated that theTDP1-EGF fusion protein

modulates the expression of differentiation proteins, including

involucrin and loricrin, thus facilitating terminal keratinocyte

differentiation. One plausible explanation for this finding is that

EGF modulates the expression of differentiation proteins via well-

established signaling pathways, including PI3K/AKT and MAPK.

Ceramides and free fatty acids are critical components in sustaining

normal epidermal barrier function. When the epidermal barrier is

compromised, the synthesis of cholesterol, free fatty acids, and

ceramides increases to facilitate the repair process of the epidermal

barrier (Rosdy, 1988). Several studies have demonstrated that the

expression of serine palmitoyltransferase (SPT) is significantly up-

regulated during vascular repair, promoting ceramide synthesis and
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thereby accelerating wound healing (Uhlinger et al., 2001).

Additionally, ElovL-1 and fatty acid synthase (FAS) are pivotal in

sustaining epidermal barrier integrity. ElovL-1, in particular, is

recognized as a critical lipid synthetase indispensable for

epidermal barrier function. Notably, mice deficient in ElovL-1

exhibit severe epidermal barrier defects and typically die shortly

after birth (Sassa et al., 2013). Furthermore, w-hydroxy-ceramide

(w-OH-Cer), anchored to the outer surface of the keratinocyte lipid

envelope (CLE) and associated with involucrin, constitutes a vital

lipid component of the stratum corneum (SC). The biosynthesis of

w-OH-Cer is closely linked to FAS activity, highlighting the

interdependence of these pathways in maintaining epidermal

barrier function (Ge et al., 2023). TDP1-EGF was found to

upregulate the expression of lipid synthesis genes, including

ELOVLs, FAS, and SPT, as evidenced by Figure 5B. Given that

stratum corneum cell proliferation, differentiation, and migration

are closely related to EGFR expression and lipid composition, this

upregulation suggests that TDP1-EGF may initiate epidermal repair

signaling by binding to EGFR. Future studies will further elucidate

the mechanisms underlying TDP1-EGF’s effects.

In addition to enhancing cell proliferation, differentiation, and

migration, TDP1-EGF also mitigated inflammation resulting from

damage to skin tissue. It has been reported that the abnormal

proliferation of structural proteins and the abnormal expression of

inflammatory factors are two important factors in the dysplasia of

stratum corneum cells (Evtushenko et al., 2021; Jiao et al., 2022).

PCNA and K16 are markers of abnormal cell proliferation, and

these two markers can be used to estimate the extent of malignant

lesions via histological analysis (Krecicki et al., 1999; Paladini and

Coulombe, 1998). In this study, TDP1-EGF was found to

downregulated the expression of PCNA and K16 proteins

(Figure 4B). To date, no studies have demonstrated that EGF

alone inhibits the expression of PCNA and K16. From another

perspective, inflammatory factors, such as TNF-a and IL-1b can

activate multiple intracellular signaling pathways, thereby

promoting the expression of PCNA (Krecicki et al., 1999; Paladini

and Coulombe, 1998). For instance, TNF-a has been shown to

enhance PCNA gene transcription and expression by activating the

NF-kB signaling pathway, which facilitates the nuclear

translocation of NF-kB and its binding to the promoter region of

the PCNA gene (Ji et al., 2016; De Simone et al., 2015; Niu et al.,

2022). Furthermore, studies have indicated that inflammatory

factors can induce a stress response in cells. In response to such

stress, cells in the psoriatic epidermis may enhance the nuclear

translocation of Nrf2. Once in the nucleus, Nrf2 can bind to the

promoter region of the K16 gene, activate its transcription, and

increase the expression of stress-related proteins such as K16 (Yang

et al., 2017). Therefore, we hypothesize that the TDP1-EGF fusion

protein may indirectly suppress the expression of proliferative

proteins, such as PCNA and K16, by attenuating inflammatory

cytokine levels in specific contexts, thereby ameliorating dysplasia

in damaged regions of the murine epidermal barrier. Further

validation confirmed that TDP1-EGF modulates inflammatory

cytokine expression, with study results demonstrating significant
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downregulation of genes encoding IL-1b, TNF-a, and IL-6 in skin

tissue following TDP1-EGF application, supporting its role in

reducing inflammation (Figures 6A–C). This anti-inflammatory

effect likely enhances TDP1-EGF’s efficacy in repairing damaged

epidermal barriers by mitigating inflammation-induced

exacerbation of injury.

Although the development of genetically modified (GM) plants

expressing skincare products holds considerable promise, several

critical challenges impede its advancement. First, plant bioreactor

technology lags behind prokaryotic expression systems in

sophistication, resulting in lower protein yields and reduced

market competitiveness (Law et al., 2025). Second, global

regu la tory f rameworks govern ing the express ion of

pharmaceutical proteins in plants remain underdeveloped, lacking

standardized guidelines (Turnbull et al., 2021). Regulatory policies

differ markedly across countries, posing compliance challenges for

companies. Moreover, therapeutic proteins derived from GM plants

must satisfy stringent safety, efficacy, and quality control standards

to qualify for clinical trials, a milestone achieved by only a handful

of such proteins to date (Burnett and Burnett, 2020). Nevertheless,

advancements in plant biotechnology, alongside ongoing

refinements in regulatory frameworks and the intrinsic benefits of

transgenic plants—including enhanced safety, cost-effective

production, scalability, and broad applicability across diverse

sectors—position plant-based expression systems as an emerging

cornerstone for skincare product manufacturing.
5 Conclusion

This study demonstrates the feasibility of expressing the TDP1-

EGF fusion protein in Arabidopsis thaliana, achieving a peak

expression level of 142.05 ng/mL, which constitutes 0.016% of

total soluble protein. Our results reveal that the transdermal

absorption rate of TDP1-EGF fusion protein surpasses that of

EGF alone. Significantly, this research provides the first evidence

that A. thaliana-expressed TDP1-EGF fusion protein effectively

ameliorates physically induced epidermal barrier damage through

multiple mechanisms: (1) suppressing inflammation, (2) alleviating

epidermal hyperplasia, (3) upregulating lipid synthesis, (4)

enhancing keratinocyte differentiation, and (5) accelerating

epidermal barrier repair. These findings lay a solid theoretical and

practical foundation for leveraging A. thaliana-expressed TDP1-

EGF fusion protein in medical and skincare applications,

particularly for epidermal barrier repair. Moreover, this study

offers valuable insights into the potential of plant-based

bioreactors systems for advancing skin health solutions.
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Introduction: Papain-like cysteine proteases (PLCPs), characterized by a

conserved cysteine residue at their active sites, play crucial roles in plant

growth, development, and responses to biotic and abiotic stresses. While their

importance in plants is well recognized, the characterization of the PLCP gene

family in Nicotiana benthamiana (NbPLCP) and its involvement in biotic stress

responses remains insufficiently studied. This study aims to identify NbPLCP

genes in N. benthamiana and elucidate their roles in facilitating heterologous

protein expression.

Methods: A comprehensive bioinformatics approach was employed to identify

NbPLCP genes using N. benthamiana genomic data and homology with

Arabidopsis thaliana. The analysis included examination of physicochemical

properties, phylogenetic relationships, gene structures, conserved motifs,

expression profiles, gene duplication events, and chromosomal distribution.

Virus-induced gene silencing (VIGS) was utilized to screen for genes affecting

heterologous protein expression in N. benthamiana.

Results: We identified and characterized 50 NbPLCP members. Phylogenetic

analysis classified these NbPLCPs into nine subfamilies, with uneven distribution

across 19 chromosomes. Comparative analysis revealed closer evolutionary

relationships between N. benthamiana and Solanum lycopersicum, followed by

Arabidopsis thaliana, while showing more distant relationships with Oryza sativa.

Functional studies demonstrated that NbPLCPs likely participate in regulating

plant growth, development, and biotic stress responses. Importantly, VIGS-

mediated silencing of NbXCP1, NbXCP2, and NbXCP3 significantly enhanced

the expression of heterologous GFP protein.

Discussion: This study provides comprehensive insights into the PLCP family in

N. benthamiana, highlighting their functional significance and potential in

heterologous protein expression. Our findings establish a foundation for

understanding the evolution and function of NbPLCPs, while demonstrating
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their potential applications in plant biotechnology for enhancing disease

resistance and improving recombinant protein production systems. These

results underscore the importance of PLCPs in both plant physiology and

biotechnological applications.
KEYWORDS

PLCP, Nicotiana benthamiana, biological stress, family analysis, gene expression patterns
1 Introduction

Proteases degrade substrate proteins by hydrolyzing peptide bonds.

Based on the chemical nature of their catalytic sites, they can be

classified into four categories: cysteine proteases, serine proteases,

aspartic proteases, and metallo proteases (Zhang et al., 2023). Among

them, cysteine proteases (CPs) rely on the cysteine residue at the active

site as a nucleophilic group to catalyze reactions, a key subclass, papain-

like cysteine proteases (PLCPs), is characterized by a conserved

catalytic triad (Cys-His-Asn) at its core (Cen et al., 2019), by

efficiently catalyzing reactions, they regulate plant growth and

development, stress responses, and disease resistance processes

(Liu et al., 2018; Li et al., 2025; Misas-Villamil et al., 2016; Rawlings

et al., 2016). PLCPs are synthesized in the form of zymogens, with

their precursors containing an N-terminal signal peptide, an

autoinhibitory pro-domain, and a mature 25–35 kDa active protease

domain. Some PLCPs also possess an unknown functional particle

structure at the C-terminal (Zhang et al., 2023). These subfamilies

include the CTB, ALP, RD19, SAG12, RD21, CEP, THI, XBCP, and

XCP subfamilies (Kordis and Turk, 2009; Richau et al., 2012),

Each subfamily achieves functional differentiation through specific

structural domains, such as inhibitor-binding domains or substrate

recognition regions (Long et al., 2025).

The activity of PLCPs is notably increased during the development

and germination of seeds (Martinez et al., 2009), as well as in fruits

(Lin et al., 1993) and various plant organs (van Wyk et al., 2014). In

Arabidopsis thaliana, the gene AtSAG12 exhibits a tightly regulated

expression pattern associated with leaf senescence, and it has become a

widely used molecular marker for studying leaf aging. Moreover,

AtRD21 and AtRD19 serve as early-response marker genes for

dehydration stress under drought and salt conditions, reflecting the

role of PLCPs in the plant’s response to abiotic stresses (Guo and Gan,

2014; Lohman et al., 1994). In Oryza sativa, PLCPs assist in pathogen

defense by broadly activating signaling pathways and transcription

factors that coordinate downstream responses. This includes the

upregulation of various disease-related proteins and the biosynthesis

of secondary metabolites, which contribute to resistance mechanisms

(Nino et al., 2020). As a critical component of the proteolytic

machinery, PLCPs are responsible for the degradation of

intracellular proteins, playing an essential role in regulating

programmed cell death (PCD). PCD is a highly regulated biological

process that is integral to numerous aspects of plant development, as
0272
well as responses to both biotic and abiotic stressors (Liu et al., 2018).

In the context ofMedicago truncatula,MtCP6 is induced during both

developmental and stress-induced nodule senescence. Its early

expression promotes nodule senescence, while MtCP77 positively

regulates root nodule aging by accelerating plant PCD and reactive

oxygen species (ROS) accumulation (Deng et al., 2019; Pierre et al.,

2014). Furthermore, PLCPs are closely associated with plant resistance

to herbivory. For instance, papain, a well-known PLCP found in the

latex exudate of papaya, plays a critical role in defending the plant

against herbivorous insects, such as lepidopteran larvae (Konno et al.,

2004). This highlights the multifaceted role of PLCPs in both plant

development and stress response, emphasizing their importance in the

regulation of cellular processes and interactions with environmental

factors. Although the functional roles of PLCPs have been extensively

investigated in other species, research on this family in N.

benthamiana remains unexplored.

Tobacco (Nicotiana benthamiana), a model plant, is widely

utilized in the study of plant innate immunity and defense signaling

pathways. It is particularly suitable for virus-induced gene silencing

and transient gene overexpression through Agrobacterium-

mediated infiltration (Bally et al., 2018). In recent years, N.

benthamiana has gained attention as a biological reactor for the

production of vaccines and therapeutic proteins (Douglas, 2018).

However, the expression of exogenous proteins in N. benthamiana

can be influenced by a variety of factors. One such factor is the

interference by endogenous proteases in N. benthamiana, which

can reduce the accumulation of exogenous proteins (Jutras et al.,

2020). Among the various protease inhibitors identified, the co-

expression of four specific inhibitors, namely SICYS8, NbPR4,

NbPot1, and human HsTIMP, has been shown to significantly

enhance the expression levels of exogenous proteins when

compared to controls (Grosse-Holz et al., 2018).The SICYS8

protease inhibitor targets papain-like cysteine proteases. Strong

inhibition of nine distinct PLCPs in N. benthamiana leaves has

been observed upon the expression of SICYS8, suggesting a direct

and potent effect on PLCP activity (Jutras et al., 2019). Although

several members of the PLCP family have been extensively studied

in N. benthamiana, a comprehensive investigation into the

phylogeny of the entire PLCP gene family has yet to be undertaken.

In this study, we utilized the latest genomic data to systematically

identify and analyze the PLCP gene family in N. benthamiana. Our

comprehensive analysis included the construction of a phylogenetic
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tree, investigation of gene structures, identification of cis-regulatory

elements, synteny analysis, expression profiling, and assessment of

how specific PLCP family members influence the expression of the

exogenous green fluorescent protein (GFP). These findings provide

valuable insights into the evolutionary dynamics and functional roles

of the PLCP gene family in N. benthamiana. Furthermore, this

research contributes to a deeper understanding of N. benthamiana

as a plant-based bioreactor, with potential applications in optimizing

protein production within this species.
2 Materials and methods

2.1 Plant materials and growth conditions

The experimental materials used in this study were the N.

benthamiana seeds kept by the Chinese Academy of Agricultural

Sciences, and the designated tobacco seeds were sown on the soil

matrix. After germination, the seedlings were transplanted to 25°C,

16 h/8 h (light/dark) photoperiod conditions to 6 to 8 leaf stage for

Agrobacterium infiltration and inoculation.Samples were taken at

0h, 3 h, 12 h, 24 h, 36 h, 48 h and 72 h, and stored at -80°C after snap

freezing in liquid nitrogen.
2.2 Identification and sequence analysis of
the NbPLCP gene family

In order to search the members of the PLCP gene family, we

downloaded the protein sequences of all the Arabidopsis PLCP family

members from the TAIR (www.arabidopsis.org) Arabidopsis

database, and analyzed these PLCP family members from the

Pfam (http://pfam.xfam.org/) database, which showed that they

generally possess the conserved domain of PF00112. Also we

downloaded the genome and protein files of the NbeHZ1 version

from the Nicomics (http://lifenglab.hzau.edu.cn/Nicomics/

index.php) website. The hidden horse model file of PLCP gene

family was found and downloaded through Pfam (http://

pfam.xfam.org/) website using the hmmsearch program to set the

E value of 1e-20 threshold; and the protein sequence of AtPLCPs

family was Query to search the possible NbPLCPs sequence through

BLAST search. The protein sequences obtained from both methods

were removed after redundancy and uploaded to CDD (https://

www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) and SMART

(http://smart.embl.de/smart/set_mode.cgi?NORMAL=1) for

domain validation to remove protein sequences without the

PF000112 domain (Finn et al., 2014; Schultz et al., 1998).

By visiting the Expasy online platform (http://www.expasy.org/

tools/protparam.html) and using its ProtParam tool, various

physiochemical properties of NbPLCP protein members,

including protein length, molecular weight, isoelectric point,

aliphatic amino acid content and hydrophobicity index. The

NbPLCP was named based on its chromosomal location

(Gasteiger et al., 2003).
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2.3 The evolutionary tree analysis of the
NbPLCPs gene family members

The PLCP protein sequences of Arabidopsis thaliana, rice (Oryza

sativa) and tomato (Solanum lycopersicum) can be downloaded from

the Uniprot database (https://www.uniprot.org). A phylogenetic tree

of these species and the PLCP proteins was constructed using

MEGA11. Sequence ratios were performed using the ClustalW

method, excluding non-conserved regions outside the aligned

domains. A phylogenetic tree was constructed using a maximum

likelihood method with a bootstrap value of 1000 (Kumar

et al., 2018).
2.4 Analysis of gene structure, protein
domains, and conserved motifs

Online tool MEME (http://meme-suite.org/) was used to

predict conserved motifs in NbPLCP proteins, with motif lengths

set to 6–100 with up to 10 motifs identified while maintaining

default values for other parameters (Bailey et al., 2015). Using Batch

CD-Search (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/

bwrpsb.cgi) for the NbPLCP family, And the visualization of their

protein-conserved domains using TBtools, Gene structure analysis

based on the genomic DNA and CDS sequences of the NbPLCP

gene family members, And using the online gene structure

visualization server 2.0 (https://gsds.gao-lab.org/Gsds_help.php)

for gene structure visualization.
2.5 Identification of cis-acting regulatory
elements in the PLCP gene

From the 2000 bp region from the genome sequence file, the cis-

regulatory elements (CAREs) of these promoter regions were then

analyzed using PlantCARE software (http://bioinformatics.psb.ugent.be/

webtools/plantcare/html/) (Lescot et al., 2002). Finally, tbtools

presents all the identified elements of the promoter region of the

NbPLCP gene as a heatmap.
2.6 Chromosomal localization and
collinearity analysis

Information on the start and stop positions of PLCPs genes was

extracted from the NbeHZ1 genome Gff3 file in TBtools software

and mapped on the corresponding chromosome. For NbPLCPs

analysis within species, TBtools software Fasta Tools and Blast

tools, including chromosome length, gene location files and

corresponding alignment files were used (Chen et al., 2020).

PLCPs were analyzed using the One step MCScan X tool, and E

value was set to 1e-5. The resulting Collinearity file was used for

fragment duplication gene analysis and Tandem file was used for

tandem repeat gene analysis (Wang et al., 2012). Use the
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KaKs_Calculator 3.0 software to calculate the non-synonymous to

synonymous substitution ratio (Ka/Ks) of homologous gene pairs

within the NbPLCP gene family (Zhang, 2022).
2.7 Experimental processing and sampling

Synthesize the nucleic acid sequence of SICYS8 (Sainsbury et al.,

2013) and construct the pEAQ::SCYS8 overexpression vector using

T4 ligation technology. Inject pEAQ::SCYS8 and TRBO::GFP into

one side of the leaves of 4-week-old Nicotiana benthamiana, and

co-inject empty pEAQ vector and TRBO::GFP into the other side of

the leaves as a control group. Take photos and collect samples 3

days later, extract total protein from the samples, and use it for

subsequent Western Blot analysis to detect the expression level of

green fluorescent protein (GFP).

Design transient silencing fragments of the NbRD21, NbCTB,

NbRD19, NbXBCP, and NbCEP subfamilies using the VIGS TOOL,

Based on the conservative sequences of the same subfamily

members, several vectors were designed to simultaneously silence

multiple genes the primers used are shown in Supplementary Table

S1. The specific vectors include: TRV2::NbRD21BD (silencing

NbRD21B and NbRD21D), TRV2::NbRD21E (silencing NbRD21E),

TRV2::NbXBCP17 (silencing NbXBCP1 and NbXBCP7), TRV2::

NbXBCP345 (silencing NbXBCP3, NbXBCP4, and NbXBCP5),

TRV2::NbXBCP26 (silencing NbXBCP2 and NbXBCP6), TRV2::

NbRD19ABC (silencing NbRD19A, NbRD19B, and NbRD19C),

TRV2::NbRD19E (silencing NbRD19E), TRV2::NbCTB13

(silencing NbCTB1 and NbCTB3), TRV2::NbCTB2 (silencing

NbCTB2), and TRV2::NbXCP123 (silencing NbXCP1, NbXCP2,

and NbXCP3).using homologous recombination technology.

Construct the TRV2::GUS vector as a control. Co-inject

Agrobacterium containing TRV2 experimental group with TRV1

into the leaves of 2-week-old Nicotiana benthamiana as the

experimental treatment, and co-inject TRV2::GUS with TRV1 as

the control. Fifteen days later, inject TRBO::GFP Agrobacterium

into the T and CK groups, take photos, and collect samples 3 days

later. Extract RNA and total protein from the samples for

subsequent quantitative fluorescence analysis and Western Blot

analysis to detect the expression level of green fluorescent

protein (GFP).
2.8 Protein extraction and Western Blot
detection

Nicotiana benthamiana leaves were ground in liquid nitrogen

using a mortar and pestle, followed by the addition of Tris-HCl

buffer (pH 8.0), 2.5 M NaCl (pH 8.0), EDTA (pH 8.0), glycerol,

100 mM PMSF, and ddH2O. The samples were incubated on ice for

30 minutes and then centrifuged at 12,000 rpm for 10 minutes at

4°C. The supernatant was collected and mixed with 5× SDS-PAGE

protein loading buffer (Solarbio P1040) at an appropriate ratio. The
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mixture was heated at 95°C for 10 minutes in a metal bath. Proteins

were separated by 12.5% SDS-PAGE gel electrophoresis and

transferred to a PVDF membrane using the Trans-Blot Turbo

system (Bio-Rad, Hercules, CA). The membrane was blocked in

TBS-T containing 5% non-fat milk and incubated with Anti-GFP

antibody (1:8000; Abcam, ab6556) and goat anti-rabbit IgG

H&amp;L (HRP) secondary antibody (1:4000; Abcam, ab6721).
2.9 RNA extraction and quantitative real-
time PCR analysis

Whole RNA of N. benthamiana from control and processing

group extracted with an RNA extraction kit (Beijing Kangwei

Century Company, CW0581M). The cDNA was reverse

transcription kit (Nanjing Norzan Biotechnology Co., Ltd., R333-

01). For real-time PCR (Real-time PCR) detection, 10-fold diluted

cDNA was used as the reaction template and a set of specific PCR

reaction process: at the starting stage, 3 minutes pre-denaturation at

95°C; then 40 PCR cycles with 10 seconds 95°C denaturation phase

and 30 seconds 60°C extension phase; and the flow parameters were

15 seconds 95°C treatment, 60 seconds 60°C treatment, and

finally 15 seconds 95°C treatment. Data were calculated and

analyzed using the 2-DDCT method (Rao et al., 2013), with

NbActin as the reference gene. The results were compared and

integrated with other data. Significance analysis was performed

using the ANOVA method with a significance level set at 0.05. The

specific primers applied in this trial are detailed in Supplementary

Table S2, and three experimental replicates were performed for

each sample.
3 Results

3.1 Identification and annotation of
NbPLCPs

Using the HMMER search technique, a total of 50 PLCP family

genes were successfully identified (Table 1). The corresponding

proteins were analyzed using protein analysis tools to determine

their physicochemical properties. The protein lengths ranged from

156 to 925 amino acids, with molecular weights ranging from

17,147.41 Da to 104,611.01 Da. The theoretical isoelectric points

(pI) varied significantly, with NbRD19G showing the highest pI and

NbTHI2 showing the lowest. NbXBCP6 exhibited the highest

instability index, while NbRD19C had the lowest aliphatic index.

These parameters enhanced our understanding of the

characteristics of the NbPLCP family, providing deeper insights

into their structure and physicochemical properties. Additionally,

the subcellular localization of the proteins encoded by NbPLCP was

predicted, and the results indicated that most family members are

localized to vacuoles and the endoplasmic reticulum. Specifically,

NbXBCP6, NbRD19C, and NbRD19F were predicted to be localized
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TABLE 1 Physicochemical characterization of PLCP gene family members in Nicotiana benthamiana.

Number of Molecular Instability
Aliphatic index Gravy

Subcellular
localization

67.04 -0.59 Vacuole

67.43 -0.45 Vacuole

69.20 -0.4 Vacuole

65.54 -0.48 Vacuole

70.02 -0.39 Vacuole

68.77 -0.59 Vacuole

70.61 -0.54 Vacuole

66.15 -0.6 Endoplasmic reticulum

65.60 -0.61 Endoplasmic reticulum

70.73 -0.47 Endoplasmic reticulum

67.07 -0.6 Endoplasmic reticulum

67.60 -0.59 Endoplasmic reticulum

68.54 -0.49 Endoplasmic reticulum

78.54 -0.39 Vacuole

79.92 -0.36 Vacuole

73.48 -0.39 Vacuole

63.15 -0.53 Vacuole

72.68 -0.37 Vacuole

71.03 -0.31 Vacuole

70.30 -0.29 Vacuole

64.72 -0.41 Vacuole

59.90 -0.59 Nucleus/Vacuole

65.21 -0.52 Vacuole

67.56 -0.36 Endoplasmic reticulum

88.14 0.09 Vacuole

67.72 -0.34 Endoplasmic reticulum

(Continued)
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amino acid weight

Theoretical pI
index

RD21

Nbe01g03680.1 NbRD21A 240 27431.64 5.33 31.13

Nbe07g24350.1 NbRD21B 470 51539.07 5.58 30.16

Nbe12g22210.1 NbRD21C 465 51108.34 5.36 36.49

Nbe13g10990.1 NbRD21D 473 51786.26 5.76 30.09

Nbe15g02990.1 NbRD21E 465 51071.20 5.12 40.99

Nbe03g10470.1 NbRDL1 374 42365.55 7.10 35.17

Nbe04g29160.1 NbRDL2 374 42280.54 6.73 36.97

CEP

Nbe05g24660.1 NbCEP1 361 40508.59 6.20 35.65

Nbe06g22830.1 NbCEP2 361 40558.46 5.78 36.28

Nbe13g08980.1 NbCEP3 357 39787.79 5.64 32.33

Nbe15g06380.1 NbCEP4 362 40565.54 6.04 29.74

Nbe16g15630.1 NbCEP5 362 40452.30 5.97 29.03

Nbe19g14710.1 NbCEP6 357 39762.79 5.91 35.26

XCP

Nbe07g17300.1 NbXCP1 355 39907.19 5.64 26.23

Nbe12g34660.1 NbXCP2 355 39921.29 5.74 23.05

Nbe16g13040.1 NbXCP3 353 39725.80 5.39 39.50

XBCP

Nbe03g28930.1 NbXBCP1 505 56728.90 5.31 48.98

Nbe03g28940.1 NbXBCP2 503 56274.89 5.26 50.14

Nbe07g20010.1 NbXBCP3 439 48169.12 5.38 39.46

Nbe13g14250.1 NbXBCP4 438 47859.87 5.59 39.33

Nbe17g00220.1 NbXBCP5 405 44255.53 5.73 41.07

Nbe18g28970.1 NbXBCP6 615 66994.26 5.39 80.87

Nbe18g28980.1 NbXBCP7 501 56188.28 5.36 47.34

THI

Nbe17g07020.1 NbTHI1 205 22224.09 5.78 25.21

Nbe18g28670.1 NbTHI2 188 19998.55 4.57 24.15

Nbe19g03320.1 NbTHI3 206 22295.99 4.99 23.12

75

https://doi.org/10.3389/fpls.2025.1565487
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


TABLE 1 Continued

Number of Molecular Instability
dex

Aliphatic index Gravy
Subcellular
localization

23.13 67.47 -0.38 Vacuole

17.51 67.38 -0.37 Vacuole

14.76 72.21 -0.38 Vacuole

24.11 63.71 -0.51 Vacuole

20.97 65.76 -0.38 Endoplasmic reticulum

19.56 66.62 -0.37 Endoplasmic reticulum

13.45 70.66 -0.29 Vacuole

25.41 65.16 -0.43 Vacuole

36.60 79.51 -0.37 Vacuole

29.26 72.59 -0.36 Vacuole

39.02 69.45 -0.31 Cell membrane/Vacuole

32.56 78.54 -0.29 Vacuole

32.17 77.46 -0.28 Vacuole

50.63 55.63 -0.98 Nucleus

31.08 77.65 -0.21 Vacuole

29.43 75.95 -0.33 Vacuole

52.12 70.71 -0.4 Nucleus/Vacuole

31.97 79.89 -0.42 Vacuole

38.60 68.11 -0.57 Golgi/Vacuole

37.56 79.86 -0.25 Vacuole

23.55 81.28 -0.13 Vacuole

40.99 94.33 -0.11 Chloroplast/Vacuole

37.47 80.03 -0.22 Vacuole

37.69 83.77 -0.16 Vacuole
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SAG12

Nbe03g29120.1 NbSAG12A 340 37474.88 5.06

Nbe16g10350.1 NbSAG12B 332 36623.07 5.29

Nbe17g18710.1 NbSAG12C 339 38061.05 6.55

Nbe18g19100.1 NbSAG12D 340 37952.64 6.67

Nbe18g28710.1 NbSAG12E 340 37140.68 6.61

Nbe18g28720.1 NbSAG12F 340 37129.60 5.76

Nbe18g28730.1 NbSAG12G 286 31339.30 6.60

Nbe18g28820.1 NbSAG12H 289 31816.93 6.89

Nbe17g18720.1 NbPAP1 324 36210.83 5.22

Nbe18g28680.1 NbPAP2 348 38704.14 4.96

Nbe18g28700.1 NbPAP3 201 22575.73 5.96

RD19

Nbe01g01530.1 NbRD19A 370 40804.10 6.01

Nbe02g13940.1 NbRD19B 370 40808.02 5.95

Nbe05g01930.1 NbRD19C 925 104611.01 8.43

Nbe06g32440.1 NbRD19D 387 42571.46 6.73

Nbe07g19880.1 NbRD19E 365 40284.39 6.13

Nbe08g09060.1 NbRD19F 156 17147.41 8.25

Nbe12g02110.1 NbRD19G 265 30432.11 9.01

Nbe14g32420.1 NbRD19H 238 26538.79 6.00

ALP
Nbe09g10400.1 NbALP1 359 39666.02 8.25

Nbe14g17540.1 NbALP2 360 39207.60 6.94

CTB

Nbe03g25810.1 NbCTB1 862 95608.36 5.11

Nbe03g25840.1 NbCTB2 357 39586.01 6.12

Nbe04g13100.1 NbCTB3 361 39876.46 6.00
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to the nucleus, NbRD19H was predicted to be localized to the Golgi

apparatus, and NbPAP3 was predicted to be localized to the

membrane, while NbCTB1 was predicted to be localized to both

vacuoles and chloroplasts.
3.2 Phyloevolutionary analysis of the
NbPLCP families

To further investigate the evolutionary relationships of

NbPLCP, we constructed a phylogenetic tree using PLCP protein

sequences from different species (Figure 1). Based on previous

studies, PLCPs were classified into nine subfamilies: CTB, ALP,

RD19, SAG12, CEP, THI, XBCP, XCP, and RD21. The NbPLCP

family members are distributed across these nine subfamilies. The

ALP subfamily contains the fewest NbPLCP members, with only

two members; the CTB, THI, and XCP subfamilies each contain

three members; the CEP subfamily has six members; the RD21 and

XBCP subfamilies each have seven members; and the RD19

subfamily contains eight members. The SAG12 subfamily has the

largest number of NbPLCP members, with eleven. Evolutionary
Frontiers in Plant Science 0777
analysis across different species indicates that the evolutionary

mechanisms of the PLCP gene family are relatively conserved.
3.3 Conserved motifs, protein structure,
and gene structure analysis of NbPLCPs

We analyzed the gene structure of NbPLCPs, and showed that

these genes contained more than one exon, ranging from 1 to 20

(Figure 2), number of the same exons for the same members of the

same subfamily.Such as the number of exons in the XCP subfamily,

the XBCP subfamily, and the CEP subfamily. The member with the

highest number of exons, NbCTB1, located in the CTB subfamily,

has 20 exons. Although other subfamily members do not have

uniform numbers of exons, they possess very close numbers

of exons.

To further understand the structural and functional

characteristics of NbPLCPs family members, 10 conserved motifs

in NbPLCPs proteins were identified using MEME software

(Figure 2), with only one Motif4 in NbRD19F and all members

except NbRD19G without Motif4 having Motif4. Where Motif1 is
FIGURE 1

Evolutionary relationships of members of the NbPLCP family with Arabidopsis, tomato and rice.
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present in other members except the four members, NbRD19F,

NbTHI1, NbTHI3 and NbSAG12G. Combined with the

phylogenetic tree, we shows that the protein structure of the

members on the same branch is basically consistent, suggesting
Frontiers in Plant Science 0878
that the members on the same branch may continue their function.

In summary, the analysis of conserved motifs, protein domains, and

gene structure of gene family members provides strong evidence for

the results of the phylogenetic analysis.
FIGURE 2

Structure and motif analysis of the NbPLCPs gene. (A) Phylogenetic tree of NbPLCPs constructed using MEGA. (B) A map of the exon structures
displayed using the GSDS web site. (C) Analysis of 10 Motifs in the meme website construction. (D) Analysis of the conserved motifs.
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3.4 Gene duplication analysis and
chromosomal distribution of NbPLCPs

In order to better understand the distribution of the NbPLCP gene

family members across the genome, based on the current N.
Frontiers in Plant Science 0979
benthamiana genome, 50 NbPLCP genes are unevenly distributed

across 17 of the 19 chromosomes (Figure 3). Chromosome 18 harbors

the highest number of NbPLCP genes (10 genes), while chromosomes

2, 8, and 9 contain only one NbPLCP gene each. Two NbPLCP genes

are located on chromosomes 1, 4, 5, 6, 14, 15, and 19 respectively,
FIGURE 3

(A) Chromosome positioning is based on the location of 17 chromosomes (Mb), the proportion on the left is trillion 1 billion (Mb), and the number of
chromosomes is located on the left of each chromosome. (B) The inter-genomic collinearity of PLCP genes in N. benthamiana. The red line
represents the segmental duplication event among PLCP family members.
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whereas three NbPLCP genes are found on chromosomes 12, 13, and

16. Chromosomes 7 and 17 each possess four NbPLCP genes, and

chromosome 3 accommodates six NbPLCP genes. Subsequent

analyses identified 22 segmental duplication events among 23

NbPLCP genes, with the NbXBCP5/NbTHI3 segmental duplication

occurring across two subfamilies, while the remaining 21 segmental

duplications occurred within the same subfamily. Notably, no tandem

duplications were detected, suggesting that segmental duplications

play a pivotal role in the evolution of the NbPLCP gene family.

Additionally, the selection pressure analysis of the NbPLCP genes

(Table 2) revealed that the Ka/Ks value for the NbXBCP5/NbTHI3

gene pair (0.543), although less than 1, is greater than 0.5, indicating

strong functional constraints on these genes during evolution, with

certain sites undergoing adaptive changes.
3.5 Investigation of co-linear relationships
between N. benthamiana and other species

In order to enhance our understanding of the evolutionary

relationships within the NbPLCP gene family, we conducted a

comparative analysis. This analysis examined the collinearity of

NbPLCP genes in N. benthamiana with those from three other plant

species (see Figure 4). The results indicated that there are 33, 15, and

2 NbPLCP genes exhibiting collinearity with the NbPLCP genes of

tomato, Arabidopsis, and rice, respectively. Among these three

species, the number of collinear gene pairs between N.

benthamiana and each species was found to be 52, 23, and 2,

respectively. Notably, the genes NbRD19A, NbRD21A, NbRDL1,

NbSAG12A, NbRDL2, NbCEP1, and NbXCP2 in N. benthamiana

displayed consistent chromosomal positions with their homologous
FIGURE 4

Synteny analysis between Nicotiana benthamiana and other species. Gray lines indicate all collinear relationships between different chromosomes,
while colored lines represent collinear analysis specific to NbPLCP family genes. (A) Synteny analysis between N. benthamiana and Solanum
lycopersicum. (B) Synteny analysis between N. benthamiana and Arabidopsis thaliana. (C) Synteny analysis between N. benthamiana and
Oryza sativa.
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TABLE 2 Ratios of nonsynonymous (Ka) and synonymous (Ks) of
NbPLCP gene fragment duplication pairs in Nicotiana benthamiana.

Gene pairs Ka Ks Ka/Ks

NbRD19A/NbRD19B 0.014 0.148 0.096

NbRD19A/NbRD19E 0.195 1.659 0.118

NbRD21A/NbRDL1 0.285 3.781 0.075

NbRD21A/NbRDL2 0.312 2.760 0.113

NbRD19B/NbRD19E 0.213 2.023 0.105

NbRDL1/NbRDL2 0.027 0.139 0.193

NbRDL1/NbRD21B 0.337 1.594 0.212

NbRDL1/NbRD21D 0.331 1.613 0.205

NbCTB2/NbCTB3 0.127 0.450 0.281

NbRDL2/NbRD21B 0.334 1.910 0.175

NbRDL2/NbRD21D 0.341 1.774 0.192

NbCEP1/NbCEP2 0.008 0.145 0.057

NbCEP1/NbCEP5 0.086 0.627 0.137

NbCEP2/NbCEP4 0.074 0.640 0.116

NbCEP2/NbCEP5 0.079 0.610 0.130

NbXCP1/NbXCP2 0.011 0.156 0.069

NbXCP1/NbXCP3 0.081 0.770 0.106

NbXBCP3/NbXBCP4 0.020 0.108 0.184

NbXCP2/NbXCP3 0.082 0.663 0.124

NbCEP3/NbCEP6 0.013 0.086 0.154

(Continued)
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genes in tomato, suggesting that these genes have maintained a

similar genomic structure throughout evolution. In contrast, within

the collinear gene pairs with Arabidopsis, only NbCEP1 exhibited

consistent chromosomal positioning with its homologous gene in

Arabidopsis. The differences in ecological adaptability between N.

benthamiana and rice reflect the distinct selective pressures they
FIGURE 5

Analysis of promoter cis-acting elements in response to light signal, phytohormone, growth and development, and abiotic stress.
TABLE 2 Continued

Gene pairs Ka Ks Ka/Ks

NbCEP4/NbCEP5 0.014 0.118 0.122

NbXBCP5/NbTHI3 0.027 0.049 0.543
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have encountered during evolution, leading to diversity in genomic

structure and function. The comparative genomic data between N.

benthamiana, tomato, Arabidopsis, and rice reveal significant

insights into their evolutionary relationships, gene homology, and

functional conservation, providing a foundational understanding of

plant genetic diversity and evolutionary history.
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3.6 Analysis of promoter cis-acting
elements of NbPLCP gene

Research into NbPLCP’s potential involvement in stress

responses necessitates a thorough analysis of the cis-acting

elements within the promoter regions of these genes. This study
FIGURE 6

Analysis of NbPLCP gene expression patterns under viral infection treatment based on RNA-seq data. The legend represents the expression levels of
NbPLCP genes, ranging from high expression (red) to low expression (white).
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aims to uncover various elements associated with abiotic and biotic

stresses, plant hormones, and growth and development (Figure 5),

offering significant insights into the regulatory mechanisms of

NbPLCP in response to environmental stimuli. Under abiotic and

biotic stresses, genes in the NbRD21 subfamily display diverse

expression patterns under adverse conditions. Notably, NbRD21D

possesses high binding capacities to promoter elements like DRE

and MBS, highlighting its crucial role in drought and salt stresses.

By modulating the expression of genes related to stress resistance,

members of the NbRD21 subfamily enhance the plant’s adaptability

to environmental pressures. NbCEP2 shows maximum enrichment

under cold and salt stresses, indicating its significance in adversity

response. Moreover, NbXCP1’s high enrichment under oxidative

stress suggests its link to plant antioxidative capabilities, potentially

enhancing stress resistance through the modulation of relevant

signaling pathways. Within the NbSAG12 subfamily, increased

enrichment of NbSAG12B on drought and high temperature

regulatory elements suggests its key role in plant senescence and

stress response. Additionally, changes in the enrichment of

adversity cis-acting elements in members of the NbALP and

NbCTB subfamilies also demonstrate their roles in plant growth

and stress resistance. Particularly, the cold and saline-alkali stress

elements of NbCTB2 underscore its critical role in plant stress

resistance. Finally, variations in multiple adversity elements in

members of the NbRD19 subfamily further emphasize the

importance of promoter elements in regulating plant

stress responses.
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3.7 NbPLCP dynamic expression patterns in
response to viral infection

To gain a better understanding of the role of the NbPLCP

protease family in the N. benthamiana bioreactor, this study

analyzed the dynamic expression patterns of NbPLCP in response

to viral infection (Figure 6). Most members of this family responded

to viral infection at varying degrees across different time points, with

diverse time-dependent expression characteristics observed among

different genes during the infection process, reflecting their potential

roles in plant immune responses. Furthermore, some genes displayed

stage-specific expression peaks, such as NbRD21C, which

significantly increased after 12 hours of infection and then

decreased, suggesting that it may have a key regulatory function at

specific stages of infection. Similarly, the NbXCP and NbRD19

subfamily genes exhibited coordinated expression changes,

indicating that they may be regulated by a common regulatory

network, potentially participating in the regulation of the same

biological pathway or engaging in crosstalk between different

immune signaling pathways. The synchronous expression observed

within gene clusters further suggests the involvement of potential

regulatory factors and co-regulatory mechanisms in driving their

responses. For instance, NbXCP1, NbXCP2, and NbXCP3 exhibited

similar expression patterns, gradually increasing after infection,

peaking at 48 hours, and then slightly declining thereafter. These

findings highlight the intricate regulatory networks and diverse

functional roles of NbPLCP family members in plant immunity.
FIGURE 7

(A) Agroinfiltration of Nicotiana benthamiana leaves, with 35s::GFP infiltrated on the left side and a 1:1 mixture of 35s::GFP and 35s::SICYS8 infiltrated
on the right side. (B) Western blot analysis of the samples from panel B, showing the detection results of GFP protein (molecular weight: 27 kDa).
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3.8 The protease inhibitor SICYS8
enhances the expression of exogenous
GFP protein

Previous studies have shown that the protease inhibitor SICYS8

inhibits the hydrolytic activity of the PLCP protease family, thereby

increasing the expression of exogenous proteins in N. benthamiana.

In this study, we transiently expressed GFP along with SICYS8 in N.

benthamiana to investigate the impact of the NbPLCP protease

inhibitor SICYS8 on the biological response of the N. benthamiana

bioreactor. From the phenotype, it was observed that the green

fluorescence intensity on the right side, where only GFP was

expressed, was lower than on the left side, where both SICYS8 and

GFP were co-expressed (Figure 7).Western blot analysis revealed that

the GFP protein content was significantly higher in the samples co-

expressing SICYS8 compared to the control group (Figure 7). This

indicates that SICYS8 can enhance the expression of recombinant

proteins in N. benthamiana by inhibiting the activity of proteinases.
3.9 The effect of PLCP family members on
the expression of exogenous GFP in
Nicotiana benthamiana

As shown in Figure 6, following infection with exogenous

viruses, changes in the expression levels of PLCP family members

are primarily concentrated in the NbRD21, NbCTB, NbRD19,

NbXBCP, and NbCEP subfamilies. Based on the phylogenetic

relationships of these subfamily members illustrated in Figure 2,

we constructed ten transient silencing vectors: TRV2::NbRD21BD,

TRV2::NbRD21E, TRV2::NbXBCP17, TRV2::NbXBCP345, TRV2::

NbXBCP26, TRV2::NbRD19ABC, TRV2::NbRD19E, TRV2::

NbCTB13, TRV2::NbCTB2, and TRV2::NbXCP123 . Using

transient silencing technology, these genes were knocked down.

Following the knockdown, the plants were infected with green

fluorescent protein (GFP), and the GFP expression level was

observed and measured.

The results of the comparison showed that GFP fluorescence

intensity in NbXCP123-silenced plants was higher than that in the

control plants (Figure 8). As shown in Figure 8, the expression levels

of three genes, NbXCP1, NbXCP2, and NbXCP3, were analyzed in

Nicotiana benthamiana leaves infected with either GFP or an empty

vector control over a three-day period. Compared to the control

group, significant changes were observed in the GFP-infected plants

after 24 hours. Specifically, the expression of NbXCP1 and NbXCP3

increased overall and stabilized after 24 hours, while NbXCP2

showed an initial increase followed by a decrease. Figure 8

presents the results of a Western blot analysis of GFP expression

in NbXCP123-silenced plants and control plants. The results

indicate that GFP expression in the NbXCP123-silenced plants

was higher than in the control plants. As shown in Figure 8, the

three target genes, NbXCP1, NbXCP2, and NbXCP3, were

significantly downregulated in NbXCP123-silenced plants

compared to the control plants. These results demonstrate that
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the expression levels of XCP subfamily members in Nicotiana

benthamiana were indeed altered after the infection with the

exogenous GFP protein, showing a marked increase. Moreover,

an obvious elevation in GFP expression was observed and detected

in the transiently silenced plants.
4 Discussion

The PLCP (Papain-Like Cysteine Protease) family is one of the

most abundant cysteine protease families in plants, participating in

various life processes, including senescence, pollen development,

fruit ripening, and seed germination (Liu et al., 2018). To date,

systematic analyses of the PLCP family have been conducted in

species such as Arabidopsis thaliana (Richau et al., 2012), rice (Nino

et al., 2020), chili pepper (Chen et al., 2024), soybean (Yuan et al.,

2020), grape (Kang et al., 2021), and papaya (Liu et al., 2018). In this

study, we identified 50 members of the PLCP family in the genome

of N. benthamiana. Phylogenetic analysis classified these genes into

nine subfamilies, with members of the same subfamily showing

similarities in gene structure and conserved motifs. The differences

in amino acid length, molecular weight, isoelectric point, aliphatic

amino acid ratio, hydrophobicity index, and chromosomal location

of NbPLCP proteins suggest that these variations may be related to

the functional diversity of these family members.

Gene structure analysis reveals significant differences in intron

and exon compositions among the members of the N. benthamiana

PLCP gene family. For example, members of the XCP, XBCP, and

CEP subfamilies exhibit consistency in the number of exons,

reflecting the conservation of these genes in specific biological

functions. The lack of conserved motifs in some PLCP family

members suggests potential functional diversification within the

family, indicating that NbPLCP proteins may play diverse roles in

various physiological processes. Members from the same

evolutionary branch display highly consistent protein structures,

pointing to functional conservation throughout evolution. By

integrating conserved motif and gene structure analysis, the

reliability of the phylogenetic tree is further validated, providing

strong support for functional predictions of family members.

Additionally, 50 members of the N. benthamiana PLCP gene

family are distributed across 17 chromosomes (Table 1, Figure 3).

Among these, 22 pairs of segmental duplication genes were

identified, involving 23 NbPLCP genes, while no tandem

duplication gene pairs were detected. This contrasts with previous

studies in other species, where tandem duplication gene pairs were

more likely to occur than segmental duplications within the PLCP

family members of grapevines (Kang et al., 2021). Similar findings

were also observed in papaya (Liu et al., 2018). This suggests that

segmental duplication plays a crucial role in the evolution of the

NbPLCP gene family. Moreover, the Ka/Ks ratio for all gene pairs

was less than 1, indicating that these gene pairs have undergone

purifying selection to prevent the spread of harmful mutations.

Comparative genomics analysis revealed 52 pairs of collinear genes

between N. benthamiana and tomato, 23 pairs with Arabidopsis,
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and 2 pairs with rice. These results highlight the significant

evolutionary relationship, gene homology, and functional

conservation between N. benthamiana and these species,

providing fundamental insights into plant genetic diversity and

evolutionary history.

This study provides an in-depth analysis of the phylogeny, gene

structure, and the impact of PLCP genes on the expression of

exogenous green fluorescent protein (GFP), revealing the importance

of PLCPs in plant physiological processes and their potential

applications in bioreactors. Previous studies have shown that PLCP

protease families are common targets for pathogen effectors (Misas-

Villamil et al., 2016), such as XCP2 (Zhang et al., 2014) and CEP2
Frontiers in Plant Science 1585
(Mueller et al., 2013). The VvRD21–1 gene plays a significant role in

disease resistance in Vitis vinifera L (Kang et al., 2021). Similarly, in

cotton, the orthologous gene GhRD21–7 of NbRD21D in N.

benthamiana has been shown to enhance resistance to Verticillium

dahliae in overexpression plants (Zhang et al., 2019). The results

indicate that PLCP family members exhibit significant expression

changes during plant development and stress responses. We found

that genes such as NbTHI2 and NbCEP1 are rapidly activated in the

early stages of infection, exhibiting characteristics typical of acute

response mechanisms, suggesting their involvement in the initiation

of defense responses and signal transduction during the early stages of

viral invasion. In contrast, genes such as NbRD21D and NbALP2
FIGURE 8

(A) Phenotypic comparison of TRBO::GFP infection in control plants and NbXCP123-silenced plants. (B) The expression levels of NbXCP1, NbXCP2,
and NbXCP3 in Nicotiana benthamiana infected with TRBO::00 and TRBO::GFP were analyzed at 0 h, 3 h, 12 h, 24 h, 36 h, 48 h, and 72 (h) (C)
Western blot analysis of GFP expression in control plants and NbXCP123-silenced plants. (D) Expression levels of NbXCP1, NbXCP2, and NbXCP3 in
control plants and NbXCP123-silenced plants.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1565487
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Yang et al. 10.3389/fpls.2025.1565487
maintain high expression levels throughout the infection process,

suggesting they may play broader regulatory roles at multiple stages

of the immune response. These findings suggest that silencing,

knockout, or mutation of PLCP family members in plants makes

them more susceptible to pathogen infection.

Through functional analysis of PLCP family members, we found

that specific PLCP inhibitors (such as SICYS8) can significantly

enhance the expression of exogenous GFP, indicating that the

interference with endogenous proteases is a key factor affecting their

accumulation. In the experiments, the GFP expression in plants with

NbXCP123 silencing was significantly higher than in the control group,

further validating the potential role of PLCPs in regulating exogenous

protein expression. This finding provides a new strategy for optimizing

N. benthamiana as a bioreactor, where the silencing or knockout of the

genes NbXCP1, NbXCP2, and NbXCP3 can potentially enhance the

yield of vaccines and therapeutic proteins. Furthermore, the

phylogenetic and gene structure analysis of the PLCP family lays the

foundation for understanding its functional diversity. Although some

PLCPmembers have been studied previously, this research fills the gap

in phylogenetic analysis, revealing the conservation and specificity of

PLCPs in different plant species. This work paves the way for future

comparative functional studies of PLCPs in multiple plant species.
5 Conclusion

In summary, this study identified 50 members of the NbPLCP

protease family through genome-wide analysis. The functional roles

of the PLCP family in N. benthamiana and their importance in

exogenous protein expression were thoroughly investigated,

highlighting the potential of PLCP in plant physiology and

biotechnological applications. Future research should further

explore the regulatory mechanisms of PLCP and how these

mechanisms can be leveraged to improve plant stress resistance

and the efficiency of exogenous protein expression, thereby

advancing the application of plant-based bioreactors.
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Engineering the moss 
Physcomitrium patens to 
produce proteins with 
paucimannosidic glycans 
Jessica Jonner, Benjamin Fode, Jonas Koch, Sören Boller, 
Paulina Dabrowska-Schlepp, 
Andreas Schaaf and Christian Sievert* 

Eleva GmbH, Freiburg, Germany 
The moss Physcomitrium patens is an advantageous host for the production of 
biopharmaceutical proteins, particularly due to the ease of glyco-engineering. 
However, the ability to produce proteins with paucimannosidic (MM) glycans in 
this species currently depends solely on the nature of the product. MM glycans 
offer benefits for some therapeutic proteins by facilitating their import into target 
cells via a presumed mannose receptor. Here, we describe the use of Spodoptera 
frugiperda enzymes expressed in moss to produce recombinant human 
lysosomal acid a-glucosidase with mainly MM glycans. We tested the 
expression of mannosidase type III and a hexosaminidase by varying the 
promoter strength and protein localization. The parental line produced 
recombinant a-glucosidase with no detectable MM glycans at all, whereas the 
weak expression of mannosidase type III targeted to the medial Golgi produced 
4% MM glycans. The strong expression of a hexosaminidase targeted to the 
extracellular space increased the MM glycan content to 43.5%. Unlike previous 
attempts to express proteins with MM glycans in plants, neither of our introduced 
modifications interfered with growth or recombinant protein production. Our 
data confirm that the finely tuned expression and cellular localization of the 
glycosylation machinery can improve the efficiency of glyco-engineering. We 
also exploit the assembly of DNA fragments in vivo, which overcomes the 
limitations of traditional knock-in methods and facilitates the screening of 
different genetic elements. Our combined methods therefore represent the 
first straightforward approach allowing the production of recombinant proteins 
with abundant MM glycans. 
KEYWORDS 

paucimannosidic glycans, glyco-engineering, lysosomal acid a-glucosidase, 
Physcomitrium patens, hexosaminidase 
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Introduction 

The moss Physcomitrium (Physcomitrella) patens has unique 
advantages as a host for the production of biopharmaceuticals, 
including its amenity for glyco-engineering (Decker and Reski, 
2020). The glycan profile of a therapeutic protein can influence its 
stability and functionality and is therefore a critical quality attribute 
in biopharmaceutical manufacturing (Strasser, 2023). Although 
glycosylation patterns tend to be more homogenous and stable in 
moss compared to other platforms, the specific glycan profile 
depends on the host strain and the product. For example, moss-

derived human a-galactosidase A (Repleva AGAL, RPV-001), 
which has completed phase I clinical trials (Hennermann et al., 
2019), features 57% paucimannosidic (MM) N-linked glycans (Shen 
et al., 2016). This facilitates the uptake of the drug by target cells, 
presumably via a yet unknown mannose receptor. In contrast, 
human lysosomal acid a-glucosidase (Repleva GAA, RPV-002) 
produced in the same host features mainly N-linked glycans 
terminating with N-acetylglucosamine (GlcNAc), giving the 
typical GnGn profile of most proteins expressed in moss (Hintze 
et al., 2020). It would be beneficial to develop engineered moss 
strains that produce GAA and other proteins with MM glycans to 
improve their uptake into target cells. 

The GnGn profile generally found on moss proteins results 
from a stereotypical series of reactions in which the core 
Man8 structure is pared back to Man5 by mannosidase I 
(ManI), followed by the transfer of a GlcNAc residue by 
N-acetylglucosaminyltransferase I (GnT-I), the cleavage of two 
terminal mannose residues by ManII (yielding GnM), and a 
further transfer of GlcNAc by GnT-II (Supplementary Figure S1). 
Proteins such as AGAL that naturally display MM glycans in moss 
are presumed to have structures with a higher affinity for (and/or 
longer colocalization with) endogenous hexosaminidases, which 
cleave off terminal GlcNAc residues, potentially in addition to a 
lower affinity for GnT-II. In contrast, invertebrates such as the 
armyworm moth Spodoptera frugiperda are known for their 
dominant MM glycans (Shi and Jarvis, 2007), reflecting the 
presence of a unique ManIII that can cleave terminal mannose 
residues from Man5 before GnT-I has attached GlcNAc, and is thus 
able to create MM glycans directly (Kawar et al., 2001). GlcNAc 
residues, which form due to competition for the substrate by GnT-I, 
can be cleaved by several hexosaminidases. These include the 
unique fdl gene product, which is found only in insects and 
specifically cleaves a3-branch GlcNAc residues, as well as broad-
spectrum hexosaminidases involved in N-glycan and chitin 
degradation, which act on both GlcNAc branches (Geisler 
et al., 2008). 

In an effort to increase the proportion of MM glycans in moss, we 
exploited the expression of ManIII to trim oligomannose structures, 
and hexosaminidase to remove unwanted GlcNAc residues. We 
found that the expression level and localization of both enzymes 
was a key determinant of efficiency, and that the fine tuning of 
expression was necessary to optimize the MM glycan content. 
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Materials and methods 

Plant material and cultivation 

All strains used in this study were glyco-engineered descendants 
of Physcomitrium patens (Hedw.) Mitt. ecotype “Gransden 2004” 
expressing recombinant human GAA and were cultivated on 
standard moss medium. Detailed strain description and 
cultivation conditions can be found in Text S1. 
Cell line engineering 

Transgenes were synthesized and transferred into our standard 
expression vector or assembled in vivo. Moss protoplasts were 
transformed via PEG-based method. Stably transformed moss 
clones were genotyped by PCR and transgene expression was 
quantified by real-time RT-PCR (qRT-PCR). Glycan profile was 
evaluated in 180-mL shake-flask cultures by high-performance 
liquid chromatography electrospray ionization mass spectrometry 
(HPLC-ESI-MS) analyses of in-gel digested GAA samples after 
sodium dodecylsulfate polyacrylamide electrophoresis (SDS-PAGE) 
separation of secreted proteins. For gel loading, GAA was quantified 
using an enzyme assay (Hintze et al., 2020). Additional details are 
included in Text S1. 
Protein production and glycan analysis 

We used 1-L cultures in a stirred-tank bioreactor to represent 
production conditions as previously described (Hintze et al., 2020). 
Moss culture, GAA enzyme activity assays to determine clonal 
productivity, SDS-PAGE under reducing conditions, column 
purification, and the analysis of N-glycans by hydrophilic 
interaction liquid chromatography (HILIC) were carried out as 
previously described (Hintze et al., 2020). Purified GAA was 
quantified  by  s ize-exclusion  high-performance  l iquid  
chromatography (SE-HPLC). Briefly, GAA was loaded onto a 
Yarra SEC-3000 column in a 25 mM sodium phosphate running 
buffer (pH 6.5) with 100 mM NaCl. For isocratic elution, we applied a 
flow rate of 0.75 mL/min for 30 min. For quantification, the peak area 
was analyzed using freely available GAA (Myozyme) as a reference. 
Results 

We expressed S. frugiperda ManIII in the high-performance 
GAA-producing moss line Pp_P_GAA-1#007, which has been 
modified to eliminate the xylT and fucT gene products needed for 
the synthesis of plant-specific a-1,3-fucose and b-1,2-xylose 
residues (Koprivova et al., 2004) as well as GnT-I, thus yielding 
high-mannose N-linked glycans mainly with the structure Man5 

(Figure 1A). We expressed ManIII under the control of the strong 
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FIGURE 1 

Cell line engineering, screening, and glycan profiling. Two parental lines expressing GAA with mainly GnGn (Pp_P_GAA-1#001) or Man5 (Pp_P_GAA-
1#007) glycans were glyco-engineered to favor MM glycans by expressing SfManIII or SfHexo under the control of strong or weak promoters, and 
with targeting to early or late Golgi vessels using a transmembrane domain, or without a domain fusion for secretion. (A) SfManIII was used to cleave 
Man residues from Man5 glycans. (B) Transcript levels. (C) Proportions of different glycans. (D) SfHexo was used to cleave GlcNAc residues from 
GnGn glycans. (E) Transcript levels. (F) Proportions of different glycans. Transcript levels are shown as boxplots and are reported as 2-DCT values 
(Schmittgen and Livak, 2008) representing the relative fold change related to endogenous actin mRNA (n = 4 including two technical and two 
biological replicates, nd = not detected; significance of difference between high and low transgene expression determined using a Mann–Whitney 
U-test; Text S1). Glycan proportions in (C, F) were determined by HPLC-ESI-MS for the quantification of glycosylated peptides. 
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endogenous  moss  actin  promoter  and  fused  i t  to  the  
transmembrane domain of endogenous moss ManII for 
localization to the Golgi, where its substrate is found (Figures 2, 
S1). Having verified transgene integration and transcription 
(Supplementary Figures S3, 1B), we screened for MM glycans in 
GAA recovered from the supernatant of shake-flask cultures 
following protein separation by SDS-PAGE. However, HPLC-ESI-

MS analysis did not detect any MM glycans (Figure 1C). 
Overloading the protein secretion machinery can be 

detrimental (Torres et al., 2022), so we expressed the ManIII 
under the control of the weaker fucT promoter by using 
homologous recombination to create a single-copy knock-in 
strain at the disrupted fucT locus. To provide an expression 
cassette for the genetic transformation of moss cells, we delivered 
small PCR fragments, representing the required genetic elements 
and coding sequences (Supplementary Figure S2), into the cells and 
used the in vivo assembly capabilities of moss for stable genetic 
transformation. With this approach, we achieved a knock-in success 
rate of 15.8% (Supplementary Figure S4). Transcript analysis 
confirmed that the SfManIII transgene was expressed at a lower 
level when driven by the fucT promoter, verifying the knock-in 
strategy (Figure 1B). HPLC-ESI-MS analysis revealed the presence 
of a small quantity of MM glycans in clones T9#009 (4%) and 
T9#296 (0.1%), relative to the sum of all identified and glycosylated 
GAA peptides (Figure 1C). 
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We previously generated Repleva GAA with MM glycans by 
using the bacterial hexosaminidase b-N-acetylglucosaminidase S 
from Streptomyces plicatus (SpHexo) for the modification of 
purified GAA in vitro (Hintze et al., 2020). However, when we 
expressed SpHexo in the high-performance GAA-producing moss 
line Pp_P_GAA-1#001, which has been modified to eliminate the 
xylT and fucT genes (Koprivova et al., 2004) but retains GnT-I and 
therefore synthesizes mainly GnGn glycans (Figure 1D), we were 
unable to detect SpHexo transcription in any transgenic lines after 
several attempts to achieve stable transgene integration (data not 
shown). This suggests the product is toxic (Text S3). The addition of 
a signal peptide targeting the protein for secretion to avoid 
interference with Golgi-resident host proteins did not resolve this 
issue. We therefore expressed the broad-spectrum S. frugiperda 
hexosaminidase (SfHexo) in the same parent strain, this time fusing 
the protein to the transmembrane domain of FucT and following 
the same expression strategy as described above for SfManIII. We 
used the strong actin promoter for SfHexo and obtained clones with 
varying expression levels during screening (Figures 1E, S5), but 
again detected no MM glycans by HPLC-ESI-MS (Figure 1F). 
Localization within the late Golgi may prevent enzyme processing 
for activation or limit the colocalization of SfHexo with its substrate, 
so we expressed a soluble SfHexo without a transmembrane domain 
instead. This finally yielded two clones with 34.1% (T7#006) and 
15.2% (T7#267) MM glycans, respectively (Figure 1F). 
FIGURE 2 

Linear DNA constructs used to express SfManIII under the control of (A) the strong actin promoter (Pact) or  (B) the weak fucosyltransferase 
promoter (fucT) and to target the SfManIII product to the cis-Golgi, to target SfHexo to (C) the trans-Golgi or (D) for secretion, and (E) to target 
SpHexo for secretion. All major elements are specified in Supplementary Table S1. HygR, hygromycin-resistance cassette; SP, signal peptide; Ter, 
terminator; TMD, transmembrane domain; UTR, untranslated region. 
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To quantify the portion of MM glycans in a production setting, 
we repeated the cultivation in a stirred-tank bioreactor using the 
best-performing strain (T7#006) along with the parent strain. 
During a 14-day cultivation experiment, both strains showed 
comparable  morphology,  growth  and  GAA  production  
(Figures 3A-C). We extensively purified the GAA (Figure 4A, 
Text S2) to enable product-specific quantification of the cleaved 
glycans by HILIC, confirming that the GAA features up to 43.5% 
MM glycans (including methylated derivatives) and the GnGn 
content fell from 61.5% in the parental strain to 15.2% in the 
engineered line (Figures 4B, C). 
Discussion 

Glycosylated therapeutic proteins usually feature complex 
glycans terminated with GlcNAc or sialic acid residues (Kim 
et al., 2009; Shin et al., 2017). However, paucimannosidic (MM) 
N-glycans facilitate the uptake of proteins via mannose receptors, as 
shown for AGAL (Shen et al., 2016) and potentially for other 
lysosomal storage disease-associated proteins such as GAA (Platt 
et al., 2018). Recombinant proteins with MM glycans can be 
produced by cleaving off GlcNAc residues in vitro using a 
bacterial hexosaminidase, but this adds a process-related impurity 
that must be removed in a subsequent step, increasing costs (Hintze 
et al., 2020). The direct formation of MM glycans in the production 
host would be more elegant, as achieved when using the baculovirus 
expression system in Sf9 insect cells due to their prominent 
Frontiers in Plant Science 05 92
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hexosaminidase activity (Bonten et al., 2004; Shi and Jarvis, 
2007). Plant expression hosts typically produce complex-type N-
linked glycans terminated with GlcNAc residues (Hanania et al., 
2017; Hintze et al., 2020; Sariyatun et al., 2021; Tschongov et al., 
2024), although MM is found more rarely (Shaaltiel et al., 2007; 
Shen et al., 2016). Strategies that favor MM glycans include 
directing recombinant proteins to the vacuole, which contains 
hexosaminidases (Tekoah et al., 2015), or using the Arabidopsis 
alg3 mutant, which inhibits glycan maturation in the Golgi, 
although the latter induces ER stress and reduces overall yields 
(Sariyatun et al., 2021). We decided to equip our moss platform 
with the enzymes needed to produce MM glycans to expand our 
glyco-engineering toolbox and benefit from our previous 
achievements, i.e. efficient secretion of a recombinant protein 
lacking plant-specific xylose and fucose residues (Hintze et al., 
2020). The hereby tested in vivo assembly approach offers a 
straightforward approach to facilitate cell line engineering (King 
et al., 2016; Text S3). 

SfManIII was suitable for the production of recombinant GAA 
with MM glycans but it was important to tune the expression levels 
carefully to avoid overloading the secretion machinery (Torres et al., 
2022). We fused SfManIII to the transmembrane domain of moss 
ManII to ensure localization in early Golgi vessels (Strasser et al., 
2006) but detected only traces of the product. Glycosyltransferase 
activity is finely tuned by enzyme localization and multimerization 
(El-Battari et al., 2003). Given that SfManIII is a type II a-
mannosidase that forms multimers (Kawar et al., 2001; 
Kuokkanen et al., 2007; Nemcovicova et al., 2013), overcrowding 
FIGURE 3 

Clone with the highest proportion of MM glycans compared to the parental line showing (A) growth, (B) relative fold change of productivity related 
to parent, and (C) morphology on day 7 in a stirred-tank bioreactor (n = 3 technical replicates, error bars represent standard deviations). Statistical 
significance of differences between the parent strain and T7#006 on different days of cultivation (DOC) was determined by two-way ANOVA (Text 
S1); p values are for comparisons between strains and DOC. Scale bar represents 100 µm. 
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may reduce its activity by constraining interactions involving the 
transmembrane and lumenal domain by changing membrane 
curvature, reducing the lateral diffusion rate, and compressing the 
distance between subunits (Löwe et al., 2020; Welch and 
Munro, 2019). 

We achieved the highest proportion of MM glycans by 
expressing SfHexo under the control of a strong promoter and 
secreting it to the extracellular space. When we targeted the late 
Golgi by fusing the  lumenal domain of  SfHexo to the 
transmembrane domain of FucT (Fitchette-Laine et al., 1994), we 
observed no activity at high or low expression levels. Native SfHexo 
is known to localize in secretory vesicles and outside the cell 
(Aumiller et al., 2006; Tomiya et al., 2006). We therefore cannot 
exclude the possibility that SfHexo exists as a pro-enzyme that must 
be processed as it moves through the secretory pathway to gain full 
activity (Tomiya et al., 2006). This is supported by our observation 
Frontiers in Plant Science 0693
that only the secreted version of the enzyme was active. Another 
reason could be a prolonged co-localization of SfHexo with its 
secreted substrate GAA or a combination of both. 

In conclusion, our results highlight the importance of 
appropriate expression levels and protein localization for 
components of the glycosylation machinery when optimizing the 
glyco-engineering of recombinant proteins (Strasser, 2023). Further 
engineering attempts, by testing other enzymes, different subcellular 
compartments and expression levels, may determine whether the 
MM content can be increased even more or if there is a maximum 
that moss can tolerate. Each attempt at glyco-engineering has the 
potential to alter host cell proteins and may negatively affect host 
physiology. However, the moss strain reported here shows no 
adverse changes in morphology, growth, or productivity, in 
agreement with many previous glyco-engineering experiments 
(Bohlender et al., 2020; Koprivova et al., 2004; Parsons et al., 
FIGURE 4 

Glycan profile of GAA produced in a stirred-tank bioreactor. (A) SDS-PAGE showing amounts of purified GAA to estimate sample purity. (B) HILIC 
analysis and (C) proportions of cleaved glycans. 
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2012; Shen et al., 2016; Tschongov et al., 2024). This confirms the 
amenability of moss for glyco-engineering, as also reported in other 
plants such as tobacco (Kittur et al., 2020). 
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Transient expression of full-
length and mature nattokinase in 
Nicotiana benthamiana reveals 
early necrosis from full-length 
form and functional activity of 
the mature enzyme 
Kevin Wang1*, Hugh Mason2, Kylie Hall1, Ethan Slone1, 
Kylie Tackett1 and Nan Wang3* 

1Division of Math and Natural Sciences, University of Pikeville, Pikeville, KY, United States, 2School of 
Life Sciences, Arizona State University, Tempe, AZ, United States, 3Biotechnology Research Institute, 
Chinese Academy of Agriculture Sciences, Beijing, China 
Nattokinase is a potent fibrinolytic enzyme widely used in the treatment of 
cardiovascular diseases for its ability to directly degrade fibrin and plasmin 
substrates, effectively dissolving blood clots. In this study, both full-length and 
mature forms of the nattokinase coding sequence were transiently expressed in 
Nicotiana benthamiana using a modified Bean Yellow Dwarf Virus (BeYDV) 
replicon system. Overexpression of the full-length (pre-pro) construct resulted 
in severe leaf necrosis within 2.5 days post-infiltration (dpi), with electrolyte 
leakage analysis indicating an 83.5% loss of membrane integrity by 3 dpi. In 
contrast, the mature form of nattokinase was successfully expressed without 
early cytotoxicity and exhibited strong caseinolytic and fibrinolytic activity, 
reaching 22,500 FU/g—comparable to commercial standards. These findings 
demonstrate the feasibility of producing biologically active nattokinase in plants 
and highlight the potential of plant-based expression systems as scalable, cost-
effective platforms for therapeutic enzyme production. 
KEYWORDS 

plant  transient  express ion,  codon  optimizat ion,  nattokinase,  BEYDV,  
Nicotiana benthamiana 
Introduction 

Cardiovascular diseases (CVDs) remain a leading cause of mortality worldwide, often 
due to complications arising from blood clot formation. Nattokinase, a serine protease 
produced by Bacillus subtilis during natto fermentation, has attracted significant interest for 
its potent fibrinolytic activity (Granito et al., 2024; Yang et al., 2024). It directly degrades 
fibrin and plasmin substrates and has shown therapeutic potential in the prevention and 
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treatment of thrombosis, atherosclerosis, stroke, hypertension, and 
Alzheimer’s disease (Chiu et al., 2024; Jensen et al., 2016; Tanikawa 
et al., 2024). Nattokinase (NK) is currently under Phase 4 clinical 
evaluation for oral administration (e.g., NCT02886507, 
NCT02913170, NCT00447434), with no significant adverse effects 
reported to date. 

Commercial nattokinase is primarily produced through B. 
subtilis fermentation; however, residual impurities in these 
preparations may trigger allergic reactions, raising regulatory and 
safety concerns. Recombinant production in alternative microbial 
hosts such as Escherichia coli and yeast has been explored (Ni et al., 
2016; Jain et al., 2024; Yan et al., 2021), but these systems often 
suffer from limitations including inclusion body formation, low 
yields, and reliance on toxic or tightly regulated inducers—factors 
that constrain scalability and cost-effectiveness. 

In contrast to conventional expression platforms, plant-based 
platforms have emerged as promising alternatives for recombinant 
protein production, offering key advantages in scalability, safety, 
and cost (Eidenberger et al., 2023; Buyel, 2024; Akher et al., 2025; 
Shanmugaraj et al., 2025). Studies have demonstrated the enzymatic 
activity of plant-derived nattokinase. For example, Han et al. (2015) 
transiently expressed a full-length, codon-optimized nattokinase 
gene in melon, achieving a fibrinolytic activity of 79.30 U/mL. 
Similarly, Ni et al. (2023) reported in vivo thrombolytic efficacy in 
transgenic cucumber plants harboring an integrated full-length 
nattokinase gene. Among available plant hosts, Nicotiana 
benthamiana is widely used for transient expression due to its 
rapid growth, well-characterized genome (Chen et al., 2024; 
Golubova et al., 2024; Ranawaka et al., 2024), and ability to 
accumulate high levels of recombinant protein within 4–7 days. 
Akher et al. (2025) review advancements in viral vector-mediated 
transient expression systems in N. benthamiana, emphasizing their 
central role in rapid, scalable biopharmaceutical production and 
integration with hydroponics and controlled environment 
agriculture to support regulatory compliance and meet 
market demands. 

However, challenges remain. In plant expression systems, 
overexpression of precursor or zymogen forms of proteins— 
especially those containing native prokaryotic signal peptides or 
pro-domains—often leads to endoplasmic reticulum (ER) stress, 
unfolded protein response (UPR), and hypersensitive response 
(HR)-like symptoms (Buono et al., 2019; Chen et al., 2023). These 
stress responses can culminate in localized cell death or systemic 
necrosis, particularly when the foreign protein is not efficiently 
processed or misfolds in the ER. Studies have shown that transient 
expression of proteases in plants can induce pronounced tissue 
damage characterized by necrotic lesions and compromised cell 
viability, ultimately leading to cell death (Dickey et al., 2017; Ma 
et al., 2019). In this study, we employed a modified Bean Yellow 
Dwarf Virus (BeYDV) replicon system (Diamos and Mason, 2019) 
to transiently express both the full-length (pre-pro) and mature 
forms of nattokinase in N. benthamiana. Enzymatic activity was 
evaluated using casein and fibrin degradation assays, while tissue 
integrity was assessed through visual inspection and electrolyte 
leakage analysis. Our findings revealed that expression of the full-
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length nattokinase triggered severe leaf necrosis as early as 2.5 dpi, 
consistent with early onset of BeYDV-driven gene expression. 
These results underscore the cytotoxic risks associated with 
overexpression of full-length proteases in plant systems and 
highlight the importance of using mature, pre-processed protein 
constructs to enable safe, functional, and sustainable production of 
therapeutic enzymes in plant-based platforms. Nonetheless, to 
achieve the full cost-effectiveness and commercial viability of 
plant-derived nattokinase, several upstream and downstream 
challenges must be addressed. As highlighted by Buyel (2024), 
key bottlenecks include variable protein yield, batch-to-batch 
consistency, regulatory alignment, and scalable purification. A 
unified, technology-driven framework that integrates optimized 
expression, extraction, and purification strategies will be essential 
to translating plant molecular farming into a commercially viable 
production system for enzymes like nattokinase. 
Materials and methods 

Plant expression constructs and leaf 
agroinfiltration 

To design the nattokinase (aprN) expression constructs, a 
murine tobacco mosaic virus-specific monoclonal antibody heavy 
chain signal peptide (LPH: MECNWILPFILSVTSGAYS; Hiatt et al., 
1989; Voss et al., 1995; Vaquero et al., 1999; Schiermeyer et al., 2005; 
Knödler et al., 2023) was fused to the N-terminus of both the full-
length and mature forms of the aprN protein from B. subtilis MTCC 
(GenBank accession number: KJ174339.1). A hexahistidine tag 
(His6) was added to the C-terminus to facilitate purification. 
These constructs, designated LPH-full-length-aprN-His6 and 
LPH-mature-aprN-His6,  were  codon-optimized  for  N.  
benthamiana using Invitrogen’s GeneOptimizer® (Thermo Fisher 
Scientific, Waltham, MA, USA). The codon-optimized full-length 
aprN sequence has been deposited in GenBank under accession 
number PQ432224, which includes the signal peptide (residues 1– 
29), propeptide (residues 30–106), and the mature peptide (residues 
107–381) (Weng et al., 2017). 

To facilitate cloning, a XhoI–NbPsaK2!–5′–XbaI fragment was 
added to the 5′ end and a SacI site to the 3′ end of each construct. 
The complete cassettes—XhoI–NbPsaK2!–XbaI–LPH-full-length­

aprN-His6 –SacI and XhoI–NbPsaK2!–XbaI–LPH-mature-aprN­

His6 –SacI—were synthesized by Invitrogen’s GeneArt® Gene 
Synthesis service and cloned into the XhoI and SacI sites of the 
pBYR2e-based vector (Diamos and Mason, 2019), generating the 
pBY!fNatto and pBY!mNatto constructs, respectively (Figure 1). 

The plant expression vectors pBY!fNatto (full-length 
nattokinase) and pBY!mNatto (mature-length nattokinase) were 
validated by restriction enzyme digestion and PCR, then introduced 
into Agrobacterium tumefaciens strain EHA105 (GoldBio, St. Louis, 
MO,  USA)  via  electroporation  using  a  MicroPulser™ 

Electroporator (Bio-Rad, Hercules, CA, USA). Transformed 
Agrobacterium colonies were verified by PCR and plated on 
selective LB agar containing 50 mg/L kanamycin, followed by 
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incubation at ~30°C for 3 days. For agroinfiltration, bacterial 
cultures were harvested and resuspended in infiltration buffer (10 
mM 2-(N-morpholino) ethanesulfonic acid (MES), 10 mM MgSO4, 
pH 5.5) to an optical density at 600 nm (OD600) of 0.2. The 
suspension was used to infiltrate the abaxial surface of 6- to 10­
week-old N. benthamiana leaves using a 20 mL syringe without a 
needle. Leaf samples were collected at 4 dpi for subsequent protein 
extraction and purification. 
   

Visualizing nattokinase-induced necrosis 
and electrolyte leakage assay 

Tissue necrosis was assessed both visually and quantitatively 
using the electrolyte leakage (EL) assay, following the protocol 
described by Dickey et al. (2017). Leaf discs (5 mm diameter) were 
collected using a cork borer (5 mm diameter) from regions 
infiltrated with A. tumefaciens strain EHA105 alone, carrying 
either the pBY!fNatto or pBY!mNatto plasmid, or from untreated 
control leaves. On days 2.5, 3 and 4 post-infiltration (dpi), discs 
were briefly rinsed with deionized (DI) water to remove surface 
residues. Each disc was then placed into a 15 × 160 mm test tube 
containing 10 mL of DI water and incubated at room temperature 
on a shaker at 200 rpm for 1 hour. The initial conductivity (T0) was 
measured using a conductivity meter (Bante Instruments, Sugar 
Land, TX, USA). 

Following T0 measurement, samples were boiled at 98°C for 2 
hours in a water bath to release total electrolytes. After cooling, the 
volume was restored to 10 mL with DI water, and final conductivity 
(T1) was measured. The extent of electrolyte leakage (% EL), 
representing the degree of tissue damage, was calculated using the 
formula: 

%  EL  =  100 x  (T0 −  DI)=(T1 −  DI) 

where DI is the conductivity of the water control. 
Results were expressed as means ± standard error (SE) for n = 3 

biological replicates and statistically analyzed using pairwise 
Student’s t-tests. 
Frontiers in Plant Science 03 98
Protein analysis and characterization by 
SDS-PAGE and western blot 

All materials, kits, and reagents used for SDS-PAGE and 
Western blotting were obtained from Thermo Fisher Scientific 
Inc. (Waltham, MA, USA), unless otherwise specified. Total 
soluble proteins were extracted from approximately 150 mg of 
leaf tissue—using the Pierce™ Plant Total Protein Extraction Kit, 
following the manufacturer’s protocol. Tissues were processed using 
either native lysis buffer supplemented with 0.1% Halt™ Protease 
Inhibitor Cocktail or denaturing lysis buffer, as appropriate for 
downstream applications. 

For SDS-PAGE analysis, 20 μL of crude protein extract was 
mixed with 4X Bolt™ LDS Sample Buffer and 10X Bolt™ Reducing 
Agent. Deionized water was added to adjust the final volume to 40 
μL. Samples were denatured at 70°C for 10 minutes prior to loading 
onto a Bolt™ Bis-Tris Plus Mini gel. Following electrophoresis, gels 
were stained with Imperial™ Protein Stain for visualization. His-

tagged proteins were purified using HisPur™ Ni-NTA Spin 
Columns according to the manufacturer’s instructions. The eluted 
fractions were subsequently desalted using Zeba™ Micro Spin 
Desalting Columns (7K MWCO) and concentrated using 
Pierce™ Protein Concentrators (10K MWCO). Protein yield was 
estimated by analyzing band intensity with ImageJ software, using 
BSA standard bands as internal loading controls. Western blotting 
was performed using the SuperSignal™ West HisProbe™ Kit 
according to the supplied protocol. Detection was carried out 
using SuperSignal® Working Solution, and the blots were imaged 
using a ChemiDoc™ XRS+ Imaging System (Bio-Rad, Hercules, 
CA, USA). 
Casein hydrolysis test and fibrinolytic 
activity assay 

Protease activity of recombinant nattokinase (rNK) was initially 
assessed using a casein plate assay as described by Zhang et al. 
(2021). A 0.5% agarose gel containing 1% casein (Sigma-Aldrich, 
FIGURE 1 

Schematic representation of the pBY!fNatto and pBY!mNatto expression vector for transient nattokinase expression in N. benthamiana. The plant 
expression vector pBY!fNatto (full-length nattokinase) and pBY!mNatto (mature-length nattokinase), utilized in this research, is based on the 
optimized BeYDV vector (Diamos and Mason, 2019) designed for high-level expression of a single target gene. The components of the vector 
include 35Sx2e, which is the 35S promoter from cauliflower mosaic virus enhanced with a duplicated enhancer region; NbPsaK2T! 5′, a truncated 5′ 
UTR from the N. benthamiana psaK gene; Ext 3′, a tobacco extensin terminator from which the intron has been removed; NbACT 3′, the 3′ UTR 
from the N. benthamiana ACT3 gene; Rb7 MAR, the tobacco Rb7 matrix attachment region; SIR, a short intergenic region from BeYDV; Rep/RepA, 
the replication proteins from BeYDV; and LIR, the long intergenic region from BeYDV. Additionally, the vector includes a plant codon-optimized 
murine monoclonal antibody heavy chain signal peptide (LPH) fused to the N-terminal of the codon-optimized nattokinase (aprN) sequence, with a 
hexahistidine (6xHis) tag at the C-terminal for Ni-NTA affinity purification. 
frontiersin.org 

https://doi.org/10.3389/fpls.2025.1631697
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2025.1631697 
Allentown, PA, USA) was prepared in 1× phosphate-buffered saline 
(PBS) and poured into Petri plates to solidify. Wells (5 mm 
diameter) were created in the gel, and 3 μg of purified plant-
derived rNK in 40 μL of 1× PBS was loaded into each well. Positive 
control wells received 3 μg of commercial nattokinase (AbMore 
BioScience Inc., Houston, TX, USA; Batch#: M2121-202401; 
Activity data: 22,500 FU/g), while negative control wells 
contained either PBS or crude supernatant from wild-type (non­
infiltrated) leaves. Following a 5-hour incubation at 37°C, the gels 
were stained with Coomassie Brilliant Blue R-250 (Bio-Rad, 
Hercules, CA, USA) to visualize zones of casein degradation. 
Proteolytic activity was quantified by measuring the average of 
the long and short diameters of each clear zone, subtracting the 
original well diameter (5 mm). Results were expressed as means ± 
standard error (SE; n = 3) and statistical significance was evaluated 
using paired Student’s t-tests. 

Fibrinolytic activity was further assessed using a modified fibrin 
plate assay following the protocol of Dickey et al. (2017). Briefly, 0.2 
g of agarose was dissolved in 40 mL of 1× PBS by microwave heating 
and cooled to approximately 40°C. Before the gel solidified, 30 mg 
of human fibrinogen (Sigma-Aldrich), 8 units of human 
plasminogen (rPeptide LLC, Bogart, GA, USA), and 8 units of 
human thrombin (Medix Biochemica Inc., St. Louis, MO, USA) 
were added with gentle mixing to prevent bubble formation. The 
mixture was poured into Petri dishes and allowed to solidify at 
room temperature. Wells (5 mm diameter) were then created in the 
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gel, and 5 μg of purified rNK diluted in 40 μL of 1× PBS was added 
to each well. Commercial nattokinase (5 μg; Abmole Bioscience 
Inc., Houston, TX, USA; Batch#: M2121-202401; Activity 
data:22,500 FU/g) was used as a positive control, while PBS and 
eluates from wild-type leaf extracts were included as negative 
controls. Plates were incubated overnight at 37°C. The diameters 
of the clear halos, with the well diameter subtracted, were measured 
to determine fibrinolytic activity. Enzymatic activity was quantified 
relative to the commercial standard (22,500 FU/g) using methods 
described in Dickey et al. (2017). Results were reported as means ± 
SE (n = 3) and analyzed using paired Student’s t-tests. 
Results 

Impact of full-length nattokinase 
expression on leaf necrosis and tissue 
integrity 

The transient expression of full-length nattokinase in N. 
benthamiana resulted in pronounced necrosis and significant loss 
of tissue integrity. As shown in Figure 2, leaves infiltrated with the 
pBY!fNatto vector began showing abrupt stress responses at 2.5 dpi, 
coinciding with the onset of BeYDV-driven gene expression (as 
indicated by the onset of GFP fluorescence in Figure 2A). Early 
symptoms included yellowing, watery lesions, and marginal 
FIGURE 2 

Evaluation of necrosis induced by nattokinase (NK) expression in N. benthamiana under normal and UV light. Fully expanded N. benthamiana leaves 
were infiltrated with A.tumefaciens strain EHA105 (1, negative control), or EHA105 carrying the vectors pBY!GFP (2), pBY!fNatto (3, full-length 
nattokinase), or pBY!mNatto (4, mature-length nattokinase). Plants were maintained under controlled growth conditions, and necrotic symptoms 
were documented at various time points. (A) Leaf images at 2.5 dpi under normal light. (B) Leaf images at 3 dpi. (C) Leaf images at 4 dpi under 
normal light. (D) Whole-plant images for treatments (2–4) captured under both normal and UV light at 5 dpi. Visible necrosis was evident under 
normal light, while UV imaging revealed reduced chlorophyll autofluorescence in necrotic areas. Leaves expressing full-length NK (pBY!fNatto) 
exhibited earlier onset and more severe necrosis compared to those expressing the mature form (pBY!mNatto), highlighting the greater cytotoxicity 
associated with full-length nattokinase expression. 
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curling—classic indicators of early necrotic onset. Under UV light, 
the affected regions appeared gray, signifying chlorophyll 
degradation and early cell death. 

By 3 dpi, necrosis intensified. Infiltrated areas became brittle 
and desiccated, suggesting a substantial loss of turgor pressure and 
potential vascular collapse (Figure 2B). Other observable features 
included pale gray-green discoloration, leaf shrinkage, and curling 
at the edges, consistent with oxidative damage and membrane 
rupture. By 4 dpi, the damage had progressed to advanced 
necrosis. Leaves exhibited widespread dark gray discoloration, 
severe wilting, a dry, papery texture, and clear signs of tissue 
collapse (Figure 2C). These observations confirm the strong 
cytotoxic effect of full-length nattokinase expression in plant 
tissue, indicating that it actively induces cell death when 
overexpressed in plant-based expression systems. 

In contrast, leaves infiltrated with pBY!GFP, pBY!mNatto 
(mature-length nattokinase), or Agrobacterium with no T-DNA 
remained visually healthy through 4 dpi, with no observable 
necrosis. These findings further support that the necrotic 
phenotype is specifically associated with the expression of the 
full-length nattokinase construct. 

By 5 dpi, UV fluorescence imaging revealed gray patches in 
pBY!mNatto-infiltrated leaves, indicating delayed chlorophyll 
degradation and tissue damage (Figure 2D). The affected tissues 
exhibited a mosaic pattern of translucent and yellow lesions, 
consistent with progressive cellular degeneration associated with 
mature nattokinase expression. Mild yellowing was also 
occasionally observed in pBY!GFP-infiltrated controls, likely 
reflecting background stress from BeYDV vector replication, 
although no obvious necrotic symptoms were detected. 
Full-length nattokinase expression 
significantly increases electrolyte leakage 

Electrolyte leakage (EL), a proxy for cell death due to loss of 
membrane integrity, was measured to quantify tissue damage 
following transient expression of nattokinase. As shown in 
Figure 3, leaves infiltrated with pBY!fNatto exhibited a 52.1% loss 
of membrane integrity by 2.5 dpi, indicating significant early cell 
damage (p < 0.0001) compared to all control treatments (EHA105, 
pBY!GFP, and pBY!mNatto), which showed no statistically 
significant differences among themselves (p > 0.1). By 3 dpi, EL 
in pBY!fNatto-treated samples rose sharply to 83.5%, and by 4 dpi, 
it reached 93.4%, consistent with extensive tissue necrosis (p < 
0.0001 at both time points). In contrast, pBY!GFP, pBY!mNatto, 
and EHA105 controls consistently maintained low EL levels across 
all time points, with no significant variation (p > 0.1). These results 
confirm that the observed loss of membrane integrity is specifically 
linked to the expression of full-length nattokinase, highlighting its 
cytotoxic effect in plant tissues. 

Due to the rapid and severe necrosis caused by full-length 
nattokinase expression, all subsequent experiments in this study 
focused on the mature form, pBY!mNatto. 
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SDS-PAGE and western blot analysis of 
recombinant nattokinase 

The total protein content from treated leaf areas was analyzed 
using SDS-PAGE and compared to the total soluble proteins from 
wild-type (WT) leaf tissue. At 4 dpi, leaves infiltrated with pBY! 
mNatto displayed a distinct ~28.4 kDa band (with C-terminal 6xHis 
tag) on SDS-PAGE gel (Figures 4A, B, Lane 2), consistent with the 
expected size of recombinant nattokinase (rNK). The band aligned 
with the predicted molecular weight of the nattokinase (NK) 
protein (27.7 kDa without his tag; Figure 4B, Lane 1). Western 
blotting using anti-His probe further confirmed the presence of 
rNK, showing a single band at ~28 kDa (Figure 4C). (Figure 4C). 
These findings confirm the successful expression of recombinant 
NK in the samples. The yield of NK was estimated to be 
approximately 370 μg/g leaf fresh weight (LFW), calculated using 
standard BSA as a reference and quantified with ImageJ software. 
Measure the enzymatic activity of 
nattokinase by casein and fibrin plate assay 

The casein plate assay (Figure 5) demonstrated  that
recombinant nattokinase effectively hydrolyzed casein, forming 
clear halos around the wells (Figure 5A). The mean diameters of 
the halos, calculated after subtracting the well diameter (5 mm), 
confirmed the proteolytic activity of the recombinant enzyme 
(Figure 5B). Statistical analysis showed no significant difference 
between recombinant nattokinase and the standard enzyme used as 
a positive control (P = 0.635, paired t-test). Negative controls, 
including PBS, exhibited no halo formation, further validating the 
specificity of nattokinase’s protease activity. These results highlight 
the ability of plant-derived recombinant nattokinase to efficiently 
hydrolyze casein, consistent with its known enzymatic properties. 

The fibrin plate assay (Figure 6) further demonstrated the 
fibrinolytic potential of recombinant nattokinase, providing a 
visual confirmation of enzyme activity through the formation of 
clear halos where fibrin was dissolved (Figure 6A). The diameters of 
the halos were measured to quantify fibrinolytic activity (Figure 6B). 
The results indicated no significant difference between the 
fibrinolytic activity of plant-derived recombinant nattokinase and 
the standard enzyme (P = 0.643, paired t-test). This suggests that 
the fibrinolytic potential of the plant-derived enzyme is comparable 
to that of the commercial standard reagent, which has a 
documented fibrinolytic activity of 22,500 FU/g. The comparable 
halo sizes validate the efficacy of using plant systems for producing 
functional nattokinase with therapeutic potential equivalent to 
commercially available products. 
Discussion 

Plants—particularly N. benthamiana—have demonstrated 
significant potential as platforms for heterologous protein 
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FIGURE 3 

Electrolyte leakage (EL) analysis reveals significant tissue necrosis induced by Full-Length nattokinase Expression. Leaf discs were collected from N, 
benthamiana leaves infiltrated with pBY!fNatto (full-length nattokinase), pBY!mNatto (mature-length nattokinase), pBY!GFP (pBY), and A. tumefaciens 
strain EHA105 along (negative control). Samples were harvested at 2.5, 3, and 4 days post-infiltration (dpi). Conductivity was measured before and 
after heating, and EL percentages were calculated as the proportion of total electrolytes released prior to boiling. The results, presented as means ± 
SE (n = 3), show a significant (p < 0.0001) and progressive increase in electrolyte leakage in pBY!fNatto-treated samples compared to all control 
groups. Statistical analysis using pairwise Student’s t-tests confirmed highly significant differences at each time point, indicating that expression of 
full-length nattokinase induces substantial loss of membrane integrity and cell viability. 
FIGURE 4 

SDS-PAGE and western blot analysis of recombinant nattokinase (rNK). (A) SDS-PAGE analysis of crude protein extracts (20 µL) from wild-type leaves 
(Lane 1) and N. benthamiana leaves infiltrated with pBY!mNatto (mature-length nattokinase) at 4 dpi (Lane 2).(B) SDS-PAGE comparison of 
commercial nattokinase (3 µg, positive control, ~27.7 kDa, Lane 1), 6xHis-tag purified plant-derived rNK (~28.4 kDa, 10 µL, Lane 2), and BSA (2 µg, 
internal standard for ImageJ quantification, Lane 3). (C) Western blot analysis using anti-His probe detection: purified rNK (Lane 1) and His-tag eluate 
from non-infiltrated (wild-type) leaves (Lane 2). Molecular weight (MW) markers are shown alongside each gel for reference. Red arrows indicate the 
expected rNK protein bands at at ~28.4 kDa. 
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production (Buyel, 2024; Golubova et al., 2024; Kopertekh, 2024; 
Akher et al., 2025; Shanmugaraj et al., 2025). In this study, both the 
full-length and mature forms of nattokinase were transiently 
expressed in N. benthamiana to evaluate the plant-based system’s 
ability to produce and process this fibrinolytic enzyme originally 
derived from B. subtilis. 

Previous reports have shown successful expression of full-length 
nattokinase in transgenic cucumber (Ni et al., 2023) and through 
transient expression in melon (Han et al., 2015), with confirmed 
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thrombolytic activity. Although full-length nattokinase (pre-pro 
form) is a zymogen—requiring signal peptide and propeptide 
cleavage for activation—these findings suggest that some plant 
species may possess endogenous proteases capable of processing 
the enzyme into its mature, active form. 

The construct pBY!GFP, used as a control in this study, directed 
GFP to ER via the amylase signal peptide (Diamos and Mason, 
2019). In parallel, previous studies have demonstrated that the LPH 
signal peptide promotes efficient ER targeting, secretion, and proper 
A B 

FIGURE 5 

Assay of nattokinase activity on casein plate. (A) Representative image showing the hydrolysis halos produced by Nattokinase. (B) Quantification of 
lysis halo diameters (well diameter subtracted). PBS, Phosphate Buffered Saline, negative control; Crude, crude supernatant from wild-type leaves; 
NK: standard Nattokinase (AbMore BioScience Inc., Houston, TX, USA; Batch#: M2121-202401; Activity data:22,500 FU/g); rNK: plant-derived 
recombinant Nattokinase. Results show no significant difference between NK and rNK (P = 0.635, paired t-test, n = 3). 
A B 

FIGURE 6 

Assay of nattokinase activity on fibrin plate. (A) Representative image displaying the hydrolysis halos produced by Nattokinase. (B) Quantification of 
lysis halo diameters (well diameter subtracted). PBS, Phosphate Buffered Saline, negative control; Crude, crude supernatant from wild-type leaves; 
NK: standard Nattokinase (AbMore BioScience Inc., Houston, TX, USA; Batch#: M2121-202401; Activity data:22,500 FU/g); rNK: plant-derived 
recombinant Nattokinase. Results indicate no significant difference in activity between NK and rNK (P = 0.643, paired t-test, n = 3). 
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folding of recombinant proteins—including immunotoxins and 
GFP reporters—when transiently expressed in N. benthamiana 
(Knödler et al., 2023). In these studies, ER-targeted GFP 
expression did not induce visible tissue damage or necrosis, 
suggesting that ER localization itself is not intrinsically cytotoxic. 

In contrast, BeYDV-driven expression of full-length nattokinase 
(pBY!fNatto) in N. benthamiana led to rapid and severe tissue 
necrosis. Necrotic symptoms appeared as early as 2.5 dpi 
(Figure 2A), corresponding with the onset of BeYDV-mediated 
gene expression (Diamos and Mason, 2019). By 3 dpi, extensive 
tissue collapse and desiccation were observed (Figure 2B), 
indicating proteolytic activity. Electrolyte leakage assays 
confirmed 83.5% loss of membrane integrity (Figure 3), 
highlighting the cytotoxic effects of unregulated protease activity 
in planta. 

Previous studies have shown that the inclusion of a secretion 
signal peptide can significantly influence the subcellular localization 
and accumulation levels of recombinant proteins in plants. Targeting 
proteins to organelles such as the endoplasmic reticulum (ER) 
typically enhances folding, stability, and yield, whereas omission of 
the signal peptide often results in cytosolic retention, leading to 
increased susceptibility to misfolding and proteolytic degradation, 
ultimately reducing expression and activity (Liu and Timko, 2022). In 
this study, the LPH signal peptide was employed to direct 
recombinant nattokinase into the ER, facilitating its entry into the 
secretory pathway and supporting improved protein stability and 
accumulation (Voss et al., 1995; Vaquero et al., 1999; Schiermeyer 
et al., 2005; Knödler et al., 2023). However, in the case of the full-
length construct, the combination of ER targeting via the LPH 
peptide and high-level expression driven by the BeYDV replicon 
likely induced acute ER stress. This stress was presumably caused by 
the accumulation of unfolded or misfolded proteins, which 
overwhelmed the plant’s protein folding and quality control 
machinery (Wan and Jiang, 2016; Buono et al., 2019). 

Improper full-length signal peptide or propeptide processing 
and unregulated or mislocalized protease activity may have further 
disrupted cellular homeostasis, while immune responses such as the 
hypersensitive response (HR) likely amplified the damage, 
culminating in rapid programmed cell death (Buono et al., 2019). 
It is highly plausible that the presence of both the eukaryotic ER 
signal peptide (LPH) and the retained prokaryotic signal peptide in 
the full-length nattokinase led to abnormal membrane anchoring or 
mislocalization of the protease. This misrouting likely exacerbated 
ER stress and contributed to activate plant defense signaling and 
leads to rapid program cell death (PCD) (Manghwar and Li, 2022; 
Chen et al., 2023). These observations underscore the importance of 
removing native bacterial targeting sequences when designing 
constructs for expression in eukaryotic systems. Collectively, these 
findings suggest that full-length nattokinase is unsuitable for high-
level transient expression in N. benthamiana due to its 
incompatibility with host cellular machinery and its strong 
cytotoxic effects. 

Foreign proteases can trigger necrosis in plant tissues due to 
their unregulated activity, which may interfere with endogenous 
proteins critical for maintaining cellular structure and function. 
Frontiers in Plant Science 08103
Our previous work demonstrated that transient expression of 
another protease, Lumbrokinase, caused severe necrosis in 
Nicotiana tabacum, with electrolyte leakage exceeding 80% by 4 
dpi and a relatively low recombinant protease yield of 20 μg/g fresh 
weight (Dickey et al., 2017). Similarly, Ma et al. (2019) reported that 
transient expression of bioactive recombinant Reteplase in N. 
benthamiana using the pJL-TRBO-G vector resulted in 
pronounced necrosis by 7 dpi, coinciding with peak foreign 
protein accumulation. These findings  suggest that protease

interactions with native plant proteins may disrupt essential 
cellular functions, triggering a cascade of degradation events and 
stress responses. Such necrotic outcomes likely reflect a plant 
defense mechanism—intended to contain damage, limit water 
loss, and redirect metabolic resources to enhance survival under 
proteolytic stress. 

In contrast, the mature form of nattokinase—lacking the native 
signal peptide and propeptide—proved significantly more 
compatible with plant expression. Leaves infiltrated with pBY! 
mNatto remained visibly healthy through 4 dpi (Figure 2C), with 
only mild tissue damage observed by 5 dpi (Figure 2D). This 
delayed onset of necrosis may reflect the slower accumulation and 
more controlled activity of the mature enzyme, resulting in a less 
acute proteolytic environment and reduced cytotoxic stress on plant 
tissues. Additionally, the use of a modified BeYDV system, which 
enables separate and regulated expression of the BeYDV replication 
proteins Rep and RepA, likely contributed to reduced cell death 
during mature nattokinase expression (Diamos and Mason, 2019). 

Functionally, the plant-derived mature nattokinase retained its 
biochemical activity, as confirmed by casein hydrolysis and fibrin 
degradation assays. Clear zones on casein-containing plates 
indicated robust protease activity, while transparent halos in 
fibrin plates were comparable in size to those formed by 
commercial nattokinase, validating its fibrinolytic potential. These 
findings indicate that the recombinant enzyme expressed in N. 
benthamiana retains functional proteolytic activity, suggesting it 
achieved a conformation compatible with substrate recognition and 
catalytic function. 

Importantly, this activity was achieved without inducing 
significant tissue necrosis during the early expression period, 
supporting the feasibility of using plants for the functional 
production of proteolytic enzymes like nattokinase. The ability to 
replicate its native function—degrading fibrin, the key protein in 
blood clots—positions plant-produced nattokinase as a promising 
candidate for therapeutic or nutraceutical applications. 
Conclusion 

This study demonstrates that N. benthamiana is a viable host 
for the transient expression of biologically active mature 
nattokinase, while also revealing the severe cytotoxicity associated 
with overexpressing the full-length zymogen form. These findings 
highlight the importance of construct design in achieving functional 
and safe expression of nattokinase in plant systems. To enhance 
yield and reduce host tissue damage, future optimization 
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strategies—such as foliar application of ascorbic acid to suppress 
leaf stress (Nosaki et al., 2021), compartment-specific targeting 
(Adam, 1996), or co-expression of protease inhibitors—may 
prove beneficial. Beyond whole-plant agroinfiltration, Nattokinase 
could be scaled using plant cell suspension cultures, which provide 
sterile and controlled environments conducive to consistent 
recombinant protein production. Suspension cultures derived 
from fast-growing lines such as tobacco BY-2 cells (Karki et al., 
2021) can be genetically engineered for either stable or transient 
expression of Nattokinase. Additionally, recent innovations—such 
as cell pack technology (Gengenbach et al., 2020) —have enhanced 
the scalability, throughput, and reproducibility of transient 
expression workflows, further supporting the potential of plant 
platforms for industrial-scale biomanufacturing. Together, these 
strategies support the development of efficient plant-based 
production  platforms  for  therapeutic  and  industrial-
grade nattokinase. 
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Allergen-specific oral immunotherapy is a disease-modifying treatment already

established for respiratory allergies and tested for the treatment of several food

allergies, with promising clinical and immunological outcomes. However, orally

administered allergens must pass through the gastrointestinal tract, where they

are exposed to proteolytic digestion. This study describes the design of multi-

layered protein bodies (PBs) in Nicotiana benthamiana as a platform for allergen

encapsulation, offering potential advantages for oral immunotherapy. By co-

expression of three zein variants we generated multi-layered PBs with distinct

core and shell structures containing derivatives of the major fish allergen

parvalbumin. The specific layering and structural integrity of the PBs were

confirmed by confocal microscopy. Correlative light and electron microscopy

(CLEM), combined with immunolabelling, was then used to verify the exact

position of the allergens in the different layers of the PBs. In vitro experiments

simulating the gastrointestinal digestion process revealed a significantly

increased, layer-specific resistance of PB-encapsulated allergens compared to

soluble allergens. Additionally, the uptake of PBs by human intestinal epithelial

cells was simulated using Caco-2 cells. Our work provides further insight into

protein storage organelle formation and novel bioencapsulation strategies to

produce customized delivery vehicles, whose compartmentsmay offer increased

protection against enzymatic degradation and support prolonged persistence

upon oral administration.
KEYWORDS

molecular farming, bioencapsulation, recombinant pharmaceuticals, storage
organelles, allergen, plant-based production
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1 Introduction

Allergies, including food, seasonal, and skin allergies, affect a

significant portion of the global population, with approximately 20-

30% of people worldwide reporting at least one allergic condition

(Alska et al., 2025). One major factor contributing to the

development of allergies is the deregulation of immune tolerance.

This initiates an exaggerated immune response (Baloh et al., 2022) to

harmless substances such as food proteins, animal hair or pollen

leading to allergic diseases (Maeda et al., 2019). Symptoms of allergic

diseases range from sneezing, itching and other mild symptoms to

severe consequences such as anaphylactic reactions (Deschildre and

Lejeune, 2018). Allergic diseases tend to gradually worsen over time

and develop into chronic conditions that can significantly impair a

patient´s quality of life. Additionally, they place a considerable

demand on the healthcare system, highlighting the crucial necessity

for more effective therapeutic solutions (Cosme-Blanco et al., 2020;

Fendrick and Baldwin, 2001). Traditional methods of allergy

treatment focus primarily on allergen avoidance and symptom

management through pharmacological intervention (Iweala et al.,

2018; Tenero et al., 2023). However, these approaches fail to address

the underlying causes of allergies and thus may not offer long-term

improvement. This is why allergen-specific immunotherapy has been

developed and remains the only disease-modifying therapy option for

allergic diseases to date (Alvaro-Lozano et al., 2020). However, the

standard subcutaneous allergen immunotherapy often has significant

drawbacks (Incorvaia et al., 2023). These include the risk of local and

systemic allergic reactions and the time-consuming nature of the

therapy, which requires regular visits to a medical office over an

extended period (Özdemir et al., 2023). Therefore, there is an

increasing need to explore alternative routes of administration for

allergens to enhance the convenience and safety of immunotherapy.

One promising approach is oral allergen-specific immunotherapy

(Jones et al., 2014). As an alternative to subcutaneous

immunotherapy, oral administration of gradually increasing doses

of allergens has shown considerable efficacy for achieving

desensitization and immune tolerance (Iweala et al., 2018; Kulis

et al., 2018). Additionally, oral administration can trigger a cascade

where the interaction with antigen-presenting cells in the

gastrointestinal tract induces regulatory T cells, leading to

immunosuppression (Vickery et al., 2011). This process, known as

oral tolerance, is facilitated by cytokines, which suppress

inflammatory responses and prevent allergic reactions (Fu et al.,

2006). Over time, repeated exposure to initially low-dose and

gradually increasing amounts of the allergen can shift the immune

response from an allergic Th2 profile to a more tolerogenic state,

reducing hypersensitivity (Trogen et al., 2022). Beyond the

exploration of alternative routes for allergen uptake, another critical

focus for enhancing safety is the modification of allergens to create

hypoallergenic variants. These variants are specifically designed to

retain immunological activity while minimizing the potential to

induce allergic reactions due to a reduced IgE binding capacity

(Reginald et al., 2024). An example of this is the hypoallergenic

version of parvalbumin, the major fish allergen (Swoboda et al.,

2007). Although hypoallergenic parvalbumin offers the advantage of
Frontiers in Plant Science 02107
reducing allergic reactions, it also presents challenges. These include a

reduced efficacy during oral immunotherapy, likely due to decreased

stability (Freidl et al., 2020). This emphasizes the need for strategies to

preserve the structural and functional integrity of orally administered

allergens, especially during the gastrointestinal digestion phase.

Encapsulating active components within protective matrices - such

as liposomes, polymers, or protein-based carriers - mimic natural

biological systems. One example is the structural protection of

proteins within food matrices, which can enhance the stability

and bioavailability of native allergens (Onwulata, 2012). A

clinically relevant example is Palforzia®, an FDA-approved oral

immunotherapy for peanut allergy. It consists of precisely dosed,

defatted peanut flour administered with semi-solid food to promote

immune tolerance through gradual allergen exposure while

minimizing systemic allergic reactions (Berglund et al., 2017). In

addition, encapsulation allows for more precise allergy management

by enhancing allergen stability and potentially supporting prolonged

persistence and exposure during gastrointestinal passage (Guo et al.,

2021; Shutava and Lvov, 2012). It has been demonstrated with

biopolymers that tailoring the structure and composition of the

encapsulation matrix in vitro can influence the release kinetics and

target specific sites within the body for allergen delivery (Drosou

et al., 2017; Estevinho and Rocha, 2018). Therefore, the use of

protective and biocompatible polymers may offer a useful strategy

to improve the stability, safety and effectiveness of different oral

delivery systems.

Zein, a prolamin protein, is the main storage protein in maize.

The hydrophobic nature of zein promotes the formation of stable,

self-assembled structures, called protein bodies (PBs). PBs have

been successfully explored as drug carriers through in vitro loading

(Lai and Guo, 2011; Liu et al., 2005). Due to its unique functional

properties zein has also great potential for the encapsulation of

allergens (Drosou et al., 2017; Schwestka et al., 2020). Various

studies showed that zeins are resistant to digestion, indicating that

the encapsulated allergens may remain intact until they reach target

sites in the gastrointestinal immune system (Li et al., 2022; Zou and

Gu, 2013). This slow and sustained release of allergens could be

especially advantageous for oral immunotherapy, as it may help

minimize the risk of systemic allergic reactions and increase the

likelihood of uptake by gut-associated lymphoid tissues, which play

a key role in inducing immune tolerance (Brayden et al., 2005).

During normal biological processes, endogenous zein PBs form

intracellularly in maize endosperm tissues, but ectopic PBs can also

be induced in vegetative organs such as leaves (Llop-Tous et al.,

2010). Given that plants are excellent production systems for

recombinant therapeutic proteins and have the natural ability to

form PBs, it is appealing to utilize plant hosts for in vivo

microencapsulation. This can be done by directly incorporating

recombinant proteins into protein storage organelles (Hofbauer

et al., 2016; Whitehead et al., 2014). We have recently shown that

the formation of multi-layered ectopic PBs in N. benthamiana

leaves can be induced by selected combinations of zeins

(Schwestka et al., 2023). In particular, the N-terminal part of 27-

kDa-g-zein, also known as Zera, directs the fused protein into the

outer shell of the PBs, while the fusion to the 15-kDa-b-zein targets
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it to the core (Schwestka et al., 2023). We speculate that the

encapsulation of allergens within these specialized structures may

add an innovative advantage to oral immunotherapy by increasing

allergen stability and enabling prolonged persistence throughout

the digestive tract.

In order to establish multi-layer zein PBs as an effective bio-

encapsulation platform for allergens, it is important to clarify

several key questions. These include whether allergens can be

directed to distinct protein body layers (PB layers), how this

affects their digestive stability during gastric and intestinal phases

and whether multi-layered PBs are efficiently taken up by intestinal

cells. In the present study, we employ Nicotiana benthamiana for

in-planta bio-encapsulation of both wild-type and hypoallergenic

(mutant) parvalbumin to enhance their persistence in the

gastrointestinal tract. We demonstrate the incorporation of the

allergens into two distinct PB layers and confirm their uptake into

intestinal epithelial cells. Additionally, we evaluate the protective

effect of layer-specific encapsulation through simulated digestion.
2 Materials and methods

2.1 Constructs for plant transformation

A synthetic sequence coding for carp parvalbumin Cyp c 1 wild-

type (CW, accession number AJ292211), was ordered in a pUC57

vector backbone (GeneCust, Boynes, France). Mutations at amino

acid positions 52 and 93, as well as 54 and 91 – previously identified

as key substitutions for generating a hypoallergenic variant (Swoboda

et al., 2007) –were introduced via site-directed mutagenesis using two

rounds of PCR with mismatched primers. Primers 5´-AGG TCT

CGT CTG CTG GAG ATG GCA AGA TTG GAG-3´ and 5´-AGG

TCT CAC TTG GGC AAT GAC AGC AAA GGC CTT C-3´ were

used to introduce mutations at codons 93 and 52, respectively.

Similarly, primers 5´-AGG TCT CCC AAG CCA AGA GCG GCT

TCA TTG AG-3´ and 5´-AGG TCT CAC AGA GGC TCC AGC

TTT CAG GAA GGC-3´ were used to target codons 54 and 91.

The mutated sequences were digested with BsaI and ligated,

forming a new plasmid containing the carp mutant (CM) sequence.

Next, we utilized pre-existing zein-fluorophore fusion vectors

containing the fusion proteins 15-kDa-b-zein-mCherry and the N-

terminal part of 27-kDa-g-zein also known as Zera-EGFP (Schwestka

et al., 2023). These vectors were digested with Kpn2I and SalI to

replace the fluorophore coding regions by the wild-type and mutated

allergen sequences (Schwestka et al., 2023), resulting in the final

constructs Zera-CWF (pTRA-Zera-CWF), Zera-CMF (pTRA-Zera-

CMF), 15-kDa-b-zein-CWF (pTRA-bz15-CWF) and 15-kDa-b-zein-
CMF (pTRA-bz15-CMF) (Supplementary Figure S1).
2.2 Biological material and transformation

N. benthamiana plants were grown in soil under a 16-hour

photoperiod with 70% relative humidity and temperatures of 26°C

during the day and 16°C at night. The plants were cultivated for a
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minimum of 4 weeks in this environment. Plant expression vectors

were transferred into chemically competent Rhizobium radiobacter

(commonly known and hereafter referred to as Agrobacterium

tumefaciens) GV3101 containing the helper plasmid pMP90RK

(Koncz and Schell, 1986). A. tumefaciens cultures containing the

above-described constructs as well as cultures containing 15-kDa-b-
zein-mCherry, 16-kDa-g-zein-BFP and the N-terminal part of 27-

kDa-g-zein-EGFP (Zera-EGFP) (Schwestka et al., 2023), were

inoculated from glycerol cryo-stocks and grown in Yeast Extract

Beef Broth (YEBmedium: 5 g/L beef extract, 1 g/L yeast extract, 5 g/L

peptone, 5 g/L sucrose, 0.5 g/L MgSO4, sterilized by autoclaving)

with 20 mg/L rifampicin and 50 mg/L carbenicillin at 28°C, shaking

at 200 rpm. Subsequently, cultures were pelleted by centrifugation at

3000 x g for 10 minutes and washed twice with infiltration medium

(10 mM MES pH 5.6, 10 mM MgCl2, 100 mM acetosyringone). The

following A.tumefaciens strains were adjusted to an OD600 of 0.1 and

combined prior to infiltration: Zera-CWF/CMF, 16-kDa-g-zein-BFP
and 15-kDa-b-zein-mCherry (shell encapsulation) and Zera-EGFP,

16-kDa-g-zein-BFP and 15-kDa-b-zein-CMF/CWF (core

encapsulation) (Figure 1B).
2.3 Extraction of protein bodies

Leaves were harvested 7 days post-infiltration (dpi) and

homogenized into a fine powder with liquid nitrogen. The

homogenate was suspended in phosphate buffered saline (PBS)

supplemented with 2% Triton X-100, centrifuged for 20 minutes at

4300 rpm and the resulting pellet was subjected to several washes with

PBS. The suspension was then passed through nylon membranes with

decreasing pore sizes (180, 120, 60, 30 and 10 μm, Merck Millipore

Ltd. Nylon, Burlington, USA) and the resulting filtrate was pelleted

and resuspended in PBS. PBs were subsequently purified according to

Schwestka et al., 2020 and Schwestka et al., 2023. Finally, the

resuspended PBs were sonicated and loaded onto a CsCl cushion

(density 1.45 g/cm3). The top layer containing the PBs was recovered,

washed twice with PBS, and the final pellet was resuspended in PBS

for subsequent use in the digestion and uptake assays.
2.4 Protein immunoblot analysis

Leaf tissue was harvested 7 dpi from plants transiently

expressing either carp wild-type parvalbumin (CWF) or the

mutant version (CMF), immediately frozen and ground to a fine

powder. The samples were extracted with four volumes (w/v) of

chilled extraction buffer (2% Triton X-100 in PBS) and incubated

on ice for 15 minutes. The supernatant was used for

immunoblotting and the pellet was resuspended in 1.5x reducing

Laemmli buffer, incubated at 37°C for 1 hour and centrifuged at

16,000 x g for 5 minutes prior to immunoblot analysis. A polyclonal

antiserum against the flag-tag was used as a primary antibody at a

1:20,000 dilution, followed by an anti-rabbit-HRP antibody at the

same dilution (Promega, Madison, USA). Samples were analyzed in

three independent biological replicates.
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For suspensions of isolated PB as described in 2.3, samples were

mixed with 4x reducing Laemmli buffer and heated at 80°C for 5–10

minutes. Immunoblot analysis was performed according to standard

protocols and as described previously (Schwestka et al., 2023). Rabbit

antiserum raised against the carp parvalbumin mutant – produced

according to the protocol described by Freidl et al., 2020 and

manufactured by Charles River Laboratories, Miserey, France - was

diluted 1:20,000 and used as the primary antibody, recognizing both

the wild-type and the mutant forms of the allergen (Freidl et al.,

2020). An anti-rabbit-HRP antibody diluted 1:20,000 (Promega,

Madison, USA) was used as a secondary antibody. The analyses

were performed in three biological replicates.
2.5 Flow cytometry

PBs were isolated from 16.8 g leaf material and resuspended in

one mL of PBS. The particles were quantified using a flow cytometer
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(CytoFlex S; Beckman Coulter, Brea, USA) in a V-bottom 96-well

plate, with 50,000 events recorded per sample. GFP and mCherry

fluorescence were excited at 488 nm and 561 nm, respectively, and

emissions were detected at 525 nm (GFP) and 610 nm (mCherry).

Gain settings were configured to 25 for forward scatter, 4 for side

scatter, 8 for GFP, and 41 for mCherry. Each sample was analyzed at

three dilutions (1:10, 1:100, and 1:1000), with measurements

performed in triplicates.
2.6 Confocal laser scanning microscopy

Live cell imaging was used to assess the expression and

deposition of labelled proteins into PBs as previously described

(Schwestka et al., 2023). Thus, purified PB suspension or small

pieces of infiltrated leaves (7 dpi) were examined under a Leica SP8

or a Zeiss LSM980 confocal microscope. Representative images

from at least three biological replicates were analyzed using the
FIGURE 1

Encapsulation strategy of wild-type (CWF) and mutant parvalbumin fusions (CMF) in multilayered protein bodies. (A) Fluorescent protein bodies
(Zera-EGFP, 16-kDa-g-zein-BFP and 15-kDa-ß-zein-mCherry, as previously also described in Schwestka et al., 2023). The outer shell is indicated by
GFP, while the core contains both BFP and mCherry. Notably, the BFP and mCherry signals do not fully co-localise. (B) Encapsulation strategies for
CWF/CMF, derived from the setup shown in (A) Bar 1 µm.
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softwares Leica LASX (Leica Microsystems, Wetzlar, Germany) or

Zeiss ZEN lite (Carl Zeiss Microscopy, Jena, Germany).

2.6.1 Localization of encapsulated CWF/CMF
In order to investigate the localization of the allergen fusions in

the shell encapsulation, immunofluorescence analysis was performed

on fresh tissue. Small tissue sections were excised from infiltrated

leaves (7 dpi) with a razor blade and fixed in 4% paraformaldehyde in

cacodylate buffer (0.1 M, pH 7.4) for 2h at room temperature. After

several washes in cacodylate buffer (0.1 M, pH 7.4), cross sections

(120 μm) were obtained with a vibratome. Subsequently, sections

were dehydrated and rehydrated through an ethanol series, washed in

phosphate buffer (0.1 M, pH 7.6) and incubated in 2% (w/v) cellulase

Onozuka R-10 (from Trichoderma viride) in phosphate buffer (0.1 M,

pH 7.4) for 1 h at room temperature. Subsequently, the sections were

incubated in 5% (w/v) BSA (Fraction V) in phosphate buffer to block

non-specific binding sites, followed by overnight incubation at 4°C

with a 1:200 dilution of serum from an immunized rabbit that

recognizes both the wild-type and the mutant forms of the allergen

(Freidl et al., 2020). The immunostaining was visualized using an

Alexa Fluor 488-conjugated donkey anti-rabbit antibody (Thermo

Fisher Scientific, Waltham, USA). Sections were then mounted in

50% glycerol in PBS and observed in a confocal laser scanning

microscope LSM980-AiryScan2 (Carl Zeiss Microscopy,

Jena, Germany).

For the core encapsulation of the allergen, a visualization

strategy distinct from the one used for the shell encapsulation was

employed, allowing access to the core of the purified PBs. The PBs

were high pressure frozen and freeze substituted as described in

Huber et al., 2024. Briefly, 100 μL of PB suspension were pelleted by

centrifugation, and subsequently dried at room temperature for 1

hour before the pelleted material was placed into the wells of

aluminum Type B carriers (Science Services, Munich, Germany),

with 1-hexadecene as a cryoprotectant. The samples were then high

pressure frozen and freeze substituted in 0.2% glutaraldehyde and

0.2% uranyl acetate in anhydrous acetone. Samples were further

infiltrated and embedded in HM20 resin (Polysciences,

Warrington, USA) and then polymerized under UV light.

Sections showing silver interferences were collected onto formvar

coated finder grids to facilitate the correlation of the regions of

interest for correlative light and electron microscopy (CLEM).

To enable precise localization of the encapsulated allergen

within these resin-embedded PBs, sections were subjected to

immunogold labelling, as described in Schwestka et al., 2023. In

short, sections were blocked with 5% (w/v) bovine serum albumin

in 0.1M phosphate buffer (pH 7.4) and incubated with the rabbit

antiserum raised against the carp parvalbumin mutant (Freidl et al.,

2020). Gold-conjugated donkey-anti-rabbit antibodies were used

for visualization.

For CLEM, grids were first examined under the confocal

microscope as described by Chambaud et al., 2023 and several

regions of interest were selected. Following, grids were carefully

recovered, air dried and the previously selected regions of interest

were imaged under a FEI Tecnai G2 transmission electron

microscope (TEM). Natural landmarks such as shape and size of
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the PBs were used to correlate confocal and TEM images using the

landmark correlation tool of ImageJ and the ec-CLEM plugin (Paul-

Gilloteaux et al., 2017) of the Icy software (De Chaumont et al.,

2012). Representative images showing GFP fluorescence and

immunogold from 3 biological replicates are presented.
2.7 PB uptake into Caco-2 cells

To study cellular uptake of PBs, Caco-2 cells (HTB-37, ATCC,

Manassas, USA) were utilized. Cells were cultured according to the

standard procedure described by Wanes et al., 2021 on ACLAR®

fluoropolymer foil (Science Service, Munich, Germany) pre-treated

with UV light for 30 minutes to reduce potential contaminants.

Approximately 70,000 PBs per cm², suspended in PBS and

quantified by flow cytometry, were incubated with the cells for 24

hours. Following incubation, the medium was removed, and the cells

were washed twice with PBS and subjected to confocal laser scanning

microscopy (CLSM) or further prepared for electron microscopy. For

confocal microscopy, cells were incubated in CellBrite® for 45minutes

and then fixed in 2% paraformaldehyde (PFA). Samples were washed

twice in PBS prior to imaging under a Leica SP8 CLSM. For electron

microscopy, Caco-2 cells growing on ACLAR® foil were fixed by

cutting small pieces of foil (2x2 mm), immediately fixed in 2.5%

glutaraldehyde and 2% paraformaldehyde in cacodylate buffer (0.15M

pH 7.4), and further processed as described in Arcalıś et al., 2020. In

short, double osmium impregnation was applied by post-fixing the

cells in 2% osmium tetroxide added with 0.2% ruthenium red in 0.15

M cacodylate buffer, followed by thiocarbohydrazide solution (1% w/v

in dH2O) and an additional incubation with 2% osmium tetroxide in

dH2O. Subsequently, cells were incubated in UAR-EMS Uranyl

Acetate Replacement Stain (1:4 v/v), followed by Walton’s lead

aspartate stain (20 mM lead nitrate in 30 mM L-aspartic acid

solution). Next, samples were dehydrated through an ethanol series

with a final step in pure acetone. Samples were then progressively

infiltrated in LV Resin, embedded and polymerized at 60°C for 48 h.

Resulting blocks were trimmed and sectioned. 200 nm sections were

mounted on silicon wafers and an SEM stub prior to imaging under an

Apreo SEM (Thermo Fisher Scientific, Waltham, USA), operating in

Optiplan mode (2kV, 0.1 nA).
2.8 Digestion stability assay

To test the digestive stability of the encapsulated proteins, we

adapted the protocol from Moreno et al., 2005 by scaling down the

reaction volume from 2.2 mL to 1.6 mL. The soluble wild-type (CW)

and mutant (CM) allergens were adjusted to a concentration

of 1.59 mg/mL. To determine the amount of leaf tissue required

to obtain comparable starting quantities of PB-encapsulated

allergen, immunoblot analyses were performed. The results

indicated that 20 mg of leaf tissue contained approximately 5 μg of

PB-encapsulated allergen. Before starting the digestive stability assay,

aliquots from CWF and CMF were taken to establish a reference

value at timepoint 0 (G-0). The digestion procedure was carried out
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under defined simulated gastric conditions (182 U Pepsin/mg protein

in 1x simulated gastric fluid containing 0.15 M NaCl, pH 3) and

simulated intestinal conditions (34.5 U trypsin/mg protein and 0.44

chymotrypsin/mg protein, 25 mM Bis-Tris and 9.2 mM CaCl2,

pH 7). After stopping the digests, all aliquots were immediately

frozen at -20°C until further analysis by immunoblotting. Detection

was performed using a rabbit antiserum raised against mutant carp

parvalbumin (Freidl et al., 2020) and a secondary anti-rabbit-HRP

antibody. For the evaluation of the immunoblot results, band

intensity profiles were analyzed using ImageLab software (Bio-Rad

Laboratories, Inc, Hercules, USA). The signal intensity of each band

was normalized to the reference band at G-0 and plotted against the

total digestion time. Quantitative estimates were based on a

minimum of three independent biological replicates (n = 3), and

data were analyzed using GraphPad Prism (GraphPad Software, LLC,

San Diego, USA). Statistical significance was assessed using two-way

ANOVA followed by Dunnett´s multiple correction.
3 Results

3.1 Encapsulation of parvalbumin within
multi-layered protein bodies

Based on previous studies by Schwestka et al., 2023, we employed

a combination of 16-kDa-g-zein, Zera (partial 27-kDa-g-zein), and
15-kDa-b-zein to induce the in vivo formation of multi-layered

protein bodies with distinct layers in Nicotiana benthamiana. To

facilitate visual tracking, two of the zeins were fused to fluorescent

proteins. The third (either 15-kDa-b-zein or Zera) was fused to carp

parvalbumin variants, causing the incorporation of the fish allergen

either in the core or the shell of the PBs (Figure 1).
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In order to encapsulate the allergen within the core of insoluble

protein bodies, wild-type parvalbumin (CWF) or its hypoallergenic

version (CMF) were fused to 15-kDa-b-zein. To achieve

incorporation in the PB shell, they were fused to Zera

(Supplementary Figure S1). We then co-expressed each of the

zein-allergen fusion proteins with the two fluorescently labelled

complementary zeins to obtain multi-layered PBs. Seven days after

infiltration of N. benthamiana, the crude leaf extract was separated

into soluble and pellet fractions as described in Schwestka et al.,

2023 and analyzed by immunoblot detection (Figure 2). Distinct

allergen-containing bands at 25 kDa (Zera-CWF/CMF) and 30 kDa

(15-kDa-b-zein-CMF/CWF), along with some higher molecular

mass bands likely representing incompletely reduced polymers,

appeared only in the PB-containing pellet fractions (Figure 2). In

the supernatants, only faint bands could be detected, confirming the

incorporation of the wild-type and mutant parvalbumin into the

PBs. To further confirm these findings, immunoblot analysis was

also performed with the enriched PB fractions. These fractions

displayed a banding pattern similar to that observed in the crude

extract, with strong signals for both the Zera- and 15-kDa-b-zein
fusion proteins at the respective positions (Supplementary

Figure S2).

The incorporation of the allergen within PBs was further

investigated by correlative light and electron microscopy, taking

advantage of the fluorescent protein tags. For the shell

encapsulation of the allergen, PBs in the cytoplasm of N.

benthamiana revealed a red and blue fluorescent core (≤1 μm in

size), representing the 15-kDa-b-zein-mCherry and 16-kDa-g-zein-
BFP (Supplementary Figures S3, S4A). The presence of parvalbumin

was determined via immunofluorescence (Figure 3), which revealed a

ring-shaped distribution of the allergen surrounding the fluorescent

core. This is consistent with the expected localization of a Zera-fused
FIGURE 2

Detection of parvalbumin-derivatives from multilayered PBs of crude leaf extracts (7 dpi). Flag-tagged parvalbumin wild-type and mutant proteins
were detected in immunoblots of crude leaf extracts using a polyclonal antibody against the flag-tag. (A) Core-encapsulation of the 15-kDa-b- zein-
CWF (lanes 2-7) and 15-kDa-b- zein-CMF (lanes 9-14) fusion protein. (B) Shell-encapsulation of the Zera-CWF (2-7) and Zera-CMF (9-14) fusion
protein. The arrows indicate the expected molecular mass of the fusion proteins 15-kDa-b- zein-CMF and 15-kDa-b- zein-CWF (A) and Zera-CWF
and Zera-CMF (B).
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protein within a multilayered PB measuring ≥1 μm in diameter

(Figure 1A) (Schwestka et al., 2023). No significant differences in

localization within the PB were observed between wild-type

parvalbumin and its mutant variant (Supplementary Figure S4B).

In the case of the core encapsulation, green fluorescent protein bodies

(≥1 μm in size) were detected in the transformed leaf cells, showing a

central void with a signal for 16-kDa-g-zein-BFP (Figure 4A;

Supplementary Figure S4C). For the localization of the allergen, we

opted for immunogold labelling of thin sections of the enriched PB

pellet followed by electron microscopy in order to gain access to the

core of the PB. The preservation of GFP fluorescence after HPF-FS

facilitated the identification of the protein bodies within the section.

The central areas of the protein bodies were devoid of green

fluorescence and showed abundant gold probes instead, indicating

the presence of the allergen within the protein body core (Figure 4B).

No co-localization with GFP was observed, confirming a

precise distribution of the different components within the PB

(Schwestka et al., 2023).
3.2 Simulated gastrointestinal digestion

To assess whether bio-encapsulation enhances allergen persistence

under proteolytic conditions, we first used soluble wild-type (CW) and

mutant parvalbumin (CM) as controls in a simulated digestion

process. Following pepsin addition, protein levels declined rapidly

within the first minute. The final detectable band for CWwas observed

after 20 minutes, at which point only about 2% of the protein

remained (Supplementary Figure S5; Supplementary Table S1). For

CM, the last detectable signal appeared after 6 minutes, with less than

1% of the protein remaining (Figures 5, S5; Supplementary Table S1).

This highlights the difference in stability between wild-type and

mutant parvalbumin (Freidl et al., 2020). Next, an equivalent

amount of wild-type and mutant parvalbumin, encapsulated within

the core of PBs, was subjected to simulated gastric digestion. As shown
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in Figure 5 and Supplementary Table S1, it took 90 minutes for core-

encapsulated mutant parvalbumin to be fully digested, and core-

encapsulated wild-type parvalbumin remained detectable for even

longer. Thus, encapsulation in the PB-core prolonged the

persistence of both the wild-type and mutant allergen, with average

signal intensities of 80% and 40% remaining after 20 minutes of

digestion, respectively. Even after 90 minutes, both allergen variants

were still detectable (Supplementary Table S1). We also compared the

persistence of the shell-encapsulated allergen in a simulated digestion

process. In contrast to core encapsulation, in which the amount of

allergen decreased steadily, the allergens incorporated in the shell

exhibited a clear and sudden drop in abundance after about 20

minutes in the gastric phase. Nevertheless, the shell-incorporated

wild-type and mutant allergens exhibited greater stability than their

soluble counterparts, with an average of 47% and 26% of the signal

remaining after 20 minutes, respectively (Figure 5, Supplementary

Table S1).
3.3 Uptake of the PBs into Caco-2 cells

To investigate whether multi-layered PBs can be internalized by

intestinal epithelial cells, we exposed Caco-2 cells to the different PBs.

To analyze their uptake into Caco-2 cells we employed various staining

and microscopy techniques. After incubation in a PB suspension (core

encapsulation of wild-type parvalbumin), CellBrite® was used to

visualize intracellular membranes. A fluorescent membrane

surrounding the PB was visible (Figure 6A), suggesting PB uptake by

endocytosis. Indeed, the fluorescence intensity profile of this region

showed a green peak, originating from Zera-EGFP and defining the

perimeter of the PB. It was flanked by two additional peaks

corresponding to CellBrite® labelled membranes (Figure 6B). PB

uptake could also be confirmed by electron microscopy. Cross

sections of Caco-2 cell monolayer cultures showed PBs enclosed

within a membrane and located inside the cells (Figure 6C).
FIGURE 3

Shell encapsulation of mutant parvalbumin. Co-expression of Zera-CMF, 16-kDa-g-zein-BFP, and 15-kDa-b-zein-mCherry. CMF localization was
assessed by immunolocalization carried out on fixed vibratome sections. Rabbit serum recognizing both the wild-type and mutant form of the
allergen served as primary antibody, followed by an Alexa Fluor 488-conjugated secondary antibody. First panel: Immunolocalization of CMF in the
shell of the protein body completely surrounding the b-zein core; second panel: 15-kDa-b-zein-mCherry. Overlay images in the third panel reveal
the spatial distribution of the signals within the PBs. CLSM images. Bar 1 µm.
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4 Discussion

This study presents the design of multi-layered PBs in N.

benthamiana as a novel platform for allergen encapsulation. These

structures offer promising advantages for oral immunotherapy,

including enhanced control over allergen release and dosage, which

may contribute to more effective and individualized allergy

management. The successful generation of multi-layered PBs was

achieved by the co-expression of three zeins: 16-kDa-g-zein, Zera,
and 15-kDa-b-zein, fused either to fluorescent tags or variants of the

major fish allergen parvalbumin. As a result, PBs with distinct core

and shell layers were formed, allowing precise allergen localization

within the protein matrix. Confocal microscopy confirmed the clear

layering offluorescent labels, demonstrating the structural integrity of

the PBs. Additionally, CLEM and immunofluorescence analysis

showed the localization of the allergens in defined layers within the

PBs. By combining high-resolution imaging, immunogold labelling

and immunofluorescence, the exact positioning of the parvalbumins

could be mapped, even in the absence of fluorescent labels.

One key finding of this study is the significantly increased

resistance of PB-encapsulated parvalbumins to proteolytic
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degradation compared to their soluble counterparts. This

characteristic is a critical factor for inducing robust and sustained

oral tolerance (Freidl et al., 2020). We demonstrated that the soluble

parvalbumin variants were no longer detectable after twenty minutes

for the wild-type parvalbumin and after six minutes for the mutant

parvalbumin during simulated gastric digestion. In contrast, core-

encapsulated wild-type protein (CWF) remained detectable even after

60 minutes, and this was also observed for the core-encapsulated

parvalbumin mutant (CMF), albeit to a lesser extent. Shell

encapsulated parvalbumins demonstrated moderate stability,

initially resisting proteolysis, but showing a sharp decline in

abundance after twenty minutes. Nevertheless, even CMF remained

detectable throughout the simulated gastric digestion. This enhanced

protection against enzymatic gastric degradation is particularly

important for oral administration, as the harsh conditions in the

stomach often compromise the efficacy of protein therapeutics

including mutant parvalbumin (Freidl et al., 2020; Han et al.,

2024). Furthermore, the stability during the intestinal digestion

phase was evaluated. While core encapsulation provided prolonged

protection also against the simulated intestinal conditions, a gradual

decrease in parvalbumin levels was observed over time, indicating the
FIGURE 4

Core encapsulation of the wild-type parvalbumin. Co-expression of Zera-EGFP, 16-kDa-g-zein-BFP, and 15-kDa-b-zein-CWF. (A) CLSM images of
isolated PBs. First panel: Zera-EGFP; second panel: 16-kDa g-zein-BFP; third panel: overlay of both channels. (B) First panel: CLSM image showing
Zera-EGFP in resin-embedded PBs, prepared by high-pressure freezing and freeze substitution; second panel: CLEM image showing detection of
wild-type parvalbumin via anti-parvalbumin antibody and 10 nm gold-labeled donkey anti-rabbit secondary antibodies. The third panel (overlay)
reveals the spatial distribution of signals within the PBs. Bars 2 µm (A), 0.25 µm (B).
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progressive degradation of the protein. The continued persistence in

both the gastric and intestinal phases highlights the potential of PBs

as a delivery platform for therapeutic proteins requiring prolonged

stability. The precise positioning of allergens within specific PB layers

provides opportunities to fine-tune the release profile of encapsulated

proteins. Thus, core encapsulation may support sustained release,

while shell encapsulation might promote faster release.

Beyond stability, effective oral administration requires that the

PBs are internalized by human intestinal epithelial cells, a key step for

systemic absorption (Mohammed et al., 2022). This was simulated in

our study by using Caco-2 cells, an established model for human
Frontiers in Plant Science 09114
intestinal epithelial cells (Bailey et al., 1996). Microscopy revealed that

the PBs were surrounded by a fluorescently labelled membrane after

internalization by Caco-2 cells, indicating uptake by endocytosis.

Electron microscopy further confirmed that the PBs were present in

intracellular vesicles within the Caco-2 cells. These results are in line

with previous research that demonstrated the uptake of the peanut

allergen Ara h1 into monocytes using microscopy, showing their

internalization into vesicles that are likely part of the endolysosomal

pathway (Price et al., 2017). This is a crucial step for antigen

presentation and immune activation (van Kasteren and Overkleeft,

2014). While further studies are needed to understand the
FIGURE 6

Uptake of PB by Caco-2-cells. (A) Cellbrite (cyan), visualizing intracellular membranes, and protein bodies (green). (B) Fluorescence intensity profile
of the line indicated in (A). Fluorescence intensity corresponds to the readout of the Leica LAS Software. (C) SEM cross section of a Caco-2 cell
revealing protein bodies within the cytoplasm (arrowhead). Aclar foil (*), nucleus (n). Bars 5 µm (A), 1 µm (C).
FIGURE 5

Encapsulated wild-type and mutant parvalbumins show higher resistance to simulated gastrointestinal digestion than the soluble proteins. The y-axis
represents the relative signal strength compared to G-0 of the respective immunoblot. Detection was carried out using a rabbit antiserum
recognizing both the mutant and wildtype carp parvalbumin. The x-axis represents the total digestion time in minutes. Gastric digestion was always
started at G-0 by addition of pepsin to the samples (aliquots were taken after 1, 2, 4, 6, 10, 20, and 60 minutes). After 60 minutes, pepsin from the
gastric phase was neutralized, and trypsin/chymotrypsin were added to the samples to initiate the intestinal phase (aliquots were taken after 61, 65
and 90 minutes). The values derived from three independent digests are shown (n = 3). A t-test to compare the allergen containing PBs with the
soluble allergens was performed. Ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.00001.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1652246
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Schubert et al. 10.3389/fpls.2025.1652246
mechanisms involved in the internalization of PBs by different cell

types, the routing of PBs through the endolysosomal pathway

supports their suitability for allergen immunotherapy.

Encapsulation of proteins for oral immunotherapy has proven

advantageous in other studies using micro- or nanoparticles for this

purpose (Jazayeri et al., 2021). Chimeric virus-like particles (VLPs),

such as those based on hepatitis E (Jariyapong et al., 2013), Norwalk

virus (Ball et al., 1998), HIV env (Takamura et al., 2004) and

influenza (Serradell et al., 2019), have demonstrated protease

resistance and strong immune responses after oral administration

in animal models. Similarly, plant-made enveloped eBioparticles

(eBPs) have been studied as an allergen expression platform in

recent years. They are capable of inducing IgG responses and

modulating dendritic cell activity in mice after administration

(Busold et al., 2024; Gomord et al., 2020). In another study, eBPs

carrying the peanut allergen Ara h 2 were produced inN. bethamiana

with A. tumefaciens. After incubating sera from Ara h 2-sensitized

patients with the eBPs, they measured a significant reduction in IgE

binding potency and therefore an extensive decrease in the induction

capacity of effector cell-driven allergic responses (Castenmiller et al.,

2023). While VLPs have shown remarkable immunogenicity and

some protection from gastrointestinal degradation (Serradell et al.,

2019), PBs offer distinct advantages. PBs are fully plant-derived and

self-assembled without the need for viral components, eliminating

some biosafety concerns and simplifying downstream processing

(Schwestka et al., 2023). Unlike VLPs, which often require complex

multi-protein assembly and precise stoichiometry (Qin et al., 2023),

PBs can form from a single fusion construct and are amenable to

modular engineering (Hofbauer et al., 2016; Schwestka et al., 2023).

Furthermore, PBs based on prolamin storage proteins such as zeins

display natural resistance to digestive enzymes and acidic conditions,

making them especially suitable for oral delivery (Luo et al., 2023).

While VLPs and eBPs are well-established for injectable or mucosal

applications, their production is often associated with challenges

related to cost and regulatory complexity (Chen and Lai, 2013).

PBs are based on cereal storage proteins that are part of the food

chain and generally regarded as safe, and they can be rapidly

produced in N. benthamiana by transient expression. Additionally,

their multi-layered architecture offers new opportunities for tailoring

antigen localization and release profiles.

PBs provide a particularly versatile platform for the in planta

encapsulation of allergens. For example, endogenous PBs were

utilized in a study where a hypoallergenic Bet v 1 tolerogen

against birch pollen allergy was specifically expressed in the

endosperm tissue of transgenic rice seeds (Wang et al., 2013).

Fukuda et al., 2018 incorporated hypoallergenic forms of the

major Japanese cedar pollen allergens into transgenic rice seed

PBs. Oral immunotherapy in mice performed with such PBs led to

the suppression of pollen-induced allergic conjunctivitis.

Furthermore, these PBs even showed a protective effect against

the development of allergic conjunctivitis, in experiments, where

the transgenic rice was fed to mice prophylactically (Fukuda et al.,

2018). Although the use of stable transgenic plants, particularly

edible species, presents some advantages, their development

remains a time-consuming and costly process. Moreover, the
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presence of endogenous storage proteins complicates the design

of well-defined, multi-layered PBs. In contrast, transiently

expressed PBs can be produced more rapidly and under

controlled conditions, enabling the incorporation of the protein

of interest either within the PB core or exposed on its surface. In

addition, transient expression systems based on agroinfiltration are

typically capable of achieving higher protein yields, rendering them

well-suited for commercial production (Feng et al., 2022;

Mardanova and Ravin, 2021; Nosaki et al., 2021; Suzaki et al., 2019).

Our study not only provides an advanced analysis of transiently

expressed PBs for the encapsulation of allergens but also highlights

several remaining issues. While our current findings are

encouraging, they are based on in vitro analyses. Thus, in vivo

studies using animal models are required to assess the efficacy,

safety, and immunogenicity of PB-based delivery systems under

physiological conditions. To further enhance their performance, the

composition of PBs could also be optimized regarding stability and

functionality. For example, incorporating alternative zein

variants or fusion partners with suitable properties might

additionally improve structural integrity under specific

conditions. Furthermore, the development of stimuli-responsive

PBs could also represent a future improvement towards producing

adaptable PBs for diverse therapeutic applications. PB degradation

could be triggered for example by certain environmental stimuli

such as pH, temperature or enzymatic activity, potentially

promoting allergen release under specific environmental

conditions. However, for such advanced applications involving

targeted delivery, a deeper understanding of the cellular

mechanisms governing uptake, transport and degradation of PBs

will be essential.

In conclusion, we have shown in this study that multi-layer PBs

represent a robust and versatile system for the encapsulation of

allergens. We were able to demonstrate precise localization of the

major fish allergen derivatives, their enhanced stability during

simulated gastric and intestinal digestion, and successful

endocytic uptake. These findings highlight the potential of PBs as

a delivery platform and provide a foundation for the further

development of PB-based systems. Future animal studies using

murine allergy models will be an essential next step to further

evaluate the relevance of the platform for therapeutic strategies

targeting allergic and other immune-related diseases.
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Pilichowicz, A., et al. (2025). Global burden of allergies: mechanisms of
development, challenges in diagnosis, and treatment. Life 15, 878. doi: 10.3390/
life15060878

Alvaro-Lozano, M., Akdis, C. A., Akdis, M., Alviani, C., Angier, E., Arasi, S., et al.
(2020). EAACI allergen immunotherapy user’s guide. Pediatr. Allergy Immunol. 31, 1–
101. doi: 10.1111/pai.13189
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Efficient accumulation of new
irregular monoterpene malonyl
glucosides in Nicotiana
benthamiana achieved by
co-expression of isoprenyl
diphosphate synthases and
substrate-producing enzymes
Iryna Gerasymenko1*, Yuriy V. Sheludko1, Volker Schmidts2

and Heribert Warzecha1

1Plant Biotechnology and Metabolic Engineering, Technical University of Darmstadt,
Darmstadt, Germany, 2Clemens-Schöpf-Institute for Organic Chemistry and Biochemistry, Technical
University of Darmstadt, Darmstadt, Germany
Irregular monoterpenes have limited natural sources but possess unique activities

applicable in medicine and agriculture. To enable sustainable plant-based

production of these compounds, we established a transient expression

procedure to enhance the biosynthetic flux in Nicotiana benthamiana toward

dimethylallyl diphosphate (DMAPP), a substrate for isopentenyl diphosphate

synthases (IDSs) that generate irregular monoterpene skeletons. Considering the

benefits of glycosylation for accumulating and storing monoterpenes in extractable

form, we focused on developing a platform for the production of non-volatile

glycosylated irregular monoterpenes using three IDS that form branched and cyclic

structures. The analysis of methanolic leaf extracts from transiently transformed N.

benthamiana plants revealed six major new components, 6-O-malonyl-b-D-
glucopyranoside and 6-O-malonyl-b-D-glucopyranosyl-(1→2)-b-D-

glucopyranoside derivatives of chrysanthemol, lavandulol and cyclolavandulol,

five of which are novel compounds. Alleviating two bottlenecks in the DMAPP

formation in plastids by co-expressing 1-deoxyxylulose 5-phosphate synthase and

isopentenyl diphosphate isomerases increased the yield of chrysantemyl and

lavandulyl glucosides produced by plant-derived IDS to 1.7 ± 0.4 mmol g-1 FW

and 1.4 ± 0.3 mmol g-1 FW, respectively. A bacterial cyclolavandulyl diphosphate

synthase operated efficiently in chloroplasts and cytoplasm. The highest irregular

monoterpene concentrations were achieved in cytoplasm by co-expression of
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hydroxymethylglutaryl-CoA reductase, the bottleneck enzyme of the mevalonate

pathway for DMAPP biosynthesis. The mean level of cyclolavandulyl glucosides

reached 3.9 ± 1.5 mmol g-1 FW; the top-performing plants contained 6.6 mmol g-1

FW. This yield represents the highest amount of irregular monoterpenes produced

in plant systems.
KEYWORDS

irregular monoterpenes, lavandulol, cyclolavandulol, chrysanthemol, Nicotiana
benthamiana, DMAPP biosynthetic pathway engineering
1 Introduction

Terpenoids form the largest group of natural products, with over

80000 different structures identified (Christianson, 2017).

Approximately three-quarters of all known terpenes have been

isolated from plants (Li et al., 2024), where they serve various

functions, including defensive, communicative, and stress-

protective roles. The terpene scaffold is a common structural

feature found in many natural and synthetic compounds that have

pharmaceutical, cosmetic, and agrochemical applications, often

playing a crucial role in their biological activity. In pharmacology,

these molecules are substantial contributors to six major classes of

drugs: steroids, tocopherols, taxanes, artemisinins, ingenanes, and

cannabinoids (Jansen and Shenvi, 2014; Yang et al., 2020).

Biosynthesis of terpenes proceeds through the formation of C5

isoprenyl diphosphate isomers, isopentenyl diphosphate (IPP) and

dimethylallyl diphosphate (DMAPP), which undergo condensation to

yield various groups of terpenes. This reaction, catalyzed by isoprenyl

diphosphate synthases (IDS), typically starts with the head-to-tail (1’-

4) coupling of IPP and DMAPP, resulting in the linear monoterpene

scaffolds with trans- or cis-configuration. The chain can be further

elongated through either additional head-to-tail or head-to-head (1’-

1) linkages. The initial linear skeletons can be cyclized and further

modified by terpene synthases and other enzymes, e.g. cytochromes

P450 (Boutanaev et al., 2015). Most terpenes are formed using this

mechanism and are classified as regular terpenes. In contrast, a limited

number of so called irregular terpenes are produced by the head-to-

middle linkage of two DMAPP molecules, which results in the direct

formation of branched or cyclized structures with specific biological

activities. For example, compounds with branched lavandulyl

(Figure 1A) or various cyclic structures often function as insect

pheromones and are promising candidates for developing

sustainable pest control strategies (Zou and Millar, 2015; Rizvi et al.,

2021). Natural pyrethrins, derivatives of the irregular monoterpene

chrysanthemyl diphosphate with a cyclopropane skeleton (Figure 1B),

along with chemically produced pyrethroids serve as highly effective

insecticides. They are typically harmless to animals and are known for

their rapid biodegradation (Lybrand et al., 2020). Cyclolavandulyl

moiety is a part of several types of pharmaceutically valuable

compounds, e.g. phenazine-derived meroterpenoids, such as
02120
lavanducyanin (Figure 1C), exhibiting cytotoxic and antibiotic

activities, and neuroprotective carbazole alkaloid lavanduquinocin

(Shin-Ya et al., 1995; Baumgartner and McKinnie, 2024).

Although significant progress has been made in the chemical

synthesis of various terpenes (Kanwal et al., 2022), the production

of irregular monoterpenes often remains inefficient and may

involve hazardous reagents. For example, synthesizing achiral b-
cyclolavandulol from a commercial precursor through a 5-step

chemical route yielded 33-50% (Kinoshita et al., 1995; Knölker

and Fröhner, 1998). In a stereodivergent total synthesis of

lavandulol, the process involved 11–16 reaction steps and resulted

in an overall yield of 6-26% (Bhosale and Waghmode, 2017). As an

environmentally friendly alternative, biocatalytic methods are

developed, e.g. preparing enantiomerically pure (R)-lavandulol by

the enzyme-catalyzed resolution of racemic mixtures (Zada and

Dunkelblum, 2006).

Multiple attempts have been made to produce regular terpenes

using microbial biofactories. Extensive metabolic engineering

aimed at increasing the precursor supply and inhibiting

competing pathways combined with the optimization of

fermentation conditions resulted in impressive sesquiterpene

titers reaching up to 140 g/l farnesene (Meadows et al., 2016) and

more than 40 g/l amorphadiene in yeast (Westfall et al., 2012). For

monoterpenes, the accumulation levels are significantly lower

(Yang et al., 2025) due to their volatility and toxicity to the host

cells. An effective way of alleviating these problems is in situ product

extraction (Brennan et al., 2012) or conversion into less volatile and

toxic molecules. For geraniol, esterification to geranyl acetate

increased the product accumulation in E. coli systems to 10.4 and

19 g/l (Wang et al., 2022b; Shukal et al., 2024), while the highest

reported level of free alcohol for this chassis is 2.1 g/l (Wang et al.,

2021). Further development of this strategy allowed for recovery of

geraniol at concentration of 13.2 g/l by hydrolysis of geranyl acetate

(Wang et al., 2022a). The microbial production of irregular

monoterpenes has been rarely reported. Recently, engineered

Saccharomyces cerevisiae achieved a yield of 309 mg/l of

lavandulol through fed-batch fermentation in a 5 liter bioreactor

(Nie et al., 2025).

More research on biotechnological production of irregular

monoterpenes has been carried out using plants as hosts. Plant cells
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offer access to precursor flux through either the mevalonic acid

(MVA) pathway in the cytoplasm or the methylerythritol phosphate

(MEP) pathway in the plastids (Bergman et al., 2024), with the ability

to localize enzymes in different cell compartments. Efforts to engineer

terpenoid metabolism in plants to enhance the accumulation of native

irregular monoterpenes or to produce heterologous compounds have

involved stable genetic transformation of tobacco (Yang et al., 2014;

Matáeos-Fernández et al., 2023), as well as host species that naturally

produce high levels of terpenoids, such as Chrysanthemummorifolium

(Hu et al., 2018), Lavandula×intermedia (Munoz-Bertomeu et al.,

2006) and Solanum lycopersicum (Xu et al., 2018a).

A convenient platform for the rapid production of recombinant

proteins and manipulating plant metabolism is transient expression

(Gerasymenko et al., 2019; Nosaki et al., 2021). Advantages of this

strategy include a high level of recombinant protein accumulation,

which can exceed that of nuclear transformed plants by several times.

Additionally, it offers flexibility in testing various gene combinations

and allows for the restriction of expression products to certain plant

organs. This capability enables temporary accumulation of potentially

toxic products at concentrations that would be harmful to the entire

plant. There is particular interest in using plants for the transient

biosynthesis of small molecules with valuable activities, employing

combinations of heterologous enzymes directed to specific

compartments within the plant cell. The development of such a

platform offers a source of inexpensive material for in planta or

whole-cell biocatalysis as transient expression protocols are easily

scalable from analytical to preparative and manufacturing levels.

However, it requires adaptation of foreign proteins to the plant’s

intracellular environment and optimization of intrinsic metabolic

fluxes. The transient expression of genes encoding irregular IDS

enzymes, lavandulyl and chrysanthemyl diphosphate synthases (LDS

and CDS), was reported inN. benthamiana (Xu et al., 2018b;Matáeos-

Fernández et al., 2023). This approach was used for proving the

functionality of IDS enzymes and enzymes that oxidizes trans-
Frontiers in Plant Science 03121
chrysanthemol to chrysanthemic acid, but no experiments on

increasing the yield of heterologous irregular monoterpenes by

expanding the supply of precursors were attempted.

In this study, we endeavored to improve the performance of

plants as production system for irregular monoterpenes by

enlarging the pool of DMAPP, the substrate for IDS performing

the irregular coupling. To enhance the metabolic flux through the

MEP and MVA pathways, the corresponding bottleneck enzymes

were overexpressed. In addition, the enzymes producing DMAPP

from dimethylallyl phosphate and IPP were introduced (Figure 2).

Previous research has shown that the major part of heterologous

terpenoids in transgenic plants underwent glucosylation (Lucker

et al., 2001; Hu et al., 2018; Xu et al., 2018a, 2018), a common

modification allowing for sequestration and storage of hydrophobic

and often toxic monoterpenes in plant cells (Dudareva and

Pichersky, 2008). Therefore, we focused on the accumulation of

non-volatile forms of irregular monoterpenes that can be easily

extracted from the harvested plant material unlike volatile

metabolites requiring continuous trapping techniques. We

identified six major components of methanolic extracts from N.

benthamiana plants expressing irregular IDS enzymes, five of them

being previously unknown substances (Figure 2, compounds 1-6),

and achieved the yield of the products in the range of 1.4 – 3.9 mmol

g-1 FW representing the highest reported concentrations of

irregular monoterpenes produced in a plant system.
2 Materials and methods

2.1 Analytical instruments and assays

LC-ESI-MS analysis was performed on a 1260 Infinity HPLC

system coupled to a G6120B quadrupole mass spectrometry

detector (Agilent, USA). The separation was carried out on a
FIGURE 1

Examples of irregular monoterpene motifs in the structures of biologically active small molecules. (A) (S)-(+)-Lavandulyl senecioate, the sex
pheromone of vine mealybug, Planococcus ficus. (B) Pyrethrin I, a natural irregular monoterpene known for its potent insecticidal activity.
(C) Lavanducyanin, a phenazine-derived meroterpenoid exhibiting cytotoxic and antibiotic properties.
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Zorbax Extend-C18 (4.6 x 150 mm, 3.5 mm) column (Agilent,

USA), according to the protocol described by Nagel (Nagel et al.,

2012). The detection of C10 prenyl glycosides was performed in a

negative total ion current and a single ion mode.

An Impact II system (Bruker Daltonik, Germany) was used for

recording ESI-HR-MS spectra.

HPLC analysis was performed using a 1260 Infinity system

connected to a Zorbax Eclipse Plus C18 column, 4.6 × 250 mm,

5 mm (Agilent, USA), and the mobile phase consisted of 50 mM

ammonium acetate (pH 4.5) (A) and 70:30 (v/v) acetonitrile:50 mM

ammonium acetate (pH 4.5) (B) (Sun et al., 2010) with the binary

gradient elution program (% B): 20–50 within 25 min; 50–100

within 1 min. The column was flushed with 100% B for 3 min and

re-equilibrated with 20% B for an additional 3 min. The flow rate

was set to 1.0 ml/min and detection was at 256 nm.
1H and 13C NMR, CLIP-COSY (25 Hz mixing (Koos et al.,

2016), NOESY (500 ms mixing), 1H -13C multiplicity-edited HSQC

and 1H -13C HMBC, TOCSY and DOSY (stimulated echo, bipolar

gradient pairs, d/2 = 1 ms, D = 60 ms, 16 gradient steps linearly

spaced between 2% and 98%) spectra were recorded in DMSO-d6
using an AVANCE III HD instrument (Bruker, USA) equipped

with a 5 mm QCI CryoProbe (1H/19F-31P/13C/15N/2H with a z-

gradient coil with maximum amplitude of 53 G/cm) at 700 MHz

(1H) and 176 MHz (13C). All measurements were carried out at 300

K. Bruker TopSpin 3.5pl7 was used for data acquisition using pulse

sequences as provided by the vendor library. Default parameter

values were used unless noted otherwise.
Frontiers in Plant Science 04122
2.2 Genetic vectors and transient
expression

Genes of IDS and auxiliary enzymes used in this study (Table 1)

were either synthesized or amplified as described in the

Supplementary Materials (S1.2). Gene GFP served as a

physiologically neutral control. The cloned or synthetic genes

were inserted into genetic vectors using the Golden Braid

modular cloning system (Sarrion-Perdigones et al., 2013).

The transcriptional units (TUs) for all genes were assembled in

alpha-level vectors and included 35S CaMV promoter and nopaline

synthase gene terminator from A. tumefaciens. For protein

transport into chloroplasts, the sequence encoding an artificial

chloroplast transit peptide from the pICH13688 plasmid

(ICONGenetics, Halle, Germany, GenBank accession number

AM888351.1) was added to the TUs for CLDS, IDIs and IPK.

The TUs for IDS genes were combined in omega-level vectors with

the TU for p19 suppressor of post-transcriptional gene silencing

from the tomato bushy stunt virus. The TUs for auxiliary genes

were either expressed from alpha-level vectors or combined in

omega-level vectors as shown in Supplementary Table S1.1. The

vectors were introduced into the A. tumefaciens EHA105 strain. The

transient expression was performed in plants of N. benthamiana as

described earlier (Gerasymenko et al., 2019). For co-expression, the

bacterial suspensions carrying corresponding vectors were mixed in

equal volumes before infiltration (Supplementary Table S1.1). The

biomass was collected six days after infiltration.
FIGURE 2

Selected steps of the metabolic pathway for irregular monoterpene malonyl glucoside biosynthesis in N. benthamiana. Solid arrows indicate the
reactions catalized by the enzymes heterologously expressed in this study. 1-deoxy-D-xylulose 5-phosphate synthase (DXS), chrysanthemyl
diphosphate synthase (TcCDS), and lavandulyl diphosphate synthase (LiLDS) were localized to chloroplasts (highlighted in green); 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMGR) operated in cytoplasm (highlighted in blue); cyclolavandulyl diphosphate synthase (CLDS), isopentenyl
phosphate kinase (IPK), and isopentenyl diphosphate isomerases (IDI) were expressed with and without chloroplast targeting peptide. Structures 1, 3,
5, R = H; 2, 4, 6, R = Glu. Abbreviation: Glu, glucopyranose; CoA, coenzyme A; MEP, methylerythritol phosphate pathway; MVA, mevalonate
pathway; PP, diphosphate; P, phosphate.
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2.3 Quantification of monoterpene malonyl
glucosides

The leaf explants (130 ± 10 mg) were frozen in liquid nitrogen,

ground and extracted with 200 ml of 80% methanol in an ultrasound

bath filled with water/ice slurry during 30 min. After centrifugation

(10 min, 17000 x g), the supernatants were transferred in new

Eppendorf tubes and centrifuged once more for 10 min at 17000 g.

The supernatants after the second centrifugations were used for LC-

ESI-MS as described in 2.1.

The calibration lines were build using the purified samples

prepared as described in 2.4. The content of glucosylated

monoterpenes was calculated either as mg of each derivative,

mono- and diglucoside, per g of plant fresh weight (FW) or as a

sum of molar quantities of both derivatives (mmol/g FW). The

results are presented as box plots. Within each box, horizontal lines

denote median values and square dots show mean values; boxes

extend from the 25th to the 75th percentile of each group’s

distribution of values; bars represent standard deviation; round

dots illustrate individual measurements. The sample sizes are

shown in the figure legends.

A one-way ANOVA and Tukey’s HSD test were performed using

the calculator retrieved from https://www.socscistatistics.com/tests/

anova/default2.aspx.
2.4 Isolation of irregular monoterpene
malonyl glucosides

For the preparative isolation of irregular monoterpene malonyl

glucosides (1-6), the plant material from the various experiments on

the expression of the corresponding IDS gene was combined. The

infiltrated leaves (20–25 g) were frozen in liquid nitrogen, ground and

extracted with 80% (v/v) methanol (40 ml) in an ultrasound bath

filled with water/ice slurry during 30 min. After centrifugation (10

min, 12500 x g), the supernatant was filtered through filter paper,
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dried on a rotary evaporator and taken up in 20 ml methanol. After

the second centrifugation (10 min, 12500 x g), the supernatant was

filtered through filter paper, dried on the rotary evaporator and

dissolved in 2 ml methanol. HPLC-MS analysis displayed that the

extract contained the corresponding monoterpene malonyl mono-

and diglucosides in different proportions. For normal phase

chromatography, the column (18 mm id) was packed with silica gel

(40–60 mm, 230–400 mesh, 10 g) equilibrated in ethyl acetate. After

extract application, the column was washed with 50 ml ethyl acetate,

and the fractions of 10 ml were collected during elution with 150 ml

ethyl acetate:methanol 4:1 mixture followed by 150 ml ethyl acetate:

methanol 35:15 mixture and 50 ml methanol. The fractions were

analysed by HPLC-MS and those containing monoterpene malonyl

mono- and diglucosides were pooled (typically fractions 4–13 eluted

with acetate:methanol 4:1 mixture for monoglucosides and fractions

14–28 eluted with acetate:methanol 35:15 mixture for diglucosides).

After drying on a rotary evaporator, the combined fractions were

dissolved in 1 ml 5 mM ammonium bicarbonate (ABC) and

subjected to reverse phase chromatography on a Sep-Pak C18–1 cc

Vac Cartridge (Waters, USA) activated with acetonitrile and

equilibrated with ABC. The cartridge was washed with 3 ml ABC,

and elution was performed with an acetonitrile:ABC 95:5 mixture

(10–12 ml) collecting 1 ml fractions. After LC-MS analysis, the

fractions containing monoterpene malonyl mono- or diglucosides

were combined, dried on a rotary evaporator, dissolved in methanol,

and separated on ALUGRAM® Xtra SIL G/UV254 TLC plates (0.2

mm silica gel layer, Macherey-Nagel (Germany)) using ethyl acetate:

methanol 1:1 mixture as a mobile phase. After the plates were

resolved and dried, a 1.5 cm strip was cut from one side and

developed using a potassium permanganate stain. The silica gel

from the area corresponding to the position of the main compound

in the stained section was extracted with methanol which yielded 2–5

mg of material. The obtained samples were dissolved in DMSO-d6
(99.8 atom%D, Roth (Germany)) for NMR analysis.

Chrysanthemyl-1-O-(6-O-malonyl)-b-D-glucopyranoside (1):

amorphous solid; ESIMS m/z 357.2 [M - COOH] –; HRESIMS m/
TABLE 1 Enzymes used in experiments on the biosynthesis of irregular monoterpene malonyl glucosides in N. benthamiana.

Enzyme Acronym Origin UniProt or NCBI Acc. No. Reference

Chrysanthemyl diphosphate synthase TcCDS
Tanacetum
cinerariifolium

P0C565 (Rivera et al., 2001)

Lavandulyl diphosphate synthase LiLDS
Lavandula x
intermedia

M4QSY7 (Demissie et al., 2013)

Cyclolavandulyl diphosphate synthase CLDS
Streptomyces sp.
CL190

X5IYJ5 (Ozaki et al., 2014)

1-Deoxyxylulose 5-phosphate synthase DXS
Solanum lycopersicum,
DXS2

NP_001332799.1
(Di and Rodriguez-
Concepcion, 2023)

Hydroxymethylglutaryl-CoA reductase, the N-truncated
soluble version of HMGR1

tHMGR
Saccharomyces
cerevisiae, HMGR1

P12683 (D1-553, membrane-binding
region)

(Polakowski et al., 1998)

Isopentenyl diphosphate isomerase
AtIDI
EcIDI
BlIDI

Arabidopsis thaliana,
IDI1
E. coli
Bacillus licheniformis

Q38929 (D1-53, chloroplast targeting
peptide)
WP_001192814.1
Q65I10

(Phillips et al., 2008)
(Hahn et al., 1999)
(Rad et al., 2012)

Isopentenyl phosphate kinase IPK Arabidopsis thaliana Q8H1F7 (Henry et al., 2015)
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z 803.3721 [2M - H] – (calcd for C38H59O18, 803.3707; Dmass 1.7

ppm); m/z 401.1833 [M - H] – (calcd for C19H29O9, 401.1817;

Dmass 4.0 ppm); m/z 357.1937 [M - COOH] – (calcd for C18H29O7,

357.1919; Dmass 5.0 ppm); 1H-NMR (700 MHz, DMSO-d6) d
(ppm): 4.86 (d, J = 8.2 Hz, 1H), 4.16 – 4.05 (m, 2H), 4.13 (d, J =

7.9 Hz, 1H), 3.82 (dd, 1H, J = 11, 8.7 Hz), 3.43 (dd, 1H, J = 11, 5.7

Hz), 3.31 – 3.27 (m, 1H), 3.14 (t, J = 9.4, 8.9 Hz, 1H), 3.09 (t, J = 9.3,

8.9 Hz, 1H), 2.96 (t, J = 9.4, 7.9 Hz, 1H), 1.65 (s, 3H), 1.62 (s, 3H),

1.10 – 1.07 (m, 1H), 1.07 (s, 3H), 0.99 (s, 3H), 0.75 (dt, J = 8.5, 5.6

Hz, 1H); 13C-NMR (176 MHz, DMSO-d6) d (ppm): 169.19, 168.43,

131.71, 123.91, 102.27, 76.41, 73.69, 73.36, 70.10, 68.56, 63.51, 45.61,

31.8, 27.56, 25.43, 21.79, 22.37, 21.22, 18.12; (Supplementary

Material, Supplementary Table S1.2, Supplementary Figure

S2.2-S2.9).

Chrysanthemyl-1-O-(6-O-malonyl)-b-D-glucopyranosyl-

(1→2)-b-D-glucopyranoside (2): amorphous solid; ESIMS m/z

519.3 [M - COOH] –; HRESIMS m/z 563.2366 [M - H] – (calcd

for C25H39O14, 563.2345; Dmass 3.7 ppm); m/z 519.2452 [M -

COOH] – (calcd for C18H29O7, 519.2447; Dmass 1.0 ppm); 1H-

NMR (700 MHz, DMSO-d6) d (ppm): 4.86 (d, J = 8.2 Hz, 1H), 4.40

(d, J = 7.9 Hz, 1H), 4.31 (d, J = 7.7 Hz, 1H), 4.14 – 4.10 (m, 1H); 4.07

(d, J = 11.6 Hz, 1H), 3.79 (t, J = 10.7, 8.1 Hz, 1H), 3.62 (d, J = 11.9

Hz, 1H), 3.51 – 3.47 (m, 2H), 3.38 (t, a = 9.1 Hz, 1H), 3.36 – 3.33 (m,

1H), 3.30 – 3.26 (m, 1H), 3.16 – 3.13 (m, 1H), 3.10 – 3.16 (m, 2H),

3.06 – 3.03 (m, 1H), 2.99 (t, J = 8.3 Hz, 2H), 2.92 – 2.88 (m, 2H),

1.65 (s, 3H), 1.63 (s, 3H), 1.11 – 1.08 (m, 1H), 1.07 (s, 3H), 0.98 (s,

3H), 0.81 – 0.77 (m, 1H); 13C-NMR (176 MHz, DMSO-d6) d (ppm):

169.72, 167.19, 131.49, 123.94, 103.9, 101.02, 81.68, 77.02, 76.06,

75.51, 74.92, 73.71, 69.76, 69.72, 68.83, 63.29, 60.72, 45.98, 31.64,

27.62, 25.42, 22.36, 21.53, 21.14, 18.14; (Supplementary Material;

Supplementary Table S1.2; Supplementary Figure S2.10-S2.17). The

sample used for NMR analyses contained impurities that hindered

the direct identification of carbon resonance positions in the 13C

NMR spectrum. The corresponding signal values were retrieved

from HSQC and HMBC spectra.

Lavandulyl-1-O-(6-O-malonyl)-b-D-glucopyranoside (3):

amorphous solid; ESIMS m/z 357.2 [M - COOH] –; HRESIMS m/

z 803.3716 [2M - H] – (calcd for C38H59O18, 803.3707; Dmass 1.1

ppm); m/z 401.1837 [M - H] – (calcd for C19H29O9, 401.1817;

Dmass 5.0 ppm); m/z 357.1937 [M - COOH] – (calcd for C18H29O7,

357.1919; Dmass 5.0 ppm); 1H-NMR (700 MHz, DMSO-d6) d
(ppm): 5.02 (t, 1H, J = 7.0 Hz), 4.73 (s, 1H), 4.69 (s, 1H), 4.14 (d,

J = 7.8 Hz, 1H), 4.08-4.12 (m, 2H), 3.63 (dd, 1H, J = 9.8, 7.1 Hz),

3.44 (dd, 1H, J = 9.8, 6.6 Hz), 3.30 (m, 1H), 3.14 (t, J = 8.9 Hz, 1H),

3.09 (t, J = 10.6, 9.3 Hz, 1H), 2.95 (t, J = 9.3, 7.8 Hz, 1H), 2.92 – 2.88

(m, 2H), 2.3 (m, 1H), 2.2 (dt, J = 13.5, 6.4 Hz, 1H), 1.98 (m, 1H),

1.64 (s, 3H), 1.63 (s, 3H), 1.56 (s, 3H); 13C-NMR (176MHz, DMSO-

d6) d (ppm): 169.7, 167.63, 145.49, 131.36, 122.48, 111.81, 102.92,

76.33, 73.75, 73.4, 70.8, 70, 63.43, 46.45, 45.86, 28.21, 25.63, 20.12,

17.77; (Supplementary Table S1.2; Supplementary Figure

S2.18-S2.25).

Lavandulyl-1-O-(6-O-malonyl)-b-D-glucopyranosyl-(1→2)-b-
D-glucopyranoside (4): amorphous solid; ESIMS m/z 519.3 [M -

COOH] –; HRESIMS m/z 563.2351 [M - H] – (calcd for C25H39O14,

563.2345; Dmass 0.9 ppm); m/z 519.2435 [M - COOH] – (calcd for
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C18H29O7, 519.2447; Dmass 2.2 ppm); 1H-NMR (700 MHz, DMSO-

d6) d (ppm): 5.02 (t, 1H, J = 7.1 Hz), 4.73 (s, 1H), 4.68 (s, 1H), 4.38

(d, J = 7.7 Hz, 1H), 4.31 (d, J = 7.6 Hz, 1H), 4.16 – 4.06 (m, 2H), 3.66

(dd, 1H, J = 9.4, 7.4 Hz), 3.61 (d, J = 11.5 Hz, 1H), 3.50 – 3.48 (m,

1H), 3.44 (dd, 1H, J = 9.4, 6.2 Hz), 3.39 (t, J = 9.0 Hz, 1H), 3.37 –

3.34 (m, 2H), 3.31 – 3.27 (m, 1H), 3.19 – 3.16 (m, 1H), 3.17 – 3.10

(m, 2H), 3.03 – 3.00 (m, 1H), 2.98 (t, J = 8.4 Hz, 1H), 2.95 – 2.90 (m,

2H), 2.29 (m, 1H), 2.2 (dt, J = 13.7, 6.4 Hz, 1H), 1.99 (m, 1H), 1.64

(s, 3H), 1.63 (s, 3H), 1.56 (s, 3H); 13C-NMR (176 MHz, DMSO-d6)

d (ppm): 169.6, 168.15, 145.58, 131.22, 122.57, 111.68, 104.11,

101.36, 81.4, 77.1, 76.01, 75.58, 75.1, 73.53, 70.74, 69.87, 69.77,

63.33, 60.75, 46.54, 45.69, 28.14, 25.62, 20.19, 17.78;

(Supplementary Table S1.2, Supplementary Figure S2.26-S2.33).

b-Cyclolavandulyl-1-O-(6-O-malonyl)-b-D-glucopyranoside

(5): amorphous solid; ESIMS m/z 357.2 [M - COOH] –; HRESIMS

m/z 803.3701 [2M - H] – (calcd for C38H59O18, 803.3707; Dmass 0.8

ppm); m/z 401.1814 [M - H] – (calcd for C19H29O9, 401.1817;

Dmass 0.9 ppm); m/z 357.1917 [M - COOH] – (calcd for C18H29O7,

357.1919; Dmass 0.5 ppm); 1H-NMR (700 MHz, DMSO-d6) d
(ppm): 4.23 (d, J = 11.4 Hz, 1H), 4.18 (dd, J = 11.8, 1.8 Hz, 1H),

4.06 (dd, J = 11.8, 6.9 Hz, 1H), 4.03 (d, J = 7.9 Hz, 1H), 3.97 (d, J =

11.4 Hz, 1H), 3.24 (ddd, J = 8.9, 6.9, 1.8 Hz, 1H), 3.11 (t, J = 9.4, 8.8

Hz, 1H), 3.07 (t, J = 9.4, 8.8 Hz, 1H), 2.97 (t, J = 9.1, 8.0 Hz, 1H),

2.96 – 2.94 (m, 2H), 2.14 (d, J = 17.4 Hz, 1H); 1.95 (d, J = 17.4 Hz,

1H), 1.73 (s, 2H), 1.62 (s, 3H), 1.28 (t, J = 6.6 Hz, 2H), 0.86 (s, 3H),

0.86 (s, 3H); 13C-NMR (176 MHz, DMSO-d6) d (ppm): 169.31,

168.08, 130.76, 124.58, 100.43, 76.47, 73.89, 73.22, 70.2, 66.73, 63.58,

45.58, 45.32, 35.12, 28.77, 28.12, 28.08, 24.95, 18.82;

(Supplementary Material ; Supplementary Table S1.2;

Supplementary Figure S2.34-S2.41).

b-Cyclolavandulyl-1-O-(6-O-malonyl)-b-D-glucopyranosyl-

(1→2)-b-D-glucopyranoside (6): amorphous solid; ESIMS m/z

519.3 [M - COOH] –; HRESIMS m/z 563.2342 [M - H] – (calcd

for C25H39O14, 563.2345; Dmass 0.7 ppm); m/z 519.2463 [M -

COOH] – (calcd for C18H29O7, 519.2447; Dmass 3.1 ppm); 1H-

NMR (700 MHz, DMSO-d6) d (ppm): 4.39 (d, J = 7.8 Hz, 1H), 4.24

(d, J = 7.7 Hz, 1H), 4.15 (d, J = 11.6 Hz, 0H), 4.13 – 4.08 (m, 2H),

4.09 (dd, J = 11.6, 6.5 Hz, 1H), 3.60 (d, J = 11.6 Hz, 1H), 3.51 – 3.47

(m, 1H), 3.41 – 3.35 (m, 1H), 3.34 – 3.31 (m, 1H), 3.31 – 3.28 (m,

1H), 3.18 – 3.14 (m, 1H), 3.17 – 3.11 (m, 1H), 3.15 – 3.11 (m, 1H),

3.05 – 3.02 (m, 1H), 2.98 (t, J = 8.3 Hz, 1H), 2.94 – 2.90 (m, 2H),

2.14 (d, J = 17.2 Hz, 1H), 2.01 (d, J = 17.2 Hz, 1H), 1.71 (s, 2H), 1.60

(s, 3H), 1.27 (t, J = 6.5 Hz, 2H), 0.85 (s, 6H); 13C-NMR (176 MHz,

DMSO-d6) d (ppm): 169.54, 168.13, 129.85, 124.99, 104.01, 99.69,

81.51, 77.01, 76.01, 75.76, 75.07, 73.63, 69.99, 69.72, 67.35, 63.3,

60.8, 45.63, 45.58, 35.16, 28.74, 28.25, 28.02, 24.68, 18.87;

(Supplementary Material ; Supplementary Table S1.2;

Supplementary Figure S2.42-S2.49).
2.5 Acid hydrolysis and derivatization with
3-methyl-1-phenyl-5-pyrazolone

Compounds 1-6 (2–5 mg of each) were incubated with 2 ml of 2

M trifluoroacetic acid in locked Eppendorf tubes at 105 °C for six
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hours. After incubation, the mixtures were cooled and centrifuged.

The supernatants were then diluted with 10 ml of methanol and

evaporated under vacuum. The resulting residues were dissolved in

100-200 ml of deionized water, and 5-10 ml of 3 M NaOH was added

to neutralize the residual acid. Reference samples were prepared as

50 mM solutions of monosaccharides.

Derivatization was performed according to the method

described by Sun et al. (2010) with minor modifications. For

derivatization, 20 ml of the hydrolyzed glycoside solution or

reference sample was mixed with 180 ml of acetonitrile, along

with 20 ml of a 0.5 M MPP solution in methanol and 10 ml of a
25% ammonium hydroxide solution. The samples were incubated

for 25 minutes at 70 °C, then cooled and diluted with 760 ml of
acetonitrile before HPLC analysis.

The relative configuration of the sugar moiety in compounds 1–

6 was confirmed by comparing the retention times of the

derivatized carbohydrates to that of a reference sample of D-

glucose (tR = 19.6 min).
3 Results

3.1 Transient expression of heterologous
IDS enzymes in N. benthamiana

We applied trans- and cis-IDS enzymes of plant origin

performing irregular coupling, chrysanthemyl diphosphate

synthase from Tanacetum cinerariifolium (TcCDS) and lavandulyl

diphosphate synthase from Lavandula x intermedia (LiLDS),

catalyzing the formation of a cyclopropane ring (Rivera et al.,

2001) and a branched moiety (Demissie et al., 2013), respectively.

Additionally, we included a prokaryotic cyclolavandulyl

diphosphate synthase (CLDS), a cis-IDS derived from

Streptomyces sp. capable of head-to-trunk 1’-2 condensation

which is followed by the creation of a six-carbon ring through 4-

3’ bond closure (Ozaki et al., 2014). The TcCDS and LiLDS enzymes

were expressed with their native chloroplast transit peptides

(Supplementary Figure S2.1). The bacterial CLDS was examined

in its native form lacking identifiable targeting signals and in fusion

with an artificial chloroplast targeting peptide.

To monitor terpene glucoside accumulation, we extracted the

plant material with 80% methanol on the 6th day post infiltration

and analyzed it using LC-MS. Transient expression of each irregular

IDS enzyme in N. benthamiana resulted in the detection of two

major new compounds in the leaf methanolic extracts (Figure 3).

These metabolites were identified as 6-O-malonyl-b-D-

glucopyranoside and 6-O-malonyl-b-D-glucopyranosyl-(1→2)-b-
D-glucopyranoside derivatives of chrysanthemol, lavandulol and

cyclolavandulol (compounds 1-6; Figure 2). Among these

substances, only chrysanthemyl-1-O-(6-O-malonyl)-b-D-

glucopyranoside (1) was characterized previously (Yang et al.,

2014; Hu et al., 2018). In this report, we provide a detailed

elucidation of the structures of new molecules based on one- and

two-dimensional NMR assays. The original NMR spectra, along

with the CLIP-COSY, HMBC, and NOESY correlations are
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available in the Supplementary Materials (Supplementary Table

S1.2, Supplementary Figure S2.2-S2.49).
3.2 Structure elucidation of irregular
monoterpene malonyl glycosides

3.2.1 Monoglucosylated derivatives (6-O-
malonyl-b-D-glucopyranosides) of
chrysanthemyl, lavandulyl and cyclolavandulyl
(1, 3, and 5)

ESI-HRMS analysis of 1, 3, and 5 in negative mode revealed

base peak with m/z values of 803.3721, m/z 803.3716, and m/z

803.3701, respectively. This suggests a molecular formula of

C38H59O18 for each compound. Additionally, the spectra

displayed ions with m/z values of 401.1833, m/z 401.1837, and m/z

401.1814, respectively, corresponding to the molecular formula

C19H29O9 ([M–H]–) and indicating that the base peak is likely an

adduct [2M–H]–.

TOCSY spectra of 1, 3, and 5 revealed two distinct networks of

protons coupled within a spin system. One group of signals was

specific to each compound and corresponded to the protons

associated with the respective monoterpene moiety. The other

group consisted of six protons that exhibited similar NMR shift

values across all three molecules, characteristic of a pyranose ring,

particularly glucopyranose (Brito-Arias, 2007). The anomeric

proton H-1’ appeared as a doublet at d 4.1 – 4.0 ppm with a

coupling constant (J) of 7.9-7.8 Hz, indicating an axial-axial

interaction with H-2’ and b-glycosidic linkage. The chemical

shifts of the C-1’ carbon in compounds 1, 3, and 5 fell within the

range of d 102.9 – 100.4 ppm, which is characteristic of a glycosidic

bond. Three triplets at d 3.2 – 3.0 ppm, with a coupling of 9–10 Hz,

were assigned to the protons H-2’ through H-4’ of D-pyranoses in a
4C1 conformation. A multiplet (ddd) at d 3.3 – 3.2 was assigned to

H-5’, which was coupled to two H-6’ protons.

The signals for H-6’ in all three compounds were shifted

downfield (d 4.2 – 4.1 ppm), along with the corresponding

carbon resonances detected at d 63.6 – 63.4 ppm. These shifts

suggest derivatization of the hydroxyl group at C-6’, which was

confirmed by 1H -13C HMBC analysis. In the HMBC spectra of

compounds 1, 3, and 5, we observed correlations between the H-6’

protons and a quaternary carbon at d 169.7 – 169.2. Additionally,

two protons in the range of d 3.0 – 2.9 ppm also interacted with this

carbon, as well as with another quaternary carbon having a

chemical shift in the range of d 168.4 – 167.6 ppm. These

correlations suggest the presence of two carboxylic groups linked

by a methylene carbon, indicating malonylation of the

glucopyranose ring at the C-6 position.

In substances 1, 3, and 5, the sugar component was identified as

glucose through HPLC analysis following acid hydrolysis and MPP

derivatization. The retention time of the derivatized hydrolysis

product matched that of the reference sample of D-glucose

(Supplementary Figure S2.50) in the HPLC system designed for

separating MPP-derivatized reductive monosaccharides (Sun et al.,

2010). While none of the techniques used can definitively determine
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the absolute configuration of the glucose enantiomer in the terpene

derivatives, the absence of L-glucose in higher living organisms

leads us to conclude that the compounds investigated are

D-glucosides.

The proton and carbon chemical shifts of the monoterpene

moiety in substances 1, 3, and 5 were consistent with the literature

data for the corresponding irregular monoterpene alcohols (Kim

et al., 2011; Ozaki et al., 2014; Bergmann et al., 2019, respectively).

The exception was the resonance positions at the glycosidic bond,

which were shifted downfield. The assignments of these signals were

confirmed using 2D NMR experiments. The HMBC spectra for all

substances displayed correlations between C-1 of the monoterpene

part and the H-1’ proton of the sugar. This data revealed that

substances 1, 3, and 5 contain chrysanthemyl, lavandulyl, and

cyclolavandulyl moieties, respectively, linked to a 6-O-malonyl-

glucopyranose via a 1-O-b-D-glycosidic bond.
Based on the obtained data, we identified the structures of

substances 1, 3, and 5 as follows: chrysanthemyl-1-O-(6-

O-malonyl)-b-D-glucopyranoside, lavandulyl-1-O-(6-O-malonyl)-

b-D-glucopyranoside, and b-cyclolavandulyl-1-O-(6-O-malonyl)-

b-D-glucopyranoside, respectively.
To determine the relative stereochemistry of the chrysanthemyl

cyclopropane ring in compounds 1 and 2, we considered the

biosynthesis of chrysanthemol by TcCDS from T. cinerariifolium,

which produces the trans-(1R,3R)-isomer of the molecule (Yang et al.,

2014; Hu et al., 2018; Xu et al., 2018a). The NOESY experiment

(Supplementary Figure S2.9 and S2.17) showed similar intensity
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signals between H-4 and H-2, H-3, 3H-7, and 3H-9. Analyzing this

data with 3D models of energy-optimized conformers of both cis- and

trans-1 supports the assignment of a trans configuration for the

molecule. In this configuration, the distances between all interacting

protons are within 3 Å, with the distance between protons H-4 andH-

2 measuring 2.4 Å. In contrast, the calculated distance between H-4

and H-2 protons in the cis configuration increases to 3.6 Å, which

would significantly weaken the correlation. The high conformational

flexibility of the alkyl chain in compound 3 and 4 prevents a similar

NOE-based assignment of the relative configuration of the

lavandulyl derivatives.

Regarding the native stereoselectivity of the enzyme TcCDS,

data of the NOESY experiment and a single set of signals in the

NMR spectra, we can assume a trans-(1R,3R)-configuration for the

isolated chrysanthemol glucosides 1 and 2.

3.2.2 Diglucosylated derivatives (6-O-malonyl-b-
D-glucopyranosyl-(1→2)-b-D-glucopyranosides)
of chrysanthemyl, lavandulyl and cyclolavandulyl
(2, 4, and 6)

Compared to compounds 1, 3, and 5, the ESI-HRMS data for

substances 2, 4, and 6 revealed an increase in the [M - H]− peak by

162 mass units with the molecular formula C25H39O14, indicating

the addition of a hexose moiety.

NMR analysis of compounds 2, 4, and 6 showed the presence of

the same monoterpene residues as those in compounds 1, 3, and 5,

which are bound to a 6-O-malonyl hexopyranose. The data from
FIGURE 3

LC-ESI-MS chromatograms of methanolic extracts from N. benthamiana plants expressing GFP as a negative control (A) and an irregular IDS
enzyme, chloroplast-targeted CLDS (B). Detection in negative ion mode; two new peaks were identified as 6-O-malonyl-b-D-glucopyranoside
(compound 5, b) and 6-O-malonyl-b-D-glucopyranosyl-(1→2)-b-D-glucopyranoside (compound 6, a) derivatives of cyclolavandulyl.
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TOCSY, CLIP-COSY, and HMBC confirmed the presence of an

additional isolated group of spin-coupled protons associated with a

second hexopyranose ring. The coupling constants of 7.9-7.7 Hz for

the anomeric protons in both hexoses suggest that b-glycoside
linkages are present.

In compounds 2, 4, and 6, the secondary glycosylation occurred

at the 2-O’ position, resulting in the deshielding of the C-2’ by

approximately 8 ppm compared to compounds 1, 3, and 5. In all

three diglycosides, the C-2’ signal appeared between d 81.7 – 81.4

ppm, while the anomeric C-1’’ signal, linked at O-2’, was also

shifted downfield and observed at d 104.1 – 103.9 ppm. This

behavior is consistent with observations for di- and triterpene-b-
D-glucopyranosyl-(1→2)-b-D-glycosides (Mizutani et al., 1984).

No significant shifts in the signals for C-3 and C-4 atoms in any

of the sugar moieties were observed. Additionally, the absence of a

deshielding effect from the malonyl group resulted in an upfield

shift of the C-6’’ resonances (d 60.8 – 60.7) and a downfield shift of

C-5’’ (d 77.1 – 77.0).

The hydrolysis of compounds 2, 4, and 6, followed by MPP

derivatization, confirmed that both hexapyranose residues are

glucose (Supplementary Figure S2.50). Consequently, we assigned

the following structures: compound 2 is chrysanthemyl-1-O-(6-O-

malonyl)-b-D-glucopyranosyl-(1→2)-b-D-glucopyranoside;

compound 4 i s l avandu ly l -1 -O- (6 -O-malony l ) -b -D-

glucopyranosyl-(1→2)-b-D-glucopyranoside; and compound 6 is

b-cyclolavandulyl-1-O-(6-O-malonyl)-b-D-glucopyranosyl-(1→2)-

b-D-glucopyranoside. To the best of our knowledge, these

compounds have not been previously reported and represent a

new subgroup of natural irregular monoterpene glycosides.
3.3 Accumulation of non-volatile forms of
irregular monoterpenes after transient
expression in N. benthamiana

For all three irregular monoterpene skeletons, the ratios of

malonyl mono- to diglucosides varied considerably among samples.

To facilitate a clear comparison across experiments, the product

yields are represented as a sum of the molar amounts of both

glucosylated derivatives for each irregular monoterpene. The

expression of TcCDS and LiLDS with the native chloroplast

targeting peptides resulted in comparable amounts of irregular

terpene glucosides 1-4. Chrysanthemyl glucosides accumulated at

the concentration of 0.9 ± 0.3 mmol g-1 FW (288 ± 102 mg g-1 FW of

1 and 77 ± 44 mg g-1 FW of 2); the content of lavandulyl glucosides

was determined as 0.6 ± 0.3 mmol g-1 FW (161 ± 74 mg g-1 FW of 3

and 122 ± 100 mg g-1 FW of 4). Cytoplasmic CLDS formed higher

amounts of irregular structures, 1.1 ± 0.3 mmol g-1 FW (299 ± 89 mg
g-1 FW of 5 and 195 ± 98 mg g-1 FW of 6). When CLDS was

translocated into chloroplasts, the yield of these products

significantly increased (p < 0.01), reaching 1.9 ± 0.6 mmol g-1 FW

(527 ± 176 mg g-1 FW of 5 and 330 ± 111 mg g-1 FW of 6) (Figure 4).
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3.4 Supporting irregular monoterpene
production in chloroplasts

The common approach to enhancing terpene accumulation in

plants involves the overexpression of the enzymes that act as

bottlenecks in the biosynthesis pathways for C5 precursors. For

the MEP pathway in plastids, metabolic control analysis indicated

that the major controlling enzyme is 1-deoxyxylulose 5-phosphate

synthase (DXS) (Wright et al., 2014). DXS was repeatedly shown to

be the most effective co-expression partner for increasing the

biosynthesis of heterologous regular terpenoids in chloroplasts of

transiently transformed N. benthamiana, e.g. for formation of

mono- (Park et al., 2022), sesqui- (Li et al., 2019), and diterpenes

(Forestier et al., 2021). Overexpression of DXS was successfully

employed also for enhancing the production of native components

of essential oil in transgenic lavender (Munoz-Bertomeu et al.,

2006). However, when the DXS enzyme was co-expressed with the

chloroplast-localized TcCDS, we did not observe a statistically

significant increase in glucoside accumulation (p > 0.05).

The next limiting factor in biosynthesis of irregular terpenes

may be the unfavorable ratio of DMAPP to IPP. While the MEP

pathway produces both isoprenyl diphosphate isomers, IPP is the

predominant product, and the MVA pathway ends in IPP only. The

overexpression of isopentenyl diphosphate isomerases (IDI), which

interconvert C5 precursors, was beneficial even for the formation of

regular terpenes that result from the joining of IPP and DMAPP

(Chen et al., 2012). We hypothesized that this reaction may be

particularly essential for enhancing the irregular coupling involving

two DMAPP units. Indeed, a significant improvement in product

formation was achieved by simultaneously alleviating two

bottlenecks in DMAPP formation, the DXS reaction and shifting

the ratio between IPP and DMAPP by an IDI activity. In our

experiments, we utilized three IDIs. Two of these enzymes, EcIDI1

from E. coli and AtIDI1 from A. thaliana, belong to the widespread

type I of the IDI family. The third enzyme, BlIDI2 from B.

licheniformis, is classified as type II, which is primarily found in

thermophilic bacterial and archaeal species and differs significantly

in structure from the type I (Berthelot et al., 2012). For all three

applied IDI enzymes, we found that co-expressing a chloroplast-

targeted isomerase with DXS and TcCDS resulted in a significant

increase (p < 0.01) in chrysanthemyl glucoside accumulation when

compared to TcCDS expressed alone or in combination with DXS.

Co-expressing TcCDS with IDIs alone did not produce any change

in product levels (p > 0.05). Additionally, we observed no effect on

product accumulation when TcCDS was co-expressed with HMGR,

a bottleneck enzyme in the cytoplasmic mevalonate pathway of

precursor biosynthesis, whether or not it was combined with

IDI (Figure 5).

A possibility of increasing the DMAPP pool by recycling

monophosphate DMAP by isopentenyl phosphate kinase (IPK)

was considered. This activity has been reported in Arabidopsis,

and overexpressing AtIPK has led to increased levels of native and
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heterologous terpenes (Henry et al., 2015; Gutensohn et al., 2021).

However, the co-expressed chloroplast-targeted AtIPK did not

significantly enhance TcCDS product accumulation, whether used

alone or in combination with DXS or both DXS and IDI (Figure 5).

The co-expression of DXS and IDI resulted in a statistically

significant increase (p < 0.01) in the accumulation of lavandulyl

glucosides, too. However, it did not lead to a significant

improvement (p > 0.05) in the levels of cyclolavandulyl glucosides

produced by the chloroplast-targeted CLDS (Figure 6). This

outcome may be attributed to the initially higher levels of

irregular terpene glucoside accumulation following the expression

of ctpCLDS.
3.5 Improving cyclolavandulyl skeleton
formation in cytoplasm

The accumulation of MVA-pathway derived heterologous

regular sesqui- (Park et al., 2022) and triterpenes (Reed et al.,

2017) by transient expression of cytoplasmic enzymes was most

effectively supported by co-expression of hydroxymethylglutaryl-

CoA reductase (HMGR), particularly the N-truncated soluble

version of HMGR1 enzyme from S. cerevisiae (tHMGR)

(Polakowski et al., 1998). We utilized tHMGR to improve the

productivity of CLDS in cytoplasm. Unlike DXS co-expression,

inclusion of tHMGR alone resulted in a statistically significant

increase (p < 0.01) in the levels of cyclolavandulyl malonyl-

glucosides (5, 6). The addition of IDI or IPK activities did not

further enhance the product accumulation. The activity of CLDS in

the cytoplasm was not significantly improved (p > 0.05) by the

overexpression of bottleneck enzymes of MEP pathway in

chloroplasts, such as DXS alone or in combination with

ctpAtIDI (Figure 7).

It is important to note that co-expressing CLDS and tHMGR

often caused necrosis in the leaf tissue (Supplementary Figure

S2.51). This phenomenon occurred only in experiments involving

tHMGR and cytoplasmic CLDS, with or without additional
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enzymes. Approximately half of the leaves expressing CLDS in

conjunction with tHMGR developed severe necrosis and showed

negligible levels of cyclolavandulyl glucosides. These samples were

excluded from the calculations of monoterpene glucoside levels

presented in Figure 7.
4 Discussion

Considering the benefits of monoterpene glycosylation for

easier accumulation and storage in extractable forms within plant

cells, we focused our study on developing a platform for producing

non-volatile glycosylated irregular monoterpenes in the leaves of N.

benthamiana after the transient expression of the corresponding

IDS genes. Glycosylation is the enzymatic process in which a sugar

residue from an activated nucleotide sugar is attached to an

acceptor molecule. This process is widely found throughout the

plant kingdom. Numerous enzymes, glycosyl transferases and

glycosidases, have been identified to facilitate the synthesis and

hydrolysis of glycosides. Glycosylation plays several important

metabolic roles, such as providing structural support, enabling

transport, offering protection, and serving storage functions. For

secondary metabolites, many of which are toxic, glucosylation

facilitates their transport and storage in vacuoles in an inactive

form. Later, through enzymatic hydrolysis, an active aglycone can

be released (Kytidou et al., 2020).

Plants produce a wide variety of glycosylated secondary

metabolites. Within the monoterpene group, nearly 400

glycosides have been isolated and identified from various plant

species over the past few decades (Dembitsky, 2006; Soni et al.,

2025). Notably, only 1-2% of these glycosides feature a glucose

moiety decorated with a malonyl group. The aglycone portions of

these malonyl glycosides consist of regular cyclic monoterpene

structures (Yamada et al., 2010; Selenge et al., 2014). These

compounds have been isolated from Dracocephalum foetidum and

Monarda punctata, both belonging to the Lamiaceae family, along

with various other groups of glycosylated metabolites (Yamada
FIGURE 4

The concentration of monoterpene malonyl-glucosides in leaf biomass after transient expression of heterologous IDS in N. benthamiana. MG –

malonyl-monoglucoside, mg/g FW; DG – malonyl-diglucoside, mg/g FW; SUM – total molar concentration of both glucosylated derivatives, mmol/g
FW; the numbers in brackets refer to the structures. Different letters indicate significant differences at p < 0.01; n = 20–30 repeats.
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et al., 2010; Selenge et al., 2014). To date, no native malonylated

glycosides have been reported in tobacco. Systematic screening of

glycosides in tobacco leaf extracts using HPLC-MS has revealed 64

glycosylated structures, which include 39 monosaccharide-linked

glycosides, 18 diglycosides, and 7 triglycosides. The aglycone

components include flavonoids, coumarins, ionone-related

molecules, and sesquiterpene structures (Ding et al., 2015).

The investigation of transgenic tobacco expressing heterologous

regular and irregular IDS and terpene synthase genes resulted in a

significant increase in the total levels of volatile monoterpenes

emitted from the flowers and leaves (Lucker et al., 2004; Yang

et al., 2014; Matáeos-Fernández et al., 2023). In one of the early

studies, Lucker et al. (2004) found no evidence of heterologous

monoterpene glycosylation in tobacco cells. However, a later study

by Yang et al. (2014) demonstrated the presence of malonyl-

glucoside derivatives of chrysanthemol and chrysanthemic acid in

N. tabacum (Yang et al., 2014; Xu et al., 2018b). When the pathway

for synthesis of geranic acid was introduced in maize, the most

dominant new compound was identified as geranoyl-6-O-malonyl-

b-D-glucopyranoside. It is noteworthy, that this metabolite was not
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detected in control plants which contained other geraniol

derivatives, although at relatively low levels (Yang et al., 2011).

For many monoterpenes, the accumulation of glycosylated

forms predominated over that of aglycones. In Petunia hybrida

plants transformed with linalool synthase, as well as in transgenic

Chrysanthemum morifolium expressing the TcCDS gene, the

synthesized monoterpenes were almost entirely converted and

stored in glucosylated form (Lucker et al., 2001; Hu et al., 2018).

In transgenic S. lycopersicum or N. benthamiana that transiently

expressed TcCDS along with two oxidoreductases, approximately

two-thirds of the produced trans-chrysanthemic acid were

glycosylated (Xu et al., 2018a, 2018).

In our experiments, the concentration of terpene monoglucosides

prevailed over that of diglucosides, but the ratio varied for different

monoterpene moieties, ranging from 3.7 for the compounds 1 and 2

to 1.3 and 1.6 for the compounds 3 and 4 and 5 and 6, respectively.

Notably, the ratio for the compounds 5 and 6 did not differ between

cytoplasm and chloroplast-localized IDS, being 1.6 and 1.5,

respectively. The variability in glycoside accumulation among

different plant hosts may be influenced by the species-specific
FIGURE 5

The total concentration of chrysanthemyl-malonyl-glucosides (1, 2) in leaf biomass following transient expression of TcCDS and auxiliary genes in N.
benthamiana. Different letters indicate significant differences at p < 0.01; n = 6–27 repeats.
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activity of glycosylation enzymes. This activity can, in turn, be

regulated by the concentration of heterologous monoterpenes and

the rate of their biosynthesis. An analysis of the terpenoid database

(TPCN) showed a positive correlation between the levels of

terpenoids in various plant species and their glycosylation levels (Li

et al., 2024). From a plant physiology perspective, glycosylation

enhances the water solubility and stability of terpenoids. This

process facilitates the transfer and storage of terpenoids in vacuoles

and reduces their toxicity to plant cells. During transient expression,

the rapid synthesis of heterologous IDS, followed by an intensive

formation of products, may stimulate intracellular mechanisms

related to metabolite transport and detoxification, further

promoting glycosylation.

The reported concentrations of heterologous non-volatile

monoterpenes in the tissues of transgenic plants range from 0.07

to 0.7 mmol g-1 FW (10 to 121 mg g-1 FW) (Lucker et al., 2001; Yang

et al., 2011; Xu et al., 2018a). Transient expression of TcCDS, in

combination with two oxidoreductases, led to the accumulation of

trans-chrysanthemic acid in esterified forms, including malonylated

glucosides, at a level of 1.1 mmol g-1 FW (190 mg g-1 FW) which

constituted 58% of the total monoterpene content (Xu et al., 2018b).

In our experiments, transient co-expression of plant-derived

naturally plastid-targeted LiLDS and TcCDS with auxiliary
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substrate-producing enzymes DXS and IDI resulted in

accumulation of lavandulyl and chrysanthemyl glycosides at levels

of 1.4 ± 0.3 and 1.6 ± 0.4 mmol g-1 FW, respectively. Prokaryotic

CLPS fused with an artificial chloroplast-targeting peptide allowed

for the accumulation of 2.2 ± 0.7 mmol g-1 FW of cyclolavandulol in

the form of non-volatile mono- and diglucosides. Initially higher

level of the latter compound was not statistically significantly

increased further by enhancing the metabolic flux through the

MEP pathway and intensifying the isomerization of IPP to

DMAPP by overexpression of DXS and IDI. Subsequent

experiments on cytoplasmic formation of irregular monoterpenes

have indicated that the observed product concentrations approach

the tolerance threshold for plant cells regarding these compounds.

Co-expression of CLDS and tHMGR in the cytoplasm led to the

highest concentration of cyclolavandulyl glucosides in the tissue.

Significantly better performance of the MVA pathway for terpene

production has been repeatedly demonstrated in microbial hosts.

Not only in eukaryotic chassis, e.g. S. cerevisiae, the highest titers

were achieved by engineering the native MVA pathway, but the

most effectively producing bacterial strains were constructed by

introducing the heterologous enzymes of the MVA route (Yang

et al., 2025). In plants, the overexpression of the enzymes of both

pathways increases the terpene production (Park et al., 2022).
FIGURE 6

The total concentration of lavandulyl-malonyl-glucosides (3, 4) and cyclolavandulyl-malonyl-glucosides (5, 6) in leaf biomass following transient
expression of LiLDS or chloroplast-targeted CLDS and auxiliary genes in N. benthamiana. Different letters indicate significant differences at p < 0.01;
n = 6–23 repeats.
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Investigation of substrate availability in plastids and cytoplasm of

tomato fruit cell revealed that MVA-derived sesquiterpenes were

formed in considerably less amounts than monoterpenes originated

from MEP. However, the overexpression of HMGR elevated the

product level more efficiently than DXS (Gutensohn et al., 2021). In

our experiments, the co-expression of HMGR with CLDS often

caused leaf necrosis which was not observed for each of these

enzymes alone or for any other protein combination. We assume

that either the amount of produced monoterpenes surpasses the

capacities of the glycosylation system leading to the accumulation of

toxic free alcohols or the malonyl glucosides are also toxic at high

concentrations. The mean level of cyclolavandulyl glucosides after

co-expression of CLDS and HMGR reached 3.9 ± 1.5 mmol g-1 FW;

the best samples contained 6.6 mmol g-1 FW of these compounds.

These values represent the highest reported concentrations of

irregular monoterpenes isolated from a plant system. The

obtained compounds can either be tested for biological activities

in the glucosylated form or used to obtain the aglycones that can be

converted into known valuable derivatives. For example, lavandulyl

senecioate and cyclolavandulyl butyrate serve as signaling molecules

for insects (Hinkens et al., 2001; Tabata et al., 2011) and can be

implemented into environmental-friendly plant pest control
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strategies (Rizvi et al., 2021). On the other hand, it has been

shown that chrysanthemyl-6-O-malonyl-b-D-glucopyranoside has

a deterring effect on aphids (Hu et al., 2018), so the glucosylated

derivatives of chrysanthemol may be applied for plant

protection directly.
5 Conclusions

To promote sustainable plant-based production of irregular

monoterpenes, we established a transient procedure to enhance the

biosynthetic flux in Nicotiana benthamiana toward DMAPP by

coexpressing IDS genes and the genes of substrate-producing

enzymes of MEP or MVA pathways. That allowed the

accumulation of substantial amounts of non-volatile glucosylated

derivatives of irregular monoterpenes. We identified five new

metabolites of lavandulol, cyclolavandulol and chrysanthemol in

addition to the previously described chrysanthemyl-6-O-malonyl-

b-D-glucopyranoside. Alleviating the bottlenecks in the

biosynthesis of the substrate for the key enzymes resulted in the

highest yields of irregular monoterpenes reported for the

plant systems.
FIGURE 7

The total concentration of cyclolavandulyl-malonyl-glucosides (5, 6) in leaf biomass following transient expression of CLDS and auxiliary genes in N.
benthamiana. Different letters indicate significant differences at p < 0.01; n = 5–30 repeats.
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Matáeos-Fernández, R., Vacas, S., Navarro-Fuertes, I., Navarro-Llopis, V., Orzáez,
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© 2025 Ljumović, Rosa, Raneri, Ballottari,
Avesani and Betterle. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 26 November 2025

DOI 10.3389/fpls.2025.1727190
An innovative infection
method for the accumulation
of viral nanoparticles in
Nicotiana benthamiana
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Matteo Ballottari 1, Linda Avesani1* and Nico Betterle1*

1Department of Biotechnology, University of Verona, Verona, Italy, 2Diamante SB srl, Verona, Italy
Tomato Bushy Stunt Virus (TBSV) naturally infects tomato plants, although it can

also infect other plant species, such as Nicotiana benthamiana, a known model

system in plant molecular farming. In the presented work, a novel system for

TBSV infection of Nicotiana benthamiana plants, designed to produce

nanomaterials, was developed and optimized based on a simple foliar spray,

without the use of surfactants. Up to now, the standard procedures for the viral

infection have been syringe or vacuum infiltration, which are a time-consuming

manual procedure or requiring expensive machinery, respectively. The spraying

method was chosen because it could be implemented in industrial conditions,

such as vertical farms, where spraying systems are already present or can be

easily installed at a low cost. In this work, as a proof of concept, a wild type and a

modified version of TBSV construct, which generated a viral nanoparticle (VNP)

exposing a small 12 aa-domain Liprin alpha 1 protein (Lip1) on each capsid

protein, were successfully expressed in Nicotiana benthamiana plants.

Specifically, VNP displaying Lip1 is a candidate for the treatment of rheumatoid

arthritis. After 7 days of incubation, signs of viral infection were visible in the

infected plants, while prolonged incubation time to 8 days significantly increased

the accumulation of VNPs. The infection method described here offers

straightforwardness and scalability of plant molecular farming, representing an

efficient solution for the complexity of the conventional infection process.
KEYWORDS

Nicotiana benthamiana, plant molecular farming, TBSV, viral nano particles, transient
expression, hydroponic, spraying infection
1 Introduction

Viruses are infectious agents programmed to deliver their nucleic acids into the hosts,

such as plants, humans, and animals, enabling their replication and production of new viral

copies. This strategy has several properties that can be further applied in various fields,

including biotechnology, agriculture, medicine, and nanotechnology (Wen and Steinmetz,
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2016; Nkanga and Steinmetz, 2021). Auto-assembly of one or more

protein subunits forms viral capsids, establishing VNPs that are

homogenous in shape and dimension. On the capsid subunits, it is

possible to attach peptides of interest both via genetic engineering

and via chemical reactions (Sánchez et al., 2013). VNPs can be

based on bacteriophages, mammalians, and plant viruses. In

particular, plant VNPs have all the characteristics mentioned

above and are not pathogenic to mammals such as humans.

The production of plant VNPs can be achieved by molecular

farming, which consists in the production of recombinant proteins

or secondary metabolites of interest using plants as biofactories. To

date, plant VNPs have been developed for the production of

therapeutic agents and immunostimulants (Rybicki, 2020), as well

as for applications in bioimaging and cancer therapies (Zhou et al.,

2023). Specifically in the case of immunostimulants, applications of

recombinant plant VNPs consisted in the surface exposure of

immunodominant peptides associated with autoimmune diseases.

Rheumatoid arthritis is a systemic disease that comprises

progressive synovial inflammation (Majithia and Geraci, 2007).

Recently, it has been shown that Lip1 peptide is immunodominant

in patients with Rheumatoid Arthritis (Bason et al., 2021). Such a

peptide, composed of 12 amino acids, was successfully expressed on

the surface of TBSV Tomato Bushy Stunt Virus (TBSV) capsid

(Zampieri et al., 2020). Specifically, Lip1 was fused to the viral coat

proteins, yielding TBSV.pLip. TBSV usually infects tomato plants,

but successful infection of Nicotiana benthamiana plants has also

been reported (Zampieri et al., 2020).

Tomato bushy stunt virus (TBSV), a member of the

Tombusvirus genus, is a non-enveloped plant virus approximately

30 nm in diameter, composed of 180 identical copies of its coat

protein (CP). While wild-type TBSV is not known to infect humans

or other mammals, it is pathogenic to a range of plant species,

including tomato and various horticultural crops. The virus has a

broad geographic distribution, having been reported in Western

and Central Europe, North Africa, Argentina, Canada, and Mexico

(Tomlinson et al., 1982).

TBSV transmission occurs primarily through mechanical

means, including direct inoculation and grafting. It can also be

transmitted via seed at low frequencies and potentially through

pollen-mediated pathways, although it is not spread by simple

plant-to-plant contact. Notably, TBSV can persist in soil

environments, from which it may be taken up by susceptible host

plants (Martelli et al., 1988). Its use for biotechnological

applications is conducted under strict biological containment, by

maintaining and propagating the virus in laboratory Escherichia

coli strains that are non-pathogenic to humans and plants.

Biological containment also involves limiting environmental

transmission by treating soil material as infectious waste. An

additional strategy to prevent horizontal transmission is to inhibit

flowering in infected plants, thereby reducing the risk of pollen- and

seed-mediated spread.

The ability of TBSV to infect N. benthamiana is due to the

presence of CP and p19 protein. The CP protein can be modified to

attach a peptide of interest to its C-terminus (Marchetti et al., 2023).

The presence of p19 protein is required to suppress virus-induced
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gene silencing in plants, allowing the virus to systemically infect the

host (Qu and Morris, 2002).

Conventional techniques for the transient expression of

heterologous proteins in plants rely on the use of Agrobacterium

tumefaciens and manual or automated infiltration methods

(Zampieri et al., 2020). Manual methods include syringe

infiltration of individual leaves; this methodology is time- and

labor-consuming, and it is also prone to technical errors.

Conversely, automated methods use expensive machinery to

simultaneously infect a large number of plants (eg. vacuum

pumps for infiltration). These processes have a significant impact

on the capital investment and operational costs of the molecular

farming facility (Huebbers and Buyel, 2021). Moreover, an

experienced workforce is needed for these operations, which can

further increase operational costs. Considering these challenges,

there was a need for the development of innovative and less

expensive infection methods.

In this work, a novel approach to produce VNPs of interest in

Nicotiana benthamiana is presented. Such an approach relies on

spraying viral sap on top of the plant biomass, simplifying the

process of plant infection with the TBSV virus. The latter was either

wild-type or TBSV.pLip. Several tests were conducted to optimize

the accumulation of viral coat proteins in plant biomass. In

conclusion, this work describes an alternative to time-consuming

manual infiltration methods, which are currently considered as gold

standard in plant molecular farming. Furthermore, the spraying

infection method offers the opportunity for automation of the

production system, leading to a potential decrease in

operational costs.
2 Materials and methods

2.1 Plant material and growth conditions

N. benthamiana plants were grown hydroponically using the

formulation Idrofill Base (https://k-adriatica.it/eng/products/

hydroponics/idrofi l l-base; K-Adriatica , Italy) , ~2 g/L,

supplemented with 50 mg/L Sequifill 6.0T SS, a Fe-EDDHA-

based product, as an iron source (https://k-adriatica.it/eng/

products/meso-and-microelements/sequifill-6.0t-ss; K-Adriatica,

Italy). The electrical conductivity (EC) of the hydroponic solution

(HS) was set at 2.4 mS/cm and the pH was adjusted at ~5.5. These

two parameters were measured using a DiST4 EC tester and a

Checker pHmeter (Hanna Instrument, USA). The nutrient solution

of the plants kept in the growth chamber was refilled every week,

and mild air bubbling was supplied to ensure oxygenation of

the HS.

The seeds of N. benthamiana plants were put on plastic plates

with wet paper towels for germination. Such plates were kept for 4

days at 25 °C in dark conditions. After germination, seedlings were

placed in plastic plugs containing inert jute (Holland BioProducts,

The Netherlands) as support for plant rooting. Such plugs were then

put in specific metal grids and trays for hydroponic cultivation

(Ono Exponential Farming, Italy) (Supplementary Figure S1). The
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Ljumović et al. 10.3389/fpls.2025.1727190
growth trays containing the seedlings were placed under light at

~200 μmol*m-2s-1, with a humidity of ~60% and a temperature of

~23 °C. The jute supports were moisturized daily with a nutrient

solution to prevent them from drying out. 400 plants/m² were

cultivated, and the hydroponic solution was added on demand to

prevent plant dehydration during lab-scale hydroponic cultivation

in a controlled chamber. The volume of nutrient solution used in

the trays was ~4 L. Plants were cultivated for an average of 30 days.
2.2 Infection methods

A fine mist sprayer (Supplementary Figure S2) was used to

infect the plants, and two middle leaves of a ~25-day-old plant (leaf

length 5–6 cm) were sprayed with ~400 μL of viral sap or purified

particles each. Viral sap consists of sap from homogenized TBSV-

infected plants containing VNPs (Esteves et al., 2021). Viral sap was

obtained by homogenizing plant biomass in a buffer solution. Such

biomass was prepared starting from previously infected plant

material, which was stored at -80 °C. The homogenization

occurred in 50 mM PBS buffer pH 7.4, using an ice-cold mortar,

with a 1:5 or 1:10 ratio (g/mL) of plant biomass to buffer solution.

The supernatant was collected after centrifugation and used for

the infection.

In the case of the positive control samples, the leaf surface was

covered with celite (Merck Life Science, Italy), causing first

mechanical damage, and then 40 μl of viral sap was spread over

the leaf. After the infection, plants were immediately placed in an

incubation chamber for the required incubation time. Plant

material was collected after 7-, 8-, 9-, and 10-days post-

infection (dpi).

In all the infection tests, second-generation leaf material

provided by Diamante SB srl (Italy) was used as a starting viral

sap. Specifically, first-generation leaf material was obtained by

introducing the DNA construct harboring viral genes into the

plant through agroinfiltration. Consequently, second-generation

plants were infected with viral sap extracted from the leaves of

first-generation plants.
2.3 Extraction and purification of TBSV

For the extraction of TBSV, 200 μg of infected plant material

was used, while the purification was done using 1 g of material. The

extraction and purification of viral particles were adapted from

previous literature (Grasso et al., 2013). Briefly, plant material was

ground and homogenized with an extraction buffer consisting of 50

mM Na-acetate pH 5.3, 1% ascorbic acid, and protease inhibitors.

Plant material was homogenized with 3 mL/g in case of VNPs

purification and 2 mL/g in case of VNPs extraction for

quantification in agarose gels (Section 2.4). After incubation on

ice for 1 hour, followed by filtration using filters with a porosity of

0.8 μm, the extract was centrifuged at 8,000 g for 15 minutes at 4°C.

The supernatant was used for the quantification of VNPs in agarose

gels. For further VNPs purification, the supernatant was
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additionally centrifuged at 90,000 g for 1 hour at 4 ˚C to finally

precipitate the viral particles. The pellet was resuspended in 0.7%

NaCl and centrifuged for the last time at 8,000 g for 15 minutes at

4°C. Protein content in the supernatant was quantified by Bradford

method (Bradford, 1976) and used for the infection of plants with

purified TBSV viral particles (VNPs).
2.4 Gel electrophoresis and quantification
of viral particles

The method used for detecting and visualizing VNPs was

adopted from recent literature (Pivotto et al., 2025). Briefly, viral

particles were extracted from infected leaf material as described in

Section 2.3 and then mixed with loading buffer (50 mM Tris-HCl

pH 6.8, 10% glycerol, 18 mg bromophenol blue, 6X stock) added

before protein electrophoresis in a 1% agarose-TAE buffered gel to

quantify VNPs. As a reference, a known amount of purified

TBSV.pLip particles was used. Electrophoresis was conducted in a

TAE buffer at 120 V for 1 hour. Overnight staining with Quick

Coomassie Stain (Neo-Biotech, France) was used for the

visualization of protein bands, and their quantification was done

by densitometric analysis using ImageLab software (Bio-Rad, USA).

Quantification of VNPs in viral sap was done similarly to the

procedure described above. Infected plant material was

homogenized directly in PBS instead of the extraction buffer and

loaded with the same loading buffer previously mentioned. After the

quantification, different amounts of VNPs were used to infect N.

benthamiana. The quantities of VNPs tested were 31, 62.5, 125, 250,

and 500 μg per plant. A total of six plants per condition were

infected via spray. As a positive control, two N. benthamiana plants

for each amount were infected via method described in section 2.2.
2.5 Statistics

The statistical significance of the amount of accumulated VNPs

in sampled plant material (sample consists of 6 plants ground

together, and the positive control includes 2 plants ground together,

both with 3 replicates) was evaluated by comparing the results

obtained in the same experiment, running Tukey-Kramer multiple

comparison tests. Statistically significant variations with a p-value

<0.05 are marked with different letters.
3 Results

3.1 Optimization of infection method

N. benthamiana is a well-known system used for approaches of

plant molecular farming, and it can be inoculated with viral vectors

by using spraying methods (Monroy-Borrego and Steinmetz, 2022).

Recently, an engineered TBSV virus was used to infect N.

benthamiana for the production of VNPs displaying the

immunodominant peptide Lip1 (Zampieri et al., 2020). It is worth
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considering that plants showed signs of infection on apical leaves 4

days after TBSV inoculation, while after 10 to 14 days they were

completely necrotic (Dildabek et al., 2021).

To develop a TBSV infection process of N. benthamiana that

can be easily implemented in an indoor cultivation system, the

possibility of infecting the plants with a simple sprayer was

investigated. The spraying method was developed without the use

of surfactants (Figure 1A), utilizing a viral sap derived from

previously infected plants. The tested plants were infected as

previously described, and untreated plants were used as controls

(Figure 1B, left). No major phenotypic differences were observed

comparing N. benthamiana plants infected via the spraying method

(Figure 1B, middle) or the conventional viral infiltration method,

with the latter used as a positive control (Figure 1B, right).

Figure 1C shows where the infected plants were kept in the

incubation phase for VNPs accumulation.
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The efficiency of infection with only spraying of viral sap was

assessed with different spraying solutions (Supplementary Figure

S3), such as spraying a mix of viral sap and celite, spraying first a

dilution of celite in PBS and then sap, or using viral sap for

infection. The dilutions of viral sap used in this infection test

were 1:10. As controls, two methods of infection were used,

namely a conventional method of infection where celite was used

for mechanical damage before application of viral sap, and a second

one where celite and viral sap were applied on the leaf surface

together as a mixed solution. The results presented in

Supplementary Figure S3 show the accumulation of 2.7 ± 0.3 mg/

g FW of VNPs using the conventional procedure of infection.

Anyway, VNPs were also significantly accumulated in plants

sprayed with the sap solution. In more detail, spraying only viral

sap without celite resulted in the accumulation of 1.4 ± 0.05 mg/g

FW of VNPs, the highest among the two different spraying
FIGURE 1

Spraying and conventional method using celite (diatomaceous earth) for the infection of N. benthamiana, respectively. Picture created with https://
Biorender.com (A). Phenotypic traits of infection with TBSV virus in hydroponic N. benthamiana with representation of local and systemic infection
(B). Specifically, from left to right: not infected N. benthamiana, infected via spray with TBSV WT, positive control plant infected with TBSV WT.
Picture of the incubation chamber for infected hydroponic plants (C).
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methods, potentially due to the blockage of the virus entrance when

celite is applied but not spread evenly on the leaf surface.

Furthermore, accumulation of VNPs in control plants was higher

when celite was separately applied before viral sap than when it was

spread as a mixture on the leaf. Thus, the method in which celite

was first spread on the leaf surface, followed by the sap application,

was used in the further tests as a positive control. Conversely, only

viral sap was applied for the infection via spray.
3.2 TBSV infection with quantified particles

The relationship between the amount of VNPs used for the

infection and their final accumulation in infected plant material was

investigated (Supplementary Figure S4). Specifically, the infection of

the plants was performed using VNPs purified from previously

infected plant material. A positive correlation was observed between

the VNPs used for the infection and the particles accumulated

during the 7-day incubation period. Anyway, this correlation was

only observed in control plants (Supplementary Figure S4A), which

were infected using 2, 10 and 50 μg of VNPs. Conversely, VNPs-

sprayed plants showed infection symptoms; however, the

accumulation of viral particles was too low and under the limit of

detection of the Bradford assay (Supplementary Figure S4B).

To tackle the problem of quantification and detection of VNPs,

an innovative protocol, recently described in literature (Pivotto

et al., 2025), was used. Figure 2 presents the detection capacity and

sensitivity of agarose gel electrophoresis used for the separation of

native VNPs extracted in acidic buffer from plants infected by
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spraying and then visualized with commercial Coomassie stain.

Using this protocol, it was possible to detect only one band that

referred to TBSV VNPs; conversely, non-infected plants (negative

control) showed no bands after staining.

To investigate the correlation between the quantity of VNPs

used for infection and the amount accumulated in infected plant

material, an infection test was conducted using sap containing a

known amount of TBSV WT. Figure 3 and Supplementary Figure

S5 indicate that the accumulation of VNPs in plants after 7-dpi was

positively correlated with the amounts of particles used for infection

in the samples containing 31, 62.5, and 125 μg of VNPs.

Surprisingly, when the two highest quantities of VNPs were used

for infection (250 and 500 μg), lower amounts of VNPs were

detected after 7-dpi. Specifically, the excessive use of particles

might have caused the lower accumulation of VNPs in the

infected plants. This was likely due to the viral infection

mechanisms, in which di-RNAs (defective interfering RNAs) can

alter the replication of the virus and consequently its accumulation

in the host cell (Havelda et al., 2005; Pathak and Nagy, 2009).

Additionally, it was also shown that an excessive amount of

infectious agent decreased the expression efficiency of the protein

of interest in the plant host (Jin et al., 2015).
3.3 N. benthamiana infection with TBSV
WT and TBSV.pLip viral sap

The infection tests with purified particles, where positive

correlation was observed only in control plants (Supplementary

Figure S4A), steered the experimental approach to avoid the costly

and time-consuming purification of VNPs, instead using ground

and homogenized material with PBS buffer, without VNPs

enrichment. Moreover, the evidence of higher accumulation of

VNPs in plants treated with the conventional procedure
FIGURE 2

Sensitivity detection method for TBSV particles extracted from
sprayed plants for TBSV infection. Extraction of VNPs was done in an
acidic extraction buffer; for every 200 mg of fresh leaf material, 400
µL of extraction buffer was added. Different volumes (X = 0.47 µL) of
infected plant material (TBSV WT) were loaded on the gel and
stained with Coomassie staining. Infected plant material showed
only one band, corresponding to the VNPs, as shown in a
representative extract from infected plants (sample), while no bands
were detected in the negative control.
FIGURE 3

Accumulation of VNPs (mg/gFW) in N. benthamiana plants infected
with viral sap containing a known amount of TBSV WT. The leaf
material was collected after 7-dpi. Amounts of viral particles used
for the infection per plant are: 31, 62.5, 125, 250, and 500 µg.
Infection methods: via spray (left) or celite (control, right), as
described in M&M. Data shown are based on quantification of the
bands observed in Coomassie-stained agarose gel and analyzed by
densitometric analysis. Error bars are reported as standard deviation
(n = 3, mean ± SD, statistical significance is expressed with different
letters according to Tukey-Kramer test, p <0.05).
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compared to the sprayed plants (Figure 3) suggested that the

infection in the latter might be delayed due to a late entry of the

virus into the plant inner sections. Thus, different incubation times

were evaluated to increase the accumulation of particles in sprayed

plants. To this end, TBSV WT and TBSV.pLip viral sap were

utilized, with the latter being a promising therapeutic technology

for rheumatoid arthritis (Zampieri et al., 2020). The saps in PBS

buffer were used at dilution of 1:5 and 1:10 (ratio g fresh biomass/

mL solvent) and sprayed on N. benthamiana plants. Leaf material

was collected after a 7- or 8-dpi, and the accumulation of viral

particles was evaluated. It is worth mentioning that the collected leaf

samples were locally and systemically infected due to the possibility

of TBSV to move through the plant tissue (Qu and Morris, 2002).

As a proof of concept, Figure 4 shows the infection with TBSV WT

viral sap in 1:5 and 1:10 PBS buffer and the accumulation of VNPs

after 7- and 8-dpi. Significant differences were observed between the

accumulation in samples collected on days 7 and 8 (Supplementary

Figure S6), meaning that the accumulation of VNPs can be

increased with longer incubation time. Control plants still show

the highest accumulation among all treatments.

As TBSVWT was used as proof of concept for the development

of spraying and quantification methods, the same experiment was

also conducted using the TBSV.pLip construct expressing the

peptide of interest. Moreover, incubations longer than 8-dpi were

also evaluated to reach high accumulation in sprayed samples.

To this aim, N. benthamiana plants were sprayed with a 1:5

dilution of TBSV.pLip-viral sap in PBS and collected after 7-, 8-, 9-

and 10-dpi (Figure 5). It was observed that sprayed samples

collected at 8-dpi or longer had comparable accumulation of

VNPs to samples infected with the conventional approach

(Supplementary Figure S7), where the entrance of the virus in

plant tissue was facilitated with celite (p<0.05). Sprayed plants at 9-
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dpi accumulated 1.6 ± 0.19 mg/gFW of VNPs, while control plants

reached 1.9 ± 0.33 mg/gFW at 7-dpi. The accumulation of VNPs in

plants at 10-dpi showed a large variability, possibly due to the

occurring necrosis in the leaf biomass.

As evidenced in Figure 5, the higher accumulation of particles at

8-dpi was confirmed. Moreover, it was observed that the best

accumulation of VNPs occurred with post-infection incubation

time between 8 and 9 days, resulting in ~1.55 and 1.65 mg/gFW,

respectively. Supplementary Figure S8 shows that there are no

major changes in phenotype between the plants at 8, 9, and 10

dpi. This agrees with the lack of statistical difference in the

accumulation of VNPs in plants collected at these time points.

Control plants are always collected after 7-dpi, as a longer period

was not possible due to leaf necrosis. Although it has been reported

that necrosis in plants can be postponed with anti-necrotic

substances (Norkunas et al., 2018), such as lipoic acid, ascorbic

acid, and polyvinylpyrrolidone (PVP), these substances were not

used in this work due to the efforts to keep the infection process as

simple as possible and lower the costs of an already costly system.

In this work, the growth of N. benthamiana was tested at a lab-

scale using a hydroponic system at a density of 400 plants/m2, with

controlled environmental conditions such as light intensity,

temperature, and humidity (Supplementary Figure S1). A single

plant weighed ~10g, resulting in the growth of up to ~4 kg/m2.

Considering that a) out of the whole plant only local and systemic
FIGURE 4

Accumulation of VNPs (mg/gFW) in N. benthamiana plants infected
with TBSV WT viral sap in dilutions of 1:5 and 1:10 with PBS buffer.
The leaf material was collected after 7 days for the C+ sample,
whereas 7- and 8-dpi were evaluated for SP (sprayed) samples. Data
shown are based on quantification of the bands observed in
Coomassie-stained agarose gel and analyzed by densitometric
analysis. Error bars are reported as standard deviation (n = 3, mean
± SD, statistical significance is expressed with different letters
according to Tukey-Kramer test, p <0.05).
FIGURE 5

Accumulation of VNPs (mg/gFW) in N. benthamiana plants infected
with TBSV.pLip viral sap in dilution of 1:5 with PBS. The leaf material
was collected after 7-, 8-, 9- and 10-dpi. Data shown are based on
quantification of the bands observed in Coomassie-stained agarose
gel and analyzed by densitometric analysis. Error bars are reported
as standard deviation (n = 3, mean ± SD), and the statistical
significance is expressed with different letters according to Tukey-
Kramer test (p <0.05).
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leaves were collected (Figure 1), with the biomass of ~1.3 g/plant

(systemic + local), b) N. benthamiana took 4 weeks to grow from

seeds to the plant of desired size in the tested conditions, and c) a

year had 49 operational weeks, and 3 weeks dedicated to

maintenance and possible breaks in production, it was possible to

hypothesize 12 cycles of cultivation per year, including the infection

stage. Thus, the leaf biomass yearly production yield reached

around ~6.25 kg/m2. Considering the accumulation of VNPs per

fresh weight (Figure 5), such yearly biomass production leads to a

potential VNPs yearly production of ~12.5 g/m2.
4 Discussion

Efforts presented in this work had a final goal to be

implemented on a larger scale. The control method for the TBSV

infection, based on the use of celite, showed the best result in terms

of VNPs accumulation compared to other treatments (Figure 3).

However, this traditional infection system is manageable only at

lab-scale conditions and not easily implementable in an industrial

setting. Thus, any pretreatment of plants or the use of a

conventional method of infection will be excluded to obtain the

simplicity needed for industrial applications.

Several successful studies have been conducted in the field of

molecular farming for the production of plant-made therapeutics

(Diamos et al., 2020; Rybicki, 2020; Chung et al., 2022). Notably,

agroinfiltration is the most used method for further production of

recombinant molecules, as it is a well-established technique for the

transient infection of plants (Leuzinger et al., 2013; Norkunas

et al., 2018).

Molecular farming systems that rely on the use of viruses

instead of A. tumefaciens simplify operational processes, as there

is no need to maintain bacterial culture cultivation as previously

described (Monroy-Borrego and Steinmetz, 2022). Specifically, viral

sap can be obtained directly from infected leaf material, and the

sp ray ing me thod a l so con t r i bu t e s to the sy s t em ’ s

straightforwardness. Another advantage of using the virus

compared to Agrobacterium-based inoculation methods is the

absence of LPS (lipopolysaccharide). The latter must be removed

from the final product for many applications, particularly in human

therapies (Monroy-Borrego and Steinmetz, 2022). Even though A.

tumefaciens can be sprayed on plants too, it requires adding

surfactants such as Silwet-77 (Hahn et al., 2015; Jibrin et al.,

2021) to facilitate the entrance of bacteria into the plant cells.

Instead, as shown in this work, such surfactants are not necessary to

produce the molecule of interest using TBSV. Although further

research is needed, especially in the relationship between the

amount of viral material used for the infection and accumulation

of VNPs post-infection, this approach can be implemented in the

scale-up production of pharmaceutical molecules. It has been

demonstrated that the use of high-pressure spraying systems in

combination with various mechanical aids, such as celite or beads,

improved the transmission of plant viruses in plant material

(Laidlaw, 1986; Fahim et al., 2012). However, this technology

requires higher investments in terms of costs and technology
Frontiers in Plant Science 07141
compared to a fine mist sprayer, which can be easily

implemented in an automated indoor system.

As mentioned in the Results section, systemically and locally

infected leaves were collected, mimicking the harvesting that could

be performed in an automated system such as vertical farming

modules. In such modules, all the processes, from sowing seeds

through infection to the collection of leaf material, are executed by

automated machines (Holtz et al., 2015; Buyel, 2019). Figure 6

describes a scheme of an indoor system used for plant molecular

farming. After cultivation in the growth chamber, the plants are

transferred to an infection chamber where infection is done by

spraying the TBSV virus. This section must be separated from the

growth room to prevent viral contamination of the growing non-

infected plants. Furthermore, the infection chamber can be

separated from the incubation chamber. In particular, the

infection chamber is a tunnel with a conveyor track, where trays

with plants are sprayed with the virus. Then plants are kept in the

incubation chamber for VNP accumulation. The harvesting of

locally and systemically infected leaves can be done after 7–9

days, depending on the VNP accumulation and the health state of

plants. Next steps include VNP extraction/purification and

quantification to obtain the peptide of interest. A significant part

of the process being automated can help reduce production costs,

which are already very high for indoor systems, as reported in

literature (Tusé et al., 2014; McNulty et al., 2020).

Considering that the cultivation system showed a fresh leaf

biomass productivity of ~6.25 kg/m2/year at lab scale, and that ~2

mg/gFW of VNPs were produced in the mentioned lab-scale

settings (Figure 5, 9-dpi), it is possible to estimate a productivity

~1 g of VNPs per m2 and ~12.5 g of VNPs per m2/year. From such

12.5 g of VNPs, it could be possible to extract ~0.4 g/m2/year of

highly-pure Lip1, taking into account that 50μg of VNPs have

4*1012 individual particles and 1.6 μg of Lip1 peptide. Monroy-

Borrego reported a yield of 0.3-0.5 mg/gFW of TMV (Tobacco

mosaic virus) particles when N. benthamiana plants were infected

with the spraying method, while slightly lower yield (0.17-0.28 mg/

gFW) was obtained when TMV-Lys mutant was used for spray

infection of plants (Monroy-Borrego and Steinmetz, 2022).

Additionally, to ensure that the process produces the highest

quality VNPs, the entire production process must comply with

current Good Manufacturing Practices (cGMP), even though the

upstream process is allowed to be non-GMP (Schillberg and

Finnern, 2021). Overall, the upstream and downstream processes

require additional testing and monitoring systems.

In conclusion, the presented work aimed to simplify the

production process of VNPs derived from TBSV host in

Nicotiana benthamiana. The conventional infiltration method is

time-consuming and requires qualified personnel to perform the

infection, whereas the method developed by spraying viral sap can

be easily and simultaneously performed by automated machines on

a large number of plants. Automation of the process can reduce the

number of workers needed to perform infiltration, and it further

decreases operational costs, as sprayers are cost-effective devices

and usually already present in indoor cultivation systems. Overall,

the results obtained in this work showed that infection by spray
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initiated later compared to the conventional method due to the

delayed entrance of the virus; on the other hand, it can reach an

accumulation of VNPs similar to that obtained in control plants, if

the cycle is prolonged by just one or two days. The lower time

efficiency presented here can compensate for the complexity and

time consuming of the conventional process. Moreover, it can be

easily scaled to increase the production yield of the system,

especially when performed in a controlled environment, such as a

vertical farming system.
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McNulty, M. J., Gleba, Y., Tusé, D., Hahn-Löbmann, S., Giritch, A., Nandi, S., et al.
(2020). Techno-economic analysis of a plant-based platform for manufacturing
antimicrobial proteins for food safety. Biotechnol. Prog. 36, e2896. doi: 10.1002/
btpr.2896

Monroy-Borrego, A. G., and Steinmetz, N. F. (2022). Three methods for inoculation
of viral vectors into plants. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.963756

Nkanga, C. I., and Steinmetz, N. F. (2021). The pharmacology of plant virus
nanoparticles. Virology 556, 39–61. doi: 10.1016/j.virol.2021.01.012
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2025.1727190/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1727190/full#supplementary-material
https://doi.org/10.3389/fimmu.2021.753400
https://doi.org/10.3389/fimmu.2021.753400
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.3389/fpls.2018.01893
https://doi.org/10.3389/fpls.2018.01893
https://doi.org/10.1038/s41578-021-00399-5
https://doi.org/10.3389/fbioe.2019.00472
https://doi.org/10.1134/S102144372104004X
https://doi.org/10.3390/horticulturae7110426
https://doi.org/10.3390/horticulturae7110426
https://doi.org/10.1111/j.1365-3059.2011.02542.x
https://doi.org/10.1007/s11248-012-9663-6
https://doi.org/10.1111/pbi.12299
https://doi.org/10.1111/pbi.12299
https://doi.org/10.1128/JVI.79.1.450-457.2005
https://doi.org/10.1111/pbi.12469
https://doi.org/10.1111/pbi.12469
https://doi.org/10.1016/j.bioteChadv.2020.107681
https://doi.org/10.1111/ppa.13318
https://doi.org/10.1111/ppa.13318
https://doi.org/10.1016/j.btre.2015.01.004
https://doi.org/10.1016/j.btre.2015.01.004
https://doi.org/10.1111/j.1744-7348.1986.tb07652.x
https://doi.org/10.3791/50521
https://doi.org/10.1016/j.amjmed.2007.04.005
https://doi.org/10.3390/nano13081428
https://doi.org/10.1007/978-1-4613-0921-5_2
https://doi.org/10.1007/978-1-4613-0921-5_2
https://doi.org/10.1002/btpr.2896
https://doi.org/10.1002/btpr.2896
https://doi.org/10.3389/fpls.2022.963756
https://doi.org/10.1016/j.virol.2021.01.012
https://doi.org/10.3389/fpls.2025.1727190
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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Introduction: Plant-based systems hold great potential for producing

therapeutic proteins, but differences in N-glycosylation pathways between

plants and mammals present major technical and regulatory barriers. In

particular, plant-specific a-1,3-fucosylation and b-1,2-xylosylation can

generate immunogenic glycan structures, necessitating genome engineering

to humanize plant glycosylation profiles.

Methods: We applied multiplex CRISPR/Cas9 genome editing in Nicotiana

benthamiana to simultaneously target five a-1,3-fucosyltransferase genes and

two b-1,2-xylosyltransferase genes. Resulting T0 transformants were genotyped

to assess mutagenesis, and subsequent T1 and T2 generations were screened to

identify Cas9-free, homozygous plants. Growth andmorphological characteristics

were evaluated across germination, flowering, and seed production stages.

Results: Two T0 lines (HL40 and HL64) exhibited successful edits in all seven

target genes, with mutations consisting of single-base insertions and deletions

up to 26 bp. In later generations, we identified stable Cas9-free homozygous

lines containing mutations across all targeted loci. Three T1 transformants with

the highest number of homozygous alleles were selected to generate T2
progeny. Heterozygous alleles segregated into homozygous genotypes in the

T2 generation, accompanied by confirmed loss of enzymatic activity. T2 plants

showed no detectable morphological or growth differences compared with

wild-type plants, indicating no adverse phenotypic effects. Ultimately, we

generated 12 independent Cas9-free, glycoengineered, homozygous lines.
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Discussion: This work establishes the first N. benthamiana lines that are fully

Cas9-free and homozygously edited at all seven key glycosyltransferase loci.

These glycoengineered lines provide a stable and versatile genetic platform for

future plant-based glycoengineering efforts and the production of recombinant

therapeutic proteins.
KEYWORDS

multiplex CRISPR-Cas9 editing, homozygous gene knockouts, agrobacterium-
mediated transformation, glycoengineered plants, plant molecular farming,
Nicotiana benthamiana
Introduction

Plant molecular farming is emerging as a leading contender for

sustainable and affordable biopharmaceutical production (Yao et al.,

2015; Shanmugaraj et al., 2020). Plants harness photosynthesis to

generate their own energy, thereby significantly reducing overall

production costs. Plant systems also exhibit a lower risk of

contamination by human pathogens than animal systems. This

inherent safety feature stems from the inability of human pathogens

to effectively replicate within plant cells (Sil and Jha, 2014). Despite

their advantages over alternative expression systems, plant-based

expression systems are not without limitations. A major hurdle in

plant-based protein production is the incompatibility between plant

and animal protein glycosylation (Brooks et al., 2014). Glycosylation is

a post-translational modification involving the enzymatic addition of

sugar chains to specific amino acid residues of proteins. These covalent

linkages alter protein folding, morphology, stability, and half-life,

consequently influencing protein activity, signaling, and intercellular

interactions (Castilho and Steinkellner, 2012; Strasser, 2016). Two types

of glycosylation pathways exist: N-glycosylation and O-glycosylation.

During N-glycosylation, a glycan forms a covalent bond with the

nitrogen atom of an asparagine (Asn) residue. O-glycosylation, on the

other hand, attaches a sugar molecule to the hydroxyl side chain of

either serine (Ser) or threonine (Thr) residues. The specific pattern of

N-glycosylation on a medicinal protein significantly impacts its

functionality and therapeutic efficacy (Barolo et al., 2020).

Plants and animals share a conserved N-glycosylation pathway that

initiates in the endoplasmic reticulum (ER). However, the later stages of

N-glycan maturation differ substantially between them, as these steps

are catalyzed by distinct sets of glycosyltransferases. Plant N-glycans

typically contain b-1,2-xylose and a-1,3-fucose residues, whereas

mammalian N-glycans possess b-mannose and a-1,6-fucose (Pattison
and Amtmann, 2009). These structural differences can elicit immune

responses in humans, limiting the use of plant based systems for

producing therapeutic glycoproteins (Gomord et al., 2010; Rup et al.,

2017). The addition of b-1,2-xylose and a-1,3-fucose residues in plants

is catalyzed by b-1,2-xylosyltransferase (XylT) and a-1,3-
fucosyltransferase (FucT), respectively. Nicotiana benthamiana

contains five XylT and two FucT homologs, thus complicating
02146
complete suppression through single-gene RNAi approaches (Strasser

et al., 2008). Six glycosyltransferase genes were previously targeted using

CRISPR/Cas9 genome editing; however, one FucT homolog (FucT5)

was omitted, and the resulting plants retained the Cas9 transgene, thus

maintaining their transgenic status (Jansing et al., 2019). Cas9 free lines

are required to meet biosafety and regulatory standards for the

production of molecular farming crops, as transgene presence can

raise concerns about off-target editing and transgene remobilization

(Ahmad et al., 2024). Developing Cas9-free plants addresses both

scientific and regulatory challenges. Removing Cas9 stabilizes the

edits and prevents further nuclease activity. It also brings the edited

plants closer to conventional breeding standards, easing regulatory

evaluation and public acceptance. For these reasons, producing Cas9-

free lines has become an important step toward practical CRISPR

applications in agriculture. In addition to generating Cas9-free lines, it is

important to fully modify the pathway to eliminate all plant specific

glycosylation. Although Jansing et al. reported the absence of detectable

a-1,3-fucose despite omitting FucT5, the functional status of this

homolog remains unresolved. Given the redundancy within the FucT

family and the polyploid genome of N. benthamiana, the possibility of

residual or conditional FucT5 activity cannot be fully ruled out.

Here, we address both limitations by targeting all seven

glycosyltransferase homologs, including FucT5, using multiplex

CRISPR/Cas9 editing to generate stable, homozygous, and Cas9

free N. benthamiana lines. Through genetic screening, we isolated

plants carrying homozygous mutations in all target loci and

confirmed complete segregation of the Cas9 transgene by the T2

generation. This strategy not only validates the comprehensive

removal of plant-specific glycosylation but also establishes a

regulatory compliant platform for scalable production of

recombinant proteins with fully humanized N-glycan structures.
Materials and methods

Plant material and growth conditions

Forty days after germination, Nicotiana benthamiana seedlings

were grown in vitro in a growth chamber under a 16-h light/8-h
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dark photoperiod, 140 mmol m-2 s-1 light intensity, and a

temperature of 25 °C. Seeds from T0 transgenic plants were

collected, and subsequent generations were propagated by seed

harvesting and sowing. The regenerated T1 and T2 seedlings were

grown in a controlled growth chamber. The chamber maintained a

16-hour light/8-hour dark photoperiod, a temperature range of 22-

26°C and, a relative humidity of 40-60%.
Cas9/sgRNA plasmid construction

Sequence information for two b-1,20-xylosyltransferase (XylT)
genes and five a-1,3-fucosyltransferase (FucT) genes was obtained
from the N. benthamiana genome data registered on the Sol

Genomics Network (https://solgenomics.net). Conserved domain

search was done using NCBI conserved domain database. These

sequences were further compared using CLUSTAL Omega (EMBL-

EBI, UK) to identify the conserved motif regions between

homologous genes. gRNAs were designed using CRISPOR (http://

crispor.tefor.net/; accessed March 2022) and selected based on on-

target efficiency, off-target mismatch count (≥ 3 mismatches to

minimize off-target cleavage < 3 %), and frame-shift probability.

Each sgRNA cassette was placed downstream of the Arabidopsis U6

promoter and assembled into the pGenovo111 binary CRISPR/Cas9

vector (Genovo Bio, Tianjin, China) using Golden Gate cloning

with BsaI-HFv2 and T4 DNA ligase (37 °C 5 min / 16 °C 5 min, 25

cycles). Constructs were confirmed by Sanger sequencing and

introduced into Agrobacterium tumefaciens strain EHA105 by

electroporation. Transformation followed the Agrobacterium-

mediated leaf-disc procedure: 40-day-old seedlings were

inoculated with A. tumefaciens suspension (OD600 = 0.6–0.8) and

co-cultivated for 3 days at 25 °C on shoot-induction medium

containing 200 μM acetosyringone, 1.0 mg/L BAP, 0.1 mg/L IAA,

and 0.3 % Gelrite. Shoots were selected on MS medium with 20 μg/

mL hygromycin and 150 mg/L Timentin, elongated on 0.3 mg/L

BAP + 0.1 mg/L IAA, and rooted on ½ MS medium with 15 μg/mL

hygromycin. Regenerated plants were transferred to soil and grown

under 16 h light/8 h dark at 20–24 °C and 40–60 % RH. Seeds were

obtained by self pollination for segregation and homozygosity

analysis Song et al., 2022).
DNA isolation and analysis of gene
modifications

The leaves of the regenerated plants were used to extract the

total genomic DNA using a Deasy Plant Mini Kit (QIAGEN,

Hilden, Germany). Fragments spanning each of the seven target

loci (NbFucT1–5, NbXylT1, NbXylT2) were amplified by PCR using

gene-specific primers (Supplementary Table S1). PCR products

were analyzed for mutations using Sanger sequencing first,

followed by targeted next-generation sequencing (NGS) for more

comprehensive coverage. For NGS, three successive high fidelity

PCR amplifications were performed to enrich the target region

while minimizing amplification bias. Each 25 μL reaction contained
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50 ng genomic DNA, 0.5 μM primers, 200 μM dNTPs, 1× Phusion

HF buffer, and 0.5 U Phusion High-Fidelity DNA Polymerase

(Thermo <ns/>F530L). The second and third PCR reactions used

1/10 and 1/100 dilutions of the previous reaction as templates,

without intermediate purification. Amplicons (~350 bp) were

pooled, purified with AMPure XP beads (Beckman Coulter), and

dual indexed libraries were prepared using the NEBNext Ultra II

DNA Library Prep Kit (New England Biolabs). Libraries were

sequenced on an Illumina MiSeq platform. Raw reads were

demultiplexed and quality-trimmed (Phred > 30) using

Trimmomatic v0.39, and low-quality reads were discarded. Clean

reads were aligned to the N. benthamiana reference genome and

analyzed using the CRISPR RGEN Cas-Analyzer pipeline to

quantify insertions, deletions, and single-nucleotide variants

within ± 10 bp of each Cas9 cleavage site. Mutations were

classified as homozygous when identical alleles accounted for ≥

80 % of reads and as bi-allelic when two distinct alleles each

exceeded 30 % frequency.
Total protein N-glycan analysis by Western
blot

Total soluble protein was extracted from 100 mg of N.

benthamiana leaf tissue by grinding in two volumes of ice cold

PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM

KH2PO4, pH 7.4). The homogenate was centrifuged at 16,100 × g

for 10 min at 4 °C, and 10 μg of total protein per lane was resolved

by SDS–PAGE (100 V, 90 min) and transferred to a nitrocellulose

membrane (Thermo Fisher Scientific, MA, USA) using Towbin

transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 1

h at 100 V, following the general workflow of Jansing et al (Jansing

et al., 2019). Membranes were blocked for 1 h in 5% skim milk in

TBS–T (20 mM Tris, 150 mM NaCl, 0.05% Tween-20, pH 7.5) and

briefly rinsed. Blots were incubated with primary antibodies from

Agrisera AB (Umeå, Sweden): anti-b-1,2-xylose (AS07 267, 1:5000)
or anti-a-1,3-fucose (AS07 268, 1:10000), diluted in standard or

high-salt TBS-T (20 mM Tris, 500 mM NaCl, 0.1% Tween-20),

respectively. The two glycan specific blots were performed on

separate membranes. Following primary incubation, membranes

were washed three times (5 min each) in the corresponding TBS-T

buffer and probed for 1 h with alkaline-phosphatase-conjugated

goat anti-rabbit IgG (H + L) secondary antibody (AS09 607,

Agrisera, 1:10000), pre-adsorbed against wild-type N.

benthamiana extract to reduce non-specific binding. After three

final washes, membranes were developed in BCIP/NBT substrate

(Thermo Fisher Scientific) for 5–15 min in the dark, rinsed in

distilled water, and air dried.
Validation of Cas9 integration

The presence of Cas9 within the transformants was verified using

Cas9 gene-specific genomic PCR. Each 20 μL reaction contained 1 μL

genomic DNA (30–50 ng), 1 μL each of Cas9 forward and reverse
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https://solgenomics.net
http://crispor.tefor.net/
http://crispor.tefor.net/
https://doi.org/10.3389/fpls.2025.1701668
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Kaur et al. 10.3389/fpls.2025.1701668
primers (10 pmol/μL), 1 μL each of NbActin control primers (10

pmol/μL), 10 μL of 2× PCR premix (Takara Ex Taq, Japan), and 7 μL

nuclease-free water. PCR was performed with an initial denaturation

at 94°C for 5 min; 32 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C

for 30 s; followed by a final extension at 72°C for 7 min. PCR products

were visualized using a gel documentation system under UV light.

The expected product sizes were 1448 bp for Cas9 and 267 bp for

NbActin (primer sequences listed in Supplementary Table S1).
Results

Design and assembly of Cas9/sgRNA
constructs for generating multiple
knockout transformants

Sequence information of the two XylT genes (Niben101Scf04551:

NbXylT1, Niben101Scf04205: NbXylT2) and five FucT genes

(Niben101Scf01272:NbFucT1, Niben101Scf02631:NbFucT2,

Niben101Scf05494: NbFucT3, Niben101Scf17626: NbFucT4,

Niben101Scf05447: NbFucT5) present in N. benthamiana were

aligned and analyzed to identify conserved motifs and domains

(Figures 1A, B). The XylT genes consisted of a conserved domain,

belonging to the Glycosyltransferase 61 domain family, and the FucT

genes consisted of a conserved domain belonging to the

Glycosyltransferase 10 domain family. Notably, PFAM/HMMER

analysis identified this canonical GT10 domain in FucT5 (E = 2.16

× 10-²9), identical to the catalytic domain found in FucT1–4.
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Reciprocal BLASTP comparisons further revealed high sequence

identity and similarity among FucT1–5. These results indicate that

FucT5 retains the conserved catalytic core characteristic of functional

a-1,3-fucosyltransferases. Based on the conserved motifs of each

gene, three sgRNAs were designed to simultaneously target seven

genes: sgRNA-Xyl1,2 targets NbXylT1 and NbXylT2, and sgRNA-

Fuc1–4 targets NbXylT1, NbXylT2, NbXylT3, and NbXylT4

(Figure 1). Additionally, sgRNA-Fuc5 was designed to target

NbFucT5 to increase the target specificity due to a polymorphism

in the 5th sequence from the PAM site. As for NbXylTs, reverse

sgRNAs were designed by referring to the 100%-matching conserved

sequences identified on exon 1 of NbXylT1 and NbXylT2 (Figure 1B).

Three gRNAs targeting the five NbFucT and two NbXylT genes were

inserted into the Cas9-containing plasmid (Figure 1C).

Agrobacterium-mediated transformation was used to deliver the

designed Cas9 containing DNA constructs (pk-NbFUCT-XYLT)

into plant cells, resulting in a successful generation of transformants.
Evaluation and characterization of the
mutations induced by multiplexed Cas9
targeting of the XylT and the FucT genes

Mutations resulting from the editing of the five NbFucT and two

NbXylT genes were identified by Sanger sequencing of the target gene

fragment (Figure 2A). Among these transformants, two plant lines,

HL40 and HL64, were selected, each of which exhibited mutations in

all seven genes (Table 1). The transformant line HL40 exhibited bi-
FIGURE 1

Selection of target sites for multiplexed genome editing to knockout in five NbFucT and two NbXylT genes using CRISPR-Cas9. Target sites in
(A) NbFucT and (B) NbXylT genes. (C) Schematic diagram of the Cas9-sgRNA construct. The black boxes indicate exons, and the underlined
sequences correspond to the sgRNA. The red and green nucleotides represent SNPs and PAM sequences, respectively. .
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allelic mutations at five target gene sites which included one base

insertion in NbFucT1, one base insertion or five base deletions in

NbFucT2, one base deletion or five base deletions in NbFucT5, one

base insertion or eight base deletions in NbXylT1, and one base

insertion or three base deletions in NbXylT2 (Figure 2B).

Heterozygous mutations were identified in the target regions on

NbFucT3 and NbFucT4 with one base deletion and one base

insertion, respectively. In the transformant line HL64, bi-allelic

mutations were identified at four target sites: one- or two-base

deletions in NbFucT1, one- or five-base deletions in NbFucT2,

seven- or fourteen-base deletions in NbXylT1, and five- or nine-base

deletions inNbXylT2. The target sitesNbFucT3 andNbFucT4 in HL64

exhibited heterozygous mutations with one base insertion each.

Additionally, a deletion of 26 bases was observed in the HL64

NbFucT5 target site (Figure 2B).
Identification of T1 FucT and XylT knockout
lines

T0 plants of lines HL40 and HL64 were self-pollinated to

produce T1 generation plants. Two screening strategies were

applied to identify transformants among T1 generation plants:
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PCR analysis to select lines free of the Cas9 transgene, and

Western blotting with fucose and xylose antibodies to confirm the

absence of a-1,3-fucose and b-1,2-xylose residues, indicating

targeted gene silencing. Western blot analysis of the T1

transformants revealed no fucose residues in line HL40–4 and no

xylose residues in lines HL40-11, HL40-14, HL40-18, HL40-20,

HL64-15, and HL64-17 (Supplementary Figure S2). In HL64-19,

neither fucose nor xylose residues were detected (Supplementary

Figure S2B). Eight T1 transformants displaying loss-of-function of

the target gene were selected for sequencing.

Additional screening of the Cas9-free T1 transformants lacking

the target genes was performed using primers specifically designed

to amplify the Cas9 and sgRNA fragments within the engineered

plasmid. (Supplementary Table S1, Supplementary Figure S3). Five

T1 lines lacking the amplification products for both sets of primers

were selected: HL40-48, HL40-219, HL40-379, HL-40-591, and

HL64-512 (Supplementary Figure S3). As a result of these two

screening processes, 13 T1 transformants were selected for further

analysis of the genotypes and segregation patterns of the mutations

using targeted deep sequencing (Supplementary Table S2).

The T1 transformant HL40-4, which lacked a-1,3-fucose
residues, inherited the same heterozygous mutations from the

T0-HL40 parent, in the target sites NbFucT5, NbXylT1, NbXylT2,
FIGURE 2

Mutations induced in N. benthamiana by the CRISPR/Cas9 system. (A) Results of mutation analysis of 7 target sites identified in HL40 and HL60 T0
transgenic plants. (B) Genotype and zygosity analysis of T0 transformants.
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TABLE 1 Characterization of mutations in the target genes of the T2 transformant plant lines. (*Cas9 free plants).

CRISPR/Cas9-induced mutations

T4 NbFUCT5 NbXYLT1 NbXYLT2

-1/-5 +1/-8 +1/-3

gote Bi-allele Bi-allele Bi-allele

-5 -8 +1

gote Homozygote Homozygote Homozygote

-5bp -8bp +1bp

gote Homozygote Homozygote Homozygote

-5bp -8bp +1bp

gote Homozygote Homozygote Homozygote

-5bp -8bp +1bp

gote Homozygote Homozygote Homozygote

-5bp -8bp +1bp

gote Homozygote Bi-allele Homozygote

-1bp/-5bp +1bp +1bp

gote Bi-allele Homozygote Homozygote

-1bp/-5bp +1bp +1bp

gote Bi-allele Homozygote Homozygote

-1bp/-5bp +1bp +1bp

gote Bi-allele Homozygote Homozygote

-5bp +1bp +1bp

gote Homozygote Homozygote Homozygote

-1bp/-5bp +1bp +1bp

gote Bi-allele Homozygote Homozygote

p -26bp -7bp/-14bp -5bp/-9bp

gote Homozygote Bi-allele Bi-allele

-26 -7/-14 -5

gote Homozygote Bi-allele Homozygote
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Zygosity Homozygote Bi-allele Homozygote Homozy

HL40-48-1*
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Zygosity Homozygote Homozygote Homozygote Homozy

HL40-48-2*
Mutation +1bp(A) -5bp -1bp +1bp

Zygosity Homozygote Homozygote Homozygote Homozy

HL40-48-3*
Mutation +1bp(A) +1bp -1bp +1bp

Zygosity Homozygote Homozygote Homozygote Homozy

HL40-48-4*
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Zygosity Homozygote Bi-allele Homozygote Homozy

HL40-219*
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whereas all the other target genes inherited the mutation in a

homozygous pattern. Another T1 transformant lacking the a-1,3-
fucose residues; HL64-19, inherited the heterozygous mutation

pattern from the T0-HL64 parent in the target sites NbFucT1,

NbXylT1. All the other target genes showed inheritance of the

mutation in a homozygous pattern (Supplementary Table S2).

Sequencing of the T1 transformants HL40-11, HL40-14, HL40-18,

and HL40–20 revealed the presence of a wild-type allele in the

target regions of NbFucT3 and NbFucT4. Western blot analysis

revealed the absence of b1,2-xylose residues but the presence of a-
1,3-fucose residues in these transformants. This suggests that a

complete knockout of the a-1,3-fucose phenotype, as evidenced

by the lack of fucose residues, likely requires the absence of the

wild-type allele in both NbFucT3 and NbFucT4 genes. In HL40-4,

b1,2-xylose residues were detected despite the absence of the wild-
type allele in either of the NbXylT target genes. In contrast, HL40-

20, which lacked b1,2-xylose residues, shared the same

heterologous mutation at the NbXylT1 target site as HL40–4 but

inherited only one base homologous insertion at the NbXylT2

target site. Consequently, it can be inferred that the three-base

deletion in the NbXylT2 site did not significantly affect the b-1,2-
xylosyltransferase activity. All lines selected through PCR

screening (HL40-48, HL40-219, HL40-379, HL-40-591, and

HL64-512) lacked the wild-type allele, whereby it could be

anticipated that the mutation pattern in these lines would result

in loss of function of all NbFucT and NbXylT target genes.
Generation of Cas9-free, stable FucT and
XylT knockout T2 plants

Of the five Cas9-free T1 plants, three T1 transformants (HL40-48,

HL40-219, and HL64-512) were selected for the production of T2

plants because these lines showed the highest number of homozygous

mutations. In particular, these selected transformants, HL40-48, HL40-

219, and HL64-512, showed six homozygous mutations and one

heterozygous mutation in NbFucT2, NbFucT5, and NbXylT2,

respectively. To obtain stable homozygous mutant lines for F-KO

and X-KO, individuals from these lines were cultivated and sequencing

of the target sites was performed. The morphology and growth rate of

the T2 plants were also observed to detect the side effects of the

mutations. No significant differences were observed between T0 and T2
generation plants compared to wild-type plants in terms of external

morphological characteristics, from germination to flowering, and seed

production (Figure 3A). Sequence analysis revealed the segregation of

heterozygous alleles into homozygous genotypes in the T2 generation.

Among the T2 plants derived from the HL-40–48 T1 line, the plants

identified as HL40-48-1, HL 40-48-2, and HL40-48–3 exhibited

homozygous genotypes in all seven target regions (Table 1).

Similarly, T2 plants HL40-219-3, HL64-512-1, and HL64-512–3 were

confirmed to have homozygous mutations in the seven target genes

(Table 1). Furthermore, T2 plants HL40-48-1~4, HL40-219-1~4, and

HL64-512-1~4 were all Cas9-free (Figure 3B).

Western blot analysis on selected T2 lines provided final

confirmation of functional enzyme loss for all seven targeted

genes. This analysis revealed the absence of both b1,2-xylose and
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a-1,3-fucose residues in the T2 transformants, solidifying the

successful knockout of all seven target genes (Figure 3C).
Discussion

Harnessing plants as factories for therapeutic proteins holds

immense promise for enhancing and optimizing the synthesis of

proteins that are crucial for treating and preventing diseases in

humans and animals. There are significant advantages to using this

strategy; however, successful implementation requires addressing

technical and regulatory hurdles. Although several vaccines,

antibiotics, and therapeutic proteins have been developed in

plants (Obembe et al., 2011), the generation of mutants lacking

the activity of key enzymes (e.g., b-1,2-xylosyltransferase and a-1,3-
fucosyltransferase) prevents the formation of certain epitopes on
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plant N-glycans. The effectiveness of this approach was validated by

generating Arabidopsis thaliana knockout mutants, including a

triple knockout line that displayed normal plant development

under standard growth conditions (Strasser et al., 2004).

N. benthamiana has shown promise as a potential host for

producing recombinant glycoproteins with customized N- and O-

glycan modifications (Strasser et al., 2008; Jansing et al., 2019).

Random mutagenesis studies using EMS demonstrated that a 4- or

5-fold knockout of exclusively the fucosyltransferase genes resulted

in a decrease in fucose levels but unexpectedly led to an increase in

xylose levels in plants (Nagels et al., 2011). This indicates a

compensatory mechanism in glycan synthesis, where the absence

of fucose may trigger an upregulation of xylose incorporation. A

complete disruption of both fucose and xylose biosynthetic

pathways is necessary to significantly alter the glycan profile.

Therefore, a 7-fold knockout of fucosyltransferase and
FIGURE 3

Phenotypic comparison and molecular characterization of transformants. (A) Morphological comparison of T2 generation plants throughout their
growth stages. Plants were photographed 30 and 90 days after sowing. (B) PCR-based reconfirmation of absence of Cas9 in T2 transformants. Wild
type N. benthamiana was used as negative control. HL-64–19 T1 plant was used as positive control. HL40-48-1~4, HL40-219-1~4, HL64-512-1~4
T2 plants were Cas9-free. Actin amplification product size: 267 bp, Cas9 amplification product size:1448 bp. (C) Western blot analysis for
comparison of a-1,3-fucose and b-1,2-xylose residues in NbFucT and NbXylT transformants and wild-type. Wild-type tobacco was used as positive
control. Results of anti- b-1,2-XylT is b-1,2-xylosyltransferase antibody reaction results.
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xylosyltransferase genes is more effective in disrupting glycan

synthesis than a 4- or 5-fold knockout. This is likely due to the

elimination of redundant pathways, the suppression of

compensatory mechanisms, and the synergistic effect of targeting

both types of genes, resulting in a greater reduction of fucose and

xylose levels in the plant. The advent of techniques like multiplex

gene editing, base editing, prime editing and Cas12a/CPpf1 have

accelerated the progress in plant glycoengineering Abdelrahman

et al., 2021). Recent advances in gene editing, including base editing,

prime editing and multiplex CRISPR strategies, have expanded the

toolkit for precise genome manipulation in plants. Base editing and

prime editing offer powerful options for targeted nucleotide

substitutions, small insertions or corrections, and motif-level

refinements without introducing double-strand breaks (Molla

et al., 2021). These tools are especially useful for fine tuning

enzyme function, modifying catalytic residues and generating

allelic variants with subtle but biologically meaningful changes.

However, their current delivery limitations, lower efficiency in

several crop species and complexities in multiplexing make them

less suited for large-scale gene family knockouts. Multiplex

CRISPR/Cas9 gene editing remains the most efficient and

practical strategy for simultaneously disrupting several

homologous genes to completely abolish their function, especially

in systems in which multiple paralogs act redundantly within the

same biochemical pathway.
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Building on our previous work targeting NbXylT1 and NbFucT2

to characterize mutation nature and inheritance, we expanded our

approach to achieve near complete elimination of FucT and XylT

activity by simultaneously targeting all seven genes Song et al.,

2022). This represents, to our knowledge, the first successful

multiplex CRISPR/Cas9 editing of all seven glycosyltransferase

homologs in N. benthamiana, addressing limitations of previous

studies that excluded the FucT5 homolog. We employed

Agrobacterium-mediated CRISPR/Cas9 to achieve targeted editing

of all homologous NbXylT and NbFucT genes. A systematic analysis

of mutation rates, types, and genetic trends was performed on the

transformed sample. Two T0 transformants were identified that

successfully carried mutations in all seven target genes, HL40 and

HL64. Analysis of the mutational characteristics in the selected T0

mutants revealed deletions and insertions as the most frequent types

of induced edits. Notably, insertions were predominantly single

nucleotide additions, while deletions spanned a wider range, from

one to twenty-six nucleotides. The NbFucT3 and NbFucT4 genes

showed heterozygous mutations carrying the wild-type allele in both

the HL40 and HL64 transformants, whereas the other target gene

mutations were bi-allelic or homozygous. Despite the expected

segregation of alleles, a few plants in the T1 generation retained

the wild-type allele, which has been the case for many other plant

edits using CRISPR/Cas9 (Pan et al., 2016; Cheng et al., 2019). From

the three T1-Cas9 free plants, which carried homozygous mutations
FIGURE 4

Summary of CRISPR/Cas9 mediated knockout of seven N-glycosylation genes in Nicotiana benthamiana and selection of Cas9-free homozygous
transformants in the consecutive generations (T1 and T2).
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in all but one target gene site, we generated T2 transformant lines

that carried a stable mutation in all seven target genes and were Cas-

9 free (Figure 3). Loss of enzymatic activity for both NbFucT and

NbXylT was confirmed in all T2 transformants. The external

morphology and growth of T2 plants remained largely similar to

those of T0 and wild-type plants throughout development,

providing preliminary evidence of minimal side effects induced by

the mutations (Figure 3A). The lack of observable morphological or

growth defects in T2 plants suggests these multiplex gene edits do

not impair plant viability or development, which is essential for their

use as production platforms. Overall, this study provides a solid

genetic platform for glycoengineering in N. benthamiana,

overcoming prior limitations by achieving full knockout of all

seven glycosyltransferase homologs in stable, Cas9-free lines. In

addition to achieving Cas9-free edited lines, our approach ensures

complete pathway coverage by including FucT5, which was

previously omitted. Sequence and domain analyses confirm that

FucT5 contains the GT10 catalytic core and shares high sequence

similarity with other NbFucT homologs, supporting its potential

functionality. This comprehensive targeting strategy prevents

residual or context-dependent a-1,3-fucosylation and provides a

more reliable foundation for downstream biopharmaceutical

protein production. The study has been graphically summarized

in Figure 4.
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Clinical-grade plant-made
nanomaterials: from process
design to the construction of a
manufacturing facility
Denise Pivotto1, Anthony Rosa2, Aya Maged Elsheikh2,
Elisa Gecchele2, Roberta Zampieri2, Alessia Raneri1,
Valentina Garonzi2 and Linda Avesani1*

1Department of Biotechnology, University of Verona, Verona, Italy, 2Diamante SB Srl, Verona, Italy
Plant-made nanomaterials are proteinaceous elements that are emerging as

multi-purpose and versatile tools in the therapeutic landscape. In the context of

autoimmune diseases, Tomato Bushy Stunt Virus (TBSV) has been previously

explored as a platform for inducing immune tolerance by displaying disease-

specific immunodominant peptides—offering a potential path toward disease

remission. In this study, we developed a dedicated facility and a Good

Manufacturing-compliant Process for producing TBSV-based nanoparticles

engineered to display peptides relevant to specific autoimmune disorders. Data

collected from multiple non-consecutive pilot-scale production batches were

used to build a simplified techno-economic model of the process. The process is

readily scalable and offers opportunities for further improvements, supporting

the potential to meet market demands for early-stage therapeutic interventions

in autoimmune diseases. Additionally, a preliminary Environmental, Health, and

Safety (EHS) assessment of the process showed a highly favorable environmental

output index and minimal associated risks, reinforcing the platform’s

sustainability. These results support the viability of plant-based manufacturing

for therapeutic nanomaterials and highlight TBSV’s potential as a novel platform

for tolerance-inducing treatments in autoimmune diseases.
KEYWORDS

nanobiotechnology, peptide Liprin (pLip), plant molecular farming, rheumatoid arthritis,
TBSV, tolerance induction, viral nanoparticles
Introduction

Plant Molecular Farming, which includes the production of recombinant proteins and

nanomaterials using plant biotechnology, could provide a steep change in improving health

outcome, especially in developing countries and in pandemic contexts, due to its scalability,

safety and speed.
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The first current Good Manufacturing Process (cGMP) facility

producing Plant-Made Pharmaceuticals was designed by Large

Scale Biology Corporation (LSBC) in Owensboro, KY, USA (now

Kentucky BioProcessing) and opened in the year 1999, using the

plant-virus transient expression system Geneware® (Pogue et al.,

2002, 2010). Ever since, PMF has developed as a safe, easily scalable

and cost-effective technology to produce biopharmaceuticals, when

compared to other cell-based systems. Canadian former enterprise

Medicago, now acquired by Aramis Biotechnology, was one of the

pioneers in the industry. Founded in 1999, its focus was the

production of Virus-Like Particles (VLPs) as vaccines, reaching

phase III clinical studies with their product Covifenz®, a vaccine

candidate for the treatment of SARS-CoV2, before announcing

their sudden closure in 2023.

Within this continuous framework and thanks to ongoing

efforts in basic research, various emerging applications now rely

on plant-made nanomaterials, primarily derived from or inspired

by viral structures, as promising tools for addressing multiple

human diseases. These materials represent a natural progression

in the application of plant biotechnology to create innovative

solutions for a range of human diseases.

Viruses are excellent examples of naturally occurring

nanoparticles that can serve as ideal platforms for the

development of new biomedical applications. Plant viruses, in

general, are non-enveloped structures, and they can assume a

spherical/icosahedral or filamentous/tubular shape. Plant virus

capsids are formed through the self-assembly of repeating protein

subunits, providing a high degree of multivalency. Their repetitive

structure support their function as adjuvants and provide an ideal

scaffold for the display of peptides and delivery of drugs (Chung

et al., 2020; Santoni et al., 2020). As plant viruses they also have an

inherent safety profile in humans.

Tomato Bushy Stunt Virus (TBSV) is a virus of the

Tombusvirus family, characterized by an icosahedral capsid of ~

32 nm in diameter made up of 180 subunits of the coat protein

(CP). TBSV Nanoparticles (NPs) can either encapsulate or present

small molecules and polypeptides on the surface (Grasso et al.,

2013) and are not toxic or teratogenic (Blandino et al., 2015). When

intravenously injected into mice, these NPs do not induce

alterations of tissues/organs (Lico et al., 2016).

We recently demonstrated the potential of plant-made

nanoparticles for preventing and curing autoimmune

diseases such as Type 1 Diabetes (T1D) and Rheumatoid

Arthritis (RA) (Zampieri et al., 2020). Indeed, the immense

potential of nanomaterials as tolerogenic agents to be used in the

context of diverse immunological diseases such as autoimmune

diseases, allergies and transplants has been extensively

demonstrated (Kusumoputro et al., 2023); however, plant viruses

have never before been employed for such applications prior to

our study.

For RA, we demonstrated that the use of plant-made

nanoparticles was able to induce regulatory T cells by diverting

the autoimmune response to a tolerogenic setting that reversed the

clinical score of the disease with outcomes comparable to golden

standard treatments based on immunosuppressants (Zampieri
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et al., 2020). We used the TBSV genome as a vector of expression

and exploited the TBSV Coat Protein for the display of the peptide

Liprin (pLip) on the external surface of the capsid.

TBSV NPs manufacturing in plants relies on the use of transient

viral expression in Nicotiana benthamiana, widely used as a

bioreactor for the production of biopharmaceuticals, due to its

versatility and susceptibility to plant pathogens. Besides acting as

vectors that regulate gene expression (Bally et al., 2018), plant

viruses can be genetically engineered to incorporate non-native

peptides into their CPs. The modified viruses are then propagated in

host plant leaves, which are subsequently harvested and processed

for purification (Pogue et al., 2002).

In this sense, once harvested after infection, the plant leaves can

be processed to obtain a purified virus that presents a target peptide.

This whole NP represents the final Active Pharmaceutical

Ingredient (API). Being a plant pathogen, the use of these NPs

for therapeutical purposes is entirely safe for humans, due to the

absence of specific receptors for viral recognition and penetration

into host cells (Nikitin et al., 2016).

While there is currently no clinically approved plant-based

nanomedicine in the market, several are undergoing preclinical

development while some systems are poised to enter translational

development. Given our promising preclinical evidence, we made a

concerted effort to spin-out the project from an academic setting by

establishing a GMP-grade manufacturing facility, enabling the

production of NPs under GMP conditions for use in human

clinical studies.

Here, we describe the manufacturing process overseeing the

production of TBSV NPs within a small-scale laboratory setting,

meant to be GMP-compliant and designed to produce quantities

sufficient for toxicological pre-clinical studies and Phase 1 clinical

trials in humans. All projections presented throughout the article

are based on a hypothetical API dosage of 2 mg per patient/year,

aimed at achieving the desired clinical outcome of tolerance

induction in RA patients.
Materials and methods

Host plant species selection and biomass
production

In the described experimental setup, N. benthamiana plants are

cultivated indoors under controlled environmental conditions,

maintaining a constant temperature of 24°C ± 3°C and relative

humidity between 50% and 60%, with a photoperiod of 16 hours

light and 8 hours dark. Seeds are initially sown and allowed to

germinate for up to 10 days, after which the plantlets are moved into

larger pots to accommodate growth and are redistributed across

trays. Plants are irrigated every 2–3 days for a period of 18 days,

until they reach optimal biomass. At this stage, the average leaf fresh

weight (LFW) per plant is approximately 8.2 g. Five-week-old N.

benthamiana plants are then ready for infection, initiating the

manufacturing workflow, which is divided into upstream and

downstream processing phases.
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Upstream process

Primary infection
N. benthamiana plants used in the process are grown under the

conditions described above.

In vitro transcription is used to produce TBSV.pLip infectious

RNAs (Grasso et al., 2013), of which 4 μg per plant are used for the

manual infection of two leaves in N. benthamiana with the aid of an

abrasive powder (Celite®). After 6 days, leaves displaying local and

systemic infection symptoms are harvested, pooled and checked for

recombinant virus RNA by reverse transcription polymerase chain

reaction (RT-PCR). The collected leaves are homogenized in 1X

Phosphate Buffered Saline (PBS), composed of 151 mM NaCl,

8.4 mM Na2HPO4 × 12 H2O, 1.86 mM NaH2PO4 × H2O, adjusted

to pH 7.2), at a ratio of 1:10 (g LFW/mL buffer), resulting in a

suspension containing virions, which is used in the next step.

Secondary infection
Forty microliters of sap, a solution containing infectious plant

material, are used to infect one leaf, for a total of two leaves per

plant, with the same rubbing procedure described above; once

again, the state of the infection is monitored by phenotypical

assessment, then, 6 days post infection, the leaves are harvested

and homogenized with 1X PBS to obtain another infectious

suspension to proceed analogously with the infection of a third

batch, for the third step of the process named tertiary infection.

Tertiary infection
The plant biomass originating from this phase represents the

starting material to be processed for final product purification. The

necessary quality controls are performed during all phases, to

ensure structural integrity of the virus and presence of the

peptide of interest. These include RNA extraction for RT-PCR

and sequencing, as well as Western blot and Coomassie staining on

a native agarose gel for TBSV.p.Lip NPs quantification.

For RT-PCR, total RNA is extracted using protocols provided

by the manufacturer of the TRIzol™ reagent (Invitrogen).

Following RNA extraction, cDNA is synthesized, and PCR is

c a r r i e d o u t u s i n g p r i m e r s T B S V _ C P _ F o r

(TGCAACTGGTACGTTTGTCATATC) and TBSV_2_Back

(AAGATCCAAGGACTCTGTGC). RNA extraction is the only

part of the process that uses a small amount of hazardous

chemicals, due to extraction with Trizol™ agent, such as

chloroform and lithium chloride, but it is an essential step for

quality control, and for which other commercially available

extraction kits are under evaluation, to lower the environmental

impact on production.

Western blot analysis is performed using a 1% agarose, 38 mM

glycine gel run under native electrophoretic conditions. After

addition of the 6X loading dye (for 10 ml: 6 ml glycerol 100%, 1

ml Tris-HCl 0.5 M pH 6.8 and 18 mg bromophenol blue) to the

samples, they are loaded onto the agarose gel, and electrophorized

at 100 V for 45 minutes. Following electrophoresis, proteins are

transferred onto a nitrocellulose membrane and the presence of

TBSV is detected using 1:3000 anti-TBSV primary antibody (TBSV-
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CO – Prime Diagnostic) and horseradish peroxidase-conjugated

anti-rabbit polyclonal antibody diluted 1:3000 (Clinisciences). The

signal development is obtained on washed membranes by enhanced

chemiluminescence (Amersham Biosciences, Amersham, UK) and

the images acquired through ChemiDoc Imaging System (Biorad).

For Coomassie staining, the gel is run in the same conditions and

then stained with 30 mL Quick Coomassie Stain (Clinisciences).
Downstream process

The downstream purification process begins with the collection

of the infected leaves obtained from the tertiary cycle of infection.

The biomass is first weighed to determine the leaf fresh weight and

then homogenized accordingly with 3 volumes of extraction buffer

(sodium acetate 50 mM pH 5.3, 1% ascorbic acid) (plant-to-buffer

ratio, weight in mg to volume in ml) using a steel blender, then

filtered using four layers of Miracloth®. After this step, the

homogenate undergoes a sedimentation process overnight at 4°C,

to help precipitate debris and plant components. The precipitate is

then consolidated with a first super-centrifuge step at 8,000 g for 15

minutes at 4°C, after which the clarified supernatant is collected and

undergoes an ultra-centrifugation round at 90,000 g for 1h, 4°C.

Both centrifugation steps are performed with an Avanti JXN26

Centrifuge (Beckman Coulter). The pellet obtained after

ultracentrifugation is resuspended in 0.7% physiological buffer

solution (NaCl in Water for Injection), centrifuged once again at

8,000g for 15 minutes at 4°C and filter sterilized: this represents the

final product, which then undergoes all quality control steps, as

described below. At the end of both primary and secondary

infection, the product undergoes RT-PCR, sequencing and a

Western blot for confirmation, respectively, of RNA and coat

protein identity. After the tertiary infection, the API is produced

and the following controls are performed: SDS-PAGE, Western

blot, DAS-ELISA for quantification, Dynamic Light Scattering

(DLS), and an LAL test as described by the manufacturer to

assess endotoxin content (Gen Script).

For SDS-PAGE analysis, TBSV.pLip NPs sample is

supplemented with 0.5 volume of R buffer (for 10 ml: 3 ml of

Tris-HCl 0.5 M pH 6.8, 2.4 ml glycerol 100%, 1.6 ml SDS 10%, 1 ml

Bromophenol blue in TE, 300 μl EDTA 15 mM, 1.7 ml H2O; 6.25%

of 2-mercaptoethanol freshly added). After the addition of R buffer,

samples are incubated at room temperature for 3 minutes and

vortexed, then heated at 60°C for 1 minute, vortexed again, and kept

on ice until electrophoresis performed with a SurePAGE™, Bis Tris,

12% gel (Genscript). TBSV.pLip NPs are then visualized using silver

staining, following the manufacturer’s instructions (Pierce™ Silver

Stain Kit, Thermo Scientific).

The Western blot is performed as described in the upstream

process using a 1% agarose, 38mM glycine gel run under native

electrophoretic conditions.

DAS-ELISA is used to determine TBSV.pLip NPs concentration

in solution. Briefly, 150 μl of sample diluted in diluent solution

(0.2% BSA - PBS-Tween 0.05% pH 7.4) are distributed in ELISA

Maxisorp plates (NUNC) previously coated with 150 μl of primary
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antibody TBSV-Co (Prime Diagnostic) diluted 1:1000 in carbonate

buffer (Na2CO3 1.59 g/L, NaHCO3 2.93 g/L pH 9.6). The presence

and quantity of TBSV.pLip NPs is determined by adding 150 μl

secondary alkaline phosphatase conjugated antibody TBSV-AP

(Prime Diagnostic) diluted 1:1000 in diluent solution and 100 μl

p-Nitrophenyl Phosphate (pNPP) substrate (Kementec). The

reaction is stopped using 100 μl of 0.1 M NaOH. Plate is read

using a Tecan Infinite 200 PRO plate reader at 405 nm. To quantify

NPs, the ELISA test includes a calibration curve ranging from 30.02

to 0.06 nanograms of TBSV.pLip.

For DLS analysis, 0.4–0.5 mg/mL of TBSV NPs are analyzed

three times using a Zetasizer instrument. Each measurement

represents the mean of 12 repetitions.
Manufacturing facility

The facility described was designed for the production of a GMP-

compliant biopharmaceutical, with manufacturing volumes suitable to

support Phase 1 Clinical Studies and toxicological studies. In all

laboratory rooms air is filtered using High Efficiency Particulate Air

(HEPA) filters, to avoid any source of contamination. Following the

laboratory rooms, an isolating door grants access to the production and

downstream chamber areas. All areas of production are subject to

pressurization, with the three main chambers (growth, infection and
Frontiers in Plant Science 04159
downstream chambers) presenting a higher pressure than the adjacent

corridors, which in turn present a higher pressure than the outside

laboratories. This allows for air to flow from production towards the

outside environment, thus avoiding the entry of external

contaminations. Prior to entering the infection and downstream

chambers, the use of proper Personal Protective Equipment (PPE)

and specific dressing is mandatory, as well as removal of PPE is

necessary prior to exiting. Irrigation of the plants is performed

manually and to achieve optimal plant growth, the LED system has

been designed to comprise three light channels: red (660 nm), blue (450

nm) and white (prevalently in the region between 500 and 600 nm). All

LED have a certified degree of protection IP65, and an efficiency of 3.15

μmoles/J. Each LED is 100 cm long and four of them are meant to fit a

200 cm x 60 cm shelf, arranged for plants growth, and four shelves

compose a rack, for a total capacity of 1024 plants in both the growth

room and the infection room.
Results

Process and facility design

In Diamante SB, N. benthamiana is used as a self-building,

single-use, biodegradable bioreactor to produce a therapeutic

nanomaterial named TBSV.pLip NPs. The company facility has
FIGURE 1

Overview of the facility. (A) Facility floor plan. (B) Production - growing room: together with the infection room, where the upstream process takes
place. (C) Production – downstream processing dedicated room.
frontiersin.org

https://doi.org/10.3389/fpls.2025.1724810
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Pivotto et al. 10.3389/fpls.2025.1724810
been carefully designed to accomplish this purpose, mindful of the

active use of plant viruses in the production process. The equipment

used for quality control and production is cGMP compliant. The

laboratory rooms in the facility are equipped to perform all quality

control analyses of the product. The current production process is

controlled and monitored during working hours by working

personnel. The high presence of manual operations during the

production process, such as plant handling, plant-material

extraction and centrifuge runs, at the moment do not allow for a

more automated process, but remote monitoring is currently being

implemented. Specific equipment like the -80°C freezer, used to

stock material, and the general ventilation system are controlled

remotely, allowing for tracking and fast intervention at any time.

An overview of the facility is shown in Figure 1.
Manufacturing of TBSV.pLip nanoparticles

TBSV.pLip NPs are produced using a process that can be

summarized as described in Figure 2. The upstream process is

divided into three subsequential sections, beginning with the

primary infection, as described previously (Lico et al., 2021).
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Once symptomatic leaves are harvested, they are extracted to

produce sap as starting material for a secondary infection. The

same process is repeated with leaves collected from this second step,

to continue with a tertiary infection, after which leaves are harvested

and directly processed in the downstream phase. This last phase

ends with collection of TBSV.pLip NPs. DAS-ELISA assay is used to

correctly quantify the API. It has been estimated that the average

total production yield for one batch of plants is 71 mg/kg. This was

calculated in relation to the plants used for all the production

phases, as summarized in Table 1.
FIGURE 2

Process overview. The initial phase of the process, referred to as the upstream stage, is subdivided into three successive infection steps: primary,
secondary, and tertiary. Following the tertiary infection, the product undergoes purification through the downstream processing phase.
TABLE 1 Starting material and process yields from the four phases
described.

Phase
Starting
material

Nr of plants
infected

Yield

1 4 ug of RNA 1 1.4 g LFW

2 860 mg of SAP 107 150 g LFW

3 8.2 g of SAP 1024 1.4 kg LFW

4 1.4 Kg LFW –
99.4 mg TBSV ±

22%
LFW. leaf fresh weight.
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For each stage of the process N. benthamiana leaves are

collected only when symptomatic. Typical symptoms of virus

presence in a plant include curling of the leaves and chlorosis

(Figure 3). It is only these leaves that are processed to obtain the

final product.

During each step of the process, the necessary quality controls

are performed to ensure NPs integrity: RT-PCR, Western blot,

Coomassie stained agarose gels and sequencing are part of the

upstream phase, whereas in the downstream phase, the controls

comprise SDS-PAGE, Western blot, DAS-ELISA, DLS and LAL

Test (Figure 4; Table 2).
Economic analysis of TBSV production
costs

The production system in the current facility allows for the

annual cultivation and processing of 13 full batches, each

comprising of 1,024 plants: each batch is housed in vertically

stacked racks under high-efficiency LED lights, and it grows over

the course of 6 days and yields a total of 1.4 kilograms (LFW) of
Frontiers in Plant Science 06161
biomass. Due to the capacity of the available ultracentrifuge, which

is the primary bottleneck in downstream processing, a maximum of

256 plants can be processed per day. As a result, each full batch is

processed over four consecutive days, in sub-batches of 256 plants

per day. The processing of a single sub-batch yields approximately

24.9 mg of TBSV.pLip NPs. Therefore, the total yield per full batch

is 99.6 mg of TBSV.pLip NPs. Given the production of 13 batches

per year, the estimated annual yield is approximately 1.3 grams of

TBSV.pLip NPs. To obtain 1 gram of TBSV.pLip TBSV NPs, 10 full

batches are required. The API is manufactured in N. benthamiana

using TBSV genome as a vector of expression and exploiting the

TBSV Coat Protein for the display of the peptide Liprin (pLip) on

the external surface of the capsid.

A comprehensive economic analysis was conducted to assess

the operational expenditure (OPEX) associated with the production

of 1 gram of TBSV and it is reported in Table 3 with the

corresponding graphical illustration in Figure 5. This analysis is

based on current small-scale batch production data and includes

both direct and indirect costs, while capital expenditures (CAPEX)

such as facility depreciation, equipment amortization, and long-

term investments are excluded from the present assessment.
FIGURE 4

Analyticals overview. (A) 1% agarose gel transferred to a nitrocellulose membrane and blotted against an anti-TBSV antibody and 1% agarose gel
stained with Coomassie Quick Stain show a calibration curve with increasing quantities of TBSV.pLip; (B) DLS profile of TBSV.pLip sample
concentration 0.5 mg/mL, indicating distribution by volume: the peak indicates that most of the population is in the range of 30 nm, which is the
molecular size of the virus. This graph shows the mean value obtained from three separate measurements on the same sample, each of which is the
mean of 12 measurements. The standard deviation of the three measurements is 0.65.
FIGURE 3

Plant infection. Example of symptomatic N. benthamiana plants infected with TBSV.
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The results highlight that labor-related costs constitute the most

significant portion of the annual operational direct cost,

representing 40% of total OPEX. This includes both production

labor (€ 10991.63 - 14%), QC labor (€ 5054.14 - 6%), and their

respective managerial roles (€ 8462.52 - 11% for production

management, € 6891.95 - 9% for QC management). These

findings reflect the labor-intensive nature of the process,

especially under small-scale conditions requiring high oversight

and manual handling. Facility-related expenses emerged as the

second major cost component, contributing € 37100.00,

corresponding to 47% of total OPEX. The largest element within

this category is facility rent, which alone accounts for € 31500.00

corresponding to 40%, followed by cleaning services (3600.00 € -

5%) and building maintenance (€ 2000.00 - 3%). These are fixed

costs that remain constant regardless of output volume, thereby

exerting a strong influence on cost per unit at limited production

scales. Utilities, including electricity (€ 3938.34 - 5%), water (€

501.38 - 1%), and heating (€ 1969.17 - 2%), together contribute 8%

(€ 6408.89) of total OPEX. These costs are primarily associated with

machinery operation and climate control, particularly during

downstream processing steps. In contrast, materials and

consumables represent only € 4276,48 corresponding to 5% of the

total OPEX. This includes raw materials (€ 994.89 - 1%) and quality

control reagents and consumables (€ 3281.59 - 4%). Despite being

essential to the production process, these inputs have minimal

economic impact compared to labor and infrastructure costs.
Upstream vs. downstream cost distribution

In the upstream phase, including cultivation, infiltration, and

incubation, the dominant costs are labor-related. Production labor

and its associated management constitute a combined 22.6% of the

total OPEX, while QC labor and materials used during in-process

checks contribute an additional approximately 2%. The use of raw

materials in upstream operations accounts for a modest 1% of the

total operational budget. In the downstream phase, comprising

tissue harvesting, clarification, ultracentrifugation, and product

release testing, labor remains the primary cost driver. QC labor

and QC management represent a combined 12%, reflecting the

intensive resource demands of analytical validation and batch

release procedures. Production labor associated with downstream

extraction amounts to less than 1%, while QC materials and

consumables contribute to 3%. The cost of raw materials used in

this phase is negligible (<1%).
Spatial productivity and vertical farming
integration in plant-based TBSV production

An essential parameter for evaluating the scalability of plant-

based production platforms is spatial productivity, commonly

expressed as yield per unit area. In the current system, the

TBSV.pLip NPs yield has been estimated at 6.2 mg per square

meter of cultivation area per batch. Assuming 12 months of active
TABLE 2 Quality control of the API.

Phase Analysis Purpose
Acceptance
criteria

Upstream

RT-PCR
Amplification of the
viral genome from
plant extracts

Primer-specific
band

Sequencing
Peptide conformity
check

<3 silent
mutations

Western blot
VNP assembly check
and identification

Positive
identification

Native gel-
coomassie
staining

Quantification of
VNPs

TBD

Downstream

DLS
VNP size and poly-
dispersity index

Size 30 ± 5nm
PDI: <0.3

Western blot
VNP assembly check
and identification

Positive
identification

SDS-PAGE
Silver staining

Purity of the
preparation

> 99%

qDAS-ELISA
Quantification of the
virus

> 0.5mg/mL

LAL test
Quantification of
endotoxin levels

< 1EU/mL
TABLE 3 Breakdown of the process cost per category, including direct
and indirect costs. All cost values reported here reflect the aggregate
expenses incurred to produce 1 gram of TBSV, inclusive of upstream (US)
and downstream (DS) operations, as well as quality control (QC) and
managerial oversight.

Component Percentage Component Percentage

Direct costs

Raw Materials &
Consumables

1%
Materials &
Consumables

5%
QC Materials &
Consumables

4%

Production Labor
Cost

14%

Labor Cost 40%
Production
Manager Cost

11%

QC Labor Cost 6%

QC Manager Cost 9%

Indirect costs

Electricity 5%

Utilities 8%Water 1%

Heating 2%

Rent 40%

Facility-Related
Costs

47%
Building
Maintenance

3%

Cleaning Services 5%

Total 100% Total 100%
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production per year, this corresponds to an annual yield of

approximately 80.6 mg per square meter per year. Assuming an

annual therapeutic dose of 2 mg of TBSV.pLip per patient (a dosage

that remains to be validated for clinical studies based on the delivery

of 4 injections of 500μg of TBSV.pLip per patient), this production

rate allows one square meter of cultivation space to support

treatment for approximately 40 patients per year. To meet a

therapeutic demand of 5,000 patients per year, an estimated 125

square meters of cultivation area would be required. This

requirement increases proportionally with treatment demand,

reaching 1,250 square meters and 25,000 square meters for 50,000

and 1,000,000 patients, respectively (Table 4). To optimize land use

efficiency and reduce the physical footprint of the production

facility, a vertical farming system should be adopted (Figure 6).

By incorporating five levels of vertically stacked shelving, the

required floor area is effectively reduced by a factor of five.

Accordingly, the floor area needed to treat 5,000, 50,000, and

1,000,000 patients per year is reduced to 25 m², 250 m², and

5,000 m², respectively (Table 4).
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Materials hazardness and
environmental impact

The workflow described includes the use of a limited number of

hazardous chemicals, such as Trizol®, chloroform, hydrochloric

acid, and lithium chloride. Importantly, these substances are

utilized in minute quantities—typically in microliters per batch—

and their contribution to the overall environmental footprint is

negligible. Strict adherence to laboratory safety and waste

management protocols further mitigates their risk.

One potential concern unique to our system is the use of TBSV

as a vector. While TBSV is a plant-specific virus with no known risk

to humans or animals, its presence in biomass waste could raise

biosafety considerations, particularly in open-field or large-scale

settings. We recognize this challenge and are currently investigating

strategies to inactivate the virus post-harvest, ensuring that the final

biomass is free of viable viral particles before disposal or

downstream use. In summary, the combination of (i) low-volume

reagent usage, (ii) elimination of persistent organic solvents, (iii) the

biodegradable nature of plant material, and (iv) ongoing viral

inactivation efforts, reinforces the environmental advantages of

our production method.
Discussion

Despite the recent closure of Medicago following the

withdrawal of investment by its parent company, the global

landscape of plant-based biotechnology companies remains

dynamic. Notable examples include Protalix Therapeutics (Israel),
FIGURE 5

Breakdown of the percentage contribution of each cost category to the total production cost.
TABLE 4 scalability of TBSV.pLip NPs production by using vertical
farming.

Target
patients/year

Required
floor area

Floor area - vertical
farming (5 levels)

5,000 125 m² 25 m²

50,000 1,250 m² 250 m²

1,000,000 25,000 m² 5,000 m²
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with two marketed products—Elelyso® and Elfabrio®; BioApp

(South Korea), developer of the HERBAVAC™ pig vaccine; KBio

(USA), focused on various recombinant proteins; Eleva (Germany),

advancing a moss-derived therapeutic for Fabry disease; InVitria

(USA), producing technical-grade proteins; ORF Genetics

(Iceland), supplying growth factors and cytokines for cosmetics

and research; Agrenvec (Spain) and Baiya Phytopharm (Thailand),

both targeting applications in cultivated meat and cosmetics; and

CapeBio (South Africa), developing medical diagnostic solutions.

In this vibrant and dynamic scenario, Diamante SB, founded in

2016 as a spin-off of the University of Verona with support from

European public funding programs such as Bio-based innovation

for sustainable goods and services with the project PharmaFactory

and the EIC accelerator, has successfully transitioned from an

academic setting to an industrial reality. The company is focusing

on the development of a platform for autoimmune disease

treatment with the first therapeutic application in Rheumatoid

Arthritis. Here we report a basic techno-economic analysis from

laboratory data collected in the first year of work in the new lab-

setting meant to obtain GMP certification disclosing the production

process of the therapeutic TBSV.pLip NPs meant for Rheumatoid

Arthritis treatment.

Plant-based biomanufacturing of therapeutic viral proteins

represents a relatively novel platform with few commercial-scale

facilities currently in operation. However, it provides several
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advantages, including linear production scalability, simplified

upstream processes, shorter time to market, and the potential for

reduced capital and operational expenditures.

The facility described here annually produces 1.3 g of

TBSV.pLip NPs, the API, from 18.2 kg LFW N. benthamiana

leaves. The plant, selected for its productivity and host of TBSV

infection, is inherently more sustainable than traditional production

platforms, largely due to its biodegradable nature and its low-

impact cultivation requirements. In general, plants serve as

renewable, carbon-sequestering bioreactors, and their post-harvest

waste can often be composted or disposed of with minimal

environmental burden (Buyel, 2019).

Furthermore, N. benthamiana is familiar to European Medical

Agency (EMA) and Food and Drug Administration (FDA) thus

facilitating its acceptance in regulation-compliant manufacturing

(Streatfield and Howard, 2003; McCormick et al., 2008; Bendandi

et al., 2010; Tusé, 2011; Plant Viral Vectors for Delivery by

Agrobacterium, 2013).

13 batches are seeded and grown annually, with one batch

reaching harvest every 28 days. Expression rate of 355 mg of

TBSV.pLip NPs per kilogram of biomass (fresh weight) and a

downstream recovery of 20% give a yield of 71 mg of TBSV.pLip

NPs per kilogram of harvested biomass. This corresponds to 6.2 mg

of TBSV.pLip NPs per square meter of cultivation area per batch,

the combination of this approach with spatial modularity offered by
FIGURE 6

(A, B) The advantage of vertical farming versus traditional plant cultivation. The use of shelves allows to take advantage of the entire room area,
extending cultivation in vertical layers and optimizing the space (C).
frontiersin.org

https://doi.org/10.3389/fpls.2025.1724810
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Pivotto et al. 10.3389/fpls.2025.1724810
vertical farming solutions offers a clear advantage for scalable

models, enabling increased productivity per unit footprint and

facilitating expansion without the need for large horizontal land

allocations. When combined with the inherent flexibility of plant-

based systems, vertical farming provides a strategically efficient

pathway for transitioning toward larger-scale, economically

sustainable production of biopharmaceuticals such as

TBSV.pLip NPs.

The economic feasibility of TBSV production at small scale was

conducted by analyzing direct operating expenditures (OPEX),

which include labor, materials, and utilities in both upstream and

downstream processes. Capital expenditures (CAPEX) were

excluded to focus on recurrent, process-dependent costs. As

detailed in the Results section, labor and facility-related costs

dominated the cost structure, accounting for 40% and 47% of

total OPEX, respectively, while materials and consumables

contributed only 5%.

Based on the annual yield of approximately 1.3 grams, the direct

OPEX per mg of TBSV.pLip was estimated at €27.61. This cost

reflects the fixed-intensive nature of the process and highlights the

potential for improvement through economies of scale. Increasing

batch numbers or optimizing facility use would reduce per-unit

costs significantly.

Moreover, the labor-heavy profile suggests that selective

automation, especially in routine handling and monitoring, could

reduce manual workload, improve consistency, and support future

scale-up.

However, it is important to highlight that a critical point in the

described production of TBSV.pLip NPs is the potential

environmental risk associated with the particles, which are

currently treated as infectious material. This classification

significantly impacts disposal costs and logistics. At present, viral

inactivation strategies are being evaluated, which will require

confirmation through preclinical studies to ensure therapeutic

efficacy. Previous work in oncology (Mao et al., 2021) has shown

that when using virus nanoparticles genetic material inactivation

can negatively affect therapeutic performance, making this

validation step essential.

Together, these strategies represent key opportunities to

enhance the economic sustainability of TBSV-based production, a

platform that may be explored for diverse tolerance induction

applications simply changing the peptide displayed by

virus nanoparticles.

Finally, it is important to note that in addition to the

conventional cost of goods, Life Cycle Assessment accounting for

the costs of the environmental footprint of manufacturing should be

addressed, even in the field of biopharmaceuticals.

When comparing our process with standard methods used for

the chemical synthesis of peptides, the core therapeutic agent, the

footprint of the plant-based upstream process is negligible when

compared to the volumes of organic solvents used in traditional solid-

phase peptide synthesis (SPPS). In contrast, SPPS is well-documented

for its environmental burden, primarily due to its reliance on toxic,

non-biodegradable solvents (e.g. , dimethylformamide,
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dichloromethane) and repetitive washing steps, which generate

significant chemical waste. The cumulative impact of these solvents

not only raises health and safety concerns but also requires energy-

intensive waste treatment and solvent recovery systems.

This approach represents a meaningful step toward greener,

safer, and more scalable biomanufacturing when compared with

traditional peptide synthesis platforms and it could be used as a

platform for the production of nanomaterials meant for tolerance

induction in the framework of autoimmune diseases.
Conclusion

This study demonstrates the potential of a plant-based platform

for nanoparticle production, with a disruptive impact on therapies

for autoimmune diseases. Although the described facility and

processes still require optimization in certain areas, they can be

implemented within a compact space and, with a relatively modest

investment, to effectively support Phase I clinical trials.
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via batch-mode purification
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4Departamento de Ciencia y Tecnologı́a, Universidad Nacional de Quilmes, Buenos Aires, Argentina,
5Laboratory of Glycoimmunology, Caixa Research Institute, Barcelona, Spain
Plant molecular farming has established itself as a transformative technology for

the cost-effective and sustainable production of biopharmaceuticals, offering

scalable solutions to meet growing global demand. Among the different stable

plant expression systems, plastid-based platforms are particularly attractive due

to their high recombinant protein accumulation potential, genetic stability, and

reduced risk of transgene escape. Human Galectin-1 (hGAL1) is a b-galactoside-
binding lectin with potent immunomodulatory properties, positioning it as a

promising therapeutic candidate for autoimmune and inflammatory diseases.

Preserving its native conformation and carbohydrate-binding capacity is

essential to keep its biological activity, and both properties may be

compromised under suboptimal expression or purification conditions. Here,

we demonstrate the relevance of chloroplast transformation in Nicotiana

tabacum as a platform for producing functional hGAL1, which accumulated up

to 5.67 mg per kg of leaf tissue, corresponding to ~0.05% of total soluble protein

(TSP). Using a simplified batch-mode purification strategy, intact hGAL1 retaining

carbohydrate-binding activity was obtained and functional properties as shown

by its ability to induce T cell apoptosis in a dose-dependent manner. These

results highlight the potential of a transplastomic tobacco platform to deliver

biologically active human lectins with therapeutic relevance, while minimizing

downstream processing complexity, supporting their use in cost-effective

biopharmaceutical production.
KEYWORDS

batch mode purification, biopharmaceutical production, chloroplast transformation,

human galectin-1, plant molecular farming, transplastomic tobacco
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Introduction

Plant molecular farming (PMF) has emerged as a versatile and

sustainable strategy for the production of high-value recombinant

proteins. In some cases PMF offers certain advantages of scalability,

reduced costs, and improved endotoxin-free biosafety compared to

conventional microbial and mammalian cell systems (Burnett and

Burnett, 2020; Buyel, 2019). At the moment there are many

examples of human proteins expressed in plant cells that retain

their activity indicating that folding occurs correctly as hIDO1,

hFGF or hEGF (Bellucci et al., 2021; Wang et al., 2023; Müller et al.,

2024). Moreover, this strategy has enabled the production of

vaccines, therapeutic antibodies, and enzymes, some of which

have functional folding reached clinical trials or market

authorization (Schillberg and Finnern, 2021), including Elelyso®

and Elfabrio® (Protalix Biotherapeutics) and Covifenz®

(Medicago). Within PMF platforms, chloroplast transformation,

also known as transplastomic plants, stands out as a robust

expression system due to the exceptional levels of protein

accumulation achievable in plastids (Bock, 2015; Maliga and

Bock, 2011; Daniell et al., 2021).

The plastid genome is highly polyploid with thousands of

genome copies per cell (Shaver et al., 2006), which enables

massive accumulation of heterologous proteins when transgenes

are integrated by homologous recombination. Moreover,

chloroplast transformation bypasses the gene silencing effects

typical of nuclear transformation and supports polycistronic

transcription units resembling operons (Scotti et al., 2013; Barkan

and Goldschmidt-Clermont, 2000). Additional advantages include

stable maternal inheritance that limits transgene flow via pollen and

genetic stability across generations (Lal et al., 2020). As a result,

heterologous protein accumulation in plastids has reached levels

exceeding 70% of total soluble protein (Oey et al., 2009; Castiglia

et al., 2016). Our group and others have contributed to expanding

this field by developing plastid-based expression of antigens, growth

factors, and therapeutic proteins in Nicotiana tabacum (Morgenfeld

et al., 2020; Müller et al., 2024). These achievements highlight the

enormous potential of transplastomic plants as factories

for biopharmaceuticals.

Nevertheless, several challenges still constrain the industrial

application of plastid biotechnology. Expression levels vary widely

depending on the protein of interest, and reliable predictive rules for

accumulation efficiency are still lacking (Ahmad et al., 2016).

Furthermore, plastids lack glycosylation and other complex post-

translational modifications, which can limit the expression of

proteins requiring them for functionality (Lehtimäki et al., 2015).

In contrast, proteins that are soluble, stabilized by disulfide bonds

and non-glycosylated represent excellent candidates for plastid

expression. Finally, downstream processing is considered the

major economic bottleneck, often accounting for up to 80% of

total manufacturing costs (Buyel , 2015) . Tradit ional

chromatography steps are expensive, time-consuming, and prone

to clogging due to plant secondary metabolites, stressing the need

for simplified purification strategies compatible with large-scale

deployment (Buyel, 2024).
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Human Galectin-1 (hGAL1) is a prototype member of the

galectin family. It forms homodimers composed of ~14.5 kDa

subunits, each carrying a conserved carbohydrate recognition

domain (CRD) that preferentially binds to N-acetyllactosamine

motifs (Troncoso et al., 2023; Porciúncula-González et al., 2021).

hGAL1 is expressed in multiple immune and stromal cell

compartments, where it regulates apoptosis, angiogenesis, and

immune tolerance (Perillo et al., 1995; Rabinovich et al., 1997;

Rabinovich et al., 1999; Rabinovich, 2005). Extensive studies have

established its therapeutic relevance, demonstrating anti-

inflammatory and immunomodulatory effects in diverse models

of chronic inflammation, autoimmunity, and neurodegeneration. In

fact, this lectin reduces disease severity in murine models of

rheumatoid arthritis, colitis, diabetes, uveitis, multiple sclerosis,

and Sjögren disease, largely by promoting apoptosis of activated T

cells and skewing immune responses toward Th2 and regulatory T

(Treg) cell profiles (Rabinovich et al., 1999; Perone et al., 2006;

Santucci et al., 2003; Toscano et al., 2006; Starossom et al., 2012;

Toscano et al., 2018; Martıńez Allo et al., 2020; Morosi et al., 2021;

Sundblad et al., 2021; Rabinovich et al., 2025). Additionally, hGAL1

shows neuroprotective effects after cerebral ischemia and alleviates

atopic dermatitis in mice, highlighting its potential as a versatile

therapeutic agent (Qu et al., 2011; Corrêa et al., 2017). Interestingly,

recent studies demonstrated the ability of GAL1 to reprogram

myeloid cells toward an immunosuppressive phenotype (Blidner

et al., 2025), suggesting the ability of this lectin to control both

lymphoid and myeloid cell compartments in a myriad of

pathologic conditions.

Recombinant Human Galectin-1 has been produced as research

reagent in several conventional heterologous expression systems.

Bacterial expression in Escherichia coli is the most widely used

approach, enabling high-yield production of recombinant hGAL1

that is properly folded and biologically active after purification

(Rabinovich et al., 1999; Toscano et al., 2006). Yeast platforms,

including Pichia pastoris, have also been explored for lectin

production and offer advantages in secretion and scalability,

although the hyperglycosylating nature of yeast can be

incompatible with proteins—such as hGAL1—that require precise

disulfide bond formation but do not undergo N-glycosylation.

Mammalian cell expression (e.g., CHO or HEK293) provides

native folding and post-translational processing and has been

used to obtain recombinant galectins with immunomodulatory

activity, but these systems are substantially more expensive,

require complex infrastructure, and typically yield lower amounts

of purified protein. In this context, plant-based platforms—and

particularly plastid transformation—represent an attractive

complementary strategy, combining the ability to fold cysteine-

rich proteins in an oxidizing environment with agricultural

scalability and inherent endotoxin-free biosafety. From a

biochemical perspective, hGAL1 is a soluble protein stabilized by

three intrachain disulfide bonds and does not require glycosylation

for folding or activity (Guardia et al., 2014). This makes it

particularly well-suited for plastid expression, as the chloroplast

stroma supports oxidative folding and disulfide bond formation

(Wittenberg and Danon, 2008).
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In this work, we evaluated the potential of N. tabacum

chloroplasts as a platform for hGAL1 production. Transplastomic

lines were generated and confirmed to be homoplasmic,

accumulating hGAL1 predominantly in the soluble protein

fraction. To address downstream challenges, we implemented a

simplified batch-mode lactosyl-Sepharose affinity capture.

Compared with an equivalent column-based affinity protocol

using the same resin, the batch mode purification procedure

simplified the purification workflow increasing protein recovery,

avoiding resin clogging and demonstrating scalability to larger

biomasses. The enriched hGal1 fraction obtained was suitable for

downstream functional assays Plant-derived hGAL1 preserved its

carbohydrate-binding activity and induced apoptosis in Jurkat T

cells, confirming its biological properties. Although the pro-

apoptotic potency is lower than observed for bacterially-produced

hGAL1, the results demonstrate that chloroplasts can produce

functional lectins of therapeutic relevance.

Altogether, our findings provide proof-of-concept for the stable

expression and simplified purification of biologically active hGAL1

in tobacco plastids. This approach addresses two central challenges

of molecular farming: the production of correctly folded human

proteins and the development of cost-efficient purification methods.

Future research should focus on enhancing expression yields,

exploring stabilizing formulations, and refining purification

strategies to fully exploit the potential of chloroplast

biotechnology for the scalable production of human lectins and

other therapeutic proteins.
Materials and methods

Chloroplast transformation vector

The human GAL1 coding sequence (NCBI #3956) was excised

from pGem-hGAL1 and inserted into the plastid transformation

vector pBSWUTR, previously developed in our laboratory (Wirth

et al., 2006). Cloning was carried out using NdeI and XbaI

restriction sites, and the construct was validated by Sanger

sequencing. The expression cassette included the psbA promoter/

5′UTR, the aadA selectable marker, and plastid recombination

flanks corresponding to the rrn16 and trnI-trnA regions. The

schematic representation of the pBSW5’UTRhGAL1 vector is

shown in Figure 1A.
Tobacco plastid transformation and plant
regeneration

Plastid transformation was performed in N. tabacum cv. Petite

Havana by biolistic delivery using a PDS-1000/He device (Bio-Rad),
Abbreviations: hGAL1, Human galectin-1; hGAL1st, Recombinant human

galectin 1 expressed in E. coli as standard reference; hGAL1, hGAL1 coding

sequence; G1 A-C, transplastomic N. tabacum lines expressing hGAL1; NT, Non-

transformed N. tobacum plants.
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following adapted protocols previously reported (Maliga, 2004).

Expanded leaves were bombarded with gold particles (0.6 mm,

50 mg) coated with 10 mg plasmid DNA under 1,100 psi helium

pressure. Spectinomycin-resistant shoots were selected on RMOP

medium (Svab et al., 1990) containing 500 mg/L spectinomycin and

subsequently transferred to MS medium (Murashige and Skoog,

1962) containing 500 mg/L spectinomycin for root development.

To achieve homoplasmy, putative transformants underwent three

cycles of regeneration under selection before transfer to soil.

Transgene integration was initially screened in primary

regenerants (T0) by PCR using primers CloroFw (5′-
GTATCTGGGGAATAAGCATCGG-3′) and CloroRv (5′-
CGATGACGCCAACTACCTCTG-3′), which yield a 1,450

bp product.
Plant cultivation

Seeds from the first progeny (T1) confirmed transplastomic

lines were surface-sterilized (10% bleach or sodium hypochlorite

vapor), germinated on MS medium supplemented with

spectinomycin, and grown under a 16 h light/8 h dark

photoperiod at 25°C. For greenhouse cultivation, plants were

maintained at 20–25°C with a 16 h light cycle until 14–18 weeks

of age, when leaves were harvested for analyses.
Molecular analyses (southern and northern
blot)

Blot analyses were performed using the DIG system (Roche)

following the manufacturer’s instructions. Total DNA was isolated

from T1 plants by the CTAB method (Allen et al., 2006) and

digested with NcoI prior to electrophoresis and transfer to nylon

membranes. 1 µg of digested DNA was loaded per lane.

Hybridization with a DIG-labeled trnI/A probe was used to assess

site-specific integration and homoplasmy. For transcript analysis,

total RNA was purified from T1 plants with TRIzol (Invitrogen),

separated on denaturing agarose gels (1 µg of total RNA per lane),

and hybridized with DIG-labeled probes specific for hGAL1 and

aadA. Signals were visualized by chemiluminescence using CSPD

as substrate.
Protein extraction and western blot
analysis

For total protein extraction, 50 mg of leaf tissue of T1 plants

were ground directly in 200 µl of 1X Laemmli buffer (Laemmli,

1970) and boiled at 99°C for 10 min. For solubility analysis, 0.2 g of

leaf tissue of T1 plants was ground in liquid nitrogen and

homogenized in 1 ml PBS (137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 1.8 mM KH2PO4, pH 7.4) containing 4 mM b-
mercaptoethanol to preserve thiol groups and prevent

aggregation. Extracts were clarified by centrifugation (21,000 × g,
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FIGURE 1

Generation and molecular characterization of transplastomic Nicotiana tabacum lines. (A) Schematic representation of the chloroplast
transformation vector pBSW5’UTRhGAL1 (upper panel) and its targeted integration into the plastid genome (lower panel). The expression cassette
comprises the hGAL1 and the aadA selectable marker, flanked by homologous recombination sequences: the 3′ region of rrn16 (LFR) and the trnI-
trnA intergenic region (RFR). Locations of PCR primers (CloroFw/Rv), NcoI restriction sites, and probe for Southern blot analysis are indicated.
(B) PCR confirmation of transgene integration in primary regenerants (T0) corresponding to independent G1 A–C lines (expected amplicon size: 1.5
kb). (C) Phenotypic appearance of greenhouse-grown plants at 15 weeks post-germination. (D) Southern blot analysis of 1 µg NcoI-digested
genomic DNA using a trnI–trnA probe. Expected fragment sizes: NT (6.5 kb), G1 A–C (1.5 kb). Ethidium bromide-stained gel is shown as a loading
control. (E) Germination assay on selective medium. Upper panel: 100 T1 seeds from each transplastomic line (G1 A, G1 B, G1 C) germinated in MS
with spectinomycin as selector agent (Sp+, 500 mg/L). Lower panel: 100 NT seeds were germinated in MS medium with or without spectinomycin
(Sp-). Photo was taken after 7 days.
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20 min, 4°C) and separated into soluble (supernatant) and insoluble

(pellet) fractions. Two volumes of each fraction were mixed with

one volume of 3X Laemmli buffer, heated at 99°C for 10 min.

Proteins were separated on 15% polyacrylamide gels, stained with

Coomassie Brilliant Blue, or transferred to nitrocellulose

membranes, with transfer quality verified by Ponceau S staining.

Membranes were blocked with 5% (w/v) non-fat dry milk in 1×

TTBS (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20, pH 7.5)

and incubated with a rabbit a -hGAL1 IgG (1:7000), followed by an

alkaline phosphatase–conjugated secondary antibody (1:2000).

Detection was performed in alkaline phosphatase buffer using

BCIP/NBT as chromogenic substrates.
Protein quantification

Soluble protein extracts from T1 plants were obtained from

0.2 g of leaf tissue (fourth leaf from the top) in 1 mL PBS (pH 7.4)

containing 4 mM b-mercaptoethanol, centrifuged twice (20,000 × g,

20 min). Total soluble protein (TSP) was determined by BCA assay,

and ELISA plates were loaded based on TSP equivalence (1–7 µg

TSP/mL for G1 and 14–28 µg TSP/mL for NT samples), using 1X

PBS; 0,05% Tween-20; BSA 1% as diluyent and assay blank.

Detection was performed as previously described in Croci et al.,

2012, using rabbit a-hGAL1 IgG as capture antibody and

biotinylated a-hGAL1 IgG followed by HRP–streptavidin/TMB

for revelation. Purified recombinant E. coli hGAL1 0.5–9 ng/mL

was used to generate the standard curve.
Purification of hGAL 1

Recombinant hGAL1 was purified from soluble protein extracts

by lactose-Sepharose affinity capture, exploiting the carbohydrate

recognition domain of galectins (Guardia et al., 2014). Preliminary

column affinity purification was performed as described (Roldán-

Montero et al., 2022). To avoid clogging commonly associated with

plant extracts in column-based methods, purification was

implemented in batch mode. Soluble fractions extracted from

240 mg of leaf tissue (600 ml) were incubated with 13 ml of

lactose-Sepharose resin (Sigma Aldrich) for 1 h at 4°C under

agitation. The resin was recovered by centrifugation, washed with

120 ml PBS containing 4 mM b-mercaptoethanol, and eluted with

200 mM lactose (60 ml). Eluates were sterile filtered (0.22 mm) and

buffer-exchanged to 1X PBS pH 7,4 containing 4 mM b-
mercaptoethanol (0.7-1.3 ml). Similar process was applied to

protein extracts of non-transformed plants and to purificate

hGal1 from E. Coli culture (300ml) after sonication. Fractions

were evaluated by SDS-PAGE and Western blot.
Carbohydrate-binding activity

Glycan-binding activity of hGAL1 was assessed in solid-phase

binding assays (Rapoport et al., 2010; Cagnoni et al., 2024).
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Microplates coated with asialofetuin (ASF) were incubated with

purified hGAL1 (from batch mode) or hGal1st in the presence of

serial dilutions of lactose (Sigma Aldrich) or N-acetyllactosamine

(Elicityl). Bound protein was detected with a biotinylated a-hGAL1
antibody, streptavidin-HRP, and TMB/H2O2, with absorbance

measured at 450 nm. Half maximal inhibitory concentration

(IC50) values were calculated (mean ± SD, n = 3).
Induction of T cell apoptosis

The immunoregulatory activity of plastid-derived hGAL1 was

evaluated by its ability to induce T cell apoptosis of Briefly. Jurkat T

cells were incubated with increasing concentrations of purified

hGAL1 (from batch mode) or hGal1st in presence or absence of

20 mM lactose as a competitive inhibitor. As a negative control, an

extract obtained from non-transformed plants and purified under

identical conditions was included. After 6 h, early and late apoptosis

was determined by Annexin V-FITC and propidium iodide staining

followed by flow cytometry.
Statistical analysis

All analyses were performed in R using RStudio. Linear mixed-

effects models were applied to ELISA data, and two-way ANOVA to

apoptosis assays. Pairwise comparisons were conducted with the

emmeans package using Tukey or Sidak adjustment; differences

were considered significant at p < 0.05.
Results

Generation and molecular characterization
of transplastomic lines

The hGAL1 coding sequence was sub cloned into the

chloroplast transformation vector pBSWUTR previously

developed in our laboratory (Wirth et al., 2006). The transgene

was inserted downstream of the promoter and 5’ untranslated

region (5´UTR) of the psbA gene (Fernández-San Millán et al.,

2003; Eibl et al., 1999). The vector pBSWUTR hGAL1 contains a

selectable marker gene (aadA) that confers spectinomycin

resistance to transplastomic shoots. This vector mediates site-

specific integration of transgenes into the rrn operon of the

plastome, in the intergenic region located between the ribosomal

16 s and the trnI genes (Figure 1A). Biolistic transformation of

tobacco leaves with the pBSWUTR hGAL1 plasmid yielded

multiple spectinomycin-resistant shoots after 4–6 weeks of

regeneration. Initial PCR screening confirmed transgene

integration (Figure 1B). G1A, G1B and G1C positive plants were

subjected to additional regeneration rounds in spectinomycin-

containing medium to obtain homoplasmy. Plants from the third

regeneration cycle were transferred to soil and grown to maturity.

The phenotypic appearance of the transplastomic and non-
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transformed plants was indistinguishable after 15 weeks of growth

under greenhouse conditions (Figure 1C). No differences were

observed when comparing growth rate, flowering time and

germination rate between the transplastomic lines and non-

transformed type plants.

Southern blot analysis was performed to confirm transgene

integration and assess the homoplasmy in regenerated lines. Total

leaf DNA was extracted, digested with NcoI restriction enzyme and

separated by electrophoresis. Blot was hybridized with a probe

specific for the trnI-trnA region. The expected 1.5 kb fragment size

was detected in transformed lines confirming correct site-specific

integration of the hGAL1 cassette (Figure 1D). In contrast, NT

plants exhibited the diagnostic 6.5 kb band. The absence of the 6.5

hybridization fragment in transplastomic lines indicated the

elimination of residual non-transformed plastomes copies

following successive regeneration cycles under antibiotic selection.

Homoplasmy was further analyzed by germination assay on MS

medium supplemented with spectinomycin. All progeny from

G1 lines displayed complete resistance, whereas NT seeds

germinated only in the absence of the antibiotic (Figure 1E).

These results confirmed stable integration of the transgene,

reinforcing the conclusion that G1A, G1B, and G1C lines had

achieved homoplasmy.
Analysis of transgene transcription

Transgene transcription in transplastomic lines was assessed by

Northern blot. For this purpose, total RNA was extracted from

leaves and subjected to electrophoretic separation. Three types of

transcripts were observed after hybridization with the human

hGAL1 probe in the transplastomic lines but not in the NT

plants. The revealed pattern included monocistronic transcripts

corresponding to transgene sequence transcribed from the psbA

promoter (present in the 5´psbA sequence), bicistronic transcripts

transcribed from the rrn promoter (Prrn) included in the cassette,

and a larger transcript generated by read-through transcription

from the endogenous promoter of the rrn operon (Figure 2A). The

identity of bicistronic and polycistronic transcripts was confirmed

by hybridization with the aadA probe. The electrophoretic mobility

for each transcript was consistent with the expected sizes of the

three transplastomic lines analyzed confirming hGAL1

transgene expression.
Recombinant hGAL1 accumulation in
plants

Recombinant protein accumulation in transplastomic lines was

verified by Western blot using a polyclonal antibody against

hGAL1. Analysis of total protein extracts from leaf tissue revealed

a band of the expected size (~14.5 kDa) in the three transplastomic

lines (Figure 2B). The absence of additional bands of higher or

lower molecular weight suggests that no detectable aggregation,

proteolysis, or other post-translational modifications occurred in
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the recombinant hGAL1 expressed in chloroplasts. Furthermore,

hGAL1 expression was analyzed in leaves at different

developmental stages, revealing an increase in accumulation

correlated with plant age (Supplementary Figure S1A). Mature

leaves accumulated higher protein levels than younger leaves, and

hGAL1 remained stable in senescent tissue. Interestingly, plants

grown under dark conditions showed enhanced hGAL1

accumulation (Supplementary Figure S1B).

Western blot analysis revealed the expected band of ~14.5 kDa

in the total protein sample and the soluble fraction but not in the

insoluble fraction confirming that plastid-produced hGAL1 was

fully soluble (Figure 2C). hGAL1 accumulation was quantified

by ELISA.

Transplastomic lines produced soluble hGAL1 at average yield of

5.67 mg per kilogram of leaf tissue corresponding to approximately

0.05% of total soluble protein (TSP) (Supplementary Figure S2,

Supplementary Table S1).
Batch-mode purification of hGAL1

Recombinant hGAL1 is commonly purified by a-lactose
Sepharose affinity chromatography. To adapt this approach for

plant extracts, we developed a simplified purification procedure that

avoided resin clogging typically observed during column

chromatography. This protocol was implemented in batch mode,

to st reamline the workflow and reduce downstream

costs (Figure 3A).

Analysis of the elution fractions by SDS-PAGE followed by

Coomassie Blue staining showed a clear enrichment of a protein

band corresponding to the expected molecular mass of hGAL1

(~14.5 kDa). Traces of co-eluting proteins were only detectable

when the loaded sample was concentrated more than 100-fold

(Figure 3B). Western blot analysis confirmed that no signal was

detected with the a-hGAL1 antibody in the percolate (P), indicating
efficient retention of hGAL1 on the affinity matrix. No evidence of

proteolysis or higher– or lower–molecular-weight species was

observed in the elution fraction or in the final preparation.

The final preparation was sterile and directly suitable for

downstream applications. When processing 240 g of leaf tissue,

this procedure reached higher yields than those obtained using

affinity columns, while reducing purification time (Supplementary

Table S2). For the functional evaluation assays, the purification

procedure was also carried out using extracts from non-

transformed plants and from E. coli expressing hGAL1

(Supplementary Figure S3).
Biochemical validation: carbohydrate-
binding activity of plastid-derived hGAL1

Carbohydrate-binding activity, a prerequisite for the biological

function of hGAL1, was evaluated by solid-phase binding assays

using asialofetuin (ASF)-coated microplates. Lactose and N-

acetyllactosamine were tested as competitive inhibitors of
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interaction between hGAL1 and ASF, and IC50 values were

calculated for each compound. The binding profile comparison

between plastid hGAL1 and the recombinant hGAL1 from E. coli

utilized as standard reference hGAL1st, showed no significant

difference within both ligands (Figure 4A; Supplementary Table

S3). These findings indicate preservation of the native carbohydrate

recognition domain and confirm that chloroplast expression in

chloroplasts does not compromise the lectin’s ability to recognize

specific glycans.
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Functional validation: induction of
apoptosis of Jurkat T cells

To assess the biological activity of the hGAL1 produced in

tobacco chloroplasts, its immunomodulatory capacity was

evaluated by analyzing apoptosis induction in Jurkat T cells. Cells

were incubated with different concentrations of plastid hGAL1 or

the standard hGAL1, in the presence or absence of lactose as a

competitive inhibitor. Results revealed a dose-dependent induction
FIGURE 2

hGAL1 expression in transplastomic lines. (A) Northern blot of 1 µg total RNA from G1 A–C and NT plants, hybridized with hGAL1 (left) and aadA
(right) probes. Equal RNA loading was verified by methylene blue staining of the ribosomal RNA (rRNA) bands in the membrane. The upper panel
shows a schematic representation of the probe locations and the expected mRNA transcripts, indicated as *, **, and *** in the blots. The position of
23S (2.9 kb) and 16S (1.5 kb) rRNA is indicated on the left. (B) Western blot analysis of total leaf protein from G1 A–C and NT plants (4.5 mg of leaf
tissue) using a-hGAL1 antibodies. RuBisCO large subunit (rb-L) stained with Ponceau S serves as a loading control. hGAL1st: 200 ng of purified
recombinant human galectin 1 expressed in E. coli. (C) Solubility profile of hGAL1 in G1 line (5 mg of leaf tissue) in PBS containing b-
mercaptoethanol. The SDS-PAGE gel stained with Coomassie is shown on the left, and an equal Western blot detected with a-hGAL1 antibodies is
shown on the right. TF, total fraction; SF, soluble fraction; IF, insoluble fraction.
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of apoptosis (Figure 4B; Supplementary Table S4). Treatment with

plastid hGAL1 showed a significant increase in apoptosis only at the

highest concentration tested (120 µg hGal1/ml), reaching an

average of 48.8 ± 2.2% apoptotic cells. In contrast, bacterial

hGAL1 induced apoptosis in a dose-dependent manner, reaching

73 ± 1.3% apoptotic cells at 120 µg hGal1/ml. The pro-apoptotic

potency of plant-derived hGAL1 was approximately 70% of that

observed for the bacterial counterpart.

Co-incubation with lactose significantly reduced apoptosis

induced in both plant- and bacteria-derived hGAL1 at all

concentrations tested. In the presence of lactose, apoptosis levels

remained below 15%, similar to unstimulated controls. Control

purifications from non-transformed plants (Supplementary Figure

S3) did not show binding activity in the carbohydrate-recognition
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assays nor pro-apoptotic activity in Jurkat cells (Figure 4;

Supplementary Table S4), indicating that endogenous lectins—if

present—did not contribute detectable background signals. These

findings confirm the specificity of hGAL1-mediated T cell ted

apoptosis, demonstrating that this effect occurred through its

carbohydrate-binding activity.
Discussion

Chloroplast transformation in Nicotiana tabacum proved

suitable for producing soluble and functional hGAL1. Three

aspects were central to this proof-of-concept: stable transgene

integration, accumulation of a structurally competent protein, and
FIGURE 3

Batch purification. (A) Schematic representation of the purification workflow using Lactosyl Sepharose resin, including sequential precipitation and
concentration steps. (B) Purification profile from 240 g of pooled leaf tissue from G1 plants. Protein fractions analyzed by SDS PAGE stained with
Coomassie Blue (left) and equal Western blot using a-hGAL1 antibodies (right). SF, Soluble fraction incubated with the resin; P, percolate; E, elution;
FD, filtered and dialyzated fraction. mg LT: leaf tissue mass corresponding to the sample.
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implementation of a simplified purification workflow compatible

with plant extracts.
Expression and folding environment in
plastids

The successful generation of homoplasmic lines that express

hGAL1 without evident phenotypic penalties indicates that hGAL1

acumulation imposes minimal metabolic burden on the plastid

compartment. In contrast, other proteins expressed in plastids has

led to chlorosis or growth delay (Müller et al., 2024; Castiglia et al.,

2016). The transcriptional pattern observed by Northern blot analysis

revealed the expected transcript diversity—monocistronic, bicistronic,

and polycistronic—driven by the psbA and rrn promoters (Maliga,

2004; Bock, 2015). This profile demonstrates efficient recognition of

regulatory plastid elements and hGal1 sequence by plastid

transcriptional machinery. Together, these data confirm that the

chloroplast provides a compatible environment for hGAL1 expression.

The solubility of plastid-produced hGAL1 is particularly

relevant. The absence of soluble aggregates - within the detection

limits of our western blot assays- suggests that plastid hGAL1

remained soluble. In contrast, preliminary results from our

laboratory showed that hGAL1 transiently expressed in the
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tobacco apoplast accumulates in an insoluble form. Importantly,

the elimination of the need for refolding steps constitutes a major

advantage of plastid expression, which provides a favorable folding

environment for hGAL1 (Bally et al., 2008).
Accumulation levels and physiological
modulation

Although the accumulation level (~0.05% TSP) is modest

relative to the highest-yielding plastid-expressed proteins (De

Cosa et al., 2001; Oey et al., 2009), it falls within the broad range

reported for transplastomic systems (Ahmad et al., 2016). The

observed influence of leaf developmental stage and photoperiod

suggests that hGAL1 accumulation is sensitive to plastid redox and

metabolic state, mirroring effects previously described for other

cysteine-rich plastid-derived proteins (Staub et al., 2000; Wirth

et al., 2006; Zhang et al., 2013). This effect is in line with the six

cysteine residues in hGAL1, which form three intramolecular

disulfide bonds in their oxidized state (Cys2–Cys130, Cys16–

Cys88, and Cys42–Cys60) (Guardia et al., 2014), suggesting that

plastid redox conditions influence hGAL1 folding and stability, and

that cultivation strategies and molecular approaches can be

optimized to improve yields.
FIGURE 4

Biological activity of plastid expressed hGAL1. (A) Solid-phase binding assay (SPA) assessing hGAL1 affinity for lactose (Lac) and N-acetyllactosamine
(LacNac) using asialofetuin (ASF) as ligand. Inhibition curves generated from serial dilutions of Lac or LacNac. Half maximal inhibitory concentration
(IC50) values (mean, n = 3) are showed for plant-derived (hGAL1) and E. coli derived hGAL1 (hGAL1st) used as positive control. (B) Induction of
apoptosis in Jurkat T cells following 6 h exposure to increasing concentrations of hGAL1 (15–120 µg), with or without 20 mM lactose (Lac).
Apoptosis was quantified by Annexin V staining and analyzed with a two-factor linear model (treatment × dose) using lm(), followed by estimated
marginal means comparisons with the emmeans package and Sidak correction; different letters indicate significant differences (p < 0.05), n=3. g LT,
leaf tissue mass corresponding to the extract used in each treatment; µg hGAL1, mass of purified hGAL1 applied per treatment; NT, extract from
non-transformed plants processed under identical purification conditions.
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Purification constraints and simplified
batch-mode recovery

Downstream processing is a major bottleneck in plant molecular

farming (Buyel, 2019; Shanmugaraj et al., 2020). Although a-lactose–
Sepharose affinity chromatography is standard for galectin purification

(Dey et al., 2023), plant extracts often hinder column flow due to

clogging and non-specific interactions. Here we show that a simplified

batch-mode procedure enables efficient recovery of functional hGAL1

while avoiding filtration problems and reducing processing time

compared with column formats.

Because plant tissues contain diverse soluble proteins, we evaluated

whether endogenous b-galactoside-binding proteins could co-elute with
hGAL1. However, control purifications from non-transformed plants

displayed neither glycan-binding signals nor apoptotic activity indicating

that endogenous lectins—if present—did not contribute to detectable

background signals. The resulting eluates, although not fully purified,

were highly enriched in hGAL1, sterile, and suitable for downstream

analyses. This streamlined workflow fits with ongoing efforts to develop

cost-effective, chromatography-light purification strategies (Buyel, 2019;

Shanmugaraj et al., 2020). Recovering functional hGAL1 in a single

affinity step strengthens the economic feasibility of plastid-based systems.

Future work should aim to integrate batch capture with scalable unit

operations to progress toward production-grade purification.
Functional activity and comparison with
bacterial hGAL1

Plastid-derived hGAL1 retained glycan-binding specificity and

induced specific apoptosis in T cells, confirming functional integrity.

However it showed reduced pro-apoptotic potency relative to E. coli-

derived hGAL1st. A plausible explanation for the reduced pro-

apoptotic potency of plastid-derived hGAL1 is the intrinsic redox

sensitivity of this lectin (Rabinovich et al., 1999; Toscano et al., 2006).

hGAL1 requires the correct formation of intrachain disulfide bonds

and an appropriate monomer–dimer equilibrium to reach full

biological activity (Stowell et al., 2009). These parameters are

strongly influenced by protein concentration. In our plant extracts,

hGAL1 is present at relatively low concentrations (~0.05% TSP), where

partial oxidation or shifts in the dimerization state are more likely to

occur during extraction or handling. In contrast, E. coli expression

yields substantially higher protein concentrations, which favor

structural stability and preserve dimeric active species. These

differences in concentration-dependent stability provide a

mechanistic rationale for the higher doses required to elicit apoptosis

with the plastid-derived preparation, without implying a loss of

intrinsic carbohydrate-binding specificity or folding competence.
Implications and future directions

The ability to obtain active hGAL1 directly from leaf tissue

broadens the toolkit of plastid-produced human proteins. Given the

therapeutic potential of hGAL1 therapeutic potential of hGAL1 in
Frontiers in Plant Science 10176
inflammation and autoimmunity (Toscano et al., 2006; Rabinovich

et al., 2025; Corrêa et al., 2017), the plastid platform may help

overcome persistent challenges in producing stable, active lectins at

scale. Future work should focus on increasing accumulation via

codon optimization, alternative UTRs, fusion tags or relocalization

(Morgenfeld et al., 2014; De Marchis et al., 2012), improving

stability through optimized extraction and storage conditions, and

integrating batch affinity with other low-cost purification

technologies. Ultimately, validation in animal models will be

required to determine equivalence to bacterially produced protein.
Concluding remarks

In summary, plastid transformation enables production of

soluble, correctly folded hGAL1 and supports a simplified

recovery process yielding functional protein. While yields and

potency remain below those of E. coli, plastids offer unique

advantages in biosafety, folding environment, and scalability.

With further optimization and process engineering, plastid

biotechnology may provide an economically competitive route for

producing hGAL1 and related therapeutic lectins.
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SUPPLEMENTARY FIGURE 1

Optimization of hGAL1 expression in transplastomic plants. (A) Effect of leaf
age on hGAL1 accumulation G1 transplastomic plants. Leaves were

numbered from top (1) to bottom (8). Left panel: total protein extracts from
Frontiers in Plant Science 11177
leaves 1–8. Right panel: total (TF), soluble (SF), and insoluble (IF) protein
fractions from leaves 3, 5, and 8. Total protein was stained with Ponceau Red.

Non-transformed (NT) plant extract was use as negative control. (B) Effect of
photoperiod on hGAL1 accumulation. Left panel: total protein extracts from

G1 plants sampled at 2 and 5 days. Middle panel: fractionation into TF, SF, and

IF in PBS containing b-mercaptoethanol. Right panel: independent
experiment sampled at 2, 5, 8, and 12 days. At each time point, tissue was

collected from the same fourth leaf from T1 G1 plants. Total protein extract
obtained from 4 mg of plant tissue was loaded per lane. Bar graphs show

relative hGAL1 abundance (mean ± SE), calculated as the ratio of hGAL1 to
RbcL band intensity from three independent replicates quantified with

ImageJ. Loading control: RbcL stained with Ponceau Red. L/D, 16 h light/8

h dark; Dark, continuous darkness; d, days of treatment.

SUPPLEMENTARY FIGURE 2

Determination of hGAL1 accumulation in transplastomic tobacco plants.

hGAL1 in soluble protein extracts from G1 lines (fourth leaf from the top)
was measured by ELISA using rabbit a-hGAL1 antibodies and recombinant E.

coli hGAL1 as standard. Acumulation expressed as mg hGAL1 per kilogram of

leaf tissue (mg hGAL1/kg LT, upper panel) and %hGAL1/TSP (lower panel).
Data were analyzed in R using a linear mixed-effects model on log-

transformed values (upper panel) and a beta model (lower panel), with Line
(G1 A, B, C) as a fixed effect and assay day (1–4) as a random effect. Pairwise

comparisons were performed with the emmeans package and Tukey
adjustment; estimated marginal means (back-transformed) are shown ±

95% CI. NT plants showed no detectable signal. Data represent four

independent ELISA assays (n = 4), each including four plants (NT, G1A, G1B,
and G1C). For each plant, hGAL1 accumulation was estimated from 3–4

extract concentrations measured in duplicate.

SUPPLEMENTARY FIGURE 3

Control purifications from E. coli and non-transformed (NT) plants. E. coli

hGAL1 corresponds to recombinant hGAL1 expressed in E. coli and purified by

lactose-affinity chromatography, used as positive control in biological assays.
The NT profile represents the same purification protocol performed from

non-transformed N. tabacum extract, included as a negative control in
apoptosis assay. Fractions were analyzed by SDS-PAGE (Coomassie

staining) and Western blot (a-hGAL1). SF, soluble fraction; P, percolate; E,
elution; FD, filtered and dialyzed fraction.

SUPPLEMENTARY TABLE 1

hGAL1 accumulation in transplastomic tobacco lines G1 A-C measured by

ELISA from soluble protein extracts. The table shows the assay day (Day),
transplastomic line (Line), hGAL1 concentration expressed as mg hGAL1 per

kilogram of leaf tissue (mg/kg LT), and as percentage of total soluble protein
(%hGAL1/TSP). Data corresponds to those presented in Supplementary

Figure S2.

SUPPLEMENTARY TABLE 2

Values of purification yields of hGAL1 from transplastomic tobacco plants.
The table summarizes the amount of leaf tissue processed, the final extract

volume, the concentration of hGAL1 in the soluble fraction, the recovered
hGAL1 per kilogram of leaf tissue, and the overall purification yield (%),

calculated as the mass of purified hGAL1 recovered at the end of the
purification process relative to the total hGAL1 content in the

corresponding soluble extract at the start of the purification process. Mean

and standard deviation (SD) values are reported.

SUPPLEMENTARY TABLE 3

IC50 values from solid-phase binding assay (SPA) shown in Figure 4A,

assessing hGAL1 affinity for lactose (Lac) and N-acetyllactosamine (LacNAc).
Columns indicate the ligand, protein, and corresponding IC50 value. hGAL1st

refers to recombinant human Galectin 1 expressed in E. coli as

standard reference.

SUPPLEMENTARY TABLE 4

Values from the apoptosis induction experiment shown in Figure 4B, in Jurkat

T cells treated with plastid hGAL1 and the standard hGAL1st, in the absence or
presence of lactose (Lac). Columns indicate treatment, protein dosage (µg

hGAL1), equivalent fresh leaf tissue (g LT), and percentage of apoptosis (%). %

Apoptosis was calculated from Annexin V/PI staining as (%Annexin V+PI+ in
treated – %Annexin V+PI+ in untreated)/(%Annexin V-PI- in untreated) × 100.
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Porciúncula-González, C., Cagnoni, A. J., Fontana, C., Mariño, K. V., Saenz-Méndez,
P., Giacomini, C., et al. (2021). Structural insights in galectin-1-glycan recognition:
relevance of the glycosidic linkage and the N-acetylation pattern of sugar moieties.
Bioorganic Medicinal Chem. 44, 116309. doi: 10.1016/j.bmc.2021.116309

Qu, W. S., Wang, Y. H., Ma, J. F., Tian, D. S., Zhang, Q., Pan, D. J., et al. (2011).
Galectin-1 attenuates astrogliosis-associated injuries and improves recovery of rats
following focal cerebral ischemia. J. Neurochemistry 116, 217–226. doi: 10.1111/j.1471-
4159.2010.07095.x

Rabinovich, G. A. (2005). Galectin-1 as a potential cancer target. Br. J. Cancer 92,
1188–1192. doi: 10.1038/sj.bjc.6602493

Rabinovich, G. A., Hershkoviz, R., Hirabayashi, J., Kasai, K., and Lider, O. (1999).
Specific inhibition of T-cell adhesion to extracellular matrix and proinflammatory
cytokine secretion by human recombinant galectin-1. Immunology 97, 100–106.
doi: 10.1046/j.1365-2567.1999.00746.x

Rabinovich, G. A., Modesti, N. M., Castagna, L. F., Landa, C. A., Riera, C. M., and
Sotomayor, C. E. (1997). Specific inhibition of lymphocyte proliferation and induction
of apoptosis by CLL-I, a beta-galactoside-binding lectin. J. Biochem. 122, 365–373.
doi: 10.1093/oxfordjournals.jbchem.a021762

Rabinovich, G. A., Rademacher, C., Schattner, M., and Macauley, M. S. (2025).
Glycan-binding proteins in immunity. Annu. Rev. Immunol. doi: 10.1146/annurev-
immunol-083024-030822

Rapoport, E. M., Pochechueva, T. V., Kurmyshkina, O. V., Pazynina, G. V., Severov,
V. V., Gordeeva, E. A., et al. (2010). Solid-phase assays for study of carbohydrate
specificity of galectins. Biochem. (Moscow) 75, 310–319. doi: 10.1134/
S0006297910030077
frontiersin.org

https://doi.org/10.1093/jxb/erw360
https://doi.org/10.1038/nprot.2006.384
https://doi.org/10.1111/j.1467-7652.2007.00298.x
https://doi.org/10.1111/j.1467-7652.2007.00298.x
https://doi.org/10.1016/S0300-9084(00)00602-7
https://doi.org/10.3390/ijms22105102
https://doi.org/10.1016/j.immuni.2025.04.027
https://doi.org/10.1146/annurev-arplant-050213-040212
https://doi.org/10.1146/annurev-arplant-050213-040212
https://doi.org/10.1002/ppp3.10073
https://doi.org/10.2174/138920101611150902115413
https://doi.org/10.3389/fpls.2018.01893
https://doi.org/10.3389/fpls.2018.01893
https://doi.org/10.1016/j.bioteChadv.2024.108403
https://doi.org/10.1016/j.jbc.2024.107573
https://doi.org/10.1186/s13068-016-0569-z
https://doi.org/10.1007/s00109-017-1566-9
https://doi.org/10.1084/jem.20111665
https://doi.org/10.1111/pbi.13556
https://doi.org/10.1038/83559
https://doi.org/10.1104/pp.112.203778
https://doi.org/10.3390/molecules28031054
https://doi.org/10.3390/molecules28031054
https://doi.org/10.1046/j.1365-313X.1999.00543.x
https://doi.org/10.1046/j.1467-7652.2003.00008.x
https://doi.org/10.1093/glycob/cwu008
https://doi.org/10.1038/227680a0
https://doi.org/10.1007/978-981-15-4210-7_15
https://doi.org/10.1104/pp.15.00117
https://doi.org/10.1104/pp.15.00117
https://doi.org/10.1146/annurev.arplant.55.031903.141633
https://doi.org/10.1104/pp.110.170969
https://doi.org/10.1073/pnas.1922778117
https://doi.org/10.1007/s12033-014-9781-x
https://doi.org/10.1007/s11248-020-00199-7
https://doi.org/10.1007/s11248-020-00199-7
https://doi.org/10.1126/sciadv.abf8630
https://doi.org/10.1007/s00425-024-04456-5
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1365-313X.2008.03702.x
https://doi.org/10.1038/378736a0
https://doi.org/10.4049/jimmunol.177.8.5278
https://doi.org/10.4049/jimmunol.177.8.5278
https://doi.org/10.1016/j.bmc.2021.116309
https://doi.org/10.1111/j.1471-4159.2010.07095.x
https://doi.org/10.1111/j.1471-4159.2010.07095.x
https://doi.org/10.1038/sj.bjc.6602493
https://doi.org/10.1046/j.1365-2567.1999.00746.x
https://doi.org/10.1093/oxfordjournals.jbchem.a021762
https://doi.org/10.1146/annurev-immunol-083024-030822
https://doi.org/10.1146/annurev-immunol-083024-030822
https://doi.org/10.1134/S0006297910030077
https://doi.org/10.1134/S0006297910030077
https://doi.org/10.3389/fpls.2025.1721928
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Vater et al. 10.3389/fpls.2025.1721928
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