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Editorial on the Research Topic
Advances in molecular plant pathology, plant abiotic and biotic stress

Frontiers in Plant Science is delighted to present a diverse and comprehensive
collection of research articles in the esteemed Research Topic titled “Advances in
Molecular Plant Pathology, Plant Abiotic and Biotic Stress”. Among the 18 articles
featured within this Research Topic, several investigations offer significant contributions
to our understanding of molecular plant pathology and plant responses to abiotic and biotic
stresses. This compilation serves as a testament to the relentless efforts of researchers
worldwide in unraveling the complexities of plant responses to various stressors, thereby
advancing our understanding of plant biology, and bolstering agricultural sustainability.

Abiotic stress responses

Contributions focusing on plant responses to abiotic stresses offer valuable insights into
stress perception, signal transduction, and tolerance mechanisms. Tu et al. present a
comprehensive review discussing the current advances in understanding the molecular
regulation of abiotic stress tolerance in sorghum. This review synthesizes recent progress in
physiological, transcriptomic, proteomic, and metabolomic studies, highlighting the
molecular mechanisms underlying sorghum’s remarkable tolerance to diverse stressors.
Furthermore, it emphasizes the importance of studying combined abiotic stresses, offering
valuable insights for enhancing stress tolerance in crops crucial for global food security.

In the work carried out by Guo et al. explore the influence of temperature on glyphosate
efficacy on glyphosate-resistant and -susceptible goosegrass (Eleusine indica). This study
reveals the intricate interplay between temperature and herbicide efficacy, demonstrating
that temperature fluctuations significantly affect glyphosate performance on different
biotypes of E. indica. By elucidating the mechanisms underlying temperature-mediated
variations in herbicide efficacy, this research provides valuable insights for glyphosate
application and resistance management in weed control practices.

5 frontiersin.org
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Qiu et al. delve into the adaptation mechanisms of NaHCO;-
tolerant chlorella and uncover the critical role of cellulose in
conferring resistance to carbonate stress. By investigating cell wall
polysaccharide composition and gene expression patterns, the
researchers unveil the molecular basis of NaHCO3 tolerance in
chlorella, highlighting the significance of cell wall-related genes,
particularly JbKOBITOI, in mediating cellulose accumulation and
stress resistance. These findings offer valuable insights into the
genetic resources for crop breeding and the genetic modification of
microalgae for sustainable biofuel production.

Advances in plant-pathogen
interactions: insights from systems
genomics to molecular mechanisms

Several articles within this Research Topic deepen into the
molecular mechanisms underlying plant-pathogen interactions,
shedding light on strategies employed by both plants and
pathogens during infection.

Deciphering resistance mechanisms across
multiple pathosystems

Notable among these is the work by Million et al, which
employs a systems genomics approach to elucidate the molecular
mechanisms underpinning quantitative resistance to Phytophthora
sojae in Glycine max. Furthermore, Tun et al. elucidate the role of
sucrose in promoting defense responses to blast fungus in rice
through the preferential expression of defense-related genes.

In the study by Xu et al,, the authors investigate the molecular
mechanisms underlying iron (Fe)-mediated tobacco resistance to
potato virus Y (PVY) infection. This study provides novel insights
into the regulatory network of Fe-mediated resistance to PVY
infection in plants. By elucidating the transcriptomic responses and
identifying key candidate genes involved in PVY resistance, this
research offers important theoretical bases for improving host
resistance against PVY infection, thus contributing to the
development of effective disease management strategies. Another
contribution in the realm of plant-pathogen interactions is the
study elaborated by Chang et al. which sheds light on the intricate
dynamics of virus-virus interactions and their impact on mechanical
transmissibility and host range alterations of begomoviruses. Their
findings reveal how mixed infections can influence the transmission
efficiency and host specificity of these pathogens, providing valuable
insights for disease management strategies.

Zhao et al. investigate the responses of sugarcane to two strains
of Xanthomonas albilineans differing in pathogenicity. By
employing molecular analyses, they elucidate the differential
modulation of salicylic acid and reactive oxygen species in the
sugarcane defense response to pathogen attack. This study provides
novel insights into the pathogenic diversity of X. albilineans and the

Frontiers in Plant Science

10.3389/fpls.2024.1398469

molecular mechanisms underlying sugarcane defense strategies.
Similarly, Gao et al. conduct a comparative transcriptome
profiling of susceptible and tolerant citrus species infected with
“Candidatus liberibacter asiaticus,” offering novel perspectives on
citrus Huanglongbing disease management. Chen et al. characterize
gene expression patterns in response to orthotospovirus infection
between two diploid peanut species and their hybrid, shedding light
on the genetic basis of virus resistance in peanut. In the publication
led by Zhao et al,, the authors explore genetic and morphological
variants of Acidovorax avenae subsp. avenae causing red stripe
disease of sugarcane in China, offering insights into the genetic
diversity and virulence mechanisms of this pathogen.

Understanding plant immunity and
stress responses

The Research Topic also encompasses studies addressing a
range of other pathogens and stress factors. In the study by Lipps
et al,, the authors delve into the inhibition of ethylene and its role in
resistance to Northern corn leaf blight (NCLB) in maize. By
employing a multifaceted approach combining genome-wide
association studies, metabolic pathway analyses, and ethylene
inhibition experiments, the researchers elucidate the complex
interplay between genetic factors, metabolic pathways, and
hormonal signaling in maize resistance to NCLB. This study not
only identifies novel markers associated with NCLB resistance but
also underscores the importance of ethylene in plant defense against
fungal pathogens, paving the way for future investigations into the
genetic basis of disease resistance. In addition, Yang et al. shed light
on the pivotal role of microRNAs (miRNAs) in tobacco defense
against Phytophthora nicotianae, the causal agent of tobacco black
shank. Through meticulous experimentation and genetic
manipulation, the researchers demonstrate that overexpression of
Nta-miR6155 enhances tobacco resistance to P. nicotianae infection
by modulating reactive oxygen species (ROS) levels, salicylic acid
signaling, and the expression of key defense-related genes.
Moreover, the study elucidates the regulatory role of Nta-
miR6155 in tobacco growth and development, underscoring the
multifaceted functions of species-specific miRNAs in plant
stress responses.

The contribution to this Research Topic coming from Shang
et al. explore the dynamic interplay between light intensity and
soybean mosaic virus (SMV) infection in soybean. Through RNA-
seq analysis and gene expression profiling, the researchers uncover
the pivotal role of light in modulating soybean defense responses to
viral infection. This study enhances our understanding of the
molecular mechanisms underlying plant-virus interactions and
highlights the importance of environmental factors in shaping
plant defense strategies.

An original approach is presented by Li et al. The authors
investigate the potential of exogenous melatonin application in
enhancing radish defense against Alternaria brassicae, the causative
agent of radish blight disease. Through a combination of

frontiersin.org
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physiological assays and transcriptomic analyses, the researchers
reveal the dose-dependent effects of melatonin on both host
immunity and pathogen virulence. Their findings provide a
mechanistic understanding of melatonin-mediated defense
responses in radish, offering promising prospects for the
development of melatonin-based strategies for disease control in
vegetable crops.

Unraveling soil-pathogen interactions

Gauthier et al. contribute to our understanding of soil-borne
wheat mosaic virus (SBWMYV) and Soil-borne cereal mosaic virus
(SBCMV) infection in wheat by investigating the influence of soil
properties and plant nutrition on virus infection rates. Through
meticulous analyses of soil structure parameters, nutrient contents,
and infection rates, the researchers reveal the intricate relationship
between soil characteristics, plant nutrition, and virus transmission.
These findings not only offer insights into the environmental factors
influencing virus infection but also provide potential avenues for
developing microenvironment-adapted agricultural practices to
mitigate virus spread.

Investigating alternative disease
management strategies and exploring
herbicide resistance mechanisms in
weed species

Trouvelot et al. investigate the impact of sodium arsenite on
grapevine physiology and its potential as an alternative treatment
for grapevine trunk diseases (GTDs). By employing metabolomic
and histological analyses, the researchers elucidate the effects of
sodium arsenite on wood tissues and secondary metabolite
production, shedding light on its mode of action against GTD
pathogens. This study contributes valuable insights into the
development of sustainable strategies for GTD management,
addressing the urgent need for eco-friendly alternatives to
conventional treatments.

Cao et al. provide a comprehensive analysis of metamifop
resistance in Digitaria ciliaris var. chrysoblephara, a problematic grass
weed in China. Through genome sequencing, gene expression
profiling, and whole-plant bioassays, the researchers unravel the
molecular mechanisms underlying metamifop resistance, identifying
a target-site mutation in the ACCase gene associated with resistance.
Additionally, the study elucidates cross-resistance patterns to other
herbicides, offering valuable insights into the management of herbicide-
resistant weed populations.

Frontiers in Plant Science

10.3389/fpls.2024.1398469

Future directions and implications/
concluding remarks

As global climate change escalates, understanding plant stress
responses becomes increasingly critical. By deciphering the molecular
basis of these responses, researchers not only empower farmers with
tools to mitigate crop losses but also contribute to the sustainable
intensification of agriculture, promoting both environmental
stewardship and economic viability.

Collectively, these articles underscore the interdisciplinary nature
of research in plant science and highlight the interconnectedness of
molecular mechanisms governing plant responses to diverse
stressors. By elucidating these mechanisms, researchers pave the
way for the development of resilient crops capable of withstanding
environmental challenges, thereby ensuring global food security
and sustainability.
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Sugarcane responses to two
strains of Xanthomonas
albilineans differing in
pathogenicity through a
differential modulation of
salicylic acid and reactive
oxygen species

Jian-Ying Zhao', Juan Chen*, Yang Shi*, Hua-Ying Fu*,
Mei-Ting Huang®, Philippe C. Rott* and San-Ji Gao™
*National Engineering Research Center for Sugarcane, Fujian Agriculture and Forestry University,

Fuzhou, Fujian, China, 2CIRAD, UMR PHIM, Montpellier, France, and PHIM Plant Health Institute,
Univ Montpellier, CIRAD, INRAE, Institut Agro, IRD, Montpellier, France

Leaf scald caused by Xanthomonas albilineans is one of the major bacterial
diseases of sugarcane that threaten the sugar industry worldwide. Pathogenic
divergence among strains of X. albilineans and interactions with the sugarcane
host remain largely unexplored. In this study, 40 strains of X. albilineans from
China were distributed into three distinct evolutionary groups based on
multilocus sequence analysis and simple sequence repeats loci markers. In
pathogenicity assays, the 40 strains of X. albilineans from China were divided
into three pathogenicity groups (low, medium, and high). Twenty-four hours
post inoculation (hpi) of leaf scald susceptible variety GT58, leaf populations of
X. albilineans strain XaCN51 (high pathogenicity group) determined by qPCR
were 3-fold higher than those of strain XaCN24 (low pathogenicity group).
Inoculated sugarcane plants modulated the reactive oxygen species (ROS)
homoeostasis by enhancing respiratory burst oxidase homolog (SCRBOH)
expression and superoxide dismutase (SOD) activity and by decreasing
catalase (CAT) activity, especially after infection by X. albilineans XaCN51.
Furthermore, at 24 hpi, plants infected with XaCN51 maintained a lower
content of endogenous salicylic acid (SA) and a lower expression level of SA-
mediated genes (SCNPR3, ScTGA4, ScPR1, and ScPR5) as compared to plants
infected with XaCN24. Altogether, these data revealed that the ROS
production-scavenging system and activation of the SA pathway were
involved in the sugarcane defense response to an attack by X. albilineans.

KEYWORDS

xanthomonas albilineans, genetic divergence, pathogenicity, Reactive oxygen species
(ROS) homeostasis, Salicylic acid (SA) signaling pathway, defense response, sugarcane
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1 Introduction

The genus Xanthomonas of the Xanthomonadaceae family is
formed by plant pathogenic bacteria infecting numerous crop
plants, thus having a significant economic and agricultural
impact (Jacques et al., 2016; Te Molder et al., 2021). A distinct
characteristic of Xanthomonas species (Gram-negative bacteria)
is the production of the extracellular polysaccharide xanthan.
This compound contributes to pathogenicity of xanthomonads
and the taxonomic name of the genus derived from the yellow
(xanthos in Greek) appearance on culture media (Ryan et al.,
2011; da Silva et al, 2017). Wide genome and pathogenic
divergences are often observed at Xanthomonas species or
pathovar level (Te Molder et al., 2021; Tambong et al.,, 2022).

Xanthomonas albilineans causes leaf scald, a vascular disease
of sugarcane that occurs in almost all sugarcane-growing
countries (Rott & Davis, 2000; Ntambo et al., 2019b). White-
yellow ‘pencil’ lines running along the main leaf veins are
characteristic of leaf scald, and this symptom gave the name to
the pathogen’s species name. Other disease symptoms include
leaf chlorosis and leaf necrosis that result in stalk or entire plant
death in susceptible sugarcane varieties (Rott & Davis, 2000; Lin
et al, 2018). Leaf scald can cause severe yield losses and
reduction of juice quality, and even the loss of entire
sugarcane fields (Ricaud & Ryan, 1989; Rott & Davis, 20005
Ntambo et al., 2019b).

High immunological and genetic diversity exists among X.
albilineans strains. Twenty-eight isolates from 11 different
countries were divided into three serovars and six lysovars
(Rott et al., 1986). Occurrence of three serovars within X.
albilineans was confirmed with an additional set of 215 strains
of the pathogen from 28 different geographical locations (Rott
etal, 1994b). Thirty-eight strains of X. albilineans from different
countries were also distributed into three main groups and eight
subgroups based on DNA fingerprinting and serological
reactions with monoclonal antibodies (Alvarez et al., 1996).
Using a worldwide collection of isolates, 54 genetic haplotypes
and eight pulsed-field gel electrophoresis (PFGE) groups (A-H)
were identified within the leaf scald pathogen by genome
mapping (Davis et al., 1997). Later on, three additional PFGE
groups (I and J) were identified, and this genomic variation was
confirmed by multilocus sequence analysis (MLSA) and
genomics (Pieretti et al, 2012; Ntambo et al., 2019b; Zhang
et al,, 2020). Congruent genetic divergence within X. albilineans
populations was also reported using fingerprinting methods
such as random amplified fragment polymorphism (RAPD),
rep-PCR, amplified fragment length polymorphism (AFLP), and
simple sequence repeats (SSR) (Permaul et al., 1996; Lopes et al.,
2001; Shaik et al., 2009; Tardiani et al., 2014).

Besides immunological and genetic divergences, variation in
pathogenicity was also reported for the sugarcane leaf scald
pathogen. For example, strains of X. albilineans belonging to
different serovars varied in pathogenicity based on multiplication
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of the pathogen in sugarcane varieties (Mohamed et al,, 1996). High
variation in disease severity (DS) among strains of X. albilineans
was found in Australia, Brazil, Guadeloupe, Mexico, and in the
Guangxi province of China (Persley, 1973; Champoiseau et al,
2006b; Huerta-Lara et al., 2009; Tardiani et al., 2014; Wu et al.,
2022). Notably, significant strain effects and variety x strain
interactions were observed for strains originating from different
countries (Mohamed et al., 1996). In contrast, no correlation was
found between genetic variants or haplotypes and variation in
pathogenicity of the leaf scald pathogen (Champoiseau et al,
2006b; Tardiani et al., 2014).

Pathogenicity factors of X. albilineans are involved in
sugarcane colonization and disease progress including
epiphytic survival, sensitivity to oxidative stress, plant cell
adhesion, plant cell degradation by extracellular enzymes,
bacterial motility, and biofilm development (Rott et al., 2013;
Mensi et al., 2016; Mielnichuk et al., 2021). Albicidins produced
by X. albilineans are a family of potent antibiotics and
phytotoxins that inhibit DNA replication in bacteria and
plastids (Birch and Patil, 1987b; Birch, 2001). In planta,
albicidin production is closely associated with appearance of
leaf pencil lines and chlorosis (Birch and Patil, 1987a).
Mutagenesis of locus XALc_0557, coding for an OmpA
protein of the X. albilineans cell membrane, strongly affects
sugarcane stalk colonization by the pathogen (Rott et al., 2011a;
Fleites et al., 2013). Other putative pathogenicity genes of X.
albilineans include ABC transporter genes, a methyl-accepting
chemotaxis protein gene, a gene conferring resistance to
novobiocin, and an oxidoreductase gene (Rott et al., 2011b;
Pieretti et al., 2012).

Plants are continuously challenged by diverse pathogens and
have evolved a two-tiered immunity system, namely pattern-
triggered immunity (PTT) and effector-triggered immunity (ETT)
(Tabassum and Blilou, 2022; Ngou et al., 2022). At PTT stage, the
pathogen recognized by the plant activates a complex network of
signaling pathways such as reactive oxygen species (ROS),
mitogen-activated protein kinase (MAPK), Ca?* pathways, and
hormone signaling that constitute the plant’s basal defense
response (Tabassum and Blilou, 2022). Salicylic acid (SA)
biosynthesis and SA-mediated signaling pathway play a key
role in plants for establishment of resistance to many
pathogens (Ding and Ding, 2020). Genes involved in
metabolic pathways, biosynthesis of secondary metabolites,
MAPK signaling, hormone signal transduction, and plant-
defense related pathways contribute to the response of
sugarcane after an attack by X. albilineans (Meng et al., 2020;
Ali et al.,, 2021; Javed et al., 2022; Ntambo et al., 2019a). The
molecular mechanisms triggered in sugarcane after infection by
strains of X. albilineans differing in pathogenicity have, however,
not been explored so far.

This first objective of this study was to perform molecular
genotyping of 40 strains of X. albilineans from China using
MLSA and SSR methods. The second objective was to
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characterize the pathogenicity of these strains by inoculation
under greenhouse conditions of a sugarcane variety susceptible
to leaf scald. The third objective was to investigate the molecular
mechanisms triggered by one strain of X. albilineans with low
pathogenicity and another strain of the pathogen with high
pathogenicity. Explored mechanisms included ROS production
and scavenging, as well as SA content and SA-mediated signaling
pathway regulation.

2 Materials and methods

2.1 X. albilineans strains and DNA
extraction

Thirty-nine strains of X. albilineans were isolated from 38
sugarcane leaf or stalk samples and one leaf sample of
Pennisetum purpureum (Table S1). All samples were taken
from plants exhibiting leaf scald symptoms and were collected
during 2018-2019. The diseased sugarcane plants originated in
six provinces (Fujian, Guangdong, Guangxi, Guizhou, Hainan,
and Zhejiang) and the diseased pennisetum was collected in
Fujian province. Isolation of X. albilineans was performed as
described by Lin et al. (2018). Reference strain Xa-FJ1 from
China was added to this collection of X. albilineans (Zhang et al.,
2020). Total genomic DNA was extracted from the 40 strains
using the Bacterial Genomic DNA extraction kit and following
the manufacturers’ protocol (Tiangen Biotechnology Co. Ltd,
Beijing, China). All DNA samples were adjusted to a
concentration of 100 ng/uL with sterile water, and then stored
at 80 °C until further use.

2.2 Amplification and sequencing of
bacterial housekeeping genes

Four housekeeping genes were amplified from extracted total
DNA and sequenced as described by (Ntambo et al. 2019b). These four
genes included rpoD (encoding the 3 subunit of the bacterial RNA
polymerase), glnA (encoding a citrate synthase), gyrB (encoding the 3
subunit of the DNA gyrase), and atpD (encoding the 3 subunit of ATP
synthase) (Table 52). The 156 gene sequences (4 genes x 39 strains) of
X. albilineans obtained in this study were deposited at the NCBI
GenBank database under accession numbers MT776038-MT776077
(gyrB), MT776128-MT776139 and ON112140-ON112166 (rpoD),
MT776144-MT776155 and ON112168-ON112194 (atpD), and
MT776160-MT776171 and ON112107-ON112138 (glnA).

2.3 Multilocus sequence analysis

For each of the 39 X. albilineans strains, the sequences of the
four housekeeping genes were concatenated, thus yielding
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sequences of 4,165 nucleotides (nt) in length. The
corresponding sequences of strain Xa-FJ1 from China and 14
additional strains of X. albilineans from different countries were
also downloaded from the GenBank database (Table S1). The 54
sequences were aligned with the ClustalW algorithm
implemented in MEGA 11 and a phylogenetic tree was
constructed using the neighbor-joining (NJ) method (Tamura
et al., 2021). Bootstrap values were determined for 1,000
replications. Classification of PFGE groups of each clade was
performed as reported by Pieretti et al. (2012).

2.4 SSR genotyping through sequencing

Fifteen SSR markers developed by Tardiani et al. (2014) were
used to assess the diversity and population structure of the 40 X.
albilineans strains from China. The PCR reaction was performed
in a volume of 20 pL consisting of 1x HotStarTaq buffer, 2.0 mM
Mg**, 0.2 mM dNTP, 0.2 U HotStarTaq polymerase (Qiagen Inc,
Frankfurt, Germany), 1.0 pM each of the forward and reverse
primers, and 10-30 ng/ul of genomic DNA. The reaction
conditions included an initial denaturation step at 95 °C for 2
min, followed by 11 cycles of 94 °C for 20 s and 65 °C for 40 s for
primer annealing, and an extension step at 72 °C for 2 min; and
then 24 cycles of 94 °C for 20 s and 59 °C for 30 s for primer
annealing, and an extension step at 72 °C for 2 min; the final step
was an extension period at 72 °C for 10 min. The PCR products
were diluted 10 times and 1 pL of the diluted product was
denatured at 95 °C for 5 min and then mixed with 0.5 uL
fluorescein standard (GeneScan 500 LIZTM, ABI) and 8.5 uL
formamide (Hi-Di). Lastly, capillary electrophoresis of the PCR
products was conducted on an ABI3730XL DNA sequencer
(Applied Biosystems, Foster City, CA, USA) to generate
GeneScan files according to the manufacturer’s instructions.

The GeneScan files were analyzed using GeneMapper 4.1
software (Applied Biosystems, Foster City, CA, USA) to reveal
capillary electrophoregrams of PCR amplified SSR-DNA fragments.
Each specific peak (band) of SSR fingerprinting was marked as “1”
or “A” when present and “0” or “C” when absent in each of the 40
strains of X. albilineans. The polymorphism information content
(PIC) of loci was calculated according to the formula, where P is
the frequency of jy, allele for iy, locus and summation extends over n
alleles. A distance tree was constructed using clustering with the
Unweighted Pair Group Method with Arithmetic Mean (UPGMA)
in the SHAN program of NTSYS-PC 2.10e software (University of
Kansas, Lawrence, USA).

2.5 Plant growth and inoculation
with X. albilineans

Sugarcane plants with 1-2 fully expanded leaves (8-10 cm
tall) of variety GT58 susceptible to leaf scald were used for
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inoculation with X. albilineans. To compare pathogenicity of the
40 X. albilineans strains, bacterial suspensions adjusted to 108
CFU/mL were used for inoculation by the decapitation method.
Briefly, the sugarcane stalk was cut 3-4 cm below the top visible
dewlap leaf with scissors previously dipped in the bacterial
inoculum. A sterile cotton ball was twined on the cut section
before addition of 200 pl of bacterial inoculum (Figure S1). One
day post inoculation (dpi), the cotton ball was removed from the
cut section.

The 40 strains of X. albilineans were each inoculated to 35
sugarcane stalks and 35 control stalks were inoculated with only
XAL medium (XAS liquid medium; Davis et al., 1994).
Inoculated plants were randomly distributed and grown in an
intelligent climate incubator (PLT-RGS-15PFC, Ningbo, China)
at 28 °C, 65% humidity, and with a 16/8 h light/dark period.
Three independent experiments were performed, which resulted
in 105 inoculated plants per strain of the pathogen.

Furthermore, strains XaCN51 (high pathogenicity) and
XaCN24 (low pathogenicity) of X. albilineans were used to
investigate differential responses in sugarcane after inoculation
with the leaf cutting method (Lin et al., 2018). The number of
stalks inoculated per strain and the growing conditions of
inoculated plants were identical to those described above. At
each analysis time point [0, 12, and 24 hours post inoculation
(hpi)], four leaf fragments were collected from each of 35
inoculated plants and these fragments were equally distributed
into four pooled samples. These pooled samples with 35 leaf
fragments each were used for the molecular and biochemical
assays described below. The pooled sample for determination of
bacterial population densities and the one for determination of
gene expression were each divided in three biological
subsamples. The pooled sample for measuring ROS and SA
contents and the one for measuring oxidative enzyme activities
were each divided in five biological subsamples.

2.6 Disease severity (DS) assessment
DS of leaf scald was assessed as reported by Rott et al.
(1997) and Fu et al. (2021). Briefly, all inoculated stalks were

rated individually at 7, 14, 21, 28 dpi, using a symptom severity

TABLE 1 Rating of leaf scald symptoms on a sugarcane stalk.

Score Code
0 AP

1 FL

2 ML

3 CB

4 LN

5 PD
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scale ranging from 0 to 5 (Table 1). DS was calculated following
the following formula: DS = [(0 X AP + 1 x FL + 2 x ML + 3 x
CB +4 x LN + 5 x PD)/5 x T] x 100, where AP, FL, ML, CB,
LN, and PD are the number of stalks for each disease score and
T is the total number of stalks. Mean DS at 28 dpi of each
bacterial strain (three replications of 35 stalks) was used to
perform a clustering analysis with Euclidean Distance
implemented in SPSS software (version 18.0).

2.7 Determination of bacterial
population densities

Total DNA was extracted from leaf tissues with the CTAB
reagent and the qPCR assay (TaqMan probe, abc gene, Table 52)
was performed as described by Shi et al. (2021). Population
densities of X. albilineans were determined in three leaf
subsamples collected for each strain at 0, 12, and 24 hpi. Three
technical replications were performed for each subsample.

2.8 Physico-biochemical assays

The activity of ROS, endogenous SA, and four antioxidant
enzymes was determined with commercial kits and according to
the manufacturers’ instructions (Beijing Solarbio Science &
Technology Co., Ltd. China). The antioxidant enzymes were
ascorbate peroxidase (APX, EC.1.11.1.11), superoxide dismutase
(SOD, EC1.15.1.1), peroxidase (POD, EC1.11.1.7), and catalase
(CAT, EC 1.11.1.6). Each leaf subsample (0.1 g each) was ground
in 1 mL of 10 mM PBS buffer (pH = 7.4) using a freeze grinder
(JXESTPRP-CL, Shanghai, China). Ground leaf tissue was
centrifuged at 2500 rpm for 20 min at 25 °C and the
supernatant was used for subsequent determination of SA and
ROS contents. Leaf fragments (0.1 g) of another subsample were
ground in 1 mL extracting solution provided in the kit using the
freeze grinder and, after homogenization, the tubes were
centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant
was used for determination of APX, SOD, POD, and CAT
activities. ROS and SA contents were determined by sandwich
ELISA and optical density was measured at 450 nm using a

Symptoms
None (Asymptomatic plant)
One or two white pencil lines on the foliage (Few lines)
More than two white pencil lines on the foliage (Many lines)
Leaf chlorosis, bleaching, or yellowing
Leaf necrosis

Stalk/Plant death
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spectrophotometer, as per instructions of the corresponding kits
(Beijing Solarbio Science & Technology Co., Ltd. China). ROS
and SA concentrations were determined by comparison of OD
values of each subsample with the standard curves. Following
instructions of the extraction kits (Beijing Solarbio Science &
Technology Co., Ltd. China), a spectrophotometric method was
used to determine the activity of the four antioxidant enzymes at
different visible wavelength, i.e., 240 nm (CAT), 290 nm (APX),
470 nm (POD), and 560 nm (SOD). The relative content or
activity of each molecule was expressed as the ratio of values at
12 or 24 hpi versus values at 0 hpi. Five leaf subsamples were
analyzed at each time point for each strain of the pathogen, and
three technical replicates were performed per subsample.

2.9 Gene expression determined by
qRT-PCR assay

Transcript expression of five genes was measured using a
qRT-PCR assay with specific primer pairs (Table S2). These
genes included the respiratory burst oxidase homolog gene
(ScRboh) coding for the key enzyme in ROS production, and
four SA signaling pathway related genes: SCNPR3 (nonexpresser
of pathogenesis-related gene 3), ScTGA4 (encoding a TGA
transcription factor), and ScPRI and ScPR5 coding respectively
for pathogenesis-related proteins PRI and PR5. Total RNA was
extracted from leaf subsamples and cDNA was synthesized by
reverse transcription as previously described (Chu et al., 2020).
The SYBR green dye method was used for qRT-PCR
amplification with the QuantStudio 3 fluorescence quantitative
PCR system (Applied Biosystems, USA). The qPCR mix
contained 10.0 pL 2x ChamQ Universal SYBR qPCR Master
Mix, 0.4 uL of each primer (10 umol/uL), 1.0 uL cDNA (100 ng/
uL), and 9.2 pL sterile high purity water. The amplification
program was as follows: denaturation at 95 °C for 30 s, followed
by 40 cycles at 95 °C for 10 s, and 60 °C for 30 s. The
glyceraldehyde 3-phosphate dehydrogenase (ScGAPDH) gene

2 AACT ethod was

was used as a reference gene, and the
implemented to calculate relative gene expression. Three leaf
subsamples were assayed at each time point for each strain of the
pathogen, and three technical replicates were performed

per subsample.
2.10 Statistical analysis

Data sets were compared by variance analysis (ANOVA) and
Duncan’s test was used to identify mean differences at p < 0.05.

All analyses were conducted using SPSS version 18.0 software
(IBM, China).
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3 Results

3.1 Molecular genotyping of worldwide
strains of X. albilineans by MLSA

In a phylogenetic tree constructed with the concatenated
sequences of four housekeeping genes, 54 strains of X.
albilineans (this study = 40, and NCBI library = 14) were
distributed in three major phylogenetic clades (Figure 1).
Clade I contained a first sub-clade formed by 27 strains
(including Xa-FJ1) from different provinces in China, one
strain from USA/Florida (XAFL07-1), MTQO032 from
Martinique, and three strains from Guadeloupe (GPE PC86,
GPE PC73, and GPE PC17). The five strains from the USA and
the Caribbean islands all belonged to PFGE group B. A second
sub-clade of clade I was formed by a single strain (REU174) of
PFGE group D. The last sub-clade of clade I contained only
strain LKAO070 representing PFGE group G. Clade II included
three strains representing PFGE groups C (HVO0082), F
(HVOO005), and J (REU209), and these strains were located on
two different branches supported by a 100% bootstrap value.

Clade III was formed by two sub-groups supported by a
100% bootstrap value (Figure 1). The first one included two
strains from Florida (USA048 and Xa23R1) belonging to PFGE
group A, one strain from Papua New Guinea (PNG130)
representing PFGE group H, and one from Fiji (FIJ080)
belonging to PFGE group E. The second sub-clade of clade II
contained 13 strains that were all from the city of Ruian in the
Zhejiang province of China. This group of strains was named the
Xa-RA group as it was not associated with any strain
representing a PFGE group of X. albilineans.

3.2 Genetic diversity analysis among
strains of X. albilineans from China
using SSR markers

Fifteen primer pairs of SSR markers each amplified 1-12 loci
for a total of 81 amplified loci present in the genome of the 40
strains of X. albilineans from China (Table S3). Among the 15
markers, 10 were highly polymorphic as their PIC value was >
0.50. Four markers were moderately polymorphic (0.25 < PIC <
0.50) and one showed no polymorphism (PIC = 0). The 40
strains of X. albilineans were distributed in three clades of an
UPGMA phylogenetic tree, namely SSR-CN1, SSR-CN2, and
SSR-CN3 (Figure 2). Clade SSR-CN1 included 23 strains from
six provinces (Fujian, Guangdong, Guangxi, Guizhou, Hainan,
and Zhejiang). All these strains were associated to strains of X.
albilineans from other countries belonging to PFGE group B
(Figure 1 and section 3.1). Clade SSR-CN2 was formed by three
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Neighbor-joining phylogenetic tree constructed with the concatenated sequence (4,165 nucleotides) of four housekeeping genes of 54 strains
of Xanthomonas albilineans (40 from China and 14 from other geographical locations). Bootstrap values were determined for 1,000 replications
and only bootstrap values >60% are shown at nodes. Strains XaCN24 and XaCN51 used for molecular investigations in planta are in bold. Strains
from different pulsed-field gel electrophoresis (PFGE) groups (A-H, and -J) are written with different colors.

strains (XaCN32, XaCN33, and XaCN34) from Wenling city in
the Zhejiang province. These strains were also associated with
foreign strains of PFGE group B based on MLSA. Clade SSR-
CN3 consisted of 14 strains from the Zhejiang province. One of
these 14 strains (XaCN31 from Wenling city) was associated to
foreign strains of PFGE group B whereas the remaining 13
strains (from Ruian city) belonged to the Xa-RA group
previously identified by MLSA.

3.3 Pathogenicity variation among strains
of X. albilineans

The 40 strains of X. albilineans from China were inoculated into

sugarcane variety GT58 and DS regularly increased from 7-28 dpi
(Figure S2). At 28 dpi, mean DS varied between 30.2% (strain
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XaCN24) and 78.0% (strain XaCN51), revealing significant
differences in pathogenicity among the strains of X. albilineans
from China. The 40 stains of the pathogen were also distributed into
three pathogenicity groups after a clustering analysis based on DS at
28 dpi (Figure S3). DS of the strains in the low pathogenicity group
varied from 30.2-49.6%, from 47.3-64.2% in the medium group,
and from 55.0-78.0% in the high pathogenicity group (Table 2).

3.4 Bacterial population densities in
sugarcane after inoculation with X.
albilineans

Two strains of X. albilineans belonging to different evolutionary

groups and differing in pathogenicity were used to investigate
variation in population densities of the pathogen and sugarcane
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FIGURE 2

UPGMA phylogenetic tree of 40 strains of Xanthomonas albilineans from China based on 15 SSR marker loci (model = Maximum Composite Likelihood).

response mechanisms: strain XaCN24 (associated to group PFGE-
B) with low pathogenicity and strain XaCN51 (Xa-RA group) with
high pathogenicity. As determined by qPCR, mean bacterial
population densities of the two strains were not significantly
different in the leaves at 12 hpi (Figure 3). Leaf bacterial densities
of XaCN51 increased from 1.45 x 10* genome copies (GC)/uL at 12
hpi to 2.59 x 10* GC/uL at 24 hpi. Population densities of XaCN24
were 9.12 x 10” and 8.63 x 10°> GC/uL at 12 and 24 hpi, respectively.

35000 1 O XaCN24

B XaCN:
30000 - SAGRE a
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X. albilineans population (copies/nL)
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FIGURE 3

Population densities of two strains of Xanthomonas albilineans
(XaCN24 and XaCN51) expressed as the number of genome
copies determined by gPCR. Each vertical bar represents the
mean + standard deviation of three leaf subsamples collected 12
and 24 hours after inoculation and three technical replicates per
subsample. Each leaf subsample is issued from a pooled sample
of fragments collected from 35 inoculated leaves. Means with
the same letter are not significantly different at P = 0.05
according to Duncan'’s test
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At 24 hpi, population densities of XaCN51 were significantly 3-fold
higher than those of XaCN24.

3.5 Antioxidant capacity in sugarcane
inoculated with X. albilineans

The dynamic changes of antioxidant capacity of enzymes APX,
POD, SOD, and CAT were measured in sugarcane plants inoculated
with strains XaCN24 and XaCN51. At 12 and 24h hpi, the relative
activities of APX and POD were similar for both strains of the
pathogen (Figure 4). For each enzyme and each bacterial strain, no
significant increase or decrease of activity was observed from 12 to
24 hpi either. The relative activity of SOD in sugarcane inoculated
with XaCN51 significantly increased 2.5 times from 12 to 24 hpi. In
contrast, the relative activity of SOD in sugarcane inoculated with
XaCN24 was not significantly different between 12 and 24 hpi
(although a trend towards activity reduction was observed between
the two time points). Relative activity of SOD was also higher as
compared to APX and POD, regardless of inoculated strain and time
point. The relative activity of CAT in sugarcane inoculated with each
of the two strains was reduced from 12 to 24 hpi but was not
significantly different between the two strains at each time point.

3.6 ROS content and ScRboh gene
expression in sugarcane after inoculation
with X. albilineans

The relative level of ROS production was 18% lower in sugarcane
leaves from 12 to 24 hpi with strain XaCN24 of X. albilineans. This
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TABLE 2 Distribution of 40 strains of Xanthomonas albilineans in different pathogenicity groups based on disease severity of sugarcane stalks 28

days post inoculation.

Pathogenicity
group

Low XaCN56 (Xa-RA), XaCN43 (Xa-RA), XaCN31 (PFGE-B), XaCN26 (PFGE-B), XaCN24 (PFGE-B), 8
XaCN20 (PFGE-B), XaCN16 (PFGE-B), XaCN14 (PFGE-B)

Strain (Putative PFGE or other group)® of
strains (%)°

Disease
severity

Number

30.2-49.6 424 +
58a

Medium Xa-FJ1 (PFGE-B), XaCN50 (Xa-RA), XaCN49 (Xa-RA), XaCN48 (PFGE-A), XaCN47 (PFGE-A), 12 47.3-64.2 55.0 +
XaCN44 (Xa-RA), XaCN40 (PFGE-B), XaCN33 (PFGE-B), XaCN25 (PFGE-B), XaCN17 (PFGE-B), 45b
XaCN42 (Xa-RA), XaCN38 (PFGE-B)

High XaCN51 (Xa-RA), XaCN30 (PFGE-B), XaCN23 (PFGE-B), XaCN22 (PFGE-B), XaCN15 (PFGE-B), 20 55.0-78.0 663 +

XaCN36 (PFGE-B), XaCN54 (Xa-RA), XaCN46 (Xa-RA), XaCN55 (Xa-RA), XaCN19 (PFGE-B), 56c¢c
XaCN45 (Xa-RA), XaCN35 (PFGE-B), XaCN32 (PFGE-B), XaCN21 (PFGE-B), XaCN34 (PFGE-B),
XaCN37 (PFGE-B), XaCN18(PFGE-B), XaCN28 (PFGE-B), XaCN29 (PFGE-B), XaCN41 (PFGE-B)

a Putative pulse-field gel electrophoresis (PFGE) group or other groups as determined in Figure 1. Strains in bold were used in this study for molecular investigations in planta.

b Minimum and maximum mean disease severity within a pathogenicity group.

¢ Mean and standard deviation (SD) were calculated with 105 plants inoculated per strain of X. albilineans. Means followed by the same letter are not significantly different at P = 0.05

according to Duncan’s test.

level was not different between the two time points after inoculation
with strain XaCN51 (Figure 5). The transcript level of gene ScRboh,
which acts as a key enzyme in ROS production, was not significantly
different between 12 and 24 hpi with strain XaCN24 of X. albilineans
(Figure 5). After infection with XaCN51, the transcript level of
ScRboh in sugarcane leaves increased by 60% from 12 to 24 hpi. At
24 hpi, expression level of ScRboh was also higher in leaves infected
with XaCN51 than in leaves infected with XaCN24.

3.7 Endogenous SA level and SA-
mediated gene expression in sugarcane
infected by X. albilineans

The relative SA content in leaves inoculated with XaCN51
was not different at 12 and 24 hpi (Figure 6). In contrast, this
content increased from 12 to 24 hpi by 26% in leaves inoculated
with XaCN24. At 24 hpi, the relative SA content was also higher
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in leaves infected with XaCN24 as compared to leaves infected
with XaCN51.

In sugarcane leaves inoculated with X. albilineans XaCN24,
the transcript level of SA-mediated genes ScPR-1 and ScPR-5
increased by 176 and 75% from 12 to 24 hpi, respectively
(Figure 7). The transcript level of two additional SA-mediated
genes (ScNPR3 and ScTGA4) was not significantly different
between the two time points, although a trend towards
increase was observed.

After inoculation with X. albilineans XaCN51, the transcript
level of genes ScNPR-3, ScTGA4, and ScPR-5 decreased in
sugarcane leaves by 50, 33, and 60% from 12 to 24 hpi,
respectively (Figure 7). The transcript level of ScPRI was not
significantly different between the two time points. At 24 hpi, the
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FIGURE 6

Changes of relative ratio of salicylic acid (SA) content in
sugarcane leaves inoculated with two strains of Xanthomonas
albilineans (XaCN24 and XaCN51). Each vertical bar represents
the mean + standard deviation of five leaf subsamples collected
12 and 24 hours after inoculation and three technical replicates
per subsample. Each leaf subsample is issued from a pooled
sample of fragments collected from 35 inoculated leaves. Means
with the same letter are not significantly different at P = 0.05
according to Duncan'’s test.
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expression level of ScNPR-3, ScPR-1, and ScPR5 was 280, 300,
and 220% higher in leaves infected with XaCN24 than in leaves
infected by XaCN51.

4 Discussion

Leaf scald occurs in most sugarcane-producing countries
including China, which poses a threat to the worldwide
sugarcane industry (Ricaud & Ryan, 1989; Rott & Davis, 2000;
Meng et al,, 2019). The genetic diversity of X. albilineans has been
investigated using strains from various geographical locations
(Alvarez et al, 1996; Davis et al, 1997; Champoiseau et al.,
2006a; Meng et al, 2019; Cervantes-Romero et al, 2021). In
China, sugarcane is mainly grown in the south, the east, and the
west-south parts of the country where the ecological environments
and climates are differing, thus contributing to the diversity of
plant pathogenic bacteria. Up to now, only X. albilineans strains
clustering with foreign strains of PFGE group B were reported in
China (Zhang et al., 2017; Ntambo et al., 2019b). Nevertheless,
recent observations suggested that other phylogenetic groups of X.
albilineans occur in China (Duan et al., 2021).

In this study, presence in China of previously unreported
strains belonging to a putatively new phylogenetic group (Xa-
RA) was identified using MLSA and SSR markers. This group of
strains (XaCN42-XaCHN51 and XaCN54-56) was collected
from a specific chewing cane (Taoshanguozhe) that is an
ancient clone of S. officinarum planted in the city of Ruian
(Zhejiang province). This specific association of Xa-RA strains
to a single host may suggest specific evolutionary driving forces
for this group of strains. Additional investigations are needed to
determine if the Xa-RA group of strains is unique to China or if
it is connected to other strains in the world. Our study included
sequences of strains representing all PFGE groups with the
exception of PFGE group I (Martinique) that is not available
in GenBank.
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Besides genetic diversity, variation in pathogenicity also
occurs among strains of X. albilineans from different countries
or within the same geographical location (Mohamed et al., 1996;
Champoiseau et al., 2006b; Tardiani et al., 2014; Wu et al., 2022).
Resistance of sugarcane to leaf scald is closely associated with
limited colonization of the host plant by the pathogen (Rott
et al.,, 1994a; Rott et al., 1997; Garces et al., 2014). Consequently,
disease severity and pathogen populations are lower in plants
infected by low pathogenic strains of X. albilineans than in
plants infected by high pathogenic strains (Mohamed et al,
1996). In our study, strains of X. albilineans varied from low to
highly pathogenic and this variation was observed within and
among sugarcane-producing provinces, and even within
growing areas. No correlation was observed between the
phylogenetic grouping and variation in pathogenicity of these
strains, which confirms observations previously reported for X.
albilineans (Champoiseau et al., 2006b; Tardiani et al., 2014) but
also for other bacterial pathogens such as X. citri pv.
malvacearum causing angular leaf spot and leaf blight of
cotton (Kumar et al, 2018) and Acidovorax avenae subsp.
avenae causing red stripe of sugarcane (Bertani et al., 2021).

Species of the genus Xanthomonas usually possess a
Hypersensitive response and pathogenicity (Hrp) type III
secretion system (Hrp-T3SS) that plays a critical role in
inhibition of host defenses (Rossier et al., 1999; White et al.,
2009). This secretion system allows Gram-negative plant
pathogenic bacteria to inject bacterial effector proteins into the
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cytoplasm of the plant cell and thus participate in adaptation of a
pathogen to its host (Biittner and Bonas, 2010; Timilsina et al,
2020). The sugarcane leaf scald pathogen, X. albilineans, does
not possess this Hrp-T3SS and needs to rely on other secretion
systems to interact with the proteins of the sugarcane host
(Pieretti et al., 2009 and Pieretti et al., 2012; Zhang et al.,
2020). These specific molecular interactions remain to be
investigated, including among strains of the pathogen differing
in pathogenicity.

The ROS, especially RBOH-dependent ROS, is a critical and
effective component of plant disease resistance (Vidhyasekaran,
2014; Chen and Yang, 2020; Mittler et al., 2022). Overexpression
of GbRboh5/18 in Gossypium barbadense enhanced plant
resistance to Verticillium dahliae by accumulation of ROS
(Chang et al., 2020). Similarly, transcript levels of most
MeRboh genes from cassava were increased following infection
with X. axonopodis pv. manihotis (Huang et al., 2021). Genes
MeRbohB and MeRbohF overexpressed in Arabidopsis also
enhanced plant resistance to Pseudomonas syringae pv. tomato
DC3000, most likely via the H,O, signal transduction pathway
and ROS generation (Huang et al,, 2021). In our study, ROS
production did not significantly change between 12 and 24 hpi
but expression of ScRboh increased between these two time
points in sugarcane leaves infected with the most pathogenic
strain of X. albilineans (Xa-CN51). This suggested that ROS was
also involved in response to X. albilineans. Additional time
points after sugarcane inoculation need to be studied for better
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characterization of this defense mechanism, especially in
varieties resistant to leaf scald.

Various antioxidants (non-enzymatic metabolites) and ROS
scavenging enzymes such as SOD, CAT, POD, and APX are
involved in scavenging H,O, in plant cells (Afzal et al,, 2014; Li
and Ma, 2021). In our study, no significant changes were observed
for the relative activities of POD and APX while the SOD activity
increased between 12 and 24 hpi in sugarcane leaves infected with
X. albilineans Xa-CN51 (the high pathogenic strain) but not with
CXaCN24 (the low pathogenic strain). CAT activity decreased in
leaves infected with Xa-CN51 and XaCN24 between 12 and 24
hpi, thus suggesting that SOD and CAT enzymes play important
roles in sugarcane defense to infection by X. albilineans.
Antioxidants SOD and CAT are crucial factors to modulate
ROS scavenging and increased antioxidant activity is usually
considered as a marker of reduced production and
accumulation of H,O, (Hong et al., 2021).

SOD or superoxide dismutase is a primary enzyme in the
defense system against oxidative stress. SOD catalyzes the
dismutation of superoxide anion (O3") to hydrogen peroxidase
(H,0,) and molecular oxygen (O,), while CAT catalyzes the
dismutation of H,O, into water (H,O) and O, (Manna et al,,
2019; Li and Ma, 2021). Antioxidant effects of SOD and CAT
enzymes are directly linked during conversion of superoxide to
H,0, and H,0, to H,O and O, (Xu et al, 2013). Usually,
increased production of SOD and CAT corresponds to
augmented tolerance of plants against adverse oxidative
stresses (Xu et al., 2013; Suman et al., 2021). Rice mutants of
gene osnrampl (natural resistance-associated macrophage
proteins) had an increased SOD activity and H,O, content but
a decreased activity of CAT after infection by X. oryzae pv.
oryzicola, Magnaporthe oryzae, and Ustilaginoidea virens (Chu
et al., 2022a). This contributed to enhanced broad-spectrum
resistance of rice against bacterial and fungal pathogens.

A similar response was found herein for sugarcane in
response to infection by X. albilineans, especially in sugarcane
infected by highly pathogenic strain XaCN51. Sugarcane variety
GT58 susceptible to leaf scald appeared to regulate ROS
homoeostasis by upregulating ScRboh expression (contributing
to ROS production) and enhancing H,0O, production (elevating
SOD and decreasing CAT activities) during early host-pathogen
interaction. Notably, excessive ROS production triggers an
oxidative stress response, cellular damage, and cell death
(Manna et al., 2019). Furthermore, excess of H,O, causes
chloroplast and peroxisome autophagy and programmed cell
death (Smirnoff and Arnaud, 2019). Increased H,O, altering
ROS homoeostasis may result in increased susceptibility of
sugarcane to X. albilineans. On the other hand, this pathogen
(especially strain Xa-CN51) may be tolerant to high
concentrations of H,O,. In barley, H,O, levels were higher in
inoculated leaves of a susceptible variety than in a more resistant
one during later stages of Ramularia leaf spot. The causal agent
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of this disease, Ramularia collo-cygni, was also able to grow in
vitro on media containing relatively high concentrations of H,O,
(McGrann and Brown, 2018).

Among phytohormones, SA is involved in the hypersensitive
response (HR) and systemic acquired resistance (SAR) of plants.
Consequently, SA plays a critical role in plant defense against
biotrophic and semi-biotrophic pathogens (Yang et al., 2015;
Peng et al, 2021). Accumulated SA activates SA-signaling
pathways to induce the expression of defense-related genes
such as PR1 and PR5 (Chu et al., 2022b). To achieve
successful infection of a plant, pathogenic organisms have
evolved three main strategies to disrupt SA-mediated defense
genes: i/disruption of SA biosynthesis by targeting the
isochorismate synthase I pathway, ii/reduction of SA
accumulation by conversion of SA into its inactive derivatives,
and iii/various mechanisms to interfere with SA downstream
signaling (Qi et al, 2018). An effector produced by Ralstonia
solanacearum, causing wilt of arabidopsis (Arabidopsis thaliana)
and tomato (Solanum lycopersicum), disrupts SA signaling by
inhibiting TGA activity to establish successful infections (Qi
et al, 2022). In our study, the highly pathogenic strain of X.
albilineans was associated with low levels of endogenous SA and
reduced expression of genes involved in the SA pathway as
compared to the low pathogenic strain. Similarly, expression of
SA-mediated sugarcane defense genes PRI and PR5 was reduced
after infection with XaCN51 whereas expression of these two
genes was upregulated in response to the low pathogenic strain
of X. albilineans. This is evidence for involvement of these genes
and SA in resistance of sugarcane to leaf scald.

The nonexpressor of pathogenesis-related gene 1 (NPR1)
protein is an SA receptor of the plant that promotes SA-induced
defense gene expression (Backer et al., 2019; Chen et al,, 2021).
However, when endogenous concentrations of SA are low,
NPR3/4 (paralogs of NPR1) inhibit the expression of genes
downstream of the SA signal transduction pathway (Ding and
Ding, 2020; Peng et al., 2021). SA also regulates ROS
homeostasis and the antioxidant defense system, both at
physiological and molecular levels (Saleem et al., 2021). In
Nicotiana benthamiana, both local and systemic resistances to
tobacco mosaic virus were differentially modulated by SA and
ROS under glutathione mediation (Zhu et al., 2021). Lower levels
of SA in sugarcane infected by the highly pathogenic strain of X.
albilineans may therefore also inhibit expression of sugarcane
genes involved in resistance to leaf scald. Molecular cross talks
between the SA and ROS signals during the sugarcane and X.
albilineans interactions remain to be further investigated.

5 Conclusion

We demonstrated for the first time in this study that at least
two phylogenetic groups of X. albilineans were present in
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sugarcane-producing regions of China. Forty strains of X.
albilineans were distributed into three pathogenicity groups
(i.e. low, medium, and high) after inoculation of a sugarcane
variety susceptible to leaf scald. Based on qPCR data, population
densities of highly pathogenic strain XaCN51 were higher in
infected leaves than population densities of low pathogenic
strain XaCN24. ROS production and the antioxidant defense
system, as well as SA generation and SA-mediated genes
(ScNPR3, ScTGA4, ScPRI, and ScPR5), participated in the
response of sugarcane to infection by X. albilineans.
Preformation and gene expression of these stress-related signal
molecules differed according to the two strains of the pathogen
varying in pathogenicity. This foundation work should be useful
for further research on the defense mechanisms of sugarcane in
response to an attack of X. albilineans and possibly
other pathogens.
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Sucrose preferentially promotes
expression of OsWRKY7 and
OsPR10a to enhance defense
response to blast fungus in rice

Win Tun®, Jinmi Yoon?, Kieu Thi Xuan Vo®, Lae-Hyeon Cho?,
Trung Viet Hoang®, Xin Peng?, Eui-Jung Kim*,

Kay Tha Ye Soe Win*, Sang-Won Lee’, Ki-Hong Jung®,
Jong-Seong Jeon™ and Gynheung An™

*Graduate School of Green-Bio Science, Kyung Hee University, Yongin, Republic of Korea, 2Department
of Plant Bioscience, Pusan National University, Miryang, Republic of Korea, *Rice Research Institute,
Guangdong Academy of Agricultural Sciences, Guangzhou, China

Sucrose controls various developmental and metabolic processes in plants. It also
functions as a signaling molecule in the synthesis of carbohydrates, storage
proteins, and anthocyanins, as well as in floral induction and defense response.
We found that sucrose preferentially induced OsWRKY7, whereas other sugars
(such as mannitol, glucose, fructose, galactose, and maltose) did not have the
same effect. A hexokinase inhibitor mannoheptulose did not block the effect of
sucrose, which is consequently thought to function directly. MG132 inhibited
sucrose induction, suggesting that a repressor upstream of OsWRKY7 is
degraded by the 26S proteasome pathway. The 3-kb promoter sequence of
OsWRKY7 was preferentially induced by sucrose in the luciferase system.
Knockout mutants of OsWRKY7 were more sensitive to the rice blast fungus
Magnaporthe oryzae, whereas the overexpression of OsWRKY7 enhanced the
resistance, indicating that this gene is a positive regulator in the plant defense
against this pathogen. The luciferase activity driven by the OsPR10a promoter was
induced by OsWRKY7 and this transcription factor bound to the promoter region of
OsPR10a, suggesting that OsWRKY7 directly controls the expression of OsPR10a.
We conclude that sucrose promotes the transcript level of OsWRKY7, thereby
increasing the expression of OsPR10a for the defense response in rice.

KEYWORDS

Magnaporthe oryzae, OsPR10a, OsWRKY?7, rice, sucrose

1 Introduction

Sugars derived from the photosynthetic process are the basic raw materials for cell vitality
and function as intermediate substances to build macromolecules such as nucleic acids and
the cell wall (Plaxton, 1996; Wang et al., 2007). Sugars also act as signal molecules in various
cellular processes, such as seed germination, seedling growth, storage organ development,
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flowering, and senescence (Li and Sheen, 2016; Sakr et al., 2018; Yoon
et al., 2021). Among various sugars, glucose is widely accepted as a
signaling molecule in plants, yeast, and mammals. However, studies
on sucrose-specific signaling are scarce, because this sugar is readily
metabolized to fructose and glucose in plants. It has been shown that a
significant amount of glucose is converted to sucrose in detached
tobacco leaves within 8 hours after glucose feeding (Morcuende et al.,
1998). Similarly, nourishing detached spinach leaves with glucose
rapidly increases their sucrose level (Krapp et al., 1991).

Nonetheless, several studies have also reported that the transcript
levels of various genes are preferentially controlled by sucrose (Yoon
et al, 2021). For example, the mRNA level of the sucrose transporter
BySUT]1 is reduced by a high concentration of sucrose in sweet beet
leaves (Nieberl et al., 2017). Sucrose also preferentially induces
various genes that encode starch biosynthesis enzymes, such as
UDP-glucose pyrophosphorylase, ADP-glucose pyrophosphorylase
(AGPase), and granule-bound starch synthase (Miiller-Rober et al.,
1992; Ciereszko et al., 2001; Wang et al., 2001; Li et al., 2002).

Sucrose functions as a specific signaling molecule to control plant
development stages (Yoon et al, 2021). Arabidopsis plants that
overexpress the homeodomain-leucine zipper gene, ATHI3, show
the narrow leaf phenotype when they are grown on sucrose-
containing medium (Hanson et al.,, 2001). Sucrose concentration in
the phloem sap increases dramatically upon floral induction in
various plant species, such as Sinapis alba, Xanthium strumarium,
Lolium temulentum, and Arabidopsis thaliana (Bodson and Outlaw,
1985; Houssa et al., 1991; Corbesier et al., 1998). Exogenous
application of sucrose promotes flowering in Brassica campestris, S.
alba, and chrysanthemum (Friend et al., 1984; Sun et al,, 2017).

Sucrose also functions as a signaling molecule to protect plants
from pathogen invasion by modulating the production of peroxidase
and pathogen-related proteins (Thibaud et al., 2004; Morkunas et al,
2005). The expression of the maize fungal-inducible PRms gene in
transgenic tobacco and rice plants causes the accumulation of a high
level of sucrose that provides protection against various pathogens,
which suggests that this sugar may promote plant defense (Murillo
et al, 2003; Gomez-Ariza et al,, 2007). In line with this hypothesis, the
exogenous application of sucrose was shown to induce the expression of
several PR genes in tobacco and rice (Murillo et al., 2003; Gomez-Ariza
et al,, 2007). Similarly, sucrose was reported to induce the expression of
genes PR-1, PR-2, and PR-5 in Arabidopsis (Thibaud et al., 2004).
Although glucose also increases the PR-2 transcript level, the induction
is weak and non-metabolizable glucose analogs (i.e., 3-O-methylglucose
and 2-deoxyglucose) do not promote gene expression, suggesting that
the induction is not hexokinase dependent.

Several WRKY transcription factors play a role in the defense
response in various plant species, including Arabidopsis, rice, wheat,
grape, pepper, and cotton (Jiang et al., 2016; Jimmy and Babu, 2019).
In rice, several WRKY genes are rapidly induced or repressed upon
infection with bacterial and fungal pathogens, such as Xanthomonas
oryzae pv. oryzae (Xoo) and Magnaporthe oryzae, respectively (Ryu
et al., 2006; Jimmy and Babu, 2015). Among these genes, more than
10 were shown to induce resistance against fungal blast (Chen and
Wang, 2014). For example, OsWRKY22 appears to be involved in
defense responses because the oswrky22 mutant lines are highly
susceptible to M. oryzae and Blumeria graminis (Abbruscato et al,
2012). Another WRKY gene, OsWRKY30, which is inducible by
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salicylic acid (SA) and jasmonic acid (JA), also enhances resistance
to M. oryzae, Rhizoctonia solani, and Xoo when it is overexpressed in
transgenic rice plants (Peng et al., 2012). Tao et al. (2009) identified a
pair of OsWRKY45 alleles that function as a positive factor during M.
oryzae infections but play an opposite role in the defense against
bacterial pathogens. Whereas OsWRKY45-1 knockout plants are
resistant to Xoo and X. oryzae pv. oryzicola, OsWRKY45-2-
suppressing plants show increased susceptibility to these pathogens.
OsWRKY45 forms a heterodimer with OsWRKY62 that acts as a
strong activator, while the OsWRKY62 homodimer acts as a repressor
(Fukushima et al, 2016). A number of WRKY factors function
negatively in defending the plants against M. oryzae. The
transcriptional repressor OsWRKY13 binds to the promoter regions
of both the OsWRKY45-1 and OsWRKY45-2 genes, thereby
repressing the target gene expression (Xiao et al., 2013). Similarly,
OsWRKY42, which functions downstream of WRKY45-2, negatively
affects rice resistance by suppressing JA-dependent signaling (Cheng
et al., 2015).

Sucrose induces several WRKY genes. For example, it was shown
to increase the mRNA level of AtWRKY20, which activates the
AGPase gene in Arabidopsis (Nagata et al., 2012). Similarly, sucrose
addition to Arabidopsis leaves induces the ectopic expression of an
endosperm-specific WRKY transcription factor, SUSIBA2 (Sun et al.,
2003). However, the effects of other sugars have not been examined in
either of the two above-mentioned studies. In the present study, we
investigated the signal roles of sucrose in plant defense.

2 Materials and methods
2.1 Plant materials and growth conditions

The Oc suspension cell line that was established from seedling
roots of Oryza sativa L. indica type accession C5928 (Baba et al., 1986)
was cultured in 50 mL of R2S liquid medium (Ohira et al., 1973) in a
120-rpm shaking incubator at 28°C, as previously reported (Cho et al.,
2016; Yoon et al., 2021). After 2 weeks of culture, 20 mL of the upper
liquid layer was decanted, and 10 mL of the remaining cell suspension
was transferred to a fresh flask containing 40 mL of R2S
culture medium.

The OsWRKY7 mutant (line number 5A-00022) was identified
from T-DNA tagging lines generated in Oryza sativa var. japonica,
cultivar ‘Dongjin’ (Jeon et al., 2000; Jeong et al., 2002; An et al., 2005a;
An et al,, 2005b; Jeong et al., 2006). Homozygous mutant plants from
the T2 progeny were identified by PCR using genomic DNA isolated
from the blade of the second leaf of each plant. The genotyping
primers were GTGTCGGGTGCGTATTTAAAAAC (F), GGGAAT
TGGCGCTAAATCTGC (R), and atccagactgaatgcccacag (NGUS2)
(Supplementary Table 1). Null mutations of OsWRKY7 were
obtained using the CRISPR/Cas9 method in ‘Donjin’ background.
Homozygous mutants at T1 generation were detected through the
subcloning and multiple sequencing of the mutated region using the
genomic DNA extracted from the leaf blades of individual plants.

For overexpression of OsWRKY?7, a full length of the gene was
cloned by PCR using the specific primers (Supplementary Table 1)
with HindIIl and Sacl restriction enzyme sites. The gene was
subcloned between the maize ubiquitin (ZmUbi) promoter and HA
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tag in the binary vector pGA3428 (Kim et al., 2009). The resulting
vector was used to generate transgenic rice plants overexpressing
OsWRKY7-HA. Produced plants were verified by western blot
analysis using protein extracts from the leaf blades after 24 hours of
M. oryzae infection. All plants were grown in the paddy field or in a
controlled growth room under a long day conditions (i.e., 14 hours of
light at 28°C/10 hours of darkness at 23°C, humidity of
approximately 50%).

2.2 RNA-sequencing and data analysis

Oc cells were grown for 10 days in R2S solution complemented with
3% glucose as a carbon source. They were divided into two equal parts;
one was added with sucrose and the other with glucose, obtaining a final
sugar concentration of 3% in two replications. Samples were collected
immediately before the transfer to new media (0 h) and 4 hours after
sugar addition (4 h). Total RNA was extracted using the QITAGEN RNA
purification kit (Hilden, Germany), and the purity and concentration of
RNA were estimated using a NanoDrop 2000 spectrophotometer
(Thermo scientific). RNA-seq analysis was performed based on
protocols previously reported in Peng et al. (2021). The gene ontology
(GO) terms of the differentially expressed genes were analyzed using the
Rice Oligo Array Database (ricephylogenomics-khu.org). All the mapped
genes were downloaded and filtered based on the following criteria: hyper
p-value < 0.05 and query numbers > 10. Additional significance of the
GO terms was denoted by a fold enrichment value > 1.5, which was
obtained by dividing the query number by the query expectation value
(Hong et al, 2020; Kim et al, 2021). The biotic stress category was
obtained via the MapMan analysis toolkit 3.5.1 R2 (Thimm et al., 2004).

2.3 RNA isolation and the
expression analysis

Total RNA was extracted from the leaves, roots, and Oc cells using
RNAiso Plus (Takara, Japan). After combining 3 ug of RNA with 10 ng
of oligo (dT), the first-strand cDNA was synthesized using 100 units of
Moloney murine leukemia virus (M-MLV) reverse transcriptase
(Promega, Madison, WI, USA), 100 units of RNasin (Promega), and
2.5 mM deoxyribonucleotide triphosphates. The gene expression levels
were analyzed by quantitative RT-PCR using SYBR Green I, Prime Q-
Matermix (2x) (GENET Bio, Daejeon, Korea) in a Rotor-Gene Q
system (Qiagen, Hilden, Germany). Rice Actinl (OsActinl) was used as
an endogenous control to normalize the expression level of the
respective genes. All experiments were repeated at least three times,
and the relative transcript levels were calculated using the AACt method
(Schmittgen and Livak, 2008; Yoon et al., 2022). The primers used in
this study are listed in Supplementary Table 1.

2.4 Generation of CRISPR/Cas9 mutants

After selecting a potential target sequence with the CRISPR web
tool, the RNA scaffold structure was analyzed using the RNAfold web
server (univie.ac.at), and off-target sites were checked with the web
tools (http://crispr.dbcls.jp; Naito et al, 2015 and CRISPOR
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(tefor.net); Concordet and Haeussler, 2018). A potential target
sequence (5-ATGTCATCGTACTTCTCCCA-3’) within the first
exon of OsWRKY7 was cloned into the CRISPR vector pRGEB32
through the Bsal restriction site. The construct was transformed into
the Agrobacterium tumefaciens strain LBA4404 using the freeze-thaw
method (An, 1987). Transgenic rice plants were obtained via the
Agrobacterium-mediated co-cultivation method (Lee et al., 1999).

2.5 Plasmid construction for the
reporter assay

The 3.081-kb promoter region (-3098 to —18 bp from the ATG
start codon) of OsWRKY?7 from cultivar ‘Nipponbare’ was cloned into
the HindllI-digested pGA3452 vector (Kim et al., 2009) upstream of
the luciferase (LUC) coding region using the 5X In-Fusion HD
enzyme Premix (Takara, Japan), which generated the pOsWRKY7-
LUC reporter vector. The 2.856-kb promoter portion (—2856 to —1 bp
from the start ATG codon) of OsPRI0a was inserted into pGA3452,
which resulted in pOsPR10a-LUC. The ZmUbi-GUS (Cho et al., 2009)
construct was used as the internal control. For effector constructs, the
coding regions of OsWRKY7, OsWRKY28, and OsWRKY10 were
amplified by PCR and were inserted between the ZmUbi promoter
and 6X Myc of pGA3697 (Kim et al., 2009).

2.6 Transient assay

Protoplasts were prepared from Oc cells based on methods
described in Cho et al. (2016) and He et al. (2016). In brief, Oc
cells were incubated in an enzyme solution (2% cellulose RS, 1%
macerozyme, 0.1% CaCl,, 0.4 M mannitol, 0.1% MES, pH 5.7) for 4
hours at 28°C in the dark. After incubation, they were added with an
equal volume of KMC solution (117 mM potassium chloride, 82 mM
magnesium chloride, and 85 mM calcium chloride). The number of
protoplasts was quantified with a hemocytometer to ensure that a cell
density of 2 x 10° cells mL™" was reached. The isolated protoplasts
were transformed with 10 pg of each plasmid DNA using the PEG
method (Yoo et al., 2007; Cho et al., 2022). ZmUbi : GUS construct (2
ug) was co-transfected as an internal control (Cho et al., 2009). The
GUS activity was used to normalize the LUC activity.

2.7 Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was performed
using the protocols described in Haring et al. (2007) and Yoon et al.
(2022) with some modifications. Firstly, the fresh leaves from the
OsWRKY7-HA transgenic plants were collected and the proteins and
chromatin were cross-linked using 3% formaldehyde. After the
isolation of nuclei, DNA was broken into fragments of
approximately 200-800 bp in length by sonication. Agarose beads
of G and A proteins (Milipore; http://www.emdmilipore.com) were
used to preclear the sheared chromatin for 1 hour at 4°C. Anti-HA
monoclonal antibody (C29F4, https://www.cellsignal.com) was used
for immunoprecipitation together with the precleared agarose beads
for 4 hours at 4°C. The washing and reverse cross-linking steps
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described in Haring et al. (2007) were followed. The enriched
chromatin was analyzed by qRT-PCR using the primers listed in
Supplementary Table 1. The obtained data were normalized using the
fold enrichment method (Haring et al., 2007; Yoon et al,, 2022).

2.8 Electrophoresis mobility shift
assay (EMSA)

The oligonucleotide (-808 to -831 from the start ATG of
OsPR10a) was end labeled with biotin (Microgen, Korea). To
produce MBP-tagged OsWRKY7 protein, the coding sequence of
OsWRKY7 was amplified by PCR and cloned into the pMAL-c2X
vector (Addgene plasmid # 75286; http://n2t.net/addgene:75286;
RRID : Addgene_75286; walker et al., 2010) through the EcoR1 and
Sall enzyme sites. The MBP-OsWRKY?7 protein were extracted using
amylose resin (E8021S, New England, Biolabs Inc.) The MBP-
OsWRKY?7 protein (1 pg) and biotin labeled ds-DNA fragment
(750 fmol) were incubated in the reagent (KIT 0020148, Thermo
scientific) containing 1x binding buffer, 10% glycerol, 5 mM MgCl,,
0.5 ug poly (dI-dC), and 0.05% NP-40 in a final volume of 20 pL for 30
min at 25°C. After electrophoresis in 6% polyacrylamide gel, the
DNA-protein complexes were transferred to membrane. The
procedure for detection of immobilized nucleic acids was according
to the protocol provided by the manufacture.

2.9 Pathogen infection

The Magnaporthe oryzae PO6-6 strain was cultured on an agar
medium containing 8% V8 juice (Cambell’s Soup Company, USA) for
2 weeks under fluorescent light. The resulting spores were collected
and diluted in distilled water to obtain the concentration of 5 x 10°
mL™" for spot inoculation. A solution containing 2 x 10° spores per
mL was sprayed onto the fully expanded healthy leaves of 6-week-old
plants. Leaf samples were harvested and photographed to calculate
the size of the lesions developed in the susceptible plants (Vo
et al., 2019).

3 Results
3.1 Identification of sucrose-induced genes

To identify genes that preferentially responded to exogenously
provided sucrose, RNA-seq analysis was performed using Oc cell lines
that had been maintained in suspension culture for a long period
(Baba et al., 1986). Because the cells were grown in a culture medium
containing sucrose, the carbon source was replaced with glucose to
deplete sucrose when the cells were sub-cultured. Ten days after
subculture, sucrose was added to a culture flask to obtain a final
concentration of 3%. As a control, glucose was added to another
culture flask to reach the same final concentration. Four hours after
adding the sugars, cells were harvested and mRNAs were isolated to
construct cDNA libraries. RNA-seq analyses of the libraries showed
that the transcript levels of 1,336 genes were at least doubled by the
sucrose addition during the 4-h culture period (Supplementary
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Figure 1A). Among these genes, 871 were also induced by glucose,
leaving 465 that were sucrose preferential. The analyses also revealed
that 1,148 genes were preferentially suppressed by sucrose
(Supplementary Figure 1B). To validate the RNA-seq data, 12
upregulated and 12 downregulated genes were selected for qRT-
PCR analysis, which confirmed that eight and 10 genes belonging
to the two groups, respectively, were sucrose responsive
(Supplementary Table 2). GO analysis of the 465 genes
preferentially induced by sucrose showed that the biological terms
dominated by sucrose were protein amino acid phosphorylation,
defense response, and transport (Supplementary Figure 1C).

3.2 Sucrose preferentially induces the
transcription initiation of OsWRKY7

Mapman analysis of all the sucrose up-regulated genes from the
RNA-seq analysis showed that three groups of transcription factors
were enriched in biotic stress (Supplementary Figure 2). Because
WRKY transcription factors are involved in defense response against
pathogens, we selected all three WRKY genes (OsWRKY7,
OsWRKY26, and OsWRKY108) that were sucrose inducible. qRT-
PCR analysis showed that the transcript level of OsWRKY7 was
increased by sucrose, reaching the maximum level at 2 hours after
sucrose addition, and then rapidly declining to the basal level at 6
hours (Figure 1A). Glucose also induced the transcript level, but not
significantly. Mannitol did not increase gene expression during the 8-
h incubation time, which indicated that the expression of OsWRKY7
was preferentially induced by sucrose. The level of OsWRKY26
transcript started to increase at 2 hours after sucrose addition,
reached the maximum at 4 hours, and then declined (Figure 1B).
The transcript level was also increased by glucose addition. However,
the gene was not induced at 2 hours after glucose addition, but its
transcript was increased to approximately half of the sucrose-induced
level at 4 hours and continuously increased at 6 and 8 h. The
transcript level was not changed by mannitol. The above
observations suggest that OsWRKY26 responded to both sucrose
and glucose, but the gene was more rapidly induced by sucrose.
Another WRKY gene, OsWRKY108, was also induced by sucrose.
Compared to the other two genes discussed above, OsWRKY108
responded more rapidly to sucrose, reaching the maximum level at 0.5
hours after sucrose addition, and declining to the basal level at 2 hours
(Figure 1C). This gene was weakly induced by glucose and did not
respond to mannitol. The pathogen marker gene OsPR10a was also
preferentially induced by sucrose, but not by glucose or
mannitol (Figure 1D).

Because OsWRKY7 was specifically and transiently induced by
sucrose, further tests were conducted to determine whether this gene
was induced by other sugars. In addition to glucose, other
monosaccharides such as galactose and fructose, as well as glucose
and fructose added at the same time, did not induce gene expression
above the control level during the 2-h incubation period (Figure 2A).
Also, gene expression was not stimulated by maltose, a disaccharide
that consists of two glucose molecules. The results suggest that
OsWRKY7 is specifically induced by sucrose. Lowering sucrose
concentration to 2%, 1%, and 0.5% did not influence the rate and
level of OsWRKY7 induction (Figure 2B), however, further reductions
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to concentrations of 0.25% and 0.1% slightly reduced the
sucrose inducibility.

To investigate whether gene expression was induced by sucrose in
plants, 14-day-old rice seedlings grown hydroponically in Yoshida
solution were left in the dark for 48 hours to reduce their endogenous
sugar level. After this period, sucrose was added to the culture
medium at the final concentration of 3%. Analysis of the
OsWRKY?7 transcript level in the roots showed that it increased
significantly at 8 hours after sucrose addition (Figure 2C). Glucose
also induced gene expression in the roots, but the induced levels were
only slightly higher than those achieved by mannitol in the control.

The effect of mannoheptulose, which blocks hexose-mediated
signaling (Chiou and Bush, 1998), was also tested. The results
showed that the addition of 5 uM mannoheptulose to the sucrose
solution did not interfere with the sucrose-induced expression of
OsWRKY7 (Figure 2D). This observation suggests that hexoses
produced from sucrose metabolism are probably not involved in
the induction of the gene and that sucrose may function directly to
promote OsWRKY7 expression.

To elucidate whether protein stability was involved in the sucrose
response, MG132, which is an inhibitor of the 26S proteasomal
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protease (Genschik et al., 1998), was added to the sucrose solution.
Analysis of the OsWRKY? transcript level showed that the sucrose-
induced expression of the gene was suppressed by 100 uM MG132
(Figure 2E). As a control, the sucrose-induced OsWRKY108 gene was
also tested and it was shown that the expression of this gene was not
affected by MG132 (Supplementary Figure 3). This result suggests
that a regulatory protein that represses OsWRKY7 expression is
degraded by an E3 ligase during the sucrose treatment.

To examine whether the induction of OsWRKY7 by sucrose
occurred at the transcriptional level, the 3.081-kb promoter
sequence of OsWRKY7 was placed upstream of the LUC coding
region and the construct was introduced into protoplasts prepared
from Oc cells. As an internal control, the GUS coding region driven by
the ZmUbi promoter was co-transfected. After dividing the treated
cells into three portions, sucrose, glucose, and mannitol at the final
concentration of 3% were added to each aliquot. After 15 hours of
incubation, the samples were analyzed and it was shown that the LUC
activity in the sucrose-added cells was considerably higher than that
in the mannitol-added cells (Figure 2F). On the contrary, the
induction of the reporter gene expression by glucose was only
slightly above that achieved by mannitol. This experiment
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demonstrated that sucrose preferentially induced OsWRKY7 at the
transcription initiation level.

3.3 Mutations of OsWRKY7 reduce the
defense response against M. oryzae

Expression of OsWRKY7 was induced by M. oryzae 48 hours after
infection (Supplementary Figure 4A). To study the functional roles of
OsWRKY?7, we identified T-DNA tagging line 5A-00022, in which T-
DNA was inserted at 375 bp upstream of the start ATG codon of
OsWRKY7 (Supplementary Figure 4B). Homozygous progeny of the
oswrky7-1 mutant was used for characterization of the gene function.
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In the mutant line, the expression level of OsWRKY7 was decreased to
approximately a half of the wild type (WT) level, which indicated that
the inserted T-DNA reduced gene expression (Supplementary
Figure 4C). When the plants were infected with M. oryzae, the
lesions were longer and broader than those observed in the
segregated WT plants (Supplementary Figures 4D, E), suggesting
that OsWRKY7 is involved in the defense response against
this pathogen.

To confirm this observation, knockout mutations were generated in
the first exon of OsWRKY7 via the CRISPR/Cas9 system (Figure 3A).
Among 28 independent transgenic plants, five were selected to
determine the flanking regions of the target site. Two mutant lines
were chosen: oswrky7-2 carrying a single-bp deletion and oswrky7-3
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carrying a two-bp deletion (Figure 3A, Supplementary Figures 5A, B).
The deletions generated frameshift mutations, causing early
termination during translation of the OsWRKY7 transcript. The
mutant plants grew normally without any significant phenotypic
alteration in the plant height, grain numbers per panicle, panicle
length, and 100-grain weight (Figure 3B, Supplementary Figure 6).
Interestingly, the OsWRKY?7 transcript levels in the frameshift mutants
were reduced compared to those in the WT plants, suggesting that the
deletion mutations affected either the transcription rate or the stability
of the transcript (Figure 3C). When the plants were inoculated with M.
oryzae, the mutants displayed a phenotype that was more susceptible to
the fungus compared with the WT controls (Figures 3D, E). These
experiments confirmed that OsWRKY7 is involved in the defense
response against M. oryzae.
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3.4 Overexpression of OsWRKY7 increases
the defense response against M. oryzae

To obtain transgenic rice plants that constitutively expressed
OsWRKY7, the gene was placed after the ZmUbi promoter and the
construct was introduced to rice embryonic calli. However, it was
quite difficult to obtain transgenic plants, which suggested that the
overexpression of OsWRKY?7 was harmful to the plants. To overcome
the difficulty, the HA tag was added at the end of the OsWRKY7
coding region, and the fusion molecule was placed after the ZmUbi
promoter. In this way, several transgenic plants expressing
OsWRKY7-HA were obtained, which indicated that attaching the
tag reduced the harmful effect of the gene (Figure 4A). Plants #5 and
#7, which expressed the fusion transcript and the HA-tagged protein
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at high levels, were selected (Figure 4B and Supplementary Figure 7).
After inoculating the mature leaves of the transgenic plants with M.
oryzae, it was observed that the lesion lengths and widths at the
infection sites were significantly smaller in the transgenic plants than
in the WT control plants (Figures 4C, D). This observation confirmed
that OsWRKY7 is a positive regulatory element in the defense
response to M. oryzae.

The expression level of the genes that were induced in response to
pathogen infection were then analyzed. The levels of the pathogen-
responsive marker genes OsPRIla, OsPRIb, and OsPRI0a, were
significantly reduced in oswrky7 mutant plants (Figures 5A-C). On
the contrary, expression levels of the pathogen responsive marker
genes were markedly increased in the plants of expressing OsWRKY7-
HA (Figures 5D-F). This result indicates that the markers function
downstream of OsWRKY?7. It was then tested whether SA or JA were
involved in the induction of the marker genes by OsWRKY?7. The
mutations of this gene did not affect the expression of phenylalanine
ammonia-lyase (OsPAL) or isochorismate synthase 1 (OsICS1), which
are involved in SA biosynthesis (Supplementary Figures 8A, B). In
addition, a key regulator of systemic acquired resistance, NPRI
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homolog 1 (OsNHI1), was also not affected in mutant
(Supplementary Figure 8C). Likewise, the mutations did not
influence the expression of genes encoding enzymes associated with
JA biosynthesis, namely allene oxide synthase (OsAOS2), allene oxide
cyclase 1 (OsAOCI), and oxophytodienoate reductase 3 (OsOPR3)
(Supplementary Figures 8D-F). These results suggest that the
signaling pathway of SA or JA did not mediate the induction of the
pathogen-responsive marker genes by OsWRKY7.

To evaluate whether the OsWRKY7-induced PR genes were
sucrose-inducible, hydroponically grown seedlings were treated
with 3% sucrose at 14 days after germination (DAG). After 8 hours
of incubation in the solution, the expression levels of the PR genes in
the roots were measured. The assay showed that the transcript level of
OsPR10a was considerably higher in the sucrose-treated seedlings
than in the control seedlings treated with 3% mannitol (Figure 6A).
Glucose treatment did not induce gene expression above the level
observed in the control. This result is consistent with the data
observed in Oc cells (Figure 2D). On the contrary, the expression of
OsPR1a was induced by both sucrose and glucose (Figure 6B). The
OsPR1b transcript levels in sugar solutions were similar to those
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Expression levels of pathogen related genes in the WT and transgenic plants. (A-C) Relative transcript levels of OsPR10a (A), OsPR1a (B) and OsPR1b (C) in the
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observed in mannitol solution (Figure 6C). These experiments
indicate that, among the three PR genes tested, only OsPRI0a was
preferentially induced by sucrose.

We tested whether OsPR10a expression in oswrky7 mutant was
recovered by the sucrose treatment. The WT and oswrky7 plants that
were grown hydroponically in Yoshida solution for 14 days were
treated with mannitol or sucrose at the final concentration of 3%.
After 9 hours treatment in the solutions, the root were sampled and
the expression level of OsPRI0a was measured. The experiment
showed that sucrose significantly increased OsPRI10a expression in
the WT as observed in the previous experiments. Similarly, the
transcript level of the gene in the mutant was also induced by
sucrose, although the induced level was lower compared with WT
(Supplementary Figure 9). This observation suggests that there are
other sucrose-inducible transcription factors that induce
OsPR10a expression.

3.5 Expression of OsPR10a is stimulated
by OsWRKY7

Because the expression of PRI0Oa was significantly reduced in
OsWRKY7 mutants, PR10a may be directly controlled by the
transcription factor. To prove this hypothesis, a construct
containing the 2.856-kb promoter region of OsPRI10a was placed in
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front of the LUC gene. We also constructed another molecule in
which the coding region of OsWRKY7 was placed under the ZmUbi
promoter. Both molecules, pOsPR10a-LUC and pUbi-WRKY?7, were
co-transfected into the Oc cell protoplasts and incubated for 15 hours
to express the introduced genes. The results showed that the LUC
expression level in the protoplasts co-transferred with both molecules
were significantly higher than that in the protoplasts transferred with
pOsPR10a-LUC alone (Figure 6D). As controls, OsWRKY10 and
OsWRKY28 were inserted downstream of the ZmUbi promoter. It
has been previously reported that OsWRKY10 functions as a positive
regulatory element for the expression of PR10a, whereas OsWRKY28
does not influence the PR gene (Ersong et al,, 2021). In this study,
when pUbi-WRKY28 was co-introduced with pOsPR10a-LUC, the
luciferase activity was not increased above the background level that
was observed from pOsPRI10a-LUC alone (Figure 6D). On the
contrary, co-transfection of pOsPR10a-LUC and pUbi-OsWRKY10
significantly induced the reporter gene expression (Figure 6D). The
above observations showed that the transient assay resembled the
previous results and suggested that OsWRKY7 directly promoted the
expression of pOsPR10a-LUC.

To test whether the OsPR10a promoter region responded directly
to sucrose, the pOsPR10a-LUC vector was introduced into the
protoplasts and was incubated in the culture solution containing
three different sugars. Although the LUC expression level in the
protoplasts cultured in sucrose-containing medium was slightly
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higher than that in the mannitol control, a similar expression level
was achieved for the protoplasts grown in the glucose-containing
medium (Figure 6E). This suggests that sucrose did not induce the
gene directly. It was also tested whether the increased expression of
the OsPRI0a promoter by the OsWRKY7 protein was sucrose
dependent. To answer this question, both pOsPR10a-LUC and
pUbi-WRKY7 were introduced into the protoplasts and the effects
of sucrose were examined. The experiment showed that sucrose did
not significantly increase the pOsPR10a promoter activity above the
levels obtained from mannitol or glucose (Figure 6E). This suggests
that the sucrose induction of PR10a was not due to the stability of the
OsWRKY7 mRNA or protein during sucrose treatments.

To confirm that OsWRKY7 directly controlled the OsPRIOa
promoter, chromatin immunoprecipitation (ChIP) experiments
were performed with transgenic plants expressing the OsWRKY7-
HA protein. Primers were designed to target W-box elements, W-box
like elements 1 (WLEL), and ASFIMOTIF, which all belong to the
WRKY protein-binding TGAC core elements (Maleck et al., 2001;
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Hwang et al., 2008) (Figure 7A). In the ChIP in vivo assay, the P2 and
P3 DNA fragments containing the WLEl element were
enriched (Figure 7B).

To further confirm the interaction between OsWRKY7 and the
OsPR10a promoter, the oligonucleotide (-808 to - 831 from the start
ATG) containing the WLE1 element within the P2 fragment were used
for EMSA experiment using MBP tagged OsWRKY?7 protein (Figure 7C).
The experiment showed that OSWRKY?7 protein bind to the sequence
and the binding was reduced when the unlabeled probe was used as a
competitor. Both ChIP and EMSA assays support the hypothesis that
OsWRKY?7 directly binds to the promoter region of OsPR10a.

4 Discussion

A hypothesized model for high sugar resistance suggested that a
yet unknown sugar receptor senses the elevation of the levels of
extracellular sugars and triggers defense through a signaling cascade
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(Bezrutczyk et al., 2018). Notably, it was shown that rice plants treated
with sucrose through the root system exhibited an accumulation of
transcripts associated with defense genes in leaves and increased
resistance to M. oryzae (Gomez-Ariza et al., 2007). This is consistent
with previous results indicating that transgenic tobacco and rice
plants expressing PRms accumulated sucrose in leaf tissues and
enhanced their defense response (Murillo et al., 2003; Gomez-Ariza
etal., 2007). As PRms is localized in plasmodesmata in infected maize
radicles (Murillo et al., 1997), the accumulation of sucrose is possibly
due to an alteration of sugar distribution. These observations clearly
suggest the implication of plants’ sucrose dependent responses in the
defense against invading pathogens. However, it remains to be
determined how high levels of sucrose can regulate defense genes
in plants.

In the present study, to investigate the functions of sucrose in the
defense response, we examined OsWRKY7, which is inducible by
exogenously applied sucrose. The transcript level of this gene was
rapidly increased by the addition of sucrose in both cultured cells and
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seedlings, suggesting that this sugar functions as a signal molecule to
induce gene expression.

Although sucrose controls various processes, such as starch
metabolism, storage proteins, and anthocyanin biosynthesis, studies
on sucrose responsive transcription factors that may be involved in
sucrose signaling are scarce (Yoon et al, 2021). In Arabidopsis,
sucrose-induced anthocyanin biosynthesis is mediated by Myb75
(Teng et al, 2005); however, other sugars, such as glucose and
fructose, also stimulate anthocyanin accumulation. In addition,
mannoheptulose, which is a competitive inhibitor of hexokinasel,
inhibits sucrose induction (Neta-Sharir et al., 2000). Therefore,
Myb75 may not be a mediator of sucrose-specific signaling.
Another transcription factor that is induced by sucrose is
AtWRKY20 (Nagata et al., 2012). This regulatory gene controls the
expression of ApL3, which encodes AGPase in Arabidopsis. Similarly,
the barley starch synthesis gene isoamylasel is regulated by the
sucrose-inducible WRKY gene SUSIBA2 (Sun et al., 2003).
However, it has not been tested whether these WRKY genes are
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specifically induced by sucrose. In this study, we demonstrated that
sucrose preferentially controlled the expression of OsWRKY?7 because
hexoses and mannose were unable to induce this gene.
Mannoheptulose did not reduce the sucrose induction of the gene,
suggesting that glucose or other hexoses metabolized from sucrose
were not responsible for this process.

Sucrose regulates gene expression at the transcriptional or post-
transcriptional level. It increases the transcript levels of the WRKY and
Myb75 genes, but controls the translation of the bZIP11 transcript post-
transcriptionally (Wiese et al,, 2004). In the present study, the expression
of the LUC reporter gene driven by the 3-kb OsWRKY7 promoter
sequence was shown to be increased by sucrose, which indicated that
sucrose regulates OsWRKY7 at the transcriptional level.

Because several WRKY genes are involved in plant defense
mechanisms, we tested whether OsWRKY7 functions in disease
tolerance against M. oryzae using a knockdown mutant generated
by T-DNA tagging and knockout mutants created by CRISPR/Cas9.
These mutants were more susceptible to the rice blast fungus,
however, transgenic plants overexpressing the gene showed reduced
disease symptoms. These results suggest that the transcription factor
functions positively in the defense against M. oryzae. The transcript
levels of the pathogen-related genes OsPRIa, OsPRIb, and OsPRI0a
were significantly reduced in the mutants and increased in the plants
exhibiting overexpression, supporting the hypothesis that OsWRKY7
plays a role in plant defense. However, genes involved in SA synthesis
or SA-mediated resistance were not affected by the mutations, and
this was the case also for JA biosynthesis genes, suggesting that
OsWRKY7 functions independently from the hormones.

Interestingly, the transcript level of OsWRKY7 was significantly
reduced when MG132 was added during sucrose induction, which
indicates that an upstream repressor protein of OsWRKY7 may be
degraded through the proteasome pathway and that sucrose promotes
this pathway. AtWRKY50, an ortholog of OsWRKY7, interacts with
Botrytis-induced kinase 1 (BIK1), a receptor-like cytoplasmic kinase
VII member that is localized in the nucleus and degraded by the
proteasome (Lal et al, 2018). This suggests that OsWRKY7 may
interact with a kinase. Further study will be needed to investigate how
the protein is degraded by a proteasome.

Among the three PR genes that were influenced by OsWRKY7,
only OsPRI0a was preferentially induced by sucrose. OsPR1a was also
induced by glucose, which indicates that other regulatory elements
besides OsWRKY7 also control its expression. In contrast, OsPRIb
was not induced by either sucrose or glucose. Because OsPR1b also
functions downstream of the sucrose-inducible OsWRKY?7 gene, the
induction of this PR gene by sucrose was expected. It will be
interesting to investigate how the sucrose signaling was diminished
in the PR gene. To study whether the induction of PRI0a expression
by sucrose occurred directly or was mediated by OsWRKY7 protein,
the promoter of PRI0a was tested using the LUC reporter system. It
was shown that sucrose did not induce the promoter activity of
OsPR10a. Ru et al. (2015) reported that GFP fused OsWRKY7 protein
is localized in the nucleus and OsWRKY?7 protein has transcriptional
activity in yeast hybrid assay, which indicated that the sucrose
induction of the PRIOa promoter was mediated by OsWRKY7.
Direct control of this PR gene by OsWRKY?7 was also confirmed by
the ChIP and EMSA assays. All the results presented in this study
provide a definitive proof that sucrose has a role in defense response
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in rice by activating the transcription factor OsWRKY?7, which
triggers the expression of PRI0a. Further experiment is needed to
investigate what is the upstream element that mediates sucrose
signaling and whether OsWRKY?7 interacts with a partner to
control the downstream gene expression.
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Genetic and morphological
variants of Acidovorax avenae
subsp. avenae cause red stripe
of sugarcane in China

Jian-Ying Zhao', Juan Chen", Zhong-Ting Hu*, Juan Li*,
Hua-Ying Fu?, Philippe C. Rott** and San-Ji Gao™

*National Engineering Research Center for Sugarcane, Fujian Agriculture and Forestry University,
Fuzhou, Fujian, China, 2CIRAD, UMR PHIM, Montpellier, France, *PHIM Plant Health Institute, Univ
Montpellier, CIRAD, INRAE, Institut Agro, IRD, Montpellier, France

Sugarcane (Saccharum spp.) is an important cash crop for production of sugar and
bioethanol. Red stripe caused by Acidovorax avenae subsp. avenae (Aaa) is a
disease that occurs in humerous sugarcane-growing regions worldwide. In this
study, 17 strains of Aaa were isolated from 13 symptomatic leaf samples in China.
Nine of these strains produced white-cream colonies on nutrient agar medium
while the other eight produced yellow colonies. In pairwise sequence comparisons
of the 16S-23S rRNA internally transcribed spacer (ITS), the 17 strains had 98.4-
100% nucleotide identity among each other and 98.2-99.5% identity with the
reference strain of Aaa (ATCC 19860). Three RFLP patterns based on this ITS
sequence were also found among the strains of Aaa obtained in this study.
Multilocus sequence typing (MLST) based on five housekeeping genes (ugpB,
pilT, lepA, trpB, and gltA) revealed that the strains of Aaa from sugarcane in
China and a strain of Aaa (30179) isolated from sorghum in Brazil formed a
unique evolutionary subclade. Twenty-four additional strains of Aaa from
sugarcane in Argentina and from other crops worldwide were distributed in two
other and separate subclades, suggesting that strains of A. avenae from sugarcane
are clonal populations with local specificities. Two strains of Aaa from China
(CNGX08 forming white-cream colored colonies and CNGDO5 forming yellow
colonies) induced severe symptoms of red stripe in sugarcane varieties LC07-150
and ZZ8 but differed based on disease incidence in two separate inoculation
experiments. Infected plants also exhibited increased salicylic acid (SA) content
and transcript expression of gene PR-1, indicating that the SA-mediated signal
pathway is involved in the response to infection by Aaa. Consequently, red stripe of
sugarcane in China is caused by genetically different strains of Aaa and at least two
morphological variants. The impact of these independent variations on epidemics
of red stripe remains to be investigated.

KEYWORDS

Acidovorax avenae subsp. avenae, genetic diversity, multilocus sequence typing,
pathogenicity, red stripe, Saccharum spp., salicylic acid
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1 Introduction

Bacterial species of Acidovorax (family Comamonadaceae) are
gram-negative beta-proteobacteria that can be separated in two major
groups. One group is formed by four non-plant species (A. delafieldii,
A. defluvii, A. facilis, and A. temperans) isolated from environmental
and clinical sources, while the other group includes three plant
pathogenic species (A. avenae, A. cattleyae, and A. citrulli) (Willems
and Gillis, 2015). Additional species of Acidovorax are commensal
bacteria or plant growth-promoting bacteria (Siani et al., 2021); for
example, A. radicis (strain N35) isolated from wheat roots increases
the growth of barley cultivars and reduces aphid density (Zytynska
et al, 2020). A list of 15 Acidovorax species, including three
subspecies, was recently established (De Vos et al., 2018). In the
2015 Bergey’s Manual of Systematic Bacteriology, A. avenae includes
three subspecies that cause economically important diseases in a wide
range of plants (Willems and Gillis, 2015). Each of these subspecies
has a different host range. A. avenae subsp. citrulli (Aac) infects plants
of the Cucurbitaceae, while A. avenae subsp. cattleyae (Aaca) infects
only orchid species of the genera Cattleya and Phalaenopsis. The third
subspecies, A. avenae subsp. avenae (Aaa), causes bacterial blight or
red/brown stripe diseases in a variety of plants of the Gramineae
(including barley, creeping bentgrass, maize, millet, oat, rice, rye,
sorghum, sugarcane, and vasey grass), the Theaceae (tea), and the
Strelitziaceae (white bird of paradise) (Willems and Gillis, 2015; Li
et al., 2018; Fontana et al., 2019).

Sugarcane (Saccharum spp.) is the most important sugar crop,
accounting for 80% and 90% of the sugar production in the world and
in China, respectively (Liu et al., 2022). Red stripe caused by Aaa has
been reported in more than 60 countries and is one of three main
bacterial diseases of sugarcane distributed worldwide (Rott and Davis,
2000). Leaf stripes and stalk top rot are two types of symptoms of
sugarcane red stripe. These symptoms can appear separately or
simultaneously in the field (Martin et al., 1989; Rott and Davis,
2000; Fu et al,, 2017). The disease, and especially the top rot form, can
result in significant yield losses. In Argentina, red stripe recently
affected 30% of the millable stems, thus causing economic losses
(Fontana et al,, 2019). Disease incidences greater than 50% were
observed in variety CoJ 85 in India and in variety COLMEX 9408 in
Mexico (Bipen et al., 2014; Hernandez-Juarez et al., 2021). During the
last decade, red stripe outbreaks occurred in two main sugarcane-
growing provinces in China. In the Guangxi province, disease
incidences in the field reached 23% in variety FN38 (Fu et al,
2017), 39% in BT15-173 (Li et al.,, 2021), 50% in GT58, and 22% in
LC05-136 (Li et al., 2022). In the Yunnan province, 80% of plants of
variety YZ03-194 were symptomatic (Shan et al., 2017).

Efficient pathogen diagnostic and genotyping methods are needed
for epidemiological surveillance and disease management (Bertani
et al,, 2021; Strachan et al., 2022). Besides microbiological methods,
molecular typing methods have contributed to accurate identification
and characterization of Aaa worldwide. In Mexico, molecular
identification of Aaa was performed using 16S rDNA sequences of
strains of the pathogen from three sugarcane-producing
agroecological regions (Hernandez-Juarez et al., 2021). The
pathogen was identified in Argentina using PCR and primers Oafl/
Oarl targeting the 165-23S rDNA ITS (internally transcribed spacer)
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region (Fontana et al, 2013). Presence of at least four different
genotypes and ten phylogenetic groups of Aaa was reported in this
country using random amplified polymorphic DNA (RAPD) markers
and repetitive element polymorphism-based polymerase chain
reaction (rep-PCR), respectively (Bertani et al., 2021). Furthermore,
multilocus sequence typing (MLST) of Aaa strains from different
hosts revealed that a novel clonal group of strains was causing red
stripe of sugarcane in Argentina (Fontana et al., 2019). Five major
groups of Aaa strains were found in China by restriction fragment
length polymorphism (RFLP) analysis (Li et al., 2018).

Multiple genes and proteins and their related metabolites and
signal pathways are involved in sugarcane response to Aaa infection,
as revealed by transcriptomic (Santa et al., 2016; Thiebaut et al., 2017;
Chu et al,, 2020), proteomic (Zhou et al., 2021), and genome-wide
analyses (Zhou et al., 2021; Chu et al,, 2022). Several genes related to
signal transduction by salicylic acid (SA) are involved in sugarcane
resistance to Aaa, but their specific role remains to be investigated
(Chuetal, 2020; Chu et al., 2022). The first objective of this study was
to characterize isolates of Aaa from China using conventional
microbiological and pathogenicity assays, as well as MLST. The
second objective was to investigate the importance of SA-medicated
resistance gene PR-1 (coding for pathogenesis-related protein 1) in
response of sugarcane to infection by two morphologically different
strains of Aaa.

2 Materials and methods
2.1 Leaf sample collection

From May to July 2021, 13 sugarcane leaves with red stripe
symptoms were collected in sugarcane fields of the provinces of
Guangdong and Guangxi in China (Table SI). The symptoms of
the diseased samples were photographed on site and taken to the
laboratory for isolation and identification of the causal agent(s)
(Figure S1).

2.2 Isolation and molecular diagnosis
of pathogenic bacteria

The isolation and purification of bacteria was performed using the
agar-streak method. Briefly, symptomatic leaves were first disinfected
for 1 min with 75% alcohol and then rinsed three times with sterile
water. At the junction of the diseased and healthy leaf tissue, two or
three fragments (2-3 mm x 4-5 cm) were cut into small pieces that
were introduced in a 2 mL-microtube. This microtube contained one
4 mm-steel ball, two 2 mm-steel balls, and 100 L of sterile water. Leaf
tissue was homogenized for 60 s with a MM400 beater (Verder
Shanghai Instruments and Equipment Co., Ltd, Shanghai, China).
Subsequently, 400 pL of sterile water were added to each tube. After a
30 min incubation, the supernatant of each tube was spread on
nutrient agar (NA) medium using the quadrant streak method.
Agar plates were then incubated at 30°C for 12-16 h. Bacterial
colonies with a yellow or a white color were isolated, purified, and
tested by PCR using Aaa-specific primers RS-ITS-F1 and RS-ITS-R1,
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as described by Li et al. (2018). The PCR program was 3 min at 94°C
for initial denaturation; 35 cycles of 45 s at 94°C for denaturation, 30 s
at 58°C for annealing, and 45 s at 72°C for extension; and 10 min at
72°C for final extension. All PCR-positive colonies were stored on NA
plates at 4°C and in 20% glycerol at -80°C until further investigations.
Five colonies of 24 hour-old bacteria growing on NA medium were
randomly selected for each strain to measure their colony size.

2.3 Morphological observation
of bacterial colonies

Freshly isolated and 24-hour-old single colonies of Aaa CNGX08
(white) and CNGDO5 (yellow) were suspended in 50 UL sterile H,O.
A loop of bacterial suspension was placed on a copper mesh for 1 min
and excess of liquid was removed with a filter paper. Bacteria were
stained with a solution of 2.5% phosphor-tungstic acid (pH 7.0) for 3
s. Morphology of bacterial cells was observed with a HT-7700
transmission electron microscope (Hitachi High-Tech, Shanghai,
China) and digital images were acquired with an AMT CCD
camera (Hitachi High-Tech).

2.4 Bacterial genomic DNA extraction

Bacterial genomic DNA was extracted using the Bacterial
Genome DNA Extraction Kit (Tiangen, Beijing, China). DNA
quality and quantity tests were performed using 1% agar gel
electrophoresis and the SynergyTM HI1 multifunctional microplate
reader (BioTek, Vermont, USA). The DNA samples were stored at
-80°C until further use.

2.5 PCR amplification
of housekeeping genes

Five housekeeping genes (ugpB, pilT, lepA, trpB, and gltA) were
amplified by PCR using primer pairs reported by Feng et al. (2009).
The 50 UL reaction mix included 1.0 puL bacterial genomic DNA (100
ng/uL), 20 uL Green Taq Mix (Vazyme Biotech, Nanjing, China), 1.0
UL each of forward and reverse primers (10 pmol/L), and 27 uL sterile
water. The PCR program was 5 min at 95°C for initial denaturation;
35 cycles of 30 s at 95°C for denaturation, 30 s at 60°C for annealing,
and 30 s at 72°C for extension; and 5 min at 72°C for final extension.
The expected amplification product had a size of 444, 398, 489, 434,
and 481 bp for ugpB, pilT, lepA, trpB, and gltA, respectively. Bacterial
genomic DNA of Aaa strain ATCC 19860 (Institute of Microbiology,
Chinese Academy of Sciences) was used as the positive control. Sterile
distilled water was used as the blank control. All primer information
is given in Table S2.

2.6 Cloning of PCR products
All the PCR products (sections 2.2 and 2.5) were purified and then

cloned into the pMD19-T vector. Three positive clones per PCR
product were randomly selected for sequencing by Sangon Biotech
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(Shanghai, China). Sequences were deposited at the NCBI GenBank
database under accession numbers OP738811-OP738827 for the 16S-
23S rDNA ITS region, and under accession numbers ON707276-
ON707358 and OP747511-OP747512 for the five house-keeping genes.

2.7 RFLP, MLST and nucleotide
identity analysis

A restriction fragment length polymorphism (RFLP) analysis of
the Aaa sequences obtained with primers RS-ITS-F1/RS-ITS-R1 was
performed in silico using restriction enzymes HindIIl and EcoRI with
DNAMAN software (Lynnon Biosoft, San Ramon, USA). The
restriction patterns were identified and labelled as described by
Li et al. (2018).

A concatenated sequence of the five housekeeping genes
mentioned in section 2.5 was produced for 54 bacterial strains: 42
Aaa strains (17 obtained in this study and 25 retrieved from the NCBI
library), 10 Aac strains, one Aaca strain, and one A. facilis strain (used
as outgroup strain). The 54 concatenated sequences were aligned
using the ClustalW algorithm in the software MEGA 11 (Tamura
etal, 2021). A phylogenetic tree was constructed using the neighbor-
joining (NJ) method with 1000 bootstrap replicates. Sequence identity
analysis was performed with BioEdit V7.0.9.0 (Borland, Scotts Valley,
USA). A heat map was produced with SDTv1.2 (The University of
Cape Town, South Africa). The characteristics of all tested strains of
Acidovorax are given in Table S1.

2.8 Pathogenicity assay
of two bacterial strains

Stalk cuttings with a single bud each were prepared from healthy
sugarcane varieties LC07-150 (source of Aaa strain CNGXO08) and
778 (source of Aaa strain CNGDO5). Cuttings were planted in pots
(5.5 x 4 x 6 cm) filled with nutrient soil (Pindstrup Mosebrug A/S,
PINDSTRUP, Denmark) and grown in a climate chamber at 30°C
with 16 h light/8 h night and 65% humidity. When plants had 1-2
fully expanded leaves, they were inoculated using the leaf puncture
method. Briefly, the upper side of the leaf was punctured but not
pierced with a disposable syringe and the wounded area was wrapped
with sterile cotton. One mL of bacterial suspension (10%> CFU/mL)
was placed on the cotton for inoculation with a single strain of the
pathogen whereas 0.5 mL of each strain was used for mixed
inoculations. Only sterile water was used for the control plants.
Inoculated plants were grown using the same conditions as
described above but humidity was increased to 85%. These plants
were also covered with a transparent plastic bag for the first three days
post inoculation (dpi).

The pathogenicity assay included eight different treatments,
namely two sugarcane varieties (LC07-150 and ZZ8) each
inoculated with four different inocula: two single strains of Aaa
(CNGX08 and CNGDO05), a mix (1:1) of these two strains, and
sterile water (negative control). Thirty plants were inoculated for
each treatment and the pathogenicity assay was conducted
independently two times. Disease incidence (%) was calculated as
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follows: (Number of plants with red stripes/Total number of
inoculated plants) x 100. Area under disease progress curve
(AUDPC) was calculated as follows for each treatment of each of
the two inoculation experiments (Shaner, 1977):

n 1
AUDPC =3 E(Xi+1 + X)) (Tiy — T;)
f=)

X; and X;,, represent the disease incidence at time points T; and
T;,1, respectively; n is the total number of time points (0, 3, 6, 9, 12,
and 15 dpi). At 15 dpi, three inoculated leaves with red stripe
symptoms were used for bacterial isolation and characterization.
Bacterial colonies isolated from symptomatic leaves were identified
by PCR with Aaa-specific primers RS-ITS-F1 and RS-ITS-R1 (Li
et al., 2018).

2.9 Determination of SA content

Six leaf samples (three from each inoculation experiment) of
varieties LC07-150 and ZZ8 inoculated with Aaa strains CNGX08
and CNGDO05 were collected at 0, 12, 24, 48, and 72 hours post
inoculation (hpi). Endogenous SA content of the leaf tissue was
determined following the instructions of a plant SA ELISA kit
(Beijing Solarbio Science & Technology Co., Ltd. China). Each leaf
subsample (0.1 g each representing the six collected samples) was
homogenized in 1 mL of 10 mM PBS buffer (pH = 7.4) using a freeze
grinder (JXFSTPRP-CL, Shanghai, China). Homogenized leaf tissue
was centrifuged at 2500 rpm and 25°C for 20 min and the supernatant
was used for determination of SA content by sandwich ELISA and a
450 nm optical density. Three leaf subsamples were analyzed at each
time point for each treatment, and three technical replicates were
performed per subsample.

2.10 Transcript expression
analysis of gene PR-1

The six leaf samples collected for determination of SA content
(section 2.9) were also used to determine relative expression of gene
PR-1. The transcript expression of gene PR-I involved in the SA
signaling pathway was determined by RT-qPCR assay using the
QuantStudio 3 qPCR System (Applied Biosystems, USA). Total RNA
was extracted from the leaf tissue using the TRIzol reagent kit
(Invitrogen, USA). The ¢cDNA was synthesized using HiScript IT Q
RT SuperMix with a qPCR (+gDNA wiper) reverse transcription kit
(Vazyme Biotech). The qPCR mix was composed of 10.0 uL of 2x
ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech), 0.4 uL
of forward and reverse primers (10 uM), 1.0 UL of cDNA, and sterile
high-purity water to obtain a final volume of 20 uL. The qPCR program
included denaturation at 95°C for 30 s followed by 40 cycles at 95°C for
10 s, and 60°C for 30 s. The glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene was used as a reference gene (Zheng et al,, 2017). The
relative expression of gene PR-1 was calculated with the yAACT
method. Characteristics of the primers is given in Table S2.
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Three leaf subsamples were analyzed at each time point and for each
treatment, and three technical replicates were performed
per subsample.

2.11 Statistical analyses

An analysis of variance (one-way ANOVA) was conducted with
AUDPC data obtained for the two sugarcane varieties inoculated with
the two strains of Aaa (single and mixed inocula). The same type of
analysis was performed with each data set of the SA content and of the
transcript level of gene PR-1 in plants at each time point (0, 12, 24, 48,
and 72 h). Duncan’s test was used to identify mean differences at p <
0.05 between the treatments. All analyses were conducted with the
software SAS version 8.01 (SAS Institute Inc., North Carolina, USA).

3 Results

3.1 Isolation of bacteria from leaves
showing red stripe symptoms

Seventeen bacterial strains were isolated on NA medium from the
13 sugarcane leaves (A-M) with typical red stripe symptoms collected
from the provinces of Guangxi and Guangdong (Figure S1). The color
of the colonies varied among these strains (Figure 1A). Five leaf
samples yielded only white-cream, circular, and translucent colonies
whereas another four leaf samples yielded only yellow, circular, and
translucent colonies. Colonies of both morphological types were
obtained from the remaining four leaf samples. The white-cream
colonies grew slower than the yellow colonies as mean size of white-
cream colonies was 1.14 mm (+ 0.06) vs. 0.91 mm (+ 0.06) for yellow
colonies after 24 h of growth on NA medium (Figures 1B, C). A
colony of strain CNGX08 (white-cream) and a colony of CNGDO05
(yellow) were taken for observation of bacterial cell morphology by
electron microscopy. No bacterial spores were observed in the
microscopic preparations and cells of both strains were straight
rods with a single polar flagellum (Figures 1D, E).

3.2 PCR detection and sequence
identification of Aaa strains

A 454 bp fragment was amplified by PCR from total genomic
DNA of the 17 bacterial strains from China using the Aaa-specific
primers (RS-ITS-F1/RS-ITS-R1) (Table S1). Based on the nucleotide
sequence of this amplicon, the strains originating from two
geographical regions (Guangxi vs. Guangdong) or with different
morphological types (white-cream vs. yellow) were 98.4-100%
identical (Figure S2). These strains had also 98.2-99.5%, 97.7-98.8%,
and 96.2-97.3% sequence identity with Aaa strain ATCC 19860 Aac
strain W6, and Aaca strain 30134, respectively. The specific PCR
amplification and sequence data suggested that the 17 bacterial strains
from sugarcane in China belong to the subspecies Aaa.
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3.3 RFLP analysis of Aaa strains based
on the 16S-23S rDNA ITS region

The 17 Aaa strains from sugarcane in China were divided into three
groups based on their in silico restriction patterns (I, II, and IIIb) of the
16S-23S rDNA ITS region (454 bp) cut with enzymes HindIII and EcoRI
(Table 1). Pattern RFLP I consisted of two bands (330 and 124 bp)
whereas pattern II had three bands (330, 68, and 56 bp). Two bands, one
of 386 bp and the other of 68 bp, formed pattern RFLP IIIb. The RFLP
pattern I group included seven Aaa strains from the Guangxi province
(four with white-cream colonies and three with yellow colonies). RFLP
pattern II group contained nine strains from the provinces of Guangxi
and Guangdong (four with white-cream colonies and five with yellow
colonies). Only strain CNGDO1 with white-cream colonies from the
province of Guangdong showed RFLP pattern IIIb (Table 1).

R 3.4 Sequence identity analysis
Colony and cell morphology of two strains of Acidovorax avenae of five housekeeping genes

subsp. avenae isolated from sugarcane in China. (A) Colonies of strain

CNGXO08 (white-cream; upper half plate) and strain CNGDOS5 (yellow;

lower half plate) growing on a nutrient agar (NA) medium plate. To further inVestigate the genetic Varlablhty among the 17 strains
(B, C) Close up view of the colonies of strains CNGX08 and CNGDO5, of Aaa from sugarcane in China) pairwise sequence Comparisons were
respectively. (D, E) Cell morphology of strains CNGX08 and CNGDO05
observed by transmission electron microscopy (x10,000), respectively.
The scale bar corresponds to 2.0 um. pilT, lepA, trpB, and gltA) and with the concatenated sequence (2,246

carried out with the single sequence of five housekeeping genes (ugpB,

nucleotides) of these five genes. When the housekeeping genes were

TABLE 1 In silico analysis of RFLP patterns of 17 strains of Acidovorax avenae subsp. avenae from sugarcane in China based on the internal transcribed
spacer (ITS) region of 16S-23S rDNA.

Strain name  Colony color = Size of sequence (bp) = Restriction fragments (bp) obtained after digestion Restriction pattern ®
with
Hindlll EcoRl Hindlll + EcoRl

CNGX01 white 454 330, 124 454 330, 124 1
CNGX02 yellow 454 330, 124 454 330, 124 1
CNGX03 yellow 454 330, 124 386, 68 330, 68, 56 i
CNGX04 white 454 330, 124 386, 68 330, 68, 56 i
CNGX05 yellow 454 330, 124 454 330, 124 1
CNGX06 white 454 330, 124 454 330, 124 I
CNGX07 yellow 454 330, 124 454 330, 124 1
CNGX08 white 454 330, 124 454 330, 124 1
CNGX09 yellow 454 330, 124 454 330, 124 1
CNGX10 white 454 330, 124 386, 68 330, 68, 56 i
CNGX11 yellow 454 330, 124 386, 68 330, 68, 56 i
CNGDO1 white 454 454 386, 68 386, 68 b
CNGDO02 white 454 330, 124 386, 68 330, 68, 56 i
CNGDO03 white 454 330, 124 386, 68 330, 68, 56 i
CNGDO04 yellow 454 330, 124 386, 68 330, 68, 56 i
CNGDO5 yellow 454 330, 124 386, 68 330, 68, 56 I
CNGD06 white 454 330, 124 386, 68 330, 68, 56 1

“Classification of restriction patterns as described by Li et al. (2018).
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analyzed separately, the lowest sequence identities were found for
gene lepA (95.0-100%), followed by ugpB (95.7-100%) and gltA (96.8-
100%). Highest sequence identities were observed for genes trpB
(99.5-100%) and pilT (97.9-100%) (Table S3). The 17 strains of Aaa
had 97.8-100% sequence identity among each other and 96.7-97.5%
with seven strains of Aaa from Argentina when comparisons were
based on the concatenated sequence of all five genes. This latter
identity was 97.0-97.7%, 94.6-95.4%, and 95.7-96.3% with strain
ATCC 19860 of Aaa, strain AacW6 of Aac, and strain 30134 of
Aaca, respectively (Table S3).

3.5 Genotyping of Aaa strains by MLST

To further investigate the evolutionary clustering of Aaa, the 17
strains of this subspecies obtained in this study from sugarcane in
China were compared to 25 additional strains of Aaa (from bentgrass,
maize, millet, rice, sorghum, sugarcane, and Vasey grass), 10 strains of
Aac (from melon and watermelon), and one strain of Aaca (from
orchid) retrieved from the NCBI library (Table S1). MLST conducted
with the concatenated sequence of five housekeeping genes (section
3.4) revealed that all A. avenae strains were divided at subspecies level

10.3389/fpls.2023.1127928

into three major evolutionary clades (Figure 2). The 10 strains of Aac
(from China, Israel, and the USA) and strain 30134 of Aaca (from the
USA) were distributed in two separate evolutionary clades. The 42
strains of Aaa forming the third clade were further distributed into
three subclades. The 17 strains of Aaa from sugarcane obtained in this
study and Aaa strain 30179 from sorghum in Brazil formed subclade
Aaa-I, while seven strains from sugarcane in Argentina and 11
additional strains from bentgrass, maize, rice, and Vasey grass from
Japan and the USA grouped in subclade Aaa-II. Six strains of Aaa
from Creeping bentgrass originating from the USA formed subclade
Aaa-III (Figure 2). In subclade Aaa-I, the 17 strains of Aaa from
sugarcane obtained in this study were distributed in three different
phylogenetic subgroups.

3.6 Pathogenicity of two strains
of Aaa in sugarcane plants

Red stripe symptoms developed in sugarcane varieties LC07-150
and ZZ8 after single and mixed inoculation with strains CNGX08 and
CNGDO5 of Aaa from China. At 3 dpi, water-green stripes appeared
in the middle of the leaf blade and these lesions rapidly turned into
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FIGURE 2

Neighbor-joining phylogenetic tree constructed with the concatenated sequence (2,246 nucleotides) of five housekeeping genes from 42 strains of
Acidovorax avenae subsp. avenae (17 obtained in this study and 25 retrieved from the NCBI library), 10 strains of A. avenae subsp. citrulli and one strain of
A. avenae subsp. cattleyae retrieved from the NCBI library. Strain 30063 of A. facilis was used as an outgroup. The characteristics of all strains are given in
Table S1. Bootstrap values were determined for 1,000 replications and only bootstrap values >60% are shown at nodes.
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TABLE 2 Analysis of variance of area under disease progress curve (AUDPC*) of two sugarcane varieties inoculated with two strains of Acidovorax avenae

subsp. avenae (Aaa).

Treatment AUDPC**

Sugarcane variety LC07-150 inoculated with Aaa strain CNGX08 9.726 a
Sugarcane variety LC07-150 inoculated with Aaa strain CNGDO05 7.000 ¢
Sugarcane variety LC07-150 inoculated with Aaa strains CNGX08 + CNGDO05 8301 b
Sugarcane variety ZZ8 inoculated with Aaa strain CNGX08 7.450 b
Sugarcane variety ZZ8 inoculated with Aaa strain CNGDO05 8.725a
Sugarcane variety ZZ8 inoculated with Aaa strains CNGX08 + CNGD05 7.425b

(*AUDPC) values were calculated with disease incidence (percent diseased plants) determined for two separate experiments at 3, 6, 9, 12, and 15 days post inoculation.

(*AUDPC) followed by the same letter are not different at P = 0.05 according to Duncan’s test.

red-brown stripes. The sugarcane plants of varieties LC07-150 and
778 inoculated with sterile water remained symptomless
(Figures 3A, B). The disease incidence of all inoculation treatments
with Aaa was greater than 20 and 65% at 3 and 12 dpi, respectively
(Figure 3C). At 15 dpi, lowest incidence (73.3%) was observed for
variety LC07-150 inoculated with strain CNGDO05 and highest
incidence (88.3%) was found for the same variety inoculated with
strain CNGXO08. After isolation from symptomatic plants, the strains
of Aaa shared 100% sequence identities of ITS of 16S-23S rDNA and
same colony color with inoculated strain.

0.0007) but a not
significant sugarcane variety effect (P = 0.0680) was found based on

A significant bacterial strain effect (P =

AUDPC analysis of all inoculation treatments of combined
experiments. The variety x strain interaction effect was also not
0.0591). Strain CNGXO08 of Aaa was more
pathogenic than strain CNGDO5 in sugarcane variety LC07-150,
while strain CNGDO05 was more pathogenic than strain CNGXO08 in

significant (P =

sugarcane variety ZZ8 (Table 2). Strain CNGX08 was also more
pathogenic in LC07-150 when inoculated alone than in mixed
inoculation with strain CNGDO5. The same result was observed for
strain CNGDO5 in variety ZZ8.

3.7 Changes of SA content in
sugarcane after infection by Aaa

To investigate whether the SA signal transduction pathway was
involved in sugarcane affected by red stripe, the SA content and the
expression of the SA-mediated resistance gene (PR-I) were
determined in sugarcane varieties LC07-150 and ZZ8 after single or
mixed inoculation with strains CNGX08 and CNGDO05 of Aaa.
Similar changes in SA content were observed in the two sugarcane
varieties 0-72 hpi, regardless of the bacterial inoculum (Figure 4).
When compared to the control plants inoculated with water, the SA

FIGURE 3

A LC07-150 778
CNGXGS CNGXO08
CK CNGX08 CNGDO5 CK CNGX08 CNGDO5 + CNGDOS
LC07-150 778
CNGX08 CNGX08
CNGX08 CNGD05 LONGDos  CNGXo8 CNGD05 +ONGDOS

Symptoms and disease incidence of red stripe in two sugarcane varieties (LC07-150 and ZZ8) inoculated with strains CNGX08 and CNGDO5 of
Acidovorax avenae subsp. avenae. (A) Red stripe symptoms observed 15 days post inoculation (dpi) in variety LCO7-150, CK = water control. (B) Red
stripe symptoms observed 15 dpi in variety ZZ8, CK = water control. (C) Heatmap of disease incidence of inoculated plants from 3-15 dpi.
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FIGURE 4

Salicylic acid (SA) content in two sugarcane varieties (LC07-150 and
778) inoculated with strains CNGX08 and CNGDO5 of Acidovorax
avenae subsp. avenae (Aaa). Inoculated leaf samples were collected 0,
12, 24, 48, and 72 hours post inoculation (hpi). Each vertical bar
represents the mean + standard deviation of three biological and three
technical replicates per subsample. At each time point, means with the
same letter are not significantly different at P = 0.05 according to
Duncan’s test.

content increased in varieties LC07-150 and ZZ8 after all Aaa
treatments. Highest SA increases (40-65%) were observed in these
varieties at 24-48 hpi. Significant differences between Aaa treatments
were observed at some time points but they were not always
consistent throughout the 12-72 hpi. Nevertheless, SA content was
greater in varieties LC07-150 and ZZ8 inoculated with strain
CNGXO08 of Aaa than with strain CNGDO05 at 12, 24, and 72
hpi (Figure 4).

3.8 Expression of gene PR-1
in sugarcane infected by Aaa

Expression of gene PR-1 involved in the SA signal transduction
pathway was significantly upregulated in varieties LC07-150 and ZZ8
inoculated with the two strains of Aaa (CNGX08 and CNGDO05), as
compared to control plants inoculated with water only (Figure 5).
Significant increases of PR-1 expression were observed for single and
mixed inocula as soon as 12 hpi, but greatest expression was found at
72 hpi. At his time point, PR-1 transcript levels had increased 16-23
times in variety LC07-150 after single or mixed inoculation with
strains CNGX08 and CNGDO05 of Aaa. A 21-30-time increase was
observed for the same strains in variety ZZ8. In each infected
sugarcane variety, relative expression of gene PR-I differed among
strains at one time point or another but no consistent pattern was
observed, except at 24 and 48 hpi. At these two time points, relative
expression of gene PR-1 was higher in plants of the two varieties
inoculated simultaneously with strains CNGX08 and CNGDO05 than
in plants inoculated with the single strains of the pathogen.
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4 Discussion

Variation in color of Aaa colonies has been reported, especially
when this bacterial subspecies was grown on different agar media. For
example, colonies of Aaa from sugarcane were off-white on potato
dextrose agar (PDA) (Zia-ul-Hussnain et al., 2011), yellow or beige on
yeast extract-dextrose-calcium carbonate (YDC) (Zia-ul-Hussnain
et al., 2011; Fontana et al., 2013; Bertani et al,, 2021), yellow-cream
on yeast peptone glucose agar (YPGA) (Girard et al., 2014), white-
cream on NA medium (Fontana et al., 2013; Li et al., 2018; Bertani
et al,, 2021), and grayish-white on Wilbrinks agar medium
(Hernandez-Juarez et al, 2021). However, only 35-50% of white-
cream colonies isolated from sugarcane in Argentina on NA medium
were positive by PCR with Aaa-specific primers Oafl/Oarl (Fontana
et al, 2013; Bertani et al., 2021). PCR-negative colonies and other
yellow-colored colonies grown on NA or YDC media belonged to
other bacterial species of the Erwinia and Pantoea genera.

Colonies of A. avenae are usually white-cream and do not
produce pigments on NA medium at optimal growth temperature
of 30-35°C (Willems and Gillis, 2015). In our study based on
microbiological, molecular, and pathogenicity assays, two types of
colored colonies (yellow and white) growing on NA medium were
identified as the causal agents of sugarcane red stripe in China. A bias
of color caused by the medium composition was excluded because
both colored colonies were observed on the same plates and under the
same environmental conditions. Furthermore, only one color type of
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FIGURE 5

Relative expression of pathogenesis-related protein 1 (PR-1) gene in
two sugarcane varieties (LCO7-150 and ZZ8) inoculated with strains
CNGX08 and CNGDO5 of Acidovorax avenae subsp. avenae (Aaa).
Inoculated leaf samples were collected 0, 12, 24, 48, and 72 hours
post inoculation (hpi). Each vertical bar represents the mean +
standard deviation of three biological and three technical replicates
per subsample. At each time point, means with the same letter are not
significantly different at P = 0.05 according to Duncan'’s test.
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colony was reisolated from plants inoculated with pure cultures of two
strains, namely white-cream colored strain CNGX08 and yellow-
colored CNGDO05. No difference in cell morphology (shape of
bacteria) was found between these two strains that differed from
each other based on growth rate on NA medium (CNGXO08 grew
slower than CNGDO05), RFLP profile (I for CNGX08 and II for
CNGDO5), and phylogenetic subgrouping in the Aaa-I clade. The
genetic mechanism for color variation in Aaa remains to be
investigated. Occurrence of two colored types of Aaa in some
infected plants also revealed that red stripe can be caused by a mix
of strains. Mixed plant infections with diverse strains of a
microorganism (including pathogens) are common in crops,
especially in sugarcane that is propagated vegetatively by stalk
cuttings (He et al., 2022).

Genetic diversity of Aaa strains in sugarcane-growing countries
was previously unraveled by various molecular typing methods such
as RAPD (Fontana et al.,, 2013), PCR-based RFLP (Li et al., 2018),
MLST (Fontana et al., 2019), rep-PCR and AFLP (Bertani et al., 2021).
Among these methods, MLST is very powerful to analyze the
taxonomic structure, evolutionary processes, and population
speciation of bacteria, including Aaa (Rong and Huang, 2014;
Fontana et al,, 2019). In our study, the MLST analysis revealed that
all Aaa strains hosted by various plant species worldwide formed a
distinct and separate clade from strains of Aac (hosted by watermelon
and melon) and Aaca (hosted by orchid) at the subspecies level.
Additionally, the strains of Aaa isolated from sugarcane in Argentina
and China were distributed in two different evolutionary subclades.
The subclade of sugarcane strains from Argentina also contained
strains from other Poaceae such as bentgrass, maize, rice, sorghum,
and Vasey grass, whereas the subclade of sugarcane strains from
China only included one strain from sorghum in Brazil. Similarly,
several strains of Aaa from bentgrass in the USA were closer to strains
of Aaa from maize or rice rather than to other strains collected from
bentgrass in the same country (Zeng et al, 2017). These data
suggested that A. avenae strains exhibit clonal behavior,
geographical and host specificity to a certain extent, as previously
reported (Yan et al., 2017; Fontana et al., 2019; Bertani et al., 2021).
Among seven housekeeping genes used for a MLST study in
Argentina, gene lepA exhibited greatest variability for strains of Aaa
from sugarcane (Fontana et al., 2019).

Besides the 16S rDNA, the ITS region of 165-23S rDNA is also
very useful for bacterial and fungal species or strain classification
because PCR amplification and sequencing of this region provides
specific and accurate data using universal primers (Ji et al., 2017; Li
et al, 2018). Consequently, this method has also been widely applied
to identify and differentiate A. avenae at species, subspecies, and
strain levels (Schaad et al., 2008; Song et al., 2003; Li et al., 2018). For
example, Song et al. (2003) developed the species-specific primers
Oafl/Oarl for rapid identification of A. avenae strains from all hosts,
whereas the citrulli-specific primers Aacf2/Aacr2 are for specific
identification of subsp. citrulli. Schaad et al. (2008) reported that
sequence identities of the ITS of the 165-23S rDNA were high (97.3-
99.0%) among strains of A. avenae from various hosts, whereas the
other three plant pathogenic species (A. konjaci, A. anthurii, and A.
valerianellae) shared lower identities (81.8-87.8%) with A. avenae
strains. Li et al. (2018) demonstrated that these nucleotide sequences
had also different sizes (from 436 to 454 bp) and that their identities
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diverged from 89.2 to 100% among Aaa strains infecting sugarcane
from China and A. avenae strains infecting other plants worldwide.
Furthermore, seven RFLP profiles based on the ITS region of 16S-23S
rDNA were reported for strains of Aaa from sugarcane in China,
among which profiles I, II, IIIb, and IVa were reported in the
provinces of Guangxi and Guangdong (Li et al., 2018). The most
recent strains collected in our study from the same provinces
belonged to RFLP profiles I, II, and IIIb, thus confirming
previous results.

No relationship was found between the three RFLP profiles of the
17 strains of Aaa obtained herein and the geographical origin, host
variety, and colony color. Similarly, no correlation was found between
the geographical origin and the sampling year of strains of Aaa from
Argentina using MLST (Fontana et al., 2019). Genetic diversity of Aaa
identified by rep-PCR was not related either with sugarcane genotype,
ratoon cycle, tissue type, field fertilization, or year of sampling
(Bertani et al., 2021). It has been hypothesized that dispersal rates
of Aaa are too high to maintain spatially structured populations
within a limited geographic distance and in a single host (Zeng et al.,
2017; Bertani et al., 2021). Nevertheless, specific genetic populations
of Aaa were identified by MLST in China in this study and previously
in Argentina. To confirm this, further studies need to be conducted
with a more extensive collection of strains of the pathogen from
additional locations affected by sugarcane red stripe.

After inoculation of two sugarcane varieties susceptible to red
stripe, strains CNGX08 (white-cream colonies) and CNGDO5 (yellow
colonies) of Aaa induced development of disease symptoms and
disease incidence was high (=70%) 15 days after inoculation.
Similarly, high disease incidence (53-70%) was reported seven days
post inoculation of variety FN41 with Aaa strain SC-026 from China
(Li et al., 2018). Creeping bentgrass inoculated with strain MSU4 of
Aaa exhibited up to 68% of leaf necrosis two weeks after inoculation
(Giordano et al,, 2012). Variation in pathogenicity among strains of
Aaa is currently poorly known, although different levels of
aggressiveness in a resistant sugarcane variety were found among
isolates of this pathogen in Argentina (Bertani et al., 2021).

Strain CNGX08 of Aaa from China was more pathogenic than
strain CNGDO5 in one sugarcane variety (LC07-150) whereas strain
CNGDO05 was more pathogenic than CNGX08 in the other variety
(ZZ8). This is strong evidence for variation in pathogenicity and
possible occurrence of races within Aaa as the variety x strain
interaction effect was almost significant (P = 0.0591). The genetic
basis for resistance of sugarcane to red stripe is currently unknown.
Besides specific features of the pathogen involved in pathogenicity
variation, the host cytoplasm may also play an important role in the
sugarcane response to a specific strain of Aaa as strains CNGX08 and
CNGDO05 were more pathogenic in the sugarcane variety from which
they were originally isolated. Use of additional inoculation experiments
and different sugarcane varieties might be necessary to prove these
hypotheses. In the host variety in which their incidence was highest,
strains CNGX08 and CNGDO05 of Aaa were also more pathogenic in
single inoculations than in mixed inoculations, suggesting a negative
interaction between the two strains. No significant difference in
pathogenicity was found for Cylindrocarpon destructans when single
and mixed inocula of this root pathogen of oak (Quercus spp.) were
compared (Sanchez et al., 2002). In contrast, the nonpathogenic hrcC
mutant of Xanthomonas campestris pv. vesicatoria 85-10:hrpA22
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multiplied in pepper leaves when it was mixed with the pathogenic wild
type strain, thus indicating a positive effect of this latter strain in mixed
inoculation (Keshavarzi et al., 2004). When tested alone, lineage IV of
Cephalosporium maydis from Egypt was the most virulent of four clonal
lineages toward greenhouse-grown maize. However, this lineage was
the least competitive in susceptible maize clones inoculated with
mixtures of all four lineages of the pathogen (Zeller et al, 2002).
Further investigations are needed to understand the interactions among
strains of Aaa, especially in diseased plants infected by the two
differently colored types of the pathogen.

SA and the SA-mediated signal transduction pathway are major
players in plant immunity by mediating local and systemic immune
responses against pathogen invasion (Seyfferth and Tsuda, 2014; Khan
et al,, 2022). SA levels are usually elevated in plants upon pathogen
infections, thus promoting massive transcriptional reprogramming
including increased expression of gene PR-I (Chu et al, 2020; Chu
et al,, 2022; Khan et al., 2022). SA and Jasmonic (JA) treatments induced
tolerance to Aaa infection in creeping bentgrass (Liu et al., 2018). In our
study, the two strains of Aaa induced significant increases of endogenous
SA content and expression of gene PR-1 in infected sugarcane, especially
at 24-72 hpi. Increased content of SA and transcript expression of PR-1
was observed in sugarcane after inoculation with two strains (XaCN51
and XaCN24) of X. albilineans differing in pathogenicity (Zhao et al,
2022). Moreover, plants infected with the high pathogenic strain of X.
albilineans (XaCN51) maintained a lower content of SA and a lower
expression level of SA-medicated gene PR-1 as compared to plants
infected with the low pathogenic strain of the pathogen (XaCN24). In
contrast to the study on X. albilineans, the content of SA and the
expression level of SA-mediated gene PR-1 in Aaa infected sugarcane
were not associated with disease level caused by the two strains of the
pathogen (CNGXO08 and CNGDO05). One reason could be the high
expression of disease symptoms for the two strains even if their disease
incidences were significantly different. Another reason could be that the
SA signaling pathway plays a minor role in the defense response against
Aaa as compared to other signaling pathways. These hypotheses remain
to be explored. Significant difference in disease incidence and in the SA
plant response between the two strains of Aaa from China (single and
mixed infections) suggested that colony color could be associated with
pathogenicity of the red stripe pathogen of sugarcane. This hypothesis
needs to be investigated by testing a larger number of strains of each color
type and by functional genomics of genes involved in colony color.

5 Conclusion

In this study, we demonstrated that at least two strains of Aaa with
different colony colors (i.e. white-cream and yellow) cause red stripe of
sugarcane in China. Based on MLST and PCR-based RFLP data, plant
species and geographical origin at country level appeared to contribute to
genetic diversity of Aaa populations rather than host varieties in a given
small geographical environment. SA and gene PR-I that are usually
involved in resistance to biotic stresses are also produced/expressed in a
susceptible interaction leading to disease. Additional studies are needed
to elucidate the significance of color variation in Aaa and the impact of
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the genetic diversity of this pathogen in red stripe epidemics of sugarcane
and other crops.
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Yuanlai Lou and Hongchun Wang*

Institute of Plant Protection, Jiangsu Academy of Agricultural Sciences, Nanjing, Jiangsu, China

Digitaria ciliaris var. chrysoblephara is one of the most competitive and
problematic grass weeds in China. Metamifop is an aryloxyphenoxypropionate
(APP) herbicide that inhibits the activity of acetyl-CoA carboxylase (ACCase) of
sensitive weeds. Following the introduction of metamifop to China in 2010, it has
been continuously used in rice paddy fields, thereby substantially increasing
selective pressure for resistant D. ciliaris var. chrysoblephara variants. Here,
populations of D. ciliaris var. chrysoblephara (JYX-8, JTX-98, and JTX-99) were
observed to be highly resistant to metamifop, with resistance index (RI) values of
30.64, 14.38, and 23.19, respectively. Comparison of resistant and sensitive
population ACCase gene sequences revealed that a single nucleotide
substitution from TGG to TGC resulted in an amino acid substitution from
tryptophan to cysteine at position 2,027 in the JYX-8 population. No
corresponding substitution was observed for JTX-98 and JTX-99 populations.
The ACCase cDNA of D. ciliaris var. chrysoblephara was successfully obtained by
PCR and RACE methods, representing the first amplification of full length ACCase
cDNA from Digitaria spp. Investigation of the relative expressions of ACCase gene
revealed the lack of significant differences between sensitive and resistant
populations before and after herbicide treatments. ACCase activities in resistant
populations were less inhibited than in sensitive populations and recovered to the
same or even higher levels compared to untreated plants. Whole-plant bioassays
were also conducted to assess resistance to other ACCase inhibitors, acetolactate
synthase (ALS) inhibitors, auxin mimic herbicide, and protoporphyrinogen oxidase
(PPO) inhibitor. Cross-resistance and some multi-resistance were observed in the
metamifop-resistant populations. This study is the first to focus on the herbicide
resistance of D. ciliaris var. chrysoblephara. These results provide evidence for a
target-site resistance mechanism in metamifop-resistant D. ciliaris var.
chrysoblephara, while providing a better understanding of cross- and multi-
resistance characteristics of resistant populations that will help in the
management of herbicide-resistant D. ciliaris var. chrysoblephara.

KEYWORDS

Digitaria ciliaris var. chrysoblephara, metamifop, weed resistance, target-site resistance,
cross- and multi-resistance
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1 Introduction

Digitaria spp. are annual gramineae weeds that infest turfgrass,
roadsides, wastelands, and crop systems like Zea mays, Glycine max,
and Saccharum officinarum, among others (Basak et al., 2019). They
are globally widely distributed in tropical, subtropical, and temperate
regions, including in the eastern, northern, northwestern, and
northeastern areas of China. Labor shortages and agricultural
mechanization have led to the popularization of dry direct-seeding
rice cultivation due to its high potentials for resource conservation
and economic returns (Matloob et al., 2015; Rao et al,, 2017). Dry
direct-seeding rice cultivation accounts for over 35% of rice
cultivation in China and has become one of the primary methods
of rice cultivation in the Jiangsu Province. Dry-wet changes of soils in
dry direct-seeding rice fields benefit weeds growth. Various weeds are
present in fields that have larger occurrence and longer symbiotic
times, thereby seriously threatening the yields and quality of rice.
Digitaria spp. weeds have consequently become the dominant weeds
in dry direct-seeding rice fields of the Jiangsu Province due to their
adaptation to changes in local cropping systems and ecological
environments (Wang et al., 2019).

Acetyl-CoA carboxylase (ACCase) inhibitors are one of the most
widely used and important classes of herbicides used to control
grass in rice fields. ACCase inhibitors can be divided into three types
based on differences in their active components, including
aryloxyphenoxypropionate (APP), cyclohexenone (CHD), and
phenylpyrazole (PPZ) types (Fang et al., 2020). Plant ACCase catalyzes
the carboxylation of acetyl-CoA to malonyl-CoA, thereby providing
substrates for the synthesis of fatty acids and numerous secondary
metabolites (Adina-Zada et al, 2012). Two forms of ACCase are
typically present in plants, including heteromeric and homomeric forms
(Takano et al., 2020). Poaceae plants possess homomeric ACCase, while
dicotyledonous plants have homomeric form in the cytoplasm and
heteromeric form in the plastids. Consequently, ACCase-inhibiting
herbicides exhibit specific activities against gramineae plants that can
selectively inhibit homomeric plastidic ACCase only found in monocots,
but do not inhibit heteromeric plastic nor homomeric cytosolic forms,
allowing dicots to become tolerant to them (Kukorelli et al., 2013; Takano
et al,, 2020).

Previous studies have shown that the application of ACCase
inhibitors leads to the gradual development of resistance after
continuous use over 6 to 10 years (Huang et al, 2003), suggesting a
relatively high risk of herbicide resistance. Mechanisms of weed resistance
can be divided into target-site resistance (TSR) and non-target-site
resistance (NTSR). TSR to ACCase inhibitors is primarily associated
with changes in amino acids caused by mutations of ACCase gene,
leading to changes in proteins that bind to herbicides, and ultimately
leading to the resistance of weeds to herbicides. Sixteen amino acid
substitutions at seven sites have been identified in the carboxyl-
transferase (CT) domain of plastidic ACCase, including: Ile-1781-Leu,
Tle-1781-Val, Ile-1781-Thr, Trp-1999-Cys, Trp-1999-Leu, Trp-1999-Ser,
Trp-2027-Cys, Trp-2027-Ser, Ile-2041-Asn, Ile-2041-Val, Ile-2041-Thr,
Asp-2078-Gly, Asp-2078-Glu, Cys-2088-Arg, and Gly-2096-Ala, and
Gly-2096-Ser (Collavo et al, 2011; Kaundun et al, 2013a; Kaundun
et al,, 2013b; Papapanagiotou et al,, 2015; Guo et al., 2017; Li et al., 2017;
Wang et al, 2021). The overexpression of ACCase gene was also
identified as a TSR mechanism that effectively increases the amount of
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target protein to mitigate the toxic effects of herbicide on weeds, as has
been primarily shown for glyphosate resistance (Kupper et al, 2017;
Zhang et al,, 2018). However, few studies have evaluated ACCase gene
expression involved in herbicide resistance. Notably, Laforest et al.
observed that the overexpression of ACCase gene led to the resistance
of Digitaria sanguinalis to ACCase inhibitors (Laforest et al., 2017).
NTSR mechanisms are more complicated and include reduced
penetration and translocation, sequestration, and enhanced herbicide
metabolism (Delye et al,, 2011a). These mechanisms can confer complex
cross-resistance to herbicides via different modes of action (Yu and
Powles, 2014). Further, various enzymes are involved in conferring non-
target-site resistance to herbicides, including cytochrome P450
monooxygenases and gluthathione-S-transferases (Brazier et al., 2002).

Metamifop is a type of APP herbicide that has been used
continuously following its introduction to China. The herbicide
features advantages of low toxicity, high efficiency, environmental
safety, and excellent miscibility, among other characteristics. It is a
common agent used to control most annual gramineae weeds and
exhibits good control of Digitaria spp. weeds. Continuous and
extensive use of metamifop has led to increased selection pressures
on weeds, eventually leading to a serious risk of herbicide resistance.
Analogously, Echinochloa spp. and Leptochloa chinensis have
developed resistance to metamifop in China and elsewhere (Won
et al,, 2014). Mutations of ACCase gene corresponding to Ile-1781-
Leu, Trp-1999-Ser, and Trp-2027-Cys are the most common TSR
mechanisms identified in metamifop-resistant Echinochloa spp. in
China. Furthermore, NTSR mechanisms of Echinochloa crus-galli to
metamifop have also been identified (Xia et al., 2016). Moreover, it
has been reported that Leptochloa chinensis developed resistance to
metamifop due to the ACCase gene mutation Trp-2027-Ser (Yuan
et al,, 2021). Few studies have evaluated metamifop resistance in D.
ciliaris. Yu et al. observed that D. ciliaris can be resistant to
sethoxydim and cross-resistant to fenoxaprop and fluazifop (Yu
et al,, 2017). Further, Basak et al. observed that the Ile-1781-Leu
mutation of the ACCase gene led to pinoxaden resistance (Basak et al.,
2019). However, herbicide-resistant D. ciliaris var. chrysoblephara
populations have not yet been observed in China.

In this study, three D. ciliaris var. chrysoblephara populations that
are resistant to metamifop were collected from dry direct seeding rice
fields in Jiangsu Province, China. The aims of the present study were
consequently to: (1) determine the level of resistance to metamifop in
putatively resistant D. ciliaris var. chrysoblephara populations;
(2) identify the mechanisms responsible for metamifop resistance in
D. ciliaris var. chrysoblephara based on ACCase gene sequencing,
gene expression, and enzyme activity; and (3) characterize cross- and
multi-resistance of the resistant populations to various herbicides
with different modes of action.

2 Materials and methods
2.1 Plant materials

Seeds of D. ciliaris var. chrysoblephara suspected of being resistant
to metamifop were collected from dry direct-sown rice fields in

October 2020 (Table 1). Seeds of plants from each field were pooled
to represent a population. JYX-8, JTX-98, and JTX-99 were presumed
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to be resistant populations and JSS-19 was presumed to be a sensitive
population based on single dose assay pre-experiments. D. ciliaris var.
chrysoblephara seeds were germinated on filter paper in Petri dishes
in June 2021 over a 12 h photoperiod with 2,500 xL lighting and
incubation at 30/25°C for several days. Fifteen seedlings were then
transplanted to a plastic pot (9.5 cm diameter and 16 cm height)
containing loam soil and grown in an incubator under the above-
mentioned conditions.

2.2 Dose response to metamifop

Dose response experiments were performed when the seedlings
reached the four-leaf stage. Presumed resistant and sensitive
populations were sprayed using a 3WPSH-500D type bioassay
spray tower (Nanjing Institute of Agricultural Mechanization,
Ministry of Agriculture and Rural Affairs) using a disc diameter of
50 cm, a nozzle diameter of 0.3 mm, a spray pressure of 0.3 MPa, a
droplet diameter of 100 um, and a sprinkler flow of 90 mL-min".
Metamifop doses of 0-, 0.03125-, 0.0625-, 0.125-, 0.25-, 0.5-, 1-, and
2-fold the recommended dose (120 g a.i ha™') were applied to the
sensitive population, while 0-, 0.25-, 0.5-, 1-, 2-, 4-, 8-, and 16-fold the
recommended dose were applied to the resistant populations. Each
pot with 15 seedlings was set up as a replicate. Each treatment
comprised four replicates and the experiment was conducted twice.

The above-ground fresh weights of plants were measured 21 days
after treatment. Data were pooled since no significant differences between
the two repeated experiments were identified based on t-test (p< 0.05) by
ANOVA (SPSS v.16.0). The SigmaPlot 12.0 software was used to
calculate the GRso values (herbicide dose causing 50% growth
reduction) for different populations of D. ciliaris var. chrysoblephara. A
log-logistic model was used to analyze the test data, with the fitting
equation as follows:

y=c+(d-c)/[1+(x/GRs)"]

In the equation, y is the fresh weight percentage of the control, c is
the lower limit, d is the upper limit, b is the slope, and x is the
herbicide dose (Seefeldt et al., 1995). The resistance index (RI) was
obtained based on the GRs, values of the resistant population/GRsg of
the sensitive population.

2.5 ACCase CT domain and cDNA
sequencing

Young leaves from individual plants at the four-leaf stage were
subjected to total DNA extraction using a plant genomic DNA

TABLE 1 D. ciliaris var. chrysoblephara seed collection information.

Collection Site Collection Time

Populations

JSS-19 Sucheng, Sugqian, Jiangsu 2020.9
JYX-8 ‘ Xiangshui, Yancheng, Jiangsu 2020.9
JTX-98 ‘ Xinghua, Taizhou, Jiangsu 2020.9
JTX-99 ‘ Xinghua, Taizhou, Jiangsu 2020.9
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extraction kit (Tiangen, China), according to the manufacturer’s
instructions. The conserved CT domain of ACCase gene was then
amplified using two pairs of the previously designed universal primers
ACcpl/ACcplR and ACcp4/ACcp2R (Delye et al, 2011b). PCR
reaction volumes were 50 pL and included 2 pL of DNA, 2 uL of
forward and reverse primers (10 uM), 25 uL of 2xPCR long Taq Mix
(Vazyme, China), and ddH,O up to 50 pL. Reactions included a pre-
denaturation step of 5 min at 95°C, followed by 30 cycles at 94°C for
30 s, 58°C for 30 s, and 72°C for 30 s. The PCR products were subject
to electrophoresis in a 0.75% agarose gel in 1xTAE buffer, and PCR
fragments were cloned into the PMD-18T vector (Takara, China) for
sequencing. Amplicons from individual plants in each population
were sequenced and at least 10 clones from each plant were subjected
to sequencing to construct ACCase consensus sequences. Each
segment was sequenced in the forward and reverse directions at
Invitgen Biotechnology, Ltd. (Shanghai, China) to reduce sequencing
errors. The BioEdit sequence alignment editor software was used to
align and compare sequence data.

Total RNA was extracted using the RNApre Pure Plant Kit,
followed by first strand cDNA generation with the FastQuant RT
Kit (Tiangen, China). ACCase cDNA gene sequences of gramineae
plants with high homology to D. ciliaris var. chrysoblephara were
downloaded from NCBI, including those from Beckmannia
syzigachne (GenBank accession number: KF501575), Alopecurus
myosuroides (GenBank accession number: AJ310767) and Lolium
rigidum (GenBank accession number: AY995232). The sequences
were compared with the DNAMAN software. Eight pairs of primers
were designed based on homologous sequence comparison of
conserved regions (Table 2). In addition, 5 ¢cDNA terminal rapid
amplification (RACE) gene specific primers (Table 2) were designed,
and the ACCase cDNA ends were amplified using the HiScript-TS 5’/
3’ RACE Kit (Vazyme, China). PCR fragments amplified from
resistant populations were cloned into the PMD-18T vector
(Takara, China) and amplicons from ten plants of each population
were sequenced. For each biological replicate, at least ten clones were
sequenced and used to construct ACCase consensus sequences. The
BioEdit sequence alignment editor and DNAMAN software were
then used to analyze and compare the sequence data.

2.4 ACCase gene expression assay

After growing to the four-leaf stage, plant seedlings from four D.
ciliaris var. chrysoblephara populations were sprayed with the
recommended dose of metamifop (120 g aiha™'). Seedlings from
each population were collected at 0, 12, and 24 h after treatment.
Tissues were subjected to RNA extraction and cDNA synthesis, as
described above. Primers were designed with the Primer premier 5.0
software package (AC-F: CTGTTGTGGGCAAGGAGGATG; AC-R:
TACCAAGCCGAGCAAGATAAG) to amplify 153 bp fragments of
target ACCase gene. Actin was used as the internal reference gene and
amplified using primers designed using the large crabgrass actin gene
(GenBank: KY967696) (Actin-F1: CGGAGAATAGCATGA
GGAAGTG; Actin-R1: AGTGGTCGAACAACTGGTATTG). Real-
time PCR was conducted with an ABI QuantStudioTM 7 Flex Real-
Time PCR System (Thermofisher, USA) using a 2XTSINGKE Master
qPCR Mix (SYBR Green I) kit (Tsingke, China). Thermal cycling
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TABLE 2 PCR primers used to amplify ACCase cDNA of D. ciliaris var. chrysoblephara.

Primer Sequence (5’ to 3) Annealing temperature (°C) Gene location
5GSP TCTCCTCAGGTATCGAGTCC
For nested PCR For nested PCR

5GNP AGGCCATCCAAGAATCAAAG
A.C-F2 TTCAGCTCTCATTGCTCAAG

59.3 777-1,971
A.C-R2 TAGAGCTCCTCCAACCACTG
A.C-F3 ATTCAAATTCGTGGAGAAAT

55.8 1,801-3,153
A.C-R3 AGCTTTGTTCCTCACACCCT
A.C-F4 TTTTCAGTGATGGCATTCAG

57.6 3,038-4,052
A.C-R4 CGTGATGGAGTATACTTCAT
A.C-F5 AGATCAGATTCTCCGGCATG

56.4 3,951-5,031
A.C-R5 TGGGCCAAATGATCCAGCTC
A.C-F6 TTACTAGTCACACCTGTACAG

57.6 4,544-5,683
A.C-R6 TAGGAAGAGGTCCACCAATG
A.C-F7 GACTGTTTCAGATGACCTTG

55.9 5,598-6,631
A.C-R7 AAGGATATCTGAAGATGTTC
A.C-F8 TGTTATGCTGAGAGGACTG

56.0 6,259-6,966
A.C-R8 CAGCCGCCTTGTATCCATCT

conditions were used according to the manufacturer’s instructions.
Three biological replicates and four technical replicates were used for
each sample. The relative expression of ACCase gene were calculated

2—AACT

using the method, while expression from the untreated

sensitive population was used as the negative control.

2.5 ACCase activity assay

After growing to the four-leaf stage, seedlings of four D. ciliaris var.
chrysoblephara populations were sprayed with the recommended dose of
metamifop (120 g a.iha™'). Seedlings were collected from each
population at 0, 2, 12, 24, 48, and 72 h after treatment, respectively.
ACCase catalyzes the transformation of Acetyl-CoA, NaHCO;, and ATP
to generate Malonyl-CoA, ADP, and inorganic phosphorus. The
interaction of molybdenum blue and phosphate can generate products
with characteristic absorption peaks at 660 nm. Thus, ACCase activity
was determined based on inorganic phosphorus levels using the
ammonium molybdate method. Specifically, ACCase activity was
quantified using an ACCase activity assay kit (Biobox, China) and a
microplate spectrophotometer (Agilent BioTek Epoch2, USA). Crude
enzyme was prepared by adding 1 mL of extracting solution to 0.1 g of
leaf tissue. The enzymatic reactions and phosphate quantification were
then conducted based on the manufacturer’s instructions. Absorbance
values at 660 nm were determined for experimental reactions, in addition
to those for negative controls, blank controls, and to establish a standard
curve. Three biological replicates and three technical replicates were used
for each sample.

The unit of ACCase activity was calculated based on sample mass,
as defined by the amount of 1 wmol of inorganic phosphorus
generated for 1 g tissue over 1 h. Specifically, ACCase activity was
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calculated with the following equation:

ACCase activity(U /g mass)

= x*VtOtal/[(Vsample*W)/Vtotalsumple)]/T
=20x/W

In the formula, V,, is the total volume of the enzymatic reaction (0.1
mL), Viampie is the volume of added sample (0.01 mL), Viorar sampie i
the volume of extracting solution (1 mL), T is the time of enzymatic
reaction (0.5 h), and W is the fresh weight of sample (0.1 g).

2.6 Cross- and multi-resistance to
other herbicides

Dose-response experiments were performed to determine whether
the D. ciliaris var. chrysoblephara populations exhibited cross- or multi-
resistance to other herbicides. Experiments were described as in section
2.2, and the other evaluated herbicides are listed in Table 3.

3 Results
3.1 Dose response to metamifop exposure

Dose response experiments revealed that the JYX-8, JTX-98, and
JTX-99 populations were resistant to metamifop (Figure 1; Table 4).
Specifically, the GRs, values of these populations were much higher
than the recommended dosage of metamifop (120 g a.iha™).
Moreover, their RI values were 30.64, 14.38, and 23.19, respectively.
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TABLE 3 Information for herbicides evaluated in this study.

Herbicide Mode of Action

Company

10.3389/fpls.2023.1133798

Doses evaluated (g a.i ha™")

Fenoxaprop-P-ethyl ACCase Inhibitor

Cyhalofop-butyl ACCase Inhibitor
Penoxsulam ALS Inhibitor
Bispyribac-sodium ALS Inhibitor

Pyraclonil PPO Inhibitor

Quinclorac Synthetic Auxin

ACCase, acetyl-CoA carboxylase; ALS, acetolactate synthase; PPO, protoporphyrinogen oxidase.

3.2 ACCase gene sequencing

The ACCase CT domain gene fragment amplified by the ACcpl/
ACcplR primers was 551 bp in length and contained a previously
reported variable Ile/Leu codon at site 1,781. The gene fragment
amplified by the primers ACcp4/ACcp2R was 406 bp in length and
contained four previously known variable codons (Trp/Cys, Ile/Asn,
Asp/Gly, and Gly/Ala) located at sites 2,027, 2,041, 2,078, and 2,096,
respectively. After sequence alignment of gene fragments from the
resistant and sensitive populations (Table 5), a single nucleotide

120

Jiangsu Agrochem Laboratory Co., Ltd.
Jiangsu Fengshan Group Co., Ltd.
Jiangsu Institute of Ecomones Co., Ltd.
Jiangsu Institute of Ecomones Co., Ltd.
Hubei Xianghe Machinery Manufacturing Co., Ltd.

Jiangsu Institute of Ecomones Co., Ltd.

Sensitive population Resistant population

8, 16, 32, 64, 128 32, 64, 128, 256, 512
11.25, 22.5, 45, 90, 180 45, 90, 180, 360, 720
2.8, 5.6, 11.25, 22.5, 45 2.8, 5.6, 11.25, 22.5, 45
7.5, 15, 30, 60, 120 7.5, 15, 30, 60, 120
7.5, 15, 30, 60, 120 7.5, 15, 30, 60, 120

47, 94, 188, 376, 752 47, 94, 188, 376, 752

substitution was observed from TGG to TGC that resulted in an
amino acid substitution at position 2,027 from tryptophan in the
susceptible population to cysteine in the resistant population JYX-8.
No corresponding substitutions were observed for JTX-98 and JTX-
99 ACCase gene.

Using the extracted total RNA as template, eight primer pairs
were designed using homologous sequence comparison to amplify
ACCase cDNA sequences via PCR and RACE. The sizes of the target
fragments amplified by the eight primer pairs were 1,265 bp, 1,304 bp,
1,448 bp, 1,136 bp, 1,144 bp, 1,232 bp, 1,130 bp, and 1,124 bp

100 -

60 -

Fresh weight (% of control)
O

JSS-19
JYX-8

JTX-98
JTX-99

>4 OO

1 10

\®)
S

metamifop (g a.i. ha‘l)

FIGURE 1

100 1000 10000

Dose response curves for four populations of D. ciliaris var. chrysoblephara to metamifop generated from dose response experiments. A log-logistic
model was used to analyze the test data (the fresh weight percentage of the control). The GRsg values of resistant populations (JYX-8, JTX-98, and JTX-
99) were significantly higher than in the sensitive population JSS-19. Vertical bars indicate standard errors.
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TABLE 4 GRs and Rl values for four populations of D. ciliaris var.
chrysoblephara exposed to metamifop in this study.

Population | GRso+SE (g ai ha™')  Susceptibility

J$S-19 21.45 + 0.79 S -
JYX-8 657.22 + 43.86 R 30.64
JTX-98 308.36 + 14.14 R 14.38
JTX-99 497.38 + 43.54 R 23.19

GRs, herbicide dose causing 50% growth reduction; SE, standard error; RI, GRs, value of
resistant population divided by that of susceptible population; S, sensitive population; R, resistant
population.

(Figure 2). The complete ACCase cDNA fragment was 7,277 bp in
length and the ORF length was 6,966 bp. BLASTx analysis of the
complete sequence against the NCBI database (T'able 6) indicated the
presence of amino acid sequence homology of 95.17%, 95.04%, 95%,
and 94.10% between the ACCase encoded by the gramineae weeds
Panicum hallii, Setaria viridis, Setaria italica, and Echinochloa crus-
galli, respectively, suggesting that the amplified sequence was indeed
an ACCase gene.

10.3389/fpls.2023.1133798

3.3 Expression of ACCase gene

The expression levels of ACCase gene in resistant and sensitive
populations were quantified by RT-qPCR. Relative ACCase
gene expression levels for each population are indicated as
fold-level values compared to control assays in the sensitive JSS-19
population in the absence of metamifop (Figure 3). Expression levels
were not significantly different between control and metamifop
treatments, both in the sensitive and resistant populations. Thus,
the resistance of the JYX-8, JTX-98, and JTX-99 populations to
metamifop was not related to ACCase gene expression.

3.4 ACCase activity

The influence of metamifop to ACCase activity within four D.
ciliaris var. chrysoblephara populations was determined using the
ammonium molybdate spectrophotometric method. ACCase
activities were not clearly different between 0 and 2 h, and then
significantly decreased at 12 and 24 h, followed by a final gradual

TABLE 5 The mutation sites of ACCase gene in different D. ciliaris var. chrysoblephara populations.

Population 1le1781 Trp2027
J$S-19 ATA TGG
JYX-8 ATA TGC
JTX-98 ATA TGG
JTX-99 ATA TGG

M
2000 bp

1000 bp
750 bp

500 bp

250 bp
100 bp

FIGURE 2

1le2041 Gly2078 Gly2096
ATT GAT GGC
ATT GAT GGC
ATT GAT GGC
ATT GAT GGC

S5GNP A.C-2 AC3 AC4 AC-5 AC-6 AC-7T AC-8

PCR amplification results for ACCase cDNA sequences. Eight primer pairs were designed based on homologous sequence comparison to amplify
ACCase cDNA sequences via PCR and RACE. The sizes of the target fragments were 1,265, 1,304, 1,448, 1,136, 1,144, 1,232, 1,130, and 1,124 bp. The
abbreviations above the image represent corresponding primers and the numbers on the left-hand side of the image indicate the size of DNA markers.
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TABLE 6 BLAST results for D. ciliaris var. chrysoblephara ACCase proteins against the NCBI database.

Accession ID Accession species Maximum amino acid similarity
XP_025823701 Panicum hallii 95.17%
XP_034603265 Setaria viridis 95.05%
AA062903.1 Setaria italica 95.00%
ADR32358.1 Echinochloa crus-galli 94.10%

recovery at 48 and 72 h (Figure 4). The ACCase activity trends were
similar between sensitive and resistant populations, although
statistically significant differences remained. After treatment for
2 h, their activities were inhibited to 85.85%, 108.43%, 94.69%, and
89.93% of the control levels for the JSS-19, JYX-8, JTX-98, and JTX-
99 populations, respectively. The lowest activities were observed at
24 h, with activities inhibited to 64.39%, 77.35%, 80.54%, and
71.84% levels of the controls, respectively. ACCase activity in the
sensitive population JSS-19 was most inhibited across the above
period. After treatment for 72 h, their activities were recovered to
80.04%, 98.87%, 115.24%, and 97.32% of control levels,
respectively. ACCase activities returned to the same or even
higher levels than in the control for the resistant populations, but
only recovered to 80.04% of that of the control in the sensitive
population. These results suggest that ACCase activities in resistant
populations were less inhibited than in sensitive populations and
recovered to the same or even higher levels compared to
untreated plants.

3.5 Cross- and multi-resistance to
other herbicides

Three metamifop-resistant populations of D. ciliaris var.
chrysoblephara were cross-resistant to other ACCase-inhibiting
herbicides (Table 7). Specifically, the JYX-8, JTX-98, and JTX-99
populations exhibited high resistance to cyhalofop-butyl, with GRs,
values of 233.46, 157.8, and 185.06 g aiha™! and RI values of 21.83,
14.76, and 17.31, respectively. The populations also exhibited
resistance to fenoxaprop-P-ethyl, with GRs, values of 174.47,
139.57, and 151.46 g aiha™! and RI values of 14.36, 11.79, and
12.47, respectively. Thus, the three resistant populations exhibited
similar cross-resistance patterns to ACCase inhibitors.

The multi-resistance characteristics of metamifop-resistant D. ciliaris
var. chrysoblephara plants were also evaluated by whole-plant bioassays.
The GRs values of the four populations to the ALS inhibitor penoxsulam
(101.64-185.43 g a.iha™') were significantly higher than the
recommended field dosage (30 g aiha™'), suggesting the existence of

1.6
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ACCase gene expression in four populations of D. ciliaris var. chrysoblephara after metamifop treatment. Gene expression levels were quantified by RT-
gPCR and were not significantly different between control and metamifop treatments, both in the sensitive and resistant populations. Vertical bars
indicate standard errors. The same lowercase letters indicate the lack of statistically significant differences based on Tukey's tests
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FIGURE 4

ACCase activities in four populations of D. ciliaris var. chrysoblephara after metamifop treatment. ACCase activities were determined using the
ammonium molybdate spectrophotometric method. ACCase activities in resistant populations were less inhibited than in sensitive populations and also
recovered to the same or even higher levels compared to untreated plants. Vertical bars indicate standard errors. Different lowercase letters indicate

statistically significant differences (P < 0.05) based on Tukey's tests.

multi-resistance to penoxsulam. The GRsy values of the resistant
populations to the ALS-inhibiting herbicide bispyribac-sodium, the
auxin mimic herbicide quinclorac, and the PPO-inhibiting herbicide
pyraclonil were significantly lower than their recommended field dosages.
In addition, the RI values were all< 2, suggesting the absence of multi-
resistance to these herbicides.

4 Discussion

Jiangsu is one of the most important rice production areas of China.
Metamifop has been used to control gramineae weeds in Jiangsu paddy
fields for over 10 years. Consequently, metamifop use carries a high risk
for herbicide resistance development. Consistently, we observed that
continuous high-intensity use of metamifop did not mitigate the rapid
spread of D. ciliaris var. chrysoblephara in paddy fields. We hypothesized
that this lack of effect may be due to resistance of D. ciliaris var.
chrysoblephara to metamifop. A high level of resistance to ACCase-
inhibiting herbicides has been previously reported in various weed
species including in wild oat (Avena fatua L.), Japanese foxtail
(Alopecurus japonicus), and Amazon sprangletop [Leptochloa
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panicoides (J. Presl) Hitchc.] (Seefeldt et al., 1996; Xu et al, 2013;
Tehranchian et al,, 2016). D. ciliaris has only been previously observed
to be resistant to ACCase herbicides via collection of plants from sod
production fields in Georgia (Yu et al, 2017; Basak et al,, 2019). In this
study, D. ciliaris var. chrysoblephara populations collected from dry
direct-seeding rice fields in the Jiangsu province were shown to exhibit
high resistance to metamifop. ACCase inhibitors remain the primary
herbicides used to control D. ciliaris var. chrysoblephara. However, the
continued use of the same herbicides will inevitably lead to increased
selection pressure, leading to rapid development of resistant populations
and inestimable harm to rice production efforts.

The change of target enzyme activity caused by mutation or
overexpression of target gene is the direct cause of weed resistance to
herbicide. Herbicide efficacy is determined by the affinity of herbicides to
enzymes. Physicochemical interactions are main factors that determine
the affinity. For ACCase-inhibiting herbicides, their affinity and efficacy
are determined by the interactions between the herbicides and the amino
acids at specific positions of the polypeptide chain on ACCase CT
domain. Thus, a single nucleotide mutation in the ACCase gene can
result in amino acid substitutions imparting resistance to herbicides
(Takano et al., 2020). Several amino acid substitutions of ACCase CT
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TABLE 7 Sensitivity of D. ciliaris var. chrysoblephara to other herbicides.

10.3389/fpls.2023.1133798

- Recommended dose . GR5o+SE S
Herbicide - Population S Susceptibility
(g a.icha™) (g a.icha™)
JSS-19 10.69 + 0.15 S -
JYX-8 233.46 + 5.51 R 21.83
Cyhalofop-butyl 62.1
JTX-98 157.8 + 18.27 R 14.76
JTX-99 18506 £ 7.5 R 17.31
JSS-19 12.15 + 1.27 S -
JYX-8 174.47 + 6.87 R 14.36
Fenoxaprop-P-ethyl 105
JTX-98 139.57 £ 6.33 R 11.79
JTX-99 151.46 + 8.59 R 12.47
JSS-19 101.64 + 4.20 R /
JYX-8 185.43 + 14.95 R /
Penoxsulam 30
JTX-98 118.71 £ 4.56 R /
JTX-99 156.55 + 11.73 R /
JSS-19 12.90 + 1.82 S -
JYX-8 12.87 £ 1.74 S 1
Bispyribac-sodium 45
JTX-98 12.07 £ 0.77 S 0.79
JTX-99 12.33 + 0.87 S 0.85
JSS-19 69.90 + 7.22 S -
JYX-8 112.10 + 18.37 S 1.6
Pyraclonil 210
JTX-98 89.22 + 4.89 S 1.28
JTX-99 80.61 + 7.39 S 1.15
JSS-19 93.67 + 0.44 N -
JYX-8 86.83 + 0.65 S 0.93
Quinclorac 375
JTX-98 93.70 + 0.31 S 1
JTX-99 96.65 + 0.11 S 1.03

GRs, herbicide dose causing 50% growth reduction; SE, standard error; RI, GRs, value of resistant population divided by that of susceptible population; S, sensitive population; R, resistant population.

domain of grassy weeds have been reported to be involved in resistance to
ACCase-inhibiting herbicides, including the Trp-2027-Cys substitution
(Deng et al, 2020). Following the first report of the Trp-2027-Cys
substitution in Alopecurus myosuroides, it has been observed in many
weeds resistant to ACCase-inhibiting herbicides like Avena sterilis,
Lolium rigidum, Beckmannia syzigachne, and A. japonicus (Delye et al,,
2005; Liu et al., 2007; Yu et al., 2007; Xu et al., 2013; Pan et al.,, 2015). In
this study, the Trp-2027-Cys substitution, resulting from a TGG to TGC
nucleotide change, was observed in JYX-8 ACCase. Thus, the interaction
between herbicide and target enzyme was influenced by target site
mutation of ACCase gene and lead to the resistance of JYX-8 to
metamifop. However, similar mutations were not observed for JTX-98
and JTX-99 populations. Overexpression of ACCase gene can confer
resistance in large crabgrass to ACCase-inhibiting herbicides (Laforest
et al, 2017). In this study, ACCase gene expression levels were not
significantly different between control and metamifop treatments, both in
the sensitive and resistant populations. ACCase activities were less
inhibited in the resistant populations than in the sensitive population.
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Thus, ACCase from the resistant populations was much less sensitive to
metamifop than the sensitive population (Xu et al., 2013). ACCase gene
sequencing, gene expression, and enzyme activity investigations
suggested that target-site resistance was the most likely mechanism
conferring resistance in JYX-8, although the existence of NTSR
mechanisms cannot be ruled out. A NTSR mechanism to metamifop,
such as enhanced metabolism, may be present in JTX-98 and JTX-99,
rather than a directed TSR. The unknown resistance mechanisms require
further exploration.

The Trp-2027-Cys substitution can lead to cross-resistance to APP
herbicides (Li et al., 2014), consistent with the results of this study. The
JYX-8 population carrying the Trp-2027-Cys substitution was resistant to
the APP herbicides cyhalofop-butyl and fenoxaprop-P-ethyl, with RI
values of 21.83 and 14.36, respectively. In addition, no target site
mutations were observed for the JTX-98 and JTX-99 populations, but
they also exhibited cross-resistance to the APP herbicides cyhalofop-butyl
and fenoxaprop-P-ethyl (RI values > 11.79) via unknown resistance
mechanisms. The multi-resistance of the JYX-8, JTX-98, and JTX-99
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populations to the ALS inhibitor penoxsulam was observed, but to the
ALS inhibitor bispyribac-sodium, the auxin mimic quinclorac, and the
PPO inhibitor pyraclonil was not observed. Bispyribac-sodium,
quinclorac, and pyraclonil exerted good control on these populations.
Thus, these herbicides with different modes of action could still be used to
control metamifop-resistant D. ciliaris var. chrysoblephara.

Nevertheless, many studies have shown that different resistance
mechanisms (i.e, TSR and/or NTSR mechanisms) may be present in a
single weed population that is resistant to a variety of herbicides (Beckie
et al,, 2012). Multiple target-site resistance to ACCase and ALS inhibitors
has been observed in black-grass (Bailly et al., 2012). Further, glyphosate-
resistant rigid ryegrass exhibited multiple resistance to ACCase- and
ALS- inhibiting herbicides. Specifically, ALS resistance in the population
was due to an insensitive target enzyme, while ACCase resistance was due
to a non-target-site mechanism (Neve et al., 2004). Consequently, control
methods should be carefully evaluated for weed populations with
different resistance mechanisms. No evidence of non-target-site
resistance has been shown for Digitaria spp. weeds. However, the
resistant populations JTX-98 and JTX-99 investigated in this study
likely exhibit NTSR mechanisms, warranting additional attention to
control methods.

In conclusion, three populations of D. ciliaris var. chrysoblephara
collected from dry direct-sown rice fields of the Jiangsu province have
evolved resistance to metamifop, and the target-site mutation Trp-
2027-Cys is responsible for resistance in the JYX-8 population. To our
knowledge, this study represents the first evidence for a molecular
mechanism of D. ciliaris var. chrysoblephara resistance to metamifop.
In addition, cross- and multi-resistance patterns to other herbicides
were also investigated in this study. Non-target-site resistance
mechanisms cannot be presently ruled out for the resistance of D.
ciliaris var. chrysoblephara to metamifop. Consequently, additional
studies are needed to comprehensively understand the mechanism
underlying the resistance traits evaluated here.
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Radish (Raphanus sativus L.) is an economically important vegetable worldwide,
but its sustainable production and breeding are highly threatened by blight
disease caused by Alternaria brassicae. Melatonin is an important growth
regulator that can influence physiological activities in both plants and
microbes and stimulate biotic stress resistance in plants. In this study, 0-1500
UM melatonin was exogenously applied to healthy radish seedlings, in vitro
incubated A. brassicae, and diseased radish seedlings to determine the effects
of melatonin on host, pathogen, and host-pathogen interaction. At sufficient
concentrations (0-500 uM), melatonin enhanced growth and immunity of
healthy radish seedlings by improving the function of organelles and
promoting the biosynthesis of antioxidant enzymes, chitin, organic acid, and
defense proteins. Interestingly, melatonin also improved colony growth,
development, and virulence of A. brassicae. A strong dosage-dependent effect
of melatonin was observed: 50-500 uM promoted host and pathogen vitality and
resistance (500 uM was optimal) and 1500 puM inhibited these processes.
Significantly less blight was observed on diseased seedlings treated with
500 uM melatonin, indicating that melatonin more strongly enhanced the
growth and immunity of radish than it promoted the development and
virulence of A. brassicae at this treatment concentration. These effects of MT
were mediated by transcriptional changes of key genes as identified by RNA-seq,
Dual RNA-seq, and gRT-PCR. The results from this work provide a theoretical
basis for the application of melatonin to protect vegetable crops
against pathogens.
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1 Introduction

Radish (Raphanus sativus L.) is an economically important
vegetable worldwide, but its sustainable production and breeding
are highly threatened by blight disease caused by Alternaria
brassicae (Rashid et al., 2011; Dixit et al., 2020). Approximately
300 species of genus Alternaria can infect nearly 400 plant species
(Lee et al,, 2015; Meena et al., 2017). Control of A. brassicae is very
difficult because of its multiple transmission channels and variation
in the level of disease (Rashid et al., 2011).

Melatonin (N-acetyl-5-methoxytryptamine, MT) was first
identified by Lerner et al. (Lerner et al., 1958) and is a natural
growth regulator with many biological functions including circadian
rhythm regulation (Grima et al., 2016), anti-oxidation (Nazarian and
Ghanati, 2020), plant-yield boosting, and plant stress resistance
inducement (Mandal et al, 2018; Sharma and Zheng, 2019;
Moustafa-Farag et al, 2020; Sadak et al, 2020). Various biological
processes participate in MT-induced plant biotic stress resistance. For
example, MT stimulates salicylic acid (SA) and jasmonic acid (JA)
biosynthesis to activate pathogensis-related protein (PR) synthesis and
enhance Xanthomonasoryzae resistance of Oryza sativa (Chen et al,
2021). MT promotes JA synthesis by activating PbOPR3 transcription
(Liu et al, 2019) and it improves the resistance of pear (Pyrus
bretschneideri Rehd.) to ring rot disease at least partly through the
induction of ethylene (ETH) to activate PR and defense-related genes
(Lee etal., 2015). Effects of MT on plants can include thickened cell wall
and elevated defense to pathogen infection (Qian et al,, 2015; Zhao
et al, 2015). Exogenous MT induces cotton (Gossypium hirsutum)
immunity by increasing lignin and gossypol synthesis to stimulate the
expression of genes in the phenylpropanoid, mevalonate and gossypol
pathways after Verticillium dahlia (Li et al., 2019).

MT is found in animals, plants, and microbes (Arendt, 2005;
Pandi-Perumal et al., 2006; Rodriguez-Naranjo et al., 2012; Tan et al,
2012; Reiter et al,, 2014). Many studies have described the effects of MT
on growth, immunity, and defense improvement of plants (Lee and
Back, 2016; Liu et al, 2019; Sadak et al., 2020), and on growth
inhibition of pathogens (Arnao and Hernandez-Ruiz, 2015; Zhang
et al, 2017). However, some microorganisms synthesize MT, so the
effects of MT on microorganisms may be complex, with both negative
and positive effects (Hardel, 2016; Chen et al., 2018; Ma et al., 2018).
For instance, exogenous MT inhibits mycelial growth, cell
ultrastructure development, and stress tolerance of Phytophthora
infestans (Zhang et al., 2017), while it promotes the growth and
development of Rhizophagus intraradices under stress (Yang et al,
2020). Diseased leaves load pathogens, so spraying of MT on diseased
plants could affect both host and pathogen. However, limited studies
have the investigating ability of MT to mediate plant-
pathogen interactions.

In this work, we investigated the direct effects of MT on growth
and immunity of radish seedlings, on development and virulence of
in vitro incubated A. brassicae, and how MT mediates the radish-A.
brassicae interaction. The results provide insight into the
mechanism of MT activity on radish and A. brassicae and the
physiological and transcriptional effects of MT to alter the defense
of radish to A. brassicae.
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2 Materials and methods
2.1 Materials and chemicals

The A. brassicae susceptable radish variety “Jiangnan Yuanbai”
(“JNYB”) was selected for this study. After sprouting, seedlings were
incubated in a climate chamber at 28°C with 16-hour light of 120-
150 umol quanta m*/s irradiance/8 h dark cycles with humidity at
65%, seedlings with two euphylla were collected at 20 days.
Standard horticultural practices were utilized. A monospore
culture of A. brassicae (Berk.) Sacc was previously isolated from
Alternaria blight-diseased radish leaves and kept on synthetic low
nutrient agar (SNA) medium at 25°C in the dark. A single colony of
A. brassicae was incubated for 7 days to allow mycelial growth, and
another 7 days of incubation with exposure to ultraviolet light was
used to stimulate conidia formation. Unless otherwise stated, all
chemicals used in this study were purchased from Sigma-Aldrich
(Sigma-Aldrich, St Louis, MO, USA).

2.2 Measuring the effects of exogenous MT
on radish “JYNB" growth and immunity

2.2.1 Treatments

“INYB” seedlings of uniform size were evenly sprayed with
2 mL of 50, 100, 500, 1000, and 1500 LM of MT once every 2 days to
determine the effects of MT on growth and immunity. Ethanol
solvent (V: V=0.6%; 0 UM MT) was used as a negative control. The
culture conditions were as described above. The solvent was
previously shown to have no effect on seedlings. Fifteen days
post-treatment, the seedlings were harvested and analyzed.

2.2.2 Growth and immunity assessment

The leaf length and width, shoot height, and stem diameter were
measured for plants subjected to each MT treatment.
Measurements were made using an electronic vernier caliper
(500-196-30, Mitutoyo, Japan) and the number of leaves were
counted manually. A. brassicae conidia were collected and
adjusted to a concentration of 10°/mL by ddH,O. The apex (1 cm
in length) of the second expanded leaves from control and each
treatment were cut and the wounded leaves were immersed into
conidia suspension for 2 min. Seedlings carrying conidia were then
incubated for 14 days. The numbers of symptomatic plants were
determined and the disease incidence and the disease index (DI)
were calculated (Method S1). Three replicates of 20 plants were
used for each treatment.

2.2.3 Microscopy

The second fully expanded healthy leaves were randomly selected
from each treatment for transmission electron microscope (TEM)
examination. The leaf samples were fixed, sectioned according to the
method described by Basma et al. (Basma et al, 2011), and then
examined using a H-7500 TEM (Hitachi, Tokyo, Japan). Five replicates
of control, 500 UM, and 1500 UM MT treatments were collected to
analysis the effects of MT on subcellular structure.
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2.2.4 Physiological index assessment

Chlorophyll content was measured using a portable chlorophyll
meter (HED-YB, Horde, China) according to the manufacturer’s
instructions. Oxidation levels and activities of oxidoreduction-
related enzymes were assessed by spectrophotometry or by
enzyme-linked immunosorbent assay (ELISA) according to kit
instructions (kit listed in Table S1). Phytohormones including JA,
SA, aminocyclopropanecarboxylic acid (ACC, an ETH precursor)
and abscisic acid (ABA) were detected by multi reaction
monitoring (MRM) technology using 100 mg radish leaf samples
from 0, 500 or 1500 uM MT treatment. The detection protocols are
described in Method S2. Each treatment group contained three
replicates of 20 plants, thus 60 plants were measured for each
MT content.

2.2.5 mRNA library construction, sequencing
and analysis

Total RNA was isolated from 100 mg of radish leaf mix from 0,
500, or 1500 UM MT treatment and purified using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
procedure. The concentration of the purified RNA samples was
quantified by NanoDrop (ND-1000, Wilmington, DE, USA) and
the integrity was assessed by Bioanalyzer (2100, Agilent, CA, USA)
and confirmed by electrophoresis on denaturing agarose gel. The
mRNA library construction, sequencing, and analysis were
conducted by LC-Bio Technology Co., Ltd., Hangzhou, China.
Detailed analysis protocols are listed in Method S3. Additional
data analysis was completed on the analytic platform of Technology
Co., Ltd. (https://www.omicstudio.cn/login). The obtained
sequence data were mapped to the published radish genome
(https://www.ncbi.nlm.nih.gov/genome/12929?
genome_assembly_id=249276). The RNA-seq raw data have
been deposited into the National Center for biotechnology
Information’s Sequence Read Archive (NCBI’s SRA,
https://submit.ncbi.nlm.nih.gov/subs/sra/), the file code is
PRJNA 831633.

2.2.6 Real-time qRT-PCR

Total RNA extraction was conducted using the Universal Plant
Total RNA Rapid Extraction Kit (PR3302, Bioteke, Wuxi, China)
according to the manufacturer’s instruction. RNA quality and
integrity were checked by electrophoresis and using a Nano
photometer spectrophotometer (Implen, WestlakeVillage, CA,
USA). The first-strand cDNA was synthesized using reverse
transcriptase (Toyobo, Osaka, Japan) and qRT-PCR was
performed using SYBR Premix Ex Taq (Takara, Dalian, China)
on a CFX1000 instrument (Bio-Rad, Shanghai, China). The amount
of the amplified DNA was monitored by fluorescence at the end of
each cycle and comparison to the levels of target and reference
genes, using the primers listed in Table S2. Each sample was tested
three times in independent runs for all reference and selected genes
based on separate RNA extracts from at least three samples. Gene

expression was evaluated by the 2 AAC method.
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2.3 Measuring the effects of exogenous
MT on A. brassicae growth, development,
and pathogenicity

2.3.1 Treatments

Sterilized filter paper disks (0.5 cm in diameter) carrying 0.5 mL of
10° CFU/mL A. brassicae conidia were prepared, and the disks was
placed onto the center of 20 mL SNA medium (9 mm in diameter)
containing 0, 50, 100, 500, 1000, or 1500 UM of MT. The medium plates
were incubated at 25 + 2°C in the dark for 7 days.

2.3.2 Colony growth and development
assessment

Diameters of single colonies were measured using an electronic
vernier caliper Conidia were harvested from each treatment with 3 mL
of water, and conidia yield was counted with a blood count board.
Development of mycelium and germination of conidia chain were
observed by optical microscope (LeicaDM2000, Wetzlar, Germany).
Three replicates of 5 colonies were measured.

2.3.3 Virulence assessment

A detached leaf assay was conducted to assess virulence. A. brassicae
hyphae discs 0.5 cm in diameter were harvested randomly from each MT
treatment and touched to the up-surface of the second expanded leaves
of MT untreated “INYB” seedlings. The seedlings were then incubated
under 25 + 2°C with 16 h of light for 7 days, and the petioles were
moisturized by wet cotton. Lesion area was then measured. Ten leaves in
3 replications were included in each treatment. A. brassicae conidia
suspensions (10° CFU/mL) were prepared for each MT treatment as
well, and radish leaves were inoculated as described above. Fourteen days
after symptom development, disease incidence, and index were
calculated as described above. Each treatment contained at least 30
seedlings and experiments were repeated 3 times.

2.3.4 Enzyme activity assessment

Activities of Glutathione peroxidase (GSH-PX), catalase (CAT),
glycosyl transferases (GT), and Fungus cell Wall degrading enzymes
(PCWDES) of MT treated A. brassicae were assessed by
spectrophotometry or by ELISA using kits according to the
instructions (listed in Table S1).

2.3.5 RNA-seq and gene expression analyses

RNA was extracted from A. brassicae treated with 0, 500 and 1500
UM MT and purified by Spin Column Fungal Total RNA Purification
Kit (B518659, Sangon Biotech, Shanghai, China) according to the kit
instructions. Steps of mRNA library construction, sequencing, and
analyses were performed according to Method S3. Data were mapped
to the A. alternate genome: https://ftp.ncbinlm.nih.gov/genomes/
refseq/fungi/Alternaria_alternata/latest_assemb-ly_versions. The
transcriptome raw data (PRJNA 830515) have been deposited in
NCBI's SRA. Gene expression analyses were conducted by qRT-
PCR, as described above. Gene information and primer sequences
are presented in Table S2.
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2.4 Measuring the effects of exogenous
MT on the interaction of A. brassicae
and radish

2.4.1 Treatments and measurements of
physiological parameters

A. brassicae was inoculated onto radish seedlings by leaf
immersion as described above. Fourteen days after symptom
development, diseased seedlings were evenly sprayed with 2 mL
of 50, 100, 500, 1000, and 1500 pM of MT once 2 days, with solvent
as control. Fifteen days post treatment, samples were harvested, and
disease incidence and index were calculated as described above. At
least 30 seedlings were tested, and the experiment was repeated
three times. The innate phytohormones were also detected, as
described in Method S2.

2.4.2 Dual RNA-seq and gene express analyses

Samples (100 mg) of the second expanded leaf mix from
diseased radish seedlings treated with 0, 500, or 1500 pM MT
were sampled. Total RNA isolation, mRNA library construction,
sequencing, and analyses were performed as described above. Data
were mapped to the R. sativus and A. alternata genomes. The
transcriptome raw data have been deposited in NCBI's SRA
(PRJNA 830523, PRJNA 830515 and PRJNA 831633). Gene
expression levels were determined by qRT-PCR as described
above. Gene information and primer sequences are listed in
Table S2.

2.5 Statistical analysis

Data presented are expressed as mean + SE. The statistical
analysis was performed using Analysis of Variance (ANOVA) by
SPSS 18.0, and P < 0.05 was considered a significant difference and
indicated with different letters.

3 Results

3.1 Exogenous MT influences radish
growth and immunity to A. brassicae in a
dosage-dependent manner

3.1.1 MT influences seedling growth

Seedlings of A. brassicae susceptable radish cultivar “INYB”
were evenly sprayed with 2 mL of ethanol solvent, 50, 100, 500,
1000, and 1500 uM of MT once 2 days. Fifteen days post-treatment,
growth and morphology were analyzed. A dosage-dependent
response was observed: 500 uM MT spraying produced much
wider leaves, higher shoots, and stouter stem than ones from
other treatments and the control samples. Those parameters were
similar in the groups treated with 50 and 100 uM of MT. The use of
1000 uM MT did not stimulate radish growth, and the leaf length,
stem height and stem diameter were decreased to control level or
even lower than that of the control. More serious inhibition was

Frontiers in Plant Science

61

10.3389/fpls.2023.1126669

observed for the seedlings treated with 1500 uM MT, except for the
No. of leaves, leaf length, stem height, and stem diameter were
significantly lower than that of the control (Figures 1A, S1). The
results indicate a dose-dependence of exogenous MT effects on
radish growth, which increases first and then decreases. A
concentration of 500 UM of MT exhibited the strongest ability to
stimulate radish growth.

3.1.2 MT influences innate immunity

A spore suspension of A. brassicae was inoculated onto MT
pretreated seedlings to test the effect of exogenous MT on radish
immunity. MT positively regulated innate immunity of radish
against A. brassicae at higher concentrations (50-1000 puM).
Alternaria blight symptoms, including chlorosis and black spots
on leaves, were much more severe in the control, the DI equaled to
23, samples sprayed with 1500 uM (DI=21.5) than in other
treatments at 14" day post inoculation. No significant difference
was found among 50 (DI = 14.7), 100 (DI = 12.8), and 1000 uM
(DI = 16.1) MT treated individuals, with strongest immunity
observed when 500 uM of MT was applied (DI = 8.6)
(Figures 1B, C). Thus, the results indicate a dose-dependent

effect on plant innate immunity.

3.1.3 MT influences subcellular structures

To determine the effects of M T on radish subcellular structures,
TEM was conducted on samples of leaves from the top of seedlings
treated with 0, 500 and 1500 uM MT. The cell wall thickness, the
number of starch grain, mitochondria and chloroplast, and the
volume of starch gain of 500 UM MT treated samples were
significantly increased 1.2-2.5 fold. In particular, the volume of
starch grains and the number of chloroplasts were sharply
increased. No significant differences were observed for these
parameters between the control and 1500 UM treatment group
(Figures 1D, S2). The total chlorophyll content was detected in
control and treated samples to confirm the TEM results. The
highest value was found in plants treated with 100 and 500 uM
MT, there were no significant differences between the control and
1500 pM MT treated plants, with both significantly lower than
other treatments (Figure S3). The above results further support a
dose-dependent effect of MT on radish subcellular structures.

3.1.4 MT influences redox reaction

To further investigate the underlying mechanisms of MT
action, redox-related enzymatic activities were measured for the
treated plants. The phenylalanine ammonialyase (PAL) and
superoxide dismutase (SOD) activities were significantly higher
for those in the MT-treated group compared to the control. PAL
activity was highest in 100 uM MT treated samples (103 uM/g),
followed by the 50 and 500 UM treated groups, then the 1000 pM
MT treated samples, and finally the 1500 uM MT treated samples
(Figure 1E). SOD activity increased sharply in the 500 pM MT
treated group (462 uM/g), with no significant difference found
between 100 and 1000 uM MT treated samples, which were
significantly higher than the other two groups; the SOD activity
of the 1500 UM MT sprayed samples was obviously higher than that
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Effect of exogenous MT on growth and immunity of radish “JNYB" seedlings. Radish 20-day-old seedlings were pretreated with solvent (control) and 50-
1500 uM of MT for 14 days. (A) growth and morphology of radish seedlings pretreated with MT; (B, C) Alternaria blight symptoms and disease index after
inoculation of A brassicae on MT-pretreated leaves, bar in B indicates 1 cm; (D) TEM analysis of subcellular structure of leaf cells treated with MT. (E=H)
Activity of redox reaction related enzymes for different treatments; (I) Phytohormone concentrations of samples pretreated with MT. CW, cell wall; Ch,
chloroplast; Gr, grana; M, mitochondria; SG, starch grains; V, vacuole; P, plastoglobuli. At least three repeats of samples were analyzed; values are means
+ standard error (SE); letters indicate significant difference; statistical analysis was performed by one-way ANOVA, p < 0.05.

of the 50 uM treated samples (Figure 1F). The 1000 and 1500 uM
MT treated groups MT group had no significant changes in CAT
activity compared with the control. This enzyme activity increased
rapidly with application of 100 pM MT (1653 uM/g), followed by
50 and 500 pM treatments (Figure 1G). Exogenous application of
1500 uM MT did not affect malondialdehyde (MDA) content, but
for other MT treatments, MDA levels were lower. The MDA level
was lowest in 100 and 500 uM MT treatments (21.8 and 20.2 uM/g,
respectively) (Figure 1H). Generally speaking, 50-500 uM MT
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stimulated reduction reactions, and 500-1500 UM MT shut off
this effect.

3.1.5 MT influences phytohormone content

Fresh radish leaf mixtures were prepared from 0, 500 or
1500 UM MT treatments to determine ABA, JA, ACC, and SA
content using MRM technology. Generally speaking, exogenous
application of 500 pM of MT positively regulated innate immunity-
related hormones, with significantly lower ABA content (14.7 ng/g)
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and higher levels of ACC (18.9 ng/g) and JA (5.1 ng/g), but no
stimulation of SA biosynthesis (77.1 ng/g). ABA first decreased at
500 UM of MT treatment and then increased at 1500 uM
(16.5 ng/g), with no significant difference from that of the control
(18.9 ng/g). ACC was slightly decreased at 1500 UM MT (32.1 ng/g),
but no differences in JA content were observed between 500 and
1500 uM (5.3 ng/g) MT treatments. Application of 1500 puM MT
increased SA biosynthesis sharply (180.0 ng/g), but SA levels in
samples treated with 500 uM MT (109.0 ng/g) were similar to those
in the control plants (110.2 ng/g FW) (Figure 11).

3.1.6 MT influences the global transcription of
healthy radish seedling

To investigate the changes in gene expression in radish leaves
after MT treatment, RNA-seq and qRT-PCR were used. More than
35,900,000 mapped reads were obtained from each replicate of three
treatments (data not shown). The differentially expressed mRNAs
were selected with fold change > 2 or fold change < 0.5 and p value <
0.05. Analysis revealed 1458 genes and 928 genes that were up- and
down-regulated, respectively, after 500 UM MT treatment, and 4850
and 3911 genes that were up- and down-regulated, respectively,
after 1500 uM MT treatment. Comparison of 1500 uM MT
treatment vs. 500 UM, 3798 and 4078 genes were up- and down-
regulated, respectively (Figure 2A). Among thousands of
differentially expressed genes (DEGs), only 470 genes were
differentially expressed in 500 UM MT vs. control, 1500 uM MT
vs. control and 1500 uM MT vs. 500 uM MT (Figure 2B). The most
unigenes, 2118, were detected in 1500 uM MT treatment and only
638 were found in the 500 uM MT group. A total of 1226 (756 +
470) genes were differentially expressed in both the 500 and 1500
UM MT applied samples, however, 5887 (5417 + 470) DEGs were
identified in both 1500 uM MT VS control and 1500 VS 500 uM
MT comparisons (Figure 2B). The above results indicated totally
different gene expression patterns between the 500 and 1500 uM
MT treated groups. To further investigate the gene expression
changes with MT treatment, all DEGs in 0 uM VS 500 uM VS
1500 uM MT treatment contract set were selected and subjected to
Gene ontology (GO) classification and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis, the top 30
classifications and pathways were shown in Figures 2C, D. GO
analysis revealed enrichment of membrane-, chloroplast-,
oxidation-reduction process-, stress response-, biological process-
response and cell wall-related terms. KEGG pathway analysis
revealed enrichment of DEGs in categories of plant hormone
signal transduction, mitogen-activated protein kinase (MAPK)
signaling pathway, sugar metabolism, amino acid metabolism,
carbon fixation, porphyrin and chlorophyll metabolism,
peroxisome, ATP binding cassette (ABC) transporters and so
forth. The top 10 up-regulated and down-regulated GO
classifications and KEGG enrichments of DEGs for each contrast
set are presented in Table S3.

To verify the RNA-seq data, QRT-PCR was used to analyze the
expression patterns of 15 DEGs, involved in plant growth
regulation, redox reaction, cell structure development, and
defense response according to the GO or KEGG annotation and
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previous reports (description, full name of DEGs, and their primer
sequences were listed in Table S2). The results showed that the
expression patterns were generally consistent between qRT-PCR
and RNA-seq data, with the fold changes of most genes greater in
RNA-seq data than in the qRT-PCR data. Among the tested genes,
TTS, TTS-like2, and GLPI exhibited the highest expression in the
control samples, and expression was down-regulated by exogenous
MT. ERF3-like, LOX3, DEF1, USPA-like, BTPI-like, MYB5I1-like
and UMP were expressed at a significantly higher level in 500 uM
MT treated samples compared with the other two groups; the
expression of MYC2, CPCl-like, ERFIB-like and FBAI increased
as the concentration of exogenously applied MT increased, and
COPI1-X1 was most highly expressed in 1500 pM MT treated
samples followed by the control samples (Figure 2E).

3.2 Exogenous MT affects A. brassicae
growth, conidia formation, and virulence in
a dosage-dependent manner

3.2.1 MT affects colony growth and development

Single clones of A. brassicae were incubated on SNA medium
supplemented with 0-1500 LM of exogenous MT to assay mycelium
growth and conidia development. Exogenous MT affected A.
brassicae growth and conidia formation in a dose-dependent
manner. Lower concentrations of exogenous MT (50, 100 and
500 uM) improved A. brassicae aerial hyphae growth
significantly, with the best effect seen for 500 uM MT (6.5 cm in
diameter). Significant growth inhibition compared with the control
was observed for 1500 uM of MT (diameter = 4.3 cm) (Figures 3A,
B). In terms of conidia development, A. brassicae treated with 500-
1500 uM of MT produced conidia in long, dark brown conidial
chains of 5-7 individuals with muriform septation. Treatment with
0-100 UM MT resulted in much shorter chains of 1-4 conidia
(Figure 3A). A concentration of 500 uM of exogenous MT
enhanced the filament development of conidia, with single
conidia generating 1-5 mycelium and the control allowing
germination of only 1-2 mycelium (Figure 3A). The conidia yield
of 500, 1000, and 1500 uM MT treatments (33.4x10°, 33.1x10°, and
31.1x10°> CFU/mL respectively) were significantly higher than for
50 and 100 uM MT applications, 25.4x10° and 28.6x10> CFU/mL,
respectively (Figure 3B). Conidia morphology was unchanged as the
concentration of MT increased.

3.2.2 MT affects virulence

The function of MT on conidia virulence was assessed through a
detached leaf assay. Seven days after incubation, the symptoms,
including wilt, chlorosis, and spots on leaves, were more severe on
samples inoculated with hyphae harvested from 50-1000 UM MT
colonies. Substantially larger infected areas were observed, and no
significant differences were found between control and leaves
infected by 1500 uM MT treated hyphae (Figure 3C). DI
increased with the increase of MT concentration in the range of
50-500 UM, and 500 pM MT treatment resulted in the highest
virulence of conidia (DI = 33.6). A concentration of 1000 uM MT
eliminated the effects of 500 UM MT, and the virulence of conidia
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germinated from 1500 uM MT treated group (DI = 27.3) was
significantly lower than that of the control (DI = 29.4) (Figure 3D).

3.2.3 MT affects enzyme activities
Colonies from 0-1500 uM MT treatment were harvested and
activities of virulence and oxide related enzymes were measured.
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Generally, compared with the control, exogenous MT in the range
of 0-500 UM increased the activities of GT and PCWDES and
decreased the activities of GSH-Px and CAT. An obvious dose-
dependence of MT was seen for enzyme activities. Activities of GT
and PCWDES substantially increased as the MT concentration
increased to 500 uM (563.5 and 812.1 U/L) and abruptly
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one-way ANOVA, p < 0.05.

decreased at MT concentrations of 1000 and 1500 uM, though
remained higher than that of the control (Figure 3D). The activities
of GSH-Px and CAT decreased firstly and then increased as the
concentration of exogenous M T increased, and samples treated with
500 uM MT had the lowest activity (190.9 and 30.4 U/mL).

3.2.4 Transcriptomic analysis of A. brassicae after
MT treatment

To investigate potential changes in gene expression in A. brassicae
after exogenous application of 0, 500, and 1500 UM MT, RNA-seq
analysis and qRT-PCR were conducted. At least 4186158 mapped
reads and 89.02% mapping ratio were obtained from each treatment
(data not shown). Compared with the control (no MT added), 525 and
577 genes were up- or down-regulated, respectively, in the 500 uM MT
treatment group and only 160 and 201 up- and down-regulated genes,
respectively, were seen in the 1500 UM group. In the comparison of
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1500 VS 500 uM MT, 577 and 700 genes were up- and down-regulated
(Figure 4A). The DEGs were identified for each pairwise comparison
and revealed 28 DEGs that were found for all comparisons. A larger
number of unigenes (489) was detected in contrast of 500 VS 1500 uM
MT treatment than in the 500 uM MT group VS control (418), and the
fewest unigenes (103) were identified for the 1500 uM MT treatment. A
total of 621 genes (593 + 28) were differently expressed in 500 uM MT
treatment VS control and 500 uM VS 1500 UM comparisons, while
only 91 same genes (63 + 28) were identified in 500 UM MT treatment
VS control and 1500 uM VS control comparisons (Figure 4B),
indicating very different gene expression patterns between the 500
and 1500 pM MT treated groups, but a relatively similar gene
expression patten between the control and 1500 pM MT treated
group. DEGs were selected from the control VS 500 uM VS 1500
UM MT treatments for GO classification and KEGG pathway analysis,
the top 14 classifications and pathways are shown in Figures 4C, D.
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Analysis and functional categorization of DEGs and verification by gRT-PCR of 0, 500 and 1500 uM MT treated A brassicae. (A) Number of genes up-
and down-regulated in contrast sets of 500 pM MT treated group VS control, 1500 pM MT treated group VS control, and 1500 uM VS 500 uM MT
treated groups; (B) Comparison of the number of DEGs for different comparisons; (C, D) Main function of DEGs annotated by GO classification and
KEGG pathway analysis; (E) Verification of selected DEGs from RNA-seq using gRT-PCR. The relative expression level of a gene in was determined
using a 2" AACE method, and significant difference at P < 0.05 compared to the control is indicated by lowercase letter.

DEGs were enriched in categories of oxidation-reduction, and
oxidoreductase activity, membrane and transmembrane transport,
cytosolic large ribosomal subunit, cellular component, extracellular
region, catalytic activity, ribosome, and metabolic process. KEGG
pathway analysis of DEGs showed enrichment in categories of
glycine, serine and threonine, tyrosine, glyoxylate and dicarboxylate,
glycerolipid, phenylalanine, pyruvate and propanoate metabolism;
glycolysis/gluconegenesis; peroxisome; ribosome; valine, leucine, and
isoleucine degradation; and ABC transporters. The top 10 up-
regulated and down-regulated GO and KEGG categories for all
comparisons are presented in Table S4.
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To verify the sequencing data, qRT-PCR was conducted to
determine the expression patterns of 15 DEGs. The selected genes
are involved in cell proliferation, development, and virulence
according to the GO or KEGG annotation and previous reports
(description, full name of DEGs, and their primer sequences were
listed in Table S2). Generally, the expression patterns were
consistent between RNA-seq data and qRT-PCR, with fold
changes in expression greater in RNA-seq data than in qRT-PCR
data (Figure 4E). Thioredoxin-like protein (TLP) was expressed
most highly the control, decreased with exogenous MT, and
increased again as the concentration elevated to 1500 uM. ADD,
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MUP, FAD, CTP2, MSG, ISP, SFP-like, MMI, CAT-like, GES-like,
CTPI, and KLP were expressed at significantly higher levels in
500 UM MT treated samples compared with the other two groups.
GST and HAG showed highest expression in the 1500 pM MT
treated samples (Figure 4E).

3.3 The effects of exogenous MT on the
interaction of radish and A. brassicae

3.3.1 MT affects radish blight disease
development and phytohormone biosynthesis

Exogenous MT application improved the resistance of “JNYB”
radish seedlings to A. brassicae (Figures 5A, B). After incubation,
diseased leaves without MT treatment turned chlorotic and their leaf
spots coalesced; DI of 35.73. The addition of 50-500 WM MT noticeably
offset the development of disease and alleviated the blotch damage to
varying degrees. DI of MT treatments ranged from 32.24 (50 uM) ~
24.74 (500 uM), and those in the 500 uM MT subgroup showed the
greatest decline in disease. Higher concentration attenuated the
suppression of disease, and no significant differences were found
among 50 UM, 1000 uM (32.66), and 1500 uM (32.47) treatments
(Figures 5A, B). Compared with the control, those in the 500 uM MT
treated group had significantly lower ABA (14.6 ng/g FW) levels and
significantly higher ACC (35.1 ng/g FW), JA (5.1 ng/g FW), and SA
(81.3 ng/g FW) levels. The 1500 uM MT group exhibited no significant
changes in ABA (16.5 ng/g FW) and ACC (32.1 ng/g FW) compared
with the control and 500 UM MT treatment groups, the JA content was
similar to that of the 500 UM group and higher than the control, and
the content of SA (142.4 ng/g FW) was significantly higher than that of
the control and the 500 UM MT treatment (Figure 5C).

3.3.1 MT affects radish and A. brassicae
interaction at transcriptional level

Both RNA-seq and qRT-PCR were conducted to investigate
changes in gene expression of host and pathogen on diseased leaves

FIGURE 5

10.3389/fpls.2023.1126669

treated with 0, 500 and 1500 uM of MT. More than 126692247
reads were obtained with at least 88.2% mapped to the radish
genome for each treatment, with at least 98.27% of these reads
mapped to exons. For A. brassicae, only 49428-82141 reads were
mapped from the 3 treatments, with only 0.02%-0.06% mapping to
the genome, of these, at least 98.34% were mapped to exon regions
(data not shown). In the host (radish), compared with the control,
588 genes were up-regulated and 898 genes were down regulated in
500 UM MT treatment, and 1185 up-regulated and 1325 down-
regulated genes were detected in 1500 uM MT treatment. For 1500
UM MT treatment VS 500 uM, 606 and 526 genes were up- and
down-regulated, respectively (Figure 6A). In the pathogen, few
DEGs were detected, with 6 up- and 47 down-regulated genes
seen in the 500 UM MT treatment compared with the control, and 6
up-regulated and 136 down-regulated genes detected for 1500 pM
treatment. Comparison of 1500 UM treatment VS 500 UM revealed
0 and 4 genes that were up- and down-regulated, respectively
(Figure 6B). In radish, 35 same DEGs were found in all contrast
sets and 702 (667 + 35) DEGs had similar functions. The largest
number of unigenes (1415) were detected in the 1500 uM MT
treated group vs. control, followed by 509 unigenes in 500 uM MT
vs. control, a total of 402 unigenes were identified in the 500 uM VS
1500 uM contrast set (Figure 6C). The above results indicate very
different gene expression patterns between 500 and 1500 uM MT
treated groups. Only few DEGs were identified in A. brassicae so
overlapping gene analysis could not be performed for these data.
All DEGs of radish in 0 uM VS 500 uM VS 1500 uM MT
treatment contrast set were selected for GO classification and
KEGG pathways analysis, top enriched classification and
pathways are shown in Figures 6D, G. GO analysis showed
enrichment of genes in function terms such as plasma membrane,
chloroplast, protein binding, cytosol, transcription, ion binding,
defense response, response to stress, and cell wall. Thirteen
categories were enriched by KEGG pathway analysis, including
plant-pathogen interaction; hormone signal transduction; MAPK
signaling pathway; glycerophospholipid metabolism; circadian

@ control 0500 O 1500 (uM) a4
¢ b
b a a IH
JA SA

Melatonin concentration

Effects of exogenous MT at different concentrations on radish “JNYB" defense to A brassicae and levels of innate phytohormones. Black spot-diseased
radish seedlings were exogenously spayed with 0-1500 uM exogenous MT once two days for 15 days. (A) Representative 2™ expanded leaves of
diseased seedlings of each treatment. (B) Average disease index (DI) for each treatment. (C) ABA, ACC, JA, and SA contents for the control, 500, and
1500 uM MT treatments. Effects of MT were significantly dose dependent. At least three repeats were performed for each sample, and the values
presented are the means + SE. Letters indicate significant difference and statistical analysis was performed by one-way ANOVA, p < 0.05
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Analysis and functional categories of DEGs of radish "JINYB" and A brassicae from 0, 500, and 1500 uM MT treated diseased radish leaves. (A) and
(B): Number of genes up- and down-regulated of contrast sets of 500 uM MT treated group VS control, 1500 uM MT treated group VS control, and
1500 uM MT VS 500 uM MT treated group of radish and A brassicae. (C) Overlapping gene analysis of radish DEGs. (D, E): Main functions of radish
“"JNYB" DEGs annotated by GO classification and KEGG pathway analysis. (F, G): Main functions of DEGs of A brassicae annotated by GO

classification and KEGG pathway analysis.

rhythm; alanine, aspartate, and glutamate metabolism;
photosynthesis-antenna proteins, alpha-linolenic acid metabolism;
autophagy; sesquiterpenoid and triterpenoid biosynthesis;
butanoate metabolism; phosphonate and phosphinate
metabolism; and caffeine metabolism. For A. brassicae, GO
analysis classified the DEGs into categories of cytosol,
mitochondria, ATP binding, endoplasmic reticulum, actin cortical
patch and filament binding, nuclear proteasome, ATPase activity,
kinase activity, sterol import, response to oxidative stress, cellular
nitrogen compound biosynthetic process, and establishment or
maintenance of cell polarity regulating cell shape (Figure 6F).
Eight categories were classified by KEGG pathway analysis:
pyruvate metabolism, proteasome, ABC transporter, methane
metabolism, terpenoid backbone biosynthesis, basal transcription
factors, fatty acid elongation, and non-homologous end-joining
(Figure 6G). The top 10 differentially regulated GO classifications
and KEGG enrichment categories of contrast sets of 500 uM MT
treatment VS control, 1500 uM MT treatment VS control, 1500 uM
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VS 500 uM MT treatment, and 0 uM VS 500 uM VS 1500 uM MT
treatment for radish or A. brassicae are presented in Table S5.

To confirm the results from the dual RNA-seq analysis, 19
DEGs from “INYB” radish and 6 DEGs from A. brassicae were
selected, and their expression levels were assessed by qRT-PCR
analysis. The selected genes are involved in plant growth and biotic
stress resistance regulation in plant or cell proliferation,
development, and virulence in fungi according to gene
description, GO term, and KEGG pathway data, the information
and primer sequences of selected genes are listed in Table S2. The
qRT-PCR results showed that the transcription levels of these genes
were stimulated by exogenous melatonin treatment and were
generally consistent with the RNA-seq results, although the fold
changes of most genes were greater in RNA-seq data than in qRT-
PCR data. In radish, IGOI, DCP, EUP and IGO2 exhibited the
highest expression in control, were down-regulated by MT, and
increased again as the concentration elevated to 1500 uM. PIR, ERT,
DLP, PPL, TTS, PRL, KDA, RPS, PCC, CABI, and CAB2 were
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expressed significantly higher in 500 pM MT treated samples
compared with other two groups. ETI, SSCI, SSC2, and L3C were
expressed highest in 1500 UM MT treated samples. In A. brassicae,
MD?2 and CPX were most highly expressed in untreated samples,
but 500 uM MT increased the expression of CDP, ICM, GGT, and
TDC. There were no DEGs identified for 500 uM VS 1500 M MT,
so we did not conduct qRT-PCR verification on up-regulated genes
for 1500 uM MT treated samples (Figure 7).

4 Discussion

4.1 MT affects radish growth and immunity
in a dose-dependent manner

Plants can be strongly affected by biotic stressors through the
life cycle. To combat pathogens, plants adopt different physiological
strategies including MT, which functions as a first-line defense
against stresses (Tan et al, 2007), to enhance plant growth,
immunity, and alter physiological functions (Ali et al., 2021; Guo
etal., 2022). The effects of MT on living being growth, development,
and immunity are dosage dependent (Jin et al., 2013), and MT
concentration outside a certain range can be ineffective or
inhibitory. For example, exogenous application of MT with 10-60
UM in rice (Oryza sativa) and maize (Zea mays) plants increased
their tolerance to salt stress or semi-arid stress, whereas higher
concentrations attenuated the promoting effect and even had
inhibitory impacts (Liang et al., 2015; Ahmad et al., 2020).
Similar situation of exogenous MT was observed on the
elongation of Arabidopsis thaliana hypocotyl (Ren et al, 2019)
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and plant endogenous ATP biosynthesis (Acuna-Castroviejo et al.,
2007). In our study, 50-500 uM of MT enhanced “INYB” seedling
growth and immunity to A. brassicae, but 1000-1500 UM of MT
attenuated that promotion, generally, 500 UM was the optimal
concentration (Figures 1A-C, S1, S2).

We observed that 500 uM MT resulted in thicker cell wall and
more mitochondria (Figures 1D, S2). The cell wall serves as a
primary, formidable, and dynamic barrier to protect plant cells
form pathogens, it’s integrity is tightly linked to innate immunity
(Malinovsky et al.,, 2014). Once pathogens enter cells, mitochondria
are critical to stimulate the innate immune signaling cascade, since
they are the major resource of ROS (Chen et al., 2017), pathogens
usually suppresses plant innate immunity by disrupting
mitochondrial functions (Block et al.,, 2010). A number of studies
have shown the protective and strengthening effects of appropriate
concentration of MT on cell wall and plant mitochondria under
unfavorable environments (Cao et al., 2018), which is consistent
with the results of this study. Here, lower concentration (50-500
uM) of MT significantly elevated the activities of antioxidant
enzymes and decreased peroxidation (Figure 1D). Additionally,
MT in this concentration range promoted chlorophyll
biosynthesis and chloroplast function and the accumulation of
photosynthetic products (Figures 1F, S2, S3). Higher MT offset
these effects. Photosynthetic efficiency and redox level are
important indexes of plant stress resistance (Chen et al, 2014;
Fan etal, 2015; Hu et al., 2016). These effects of MT to improve the
activity of the photosynthetic system and chlorophyll fluorescence
and to induce the activity of antioxidant enzymes comprehensively
stimulate plant stress resistance (Arnao and Hernandez-Ruiz, 2015;
Nawaz et al.,, 2018). In addition, MT stimulated the biosynthesis of
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phytohormones, such as ETH, SA, and JA, which play important
roles in plant growth and innate immunity (Li et al., 2016), and
decreased the ABA content, which negatively regulates plant anti-
fading in this study (Figure 1E). By rapidly decreasing the ABA
content, exogenous MT alleviated salinity stress resistance of
cucumber (Cucumis sativus) and cotton seeds during the early
stage of germination (Zhang et al, 2014; Li et al., 2019).
Biosynthesis and maintenance of ETH, SA, and JA are
significantly affected by MT, so MT can improve disease
resistance of Areca catechu against pathogens (Yin et al., 2020).
At the physiological level, 500 uM MT significantly strengthened
the structure and function of organelles, biosynthesis of
photosynthetic products, antioxidant enzymes and
phytohormones, while 1500 UM MT set-off those effects (except
for phytohormones). The dose-dependent manner of MT were
consistent for effects on radish seedling growth and for effects on
immunity promotion (Figures 1, S1-53).

MT broadly altered gene expression and a significant dose-effect
of MT on the transcriptional pattern of radish genome was
identified. Greater number of DEGs were identified in the 1500
UM MT treated radish than in the 500 uM MT treated group
(Figure 2A). Uniquely expressed DEGs were mostly detected in
1500 uM MT group compared to the 500 uM MT treated
counterpart (Figure 2B). Interestingly, the effects of 1500 uM MT
on radish morphology and physiology were weaker than that of 500
uM MT (Figure 1), suggesting constraints on gene expression
changes for the 1500 uM MT treated samples, the mechanism is
under reveal. The dose-dependence effect of MT have rarely been
reported for plant global transcription.

Regardless of MT concentration, DEGs were enriched in cell
components, crucial molecular functions, stress response, and
growth regulation by GO term analysis (Figure 2C). The
identified DEGs and related processes are consistent with our
observations of physiological changes as well as reports of MT-
mediated senescence delay and salt stress tolerance of rice (Liang
etal, 2015) and MT-enhanced disease resistance in grapefruit (Vitis
vinifera) (Gao et al., 2020). According to KEGG analysis, many
DEGs were enriched in categories of metabolism, biosynthesis, and
degradation of secondary substances. Transcription of many genes
related to plant hormone signal transduction changed in response
to MT (Figure 2D), which is consistent with the observed effect of
exogenous MT to stimulate phytohormone content (Figure 11). Our
results are supported by previous studies on grapefruit (Ma et al.,
2021), gardenia (Gardenia jasminoides) (Zhao et al, 2017), and
cotton (Chen et al,, 2021). MT has been reported to stimulate plant
growth itself by regulating biosynthesis of various growth regulator.
For example, the MAPK pathway responds to various biotic and
abiotic stresses as an integral component of cellular signaling
(Atkins et al., 1998), and significant MT regulation of this
signaling pathway was observed here. Circadian rhythm
adjustment in animals and plants is the most important function
of exogenous MT, allowing regulation of immune responses and
inflammation in animals (Caniato et al.,, 2003; Pham et al., 2021).
Transcriptome analysis revealed that circadian rhythms are linked
to plant phytoplasma defense (Fan et al., 2015), but there have been
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limited studies investigating the mechanisms through which MT
regulates plant immunity and stress tolerance through circadian
rhythm regulation. Plant peroxisomes are involved in diverse
functions, including primary and secondary metabolism,
development, abiotic stress response, and pathogen defense, the
peroxisome proliferator-activated receptor (PPAR) is involved in
MT regulation of animal diseases (Qi and Wang, 2020), but there
have been few studies on plants. MT promotes mitochondrial
biogenesis in animal cells via PPAR (Kato et al., 2015; Qi and
Wang, 2020), and a similar effect was seen for the 500 pM MT
treated samples, suggesting an involvement of the peroxisome
pathway. ABC transporters in plants are involved in
detoxification, organ growth, nutrition metabolism, plant
development, response to abiotic stress, and plant interactions
with the environment (Kang et al., 2010), and our result indicates
that ABC transporters may also play an important role in
exogenous MT-mediated immunity improvement of radish.
Transcriptional changes were detected in genes enriched in
pathways of carbon fixation in photosynthetic organisms, and a
function of plant growth regulation and biomass accumulation of
exogenous MT was previously reported as describe above
(Figures 2C, D).

We confirmed the FPKM data of some key DEGs by qRT-PCR
(Figure 2E). Thiamine thiazole synthase is responsible for thiamine
biosynthesis, which is only synthesized in plants but is required for
growth and development of all living beings (Li et al,, 2016; Feng et al,,
2019). Interesting, exogenous MT decreased the expression of genes
related to thiamine biosynthesis (TTS and TTS-like 2) regardless of
dose, suggesting that this pathway may not be required for MT-
mediated process. This was also observed for GLP I, which mediates
stress resistance by hyper-accumulation of H,O, (Banerjee et al., 2010),
while MT reacts as an antioxidant (Nazarian and Ghanati, 2020), and
may also suppress the expression of GLPI. The transcription analysis
revealed MT dose-dependent effects on the expression of genes, which
were ERF3-like, LOX3, DEF1, BTP-like, MYB51-Like and UMP,
involved in JA and ETH-dependent systemic resistance, linoleic acid
metabolism, response to auxin, response to salicylic acid, transcription
regulation, response to ABA, fungus defense response, and response to
stress (Figure 2E and Table S2). These changes are consistent with
broad effects on radish gene expression to improve radish resistance to
A. brassicae. MYC2, COPI- X1, ERFI1B-like, FBA 1, and CPC I-like
synthesis were gradually enhanced as the concentration of MT
increased. These genes are closely related to pathways of plant
hormone signal transduction, carbohydrate metabolism, and plant
circadian rhythm, so the lower expression of these genes may
promote radish growth and immunity and excessive expression may
lead to negative effects (Figure 2E and Table S2).

4.2 MT affects A. brassicae growth,
reproduction, and virulence in a
dose-dependent manner

MT’s protective function against pathogen infection has been
reported for many plants (Lee and Back, 2016; Mandal et al., 2018;
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Liu et al, 2019). MT is amphiphilic and can penetrate the cell
membrane and reach organelles of various living organisms
(Asghari et al,, 2017), so the effects of MT on pathogen
physiology may be complex. Several studies have verified the
function of MT as a pathogen inhibitor (Zhang et al., 2017; Ali
etal, 2021), but it showed no effect on Verticillium dahliae (Li et al.,
2019) and promoted growth of Rhizophagus intraradices (Yang
et al, 2020). Our results demonstrated that MT influences A.
brassicae colony growth, mycelium prolongation, conidia
germination and pathogenesis in vitro in a dose-dependent
manner (Figure 3). MT at 50-500 UM increased mycelium
growth, conidia germination and virulence of colonies compared
with that of control, where 500 UM MT showed the best effect, with
lesser promotion or inbition seen for 1000-1500 uM MT
(Figures 3A-D). Interestingly, dose-dependent effect of MT was
not found on conidia formation, condensed MT solution promoted
the germination of conidia chains, there were no significant
differences found among 500-1500 puM treated colonies
(Figures 3A, B). The dose-dependent effect MT was also observed
for activities of GT and PCWDEs, key enzymes in survival and
virulence regulating of pathogens (Koiv, 2001; Kim et al, 2002;
Nath and Ghosh, 2005; Sjoblom et al., 2006). The enhancement of
GT and PCWDEs activities may explain the strong virulence of 500
UM MT treated colonies (Figures 3E, F). Lower concentration of
MT inhibited activities of GSH-Px and CAT, important antioxidant
enzymes that protect cells from ROS, and 1500 uM MT offset this
inhibition (Figures 3G, H). Previous studies verified that MT
applied at the proper dose promoted the activities of antioxidant
enzymes in animals and plants under various stresses (Chabra et al.,
20145 Ali et al, 2021), however functions of MT may vary by
conditions. With maternal undernutrition, MT induced CAT
activity and alleviated oxidative stress, but these effects were not
observed under hypoxic conditions (Richter et al., 2008). In another
example, the oxidative stress alleviation function of MT was
dependent on gender (Lamtai et al., 2021). In this study, colonies
of A. brassicae were incubated in an environment without stress,
and we speculate that the 50-1000 uM MT treatment may have
acted as a direct antioxidant agent against ROS without inducing
antioxidant enzymes as it can penetrate the cell membrane and
reach organelles (Asghari et al., 2017). A higher dose may result in
oxidative stress, which could trigger biosynthesis of CAT and GSH-
Px. The effects of MT on A. brassicae growth, development and
physiology indicate complex biological relationships.

In the 500 uM MT treated A. brassicae colonies, there were 525
up-regulated and 577 down-regulated genes. This was more than
the numbers for the 1500 uM MT treatment. There were more up-
and down-regulated DEGs of 1500 uM VS 500 uM contrast group
compared to the 500 uM VS control and/or 1500 uM VS control
(Figure 4A). Analysis of the 500 uM and 1500 UM MT treatments
resulted in only 28 DEGs with similar functions, with more
unigenes in the 500 pM MT treated samples (Figure 4B). This
result indicates a significant dose-eftect of MT on the transcriptional
pattern of A. brassicae.

Functional patterns of MT included redox reactions, cell
composition, and key molecular functions as identified by GO
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term analysis (Figure 4C). The importance of oxidation-reduction
and membrane integrity protection has been previously described
(Reiter et al., 2014). In addition to metabolism, biosynthesis, and
degradation of secondary substances, A. brassicae genes related to
peroxisome and ABC transporters were significantly affected by
exogenous MT as identified by KEGG pathway analysis
(Figure 4D). These results are consistent with the results for MT-
treated radish seedlings, indicating an important relationship
between MT, peroxisome and ABC transporters in growth and
development regulation among different living beings. The
transcriptional level of genes enriched in ribosome pathways was
highly influenced by MT in vitro. Exogenous MT promoted
mycelium growth and development, suggesting that protein
biosynthesis may play a key role in A. brassicae proliferation
mediated by exogenous MT.

The FPKM data of some key DEGs was confirmed by qRT-PCR
(Figure 4E). The role of thioredoxin in microbes are complicate, it’s
positive response to oxidative stress, abiotic stress, and virulence
response in Alternaria is well studied (Ma et al., 2018), while for
Escherichia coli, chaperone and ATPase activities of the GroESL
chaperonin complex are inhibited by thioredoxin-like protein
YbDbN, which caused negative effects on E. coli vitality (Lin and
Wilson, 2011). In this study, 500 pM MT suppressed TLP
expression and increased A. brassicae vitality (Figure 4E). The
complex relationships among TLP, MT, and A. brassicae
physiology remain unclear and require further investigation.
RNA-Seq and qRT-PCR revealed dose-dependent expression of
genes related to oxidoreductase activity, ribosome, translation,
plasma membrane organization, pathogenesis, oxidoreductase
activity, tryptophan metabolism, carbohydrate metabolism, and
tyrosine metabolism (Figure 4E and Table S2). These genes
(ADD, MUP, FAD, CTP2, MSG, ISP, SFP-like, MMI, CAT-like,
GES-like, CTPI and KLP) were consistent with the phenotype of
MT-treated colonies determined previously, indicating the positive
roles of these genes in 500 UM MT mediated enhancement of A.
brassicae proliferation and virulence. HAG was expressed at higher
levels as exogenous MT condensed, while GST was expressed lowest
in the 500 UM MT treated sample, and higher in the control and
1500 uM groups (Figure 4E). HAG may positively regulate
carbohydrate accumulation and increase A. brassicae proliferation
according to its function annotation (Table S2), but excessive
expression may have a negative effect, while GST may function as
a negative regulator according to our results, further studies
are needed.

4.3 MT affects A. brassicae resistance of
radish “JNYB" in a dose-dependent manner

Our results demonstrated that application of exogenous MT
exhibited a protective function against A. brassicae infection in
radish plants at all concentrations. While plants in the 500 pM MT
subgroup showed the greatest decline in disease, higher concentrations
attenuated this effect, but protection from A. brassicae was still
observed. The lesioned areas and disease index were reduced
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(Figures 5A, B). Additionally, 500 uM MT treatment promoted the
biosynthesis of ETH, JA, and SA, and decreased the level of ABA
compared to healthy seedlings (Figure 5C). MT exhibits dose-
dependent effects on pathogen defense in both animals and plants
(Zhao et al,, 2019; Ali et al,, 2021). In plants, the melatonin biosynthetic
enzyme N-acetylserotonin O-methyltransferase 2 physically interacts
with anti-bacterial pathogenesis related (PR) protein to promote
defense activity (Guo et al., 2022). Previous reports conformed that
100 uM MT induced Nicotiana glutinosa resistance to tobacco mosaic
virus (TMV) infections by accumulation of SA and nitric oxide (NO)
and increased expression of defense-related genes PRI and PR5 (Zhao
et al, 2019), and induced Capsicum annuum resistance to
Colletotrichum gloeosporioides by increasing the efficiency of
CaChillI2 and PRI and POI (Ali et al.,, 2021), with weaker effects for
higher concentrations of MT.

Dual-RNA Seq was conducted to analyze host and pathogen
interaction at the transcriptional level. Treatment with 500 uM MT
significantly increased the vitality and resistance or virulence of
both host and pathogen, but this effect was seriously weakened at
1500 uM MT. Given the individual effects of MT on both the host
and the pathogen, we investigated if the same dose-dependent mode
would be observed for MT-mediated resistance to black spot disease
on radish. In diseased seedlings, 1500 UM MT resulted in 2537
DEGs compared to 1468 DEGs for the 500 uM treatment
(Figure 6A). The effects of 1500 uM MT on radish defense were
weaker than that of 500 UM MT (Figures 5A, B). The effect of MT
on expression pattern of diseased radish genes was normalized to
that of healthy radish (Figure 2A), however, fewer DEGs were
detected in the contrast of 1500 uM VS 500 uM relative to the other
two pairwise comparisons (Figure 6A). Various concentrations of
MT resulted in differential gene expression modes, only 35 same
DEGs were found in all comparisons, fewer unigenes (509 DEGs)
were detected in 500 pM and 1500 uM MT treated samples with
more uniquely expressed genes (1415 DEGs) (Figure 6C). GO
analysis of diseased radish samples at all MT concentrations
revealed changes in genes related to cell component, crucial
molecular functions, and response to stress (Figure 6D).
According to KEGG pathway analysis of diseased radish samples,
MT treatment caused changes in genes involved in plant hormone
signal transduction, MAPK signaling pathway, metabolism and
biosynthesis of secondary substances, and photosynthesis. In
addition to these genes, MT regulated genes involved in plant-
pathogen interaction and autophagy in diseased seedlings.

The application of MT suppressed the expression of IGOI, DCP,
EUP and IGO2. GO term and KEGG pathway analysis of these
genes suggested MT may restrain methylation and RNA
degradation and adjust light perception in radish (Figure 7A and
Table S2). Transcriptional analysis revealed positive response to 500
UM MT for key genes (PIR, ERT, DLP, PPL, TTS, PRL, KDA, RPS,
PCC, CABI and CAB2) related to DNA methylation, ethylene
mediated (positive or negative) defense response, MAPK signal-
related defense response, cell wall function, thiamine metabolism,
ribosome biogenesis, lipid metabolism, plasma membrane function,
oxidation-reduction process, chloroplast function, and
photosynthesis (Table S2); these genes exhibited a dose-
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dependent pattern, 0 and 1500 uM MT down regulated their
express (Figure 7A). Condensed MT did not inhibit the
expression of plant senescence, lipid oxidation, and host
programmed cell death-related genes (ETI, SSCI1, SSC2 and L3C)
(Figure 7A and Table S2), in this study, we further verified that
excessive MT hinders living being development and stress
resistance (Liang et al., 2019; Pliss et al.,, 2019).

Different patterns of MT effects on A. brassicae transcription
were observed in vitro and in vivo. In radish-loading A. brassicae,
many genes were down-regulated by MT application, and there
were only 4 DEGs identified in the 1500 uM VS 500 uM contrast,
indicating very weak dose-dependence (Figure 6B). There were
significantly fewer DEGs enriched to diverse GO terms, and very
limited DEGs were identified by KEGG pathway analysis compared
with what was identified using in vitro tests (Figures 6L, G). This
result emphasized the small biomass of A. brassicae on diseased
leaves. Since the relative contact area and relative perceiving
quantity of A. brassicae on leaves to exogenous MT was
significantly decreased compared to that of in vitro incubated
colonies, which may explain the varied effect of MT on A. brassicae.

The expression of two genes, MD2 and CPX, which regulates
oxidation and peroxidation reaction (Tabuchi et al., 1981), were
inhibited by MT at all concentrations, demonstrating its reductive
effect on microorganisms. CDP, ICM, TDC and GGT, which
regulate transmembrane transport, calcium-dependent
phospholipid binding, glucose/galactose transport, transcription
regulation, and glutathione metabolism (Table S2) were enhanced
in response to 500 UM MT in in vivo experiments. Among 6 MT
induced up-regulated genes of A. brassicae, two of them shared
opposite results of FPKM value and qRT-PCR data, thus their
function in the present study cannot be concluded.

In this study, techniques of plant physiology and transcriptomic
studies were applied to healthy radish plants, in vitro incubated A.
brassicae, and radish plants infected with black spot disease
respectively to reveal how MT participates in the interaction
between radish and A. brassicae. Transcriptomics revealed many
important biological pathways and genes related to plant immunity,
pathogen toxicity and host resistance, as well as their expression
changes under different conditions. These results have important
value in the breeding of disease-resistant Cruciferous crops,
improving crop quality and reducing the cost of disease control
on crop production. Howerver, the expression of these genes was
simply verified by RT-qPCR, which is obviously insufficient for
revealing the functions of important pathways and genes and
molecular assisted breeding. In the future research, more complex
verification methods will be used to study the function and action
pathway of those important genes.

4.4 Conclusion

Our results provide insight into the mechanism underlying the
effects of MT on radish and A. brassicae, expanding our
understanding of the relationships among MT, host, and
pathogen. An appropriate concentration of MT (500 uM)
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significantly enhanced radish growth, immunity, and biotic stress
defense by reinforcing carbon fixation of chloroplasts, energy
metabolism of mitochondria, cell wall and membrane strength,
activities of redox-related enzymes, biosynthesis of phytohormones,
defense-related proteins and chitin, and decreasing ROS. MT also
strengthened mycelium growth, conidia development, and
pathology of A. brassicae in vitro. We speculate that, with a
greater impact of MT on radish than on A. brassicae, the
resistance of radish to A. brassicae therefore increased. Exogenous
MT application exhibited a dose-dependent effect, where lower
concentration (50-500 uM) improves radish defense and higher
concentration (1500 uM) inhibits defense (Figure 8). The findings
of this study will facilitate exploration of MT-based approaches to
Alternaria blight disease control in radish and other
Brassicaceae plants.
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Glyphosate has been widely used to control Eleusine indica and other weeds in
South China for many years. Among the most troublesome weeds in South
China, E. indica can remain alive all year round. However, the influence of
temperature on glyphosate efficacy on E. indica, especially under days with
fluctuating temperature, is unknown. This study evaluated the influence of two
temperature regimes on glyphosate efficacy on glyphosate-resistant (R) and
-susceptible (S) E. indica biotypes. Plants of the R and S biotypes were cultivated
under two temperature regimes (high: 30°C/20°C day/night; low: 20°C/15°C
day/night). Dose-response experiments showed improved efficacy of glyphosate
at the low temperature compared with that at the high temperature for both
biotypes. Based on the LDsg values, the R biotype was 8.9 times more resistant to
glyphosate than the S biotype at the high temperature; however, the resistance
index (R/S) decreased to 3.1 at the low temperature. At 4 days after glyphosate
application, shikimic acid accumulation was greater at the low temperature than
at the high temperature in plants of both biotypes, and the increase was higher in
plants of the R biotype than in the S biotype. At a sublethal glyphosate dose (R:
400 g ai ha™%; S: 200 g ai ha™), plants grown at the low temperature showed a
strong decrease in leaf chlorophyll content and Fv/Fm value compared with
those of plants grown at the high temperature and the untreated control. At 3
days after treatment, glyphosate absorption was similar between biotypes at the
high temperature, but absorption decreased to 64.9% and 53.1% at the low
temperature for the R and S biotypes, respectively. For both biotypes, glyphosate
translocation from the leaf to the remainder of the plant was reduced at the low
temperature compared with that at the high temperature. No differences in
glyphosate translocation were observed between biotypes within each
temperature regime. This is the first report on the effect of temperature on
glyphosate efficacy on E. indica, and provides important insights for glyphosate
application and resistance management.
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1 Introduction

Since its commercialization in 1974, glyphosate has been widely
used as a broad-spectrum, nonselective, post-emergence herbicide.
It has been regarded as among the most important and successful
herbicides (Duke and Powles, 2008). Glyphosate kills weeds by
inhibiting the activity of 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) (Steinrucken and Amrhein, 1980), a key
enzyme in the shikimate pathway in plants. If EPSPS is inhibited
by glyphosate, one physiological response is rapid accumulation of
shikimic acid (Hollander-Czytko and Amrhein, 1983), which is a
biomarker for assessment of glyphosate efficacy in plants (Mueller
etal., 2003; Zelaya et al., 2011). Elevated contents of shikimic acid in
a treated plant indicates sensitivity to glyphosate, whereas a lack of
or limited accumulation of shikimic acid indicates tolerance to
glyphosate (Singh and Shaner, 1998; Burgos et al, 2013).
Environmental factors may influence glyphosate efficacy and the
level of glyphosate resistance in plants (Cerdeira et al, 2007).
Among various environmental factors, temperature has received
greater attention given that the absorption and translocation of
glyphosate often varies considerably with temperature (Singh
et al., 2020).

South China is located in the subtropical monsoon climate
zone. Winter in South China is much warmer than in northern
China. Taking Guangzhou as an example, from 1991 to 2020, the
average maximum and average minimum temperatures were 20.7°C
and 11.9°C in December, and 18.7°C and 10.6°C in January (http://
www.tqyb.com.cn/gz/climaticprediction/static/). As a result, the life
history of many weed species in South China differs from those in
northern China. Goosegrass (Eleusine indica) is a troublesome grass
weed that is widely distributed in most regions of China and other
tropical or subtropical areas in the world (Chauhan and Johnson,
2008; Zhu et al,, 2020). It often infests corn, vegetable, and fruit
crops, and significantly reduces crop yield and quality (Zhang,
2003). In northern China, E. indica usually germinates from April
to May and dies from October to November. However, because of
the warm winter, E. indica can remain alive all year round and seeds
can germinate in different months in South China. E. indica has
shown 35%-60% germination at 15°C constant temperature or 15—
20°C fluctuating temperature (Ismail et al, 2002; Chauhan and
Johnson, 2008).

South China is one of the first areas in China to control weeds
with glyphosate (Yang et al., 2012). Similar to other countries, the
long-term application of glyphosate has resulted in development of
glyphosate resistance in some weed species in China (Song et al.,
2011; Chen et al,, 2015; Zhang et al., 2015a; Deng et al., 2020; Li
et al., 2022), especially in E. indica. Considering that paraquat use
has been banned and the extent of glyphosate-resistant crops may
increase significantly in the near future, it is likely that glyphosate
will continue to play an important role in the nonselective herbicide
market in China for the foreseeable future (Liu et al., 2021; Zhang
et al., 2022). E. indica grows vigorously and shows strong
competitive ability with crops in summer, so farmers in South
China willingly spray glyphosate repeatedly in this period (Yang
et al, 2012). Conversely, farmers usually do not apply glyphosate to
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control E. indica in low-temperature seasons because most E. indica
plants are shorter and less competitive than other weeds or crops.
Greater attention should be given to the vulnerable period of a
weed’s lifecycle for effective weed control.

E. indica emerges at different times of the year in South China
and the growth rate is relatively slow during the cold season, which
may provide an excellent opportunity to control the plants by
applying herbicide in winter or early spring. The plant biomass
increases rapidly with the rise in temperature in spring and profuse
seed production eventuates in the absence of control measures. To
the best of our knowledge, the influence of temperature on the
glyphosate efficacy or degree of glyphosate resistance in E. indica
remains unknown. Therefore, the objectives of this study were to (1)
determine the whole-plant dose-response of glyphosate-resistant and
-susceptible biotypes of E. indica under high- and low-temperature
regimes, (2) assess the changes in physiological indicators after
glyphosate treatment under the different temperature regimes,
including shikimic acid accumulation, chlorophyll content and
chlorophyll fluorescence, and (3) compare absorption and
translocation of glyphosate in the resistant and susceptible biotypes
under the different temperature regimes.

2 Materials and methods
2.1 Plant material and temperature regimes

Two biotypes of E. indica were used in all experiments of this
study. The glyphosate-resistant (R) biotype was purified from the
R5 population described by Zhang et al. (2021). The R5 population
was collected from a corn field in Baiyun district, Guangdong
province (23°23" N, 113°26" E), where glyphosate had been
applied consistently for at least 10 years. In the R5 population,
plants surviving glyphosate treatment (1080 g ai ha™') harbored
different target-site mechanisms. The mother plants of the R
biotype were related to EPSPS gene amplification, without EPSPS
gene mutation (Zhang et al., 2021). Seeds of the susceptible (S)
biotype were harvested from a nearby uncultivated area with the
same geographic background as the R biotype (23°29" N, 113°21" E).
The results of gPCR confirmed that the EPSPS gene copy number
(relative to the acetolactate synthase gene) of the R biotype was 24
times higher than that of the S biotype (data not shown). The seeds
were air-dried and stored in a cabinet at the ambient room
temperature and 10%-14% relative humidity until use.

The seeds were rubbed with sandpapers to remove the thin
pericarp, and then sown in plastic trays containing moistened
nutrient soil. The trays were placed in a greenhouse with day/
night temperature of 25°C/20°C, relative humidity of 70 + 5%, and
illuminated by natural sunlight. Seedlings of the R and S biotypes
were transplanted individually into 200-mL pots containing
nutrient soil. When most plants had attained the five-leaf stage,
healthy plants of uniform size of each biotype were divided into two
groups. The two groups were cultivated in different growth
chambers under the same growing conditions, except that the
day/night temperature regime was either 30°C/25°C (high
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temperature) or 20°C/15°C (low temperature). The plants were
grown under a photoperiod of 12 h/12 h (day/night) with light

2 57! photon flux. The

intensity in the chambers of 200 umol m"™
relative humidity in the growth chambers was maintained at 75 +
5% throughout the experiment and the plants were watered every
second day.

The plants were incubated in the respective growth chambers
for 3 days to allow acclimation to the temperature regime before

being treated with glyphosate.

2.2 Whole-plant dose-response
experiment

After temperature acclimation for 3 days, the E. indica plants
were treated with glyphosate (Roundup®, 41% isopropylamine salt
of glyphosate; Bayer Crop Science, St. Louis, MO, USA) using a
moving Teejet 9503EVS flat-fan nozzle cabinet sprayer (Beijing
Research Center for Information Technology in Agriculture,
Beijing, China) with a spray volume of 450 L ha™' at 0.28 MPa.
Glyphosate was applied at the rate of 0, 50, 100, 200, 400, 800, 1600,
3200, or 6400 g ai ha™! for R biotype and 0, 12.5, 25, 50, 100, 200,
400, 800, or 1600 g ai ha™' for the S biotype. Each treatment
consisted three replications and each replication comprised five
plants. At approximately 20 min after treatment, the plants were
returned to the corresponding chambers. At 14 days after treatment
(DAT), the number of surviving plant was recorded. Plants were
classified as dead if they showed symptoms such as chlorosis and
desiccation, and as alive if they were actively growing and tillering
(Vila-Aiub et al., 2021). Two independent experiments
were performed.

2.3 Shikimic acid accumulation

Glyphosate was applied to E. indica plants (grown under
different temperature regimes) as described above at the rate of 0,
100, 200, 400, 800, 1600, 3200 g ai ha™! for R biotype and 0, 25, 50,
100, 200, 400, 800 g ai ha™! for S biotype.

The shikimate assay was conducted as described in Chen et al.
(2015) with some modifications. Shikimic acid was extracted at 4
DAT. Tissue from fully expanded mature leaves (200 mg) was
placed in a 2-mL centrifuge tube and then flash-cooled in liquid
nitrogen before crushed using an automatic sample fast grinding
machine (Shanghai Jingxin Industrial Development Co. Ltd,
Shanghai, China). Immediately after crushing, 1 mL HCI (0.25
mol L") was added to the centrifuge tube. The tubes were vortexed
for 10 s to ensure that the crushed tissue was fully dissolved in HCL
After centrifugation at 25,000 g for 20 min at 4 °C, 0.16 mL
supernatant was transferred to a 5-mL centrifuge tube. Next, 1.6
mL periodic acid (1%, w/v) was added with sufficient mixing and
the tube was incubated at room temperature. After incubation for 3
h, 1.6 mL NaOH (1 mol L™!) was added to the reaction mixture,
followed by the addition of 0.96 mL glycine (0.1 mol L™"). The
absorbance at 380 nm was measured using a Multiskan SkyHigh
Microplate Spectrophotometer (Thermo Fisher Scientific (China)
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Co., Ltd, Shanghai, China). A standard curve was constructed after
replacing the supernatant with a known concentration (6.25-800 pig
mL™) of shikimic acid solution.

2.4 Determination of chlorophyll content

As described in section 2.1, E. indica plants were grown under
the high- and low- temperature regimes for 3 days before treatment
with glyphosate. Commercial glyphosate at a sublethal dose was
applied to plants of the R (400 g ai ha™) and S (200 g ai ha™)
biotypes. Plants treated with deionized water were used as the
untreated control. At 10 DAT, chlorophyll was extracted from 0.1 g
leaf samples with 10 mL of a mixed solution of acetone and ethanol
(1:1, v/v). The light absorbance at 647 nm and 663 nm was
measured using a spectrophotometer as described in section 2.3.
The chlorophyll content determinations were based on the methods
and equations of Lichtenthaler (1987):

chlorophyll a (mg g™")

= [(11.25 X Aggs — 2.79 X Agsy) X x]/(1000 X y)

chlorophyll b (mg g™*)

= [(21.5 X Agyy — 5.1 X Aggs) X x]/(1000 x )

chlorophyll (a + b) (mg g™")
= [(18.71 x Agyy — 6.15 X Agg3) X x]/(1000 X y)

where A is absorbance, x (mL) is the volume of the extraction
solution, and y (g) is the fresh weight of the leaf sample.

2.5 Measurement of
chlorophyll fluorescence

The glyphosate doses and treatments were identical to those of
the chlorophyll content analysis. At 0, 2, 4, 6, and 8 DAT, the
chlorophyll fluorescence was measured using a Dual-PAM-100
fluorescence measuring system (Heinz Walz GmbH, Effeltrich,
Germany). At each time point, measurements were conducted at
09:00 to 12:00 after dark adaptation for 30 min. The investigation
was performed with four replications corresponding to four
individual plants. Data used for analysis were the leaf maximal
quantum yields (Fv/Fm) of E. indica plants as described by Zhang
et al. (2015b).

2.6 Absorption and translocation
of glyphosate

Seeds of the R and S biotypes were germinated on 0.6% (w/v)
agar-solidified Hoagland’s nutrient solution. Seedlings at two-leaf
stage were transplanted into quadrate plastic containers (30 cm x 30
cm x 5 cm) containing Hoagland’s nutrient solution. Each seedling
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was clamped by a sponge and separated into a planting basket with
a hole at the bottom. A daily supplement of the nutrient solution
was guaranteed. The environmental conditions in this phase were
identical to those described for the greenhouse.

When the plants attained the five-leaf stage, they were
transferred to the growth chambers maintained at the
aforementioned high- and low- temperature regimes. After 3
days, a commercial glyphosate solution was applied using a
topical application method. Commercial glyphosate was diluted to
5000 mg L™! (ai), then 8 uL of glyphosate solution was applied to
the center of the fourth leaf of each plant using a micropipettor. The
plants were returned to the growth chambers once the droplet had
dried. Plants were harvested at 3 DAT. Each treatment comprised
three replications each consisting of 25 plants. The treated leaf was
excised with scissors. The treated leaves from one replication were
rinsed in a glass test tube with 10 mL of wash solution (a mixture
[1:1 v/v] of methanol and deionized water with 0.45% Tween-20)
for 2 min to remove the unabsorbed glyphosate from the surface of
the treated leaves (Ganie et al., 2017). The samples to be analyzed
for each treatment were separated into treated leaves, other tissues
(including shoots, roots and other leaves), and the wash solution.

For sample preparation, 0.5 mL of the wash solution was
transferred to a fresh centrifuge tube, mixed with 0.5 mL
methanol by vortexing for 1 min, and the mixed solution was
filtered through a 0.22-um 165 hydrophilic PTFE needle filter for
subsequent liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. The treated leaf and other parts of the
plants were cut into pieces and weighed, then transferred to a 50-
mL centrifuge tube, and 10 mL methanol was added. The mixture
was homogenized for 3 min and centrifuged at 3200 g for 5 min.
The supernatant was filtered through a 0.22-um filter as described
above and then subjected to LC-MS/MS analysis. The LC-MS/MS
analysis of glyphosate and aminomethyl phosphonic acid (AMPA)
was performed in accordance with the Chinese national standard
SN/T 4655-2016 (General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of China;
https://www.sdtdata.com/)

2.7 Statistical analysis

Data for plant survival were transformed into a percentage of
the untreated control before use to estimate the glyphosate dose
required to cause 50% mortality (LDsy) of the plants. The
transformed data were then subjected to a four-parameter log-
logistic regression model implemented in SigmaPlot 12.5 software:
y=c+(d-o)/[l+ (x/LDs)"], where y is the plant survival rate, c is
the lower limit around indefinitely high doses, d is the upper limit at
indefinitely low doses, b is the slope around the LDs, and x is the
glyphosate dose. The resistance index (RI) was calculated by
dividing the LDs, value of the R biotype by that of the S biotype.

The means for shikimic acid accumulation, chlorophyll content,
glyphosate absorption and translocation were compared, and the
effects of temperature (or glyphosate dose) were analyzed by an
unpaired Student’s test or one-way ANOVA (followed by a Fisher’s
protected LSD test) using SPSS 21.0 software.
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3 Results
3.1 Whole-plant dose-response experiment

The efficacy of glyphosate on E. indica was distinctly influenced
by temperature. Within a certain dose range, glyphosate killed more
plants under the low-temperature regime than at the high-
temperature regime (Figure 1). The LDs5, values of the R biotype
decreased from 3133.5 g ai ha ' to 677.4 g ai ha™' under the high-
and low-temperature regimes, respectively (Table 1). The S biotype
had LDs, values of 352.8 g ai ha™' under the high-temperature
regime and 219.2 g ai ha™' under the low-temperature regime
(Table 1). Therefore, the resistance index (R/S) dropped from 8.9
(high temperature) to 3.1 (low temperature) (Table 1).

3.2 Shikimic acid accumulation

At the same glyphosate dose, shikimic acid accumulation was
greater under the low-temperature regime than under the high-
temperature regime for both biotypes (Figure 2). At the high
temperature, the amount of shikimic aicd in the R biotype
showed muted increment from 18.0 to 44.1 ug g ' at the
glyphosate doses of 0-1600 g ai ha™' and increased to 130 pg g"
at 3200 g ai ha™' (Figure 2), indicating high tolerance to glyphosate
under this temperature regime. At the low temperature, the
shikimic acid content gradually increased from 49.3 to 275.3 g
g ' in the R biotype in response to glyphosate application (Figure 2).

At glyphosate doses of 0-800 g ai ha™

, plants of the S biotype grown
at the low temperature accumulated greater quantities of shikimic
acid than those grown at high temperature (52.4-397.2 and 21.7-

248.2 ug shikimic acid g71 fresh weight, respectively) (Figure 2).
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FIGURE 1

Plant survival response to glyphosate treatment in glyphosate-
resistant (R) and -susceptible (S) Eleusine indica biotypes grown
under high temperature (30°C/25°C day/night) and low temperature
(20°C/15°C day/night) regimes. The experiment was repeated with
similar results. Each data point is the mean + standard error of three
replicates from one experiment.
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TABLE 1 Estimated LDs values in glyphosate-resistant (R) and -susceptible (S) Eleusine indica plants grown under high temperature (30°C/25°C day/

night) and low temperature (20°C/15°C day/night) regimes.

Temperature regime Biotype LDs (g ai ha™'")? RI
R 3133.5 £ 70.5

High 8.9
S 352.8 163
R 6774 + 20.6

Low 3.1
S 2192 + 2.8

“LDsy is the glyphosate dose required to cause 50% mortality of the plants. Each value represents the mean + standard error of two repeated experiments.

PRI (resistance index)=LDs (R)/LDsq (S).

Irrespective of the temperature regime, the S biotype always
accumulated greater shikimic acid contents than plants of the R
biotype, although the difference between the two biotypes was
narrower at the low temperature. For example, S plants accumulated
151.9 pg shikimic acid g™ fresh weight at the high temperature under
the glyphosate dose of 400 g ai ha™' (Figure 2), which was 4.1 times
higher than that for the R plants; however, although S plants
accumulated substantially more shikimic acid (258.6 ug g') at the
low temperature under the same glyphosate treatment (Figure 2), the
amount was only 1.3 times higher than that accumulated by the R plants.

3.3 Chlorophyll content

In the 0 g ai ha™' glyphosate treatment, temperature regime did
not influence the leaf chlorophyll contents of E. indica plants of
either the R or S biotype (Table 2). In addition, the chlorophyll a
and chlorophyll b contents increased in response to a sublethal dose
of glyphosate (R: 400 g ai ha™'; S: 200 g ai ha™') under the high-
temperature regime compared with the untreated control (Table 2).
However, the leaf chlorophyll contents of the R and S biotypes
under the low-temperature regime decreased dramatically under
the same glyphosate treatment (Table 2).

3.4 Chlorophyll fluorescence

In the control, only slight changes in Fv/Fm of the R and S
biotypes were detected under the two temperature regimes
(Figure 3). A sublethal dose of glyphosate (R: 400 g ai ha™'; S:
200 g ai ha™") did not cause a distinct decline in Fv/Fm in the R and
S biotypes grown at the high temperature (Figure 3). However,
different responses were observed under the low-temperature
regime; the Fv/Fm values of the R and S biotypes dramatically
decreased to 0.72 and 0.53 at 8 DAT with the sublethal dose of
glyphosate (Figure 3), which were 93% and 69% of the initial
values, respectively.

3.5 Absorption and translocation
of glyphosate

At 3 DAT, the mean absorption of glyphosate was 74.9% and
77.5% under the high-temperature regime, and decreased to 64.9%
and 53.1% under the low-temperature regime, in the R and S
biotypes, respectively (Figure 4). As a result, absorption was
significantly higher under the high-temperature regime than
under the low-temperature regime for both biotypes (Figure 4).
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Shikimic acid accumulation in leaf tissue of glyphosate-resistant (R) and -susceptible (S) Eleusine indica biotypes at 4 days after glyphosate treatment
under high temperature (30°C/25°C day/night) and low temperature (20°C/15°C day/night) regimes. Each data point is the mean + standard error of
three biological replications. An asterisk indicates a significant difference in shikimic acid content within the same glyphosate treatment between

temperature regimes (Student's t-test, o = 0.05).
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TABLE 2 Influence of glyphosate on leaf chlorophyll content of glyphosate-resistant (R) and -susceptible (S) Eleusine indica plants grown under high
temperature (30°C/25°C day/night) and low temperature (20°C/15°C day/night) regimes.

. Glyphosate dose . Chlorophyll a Chlorophyll b Chlorophyll a+b
Biotype yphosate ¢ Temperature regime pqya pJa Py a
(gaiha™) (mgg™) (mgg ) (mgg)
High 1.00 + 0.03b 0.32 % 0.02ab 1.32 + 0.05b
0
Low 0.96 + 0.02b 029 £ 0.02b 1.26 % 0.05b
R
High 1.08 £ 0.01a 035 £ 0.01a 1.43 £ 0.02a
400
Low 0.79 + 0.02¢ 025 + 0.02¢ 1.04 + 0.04c
High 0.93 £ 0.02b 029 £ 0.02b 1.22 £ 0.03b
0
Low 0.90 £ 0.01b 0.26 £ 0.03b 1.16 £ 0.04b
S
High 1.02 + 0.03a 0.38 + 0.02a 1.40 + 0.05a
200
Low 0.48 + 0.05¢ 0.16 + 0.01c 0.65 + 0.07¢

“Chlorophyll extraction was conducted at 10 days after glyphosate treatment. Within the same biotype, values in the same column followed by different lowercase letter are statistically different
(Fisher’s protected LSD, o. = 0.05). Each value represents the mean + standard error.

Significant differences in glyphosate translocation were detected 4 [Discussion
between the temperature regimes, but not between the biotypes
within the same temperature regime. Both biotypes translocated a The efficacy of glyphosate at different temperatures varies
smaller proportion of the absorbed glyphosate from the treated leaf ~ depending on the weed species and/or populations. The present
to the rest of the plant under the low-temperature regime. At 3 study demonstrated that both the R and S biotypes of E. indica were
DAT, 65.7% (R) and 67.5% (S) of the absorbed glyphosate were ~ more sensitive to glyphosate when grown at a low temperature.
retained in the treated leaf under the high-temperature regime  Compared with the S biotype, the sensitivity to glyphosate of the R
compared with 83.3% (R) and 82.3% (S) under the low-temperature  biotype was more strongly elevated at the low temperature, resulting
regime (Figure 4). The amount of glyphosate detected in the rest of ~ in reduced resistance level to glyphosate. Populations of
the plant was 34.3% (R) and 32.5% (S) under the high-temperature ~ Echinochloa colona, a graminaceous weed with a growing season
regime compared with 16.7% (R) and 17.7% (S) at the low  similar to that of E. indica, displayed different trends in glyphosate
temperature (Figure 4) tolerance at 20°C and 30°C. The efficacy of glyphosate on the

In the experiment, AMPA was not detected in the treated leaf or  sensitive E. colona population was not affected by temperature, but
in the remainder of the plant, and only a small amount of AMPA  increased efficacies were observed at low temperature on six

were detected in the wash solution (data not shown). glyphosate-resistant E. colona populations (Nguyen et al., 2016).
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FIGURE 3

Fv/Fm value of glyphosate-resistant (R) and -susceptible (S) Eleusine indica biotypes after glyphosate treatment under high temperature (30°C/25°C
day/night) and low temperature (20°C/15°C day/night) regimes. Each data point is the mean + standard error of four biological replications.
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Glyphosate absorption and translocation in glyphosate-resistant (R) and -susceptible (S) Eleusine indica biotypes at 3 days after glypphosate
treatment under high temperature (30°C/25°C day/night) and low temperature (20°C/15°C day/night) regimes. Each data point is the mean +
standard error of three biological replications. An asterisk indicates a significant difference between temperature regimes (Student's t-test, oo = 0.05).

Tanpipat et al. (1997) demonstrated that increase in temperature
reduces the control effect of glyphosate on E. colona under field
conditions. An additional grass weed, Lolium rigidum, is less
tolerant to glyphosate at a low temperature (Powles et al., 1998;
Vila-Aiub et al, 2013). In addition, three glyphosate-resistant
Conyza species (C. sumatrensis, C. bonariensis, and C. canadensis)
show a reduction in glyphosate resistance at a low temperature (Ge
et al,, 2011; Okumu et al., 2019; Palma-Bautista et al., 2019). It is
interesting that the efficacy of glyphosate on a sensitive biotype of C.
sumatrensis decreases, but that on a resistant biotype increases, at a
low temperature (Palma-Bautista et al., 2019). However, giant
ragweed (Ambrosia artemisiifolia) and common ragweed
(Ambrosia trifida) show higher mortality and biomass reduction
at a high temperature regardless of the degree of susceptibility or
resistance to glyphosate (Ganie et al., 2017).

The background shikimic acid amounts of the R and S biotypes
of E. indica were similar in untreated plants under the same
temperature regime, which increased from 18.0-21.7 ug g " at the
high temperature to 49.3-52.4 Ug g ' at the low temperature.
According to Mueller et al. (2008, 2011), shikimic acid
concentrations are less than 80 lg g ' in untreated plants of E.
indica, and are usually less than 100 ug g ' in nine other weedy
species. Hence, it is reasonable to assume that the low-temperature
treatment enhanced the background amount of shikimic acid in
untreated E. indica plants, which was nonfatal to the plants. With
exposure to glyphosate, shikimic acid may accumulate rapidly in the
plant if EPSPS activity is partially or entirely inhibited by the
herbicide. In most studies that have performed shikimate assays,
glyphosate was applied at the field rate and the shikimic acid
amount was measured during the period of 0-8 DAT. Generally,
the shikimic acid amount is probably close to the maximum at 4-6
DAT for most species, including E. indica (Mueller et al., 2008;
Mueller et al,, 2011). In the present study, E. indica plants were
incubated for 4 days at the different temperatures to evaluate the
effect of temperature on shikimic acid accumulation after
glyphosate treatment. The data for shikimic acid accumulation
were in accordance with the results of the whole-plant
experiment, in that a lower dose of glyphosate at a low
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temperature could achieve a comparable effect to that with a
higher dose at a high temperature. In addition, the increasing
difference in shikimic acid accumulation between the high- and
low-temperature regimes was higher in the R biotype than in the S
biotype of E. indica. The resistant biotype of C. bonariensis
accumulated approximately five times more shikimic acid at 15 °
C than at 27 °C, whereas the susceptible biotype only doubled the
amount of shikimic acid (Okumu et al., 2019). In C. sumatrensis, the
differences in shikimic acid accumulation between resistant and
susceptible biotype were more divergent when plants were grown at
a high temperature (Palma-Bautista et al, 2019). In E. colona,
however, less shikimic acid was accumulated at a low temperature
(20 °C) than at a high temperature (30 °C) (Nguyen et al,, 2016).
The influences of glyphosate on chlorophyll content reflects the
doses applied. Previous studies confirm that a lethal dose of
glyphosate sharply reduces the chlorophyll content of plants
(Chen et al., 2015). In contrast, plants treated with sublethal
doses of glyphosate may have a higher chlorophyll content than
the untreated control. For example, the chlorophyll content of
Chenopodium album plants treated with a glyphosate dose of 90
and 180 g ai ha™" was significantly higher than that of the untreated
control (Ketel, 1996). Similar results were observed in Amaranthus
retroflexus (Meseldzija et al., 2020). It is noteworthy that the
stimulatory effect of glyphosate may differ with environmental
factors (Belz and Duke, 2014). In the present study, when grown
under the high temperature regime, the E. indica plants exposed to a
sublethal dose of glyphosate had a higher leaf chlorophyll content
than that of the untreated plants, but the stimulatory effect was not
observed for plants grown under the low temperature regime,
indicating that certain physiological processes may be impaired.
The Fv/Fm value can be used as an indicator of tolerance to a
herbicide and other environmental stress. A previous study of our
team showed that a sublethal dose of glyphosate does not result in
an obvious reduction in Fv/Fm in E. indica plants (Zhang et al.,
2015b), which is consistent with the results obtained under the
high-temperature regime in the present study. However, a sublethal
dose caused a significant decrease in Fv/Fm in plants grown under
the low temperature regime, especially for the S biotype, indicating
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that the functioning of photosystem II may be severely damaged.
The observation that E. indica plants treated with sublethal doses of
glyphosate showed reductions in chlorophyll content and Fv/Fm at
a low temperature may be further evidence for the influence of
temperature on glyphosate efficacy.

In many plant species, temperature has been reported to
influence the absorption and/or translocation of glyphosate. In E.
colona, glyphosate absorption was reduced with increase in
temperature, whereas translocation from the treated leaf was not
affected by temperature (Nguyen et al., 2016). The indication that
glyphosate absorption and translocation are enhanced at a low
temperature has been observed in many other plant species, such as
C. sumatrensis (Palma-Bautista et al., 2019), Glycine max
(McWhorter et al., 1980), and Kochia scoparia (Ou et al., 2018).
In contrast, McWhorter et al. (1980) reported that Sorghum
halepense absorbed two times the amount of glyphosate at 30 °C
compared with at 24°C, and the degree of glyphosate translocation
was also increased. Similarly, in Brunnichia ovata, Reddy (2000)
noted that a greater amount of glyphosate was absorbed and
translocated under a higher temperature. In the present study, it
is interesting that increase in the glyphosate efficacy on E. indica was
accompanied by reduced glyphosate absorption and translocation
at a low temperature. A reduction in glyphosate absorption and
translocation has been reported to confer glyphosate resistance in
some weed species (Sammons and Gaines, 2014; Gaines et al,
2020). Hence, the increase in glyphosate efficacy on E. indica at a
low temperature was likely caused by other mechanisms. A low
temperature is not optimal for growth of E. indica; therefore, we
hypothesize that an extended low-temperature treatment may
disrupt certain physiological processes, resulting in reduced
glyphosate tolerance. For example, if EPSPS gene expression of E.
indica is suppressed under a low temperature, the amount of EPSPS
enzyme would be reduced in cells and a lower glyphosate
concentration would be required to inhibit its activity.

The present findings revealed that temperature impacted on the
efficacy of glyphosate for control of the troublesome weed E. indica
in South China. Therefore, temperature should be considered
before glyphosate application, especially for applications in winter
or early spring in South China, where strong fluctuations in the
spring temperature usually occur. For control of E. indica, the
temperature forecast in the days subsequent to glyphosate
application should be colder for improved efficacy. The present
research was conducted under artificial controlled conditions with
precise temperatures and relative humidity; thus, the results may
vary under field conditions owing to the complex variability of
environmental factors, including temperature, relative humidity,
wind, and light (Ramsey et al., 2005; Varanasi et al., 2016). In
addition, considering that a premix formulation or tank mixture of
glyphosate and other herbicides (such as glufosinate, dicamba,
oxyfluorfen and flumioxazin) is increasingly popular (Beckie,
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20115 Liu et al,, 2021), the effect of temperature on the efficacy of
other herbicides should also be considered. Further studies are
needed to evaluate the combined effect of temperature and other
environmental factors on weed control efficacy under field
conditions. Moreover, molecular studies, such as analysis of gene
expression for target enzymes or metabolic enzymes under different
environmental conditions, may provide additional evidence to
explain the variable response to herbicide application under
different environmental conditions.
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Potato virus Y (PVY) mainly infects Solanaceous crops, resulting in considerable
losses in the yield and quality. Iron (Fe) is involved in various biological processes
in plants, but its roles in resistance to PVY infection has not been reported. In this
study, foliar application of Fe could effectively inhibit early infection of PVY, and a
full-length transcriptome and Illumina RNA sequencing was performed to
investigate its modes of action in PVY-infected Nicotiana tabacum. The results
showed that 18,074 alternative splicing variants, 3,654 fusion transcripts, 3,086
long non-coding RNAs and 14,403 differentially expressed genes (DEGs) were
identified. Specifically, Fe application down-regulated the expression levels of
the DEGs related to phospholipid hydrolysis, phospholipid signal, cell wall
biosynthesis, transcription factors (TFs) and photosystem | composition, while
those involved with photosynthetic electron transport chain (PETC) were up-
regulated at 1 day post inoculation (dpi). At 3 dpi, these DEGs related to
photosystem Il composition, PETC, molecular chaperones, protein degradation
and some TFs were up-regulated, while those associated with light-harvesting,
phospholipid hydrolysis, cell wall biosynthesis were down-regulated. At 9 dpi, Fe
application had little effects on resistance to PVY infection and transcript profiles.
Functional analysis of these potentially critical DEGs was thereafter performed
using virus-induced gene silencing approaches and the results showed that
NbCat-6A positively regulates PVY infection, while the reduced expressions of
NbWRKY26, NbnsLTP, NbFAD3 and NbHSP90 significantly promote PVY
infection in N. benthamiana. Our results elucidated the regulatory network of
Fe-mediated resistance to PVY infection in plants, and the functional candidate
genes also provide important theoretical bases to further improve host
resistance against PVY infection.

KEYWORDS

PVY, Fe, full-length transcriptome, Illumina RNA sequencing, virus-induced
gene silencing
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1 Introduction

Potato virus Y (PVY) is the typical member of the genus
Potyvirus in the family Potyviridae (Rybicki, 2015). PVY infects a
wide host range mainly within the Solanaceous crops, such as
potato, tomato, pepper and tobacco, and causes considerably
economic losses worldwide (Gibbs et al., 2020; Yang et al., 2021).
As known, viruses often rely on a complex network of interactions
with host proteins to promote infection in plants (Garcia-Ruiz,
2019). In the arms race between hosts and pathogens, plants have
evolved a series of strategies to resist viral infections (Lebaron et al.,
2016). Virus infections also alter the expression levels of a large
number of host genes (Garcia-Ruiz, 2019). A study has shown that
the expression levels of differentially expressed genes (DEGs)
related to plant-pathogen interactions, including heat shock
proteins, are down-regulated, while those of terpene synthase and
protein kinase encoding genes are up-regulated in the susceptible
potato varieties after PVY infection (Ross et al., 2022). In PVY-
infected tobacco plants, DEGs related to DNA/RNA binding,
catalytic activity and signaling molecules are significantly
enriched, and PVY-derived siRNAs are shown to target
translationally controlled tumor protein (NtTCTP) mRNA that is
associated with host resistance to viral infection (Guo et al., 2017).

Microelements, such as boron (B), chlorine (Cl), copper (Cu),
iron (Fe), manganese (Mn) and zinc (Zn), play essential roles
during plant growth (Merchant, 2010). Among them, Fe is known
as the third most limiting microelements for plants due to its low
solubility in alkaline and calcareous soils (Gyana and Rout, 2015).
Fe is required for a variety of biological processes, such as DNA
synthesis, photosynthesis, respiration, nitrogen reduction,
biosynthesis and repair of nucleotide, amino acids, proteins,
cofactors, and vitamins (Chhabra et al., 2020; Hendrix et al.,
2022). Fe deficiency causes up-regulation of bHLH38, bHLH100
and bHLHI101, and inhibits flowering in Arabidopsis (Chen et al.,
2021). The expression levels of the basic helix-loop-helix
transcription factor FER, the ferric-chelate reductase LeFROI and
the Fe (II) transporter LeIRTI genes are up-regulated in the iron-
deficient conditions, which promotes the production of nitric oxide
(NO) in tomato plants (Graziano and Lamattina, 2007). In
Arabidopsis, high iron concentrations promote NO production
and induce AtFerl and AtFer4 expression, thus allowing excess
iron to be preserved in a bioavailable and non-toxic form (Arnaud
et al,, 2006). In addition, the regulatory roles of Fe in plant
resistance during pathogen infection have been well investigated.
Foliar spraying of Fe;O, nanoparticles can activate the oxidative
stress response, induce the synthesis of salicylic acid (SA), and up-
regulate the expression of pathogenesis-related (PR) proteins, thus
enhancing the resistance of plants to the infection of tobacco mosaic
virus (TMV) (Cai et al, 2020). It was also indicated that iron
treatment can induce reactive oxygen species (ROS) burst to
regulate the resistance to Curvularia lunata in maize (Fu
et al., 2022).

Next-generation sequencing (NGS) technology based on
Mumina platform is a powerful method to provide insights into
mechanisms underlying processes of global gene expression and
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secondary metabolism (Unamba et al., 2015). The single molecule
real-time (SMRT) sequencing based on Pacific BioSciences (PacBio)
platform allows the direct reading of cDNA and the maximum
reading length to 70 kb, and accurately reconstructs full-length
splice variants (Korlach et al., 2017). Overall, combining analysis of
NGS and SMRT sequencing can provide high-quality, accurate, and
complete isoforms in transcriptome studies, which is thereby
conducive to discovering more alternative splicing (AS) isoforms,
long non-coding RNAs (IncRNAs) and fusion genes. A reference
transcriptome of impatiens infected with downy mildew has been
constructed by full-length transcriptome sequencing and RNA
sequencing (RNA-Seq), which provided a comprehensive data
source to screen resistance genes (Peng et al., 2021).

Investigations on the roles of trace elements in plant antiviral
responses are still limited. Our previous studies have shown that
boron can inhibit cucumber green mottle mosaic virus (CGMMYV)
infection in watermelon by regulating the expression levels of genes
related to carbohydrate metabolism, hormone biosynthesis, cell wall
catabolism and ROS burst (Bi et al., 2022a; Bi et al., 2022b; Guo
et al,, 2022). In this study, we demonstrated that foliar spraying of
Fe inhibited PVY infection in N. tabacum, and analyzed the
expression patterns of tobacco genes under four different
treatments with or without PVY infection after spraying Fe or
H,0 at 1, 3, 9 days post inoculation (dpi) by full-length
transcriptome and RNA-Seq analyses. The results revealed that
PVY infection mainly affected the expression levels of host genes
related to photosynthesis and biosynthesis, while Fe treatment
regulated genes associated with lipid metabolism, photosynthesis,
endoplasmic reticulum protein processing and cell wall biogenesis.
Moreover, the roles of several genes were characterized by down-
regulated their expressions through virus-induced gene silencing
(VIGS) assays in the PVY-infected N. benthamiana plants. These
results provide a new method for prevention of PVY infection and
lay a theoretical foundation for disease resistant breeding in
Solanaceous crops.

2 Materials and methods
2.1 Plant growth and virus inoculation

N. tabacum L. cv. K326 and N. benthamiana plants were
cultivated in the artificial climate chamber with a day/night
temperature of 25°C, 65 + 5% relative humidity, and 16 h/8 h
light/dark cycle environmental conditions. Potato virus Y
(PVY-LN, GenBank ID: JQ971975) was isolated and purified by
our laboratory and propagated on tobacco. N. tabacum leaves were
sprayed twice every 2 days with H,O or Fe’* (EDTA-Fe) or MgSO,
or CuSO, with concentration of 3.36 mgL" or 240 mgL" or 0.8
mg-L" at 4-5 leaf stage and then inoculated with phosphate-buffered
saline (PBS solution) or PVY after one day, respectively (PBS
solution + H,O, P + H; PBS solution + Fe, P + Fe; PBS
solution + Mg, P + Mg; PBS solution + Cu, P + Cu; PVY + H,O,
PVY + H; PVY + Fe; PVY + Mg; PVY + Cu). The samples were
harvested from inoculated leaves at 1 dpi, and systematic leaves at 3
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dpi and 9 dpi, and three independent experiments were performed in
this study.

2.2 Library preparation and
SMRT sequencing

We mixed all samples of different treatments (P + H, P + Fe, P +
Mg, P + Cu, PVY + H, PVY + Fe, PVY + Mg, PVY + Cu) at 3 time
points into one sample for full-length transcriptome analysis based
on SMRT sequencing. Total RNA was extracted using a Trizol
reagent (Invitrogen, CA, USA). The RNA quantity and purity were
analyzed by Bioanalyzer 2100 and RNA 1000 Nano LabChip Kit
(Agilent, CA, USA) with RIN number > 7.0. Full-length cDNA was
synthesized using a SMAR Ter'™ PCR cDNA Synthesis Kit
(Clontech, CA, USA). The generated cDNA was then re-amplified
using PCR. After end repair, the SMRT adaptor with a hairpin loop
structure was ligated to the cDNA. The cDNA library was then
constructed via exonuclease digesting. After quality measurement
of the cDNA library, SMRT sequencing was performed using the
Pacific Bioscience Sequel platform (Biomarker Technologies Co.
Ltd., Beijing, China). The reference genome of tobacco K326
(https://solgenomics.net/organism/Nicotiana_tabacum/genome)
was used. The sequencing data were deposited in the SRA database
at NCBI with the accession number PRJNA903693.

2.3 lllumina RNA-seq library construction
and sequencing

The mRNA extracted from samples in four different treatments
(P +H, P+ Fe, PVY + H, PVY + Fe) was purified using oligo (dT)-
attached magnetic beads. Fragmentation was conducted in the
NEBNext First Strand Synthesis Reaction Buffer. First-strand
cDNA was obtained based on the random hexamers, and then
the second-strand ¢cDNA was synthesized with dNTPs, RNase H,
and PrimeStar GXL DNA polymerase. The synthesized cDNA was
purified with AMPure XP beads. After end repairing, adding poly-A
and adaptor ligation, AMPure XP beads were used for size selection.
The generated cDNA was then amplified for construction of cDNA
libraries. The qualified libraries were pair-end sequenced on the
Mumina HiSeq TM2500 (Biomarker Technologies Co. Ltd., Beijing,
China). The sequencing data were deposited in the SRA database at
NCBI with the accession number PRINA903693. The relative gene
expression levels were normalized as fragments per kilobase of
transcript per million mapped reads (FPKM). The genes with
threshold of false discovery rate (FDR) < 0.05 and |log2 fold
change| > 1 were defined as DEGs.

2.4 Functional annotation of transcripts

Gene Ontology (GO) enrichment of DEGs were analyzed by a
GOseq R packages based Wallenius non-central hyper-geometric
distribution (Young et al., 2010). A KOBAS software was used to
perform KEGG enrichment analyses of DEGs (Mao et al., 2005).
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2.5 WGCNA analyses

Weighted gene co-expression network analysis (WGCNA) was
used to construct gene co-expression networks. Highly co-
expressed gene modules were obtained using the WGCNA v3.1.1
package in R language (Langfelder et al., 2009). A gene expression
adjacency matrix was constructed to analyze the network topology
with minModuleSize of 30, and minimum height for merging
modules of 0.1262.

2.6 Virus-induced gene silencing assays

The homologs of five DEGs were selected for functional
verification using a tobacco rattle virus (TRV)-based VIGS vector
in N. benthamiana, respectively. These fragments were amplified
using specific primers (Supplementary Table 1) and PrimeSTAR®
Max DNA Polymerase (TaKaRa, Dalian, China) through PCR. The
details of construction of TRV-based VIGS vectors and infiltration
of Agrobacterium tumefaciens referred to our previous study (Guo
etal,, 2022). After 10 days post infiltration, the upper non-infiltrated
leaves were mechanically inoculated with PVY crude extracts. After
10 dpi, we monitored N. benthamiana plants symptoms and
collected the upper two leaves to measure gene silencing efficiency
and PVY accumulation.

2.7 Western blot analyses

Total proteins from tobacco K326 inoculated leaves at 1 dpi and
systematic leaves at 3, 5, 7, 9 dpi, as well as the upper two leaves of
N. benthamiana plants were extracted using a Plant Protein
Extraction Kit (Solarbio, Shanghai, China) and quantified using
the BCA protein quantification kit (Beyotime, Shanghai, China),
respectively. After the completion of electrophoresis, the proteins
separated by 12% SDS-PAGE were transferred to 0.20 pm
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica,
USA), which were then incubated in blocking solution for one hour
(Solarbio, Shanghai, China). PVY CP monoclonal antibody was
used at dilution of 1: 1000 (Youlong, Shanghai, China). Beta-actin
antibody was used at dilution of 1: 5000 (Proteintech, Chicago,
USA). After incubation with primary and secondary antibodies
(ABclonal, Wuhan, China), membranes were washed twice for
10 min with IXTTBS, and then transferred into ECL solution
(Millipore, Billerica, USA) to detect signals by Tanon
Chemiluminescence Gel Imager (Tanon, Shanghai, China).

2.8 Reverse transcription-quantitative real-
time PCR (RT-gPCR)

The RNA of the inoculated leaves at 1 dpi and systematic leaves
at 3, 5, 7, 9 dpi from N. tabacum K326, as well as the upper two
leaves of N. benthamiana plants was extracted by TRIzol reagent
(Tiangen, Beijing, China) and was reverse transcribed to yield
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cDNA with a HiScript II Q Select RT SuperMix for gPCR (gDNA
eraser) kit (Vazyme, Nanjing, China). The primer sets for partial
sequence amplification were designed within the CDS region of
nucleotide sequences (Supplementary Table 1). RT-qPCR analyses
were performed using ChamQ Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China) on a StepOne Plus real-time PCR system
(ThermoFisher, Waltham, USA). The relative expression levels of
genes were assessed by the 27*““T method with the normalization
using Ntubc2 (AB026056.1) in N. tabacum and NbActin
(AY179605.1) in N. benthamiana as reference genes by three
biological replicates, respectively.

2.9 Statistical analyses

The data were presented as mean values *+ standard error of
three biological replicates and analyzed using SPSS Version 25.0
(IBM Inc., Armonk, USA). The differences among groups were
analyzed through two-tailed ¢ test and one-way analysis of

variance (Duncan).

3 Results

3.1 Foliar application of exogenous
Fe could alleviate PVY infection in
tobacco plants

By observing the symptoms of tobacco plants infected with PVY
in four different treatments (P + H, P + Fe, PVY + H, PVY + Fe) at

PVY +H

P +Fe

PVY + Fe

FIGURE 1

E h

10.3389/fpls.2023.1163679

five time points, the results revealed that the tobacco stems began to
show brown necrosis at 7 dpi after PVY + H treatment, while did
not show obvious disease symptoms treated by PVY + Fe
(Figure 1A). At 9 dpi, we found that tobacco plants were dwarfed
with necrotic veins and yellow leaves, while in PVY + Fe, the stems
and veins of the tobacco showed mild brown necrosis (Figure 1B).
RT-qPCR results showed that the accumulation of PVY RNAs in
PVY + Fe treated plants was reduced by 28% at 7 dpi and 68% at 5
dpi, compared with that in PVY + H treated plants (Figure 1C). The
results of western blot validated that the accumulation of PVY CP in
plants after each treatment was generally consistent with the results
of RT-qPCR (Figure 1D). These results generally proved that Fe had
an inhibitory effect on PVY infection in tobacco.

3.2 PacBio SMRT sequencing analysis

To accurately obtain full-length transcripts and splice variants,
the PacBio SMRT sequencing was performed using the pooled
sample from all treatments at 1, 3 and 9 dpi. A total of 27.63Gb
clean data was obtained with 353,258 circular consensuses (CCS)
reads, 316,181 full-lengths non-chimeric (FLNC) sequences and
113,580 high-quality consensus sequences (Figures 2A-C). Totally
85,991 isoforms of known genes, 41,415 novel isoforms of known
genes and 7,938 isoforms of novel genes were obtained by aligning
the transcripts to the N. tabacum genome database (Figure 2D). The
novel transcript sequences obtained were searched for NR,
Swissprot, GO, COG, KOG, Pfam, and KEGG databases, and the
functional annotations of 39,301 novel transcripts were listed
(Supplementary Table 2).

(o]
<
Z 15
; : EEPVY +H W PVY +Fe
o
s
c
S
s
3
E
3
Q
o
©
[
2 N Y Y 1Y Y
3 O A
['4
D

1dpi 3dpi  5dpi 7dpi 9dpi

;’W*Fe PW*H‘ ;’W+Fe PW*HI ;W"Fe PVY*HI IP’W*Fe PVV+H"PVY+Fe PV‘M';

CP‘ — — — —}— 35Kd

5912 100 57+1 100 50&1 100
----------}*

42Kd

Foliar application of exogenous Fe alleviated PVY infection in tobacco plants. (A) Symptoms of the whole plant, leaves and stems at 7 dpi in four
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groups determined by western blot assays at 1, 3, 5, 7, and 9 dpi.
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3.3 Analyses of alternative splicing,
alternative polyadenylation and long
non-coding RNA

Alternative splicing (AS) events were subsequently analyzed
through an AStalavista tool (Foissac and Sammeth, 2007). A total of
18,074 AS events were indicated in transcripts, including 167 mutually
exclusive exon, 10,333 intron retention, 2,086 exon skipping, 1,944
alternative 5 splice site, and 3,544 alternative 3’ splice site (Figure 3A).
Moreover, we further analyzed FLNC through TAPIS pipeline to
identify alternative polyadenylation (APA) (Abdel-Ghany et al,
2016). We found that 6,284 genes with one APA site, 2,596 genes
with two APA sites, 1,228 genes with three APA sites, 569 genes with
four APA sites, 280 genes with five APA sites and 286 genes with more
than five APA sites (Figure 3B). Moreover, a total of 3,086 IncRNAs
were identified by coding potential calculator (CPC), coding-non-
coding index (CNCI), coding potential assessment tool (CPAT) and
Pfam protein domain analyses (Figure 3C) (Kong et al,, 2007; Sun et al.,
2013; Wang et al,, 2013). According to the positions of IncRNAs on the
reference genome, 1,836 intergenic IncRNAs (lincRNAs), 74 antisense
IncRNAs, 77 intronic IncRNAs and 1,008 sense IncRNAs were
obtained (Figure 3D). The target genes of all IncRNAs were
predicted and the results were shown in Supplementary Table 3.
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3.4 lllumina RNA sequencing analysis

To analyze the molecular mechanism of Fe-mediated N.
tabacum resistance to PVY infection, RNA-Seq was performed on
the leaves under four different treatments at three time points. A
total of 1307.93 Gb of clean reads were obtained from 36 libraries,
and each of these libraries contained > 19.32 Gb of data with Q30
quality scores = 91.67% (Supplementary Table 4). These reads were
mapped uniquely with the ratios from 76.73% to 93.61% for each
library (Supplementary Table 5).

3.5 Analyses of DEGs in different groups

To identify the genes in response to Fe application under PVY
infection, five different pairwise comparisons were conducted
(PVY + Fe vs. PVY + H, PVY + Fe vs. P + Fe, PVY + Fe vs.
P+H,PVY +Hvs.P+H,and P + Fevs. P + H) at 1, 3, and 9 dpi.
Through these comparisons, a total of 2,745 DEGs at 1 dpi, 1,277
DEGs at 3 dpi, and 12,255 DEGs at 9 dpi were obtained (Figure 4A).
In PVY + H vs. P + H, we found more DEGs at 9 dpi than that at 1
dpiand 3 dpi (Figures 4A, B). In PVY + Fe vs. PVY + H, more DEGs
were obtained at 1 dpi and 3 dpi than that at 9 dpi (Figures 4A, B).
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These results indicated that the changes in N. tabacum gene
expression were increased with the progress of PVY infection,
and Fe-regulated host resistance to PVY infection mainly
functioned at early stage.

3.6 GO and KEGG enrichment analyses
of DEGs

To further explore the effects of PVY infection on tobacco
biological processes, we analyzed the DEGs in PVY + Hvs. P + H at
3 and 9 dpi using GO terms and KEGG pathway enrichment.
Through GO analysis, these DEGs were mainly enriched in
biological process (BP) terms ‘cellular process’, ‘metabolic
process’, ‘response to stimulus’ and ‘single-organism process’, in
cellular component (CC) terms ‘cell’, ‘cell part’, ‘organelle’ and
‘membrane’ and in molecular function (MF) terms ‘binding’,
‘catalytic activity’, ‘transporter activity’ and ‘molecular transducer
activity’ at 3 dpi (Figure 5A and Supplementary Table 6). At 9 dpi,
the enriched GO terms in BP and CC were the same as those at 3
dpi, while that in MF mainly were ‘binding’, ‘catalytic activity’,
‘transporter activity’ and ‘nucleic acid binding transcription factor
activity’ (Figure 5A and Supplementary Table 6). The results of
KEGG enrichment analyses showed that the DEGs were mainly
enriched in ‘protein processing in endoplasmic reticulum’,
‘glycosaminoglycan degradation’, ‘zeatin biosynthesis’ at 3 dpi,
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while in ‘photosynthesis-antenna proteins’, ‘photosynthesis’ and
‘porphyrin and chlorophyll metabolism’ at 9 dpi (Figure 5B). To
further investigate the responses in tobacco to Fe application during
PVY infection, the DEGs obtained in PVY + Fe vs. PVY + H at 1 dpi
and 3 dpi were analyzed through GO and KEGG enrichment. The
results showed that the DEGs were mainly enriched in the GO
terms under the ‘cellular process’, ‘metabolic process’, ‘single-
organism process’ and ‘response to stimulus’ of BP, ‘cell part’,
‘cell’, ‘organelle’ and ‘organelle part’ of CC, ‘binding’, ‘catalytic
activity’, ‘transporter activity’ and ‘structural molecule activity’ of
MF at 1 dpi (Figure 5C and Supplementary Table 6). At 3 dpi, these
DEGs were mainly enriched in BP terms ‘cellular process’,
‘metabolic process’, ‘single-organism process’ and ‘response to
stimulus’, CC terms ‘cell part’, ‘cell’, ‘organelle’ and ‘membrane’,
and MF terms ‘binding’, ‘catalytic activity’, ‘transporter activity’ and
‘nucleic acid binding transcription factor activity’ (Figure 5B and
Supplementary Table 6). The KEGG enrichment analysis results
indicated that the DEGs were mainly in the ‘nitrogen metabolism’,
‘RNA degradation’, ‘aminoacyl-tRNA biosynthesis’ and ‘inositol
phosphate metabolism’ at 1 dpi, while in ‘photosynthesis’,
‘protein processing in endoplasmic reticulum’, ‘thiamine
metabolism’ and ‘photosynthesis-antenna proteins’ at 3 dpi
(Figure 5D). These results indicated that PVY infection mainly
affected the protein processing, secondary metabolism and
biosynthesis of tobacco at 3 dpi, and the photosynthesis of
tobacco at 9 dpi. Meanwhile, we found that Fe application
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exhibited major regulatory effects on protein processing,
photosynthesis, oxidative phosphorylation of tobacco at 3 dpi.

3.7 Coexpression network analyses
of DEGs

In order to further clarify the roles of Fe application in
regulating tobacco anti-PVY infection, WGCNA analysis was
performed using all DEGs under different treatments, and eight
gene regulatory network modules were obtained, including black
module (32 DEGs), blue module (94 DEGs), pink module (33
DEGs), green module (40 DEGs), turquoise module (3,585 DEGs),
red module (36 DEGs), brown module (51 DEGs) and yellow
module (71 DEGs) (Figure 6A and Supplementary Table 7). The
correlations of modules and modules, modules and different
treatments were also analyzed (Figures 6B, C). The results showed
that there was a strong correlation between turquoise module and
brown module. At 9 dpi, these two modules included DEGs that
were highly expressed in PVY + H and PVY + Fe (Figure 6C). Top
GO and KEGG pathway analyses showed that these DEGs were
mainly enriched in fatty acid metabolism, fatty acid biosynthesis,
plant-pathogen interaction, protein processing in endoplasmic
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reticulum and photosynthesis (Supplementary Tables 8, 9). These
two modules mainly included DEGs related to TFs (NtbHLH,
NtMYB, NtNAC, NtWRKY), chlorophyll a-b binding protein
(NtCabs), lipid metabolism (NtnsLTP, NtFAD, NtPNPLA), and
molecular chaperones (NtHSP, NtDnaJ) (Supplementary Table 8,
9). At 3 dpi, the blue and pink modules were highly correlated with
PVY + Fe (Figure 6C). These DEGs were mainly enriched in plant-
pathogen interaction, fatty acid elongation, protein processing in
endoplasmic reticulum, glutathione metabolism and plant hormone
signal transduction (Supplementary Table 8, 9). These two modules
mainly included DEGs related to ethylene signal transduction
(NtERFs), TFs (NtWRKYs), ROS scavenging (NtGST, NtSOD),
protein degradation (NtE3), and molecular chaperones (NtHSP,
NtDnaJ) (Supplementary Tables 8, 9).

3.8 Analyses of DEGs in different pathways

Transcription factors (TFs) play important roles in the
regulation of plant life activities (Dubos et al., 2010). In this
study, 222 DEGs related to TFs were identified (Figure 7A and
Supplementary Table 10). At 9 dpi, 103 DEGs were up-regulated,
including 52 NtWRKYs (NtWRKY15, NtWRKY2, NtWRKY23,

frontiersin.org


https://doi.org/10.3389/fpls.2023.1163679
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Xu et al.
A PVY+Hvs. P+H  (3dpi)
BP
Str PVY+Hvs. P+H (3dpi
N AN $Ucr056 e, i e
RNA tranopom
nspoy
o e e
enylpmiay"% bi rnrerar:e!/:; e
sine u
G%my'wcmbfosymgiiiv 3
A i s .10
A
alpha( jolde Sugar mstabwsm- : o
nolenic acid meggpors™ | o
ABC transporiarn | l.
O S
'dation + .
. ion
holosymhesisanlerf:: o :
Pliceos
Zeatin b, el ’
. in bi i
g e
OPIasmic retiogjom | :
iculum . Li
T 10 1
Rich factor
C PVY+Fe vs. PVY+H (1dpi)
(1
"y
NS
\o'b
BP ce
) PVY+Fevs. PVY+H (1dpi)
u
biquitin Mediated proge
roteolysis
Splicaosome | o
peNA tanspor |
Oxidativg "0y nihegis | e
ucleoudepe:sp"mrylaﬁon ° :
o Cision rey . :
YOO 04 iy MSMalch rpay | 4
Eoolate megapoha 3
i, I
ther hplﬁ :.emo,,iﬂ ! : :
. ) replica
lanine, aspanate a'?d’lrare o (Tciyianon i
Gutamate megays i) '
2 Ococarbon, oo oo | | g
PhosphatiguoVlic acid g 'S :
Other ypaur 98I sgngirei200lism
nosig) 9hcan biggyte! X L
inobeoPhate metapare :
i r%rm biosynthe:: * :
degrada
Nitrogen, metaboigm | ® .
25 50 75 100 125
Rich factor
FIGURE 5

10.3389/fpls.2023.1163679

PVY+H vs. P+H (9dpi)

8000

6000

4000

2000

PVY+H vs. P+H (9dpi)

Carotenc
St (€noid b "
Frageach and sucrogq rooyhesis
and mannoge met:ws"' .
F isi
P”enylprgggnaoﬁ";’g”.ggraaaﬁ;:
T/Ptophan mermiesis
oo s

meta gene number
oo - 50
* 100
0150
qvalue
§o
Gly '0Synthesie - Y
CarpeXVlate ang gy, S200N metapopss [
N fixation j rboXylate
in phgosynrhezic":f,;abohsm Moo
N lut i Janis;
Porphyrin ang cml:,:;'f"e elaboligrs

3
f
59

H

g
s
82
&
¢

g
§58%
H

.

hyll metapo,
lism .
Pho(osynIhesfs-a,::z:’s)’mhesis .
2 proteing

Rich factor

PVY+Fe vs. PVY+H (3dpi)

300 300
200 200

100 100

S
&
B8P
Vitamiy
Starch ang g
RI
Pyrimig
Purime™ gene number
! Lysin .5
inoleic g « 10
Glutathio o5
Ether lipig 020
qualue
Plant.pa e tra §o
Circagia] iNteract
alpha.L jpCi"Cadian on| ~«
Ioha. Lvnolre’g!c acid e Plant . [ os
P iaming ism .
. hofos();ntha§is -antanmebolism .| Moo
Totein Processin Xidative pp o al’mtems
91 endoplaspmic. . ”Y’ahon .
eticulym.
Olosynthesjs ° .
50 100
Rich factor
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NtWRKY26, NtWRKY31, NtWRKY38, NtWRKY40, NtWRKY41,
NtWRKY42, NtWRKY43, NtWRKY48, NtWRKY50, NtWRKY51,
NtWRKY53, NtWRKY57, NtWRKY65, NtWRKY68, NtWRKY70,
NtWRKY71, NtWRKY75, NtWRKYI11, NtWRKY6), eight
NtbHLHs (NtbHLH128, NtbHLH55, NtbHLH66, NtbHLH96), 16
NtNACs (NtNAC2, NtNAC72, NtNACS8, NtNAC29), 19 NtMYBs
(NtMYB315, NtMYB330, NtMYB4, NtMYB108, NtMYB144,
NtMYBIRI, NtMYB24, NtMYB3, NtMYB48, NtMYB57), five
NtGATAs (NtGATA24, NtGATA26) and two NtTCP4, while 64
DEGs were down-regulated, including 19 NtMYBs (NtMYBAPL,
NtMYBIR1, NtMYB306, NtMYB3R-1, NtMYB4, NtMYB32,
NtMYB3, NtMYBS86), six NtWRKYs (NtWRKY13, NtWRKY49,
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NtWRKY22, NtWRKY44), 21 NtbHLHs (NtbHLH122, NtbHLH35,
NtbHLH48, NtbHLH49, NtbHLH52, NtbHLH63, NtbHLH71,
NtbHLH74, NtbHLH78, NtbHLH79, NtbHLH93, NtbHLH96), 12
NtGATAs (NtGATAIl, NtGATA12, NtGATAI18, NtGATA4,
NtGATA5, NtGATAS8), 6 NtTCPs (NtTCP12, NtTCP14, NtTCP4,
NtTCP7)in PVY + Hvs. P+ H. In PVY + Fe vs. PVY + H, we found
that two NtNAC2, one NtMYB44 and one NtWRKY22 were up-
regulated at 3 dpi, while at 1 dpi, only one NtbHLH30 was down-
regulated. These results suggested that PVY infection seriously
impacted the expression levels of many TFs at 9 dpi, while only
several TFs might function in the Fe-mediated anti-PVY responses
at 3 dpi.
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Virus infection often destroys chloroplasts and affects
photosynthesis in plants (Zhao et al, 2016). In this study, we
identified 154 photosynthesis-associated DEGs (Figure 7B and
Supplementary Table 10). At 3 dpi, six DEGs were up-regulated
in PVY + Hvs. P + H, while at 9 dpi, a number of DEGs were down-
regulated, including 61 chlorophyll a-b binding protein (NtCab13,
NtCabl6, NtCab21l, NtCab36, NtCab37, NtCab4, NtCab40,
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NtCab50, NtCab6A, NtCab7, NtCab8, NtCabl0A, NtCabP4), four
PsbP-like protein (NtPPL), 12 oxygen-evolving enhancer protein
(NtOEEI), two cytochrome b6 (NtCyt-b6), two plastocyanin (NtPc),
five ferredoxin (NtFd) and 44 DEGs that involved in photosystem I
(PSI) and II (PSII) assembly. In PVY + Fe vs. PVY + H, we found
that NtPSI-A2, NtPsaG, NtPc and NtCyt-b6 were up-regulated at 1
dpi. At 3 dpi, NtCabs (NtCabl6, NtCab40, NtCab50) and NtPsaG
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Heat map of the expression levels of DEGs involved in different pathways in tobacco. (A) DEGs in transcription factors. (B) DEGs in photosynthesis.
(C) DEGs in lipid metabolism. (D) DEGs in protein processing in endoplasmic reticulum. (E) DEGs in cell wall biogenesis.

were down-regulated, while NtPsbB, NtPsbD, NtPSI-A2, NtPsbC  phospholipase A genes (NtPLAs), five phospholipase D genes

and NtCyt-b6 were up-regulated. These results indicated that PVY

(NtPLDs) were up-regulated in PVY + H vs. P + H at 9 dpi,

infection strongly suppressed photosynthesis at 9 dpi, and Fe might ~ while seven NtPLPs, two NtPLAs, one NtPLD and six patellin genes
induce tobacco resistance to PVY infection by regulating  (NtPATLs) were down-regulated. In PVY + Fe vs. PVY + H, three

cytochrome, chlorophyll, photosystem I and II assembly.

Besides participating in biofilm composition, lipids also play an ~ were down-regulated at 1 dpi, only one NtPLD and one NtPLP were
important role in regulating plant metabolism in response to stress ~ down-regulated at 3 dpi. In PVY + H vs. P + H at 9 dpi,
(Lim et al,, 2017). Eighty-one DEGs identified at 1, 3 and 9 dpi were ~ monoglyceride lipase-like (NtMGLs) related to fatty acid synthesis
found to associate with lipid metabolism and transport (Figure 7C  were all up-regulated, and fatty-acid desaturase (NtFADs) related to
and Supplementary Table 10). In phospholipid metabolic pathway, = unsaturated fatty acid synthesis were all down-regulated.
we found that five patatin-like protein genes (NtPLPs), three Interestingly, similar changes in expression levels of NtMGLs and
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NtFAD:s occurred in PVY + Fe vs. PVY + H at 3 dpi. Twenty-three
non-specific lipid-transfer protein (NtnsLTPs) associated with lipid
transport were identified. The expression levels of most of these
genes were changed in PVY + H vs. P + H at 9 dpi. However, their
expression was not affected by Fe application under PVY infection.

Protein processing in endoplasmic reticulum is closely related to
protein folding, transport and degradation, which is essential for the
normal function of proteins (Ito and Takeda, 2012). In PVY + Hvs. P
+ H, 15 small heat shock protein (NtHSP20s) and two heat shock
protein (NtHSP90s) genes were up-regulated at 3 dpi, while the
expression levels of other genes involved in protein processing in
endoplasmic reticulum remained unchanged. At 9 dpi, the expression
levels of calreticulin (Nt*CRTs), Dna] protein (NtDnajs), most of E3
ubiquitin-protein ligase (NtE3s), 17 NtHSP20s and six NtHSP90s were
up-regulated, while two NtHSP20s and three NtHSP90 were down-
regulated (Supplementary Table 10). In PVY + Fe vs. PVY + H, two
NtHSP70s, two NtDnajs, three NtSec24s and five NtE3s were down-
regulated at 1 dpi. At 3 dpi, 13 NtHSP20s, two NtHSP90s, three
NtDnaJs and six NtE3s were up-regulated, and two NtDnaJs and three
NtE3s were down-regulated (Figure 7D and Supplementary Table 10).

Cell wall is the first defense line in plant against pathogen
infection (Bacete et al.,, 2018). In this study, five cellulose synthase
genes (NtCESAs) were down-regulated at 9 dpi, while the expression
levels of other genes associated with cell walls biogenesis remained
unchanged in PVY + Hvs. P+ H. In PVY + Fe vs. PVY + H, the gene
expression of almost all the NtCESAs, NtLaccases and callose synthase
genes (NtCalSs) were down-regulated at 1 dpi and 3 dpi (Figure 7E
and Supplementary Table 10).

3.9 Validation of RNA-Seq data

To validate the results of RNA-Seq, four genes were randomly
selected to determine their expression levels under different
treatments by RT-qPCR (Figure 8). The results showed that the
expression level of NtRBCS (gene_44833) remained unchanged at 1
dpi under four different treatments. At 3 dpi, the results showed that
the expression levels of uncharacterized protein LOCI102603354
(PB.15726) and hypothetical protein MTR_5g051050 (PB.27254)
were up-regulated in P + Fe vs. P + H and PVY + Fe vs. PVY + H,
while the expression levels of NtSam3 (gene_42181) were down-
regulated in PVY + Fe vs. PVY + H. These results were consistent
with those of RNA-Seq.

3.10 Functional analyses of tobacco
homologous genes in resistance to PVY
infection in Nicotiana benthamiana

Transcriptome sequencing analysis showed that NtCab-6a was
down-regulated at 3 dpi, NtWRKY26 was up-regulated at 3 and 9
dpi, NtHSP90 and NtFAD3 were down-regulated at 9 dpi, and
NtnsLTP was down-regulated in PVY + Fe vs. PVY + H (Figure 7).
To further explore the genes in response to Fe application and PVY
infection in tobacco, we selected homologs of these five tobacco
genes for functional verification through TRV-based VIGS
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The expression levels of four genes determined by RT-gqPCR under
different treatments. Different lowercase letters indicate statistical
difference between treatments. The statistical significances were
determined using one-way analysis of variance followed by
Duncan'’s multiple comparison test (P value < 0.05).

approaches in N. benthamiana plants. The results indicated that
the leaves of NbHSP90-silenced plants showed severe yellowing and
mottling compared with controls at 7 days post infiltration, while
other gene-silenced plants showed no difference in symptoms. At 10
days post PVY inoculation, the NbWRKY26-, NbHSP90-, NbnsLTP-
and NbFAD3-silenced plant leaves showed more severe curls and
chlorosis than that in the control groups, while the NbCab-6a-
silenced plant leaves were only slightly curled (Figures 9A, B). The
accumulations of PVY RNAs and coat proteins were determined
respectively by RT-qPCR and western blot, and the results were
consistent with the symptomatic observations (Figures 9C, D). The
gene silencing efficiencies were determined by RT-qPCR, and
ranged from 66% to 84% (Figure 9E).

4 Discussion

Understanding the process of host plants in response to PVY
infection can provide a theoretical basis for breeding of new
antiviral plant using gene editing. Similarly, the study on nutrient
element-induced resistance to PVY infection in host plants is also
conducive to improving crop yield from the perspective of PVY
control. Our laboratory has reported that leaf spraying with boron
or growing in boron nutrient solution can relieve the symptoms of
blood flesh disease caused by CGMMYV infection in watermelon (Bi
et al.,, 2022a). CGMMYV infection affects the metabolism of
carbohydrates in watermelon, and exogenous boron induces
CINIP5;1 and CISWEET4 expression, restores and maintains their
homeostasis (Bi et al., 2022a). In addition, boron can also induce
watermelon resistance to CGMMYV infection by regulating ROS-
related genes, such as ClCat, CIPrx and CIGST (Guo et al,, 2022). Tt
has been reported that zinc treatment on tobacco leaves can
improve the host resistance to TMV infection by regulating the
expression of ERF5, which is involved in the inositol phosphate
metabolism (Wang et al., 2022). Copper regulates the protein level
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of SQUAMOSA promoter-binding-like protein 9 (SPL9) to inhibit
transcriptional activation of MIR528, resulting in broad-spectrum
resistance in Oryza sativa (Yao et al,, 2022). In this study, the effect
of PVY infection in N. tabacum gene expression and the molecular
basis of Fe application against PVY infection were better
understand through PacBio SMRT and Illumina RNA sequencing
at 1, 3 and 9 dpi. Through transcriptome analyses, we found that
PVY infection mainly affected the expression levels of genes related
to photosynthesis and most biological processes, such as lipid
metabolism and protein processing (Figure 5). The results
suggested that Fe application can improve the resistance of
tobacco to PVY infection mainly by regulating the expression
levels of genes associated with photosynthesis, lipid metabolism,
protein processing, cell wall biogenesis and TFs related to disease
resistance at early stage of infection.

TFs can regulate the expression of plant genes and play important
roles in response to stresses (Amorim et al., 2017). In this study, a total
of 227 differentially expressed TFs from six families (NAC, WRKY,
MYB, bHLH, GATA and TCP) were identified by RNA-Seq
(Figure 7), which have been reported to play pivotal roles in plant
immunity (Lopez et al.,, 2015, Behringer and Schwechheimer, 2015).
At 1 dpi, we found that NtbHLH30 and NtGATA8 were down-
regulated, while NtNAC2, NtMYB4 and NtWRKY22 were up-
regulated at 3 dpi in PVY + Fe vs. PVY + H (Figure 7). Previously,
it has been demonstrated that overexpression of NbMYB4L in N.
benthamiana induced significant resistance to TMV (Zhu et al., 2022).
It was demonstrated that PIWRKY65 in Paeonia lactiflora leaves
enhanced resistance to A. tenuissima by inducing pathogenesis-
related (PR) gene expression and increasing jasmonic acid (JA)
content (Wang et al., 2020). The CP protein of turnip crinkle virus
(TCV) can interact with TIP, a NAC transcription factor, in
Arabidopsis to inhibit the salicylic acid pathway and promote virus
infection (Donze et al,, 2014). Therefore, we hypothesized that Fe
application could induce the expression of disease-resistant genes by
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regulating the expression of these above TFs, thereby enhancing
tobacco resistance to PVY infection. In addition, silencing of
NbWRKY26 (the homologous gene of NtWRKY22) enhanced the
accumulation of PVY in N. benthamiana, indicating the potential
roles of NbWRKY26 in resistance to PVY infection.

Photosynthesis is the basis of plant life activities and provides
energy for all life processes (Zhao et al., 2016). Proteomic analysis of
potatoes infected with PVY showed that the viral infection
significantly affects the expression of chlorophyll a-b binding
protein, as well as plant photosynthesis (Stare et al., 2017). In this
study, we found that the expression levels of a large variety of
photosynthesis related genes were down-regulated after PVY
infection at 9 dpi (Figure 7). At 1 dpi, we found that NtCyt b6,
NtPSI-A2, NtPsaG and NtPc were increased in PVY + Fe vs. PVY +
H, while NtCabs were down-regulated at 3 dpi. Moreover, the roles of
NbCab-6A in resistance to PVY infection were verified by TRV-based
VIGS, and the results showed that the NbCab-6A-silenced plants
showed higher PVY resistance. It has been reported that strawberry
vein banding virus (SVBV)-encoded P1 can interact with chlorophyll
a/b-binding protein of light-harvesting complex II type 1 like (LHC
II-1L) and overexpression of LHC II-IL can accelerate SVBV
infection (Xu et al., 2022). Therefore, NbCab-6A promoted PVY
infection possibly by directly or indirectly interacting with PVY-
encoded proteins, which needs to be further investigated.

There are many kinds of lipids in plants, which are mainly
related to membrane structure composition (Lim et al, 2017).
Multiple intermediates (i. e. PLD, PI-PLC) in lipid metabolism
have been reported to participate in various stress responses by
regulating JA and SA signal and inducing host PAMP-triggered
immunity (PTI) responses (Lim et al., 2017). In this study, the
accumulations of NtPLD, NtPIPPase and NtnsLTP at 1 dpi and
NtPLA, NtPLD and NtFAD at 3 dpi were down-regulated in PVY +
Fe vs. PVY + H (Figure 7). Studies have shown that overexpression
of StLTP6 in potato inhibit the expression of genes involved in RNA
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silencing pathway and promote the infection of PVY and potato
virus S (PVS) (Shang et al., 2022). SELTP10-overexpressing improve
the expression of disease-resistant genes, and reduce oxidative stress
to enhance the resistance to Phytophthora infestans (Wang et al.,
2021). Fatty acid desaturation (FAD) catalyzes the formation of
unsaturated fatty acids (UFA), which is a precursor for the
biosynthesis of various hormones, such as JA, SA and terpenes
(Xiao et al., 2022). The fad3fad7fad8 triple mutant of Arabidopsis
impaired SA synthesis, resulting in an enhanced sensitivity to
oomycetes (Browse, 2009). In this study, we found that silencing
of NbusLTP or NbFAD3 in N. benthamiana enhanced susceptibility
to PVY infection (Figure 9). These results indicated that NbFAD
and NbnsLTP play important roles in resistance to PVY infection,
which may be related to their regulation on hormone signal
transduction and oxidative stress response.

Protein folding and modification in plants occur mainly in the
endoplasmic reticulum (Braakman and Hebert, 2013). Molecular
chaperones, such as HSP and Dna], assist in protein folding in the
plant endoplasmic reticulum, (Voellmy and Boellmann, 2007).
Calreticulin (CRT) is a soluble protein of the endoplasmic reticulum
lumen that recruits other molecular chaperones to facilitate
glycosylated protein folding (Caramelo and Parodi, 2008). E3
ubiquitin ligase mainly degrades misfolded proteins (Al-Saharin
et al., 2022). In this research, our results indicated that NtHSP90,
NtHSP20, NtDnaJ and NtCRT were up-regulated at 9 dpiin PVY + H
vs. P + H. Interestingly, NtHSP90, NtHSP20 and NtE3 were also up-
regulated at 3 dpi in PVY + Fe vs. PVY + H (Figure 7). Through VIGS
assays, we found that the accumulation of PVY RNAs and CP proteins
were higher in the NbHSP90-silenced plants compared with that in the
control plants. Previously, many studies have demonstrated that
silencing of NbHSP90 in N. benthamiana will lead to the reduction
of PR gene expression level and promote the infection of potato virus
X (PVX), P. syringae and TMV (Sangster and Queitsch, 2005). In
contrast, a recent study indicated that silencing the homologous gene
of potato StHSP90.5 in N. benthamiana reduced PVY accumulation
and induced defense-related gene expression (Li et al., 2022). Silencing
NbHSP90 gene in N. benthamiana could inhibit Ralstonia
solanacearum infection by inducing PR gene expression (Ito et al,
2015). We hypothesized that different NbHSP90s of N. benthamiana
might have diverse functions, and their roles in antiviral activity
against PVY need to be further investigated.

The lignification and callose deposition of plant cell walls
prevent pathogen infection and induce resistance responses by
transmitting signaling molecules (Bacete et al., 2018). In this
study, we found that NtCESAs, NtLaccases and NtCalSs involved
in lignification and callose deposition were down-regulated at 9 dpi
in PVY + H vs. P + H. The expression level of all NtCESAs,
NtLaccases and NtCalSs were down-regulated at 1 and 3 dpi in PVY
+ Fe vs. PVY + H (Figure 7). Cellulose synthase is involved in
cellulose synthesis during cell wall development in plants (Bashline
et al, 2014). When Botrytis cinerea infected Arabidopsis, the
expression level of cellulose synthase gene was down-regulated to
enhanced its disease resistance, which may activate the immune
response through signal transduction (Ramirez et al., 2011). Plant
laccase regulates cell wall synthesis by participating in lignin
synthesis (Wang et al., 2019). Inhibition of GhLacl gene
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expression in cotton can lead to accumulation of JA and
secondary metabolites, and improve the resistance to Verticillium
dahlia (Hu et al.,, 2018). Callose deposition is a part of the innate
immune response of plants and callose is synthesized by callose
synthase (Ostergaard et al., 2002). Silencing CalSI gene in citrus
promoted the infection of Xanthomonas citri subsp. citri (Enrique
et al,, 2011). Callose deposition is closely related to abscisic acid
content, which is inhibited by low abscisic acid content in
Arabidopsis (Flors et al., 2008). In conclusion, we speculated that
Fe enhanced host resistance to PVY infection possibly by inhibiting
the expression of NtCESA and NtLaccase genes, thus promoting
intracellular flow of cell wall signals, activating immune signal
transduction, and inducing accumulation of secondary
metabolites associated with resistance to disease.
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pour l'agriculture, l'alimentation et l'environnement (INRAE), Institut Agro Dijon, Univ. Bourgogne,
Univ. Bourgogne Franche-Comté, Dijon, France, 2Université de Reims Champagne-Ardenne, Unité de
recherche Résistance Induite et Bioprotection des Plantes (RIBP) USC Institut National de Recherche
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Technical University Munich, Freising, Germany, °Institut Francais de la Vigne et du Vin (IFV) Péle
Rhéne-Méditerranée, Rodilhan, France

In the past, most grapevine trunk diseases (GTDs) have been controlled by
treatments with sodium arsenite. For obvious reasons, sodium arsenite was
banned in vineyards, and consequently, the management of GTDs is difficult
due to the lack of methods with similar effectiveness. Sodium arsenite is known
to have a fungicide effect and to affect the leaf physiology, but its effect on the
woody tissues where the GTD pathogens are present is still poorly understood.
This study thus focuses on the effect of sodium arsenite in woody tissues,
particularly in the interaction area between asymptomatic wood and necrotic
wood resulting from the GTD pathogens’ activities. Metabolomics was used to
obtain a metabolite fingerprint of sodium arsenite treatment and microscopy to
visualize its effects at the histo-cytological level. The main results are that sodium
arsenite impacts both metabolome and structural barriers in plant wood. We
reported a stimulator effect on plant secondary metabolites in the wood, which
add to its fungicide effect. Moreover, the pattern of some phytotoxins is affected,
suggesting the possible effect of sodium arsenite in the pathogen metabolism
and/or plant detoxification process. This study brings new elements to
understanding the mode of action of sodium arsenite, which is useful in
developing sustainable and eco-friendly strategies to better manage GTDs.
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Introduction

Viticulture is of great economic importance worldwide with an
estimated area of 7.3 million hectares and a market of nearly 30
billion euros (OIV, April 2020, https://oiv.int/). However, it faces
major problems including climate change and protection against
diseases that affect yield, wine quality, and the safeguarding of
vineyards. Most cryptogamic diseases are controlled by fungicides,
some of which are known for their health and environmental risks
as recently reported by Dumitriu Gabur et al. (2022). Related to
these risks, some fungicides are prohibited, leaving ineffective
solutions available for some diseases, especially grapevine trunk
diseases (GTDs). These diseases were controlled by a pesticide
based on sodium arsenite, banned in 2001 in France and 2003 in
other European countries (Spinosi et al., 2009). This pesticide was
strongly effective against esca disease, one of the three main GTDs
with Botryosphaeria dieback and Eutypa dieback (Larignon et al,
2008; Larignon, 2016). These GTDs are considered to be the most
destructive grapevine diseases in the world, leading to an alteration
of vineyard heritage and serious economic losses in the wine
industry (De la Fuente et al., 2016). The estimate of their
incidence over 6 years reaches more than 10% of the 329 French
studied vineyards for both esca disease and Botryosphaeria dieback
and 25% for Eutypa dieback (Bruez et al, 2013). Considering a
replacement of only 1% of plants per year, the overall annual global
financial cost was estimated in 2012 at 1.132 billion euros, for
example (Hofstetter et al., 2012).

Esca disease is a complex of diseases caused by several fungi,
such as Phaeoacremonium minimum, Phaeomoniella
chlamydospora, and Fomitiporia mediterranea (Surico et al., 2008;
Surico, 2009). These pathogens are localized in the woody tissues of
perennial organs and, to a lesser extent, in lignified 1-year-old canes
but absent in the leaves where symptoms are expressed (Larignon
and Dubos, 1997; Graniti et al., 2000; Fourie and Halleen, 2002;
Retief et al., 2006; Bortolami et al., 2021). Leaf external symptoms
consist of a chronic form characterized by the appearance of typical
tiger-like necrosis and chlorosis. Apoplectic form turns to sudden
wilting of leaves followed by rapid death of one or more canes or
even the entire plant (Mugnai et al., 1999; Mondello et al., 2018a).
The most common wood symptoms include degradation, namely,
white rot and multiple discoloration patterns, such as i) black
streaks in the wood involving one or more xylem vessels and ii)

Abbreviations: Asn, Vines treated with sodium arsenite and without Esca foliar
symptoms (Asn = Arsenite); CH, Vines not treated with sodium arsenite and
without Esca foliar symptom (CH = Control Healthy); CCh, Vines not treated
with sodium arsenite, expressing chronic Esca foliar symptoms (CCh = Control
Chronic); CA, Vines not treated with sodium arsenite, expressing apoplectic
foliar symptoms (CA = Control Apoplectic); WH, Healthy wood, without
necrosis; WS, Streaking wood, showing very localized (punctual) brown-black
necrosis points; WI, Wood from the interaction area between unaltered and
altered wood; GTD, Grapevine Trunk Disease; cv, cultivar; BBCH, Biologische
Bundesanstalt, Bundessortenamt und CHemische Industrie; FT-ICR MS, Fourier
Transform - Ton Cyclotron Resonance Mass Spectrometry; LSSIM, Leaf Stripe

Symptoms-Inducing Molecules.
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areas of brown and dark necrosis circumscribing the pith, which is
most frequently observed (Larignon and Dubos, 2001; Lecomte
et al., 2012; Mondello et al., 2018a).

Until 2003 in European countries, GTDs, especially esca
disease, were limited in vineyards by the use of sodium arsenite
(Spinosi et al., 2009). Since the banning of this fungicide, due to its
high toxicity to human health (Saha et al., 1999; Spinosi et al., 2009),
no effective treatment is now available to control them. Other
chemical compounds such as triazoles (Dula et al., 2007; Gramaje
etal.,, 2009) or Fosetyl—Al® (Di Marco et al., 2011; Diaz and Latorre,
2013) have been tested, but their effectiveness depends in particular
on the application mode, location (nursery or vineyard), and the
targeted pathogen (for review, see Gramaje et al., 2018; Mondello
et al,, 2018a). Recently, a copper-based product combined with a
carrier, hydroxyapatite, and plant extracts have been evaluated
(Battiston et al., 2021; Mondello et al., 2021; Reis et al., 2021;
Mondello et al., 2022; Reis et al., 2022) as well as aqueous ozone
(Romeo-Olivan et al., 2021). Meanwhile, preventive practices such
as delayed pruning and application of pruning-wound protectants
(Weber et al.,, 2007; Rolshausen et al., 2010), and “curative”
practices such as trunk surgery by removing necrotic wood
(Cholet et al., 20215 Pacetti et al., 2021) and regrafting are being
developed (for review Mondello et al., 2018b). Finally, biocontrol
strategies including the use of species of Trichoderma (Di Marco
et al,, 20215 Leal et al., 2021), Pythium oligandrum (Gerbore et al.,
2013; Yacoub et al.,, 2016; Yacoub et al., 2020), and Bacillus subtilis
or other bacteria (Halleen et al., 2010; Haidar et al., 2016; Pinto
etal, 2018; Leal et al., 2021) are also being investigated and are still
in progress. However, to date, all these strategies remain insufficient
to control GTDs, especially esca disease, compared to sodium
arsenite. Therefore, a better understanding of the sodium arsenite
actions is needed to provide alternative eco-friendly solutions to
prevent or limit GTD development and incidence.

Previous studies on the mode of action of sodium arsenite are
rather limited and mainly focused on its impact on GTD pathogens
(Da Costa, 1971; Carbonell-Barrachina et al., 1997; Larignon et al.,
2008) and dynamics in planta after application (Carbonell-
Barrachina et al., 1997; Larignon et al., 2008). Between 2013 and
2016, a global project dedicated to the characterization of the action
of sodium arsenite was carried out in order to propose a mimic
strategy against GTDs, of similar effectiveness but with lower
environmental risks. This project particularly focused on the
impact of sodium arsenite on i) the wood microbiota including
GTD pathogens and ii) plant physiology at cytological,
transcriptomic, and metabolomic levels. Regarding wood
microbiota, Bruez et al. (2020) reported a stronger effect of
sodium arsenite treatment on the fungal community compared to
the bacterial one and highlighted its effectiveness, especially against
F. mediterranea—an esca pathogen responsible for the necrotic
white-rot tissues (Mugnai et al., 1999). On grapevine physiology,
Songy et al. (2019) observed first a decrease and then stimulation of
photosynthesis with simultaneous activation of some grapevine
defense responses. The objective of this paper focuses on the
effect of sodium arsenite in woody tissues, particularly in the
interaction area between healthy wood and necrotic wood
resulting from the GTD pathogens’ activities. A combination of
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global and targeted approaches was used: metabolomics to obtain a
metabolite fingerprint of sodium arsenite treatment and microscopy
to visualize its effects at the histo-cytological level. Overall, these
studies will provide useful insights into the process of protection by
sodium arsenite against GTDs.

Materials and methods
Plant material

In 2013, spotting was performed in a 27-year-old vineyard of cv.
Chardonnay grafted on SO4 rootstock planted at 7,575 plants/ha.
Plants were vertically trained and pruned according to the Chablis
method. The vineyard is located in the province of Epernay (Avize,
France, GPS coordinates: 48°58'29”N, 04°00'46"E) and is owned by
the professional school “Lycée VitiCampus”. It is characterized by
an average annual temperature of 10.8°C and 480 mm of annual
precipitation, and the soil is clay and sandy loam. No treatment with
sodium arsenite has been performed in this experimental plot in the
past. Fifteen plants were selected and labeled: five were apparently
healthy, without foliar esca disease symptoms, and 10 were diseased,
with esca disease chronic foliar symptoms as described by Mugnai
etal. (1999) and Mondello et al. (2018a). Among the latter, five were
treated the next winter year (2014) with sodium arsenite. For both
conditions, treated and not treated by sodium arsenite, a classical
conventional phytosanitary itinerary was applied against downy
mildew and powdery mildew. For the general diffusion of esca, the
annual incidence was very low and close to 2% as globally observed
in the Champagne vineyard (Mondello et al., 2022).

Treatment and sampling

The following year (2014), five plants that were chronically
diseased in 2013 were selected and treated with sodium arsenite
(Pyralesca RS) at 1,250 g/hL until streaming, at the end of winter

10.3389/fpls.2023.1141700

after pruning (10 March 2014), and before bud bursting, BBCH 00
(Meier, 2001).

In the middle of September 2014, the labeled vines were divided
into four groups (Figure 1; Supplementary Material): i) “Asn” for
diseased vines in 2013 treated with sodium arsenite (Asn) and
without external symptom expression in September 2014; ii) “CCh”
for diseased vines in 2013 not treated with sodium arsenite (as
control, C) and with chronic (Ch) form of esca expression in 2014;
iii) “CA” for diseased vines in 2013 not treated with sodium arsenite
(as control, C) and with apoplectic (A) form of esca expression in
2014; and iv) “CH” for apparently healthy vines not treated with
sodium arsenite (as control, C) and visually healthy (H) in both
2013 and 2014 (Figure 1). In addition, the leaves of CH and Asn
samples were asymptomatic of esca, whereas CCh and CA leaves
were symptomatic. All vines were uprooted 1 week before harvest,
and, for each vine, the wood of the trunk was collected and divided
into three sample types: visually healthy area (WH), streaked area
(WS), and interaction area (WI) covering unaltered and altered
wood tissues (Figure 1). As much as possible, the samples of the
different modalities were taken from equivalent wood strata, the
most peripheral possible (i.e., where functional healthy wood could
be found).

For metabolomics, WH, WS, and WI wood samples were
immediately frozen with liquid nitrogen after being cut at the
laboratory and subsequently stored at —80°C. For each modality,
two and three independent vines (for CA and Asn, and CH and
CCh, respectively) were sampled.

For microscopy, WH and WI samples were either i) stored
at —20°C before being observed under a stereomicroscope or a
scanning electron microscope or ii) sliced in pieces of strips 0.1 to
0.3 cm wide before being immediately fixed overnight at 4°C (see
below). For this study, we chose not to sample the apoplectic
modality (CA) for fear of reading artefactual repercussions
associated with cell death of aerial parts. In this context, for each
studied modality (CH, CCh, and Asn), three independent vines
were sampled. For each one, a minimum of seven wood fragments
were collected in each area (WS and WI).

September 2013

5 plants without foliar symptoms

5 plants with foliar symptoms

:v

5 plants with foliar symptoms

&

[’ Asn-treatment
3 weeks before bud burst
1250 ghLt

Wood - zone of interaction (W)

FIGURE 1

7
Wood sampling

Sampling ---------=====---..
September 2014 Esca
+
F————————"" 5 non-treated with Asn, always no foliar symptoms expression (CH) No foliar
symptoms
3 non-treated, with chronic form of foliar symptoms (Cch)
Foliar
| 2 non-treated, with apoplexy (CA) symptoms
' 5treated, BUT no foliar symptoms expression (Asn)
H No foliar
symptoms.
Metabolomic

(CH, Asn, CChand CA)

Microscopy
(CH, Asn and CCh)

Experimental design of the study carried out in 2013-2014, including the description of the sodium arsenite treatment and the samples collected for

both approaches, metabolomic and microscopy.
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FTICR-MS analysis

In total, 26 wood samples (n = 10 WH, n =7 WS, and n = 9 WI)
were analyzed by Fourier-transform ion cyclotron resonance mass
spectrometry (FTICR-MS). They were all prepared with the same
protocol. Samples were ground to a fine powder in liquid nitrogen
with a Mixer Mill MM 400 (Retsch, Haan, Germany) before
analysis, and 15 mg of each was added with 1 ml of methanol
(Liquid chromatography-mass spectrometry (LC-MS) grade, Fluka
Analytical; Sigma-Aldrich, St. Louis, MO, USA). After sonication
for 30 min and centrifugation (25,000 g, 10 min, room
temperature), the supernatant was collected and re-diluted in
methanol (1/50 v/v). Ultra-high-resolution mass spectra were
acquired using an FTICR-MS (solariX, BrukerDaltonics GmbH,
Bremen, Germany) equipped with a 12-Tesla superconducting
magnet (Magnex Scientific Inc., Yarnton, UK) and an APOLO II
ESI source (Bruker Daltonics GmbH, Bremen, Germany) operated
in the negative ionization mode. Samples were introduced into the
micro-electrospray source at a flow rate of 120 ul/h. Spectra were
acquired with a time domain of 4 mega words over a mass range of
100 to 1,000, and 300 scans were accumulated per sample.

Spectra were externally calibrated on arginine clusters (10 mg/L
in methanol). Further internal calibration was performed for each
sample by using a list of ubiquitous fatty acids and recurrent wine
compounds, allowing mass accuracies of 0.1 ppm (Gougeon et al,
2009). Exact masses were then run through the Netcalc algorithm,
an in-house software tool to obtain unambiguous chemical
formulas (Tziotis et al., 2011) and were validated next by setting
van Krevelen chemical constraints (O/C ratio < 1; double bond
equivalent (DBE): 0 < DBE/C < 5 H/C ratio < 2n + 2 and
aromaticity index (IA): —20 < IA < 0.7; element counts: C < 100,
H <200, 0 <80,N<3,S<3andP < 1) applied to exclude rare or
impossible formulas. It also enabled the classification of formulas
according to their atomic compositions (i.e., CHO, CHOS, CHON,
CHONS, CHOP, and CHONP CHONSP). Mass annotations were
obtained by KEGG, HMDB, and LipidMaps databases queries
against Vitis vinifera organism (0.1 ppm tolerance error value) by
Masstrix software facility (https://metabolomics.helmholtz-
muenchen.de/masstrix3/). The raw formula of the m/z was used
for functional categorization of the annotated compounds (lipids,
peptides, amino sugars, carbohydrates, nucleotides, phytochemicals
(i.e., secondary metabolites), and NM when not matching) using the
multidimensional stoichiometric constraint classification (MSCC)
described by Rivas-Ubach et al. (2018), based on the C/H/O/N/P
stoichiometric ratios. Perseus software version 1.6.8.0 (https://
maxquant.net/perseus/) was used to determine significant
compounds (ANOVA multivariate statistical analysis (p < 0.05))
to perform additional t-test comparisons (false discovery rate (FDR)
< 0.05) between two sample groups and to draw heatmaps. The 20
most regulated annotated compounds between the two sample
groups were sorted in the Top20 lists. Principal component
analyses (PCAs) were performed, and illustrations were built with
RStudio software (ade4 and vegan packages). Targeted fungal toxins
and plant secondary metabolites were searched in the peak lists
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based on their theoretical m/z but should be considered putative
(Supplementary Table S1).

Cytological approaches

For stereomicroscopy observations

The slices of the wood fragments (1 cm side cubes) were first
refreshed using a razor blade before being directly observed under a
stereo microscope (SMZ25 Nikon). Those fresh samples were thus
observed in a bright field and under epifluorescence (UV excitation
at 330-380 nm and/or blue at 420-495 nm). In bright fields, this
method made it possible to visualize the state of plant cells (healthy
areas, areas obstructed by tyloses or gums, or tinder areas). Under
epifluorescence, it was possible to reveal the autofluorescence of
defense compounds and in particular phenolic compounds, which
are excitable at the wavelengths used.

Scanning electron microscopy observations

The slices of the wood fragments (1 cm side and 0.5 cm thick)
were first refreshed using a razor blade before being directly
observed under a scanning electron microscope (Philips XL-30
ESEM LaB6). This method allowed us to characterize the
wood surfaces.

In addition, in order to detect some traces of Asn in the tissues
observed, the samples were analyzed using a scanning microscope
(JEOL JSM 7600F) coupled with an X-ray detector (EDX 80 mm X-
Max, Oxford Instruments, Abingdon, UK). X-ray microanalysis
allows elemental analysis by detecting the characteristic X-rays of
the elements present. It allows in particular specific analyses with a
spatial resolution of the order of 1 um? and is qualitative as well as
quantitative. In this sense, it is able to detect Asn of approximately
50 ppm.

All these observations were made at the DImacCell platform of
the UMR Agroecology (INRAE, Université Bourgogne Franche-
Comte, Dijon, France).

Light microscopy observations of
semi-thin sections

Wood samples were first fixed overnight at 4°C in 0.1%
glutaraldehyde/4% paraformaldehyde prepared in 0.1 M of
phosphate buffer with pH 7.2 and supplemented with 1% sucrose
and 0.1% Tween 20. Then, samples were dehydrated by successive
baths in ethanol (30%, 30 min at 4°C; 50%, 1 h at —20°C; 70%, 1 h at
—20°C; 95%, 30 min at —20°C; and 100%, 30 min at —20°C). The
samples were then embedded in LR White resin (London Resin
Company, London, UK) and underwent polymerization in Beem®
capsules (Hemi-hyperbole beem capsule, Agar Scientific Limited,
Stansted, UK) under UV at —20°C, as described in Trouvelot et al.
(2008). Semi-thin transverse sections (500 nm thick) were then
made using an UltraCut E ultra-microtome (Reichert-Jung)
equipped with a “histo” diamond (6 mm, 45°). The semi-thin
sections were placed on glass slides (76 x 26 mm, Knittel Glass;
approximately 20 sections per slide) before being either i) stained
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with toluidine blue (1% in aqueous solution) or ii) observed directly
by epifluorescence. For each treatment, seven to nine distinct
samples (ie., woody fragments embedded in resin blocks) were
studied, and at least two distant areas were observed per block.

Results and discussion

According to the first observations, the plants treated with
sodium arsenite (Asn) did not express esca foliar symptoms, the
five apparently healthy (CH) plants in 2013 retained the same status
in 2014, and the five plants expressing esca symptoms (CCh) in
2013 re-expressed them in 2014, with three in chronic form and two
apoplectic. The non-expression of esca foliar symptoms of diseased
plants after sodium arsenite treatment confirms the healing and
efficacy of this treatment against esca (Larignon et al., 2008; Songy
et al., 2019; Del Frari et al., 2022).

Wood samples discriminate between
sodium arsenite-treated and
untreated grapevines

Principal component analyses of all wood samples (4,825 m/z)
of asymptomatic (Asn and CH) and symptomatic vines (CCh and
CA) were performed and compared (Figure 2). It showed a clear
separation of healthy wood (WH) from streaked wood (WS)

10.3389/fpls.2023.1141700

samples and even further from the interaction area (WI) for the
three comparisons (Figure 2A). Focus was therefore placed on the
wood of the interaction zone (WI), and the hierarchical clustering
analysis confirmed that this subgroup allowed clear discrimination
between Asn-treated grapevines and the other two, CCh and CH, by
1,132 and 1,162 m/z, respectively (Figure 2B).

The treatment by sodium arsenite therefore strongly and locally
modified the metabolome of the interaction zone, which is the
intermediate area between the healthy wood (WH), not yet infected
by GTD pathogens, and the infected necrotic central wood.
The interaction area by its location may have a role in limiting
the colonization of GTD pathogens and perhaps in controlling the
expression of GTD symptoms. A thorough characterization of the
response in this particular area was performed.

Sodium arsenite induced significant
changes in the metabolome of the
interaction zone

Statistical analysis was performed on WI samples to compare
Asn, CCh, and CH groups. Analyses were first applied to all m/z
data sets; characterizations (formula and functional categorizations)
and annotations were then carried out if significant (p < 0.05) m/z
(Supplementary Table S2). Throughout the analysis process, the
output lists were up to 98% identical.
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FIGURE 2

(A) PCA illustrations of cross-comparisons of wood samples: asymptomatic Asn+CH (top), symptomatic CCh+CA (middle), and Asn+CCh (bottom).
Two to four replicates per wood area (healthy area, WH; streaked area, WS; and interaction zone, WI) per sample group (sodium arsenite-treated,
Asn; healthy, CH; symptomatic expressing chronic disease, CCh; and apoplectic, CA). (B) Metabolite variations in wood interaction zone (WI) of
significant 1,173 m/z (p < 0.05) between healthy (CH), chronic disease form (CCh), and sodium arsenite-treated grapevines (Asn). Numbers of
significant t-test m/z (FDR < 0.05) that discriminate pair-to-pair groups are indicated on the side of the graph. PCA, principal component analysis;

FDR, false discovery rate.
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Although vines treated with sodium arsenite did not express leaf
symptoms, the metabolome in the wood interaction area (WI-Asn)
was quite different from that of the WI-CH group. The comparison
between WI-Asn and WI-CH samples highlighted 1,132 m/z
accumulated significantly differently (Supplementary Table S2).
These m/z values led to the creation of a list of 1,071 raw
formulas, of which 1,057 were chemically classified into
compounds CHO (73%), CHON (14%), and CHONS (5%)
(Figure 3A). The overall analysis ended with 1,037 unique raw
formulas—when removing isotopic forms and adduct ions
(Supplementary Table S2)—among which 1,033 were more
accumulated in WI-Asn compared to WI-CH and four were less
accumulated in WI-Asn than in WI-CH (Figure 3A). They were
mainly phytochemicals (42%) and lipid-like (26%). From the 1,037
obtained raw formulas, 546 compounds could be identified in
databanks. Among them, the Top20 most accumulated annotated
compounds in WI-Asn samples were predicted to be
phytochemicals (60%), lipids (20%), and carbohydrates (20%)
(Supplementary Table S3A).

The metabolome of WI-Asn was also different from that of WI-
CCh (Figure 2B). The comparison between these two sample sets
highlighted 1,162 m/z significantly regulated, of which 1,121 were
common to the comparison Asn versus CH (Supplementary Table
S2). Of these, 1,087 m/z (distributed as 43 more accumulated in WI-
CCh than in WI-Asn and 1,044 more accumulated in WI-Asn than
in WI-CCh) were classified according to their raw formula. Those
accumulated in WI-Asn (compared to WI-CCh) were mainly
composed of CHO (71%), CHON (15%), and CHONS (6%),
whereas those accumulated in WI-CCh (compared to WI-Asn)
were mainly CHON (35%), CHO (23%), and CHONS (21%)

10.3389/fpls.2023.1141700

(Figure 3B). Overall, it led to 1,068 unique formulas
(Supplementary Table S2), with 39 more accumulated in WI-CCh
and 1,029 more accumulated in WI-Asn (Figure 3B). The
compounds accumulated in WI-Asn were predicted to be mainly
phytochemicals (42%) and lipids (27%), while those accumulated in
WI-CCh were rather phytochemicals (38%), peptides (28%), and
amino sugars (21%, Figure 3B). Among them, the Top20 annotated
compounds lesser accumulated in WI-Asn, compared to WI-CCh,
were phytochemicals (60%), lipids (20%), and carbohydrates (20%).
One was annotated as piceatannol, a resveratrol derivative
(Supplementary Table S3B). Among the Top20 annotated
compounds more abundant in WI-Asn, 60% were
phytochemicals, 20% were lipids, and 20% were carbohydrates
(Supplementary Table S3B). Altogether, treatment with sodium
arsenite has effects on the metabolome of the wood interaction
zone and mainly results in the accumulation of phytochemicals and
lipids. These two categories were previously shown as a
discriminant of the brown stripe of the wood of vines infected by
Botryosphaeria dieback and the adjacent asymptomatic white wood
(Lemaitre-Guillier et al., 2020).

Putative toxins are detected in all wood
samples, including those of
asymptomatic vines

As the GTD pathogens produce phytotoxins (Andolfi et al,
2011; Abou-Mansour et al., 2015; Cimmino et al., 2017; Masi et al.,
2018; Reveglia et al., 2019; Trotel-Aziz et al,, 2019), a focus on the
m/z corresponding to putative ones (Supplementary Table S1) was
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FIGURE 3

Comparison of the metabolome of the wood interaction area of vines treated or not by sodium arsenite. Comparison of the significantly regulated
m/z of (A) healthy (CH) and Asn-treated (Asn) vines and (B) diseased (CCh) and Asn-treated (Asn) vines. Chemical classes of the corresponding raw
formulas containing C, H, O, N, S, and P atoms (determined from 1,057 and 1,087 m/z), with the indication of the percentage of distribution in each
class (left panels). Functional categorization (right panels) of the annotated compounds differently regulated in samples (1,037 and 1,068
compounds), with the indication of the number and percentage of distribution in each biochemical category. Functional categories were predicted
from raw formulas according to Rivas-Ubach et al. (2018). NM, non-matched
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carried out on the wood samples WH, WS, and WI of CH, CCh,
CA, and Asn-treated grapevines (Table 1).

Putative toxins were detected with different abundances,
ranging from 10° for OH-tyrosol to 10° for OH-tyrosol 1-O-
glucoside, in the different wood sample groups (Table 1). Indeed,
some of them were detected preferentially in the wood of
asymptomatic CH and Asn vines, compared to those of
symptomatic vines, such as scopoletin, 6-methoxymellein, and
OH-mellein. Six other toxins were rather more detected in the
wood of apoplectic vines such as OH-tyrosol 1-O-glucoside, cis-4-
hydroxy-scytalone, dimethylallyl-scopoletin, terremutin, tyrosol-4-
sulfate, and mellein. Mellein and terremutin are especially produced
by Botryosphaeriaceae species such as Neofusicoccum parvum,
Diplodia seriata, or Lasiodiplodia (Andolfi et al., 2011; Abou-
Mansour et al,, 2015; Cimmino et al., 2017; Reveglia et al., 2019;
Reveglia et al., 2021; Trotel-Aziz et al., 2022), and their detection in
woody tissues was first reported by Abou-Mansour et al. (2015) in
the brown-striped wood of Botryosphaeria dieback-diseased vines.
Our results, therefore, are consistent with those of Bruez et al.

10.3389/fpls.2023.1141700

(2021), who reported that these esca-expressing vines were
colonized by Botryosphaeriaceae species.

Putative toxins could be found in the healthy (CH) and esca-
diseased vines developing the chronic form (CCh). As discussed by
Del Frari et al. (2022), the role of toxins in explaining the occurrence
and yearly fluctuations of leaf stripe symptoms is not always obvious:
wood degradation by-products and microbe-induced metabolites
probably also play a key role (Mugnai et al., 1999; Bruez et al,
2020; Schilling et al., 2021; Del Frari et al., 2022). Our results also
further suggest that in the apoplexy process, which is a more
pronounced expression than the chronic form, there is a higher
amount of toxins produced by GTD fungi. Similar observations were
described by Magnin-Robert et al. (2016), who reported significant
production of (3R,4R)-hydroxymellein in the green stem, cordon, and
trunk of esca-apoplectic vines compared to esca-chronic and
asymptomatic grapevines. Toxins are one of the three possible
factors triggering the leaf stripe symptoms (Mugnai et al., 1999).

The next biological question was as follows: how can we explain
the accumulation of some phytotoxins in the wood of vines treated

TABLE 1 Peak intensities of putative phytotoxins detected into wood samples (WH, WS and WI) in asymptomatic: healthy (CH) and sodium
arsenite-treated (Asn), and symptomatic: chronic form of disease (CCh) and apoplectic (CA) grapevines.

Fungal toxins

Scopoletin (x107)

+ Std

6-Methoxymellein (x107)

+ Std

OH-Mellein (scytalone) (x10°)

+ Std

Resveratrol-sulfate (x107)

+ Std

OH-Tyrosol (x10°)

+ Std

OH-Tyrosol 1-O-glucoside (x10%)

+ Std

cis-4-Hydroxy-scytalone (x107)

+ Std
Dimethylallyl-scopoletin (x 10°)

+ Std

Terremutin (x10°)

+ Std

Tyrosol 4-sulfate (x10°)

+ Std

Mellein (x10°)

+ Std

Colored gradient indicates intensities averaged levels (scale folds indicated in brackets). Std: standard deviation per wood sample group (CH: n=6, Asn: n=6; CCh: n=8 and CA: n=6).
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with sodium arsenite and the no-emergence of foliar symptoms?
Could this mean that sodium arsenite does not directly “kill” fungi?
The hypothesis could be that sodium arsenite, as described by Songy
et al. (2019), induced physiological changes in leaves and/or other
organs, such as the green stem (Fontaine F., personal
communication), that could counteract the negative effect of
phytotoxins and finally avoid the foliar symptom expression.
Moreover, Bruez et al. (2021) reported that sodium arsenite
treatment strongly impacts the fungal microbiota and observed,
among other things, a strong reduction in the abundance of F.
mediterranea and an unexpected increase in the abundance of P.
chlamydospora occurring at the borders of wood symptoms. They
hypothesized that arsenite treatment contributes to making the host
wood area colonizable again, providing newly available nutrients for
the endophytic microbiota. Del Frari et al. (2022) also proposed the
host vascular-based transport hypothesis of leaf stripe symptom-
inducing molecules (LSSIMs) to explain the development of leaf
stripe symptoms. They suggested that sodium arsenite could
indirectly reduce LSSIMs and thus contribute to preventing

symptom expression.

Some relevant secondary metabolites are
in higher abundance in the wood of vines
treated by sodium arsenite

Similarly, plant secondary metabolites (Supplementary Table
S1) were searched in sample peak lists. We particularly focused on
stilbene phytoalexins (resveratrol, the resveratrol-glucoside piceid,
oxy-resveratrol, dihydro-resveratrol, epsilon-viniferin, delta-
viniferin, and astringin), flavonoids (quercetin-O-glucuronide and
daidzein), phytohormones (salicylic acid and methyl salicylic acid),
and precursors of tanins (galloyl-glucose) and lignins (caffeic acid
and caftaric acid). Most of the stilbene compounds (Table 2) and
other compounds, namely, phenolic compounds, salicylic acid, and
methyl salicylate (Table 3), were detected with more intensity in
WI-Asn samples than in the others. Piceid and astringin were rather
found in apoplectic CA wood samples. Stilbenes are well-known
grapevine phytoalexins, and some of them have a high
antimicrobial activity (Jeandet et al, 2002; Chong et al., 2009;
Adrian et al., 2012; Lambert et al., 2012). They can be induced by
microbial colonization or by toxins (Abou-Mansour et al., 2015;
Rusjan et al., 2017; Stempien et al., 2017; Trotel-Aziz et al., 2019).
Del Frari et al. (2022) suggested that sodium arsenite could improve
the vines’ tolerance to LSSIMs by controlling the vines’ physiology
and defense response. In this way, most of the putative toxins tend
to be found in lower amounts in Asn vines, concomitant with a
higher abundance of some stilbenes and other secondary
metabolites, which ultimately leads to asymptomatic vines,
contrary to what was observed in CA vines, leading to the
emergence of the severe form of GTDs. Overall, these putative
toxin results enhance the involvement of these toxic compounds in
the GTD foliar symptom expression as summarized in the
conceptual model proposed by Claverie et al. (2020).
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Sodium arsenite did not modify the wood
surface aspect in esca-diseased grapevine

In order to determine whether sodium arsenite could have
repercussions on the structuring of woody tissues, we first analyzed
the surface of woody samples taken from vines affected by esca and
treated or not with sodium arsenite. In the WI, the wood surface
appeared similar between the samples treated (Asn) and not treated
(CH and CCh) with sodium arsenite (Figure 4). Overall, the
observed results reflected the repercussions of fungal activities in
woody cells, consistent with what had already been reported in
other studies (Scheck et al., 1998; Pouzoulet et al., 2014). Indeed,
in these WI (brown in color), the presence of tyloses and gums
obstructing the vessels was observed. This probably reflected a
defensive reaction of the xylem cells in response to their
colonization by vascular fungi (Yadeta and Thomma, 2013, for
review; Kassemeyer et al., 2022). These observations are consistent
with the presence of stilbenes reported above. Consequently, the
circulation of raw sap was significantly reduced. Moreover,
whatever the treatment, the closer we were to symptomatic areas
of white rot characterized by wood degradation, the more we
observed the presence of fungal hyphae inside the vessels. It also
suggested that these fungi were not directly affected by sodium
arsenite, at least in their hyphal structure. At this resolution, it was
then not possible to discriminate the wood esca-diseased samples
treated with sodium arsenite from the untreated samples.

In order to determine whether, in the modalities treated with Asn,
we could detect and quantify arsenic, we carried out observations by
scanning microscopy coupled with X-ray microanalysis. Indeed, this
technique makes it possible to simultaneously obtain morphological
(surface images by scanning) and chemical (elemental composition)
information from a sample. In this context, we revealed that in the
interaction area, no trace of arsenic was detected (Supplementary
Figure S1). The same result was obtained in the healthy tissues of Asn-
treated vines (data not shown). It, therefore, seemed i) that the
treatment with sodium arsenite, carried out at the beginning of
March in the vineyard, did not accumulate (nor certain products
resulting from its metabolism) in the secondary wood of the treated
and protected samples or ii) if it was present in these tissues, it was in
a quantity of less than 50 ppm (detection threshold of the X-ray
detector). However, this did not exclude that an accumulation of
arsenic could have taken place in other non-targeted tissue areas
(tinder in particular) or even in other plant organs, leaves, or roots in
particular (Larignon and Fontaine, 2018).

Sodium arsenite induced an increase in
woody tissue autofluorescence

In order to assess whether a sodium arsenite treatment could
improve the defensive state of woody tissues by increasing the
impregnation of cell walls with phenolic compounds, we then
observed the autofluorescence (under UV and blue excitation) of
the samples.
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TABLE 2 Intensities of targeted stilbenes secondary metabolites in wood samples (WH, WS and WI) in asymptomatic: healthy (CH) and sodium
arsenite-treated (Asn) and symptomatic: chronic form of disease (CCh) and apoplectic (CA) grapevines.

Stilbenes CH Asn CCh CA
Resveratrol (x10'%) 1.60 0.74
+ Std 3.76 4.15 2.73 0.67
Ellagic acid (x10%) 1.35 0.74
+ Std 4.48 3.66 2.87 0.89
Methyl-resveratrol-glucoside (x10”) 1.16 0.90 _
+ Std 1.97 0.95 0.27 0.85
epsilon-Viniferin (x10%) 3.69 2.60 ‘ 4.82
+ Std 4.30 9.02 2.36 391
Dihydro-resveratrol (x10%) 3.59 2.59
+ Std 9.19 14.03 6.45 2.45
Oxy-resveratrol (x10%) 4.75 494
+ Std 8.47 10.43 6.01 3.51
delta-Viniferin-glucoside (x107) 1.99 1.36 2.46
+ Std 231 4.71 1.47 1.86
Resveratrol-O-glucuronide (x10°) 5.47 4.64 5.41
+ Std 4.46 10.43 4.06 3.82
Resveratrol-galloylglucoside (x10°) 3.36 1.47
+ Std 6.41 3.26 5.07 3.59
epsilon-Viniferin-diglucoside (x10°) 0.00 0.41

+ Std 0.00 1.72 1.22 2.05
Resveratrol-glucoside-sulfate (x10°) 0.70

+ Std 1.08 1.41 1.31 1.75
Resveratrol-glucoside (Piceid) (x10%) 1.67 2.09 1.99

+ Std 0.60 0.78 0.57 1.44
Astringin (x10%) 1.24 1.37

+ Std 0.36 0.50 0.30 0.57

Colored gradient indicates intensities averaged levels (scale folds indicated in brackets). Std: standard deviation per wood sample group (CH: n=6, Asn: n=6; CCh: n=8 and CA: n=6).

Initially, the fresh samples were observed macroscopically
under epifluorescence. Figure 5 shows next to each zone observed
in bright-field optical microscopy, the combined image of the color
spectra (bright field), UV excitation (excitation, 359-371; emission,
397 nm), and blue excitation (excitation, 455-495 nm; emission,
505-555 nm). At this resolution, no marked autofluorescence was
detected in healthy tissues of asymptomatic (Figure 5A) and
symptomatic vines (data not shown). In contrast, in the
interaction zones (WI) of esca-diseased vines not treated with
sodium arsenite (CCh, Figure 5B), an autofluorescence signal was
detected under UV excitation (dark blue autofluorescence).
However, we were able to observe that this signal appeared
relatively weak and very punctual. Finally, in the interaction areas
of esca-diseased vines treated with sodium arsenite (Asn, WI), the
same autofluorescence signal (dark blue, in response to UV

Frontiers in Plant Science

excitation) could be detected but with a much higher abundance
and representativeness (Figure 5C). This is consistent with the
accumulation of secondary metabolites, especially the phenolic
compounds highlighted by FTICR-MS.

In order to study more precisely the cell types affected by these
defensive processes, we then observed these same types of samples
after fixation and inclusion in the LRWhite resin. The results are
presented in Figures 6 and 7. In the case of healthy woody tissues
(Figure 6), we observed that whatever the type of modality
considered (CH, CCh, and Asn), very little autofluorescence was
detected. However, it appeared that in the modality where esca-
diseased grapevines were treated with Asn, the signal of
autofluorescence was slightly higher (Figures 6]-L) than what
could be detected for the other two modalities (CH and CCh
vines, not treated with Asn).
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TABLE 3 Amounts of targeted other secondary metabolites in wood samples (WH, WS, and WI) in asymptomatic (healthy (CH) and sodium arsenite-treated
(Asn)) and symptomatic (chronic form of the disease (CCh) and apoplectic (CA)) grapevines.

Linoleic acid (x10%)

+ Std 5.00
Galloyl-glucose (x10°%) 6.49
+ Std 3.10
Caftaric acid (x10%) 0.40

+ Std

Quercetin (x107)

+ Std

Quercetin-O-glucuronide (x10)

+ Std 0.53
Caffeic acid (x107) 0.69
+Std 0.22
Daidzein (x10°) 3.20
+ Std 2.29
Salicylic acid (x10°) 241
+ Std 0.47
Methyl salicylate (x10°) 1.17
+Std 1.32

Asn

221 1.64

6

8 4.23 1.85
5.01 526

4 1.64 1.84
0.29 0.88

9 .

1

3.0
33
3.6
2.1
0.5 0.42 0.33
0.74
0.5
5.6/
12 1.07 122
1.62 1.51
1.1

5.69

2.07 2.76

4
0.14 0.27
6

1.68 1.63

5
2.85 3.87
8

0.98 1.87

The colored gradient indicates intensity averaged levels (scale folds indicated in brackets).

Std, standard deviation per wood sample group (CH, n = 6; Asn, n = 5; CCh, n = 9; CA, n = 6).

In the case of woody tissues collected from the interaction area
(Figure 7), the results were clearly discriminating. Indeed, while
very little autofluorescence was detected in grapevines with esca-
diseased symptoms (Figures 7]-L, N-P), this abundance increased
considerably in the two modalities for which grapevines were
asymptomatic (Figures 7B-D, F-H for CH modality; Figures 7R-
T, V=X, Z-AB for Asn modality). Indeed, in the asymptomatic
control vines (CH modality without leaf esca symptoms and
untreated with sodium arsenite), an autofluorescence was detected
in the cells of ligneous rays as well as in certain ligneous fibers. This
resulted in the presence of intracellular precipitates and
autofluorescence under blue (Figure 7F) and green (Figure 7G)
excitations, which were more or less dispersed. Cell walls appeared
also autofluorescent, suggesting the impregnation of the latter by
some phenolic compounds. Concerning the modality treated with
sodium arsenite (Asn), a generalized parietal autofluorescence was
observed in the woody tissues (Figures 7R-T). It was also observed
regardless of the excitation of wavelength tested, suggesting that
different types of phenolic compounds might be involved in this
response. As in the asymptomatic control vines (CH), an intra-
cellular autofluorescence was also found, in particular for the cells of
ligneous rays (Figures 7V, W). Finally and contrary to what was
observed on untreated vines with esca leaf symptoms (CCh), the
wall of the tyloses also appears fluorescent (Figures 7Z-AB),
suggesting the establishment of a defensive barrier at this level.

Frontiers in Plant Science

As it is well known that defensive phenolic molecules, such as
stilbene compounds, could be autofluorescent under UV light, our
cytological and metabolomic results tended to suggest that in
response to sodium arsenite, certain plant defense reactions were
restored in esca-diseased vines and remained effective during the
vegetative year of application. However, the biosynthesis of
phenolic compounds is influenced by environmental factors and
rootstock variety (Chitarra et al., 2017, Costa et al,, 2020). As an
example, rootstock variety impacts the scion’s defensive capacity
(i.e., sap phenolic levels) and its resistance against microbial
pathogens (Wallis et al., 2013). Chitarra et al. (2017) reported the
influence of the rootstock genotype on defense gene upregulation
and stilbene accumulation in leaves of the scion. SO4, the rootstock
planted in the experimental plot of our study, was among those
inducing the highest stilbene inducers. In this context, it could be
important to keep in mind that our results concerning Asn effects
might be the result of the combination of Asn-treatment, the
rootstock (SO4 in the present study) and scion (Chardonnay)
varieties, and the pruning conditions (Chablis).

Conclusion

Grapevine dieback linked to GTDs remains a sanitary and
economic problem, especially since the ban on the use of sodium

frontiersin.org


https://doi.org/10.3389/fpls.2023.1141700
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Trouvelot et al.

CH
Healthy wood (WH)

CCh
Interaction area (WI)

GSE 128 1.3 mE

g
°
o]
]
2
>
=
=
©
()
T

c

w

<
=
=
@©
o
S
(1}
<
=
-
O
@©
S
a
)
<

FIGURE 4

tMagn Det WD
GSE 142 1.3 mBar C2C6BC

10.3389/fpls.2023.1141700

100m

SpotMagn Det WD p———————| 200 um

C2A7 BC

Observation of the surface of healthy woody tissues (WH) or of the interaction area (WI) by macroscopy (color photographs A, D, G, J) or by
scanning electron microscopy (grayscale photographs B, C, E, F, H, |, K, L). Regardless of the modality observed (CH, CCh, and Asn), healthy woods
have the same appearance (A—C, G-I). In the same way, it is not possible to discriminate the modalities according to the appearance of the
interaction area (D—F, 3J-L). In this area, we observed, whatever the modality, vessels obstructed by tyloses (E, K) and/or gums (F), as well as the
presence of hyphae (L) approaching the zone of white-rot necrosis (amadou).

arsenite (Asn). In this study, we sought to better understand the
impact of Asn on the physiology of vines in wood tissues at two
scales: metabolomic and histological. We showed that Asn
treatment carried out in March had repercussions in the wood of
vines sampled until September of the same year. By comparing
wood samples taken from vines symptomatic or asymptomatic of
esca disease, treated or not with Asn, and in areas of healthy or
interaction tissues, we revealed that Asn impacted both metabolome
and structural barriers in the plant. This was all the more marked in
the tissues of the interaction area. Thereby, this work highlighted
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for the first time that Asn enhanced the defensive pathway of the
wood, especially in the interaction area where the confrontation
with fungal pathogens occurred. Thus, in addition to its direct effect
against certain pathogens or microbes, Asn also appeared to be able
to act as a stimulator of plant secondary metabolites including
defenses in the wood. The complex mode of action of Asn remains
important to describe and understand with a view to developing
new control techniques (phytosanitary treatments) that mimic its
effects but are eco-friendly. Taking this into consideration, our
recent work on the LC2017 product based on a low copper
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FIGURE 5
Observations, in bright-field (left pictures) and/or fluorescence microscopy (A—C), of samples of woody tissues, collected on CH, CCh, or Asn vines,
in healthy (WH) or interaction area (transition healthy/brown necrotic wood; WI). Bar: 200 um (A, B) or 500 pum (C).
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FIGURE 6

Observation of the autofluorescence of healthy woody tissues (WH) collected on CH (A-D), CCh (E=H), or Asn-treated vines (I-L) and compared
according to different types of excitations (blue, green, or UV light) in epifluorescence microscopy (B—D, F—H, J-L). For each modality, the
observation of the same sample in bright field microscopy is given respectively in A, E and I. A slight increase in the autofluorescence signal is
observed, whatever the excitation wavelength experienced, in the Asn modality (J—L). Bar: 100 um.
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w

Observation of the autofluorescence of woody tissues sampled in the interaction area (WI), according to different types of excitations (blue, green,
or UV light) revealed by epifluorescence microscopy. The Asn modality (R-T, V=X, Z—AB) reveals an intensity of autofluorescence higher than the
asymptomatic control modality (CH, B—D, F—H), and the wood of the CCh modality (with chronic symptoms, J—L, N=P) is the least autofluorescent

Bar: 100 um (A-D, I-L, Q-T) or 10 um (E-H, M-P, U-AB).

concentration with other substances showed a similar combined
effect of Asn, fungistatic activity, and plant defense elicitor
(Mondello et al,, 2021; Mondello et al., 2022). Similarly, the
combination of biocontrol agents to achieve both effects is
possible (Leal et al., 2022). Nevertheless, the level of protection is
lower compared to that of Asn, and the development of the best
combination should be followed.
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Soybean balanced the growth
and defense in response to
SMV infection under different
light intensities
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Jin-Feng Yu*, Jun-Bo Du’, Kai Li?, Cheng-Shan He?,

Wen-Ming Wang® and Wen-Yu Yang*
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Genetic Improvement of Soybean, Ministry of Agriculture, Nanjing Agricultural University,

Nanjing, China, 3State Key Laboratory of Crop Gene Exploration and Utilization in Southwest, Sichuan
Agricultural University, Chengdu, China

Light is essential for the growth and defense of soybean. It is not clear how
soybeans adjust their defenses to different light environments with different
cropping patterns. The mechanism of soybean response to Soybean mosaic virus
(SMV) infection under different light intensities was analyzed by RNA-seq
sequencing method. Enrichment analysis illustrated that most defense-related
genes were down-regulated in the dark and the shade, and up-regulated under
hard light and normal light. Soybean can resist SMV infection mainly by activating
salicylic acid signaling pathway. Light is essential for activating salicylic acid
defense signaling pathways. With the increase of light intensity, the oxidative
damage of soybean leaves was aggravated, which promoted the infection of
virus. When light was insufficient, the growth of soybean was weak, and the
plant-pathogen interaction pathway, MAPK pathway and hormone defense
pathway in infected soybean was inhibited. Under hard light, some defense
genes in infected soybean were down-regulated to reduce the degree of
oxidative damage. The expression of differentially expressed genes was verified
by real-time fluorescence quantitative RT-PCR. In order to adapt to the change
of light intensity, soybean balanced allocation of resources between growth and
defense through a series regulation of gene expression. The results of this study
will provide a theoretical basis for the research of SMV resistance in
intercropping soybean.
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1 Introduction

Intercropping system maximizes the productivity as well as
resource utilization per unit of land. As explained by the
biodiversity theory, the maize-soybean intercropping system is an
ecological strategy to control or relieve diseases (Zhang et al., 2019).
In intercropping system, soybean undergoes complex changes in
light environment (Li et al., 2021). During the symbiotic period of
soybean and corn, soybean was in the shade. After the corn is
harvested, soybeans get plenty of light. Soybean mosaic virus (SMV)
was the most important soybean virus, which resulted in soybean
yield reduction. How the soybean precisely allocates its limited
resources between growth and defense under different light
intensities is critical to its survival. Recent studies suggest that
there may be complex regulatory mechanisms in plants, with
interactions between hormone-based signaling networks causing
transcriptional changes that balance the growth and defense (Du
et al., 2018).

Our previous studies have shown that light can induce the
eruption of reactive oxygen species (Shang et al., 2019) and activate
the defense against pathogenic microorganisms (Shang et al., 2011).
At the same time, light promoted the improvement of plant
photosynthetic efficiency, which was conducive to the growth and
development of plants. When light is insufficient, the growth of
intercropping soybeans is inhibited, and the resources allocated to
defense are correspondingly reduced (Zhang et al., 2019). Rewiring
of jasmonate and phytochrome B signaling uncouples plant growth-
defense tradeoffs (Campos et al., 2016). Light and darkness affect
not only the host’s defense reaction, but also the pathogenicity of
the pathogen (Telli et al., 2020).

Many studies have shown that light regulates the plant defense
against pathogenic agents mainly through salicylic acid and
jasmonic acid pathways (Zhang et al., 2019). NPR1 gene is a key
gene in the salicylic acid pathway (Cao et al., 1998). Overexpression
of NPR1 gene increases plant sensitivity to light, thereby enhancing
disease resistance of Arabidopsis, crops and tobacco (Shang et al.,
2011). Salicylic acid regulates NPRs protein to regulate the plant
immunity (Backer et al., 2015). The expression of PRI gene
regulated by NPR1 protein is also induced by light (Agrawal
et al., 2000). The expression of PR1 gene was down-regulated in
stress treatments such as hard light, drought and salt (Wu et al,
2020). The main mechanism of defense inhibition is the
simultaneous down-regulation of jasmonic acid and salicylic acid
signaling through a low proportion of red: far-red light. Jasmonic
acid signaling is inhibited by altering the balance between DELLA
and Jasmonate ZIM DOMAIN (JAZ) proteins. The discovery of the
link between photoreceptors and defense signals reveals a new
mechanism that controls the allocation decisions of key resources
in plant canopies. The decreased expression of phyB gene reduces
the accumulation of jasmonic acid and inhibits the synthesis of
insect-resistant protein in plants (Pierik and Ballare, 2021). Plants
that silenced phyB genes showed decreased resistance to fungi
(Courbier et al., 2020). Silencing photosystem II-related genes can
reduce tobacco resistance to Carrot mosaic virus (Manfre et al,
2011). PhyA and phyB genes regulate RPS2 and R/MIN1 genes to
enhance resistance to Pseudomonas cloves (Griebel and Zeier, 2008;
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Genoud et al., 2010). PhyA, phyB and phyC jointly regulate rice
blast resistance (Xie et al, 2011). R gene (HRT) plays a role in
Arabidopsis thaliana resistance to turnip leaf virus (TCV) (Jeong
et al., 2010). Our previous studies revealed that WRKY
transcription factor family genes participated in the interaction of
salicylic acid and jasmonic acid signaling pathways (Shang et al.,
2011; Zhang et al,, 2019). Previous studies have also shown that
GbWRKY1 negatively regulates the resistance of cotton to Boea
cinerea through JA signaling pathway. OsWRKY13 regulates the
expression of JA and SA upstream and downstream genes, and is
involved in rice disease resistance.

Under the condition of limited resources, intercropping
soybean should not only grow rapidly to compete for more light,
but also improve the defense response to resist the harm of
pathogenic microorganisms. How soybeans balance the allocation
of resources between growth and defense is unclear. In this paper,
we explored the effects of different light intensity on the
physiological and biochemical indexes of SMV-infected soybeans,
and compared the changes of defense mechanism of SMV-infected
soybeans under different light intensities by RNA-seq sequencing
method. The results of this study will provide a basis for the study of
SMV resistance in intercropping soybean.

2 Methodology

2.1 Plant material, virus inoculation, and
light treatment

Soybean seeds (Nannong 1138-2, a SMV susceptible variety)
were kindly provided by Dr. Kai Li from Nanjing Agricultural
University in China. The SMV isolate (YA87) was collected from
the field soybean plants in Sichuan Province, China. The bean
Phaseolus vulgaris cv. Topcrop was used for local-lesion
purification of SMV, and then the virus was propagated on the
soybean cv. Nannong 1138-2 (Zhang et al., 2019). Soybean seeds
were surface-sterilized and sown in a mixed matrix containing
PINDSTRUP organic soil (Pindstrup Mosebrug A/S, Ryomgaard,
Denmark) and vermiculite (v:v, 4:1) in an artificial climate chamber
with 25 °C/22 °C day/night temperature, 60% relative humidity and
14 h/10 h of photoperiod.

Select soybean seedlings with the same growth and inoculate
them with the virus (Shang et al., 2011). Leave it in the dark for 12
hours for light treatment. They were treated with hard light, normal
light, the shade and the dark. For each light condition, three
soybean strains were inoculated with virus and three soybean
strains were inoculated with virus-free phosphoric acid buffers as
controls (Table 1). Placed in a culture environment with a
temperature of 25°C and a humidity of 60%.

2.2 Sample collection and sequencing
Previous studies have shown that larger changes in

transcriptional levels occurred in soybeans infected SMV at 10
dpi (Zhang et al,, 2019). Therefore, we collected the V2 leaves (the
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TABLE 1 Four light intensities gradients.

Control

10.3389/fpls.2023.1150870

Virus vaccination

Light intensity

8.11pmol/m’s DC: Dark/control

349.73umol/m’s NC: Normal light/control

522.97umol/m’s

121.63pmol/m’s ‘ LC: Low light/control
‘ HC: Hard light/control

second trifoliolate leaf, newly grown) of soybean plants after
treatment for 10 dpi. Total RNA was extracted using phenol-
chloroform-isoamyl alcohol and lithium chloride, washed by
using 70% ethanol, and finally checked by Agilent 2100
Bioanalyzer to ensure RIN number > 7.0. After the samples were
tested, cDNA libraries were constructed and paired-end sequencing
was performed based on the Illumina HiSeq 2500 platform at
Nuohezhiyuan Biolnformation Technology Co., LTD. (Tianjin,
China). Three biological replicates were set up for each treatment
and a total of 24 independent samples were used for RNA-Seq.

2.3 Read alignment and expression analysis

The reads number, Q30, N (%), Q20 (%), and Q30 (%) of raw
data was counted. After removing reads containing sequencing
adapters and reads of low quality, the clean data were mapped to the
reference genome of Glycine max (Glyma2.0) using Bowtie2 and
Tophat2. The reads mapped to exon region were also counted.
HTSeq (Version 0.11) was used to calculate the read count mapped
to each gene as the expression level of the gene at the initial stage.
Gene expression levels were normalized using the RPKM (reads per
kb per million reads) method. Differential expression analysis
between treatments was identified by DESeq2 with screening
parameters of log,FC (fold change) > 1 and p-adj (adjusted p-
value) < 0.05 (Zhang et al,, 2019).

2.4 Functional enrichment analysis of DEGs

The latest genomic reference information of Glycine max was
obtained from the Soybase (www.soybase.org), including Gene
Ontology (GO) annotations for each gene. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) annotations was obtained from the
KEGG database. A hypergeometric test was used to find out the GO
terms and KEGG pathways that was significantly enriched by DEGs.
The enrichment analyses of GO and KEGG were performed using the
OmicShare online website (www.omicshare.com/tools).

2.5 Validation of gene expression
by gRT-PCR

To verify the accuracy and reproducibility of the RNA-Seq data,
RT-qPCR assays were conducted with gene specific primers. Total
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DS: Dark/SMV
LS: Low light/SMV
NS: Low light/SMV

HS: Hard light/SMV

RNA from the samples was extracted. Reverse transcription was
performed using 5x All-In-One RT Master Mix kit (AccuRT
Genomic DNA Removal Kit, ABM, Vancouver, Canada). In
addition, 2xRealStar Fast SYBR qPCR Mix (GenStar, Beijing,
China) was used and Eppendorf Mastercycler ep realplex
(Eppendorf, Hamburg, Germany) instrument was used for the RT-
qPCR experiment. Each treatment contained three independent
biological replicates and three technical replicates. The expression
level of soybean B-actin gene was used as an internal reference. The
fold change value of gene expression was calculated using the 2-AACt
method. The sequences of specific primers were listed in Table S1.

2.6 Statistical analysis

The one-way ANOVA model was used for analyses of the error
in IBM SPSS Statistic 27, and the average value was taken. The
significance was judged by the new complex range method
(Duncan’s method) at p < 0.01.

3 Results and discussion

3.1 Phenotype and virus content of
infected soybean

After inoculation with SMV, soybean leaves under hard and
normal light showed obvious mosaic symptoms. Dwarfing was
observed in all SMV-inoculated soybeans compared to the
controls (Figure 1A). Compared with the control group, the plant
height of infected soybean was not decreased significantly under
normal light and hard light, but the pitch spacing was shortened. In
the dark and the shade, the plant height of infected soybean
decreased significantly compared with the control group. In the
shade and under normal light, the stem diameter of infected
soybeans increased slightly compared to the control group due to
the virus infection, which caused significant shrinkage. However,
the stem diameter of hard light and dark light was smaller than that
of control group (Figures 1B, C). Compared with groups in the
dark, the shade and under hard light, the accumulation of virus
increases under normal light (Figure 1D).

Viral infection often causes plant dwarfing (Shang et al., 2011).
SMV inoculation resulted in dwarfing of soybean plants. SMV-
infected soybeans were dwarfed compared to controls even when
the main stem of the soybeans in the shade and the dark was
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FIGURE 1

Phenotype and virus content of soybean infected with SMV under different light intensities. (A) Phenotype of SMV-infected soybean under different
light intensities; (B) Plant height of soybean under different treatments; (C) Soybean stem diameter under different treatments; (D) Quantitative
detection of SMV-CP content by gPCR. DC, dark+control; DS, dark+SMV; LC, low light+control; LS, low light+SMV; NC, normal light+control; NS,
normal light+SMV; HC, hard light+control; HS, hard light+SMV; Data are expressed as mean + standard deviation. Values with different letters in a

column differ significantly (p < 0.05)

elongated. Our previous study found that shade resulted in
). The
down-regulation of defense ability reduced the inflammatory

decreased defense ability of soybean (

response of soybean, which was conducive to improving the
tolerance to the pathogen. At the same time, more resources can
be allocated to the growth of soybean. Our previous studies have
shown that reactive oxygen species can promote viral infection
( ; 2010; 2011; 2019;

with groups under normal and hard light, reactive oxygen species in

). Compared
soybean decreased in the shade and the dark ( ), leading to
a decrease in virus content ( ).

Plant growth is regulated by auxin (IAA) and gibberellin (GA).
The levels of gibberellin and auxin were detected in stems and leaves
of soybean ( ). The contents of gibberellin and auxin in
soybean decreased after virus infection compared with the controls.
Compared with control, auxin and gibberellin in stem and leaf of
soybean decreased dramatically under normal light. Under normal
light, soybeans have more resources allocated for defense.
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Compared with control, auxin and gibberellin in stem and leaf of
soybean decreased slightly in the shade and the dark. This suggested
that plants with limited resources are more likely to allocate
resources to vegetative growth and moderate resistance to viruses.
Compared with control, auxin and gibberellin in stems and leaves of
soybean also decreased slightly under high light, which may be
related to photo-inhibition.

3.2 Histochemical staining and membrane
damage index determination

NBT and DAB staining showed the highest content of
superoxide and hydrogen peroxide in soybean inoculated with
SMV in the dark. With the increase of light, the content of
superoxide and hydrogen peroxide increased gradually compared
with the control group. Trypan blue staining showed more severe
necrosis in SMV-inoculated soybeans than in healthy plants
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FIGURE 2

Staining results, membrane lipid peroxidation damage index and the enzyme activity were determined. (A) NBT, DAB and TPB staining results; (B)
hydrogen peroxide; (C) malondialdehyde content; (D) CAT enzyme activity; (E) SOD enzyme activity; (F) POD enzyme activity. DC, dark+control; DS,
dark+SMV; LC, low light+control; LS, low light+SMV; NC, normal light+control; NS, normal light+SMV; HC, hard light+control; HS, hard light+SMV;
Data are expressed as mean + standard deviation. Values with different letters in a column differ significantly (p < 0.05).

(Figure 2A). Compared with the healthy control, SMV infection
induced the accumulation of hydrogen peroxide. As the light
intensity increased, so did the hydrogen peroxide content
(Figure 2B). But the accumulation of hydrogen peroxide in
soybean plants under darkness was higher. Malondialdehyde
(MDA) content increased with the increase of light exposure
compared with the control group. SMV infection induced more
MDA accumulation (Figure 2C).

Light increased the content of reactive oxygen species (ROS)
(Vuleta and Manita, 2016). This was confirmed by soybean leaf
staining results. ROS outbreaks activate defense signaling pathways
to defend against pathogen attacks (Li et al., 2017). The
accumulation of reactive oxygen species causes damage to cell
membranes (Shang et al., 2011), thus increasing malondialdehyde
levels. Hard light damages the photosynthetic system of leaves, and
leaves suffer serious oxidative damage (Chang et al.,, 2013).

3.3 Determination of enzyme activity

The activity of antioxidant enzymes increased in SMV-infected
soybeans compared to the control. The contents of catalase,
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superoxide dismutase and peroxidase showed the same trend
(Figures 2D-F). The accumulation of reactive oxygen species
activated the antioxidant enzyme system (Shang et al, 2019).
Compared with the control group, soybean antioxidant enzyme
activity increased significantly more under hard light and normal
light than in the shade and the dark. This is because light stimulates
cells to produce more reactive oxygen species (ROS) during disease
resistance (Figure 2B), thus activating the activity of the antioxidant

enzyme system.

3.4 Statistics of differential genes

Compared with the healthy control, 2590 genes were up-
regulated and 1767 genes were down-regulated in the dark
soybean infected with SMV. In the shade, 1467 genes in soybean
were up-regulated and 970 genes were down-regulated. Under
normal light, 2360 genes were up-regulated and 3156 genes were
down-regulated. There were 3197 up-regulated genes and 1211
down-regulated genes in soybean under hard light. Soybean under
normal light had the most differentially expressed genes and the
most positive response to SMV (Figure 3A).
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Differential gene statistics. (A) Statistics of differential genes between infected SMV and control under different light intensities; (B) Overlap analysis of
differential genes in the dark, in the shade, under normal light, and under hard light. DC, dark+control; DS, dark+SMV; LC, low light+control; LS, low
light+SMV; NC, normal light+control; NS, normal light+SMV; HC, hard light+control; HS, hard light+SMV

There were 25,944 gene overlaps between SMV-inoculated
soybean and healthy control in the dark, 26,376 gene overlaps
between SMV-inoculated soybean and healthy control in the shade,
26,221 gene overlaps between SMV-inoculated soybean and healthy
control under the normal light. There were 26260 gene overlaps
between SMV-inoculated soybean and healthy control under the
hard light (Figure 3B).

3.5 GO function enrichment analysis
of DEGs

Gene Ontology (GO) enrichment analysis was used to determine
the functional classification of DEGs between different treatments.
Genes were divided into three categories: Biological process,
molecular function, and cellular component. When looking at
biological processes, the most genes are differentially expressed in
cellular processes, metabolic processes and single-organism
processes. Among cell components, the most differentially
expressed genes were found in the synthesis of the cell wall and the
macromolecule complex. In the molecular function (MF), binding
and catalytic activity accounted for the highest proportion (Figure 4).

In the dark and the shade, differential genes were enriched in
photosynthesis and growth and development regulation in infected
soybeans (Figures 5A, B). In the dark, photosynthesis, cellular
carbohydrate metabolic process, multicellular organism process,
thylakoid in cellular components, the thylakoid part, photosystem
II, photosystem II oxygen evolving complex, hydrolase activity,
photosynthetic membrane, Thylakoid Part, Photosystem II oxygen
evolving complex, the hydrolase activity, oxidoreductase activity,
carbohydrate phosphatase activity and other pathways have the
most differentially expressed genes. In the shade, sulfur compound
transport, multicellular organism process, floral organ
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development, thylakoid, photosystem I, photosynthetic
membrane, ADP binding, pattern binding, polysaccharide binding
in molecular function, hydrolase activity pathway had the
most genes.

Under sufficient light, differential genes enriched in cell wall
components, cell recognition function and disease resistance in
infected soybeans (Figures 6A, B). Under normal light,
multi-organism process, cell recognition, extracellular region, the
cell wall, the hydrolase activity, acting on glycosyl bonds, copper ion
binding, hydrolase activity, cellulose synthase activity, acting on
glycosyl bonds, copper ion binding, the hydrolase activity, cellulose
synthase activity, transferase activity, oxidoreductase activity,
cellular metabolic process, cellular glucan metabolic process,
glucan metabolic process. Under hard light, cellular metabolic
metabolic process, cellular glucan metabolic process, cellular
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FIGURE 4

GO functional enrichment analysis of differential genes in total.
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FIGURE 5

GO functional enrichment analysis of differential genes between
infected SMV and control in the dark and the shade. (A) GO
functional enrichment analysis of differential genes in the dark; (B)
GO functional enrichment analysis of differential genes in the shade.
DC, dark+control; DS, dark+SMV; LC, low light+control; LS, low
light+SMV.

metabolic process, cell wall synthesis, cellulose metabolic process,
cell periphery, cellular metabolic process, cell periphery, the cell
wall, hydrolase activity, copper ion binding, glucosyltransferase
activity, enzyme inhibitor activity, the hydrolase activity, heme

binding, tetrapyrrole binding pathway had the most genes.

Under normal light and hard light, most of the DEGs in infected
soybean were mainly expressed above regulation. Genes related to
glucose metabolism, hydrolase activity, antioxidant enzyme activity,
cellulose metabolism, cell wall synthesis and other pathways related
to disease resistance were significantly up-regulated. When light is
insufficient, plants allocate major resources to the regulation of
photosynthetic system and growth and development. Previous
studies have also shown that the disease resistance of plants
decreased in the shade (Zhang et al., 2019). In the dark and the
shade, the number of down-regulated genes increased in soybean
infected with SMV compared with the controls. (Figures 5A, B).
Our previous studies have shown that light is crucial for defense
activation (Zhang et al, 2019). The results of this experiment
further prove that light intensity has a positive regulatory effect

on soybean defense response.

3.6 KEGG pathway enrichment analysis
of DEGs

Metabolic pathways of the four light-intensity susceptible
soybeans were analyzed, and the top 15 KEGG metabolic
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FIGURE 6

GO functional enrichment analysis of differential genes between
infected SMV and control under normal light and hard light. (A) GO
function enrichment analysis of differential genes under normal
light; (B) GO function enrichment analysis of differential genes under
hard light. NC, normal light+control; NS, normal light+SMV; HC,
hard light+control; HS, hard light+SMV.

pathways with the most differentially expressed genes were shown
in Figures 7 and 8. Differential genes enriched in carbon
metabolism, glycolysis and photosynthesis pathways were most
up-regulated in infected soybeans under darkness (Figure 7A).
The most down-regulated genes were those enriched in plant-
pathogen interaction pathway and MAPK signaling pathway
(Figure 7B). In the shade, the most up-regulated genes in infected
soybean were differentially expressed in plant-pathogen interaction
pathway, the endocytosis pathway, starch and sucrose metabolic
pathway (Figure 7C). The most down-regulated genes were MAPK
signaling pathway, photosynthetic pathway and cysteine and
methionine metabolic pathway (Figure 7D). Under normal light,
the most up-regulated expression in infected soybeans was
concentrated in plant-pathogen interaction pathway, MAPK
signaling pathway, glutathione metabolic pathway, starch and
sucrose metabolic pathway (Figure 8A). The most down-regulated
genes were those that were enriched in phenylpropanoid
biosynthesis, amino sugar and nucleotide sugar metabolism,
ascorbic acid and alnus acid metabolism pathway, and flavonoid
metabolism pathway (Figure 8B). Under hard light, the most up-
regulated genes in infected soybeans were those that were enriched
in amino sugar and nucleotide sugar metabolism, phenylpropanoid
biosynthesis, pentose and glucuronic acid interconversion, and -
linolenic acid metabolism (Figure 8C). The most down-regulated
genes were those enriched in MAPK signaling pathway and plant-
pathogen interaction pathway (Figure 8D). These results suggest
that when light intensity is low, plants allocate more resources to
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FIGURE 7

Differential gene KEGG pathway enrichment analysis in soybeans in the dark and the shade. (A, B) Up-regulated and down-regulated differential
gene KEGG pathway enrichment analysis in the dark; (C, D) Up-regulated and down-regulated differential KEGG pathway enrichment analysis in the
shade. DC: dark+control; DS, dark+SMV; LC, low light+control; LS, low light+SMV; NC, normal light+control; NS, normal light+SMV; HC, hard light

+control; HS, hard light+SMV.

vegetative growth. Light intensity can positively regulate the defense
regulation of plants, but too hard light intensity will reduce
the defense.

3.7 DEGs involved in plant-pathogen
interaction

Considering the expression levels of soybean related genes
under four light intensities, 19 of the most differentially expressed
genes were enriched into plant-pathogen interaction pathways. The
genes involved in the plant immunity and the pathogen infection
constitute the plant-pathogen interaction pathways (Dodds and
Rathjen, 2010). Differentially expressed genes mainly included
NBS-LRR family genes, WRKY transcription factors, MAPK
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genes, MYB transcription factors and hormone pathway-related
defense genes (Tables 2, 3). WRKY and MYB are transcription
factors involved in plant stress resistance under both biological and
abiotic stresses (Zhang et al., 2019). WRKY transcription factors act
on SA and JA downstream defense genes to play a positive and
negative role in regulating disease resistance (Tang et al., 2013). The
NBS-LRR class is the largest class of R genes and is mainly
responsible for ATP hydrolysis as well as releasing signals. The
NBS-LRR can help plants effectively fight against a variety of
pathogens, including viruses, bacteria, fungi, nematodes, and
insects. Most of these overlapping genes were induced under
normal light. Some of those genes induced under hard light. In
the dark and the shade, resistance-related genes were down-
regulated. When light is insufficient, the defense of soybean
is inhibited.
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3.8 DEGs involved in plant hormone
signal transduction

The differentially expressed genes involved in the three plant
hormone signaling pathways of salicylic acid, jasmonic acid and
ethylene are shown in Table 2. The virus is a live trophic pathogen
(Shang et al., 2011). Soybean can resist the virus infection mainly by
up-regulating salicylic acid signaling pathway genes. Normal light
significantly activated salicylic acid pathway defense genes. In all
treatments, defense genes of jasmonic acid pathway were down-
regulated in infected soybeans. Under normal light and hard light,
some defense genes of ethylene signaling pathway were significantly
up-regulated and some were significantly down-regulated in
infected soybeans.
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3.9 Validation of RNA-Seq data
by qRT-PCR

To further confirm the gene expression pattern obtained from
RNA-Seq, 15 DEGs were selected for RT-qPCR, including NB-ARC
(100820033, 100792603, 100793122), WRKY40 (100816991,
100810978), WRKY50 (100796836), WRKY70 (102670495),
WRKY33 (100776837), NPR1 (100797074), PR1 (100807250),
JAR1 (100792358), MYC2 (102663214), and the transcriptome
sequencing results were fitted and analyzed (Figure 9).

Most of the gene expressions were sensitive to changes in light
intensity and the virus invasion and were significantly induced
under normal light. However, hard light down-regulated the
expression of the above genes. The expression of these genes in
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TABLE 2 Overlapped DEGs related to plant-pathogen interactions.

10.3389/fpls.2023.1150870

Gene ID Gene Description DSvsDC log,FC LSvsLC log,FC NSvsNC log,FC HSvsHC log,FC
100820033 NB-ARC domain-containing protein -1.781 7.878 12.378 -4.265
100803026 YODA MAPKK kinase 1.408 5.308 10.000 0.699
100792603 TMV resistance protein,NB-ARC 1.201 8.398 9.090 2.491
102659638 TMYV resistance protein N, TIR domain -0.233 7.815 7.261 —
100816991 probable WRKY transcription factor 40 — 6.685 7.261 -9.106
100793122 disease resistance protein, NB-ARC -5.510 6.821 7.154 2.576
100796836 probable WRKY transcription factor 50 0.914 5.560 6.995 -1.522
100810978 probable WRKY transcription factor 40 0.236 3.577 5.889 -7.544
102670495 probable WRKY transcription factor 70 — 2.002 4.167 -7.131
100776837 probable WRKY transcription factor 33 -1.803 -1.171 2.140 -3.506
100792193 probable WRKY transcription factor 70 — 0.617 1.670 -8.377
100306201 Pathogenesis-related protein — 2.461 1.311 -6.208
100791870 probable WRKY transcription factor 40 -1.612 2.457 0.695 -8.732
100781032 transcription factor MYB14 — 1.495 -1.084 -8.257
100783267 Pathogenesis-related protein 1.242 1.912 -1.992 9.144
100795186 Pathogenesis-related thaumatin protein 2.601 -1.290 -2.542 8.922
778179 MYB transcription factor MYB73 0.714 -3.010 -8.536 1214
100819665 MAPK/ERK kinase 1 — -2.429 -9.629 7.925
100775603 transcription factor MYB14 0.675 -2.639 -10.587 3.878

soybean was inhibited in the shade and the dark. It shows that
suitable light is necessary to activation of the defense in soybean.
When the growth of soybean was weak under low light, high
resistance will be detrimental to the plant (Shang et al, 2011).
Light induces excess heat energy in soybean during photosynthesis
(Shang et al,, 2019). In order to reduce soybean consumption under
hard light, some resistance genes were down-regulated. In order to
adapt to the change of light intensity, soybean balanced allocation of
resources between growth and defense through a series regulation of
gene expression. In general, gene expression patterns displayed by
RT-qPCR and RNA Seq tend to be consistent.

3.10 Quantitative analysis of differentially
expressed genes related to hormone
pathways

Quantitative analysis of defense gene expression of salicylic acid
pathway showed that NPR1 expression of infected soybean was up-
regulated under normal light. Compared with the control, the
expression of NPR1 gene in infected soybean was down-regulated
under hard light, in the shade and the dark (Figure 10). At the same
time, the expression level of NPR1 suppressor gene was opposite to
that of NPR1 gene under different light intensities. The expression
of NPR3 gene in infected soybean was down-regulated in the dark
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and under hard light compared with the control. The expression of
NPR3 in infected soybean was up-regulated in the shade and under
normal light compared with the control. Under normal light, PR1
and PR10 genes were significantly up-regulated in infected soybean
compared with the control. In the dark and the shade, the above
genes were slightly up-regulated. Previous studies have shown that
PR family genes are induced by light, but suppressed under hard
light (Agrawal et al., 2000; Wu et al., 2020). Under hard light, they
significantly down-regulated expression. The expression of TGA1
gene in infected soybean was down-regulated in the shade and
under normal light compared with the control. The expression of
TGA3 gene in infected soybean was significantly down-regulated
under hard light compared with the control. However, the
expression of TGA3 in infected soybean was up-regulated in
other treatments compared with the control. TGA gene may be a
key regulatory gene for the antagonism between salicylic acid and
jasmonic acid (Caarls et al., 2015). This indicates that light is one of
the important conditions for activating salicylic acid defense
reaction, which is consistent with previous studies (Backer et al.,
2015). Hard light inhibited the expression of salicylic acid pathway
defense genes in plants. The increase of light intensity will aggravate
the mosaic symptoms of leaves. The severity of symptoms is
proportional to the virus content (Figure 1). Hard light will cause
light suppression and damage, and lack of light will make the plant
grow weak. Therefore, down-regulating the expression of defense
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TABLE 3 DEGs involved in plant defense hormone signaling.

10.3389/fpls.2023.1150870

Gene ID Gene Description DSvsD log,FC  LSvsL log,FC NSvsN log,FC HSvsH log,FC Pathway
100527824 NPRI interacting protein 0.251 1.559 4.449 -0.339

100797074 NPRI interacting -2.459 1.970 3417 -1.752

100805261 Protein SUPPRESSOR OF NPRI1-1 3.116 1.433 -1.217 1.478

100814739 Regulatory protein NPR3 0.062 2.179 3.946 0.960

100807250 pathogenesis-related protein 1 — 4.142 6.477 -2.628 SA
100805116 pathogenesis-related protein 1 -0.585 0.014 3.543 -1.573

100527073 pathogenesis-related protein 10 -0.994 0.864 2.036 -1.822

100808443 Transcription factor TGA1 2.088 1.090 1.905 0.080

100794268 Transcription factor TGA3 0.212 1.208 1.393 -2.577

100792358 Jasmonic acid-amido synthetase JAR1 0.244 -1.783 -3.467 2.225

100813472 Jasmonic acid-amido synthetase JAR1 — -0.426 -2.517 1.979

100819069 Coronatine-insensitive protein 1 -0.322 0.511 1311 -0.912

100793081 Coronatine-insensitive protein 1 0.153 -0.137 1.201 -0.670

102663214 transcription factor MYC1 -2.641 -0.806 2.284 -2.138 "
100790854 transcription factor MYC2 -0.359 -2.319 -1.502 0.947

100804965 transcription factor MYC2 -1.217 -2.593 -4.036 2.718

100795733 transcription factor MYC2 0.020 -2.038 -4.168 3.759

100819971 ethylene-responsive transcription ERF023 2.665 -0.355 -7.755 7.046

100101914 ethylene-responsive transcription ERF034 -1.016 -1.123 -6.713 3.327

100811328 ethylene-responsive transcription ERF054 -5.865 4.920 -5.856 7.152

100778793 ethylene-responsive transcription ERF027 -6.274 -1.342 -5.028 1.974

100785936 ethylene-responsive transcription factor 1B -2.309 1.014 4.614 -4.511

100804481 ethylene-responsive transcription factor 1B -2.064 -1.140 2.791 -3.135 .
100790598 ethylene-responsive transcription factor 1B -2.368 -1.295 1.973 -1.994

100801528 ethylene-responsive transcription ERFO10 -0.672 -0.367 1.444 -2.449

100786182 EIN3-binding F-box protein -1.204 -0.460 1.240 -0.040

100805418 EIN3-binding F-box protein -1.356 -0.292 1.214 -0.293

genes can reduce the inflammatory response, which is a self-
protection mechanism to balance defense and growth of plants.
The determination of hormone content showed that the
removal of salicylic acid played an important role in the antiviral
process of soybean. Compared with the control, the salicylic acid
content in infected soybeans increased significantly under normal
light and hard light. Salicylic acid increased slightly in infected
soybeans in the dark and the shade compared with the control
(Figure S2). Levels of jasmonic acid and ethylene decreased in
infected soybeans compared with the control, but increased under
hard light. It indicated that soybean could resist the virus infection
mainly by increasing salicylic acid content. But when salicylic acid
concentration was too high, the contents of ethylene and jasmonic
acid would increase and antagonize the salicylic acid pathway. In
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the shade, ethylene content in infected soybean increased
significantly compared with control. This is more conducive to
the downregulation of resistance and inflammatory response.

Quantitative analysis of defense gene expression of jasmonic
acid pathway showed that JAR1 gene was down-regulated in
infected soybean in the shade and under normal light. JAR1 gene
was up-regulated in infected soybean under hard light. COI1
expression in soybean was up-regulated in the dark and the
shade, and down-regulated under hard light. The expression of
MYC2 gene was down-regulated in soybeans in the shade and
under normal light, and up-regulated in soybeans under hard light.
Our previous studies have shown that jasmonic acid pathway and
salicylic acid pathway antagonizes each other against the virus
infection (Shang et al., 2011).
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Comparison analysis of resistance-related highly differentially expressed genes by RT-qPCR and transcriptome sequencing. Note: Left vertical axis
coordinate is relative expression level of RT-gPCR (black); right vertical axis coordinate is RPKM of RNA-Seq (red). Ordinate axis is the correlation
coefficients between RT-gqPCR and RNA-seq. DC, dark+control; DS, dark+SMV; LC, low light+control; LS, low light+SMV; NC, normal light+control;

NS, normal light+SMV; HC, hard light+control; HS, hard light+SMV.

The expression of ethylene related ERF023, ERF034, ERF053
and ERF027 in infected soybean was significantly down-regulated
in the shade and under normal light, and up-regulated under hard
light. Under normal light, ERF1 gene expression in infected soybean
was significantly up-regulated. ERF1 gene was down-regulated in
infected soybean under hard light and in the shade. EIN3 gene was
down-regulated in infected soybean in the dark and under normal
light. Under hard light, EIN3 expression in infected soybean was
significantly down-regulated. Hard light causes EIN3 to break down
(Shi et al., 2016).
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4 Conclusion

In this study, the mechanism of soybean response to Soybean
mosaic virus infection under different light intensities was analyzed
using RNA-seq sequencing technology. The induction of defense
genes by light was significant. Soybean fights SMV infection
mainly by activating the salicylic acid defense signaling pathway.
Oxidative damage caused by increased light intensity promotes
viral infection. In order to reduce oxidative damage, some defense
genes of infected soybean were down-regulated under hard light.
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Quantitative analysis of differentially expressed genes related to hormone pathways by gPCR. DC: dark+control; DS: dark+SMV; LC: low light+control;
LS: low light+SMV; NC: normal light+control; NS: normal light+SMV; HC: hard light+control; HS: hard light+SMV. Data are expressed as mean +
standard deviation. Values with different letters in a column differ significantly (p < 0.05).

The change of defense-related gene expression was confirmed
by real-time quantitative PCR. In order to adapt to the change
of light intensity, soybean balanced allocation of resources
between growth and defense through a series of gene expression
regulation. The results of this study will provide a theoretical
basis for the research of SMV resistance in intercropping soybean.
In the future, we aim to analyze the response of key resistance
genes to light changes and their role in the antiviral process
of soybean.
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Life Science and Technology, Huazhong University of Science and Technology, Wuhan, China,
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Sorghum (Sorghum bicolor L. Moench), a monocot C4 crop, is an important
staple crop for many countries in arid and semi-arid regions worldwide. Because
sorghum has outstanding tolerance and adaptability to a variety of abiotic
stresses, including drought, salt, and alkaline, and heavy metal stressors, it is
valuable research material for better understanding the molecular mechanisms
of stress tolerance in crops and for mining new genes for their genetic
improvement of abiotic stress tolerance. Here, we compile recent progress
achieved using physiological, transcriptome, proteome, and metabolome
approaches; discuss the similarities and differences in how sorghum responds
to differing stresses; and summarize the candidate genes involved in the process
of responding to and regulating abiotic stresses. More importantly, we exemplify
the differences between combined stresses and a single stress, emphasizing the
necessity to strengthen future studies regarding the molecular responses and
mechanisms of combined abiotic stresses, which has greater practical
significance for food security. Our review lays a foundation for future
functional studies of stress-tolerance-related genes and provides new insights
into the molecular breeding of stress-tolerant sorghum genotypes, as well as
listing a catalog of candidate genes for improving the stress tolerance for other
key monocot crops, such as maize, rice, and sugarcane.

KEYWORDS

sorghum, drought stress, salt and alkaline stress, temperature stress, omics analyses,
gene expression regulation
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Introduction

Globally, sorghum (Sorghum bicolor L.) ranks fifth in cereal
crop production, serving as a staple for many countries in arid and
semi-arid regions, being widely planted in tropical, subtropical to
temperate regions as an important source of food, fiber, and fuel
(Xie and Xu, 2019; Ngara et al, 2021). As one of the oldest
cultivated cereal crops, the origin and domestication process of
sorghum is very complex. To our best knowledge, the earliest
evidence of human use of sorghum comes from Salt Lake Nabuta
on the border between Egypt and Sudan, where carbonized
sorghum grains were found and carbon-14 dated to 8000-8100
years old (Dahlberg et al, 1995). Sorghum cultivars may have
originated from wild sorghum (Sorghum verticilliflorum) plants
native to northeast Africa. The cultivation of sorghum ancestors
may be traced back to 6 kyr before the present (kyr BP), and the
domesticated bicolor race already existed ca. 5000 years ago in
central eastern Sudan (Winchell et al., 2017; Smith et al., 2019).

As a C4 plant, sorghum features a combination of key traits: high
photosynthetic efficiency, high nitrogen-use efficiency, outstanding
tolerance to several abiotic stresses, and high biomass. These traits
allow sorghum to be used not only as a food crop but also, more
importantly, as a reliable feed resource and bioenergy crop (Hao et al,,
2021). Sorghum cultivars can be grouped into grain sorghum, sweet
sorghum, forage sorghum, and energy sorghum depending on their
intended usage. Grain sorghum can serve as a staple or be used by
breweries or as ingredient of pig feed, while forage sorghum cultivars
attain high biomass and are used as dry forage. Interestingly, in sweet
sorghum cultivars, the stem becomes a sink organ that accumulates a
large amount of soluble sugars (i.e., sucrose, fructose, and glucose),
making it suitable for the production of silage or bioethanol (Yu et al.,
2008; Laopaiboon et al, 2009). For example, compare with the
commonly used silage maize, some sweet sorghum varieties
produce two to three times more biomass, which is ideal for silage
use and holds promising potential for sustainable agriculture (Xie and
Xu, 2019). Further, sorghum biomass may be used for the conversion
of various industrial chemicals (Mathur et al., 2017).

Unlike the major C4 feed crop maize and the sugar crop
sugarcane, sorghum can be planted on marginal lands due to its
outstanding tolerance of a variety of abiotic stresses, including
drought, high salinity, and low nutrition (Shan and Xu, 2009).
Some sorghum accessions are distinguished by their strong
absorption capacity for heavy metals and show potential in
phytoremediation of soils contaminated by heavy metals (Feng
etal., 2018). Accordingly, sweet sorghum has been proposed as way
forward to simultaneously restore soil health and produce plant
biomass, while the latter and its subsequently generated bioenergy
are useful for our society but do not enter the food chain (Li, 2013;
Jia et al., 2016). These prominent advantages of sorghum allow it to
be considered as an environmentally- friendly green energy plant to
utilize on marginal lands with low agricultural input, to diversify
energy sources and relieve pressure on limited land resources
for growing staple crops (Liu et al, 2007; Sticklen, 2007; Cai
et al.,, 2011).

Contemporary advances in both energy sorghum and grain
sorghum have been reviewed (Mullet et al, 2014; Boyles et al,
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2019), and, more recently, the overall advantages and prospective
applications of sorghum have been well discussed (Hao et al., 2021).
Meanwhile, our understanding of the responses and adaptation of
sorghum to various abiotic stresses has been substantially improved
by the wide application of omic technologies. Due to the sessile
growth, plants have evolved complex molecular networks to
respond and survive in fluctuating environments; in turn, a
variety of environmental factors negatively affect aspects of plants’
growth and development, leading to their yield declines and even
death. These environmental stresses are generally divided into
biotic versus abiotic, with the latter encompassing a wide range of
factors, such as drought, salinity, alkalinity, high or low
temperatures, and heavy metal toxicity. Among these abiotic
stresses, drought, high salinity, and extreme temperatures are
considered the most significant because they now severely
threaten global food security and sustainable agriculture (Bailey-
Serres et al, 2019). Extreme climatic events have adversely
exacerbated global agricultural production in modern times
(Fedoroff et al., 2010). It was recently estimated that, worldwide,
drought conditions have caused about 30 billion dollars of losses in
crop production (United Nations, 2011). Moreover, freshwater
availability is predicted to drop by half due to climate change, far
below than the expected global demand for agricultural water by
2050 (Gupta et al, 2020). Exacerbating matters, statistics have
shown that about 6% of the global land area is damaged by
salinization, yet effective measures are still lacking to control the
spread of land salinization (Li et al, 2014). Collectively, this
information highlights why and how abiotic stresses pose serious
threats to agricultural production and food security, and that basic
and applied research to mitigate the impacts of abiotic stresses
deserves prioritization in most countries and global collaboration
is imperative.

When facing abiotic stresses, plants utilize a combination of
complicated biological and molecular processes, including
morphological and physiological responses, tolerance, resistance,
adaptations, and escapes. Usually, however, drought and salinity
conditions induce multilevel stress signals (e.g., primary stress
signals and secondary signals). Compared with primary signals,
the secondary effects of drought and salt stresses are far more
complex, including the induction of reactive oxygen species (ROS)
stress, damage to biomolecules (such as membrane lipids, proteins,
nucleic acids), and metabolic dysfunction (Zhu, 2016). The ability
of plants to cope with and adapt to one or more given stresses after
receiving corresponding stress signals is also generally referred to as
stress tolerance (Zhang et al., 2022).

In the recent decade, numerous advances have been made in
key genes regulating the response and adaptation to abiotic stresses
in major crops (e.g., rice, maize, and wheat). It is known that crops
can improve drought tolerance mainly by regulating root
architecture and leaf transpiration efficiency, for instance, the
DEEPER ROOTING 1 gene (DROI; Uga et al, 2013); Another
example is that the receptor-like kinase ERECTA (ER) is major
target to improve thermotolerance in rice (Shen et al, 2015). In
addition, a cohort of drought-regulating transcription factors (TFs)
including the members in the DREB, ERF, WRKY, ZFP, and MYB
families have been functionally characterized in rice, wheat, and
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maize. For saline response and tolerance, the factors affecting salt
tolerance mainly include the rate of water loss in leaves, water
uptake capacity in roots, the ability to scavenge ROS and to
maintain cell wall signaling perception and metabolism (Landi
et al., 2017). Research on the mechanism of crop response to high
temperature stress is mainly focused on the regulation of protein
homeostasis and reactive oxygen species homeostasis. The response
to low temperature stress mainly revolves around the CBF signaling
pathway, whose components mainly including membrane
localization proteins, protein kinases, calcium channels and E3
ubiquitin ligases play important roles in plant cold tolerance
response (Wang L. et al., 2021).

It is generally accepted that field crops are often exposed to
several stresses at the same time, yet most lab-based studies of the
physiology and molecular mechanisms of stress responses and
tolerance have focused upon a single stress condition or signal.
For instance, drought conditions are often accompanied by raised
temperature and/or high salinity, but combined stress conditions
often cause more severe damage to the crop than does a single
stress, in either an additive or synergistic way (Mittler, 2006;
Barnabas et al., 2008). Therefore, the responses of plants to
combined stresses and corresponding growth outcomes are
usually difficult to predict from simply using data obtained from
studies of a single stress factor, especially when stress conditions act
antagonistically or lead to conflicting responses (Prasch and
Sonnewald, 2015). One such example is drought and heat
conditions in tandem. The heat stress incurred usually induces
the stomata to open, to cool the leaves via transpiration; by contrast,
stomata tend to close under drought conditions, to limit water loss.
Work using Arabidopsis and tobacco has revealed that plants are
unable to open their stomata under the combined stress of drought
and heat, resulting in a higher leaf temperature (Rizhsky et al., 2002;
Rizhsky et al., 2004). Generally, our understanding of plant stress
biology is limited in two major ways: (1) effective responses and
coordination vis-a-vis the combination of multiple abiotic stresses;
and (2) transcriptional and metabolic responses and re-
programming in a systems biology context.

In most plant stress-biology studies, the identification of key
genes/alleles involved in stress tolerance and regulation from the
species or genotypes exhibiting strong stress tolerance or
adaptability is considered an efficient and effective approach.
Hence, sorghum has been recognized as a target species for such
gene identification purposes, given its higher tolerance to abiotic
stresses compared to other major crops (e.g., rice, maize, and
sugarcane). On one hand, gene functional studies of sorghum
have lagged those of model crops (rice and maize), largely due to
the difficulty in tissue culture, genetic transformation, and limited
mutant resources (Grootboom et al., 2010). Agrobacterium-
mediated transformation can be achieved in sorghum, but only in
a few genotypes and with low efficiency (Hiei et al., 2014). On the
other hand, there has been much effort directed to utilizing multi-
omics technologies to decipher the systematic responses of sorghum
to abiotic stresses and to identify key genes and signaling pathways
involved in stress regulation and tolerance. Here, we aim to
summarize recent achievements of sorghum stress tolerance based

on multi-omic approaches (e.g., transcriptomics, proteomics and
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metabolomics), and to highlight the key genes in need of functional
validation and of potential use in molecular breeding. Given the
relatively abundant studies available in the literature, our review
focuses on drought, salinity, and extreme temperature treatments,
while studies on other abiotic stress conditions, for instance,
nutrient deficiency (Gelli et al., 2017; Zhang et al, 2019b) and
heavy metal toxicity (Feng et al., 2018; Jia et al., 2021), are out of the
scope of the present review. Comparative genomics and population
genomic approaches (e.g., quantitative trait loci mapping, and
genome-wide association study, GWAS) have been powerful for
unlocking the genetic architecture of complex traits in sorghum
(reviewed in Hao et al., 2021). While there are some GWAS studies
regarding abiotic stress tolerance, our present manuscript focuses
on sorghum transcriptomics, proteomics and metabolomics (Chen
et al., 2017; Chopra et al., 2017).

Multi-omic research advances in
drought and osmotic stresses

A sufficient water supply is one of the essential requirements for
plant growth. Plants respond to water scarcity by altering their
morphology, physiology, and biochemistry to mitigate the direct
and indirect damage and to survive and/or to maintain their growth
(Bray, 1993; Bray, 1997; Xiong and Zhu, 2002; Ngara et al., 2021).
Plants’ responses to drought fall into three categories: drought
escape, avoidance, and tolerance, which have been well defined in
previous reviews (Farooq et al., 2009; Basu et al., 2016; Rodrigues
et al,, 2019).

Sorghum is generally recognized as a drought-tolerant crop. For
example, the water consumption of sorghum in its full growth-period
is 1.53 kg per plant whereas maize consumes 2.32 kg of water per
plant (Su, 1995). The evapotranspiration of sorghum is 300~600 mm
under field conditions, lower than that of maize (400~750 mm), rice
(500~950 mm) or cotton (550~950 mm) (FAO, 1981). It is thought
that sorghum plants are well tolerant to drought conditions not only
because of the special cuticular wax metabolism but, more
importantly, because of the coordination between root-to-shoot
water use efficiency and a number of dynamic physiological
adjustments to cope with drought conditions.

Dehydrins (DHN), a group of the late embryogenesis abundant
(LEA) D-11 family proteins, accumulate in dehydrated plant tissues
and may act as stabilizers of cell components (Close, 1996; Campbell
and Close, 1997). Dehydrins could protect plants directly by
scavenging ROS or providing an overall protective effect to those
enzymes responsible for the dismutation of free radicals. For
instance, SbDhnl- and SbDhn2-overexpressing transgenic tobacco
plants are able to protect against oxidative damage (Halder et al,
2018). In addition, overexpressing OsDhnl in transgenic rice was
shown to enhance their tolerance to drought and salt via ROS
scavenging (Kumar et al, 2016). Wood and Goldsbrough (1997)
found that the abundance of SUDHN1 increased significantly in both
seedlings and mature plants under a water deficit condition but were
barely detectable in the well-watered and drought-recovered plants.
A number of studies concluded that DHNT is drought inducible and
may play an essential role in the plant response to drought stress

frontiersin.org


https://doi.org/10.3389/fpls.2023.1147328
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tu et al.

(Close, 1996; Campbell and Close, 1997). The early and late
responses of gene expression to the polyethylene glycol (PEG)-
induced osmotic stress has been identified with microarray in the
sorghum cultivar (cv.) BTx623, revealing ~2200 differentially
expressed genes (DEGs) enriched in functions such as signaling
transduction, gene expression regulation, dehydration protection,
ROS scavenging, and defense (Buchanan et al., 2005). The PEG-
upregulated genes include many encoding, for example, drought-
responsive transcription factors and signaling proteins, LEA
proteins, dehydrins, heat shock proteins (HSPs), ROS
detoxification enzymes, biosynthesis of abscisic acid (ABA), and
the metabolic enzymes of proline and raffinose family of
oligosaccharides (RFOs). LEA proteins can enhance drought
tolerance in many plants such as Arabidopsis, rice, wheat, and
cabbage (Park et al., 2005; Xiao et al., 2007; Olvera-Carrillo et al.,
2010; Chauhan and Khurana, 2011). Moreover, the proline and
raffinose family of oligosaccharides (RFOs) plays a crucial role in
how plants respond to drought stress. Overexpressing the galactose
synthase gene CsGolS4 in cucumbers led to significantly increased
RFO content and drought resistance (Ma et al., 2021). Later, with the
help of RNA-seq and a high-quality sorghum reference genome
(Paterson et al., 2009), Dugas et al. (2011) uncovered changes in gene
expression in response to the PEG or ABA treatment, finding that
ABA could induce more genes than PEG, with the responsive genes
(12% and 30% in the shoots and roots, respectively) differentially
expressed in both treatments, suggesting ABA’s vital role in the
osmotic response.

To further mine important genes associated with strong
drought tolerance in sorghum, the up-and downregulated genes
associated with drought stress were profiled in the drought-tolerant
sorghum cv. XGL-1 with RNA-seq (Zhang et al., 2019a), uncovering
that many differentially expressed genes in the roots were enriched
in the functions such as sucrose metabolism and raffinose family
oligosaccharide biosynthetic process. These results emphasized the
importance to adjust carbohydrate metabolism during the response
of roots to osmotic stress. Besides, Johnson et al. (2014) compared
the gene expression disparities between the drought, heat, and
drought and heat treatments, finding that only ~3.5% of the genes
were drought-responsive and a small proportion (~20%)
overlapped with previously detected osmotic responsive genes,
underscoring the difference between drought and osmotic stresses
(Johnson et al., 2014). Notably, the drought-upregulated genes
include the proline biosynthetic gene (delta 1-pyrroline-5-
carboxylate synthase 2, P5CS2-a; ID), the gene encoding sodium
transporter (high-affinity K+ transporter 1, HKT1-a, Sb06g027900),
LEA genes (Sb01g046490, Sb09g027110, Sb07g015410,
Sb03g032380) and those related to lipid transport. Proline
accumulation is a drought response conserved between plant
species (Su et al., 2011). Arabidopsis pyrroline-5-carboxylate
synthase 1 (AtP5CS1) catalyzes the first step in proline
biosynthesis and is critical for proline accumulation under
osmotic stress (Szekely et al., 2008). In addition, functional
studies in sorghum revealed that SbHKT1;4 gene has selective
uptake of sodium and potassium ions and is involved in
regulating cellular ion homeostasis and improving tolerance to
drought and salt stress (Wang et al., 2014).
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More recently, several studies used the comparative approach to
identify DEGs between stress-tolerant and stress-sensitive sorghum
genotypes. A transcriptomic comparison of drought-sensitive and
drought-tolerant genotypes (i.e., 1S20351 and 1S22330) indicated the
former responded to the stress by hydrolyzing carbohydrates in
roots, while the latter genotype gained tolerance by promoting
the synthesis of anti-osmotic agents and antioxidants (e.g.,
proline, betaine, and glutathione; Fracasso et al., 2016). Also,
the upregulation of lipid metabolic genes is associated
with high drought tolerance in sorghum; for example, the
phosphatidylinositol biosynthetic genes (Sb08g016610,
Sb08g022520, and Sb05g026855) were upregulated in sorghum cv.
1S20351. Some studies found that two sorghum genes (Sb06g014320
and Sb07g027910) encoding a glycerol phosphodiester
phosphodiesterase and a monogalactosyl-diacylglycerol (MGDG)
synthase, respectively, tend to be upregulated during drought stress
but downregulated in drought-sensitive genotypes (Pasini et al,
2014; Fracasso et al,, 2016). Similarly, transcriptomic comparison
between two genotypes with contrasting drought tolerance during a
post-anthesis drought treatment identified upregulation of genes
related to antioxidant capacity and transmembrane transporters
(Azzouz-Olden et al, 2020). Another comparative transcriptomic
study discovered that drought induced more dramatic
transcriptomic changes in roots than in leaves in terms of the
number of DEGs and the extent of expression levels (Varoquaux
et al, 2019). More importantly, a number of genes potentially
conferring drought tolerance have been highlighted: (1)
downregulation of several WRKY genes and jasmonic acid- and
salicylic acid-responsive genes in roots indicates the possible balance
between drought tolerance and inhibition of plant defense to
microbes and pathogens (Pandey and Somssich, 2009); (2)
downregulation of the key photosynthetic genes (e.g., the light-
harvesting complex subunit B encoding gene, LHCB:
Sobic.003G209800 and Sobic.003G209900) and their subsequent
upregulation during drought recovery suggests photosynthesis
could be the target for drought recovery; (3) upregulation of the
proline biosynthetic gene P5CS2 (Sobic. 003G356000) points to
proline accumulation as a common way to tolerate drought-
induced damage (Funck et al, 2020); (4) the ROS-scavenging
genes encoding glutathione S-transferase (GST29,
Sobic.003G264400) was upregulated in both pre- and post-
anthesis drought treatments and localized within a stay-green
quantitative trait locus (the Stg2 loci) (Thangaraj et al, 2022),
suggesting a possible association between the drought-involved leaf
stay-green trait and ROS scavenging ability (Harris et al., 2007).

Membranes are sensitive to drought stress and easily degraded
and modified. Lipidomics and transcriptomics have been applied to
profile membrane lipid dynamics in sorghum drought-sensitive cv.
Hongyingzi and drought-tolerant cv. Kangsi (Xu et al,, 2022). The
unsaturation indices (UI) of dilauryl-diacylglycerol (DGDG),
MGDG, phosphatidylglycerol (PG), and phosphatidylcholine (PC)
all decreased in both cultivars under drought stress. By integrating
transcriptomic and lipidomic data, some candidate genes regulating
membrane lipids under drought stress were detected, namely
CCT2(Sobic.001G282900), CER1 (Sobic.001G2222700), DGK1
(Sobic.001G333900), DGK5(Sobic.003G318700), EMB3174(Sobic.
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001G403400), KCS4(Sobic.002G268500), LCB2(Sobic.003G41
2700), PAH1(Sobic.009G165400), PLDP1(Sobic.009G109900),
PKP-B1(Sobic.003G244700), and KCS11(Sobic.010G181500).

Besides those genes identified, the changes in miRNA and
proteome during drought stress have also been profiled in
sorghum plants. Analysis of eight representative miRNAs among
11 sorghum genotypes phenotypically varied in drought tolerance
revealed the drought-associated miRNAs, namely miR396, miR393,
miR397-5p, miR166, miR167, and miR168 (Hamza et al., 2016). In
particular, miR160, miR166, and miR396 targeted 28 transcription
factors (TFs)- encoding genes including auxin response factor
(ARF), homeobox-leucine zipper family protein (HD-ZIP), and
growth regulating factors (GRF). Among these miRNAs, miR166,
upregulated in sorghum, has been known to be related to drought
tolerance in soybean (Kulcheski et al., 2011). In addition, members
of the soybean HD-ZIPIII family, targeted by miR166, play a role in
stress response to drought and salt stress conditions (Chen et al.,
2014a). It has been recently found that a HD-ZIP TF MdHB-7
enhanced the drought tolerance in apple by regulating ABA
accumulation, stomatal closure, and ROS detoxification (Zhao
et al., 2020). Collectively, these results indicate that the miR166-
HD-ZIP module may also play an important role in drought stress
regulation in sorghum. Nevertheless, it is worth noting that these
miRNAS’ expression pattern during drought varies among sorghum
genotypes, implying the complex involvement of miRNAs in
drought-stress regulation and why further study to validate their
functions in sorghum’s drought tolerance is needed.

Proteomics has also been employed to profile the protein dynamics
of sorghum roots in response to PEG-induced osmotic stress (Li et al.,
2020). During drought stress, the contents of MDA and proline, and
the activities of superoxide dismutase (SOD), peroxidase (POD), and
polyphenol oxidase (PPO), were gradually increased. Consistently,
several antioxidant proteins (e.g., SOD, Sb07g023950, POD,
Sb06g033850 and catalase, CAT, Sb10g030840), were upregulated as
well, supporting the importance of ROS scavenger upregulation to cope
with the stress. Another comparative proteomic study in sorghum
focused on drought stress and recovery showed that: (1) the protein
level of methionine synthase remained upregulated in the drought-
tolerant sorghum lines but dropped in the drought-sensitive line; (2)
the drought-sensitive and -tolerance sorghum lines exhibited
contrasting changes in the cytosolic isoform of fructose-1,6-
bisphosphate aldolase (FBA; Jedmowski et al,, 2014). Similarly, the
increase or maintenance of high levels of methionine synthase may be
an osmoregulant metabolic approach to tolerate stress conditions
(Merewitz et al, 2011). For the FBA-mediated carbohydrate
metabolism, plastidic FBA indicates a disturbance of carbon fixation
while cytosolic FBA may be active in the aldehyde detoxification
process during stress. Moreover, Goche et al. (2020) employed the
gel-free isobaric tags for relative and absolute quantitation (iTRAQ)
proteomic technology to compare the root proteomes between a
drought-sensitive and a drought-tolerant cultivar (ICSB338 and
SA1441, respectively), thereby detecting drought-induced
upregulation of proteins related to protein synthesis, proteasome
inhibition, signaling transduction, and defense. Similarly, proteomic
characterization of the osmotic-induced proteins in the BTx623 roots
identified proteins related to protein synthesis, degradation, and
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defense (Li et al, 2020). Collectively, these proteomic studies in
sorghum tend to emphasize that drought-tolerant cultivars tend to
upregulate their stress-related signaling, protein synthesis and
antioxidant activity to acquire better tolerance to drought conditions.

Multi-omic research advances in
salinity and alkaline stresses

Soil salinization is another major abiotic stress that severely
limits crop production. About 6% of the global land area (~12
billion acres) is affected by salinization (Ismail and Horie, 2017),
while the coverage of saline-alkali land has reached 100 million
hectares in China. Moreover, secondary salinization of agricultural
lands is becoming increasingly severe in China, posing a serious
threat to the sustainable production of staple crops there (Fang
et al,, 2021; Wang L. et al., 2021). Generally, soil salinization refers
to high salinity and alkaline stresses, which can distinctly influence
plant growth. Salt stress is caused primarily by neutral salts (e.g.,
NaCl and Na,SO,). On one hand, high concentrations of sodium
ions enter plant cells via ion channels and carrier proteins, resulting
in ion toxicity. On the other hand, high concentrations of
extracellular ions lead to greater extracellular osmotic potential,
posing osmotic stresses and other secondary damage such as
oxidative stress. By contrast, alkali stress is mainly caused by
NaHCO; and Na,COs;, either of which can raise the soil pH,
which destabilizes the integrity of cell membranes and reduces
root vigor in addition to ionic toxicity and osmotic damage (Zhang
et al,, 2017).

Many sorghum cultivars are capable of growing on salinized
soils and even on marginal lands (Xie and Xu, 2019). To understand
the molecular mechanisms of high salinity tolerance in sorghum,
the cultivar M-81E was used as a representative salt-tolerant
genotype for a series of transcriptome studies (Sui et al., 2015;
Yang et al, 2017; Yang et al, 2018). In comparison to the salt-
sensitive genotype Roma, M-81E harbors distinct groups of DEGs
induced by salt. For example, genes related to photosynthesis are
less influenced in M-81E: (1) Lhca2-4 and Lhcb6 encoding subunits
in the light-harvesting complex are not inhibited in M-81E; (2) the
genes encoding phosphoenolpyruvate carboxylase and pyruvate
orthophosphate dikinase, respectively, remain unchanged in M-
81E (Sui et al, 2015). Besides, sucrose synthase genes are
upregulated in M-81E while the genes encoding sucrose catabolic
enzymes are downregulated, and vice versa in Roma, patterns which
suggest that maintaining photosynthesis and sucrose metabolism
underpins the salt-tolerant sorghum. A more recent study revealed
the roles of phytohormones in salt tolerance in sorghum: ABA and
its signaling genes were increased in the leaves of the salt-tolerant
cv. M-81E, while JA and its functionally related genes were
upregulated in roots of the salt-sensitive cv. Roma (Yang et al,
2017). In addition, 2085 and 3172 DEGs were identified by RNA-
seq in the roots of M-81E and Roma, respectively (Yang et al., 2018).
In particular, many genes known to be involved in salt exclusion
were found: (1) SbHKTI;5 encoding a high-affinity potassium (K+)
transporter (HAK) is dramatically upregulated in M-81E but only
moderately increased in Roma; wheat TaHAKI;5-D, a homolog of
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SbHKTI;5, can enhance salt tolerance by expelling Na* outside the
cells (Byrt et al, 2014); and (2) the genes functioning in the
exoplasmic barrier exhibit significant upregulation in M-81E.
Altogether, these analyses suggest that enhanced potassium
transportation and salt exclusion may explain the salt tolerance of
M-81E. Another study just revealed the physiological and
transcriptomic differences induced by drought and salt,
respectively, highlighting that salt conditions significantly inhibit
antioxidant enzymes and the auxin and cytokinin contents, while
drought stress mainly impairs sugar metabolism in leaves (Wang
et al., 2022).

Other omics analyses have further revealed additional layers of
complexity in the salt responses of sorghum. Long non-coding RNAs
(IncRNAs) regulate gene expression to modulate plant development
and stress responses (Chen et al., 2020). Full-length transcriptomic
comparison between the cultivars M-81E and Roma identified three
upregulated IncRNAs (IncRNA13472, IncRNA11310, and
IncRNA2846) in M-81E and two downregulated IncRNAs
(IncRNA26929 and [ncRNA14798) in Roma (Sun et al,, 2020).
Functional predictions indicate that these salt-responsive IncRNAs
might serve as endogenous RNAs (ceRNAs) acting to regulate the
target genes related to ion transport, protein modification,
transcriptional regulation, and synthetic transport of substances. A
recent lipidomics analysis profiled changes to leaf membrane lipids
during salt stress, finding a salt-induced decrease in both MGDG and
PG (Ge et al, 2022). This result provides new insight into salt-
induced membrane lipid remodeling in sorghum leaves and how that
impacts the fluidity, stability, and integrity of their photosynthetic
membrane system.

A proteomic study using the two-dimensional gel electrophoresis
and mass spectrometry technique profiled differential proteins in
sorghum leaves responsive to salt stress (Swami et al., 2011) and
identified upregulated protein, including the universal stress protein
(XP 002443333), glutathione S-transferase (XP 002458541, XP
002465442), peroxidase (XP 002463451, XP 002463451, XP
002463451) that are involved in the detoxification of reactive
electrophilic compounds. Despite efforts made to understand the
physiological and molecular aspects of sorghum’s response to and
regulation of salt stress, such studies addressing the combination of
salt and alkaline stresses remain quite limited. By using two-
dimensional electrophoresis and proteomics, Dai et al. (2017)
distinguished 30 upregulated proteins and 14 downregulated
proteins under soda saline-alkali stress conditions (NaHCO; and
Na,CO3;), functionally enriched in carbon fixation, carbon
metabolism and glycolysis.

Metabolomics has also been employed to gain insights into the
distinct salt tolerant phenotypes of sorghum genotypes (de Oliveira
et al,, 2020). (1) Significant changes of osmolytes (e.g., proline and
soluble sugars) were detected in sorghum under salt conditions.
Salinity triggered a pronounced increase in proline by 35% and
126% in CSF18 (salt-sensitive genotype) and CSF20 (salt-tolerant
genotype), respectively. (2) Salinity induced an increase in putrescine
in the salt-sensitive genotype but spermidine, spermidine and
cadaverine were increased in the salt-tolerant genotype, suggesting
that osmolytes and polyamines may play a role in conferring salt
tolerance to sorghum. More recently, another metabolomics study in
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sorghum indicated that salt stress affects photosynthesis by repressing
both chlorophyll and carotenoid metabolism, while sorghum
mitigates salinity damage by inhibiting oxidative stress and
increasing antioxidant content/enzyme activities (Punia et al,
2020). Further, the involvement of ion transport/signaling-related
genes (SOS1 [XM_015763865.2], SOS2 [KP330207.1], NHX-2
[EU482408.2], V-PPase-11 [GQ469975.1], CIPK24
[XM_002438609.2], PP2A [XM_002448914.2]) in salt stress
regulation was verified in sorghum by qPCR-based expression
analysis (Ma et al., 2020). A recent study integrated transcriptome
and metabolome analyses discovered the dynamic changes in
flavonoid metabolic pathways from moderate and severe saline
—alkali stress. That is, (1) flavonoid synthesis—particularly of
naringenin, chalcone, prunin, naringin, and some kaempferol
derivatives—is significantly upregulated under the moderate saline
—alkali stress but repressed under the severe saline-alkali stress; and
(2) cyanidin is specifically accumulated under the severe saline—alkali
stress, which might protect cells from severe oxidative damage.
Coupling the transcriptomic and metabolomic data identified
several stress-induced flavonoid metabolic genes, including the
naringenin-correlated flavonoid 3’-hydroxylase (F3H) genes
(Sobic.004G201100, Sobic.004G328700, and Sobic.006G254000), a
shikimate O-hydroxycinnamoyl transferase (HCT) gene
(Sobic.006G136900), and a chalcone-flavanone isomerase (CHI)
gene (Sobic.001G035600). Evidently, the application of
metabolomics is providing novel insight into the role of flavonoid
metabolism in sorghum’s salt tolerance.

Multi-omic research advances in high-
and low-temperature stresses

In recent years, the climate is fluctuating more widely, and
extreme weather disasters are now occurring more frequently. Thus,
extreme temperature stresses have emerged as a major threat
adversely affecting plant growth and crop production (Farooq
et al,, 2011).

Raised temperature (also known as heat stress) is particularly
harmful when it happens during the reproductive stage of plants,
because heat stress inhibits metabolism, causes chloroplast
oxidative damage, affects reproductive organ development and
suppresses vital nutrient accumulation in seeds. During heat
stress, stress-induced accumulation of misfolded proteins can be
sensed by heat shock proteins (HSPs) and further activate heat
stress transcription factors (HSFs) and their downstream heat
stress-responsive target genes (Scharf et al., 2012; Zhang
et al., 2022).

A recent quantitative proteomic study investigated the heat-
responsive proteins that were secreted into the extracellular matrix
(Ngcala et al., 2020), revealing 31 secreted, heat-responsive proteins
that falls into the classical secretory pathways including metabolism,
detoxification, and protein modification. This proteomic study
provides a useful, timely resource of extracellular proteins that
could serve as targets for developing heat-tolerant crops. Moreover,
some genes such as the leucine-rich repeat (Sobic.005G126200),
cysteine proteinase inhibitors (Sobic.003G126800 and
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Sobic.001G324800), and a glycosyl hydrolase (Sobic.002G055700)
were validated by qPCR as heat-induced proteins.

By contrast, cold stress negatively impacts plant growth through
distinct physiological mechanisms. First, cold stress decreases
stomatal conductance and mainly affects photosystem II to reduce
the net photosynthetic rate (Guo et al., 2021). Second, cold stress
leads cell membranes to change from a liquid crystal phase to a gel
phase, thereby impairing membrane permeability, and can even
fully disrupt it (Chen et al., 2014b). Third, cold stress causes ROS
bursts in cells. Plants respond to cold stress via C-repeat binding
factors (CBFs)/dehydration-responsive-element binding factors
(DREBs) for reprograming the metabolism (e.g., sugar and amino
acid metabolism) to temporally adjust to the stress (Zhao et al,
2015; Ding et al,, 2019; Guo et al., 2021).

Since sorghum originated in tropical and subtropical regions,
most of its varieties are sensitive to low temperatures, especially
during their germination and seedlings stages (Fiedler et al., 2016).
So, to better understand the response to cold stress and to identify
genes for improving cold tolerance in sorghum, several studies
employing omics approaches have since been carried out.
Transcriptomic comparison of seedlings of the cold-sensitive cv.
BTx623 vis-a-vis those of the cold-tolerant cv. Hongkezi (HKZ)
found several TF-encoding genes—i.e., DREBs, CBFs, and ethylene
responsive factors (ERFs)—were drastically induced by the cold
stress (Chopra et al,, 2015). Additionally, several members from
the plant cytochrome, glutathione s-transferase, and heat shock
protein families were differentially regulated by cold treatment
between those two cultivars. Nuclear factors Y (NF-Ys), these
consisting of three subfamilies (i.e., NF-YA, NF-YB, and NF-YC),
are involved in how plants respond to various stresses through
complex interactions to form different hetero-trimmers (Petroni
et al,, 2012). Genome-wide characterization of the sorghum NF-Y
family and expression analysis has revealed many members
responsive to cold or heat stresses: For example, (1) NF-YA2/4/6/
7/8, NF-YB2/7/10/11/12/14/16/17, and NF-YC4/6/12/13 are induced
by heat stress (40°C), and some of these genes are also regulated by
cold stress (4°C); (2) NF-YA8 is induced by both cold and heat
stresses; (3) stress-related cis-elements, ABA-responsive element
(ABRE), and heat shock-responsive element (HSE), are found in the
promoter regions, but not the drought-responsive elements DRE
and MYB (Maheshwari et al., 2019). Comparing the cold-induced
DEGs between the cold-tolerant cv. Hongke4 and the cold-sensitive
cv. SC407 uncovered not only classic cold-inducible genes—e.g.,
CBL-interacting serine/threonine-protein kinase (CIPKI6;
Sb02g024770) and stress-activated protein kinase-3 (SAPK3;
Sb01g028760)—but also important TFs warranting further
functional studies (MYB62; Sb04g026210, NACI; Sb01g003710,
WRKY55; Sb02g011050, WRKY51; Sb03g003360 and WRKY33;
Sb03g038510) (Jin et al., 2021; Zhou et al., 2022b). These cold-
induced genes enriched metabolic functions, namely
phenylpropanoid synthesis, carbon metabolism, amino acid
biosynthesis, and starch and sucrose metabolism, thus indicating
extensive metabolic reprogramming occurs under cold stress.
Another transcriptomic comparison between the cold-tolerant cv.
P61 and the cold-sensitive cv. H21 emphasized the differences in
photosynthesis inhibition and oxidative damage (Shao et al., 2021).
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For example, the cold-tolerant cultivar showed significant
upregulation for eight SbSODs genes, seven SbPODs genes, 11
sorghum lipoxygenase genes SPLOXs, and two SbP5CS genes,
consistent with the physiological measurement of corresponding
oxidative damage indicators: e.g., the enzyme activity of superoxide
dismutase (SOD) and peroxidase (POD), and the content of
malondialdehyde (MDA) and proline (Pro)).

Unlike the cold-stress response, sorghum exhibits substantially
differing transcriptomic patterns in response to heat stress.
According to one transcriptome study, the genes associated with
high-temperature stress, intense light stress, and protein folding are
differentially expressed during heat stress, with several genes
encoding heat shock proteins or universal stress proteins—
HSP22.0 (Sb06g017850), HSP101 (Sb03g034390), HSPI8.2
(Sb01g039990), and SbUSP (Sb04g034630)—being significantly
upregulated (Johnson et al., 2014).

Omics-enabled insights into plant
responses to combinatory stresses

In the past decade, our understanding of the molecular
responses to various stresses in sorghum has improved greatly,
largely driven by advances and applications of the omics
technologies. The major biological processes, metabolites
(including phytohormones and osmolytes), and key genes that
have been identified to respond to or cope with the abiotic
stresses are summarized in Figure 1. Compiling and synthesizing
these pieces of knowledge leads us to conclude that, in sorghum
plants, different physiological and/or metabolic processes are
affected by distinct stresses and are utilized to ensure survival and
maintain growth when the stress occurs. For example, sorghum
cultivar XGL-1 could induce the expression of proline biosynthetic
and carbohydrate metabolic genes to cope with osmotic stress
(Zhang et al., 2019), whereas the cultivar M-81E tends to amplify
their gene expression of antioxidant enzymes and ion transporters
when salt stress occurs (Yang et al., 2018). Moreover, imposed
drought stress (withhold watering) and osmotic stress (with a PEG
treatment) induce distinctive transcriptomic responses, with only
~20%-overlap of DEGs between the two treatments (Dugas et al,
20115 Johnson et al, 2014). Such pronounced differences in the
stress-induced expression profiles have also been detected for heat
and drought stresses. The drought treatment led to ~4% of those
sorghum’s genes being differentially expressed, including those
encoding the LEA proteins and proline synthetic enzyme P5CS2,
while ~18% of them could be regulated in response to heat stress,
including those encoding HSPs. By contrast, ~20% of the sorghum
genes were DEGs under combined heat and drought stress, with
around 1/3 of these DEGs being exclusively differentially expressed
after applying the combined stresses (Johnson et al, 2014). These
differences in stress-specific inducible genes in sorghum justify why
it is imperative to compare the combination of stresses with each
single stress at transcriptomic or other omic levels, given that such
combinations typically arise in real field conditions. Therefore, the
results may provide more practically meaningful insights into
sorghum’s molecular breeding and stress tolerance improvement.
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FIGURE 1

The diagram summarizing the molecular regulations involved in the
response to and tolerance of abiotic stresses in sorghum. For each
of the four abiotic stresses (drought, heat, cold, and salinity and
alkaline) discussed herein, the candidate genes (transcription factors
in red), metabolites, and physiological processes are depicted in
three layers (from the innermost to outermost layer, respectively).

The plant response at the physiological, gene expression, or
protein level cannot be simply predicted by pooling existing
knowledge acquired from single-stress treatment experiments.
Such differences between the single stress and combined stress
impacts and responses have been detected from the expression
patterns of stress-responsive or ROS-scavenging genes in sorghum.
A few studies on the changed patterns of gene expression under
drought, heat/cold and salt stresses in sorghum are selected to
visualize the distinct responses at the expression level (Dugas et al.,
2011; Johnson et al., 2014; Chopra et al,, 2015; Yang et al., 2018;
Azzouz-Olden et al., 2020; Ma et al., 2020)—as the full list of DEGs
are readily available from these papers or the Supplemental Files—
to unbiasedly profile the ROS-scavenging genes. Aquaporin (AQP)
genes were investigated as well because this gene family encodes the
AQP membrane proteins which regulate membrane permeability to
water and other molecules (Hu et al., 2012; Huang et al., 2014). The
antioxidant system in plants includes several major enzymes (i.e.,
catalase, CAT, superoxide dismutase, SOD, class III peroxidase, CIII
Prx, ascorbate peroxidase, APX, glutathione transferase, GST),
which are encoded by corresponding gene families (Rajput et al,
2021). In Figure 2, certain genes are preferentially responsive to
certain stress or respond in specific tissues. For example, most of the
ROS-scavenging genes tend respond to the stresses in the root but
not in the leaf. The SbSODs are only differentially expressed in the
heat or salt stress samples. By contrast, tonoplast membrane
intrinsic proteins (TIPs) from the AQP family are apt to be
upregulated during drought stress conditions, while the plasma
membrane intrinsic protein (PIP) subfamily responds to multiple
stresses. Further, APX and CAT genes are differentially expressed
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under drought or salt stress. For the large antioxidant gene families,
such as GST and Prx, their genes are responsive to the stress
treatment in a member-specific pattern rather than a subfamily-
specific pattern. The Class III Prxs catalyze H,O,, produce ROS
(OH or O%), and participate in diverse physiological processes,
including seed germination, lignin metabolism, phytohormone
catabolism, and pathogen resistance. Among the eight
phylogenetic groups of Prxs (Liu et al., 2021), Prx groups 1, 5,
and 6 tend to be responsive to drought stress, whereas Prx groups 2,
3, 7 and 8 tend to be responsive to salinity stress. The stark
differences among the responsive patterns of antioxidant-related
genes reflect well the different molecular regulations and specific
ROS-scavenging capacity underlying the stresses.

On the other hand, different stresses could have the similar or
distinct impacts on different physiological or biochemical pathways.
For instance, in Arabidopsis, heat stress leads to elongated and thin
leaves with increased leaf area and reduced root growth, while
drought stress reduces leaf area and increases root growth to
enhance water-use efficiency (Vile et al., 2012). However, both
drought and heat stresses result in similar growth outcomes,
including early flowering, higher rate of seed sterility, and yield
losses (Zhang and Sonnewald, 2017). The counteracting effects of
drought and heat stresses also depend on the stomata phenotype:
heat stress leads to stomata opening to increase transpiration and to
cool the leaf surface, while drought stress results in stomata closing
to prevent water loss (Rizhsky et al., 2002; Rizhsky et al, 2004;
Prasch and Sonnewald, 2015). By contrast, several stress treatments
(i.e., drought, high salinity, or low temperature) all cause osmotic
stress and oxidative damage (Mittler and Blumwald, 2010); to
counteract the osmosis, sorghum plants generally secrete small
molecules (such as soluble sugar, alginate, sorbitol, and proline)
(Fang et al., 2021). These similarities and differences in
physiological responses to various single stresses complicate our
understanding of the molecular response to combined stresses.

Shaar-Moshe et al. (2017) investigated the transcriptional
patterns and morpho-physiological acclimations of Brachypodium
distachyon to single salinity, drought, and heat stresses, as well as
their double- and triple-stress combinations. The combined stresses
intensified the physiological effects when compared to single
stresses, with some morphological traits more sensitive to salt
stress while some physiological traits being more sensitive to heat
stress. Transcriptome analysis revealed that the response patterns of
the triple and the three double-stress combinations showed that
only 37% of the common stress DEGs (574 genes out of 1550)
maintained the same response mode, indicating limited consistency
of expression for combined stresses. The response to heat stress at
the transcriptional level contributed most to the major differential
expression, with single and combined stresses with heat stress
involvement showing stronger correlations. Conversely, single
drought stress showed weaker correlations with both double- and
triple-stress combinations with its involvement. Therefore, it is
speculated that the contribution of drought in the combined
stress treatments may lie with enhancing or attenuating the
intensity of other stresses. In another example of the combination
of drought and cold stresses that frequently occur in the
northwestern and eastern China, Guo et al. (2021) investigated
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molecular responses of maize to the drought and cold combined
stress. They showed that both single and combined stresses
significantly reduced leaf photosynthesis. Nevertheless, the
photosynthetic indicators were similar to the control plants in
drought-treated and drought-and-cold-treated plants, whereas
cold-treated plants were unable to recover during the recovery
stage. Transcriptomic and metabolomic analysis further revealed
that drought and cold interacted to mitigate this irreversible
damage. This multi-omics study on combined stress in maize also
provides the take home message that the outcome of combinatorial
stress depends not only upon the nature of the involved stressors
but is also related to developmental stages of the plant, the timing of
stress applications, and the severity of individual stresses incurred.
These factors contribute to the complexity and unpredictability of
combinatorial stresses. Overall, these omics studies of single and
combined stresses in Brachypodium and maize have provided
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direct evidence supporting that the molecular responses (at least
at the gene expression level) to a combined stress could not be
simply predicted in sorghum by the existing multi-omic-based
knowledge obtained in single-stress conditions, justifying the
importance to study crops’ response to combined stresses in
agriculturally relevant circumstances.

Concluding remarks and future
perspective

Understanding the responses to abiotic stresses and the
molecular regulation enacted to cope with stressful conditions
faced by sorghum are of great importance. This is because not
only does sorghum have strong tolerance to several major abiotic
stresses, but it also is closely related to other agriculturally and
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economically important major crops (i.e., maize, sugarcane, and
rice) with clear gene orthology/synteny between the species. Thus,
our review does not only summarize a catalog of sorghum genes for
molecular improvement but may also provide useful resource for
stress-tolerance improvement in these related crops (Table S1).

The past decade has witnessed vast and rapid advances in our
knowledge regarding the molecular responses of sorghum plants to
drought, salinity-alkaline, and low/high temperature stresses. This
burgeoning body of research has already pinpointed numerous
pathways and genes that are associated with the tolerance of certain
stress types and those should be prioritized for functional studies.
Still, several challenges need to be addressed in future studies. (1)
Arguably, systemic molecular insights into sorghum stress-
tolerance can be obtained by integrating multi-omic technologies.
Previous studies were dominated by transcriptomics with a few that
used outdated proteomic technologies. Currently, proteomic
technologies with higher throughput and sensitivity are available
(Mergner et al., 2020), while metabolomics (such as widely-targeted
metabolome) has become the mainstream tool to decipher the
metabolite dynamics and genetic basis of plant stress response
and regulation (Chen et al., 2013; Yuan et al.,, 2022). Single-cell
omic and spatio-omic technologies have also been successfully
applied in major crops (Do et al, 2016; Gutzat et al., 2020; Xu
etal., 2020; Chen et al., 2021; Kajala et al., 2021; Li et al., 2021; Shaw
etal, 2021; Wang Y. et al, 2021). The integration of multiple omics
data and the application of cutting-edge technologies will broaden
our understanding of the mechanisms related to stress response and
regulation. (2) Large-scale comparisons between phenotypically
diverse accessions would shed light on the genetic diversity and
plasticity of stress tolerance in sorghum. Many previous studies
relied on one or two cultivars at limited time points, thus we still
lack large-scale comparisons across accessions and/or time series.
(3) Combined stresses often happen in field conditions yet are
heavily understudied in basic research. Clearly, our knowledge
regarding the molecular response and resistance to combined
stresses needs to be enhanced, but this usually cannot be simply
inferred from existing knowledge obtained from single stress
experiments. (4) The many candidate genes in sorghum revealed
by omics are functionally known in other model species but they
still lack functional validation in sorghum. Recently, sorghum’s
transformation via particle bombardment and Agrobacterium has
markedly improved with the greater use of morphogenesis genes
and optimization of transformation details (Mookkan et al., 2017;
Wu and Zhao, 2017; Kuriyama et al., 2019; Liu et al., 2019). These
advances now pave the way for gene functional studies in sorghum
and will surely provide direct support for molecular breeding efforts
aimed at stress-tolerance improvement. In addition, with the
rapidly accumulated omics data of sorghum’s abiotic stresses, the
establishment of multi-omic platforms for sorghum and unified
standards for its data aggregation and collation will greatly enhance
both the mining and re-use of data for multi-omic research.
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Introduction: Begomoviruses are mainly transmitted by whiteflies. However, a
few begomoviruses can be transmitted mechanically. Mechanical transmissibility
affects begomoviral distribution in the field.

Materials and methods: In this study, two mechanically transmissible
begomoviruses, tomato leaf curl New Delhi virus-oriental melon isolate
(TOLCNDV-OM) and tomato yellow leaf curl Thailand virus (TYLCTHV), and
two nonmechanically transmissible begomoviruses, ToLCNDV-cucumber
isolate (TOLCNDV-CB) and tomato leaf curl Taiwan virus (ToLCTV), were used
to study the effects of virus-virus interactions on mechanical transmissibility.

Results: Nicotiana benthamiana and host plants were coinoculated through
mechanical transmission with inoculants derived from plants that were mix-
infected or inoculants derived from individually infected plants, and the
inoculants were mixed immediately before inoculation. Our results showed
that TOLCNDV-CB was mechanically transmitted with ToLCNDV-OM to N.
benthamiana, cucumber, and oriental melon, whereas ToLCTV was
mechanically transmitted with TYLCTHV to N. benthamiana and tomato. For
crossing host range inoculation, TOLCNDV-CB was mechanically transmitted
with TYLCTHV to N. benthamiana and its nonhost tomato, while ToLCTV with
ToLCNDV-OM was transmitted to N. benthamiana and its nonhost oriental
melon. For sequential inoculation, TOLCNDV-CB and TolLCTV were
mechanically transmitted to N. benthamiana plants that were either
preinfected with TOLCNDV-OM or TYLCTHV. The results of fluorescence
resonance energy transfer analyses showed that the nuclear shuttle protein of
ToLCNDV-CB (CBNSP) and the coat protein of ToLCTV (TWCP) localized alone
to the nucleus. When coexpressed with movement proteins of TOLCNDV-OM or
TYLCTHV, CBNSP and TWCP relocalized to both the nucleus and the cellular
periphery and interacted with movement proteins.
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Discussion: Our findings indicated that virus-virus interactions in mixed infection
circumstances could complement the mechanical transmissibility of
nonmechanically transmissible begomoviruses and alter their host range.
These findings provide new insight into complex virus-virus interactions and
will help us to understand the begomoviral distribution and to reevaluate disease
management strategies in the field.

KEYWORDS

begomovirus, virus-virus interaction, movement protein, mechanical transmissibility,

host range

Introduction

To study virus-host interactions, viral infections are usually
conducted with the use of a single infection in the laboratory. Viral
infections in nature can occur as part of mixed infections involving
more than one type of virus. The results of a field survey between
2008 and 2009 in Taiwan indicated that more than 41% of virus-
infected tomato were coinfected by more than two different viruses
(Tsai et al, 2011). A number of important plant viral diseases are
the result of the interactions of causal agents (Xu et al., 2022b). For
instance, a large outbreak of maize lethal necrosis in sub-Saharan
East Africa, Southeast Asia, and Southern America (Redinbaugh
and Stewart, 2018) was the outcome of the coinfection between
maize chlorotic mottle virus (MCMYV) and one of several viruses
from the Potyviridae family. The coinfection of viruses results in
frequent maize death and negligible yields. Although important
advances have been made toward understanding the biology of
individual viruses, little attention has been given to the investigation
of intrahost interactions during viral coinfections.

Multiple infections cause a variety of intrahost virus-virus
interactions. These interactions can result in the development of
novel phenomena and alter the genetic structure of viruses (Syller,
2012). A study of virus-virus interactions may be important for the
understanding of viral pathogenesis and evolution and for the
development of control strategies. DaPalma et al. (2010) classified
potential virus-virus interactions into three categories: (1) direct
interactions that occur in nucleic acids or proteins of one virus
physically interacting with those of another virus, (2)
environmental interactions that result from the alterations of the
host environment created by coinfection, and (3) immunological
interactions that are unique in organisms equipped with an adaptive
immune system. Since plants do not have an immune system like
that of animals, virus-virus interactions of the first two categories
mentioned above can therefore be investigated in plants.

Takacs et al. (2014) identified five in planta virus-virus
interactions based on various plant responses, including cross-
protection, synergistic and antagonistic interactions,
recombination, heteroencapsidation, and gene silencing (Takacs
et al, 2014). Cross-protection, first described by McKinney
(Mckinney, 1929), has been successfully applied for controlling
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critical viral diseases in the field (Oberemok et al., 2021; Tran et al.,
2022; Xu et al., 2022a). The mechanism of cross-protection involves
several phases. One mechanism of cross-protection is protein-
mediated resistance through interference with the uncoating of
the second challenging virus (Lu et al., 1998; Lin et al, 2007).
Another mechanism involved in cross-protection is
posttranscriptional gene silencing in a sequence homology-
dependent manner against the second related viral strain (Ziebell
and Carr, 2010; Pechinger et al., 2019). Both mechanisms illustrate
direct virus-virus interactions, viral protein to viral genome
interactions and viral RNA to viral RNA interactions.
Environmentally indirect virus-virus interactions through the
sequestration of essential host factors responsible for the
propagation and movement of the challenging virus have been
proposed as a possible mechanism for cross-protection
(Folimonova, 2012).

Synergism is a phenomenon in which a mixed infection of two
or more viruses leads to an increased accumulation of at least one
virus that induces symptoms with increased severity. Mechanisms
of this synergism have been proposed: viral proteins of one invading
virus facilitate the movement of another coinfecting virus (Karyeija
et al,, 2000) or suppress plant defense against viruses (Fukuzawa
et al,, 2010; Redinbaugh and Stewart, 2018) through indirect virus-
virus interactions. Synergistic interactions have been reported in
unrelated viruses, such as those of different begomovirus species
(Chakraborty et al., 2008; Alves-Junior et al., 2009; Renteria-Canett
et al., 2011; Sufrin-Ringwald and Lapidot, 2011) and of two viruses
belonging to different genera of the family Potyviridae (Tatineni
et al, 2010). Syller classified the phenomenon of antagonistic
interactions into two types: superinfection exclusion (also known
as cross-protection) and mutual exclusion (Syller, 2012). In the
situation of mutual exclusion, two different subgroups of CMV
colonized different cells in coinfected cowpea plants. The spatial
separation of mutual exclusion reduces the opportunities for
competition between each variant and the recombination that
may generate genetic variation (Elena et al,, 2011). There are two
other types of direct virus-virus interactions that may change the
characteristics of viruses in the field. Genetic recombination,
observed in both plant RNA and DNA viruses, allows coinfecting
viruses to propagate in a parasexual reproductive manner and
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promotes the evolution of viruses (Sztuba-Solinska et al., 2011;
Lefeuvre and Moriones, 2015). Heteroencapsidation is the
encapsidation of the genome of one virus by the coat protein
(CP) of another virus. The viral CP is usually involved in long-
distance viral movement around infected plants and in insect vector
transmission. Heteroencapsidation often occurs under mixed-
infection conditions to enhance systemic movement and provide
insect transmissibility to a coinfecting virus (Bourdin and Lecoq,
1991; Takacs et al., 2014).

The genus Begomovirus, belonging to the family Geminiviridae,
is the largest genus in the entire virosphere and contains more than
440 species (Fiallo-Olive et al., 2021). The genome of
begomoviruses is composed of one (monopartite) or two
(bipartite) circular single-stranded DNA genomes: DNA-A and
DNA-B. Plants can be infected with multiple begomoviruses
(Nawaz-Ul-Rehman and Fauquet, 2009; Kanakala et al., 2013). A
high level of mixed infection increases opportunities for in vivo
virus-virus interactions. The commonly observed virus-virus
interactions of begomoviruses are genome reassortment and
recombination; as such, begomoviruses represent the largest virus
group (Hanley-Bowdoin et al., 2013; Garcia-Arenal and Zerbini,
2019). Begomoviruses are mainly transmitted in the field.
Heteroencapsidation between begomoviruses was shown to
influence the efficiency of whitefly transmission (Kanakala et al.,
2013). However, reports about virus-virus interactions of
begomoviruses, especially at the viral protein level, are limited.
Therefore, interactions associated with viral protein levels warrant
further investigation.

Understanding the mechanical transmissibility of a virus is
crucial for the study of the spread and control of that virus. In
our previous study, we reported that the determinant of mechanical
transmissibility is the begomoviral movement protein (MP) (Lee
et al,, 2020). In this study, we tried to understand whether virus-
virus interactions affect begomoviral mechanical transmissibility.
Four begomoviruses, namely, two nonmechanically transmissible
begomoviruses, tomato leaf curl New Delhi virus-cucumber isolate
(ToLCNDV-CB) and tomato leaf curl Taiwan virus (ToLCTV), and
two mechanically transmissible begomoviruses, ToLCNDV-
oriental melon isolate (TOLCNDV-OM) and tomato yellow leaf
curl Thailand virus (TYLCTHV), were selected for analyses. Our
results showed that virus-virus interactions during viral coinfection
complemented mechanical transmissibility and altered the host
range of nonmechanically transmissible begomoviruses.

Materials and methods
Plant materials

The plants used in this study included N. benthamiana,
cucumber (Cucumis sativus cv. MY02363), oriental melon
(Cucumis melo var. makuwa cv. Silver Light), and tomato
(Solanum lycopersicum cv. ANT22). Cucumber and oriental
melon seeds were purchased from Known-You Seed Company
(Kaohsiung, Taiwan). Tomato seeds were kindly provided by Dr.
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Wen-Shi Tsai (National Chiayi University, Chiayi, Taiwan). The
resulting seedlings were transplanted into pots one week after
germination. Plants that had been transplanted for one to five
weeks were subjected to virus inoculation (one week for cucumber,
oriental melon and tomato and five weeks for tobacco plants). The
inoculated plants were maintained in a greenhouse located at the
National Chung Hsing University (Taichung, Taiwan).

Agroinfiltration and virus
inoculum preparation

The preparations of the infectious clones of TOLCNDV-CB,
ToLCNDV-OM, ToLCTV, and TYLCTHV were carried out as
described in our previous studies (Chang et al., 2010; Tsai et al.,
2011; Lee et al, 2020). Agroinfiltration was conducted with a
previously described method (Chang et al, 2022), with some
modifications. A single colony was picked and cultured overnight
at 28°C in 4 ml of lysogeny broth (LB) media supplemented with
appropriate antibiotics (50 mg/ml kanamycin for infectious clones
of TOLCNDV-CB DNA-A and DNA-B, TYLCTHV DNA-A and
DNA-B, ToLCTV and ToLCNDV-OM DNA-B and 50 mg/ml
gentamycin for TOLCNDV-OM DNA-B). One milliliter of the
overnight culture was transferred into 10 ml of LB media
supplemented with appropriate antibiotics plus 100 uM
acetosyringone (AS) and incubated further at 28°C until the
bacterial density reached an OD600 of 1.0 (Multiskan FC,
Thermo Fisher Scientific, Inc., Massachusetts). The culture was
centrifuged at 5,000 x g (Rotor JA25.5, Beckman Coulter, Inc.,
California) for 10 min, after which the Agrobacterium cells were
resuspended in 20 ml of infiltration media (10 mM 2-N
morpholino-ethanesulfonic acid, 10 mM MgCI2, and 100 pM AS)
and then incubated at room temperature for 2 h before infiltration.
Agrobacteria carrying the infectious DNA-A or DNA-B constructs
were coinjected in equal amounts into leaves of N. benthamiana.

Viral inocula were prepared in single and mixed-infection types.
Infectious clones for one virus were agroinfiltrated into N.
benthamiana for the single virus-infecting inoculum. Infectious
clones for two viruses (one of which was a mechanically
transmissible virus, such as TOLCNDV-OM and TYLCTHYV, and
the other was a nonmechanically transmissible virus, such as
ToLCNDV-CB and ToLCTV) were mixed in equal amounts for
agroinfiltration as mixed-infection inocula, namely, “virus A/
virus B”.

Mechanical inoculation

Symptomatic leaves of agroinfiltrated N. benthamiana plants
were collected as inocula for mechanical inoculation. The leaf
samples were ground in 10 mM potassium phosphate buffer (pH
7.0) at a 1:20 ratio (weight/volume). The resultant sap was
inoculated onto N. benthamiana, cucumber, oriental melon, and
tomato plants by rubbing with carborundum powder (400-500
mesh). Afterward, the inoculated leaves were washed with
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distilled water to remove the inoculation buffer and carborundum
powder from the leaf surface. The inoculated plants were
subsequently grown in an insect-free greenhouse. Two to four
weeks after inoculation, systemic leaf samples of the mechanically
inoculated plants (two weeks for tobacco, cucumber and oriental
melon and four weeks for tomato) were collected for
virus detection.

Mechanical inoculation involved three inoculation types. The
first one was a single-virus inoculation type with inocula derived
from the diseased plants infected by only one virus isolate; the
plants were labeled “virus A” or “virus B”. The second one was a
mixed-infection inoculation type with inocula derived from the
diseased plants infected by two different viruses; the plants were
labeled “virus A/virus B”. The third type involved two viruses
coinoculated (coinoculation type) with an inoculum mixture
derived from two individual diseased plants infected by different
viruses; the plants inoculated in this manner were labeled “virus A
+virus B”.

DNA extraction

Plant total DNA was extracted following the methods of Lin
et al. (2012) via microprep buffer containing a mixture of three
kinds of buffer, namely, DNA extraction buffer [0.35 M sorbitol, 1.1
M Tris and 5 mM EDTA (pH adjusted to 7.5)], nuclei lysis buffer
(1.2 M Tris, 0.05 M EDTA, 2 M NaCl and 2% CTAB), and 5%
sarkosyl, at a 5:5:2 volumetric ratio. The collected leaf samples (50-
100 mg per sample) were ground in 750 ul of microprep buffer. The
ground sample solution was incubated at 65 °C for 30-120 min. Five
hundred microliters of chloroform/isoamyl (24:1) mixture was then
added to the sample solution, which was then vortexed for 0.5-1
min. The homogenized samples were then centrifuged at 12000 x g
(Rotor F45-24-11, Centrifuge 5415D, Eppendorf, Hamburg,
Germany) for 5 min. The top layer of the centrifuged suspension
was pipetted (500 pl) into a new 1.5 ml Eppendorf tube. Afterward,
500 pl of isopropanol was added to the tube, after which the
contents were mixed gently. The samples were pelleted by
centrifugation at 12,000 x g (Rotor F45-24-11, Centrifuge 5415D,
Eppendorf) for 5 min. The DNA pellet was subsequently washed
with 70% ethanol and then dried in an oven for 1-2 min to remove
ethanol. The DNA pellet was subsequently resuspended in 50 pl of
sterilized distilled water and kept at -20 °C for further analysis.

PCR detection

The detection process was carried out using specific primers
(Supplementary Table S1). PCR was performed in a 40 pl reaction
solution consisting of 100 ng of DNA, 40 ng of each forward and
reverse primer, 0.05 mM dNTP, 0.25 U of ProTaq Plus DNA
polymerase (Protech, Taipei, Taiwan) and reaction buffer. The
conditions used for amplification were as follows: one cycle at 95°C
for 5 min followed by 35 cycles of 95°C for 1 min, 50°C for 1 min and
72°C for 1 min. The PCR products were analyzed via electrophoresis
involving a 0.8% agarose gel for 30 minutes with a voltage of 120 V.
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Construction of plasmid vectors,
bimolecular fluorescence
complementation and fluorescence
resonance energy transfer analysis

Full-length begomoviral genes [the MP genes of TOLCNDV-OM
and TYLCTHYV, nuclear shuttle protein (NSP) gene of TOLCNDV-
OM and ToLCNDV-CB, and CP gene of ToLCTV] were amplified
with specific primers (Supplementary Table SI1) by PCR with
infectious DNA clones serving as templates. The PCR-amplified
gene fragments were cloned and ligated into the Gateway entry
vector pENTR/D-TOPO (Invitrogen, Thermo Fisher Scientific, Inc.)
to generate pEN-OMMP, pEN-THMP, pEN-OMNSP, pEN-CBNSP,
and pEN-TWCP vectors. The movement protein-coding genes of
ToLCNDV-OM and TYLCTHYV were then inserted into pK7WG2.0-
N-YFP and pUBC-nYFP-Dest (Karimi et al., 2003) to generate pK2-
YFPOMMP, pK2-YFPTHMP, pUBOMMPnYFP and
pUBTHMPnYEP vectors. The NSP gene of TOLCNDV and the CP
gene of ToOLCTV were inserted into pK7WG2.0-N-CFP and pUBC-
cYFP-Dest to generate pK2-CFPOMNSP, pK2-CFPCBNSP, pK2-
CFPTWCP, pUBOMNSPcYFP, pUBCBNSPcYFP and
pUBTWCPCcYFP vectors. These constructs were individually
transformed into the Agrobacterium tumefaciens strain C58 and
coinfiltrated into N. benthamiana leaves for transient
overexpression. Visualization of fluorophores and BiFC and FRET
analysis were performed using an Olympus FV3000 confocal
microscope (Tokyo, Japan) with different wavelength channels,
namely, CFP (excitation 405 nm/emission 460-500 nm), YFP
(excitation 488 nm/emission 530-630 nm), and FRET (excitation
405 nm/emission 530-630 nm), and analyzed using FV31S-SW
software (Olympus).

Results

ToLCNDV-OM complemented the
mechanical transmissibility of TOLCNDV-
CB in Nicotiana benthamiana, cucumber,
and oriental melon plants

ToLCNDV-OM and ToLCNDV-CB, which have different
mechanical transmissibilities, are two different isolates of the
same virus species. In our previous study, we documented that
the mechanical transmissibility of TOLCNDV-OM and ToLCNDV-
CB could be changed by the introduction of a specific amino acid
mutation (Lee et al., 2020). Here, we tried to illustrate whether the
mechanical transmissibility of ToOLCNDV-CB can be
complemented via coinfection with ToLCNDV-OM.
Symptomatic leaves of agroinfiltrated plants were collected as
inocula for mechanical inoculation of N. benthamiana. Severe leaf
curl symptoms were observed for N. benthamiana mechanically
inoculated with TOLCNDV-OM, ToLCNDV-OM/ToLCNDV-CB,
and TOLCNDV-OM+ToLCNDV-CB at 14 dpi, while no symptoms
were observed in N. benthamiana inoculated with ToLCNDV-CB
alone (Figure 1A). The results of PCR detection with virus-specific
primers showed that ToOLCNDV-CB could be detected only in
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Symptom development and detection of tomato leaf curl New Delhi virus-oriental melon isolate (TOLCNDV-OM) and cucumber isolate (TOLCNDV-
CB) in mechanically inoculated Nicotiana benthamiana, cucumber (Cucumis sativus) and oriental melon (C. melo var. makuwa cv. Silver Light). (A)
Viruses in various combinations were mechanically inoculated into N. benthamiana plants. Severe leaf-curling symptoms were observed in the plants
infected with TOLCNDV-OM, ToLCNDV-OM/ToLCNDV-CB, and ToLCNDV-OM+ToLCNDV-CB at 14 dpi. (B) Viruses in inoculated plants were
detected via PCR with specific primers against DNA-B of TOLCNDV-OM and ToLCNDV-CB (Supplementary Table S1). Three biological replicates of
N. benthamiana are individually presented. (C) Viruses in various combinations were mechanically inoculated into cucumber and oriental melon
plants. Severe mosaic, yellowing, and leaf-curling symptoms were observed in plants infected with TOLCNDV-OM, ToLCNDV-OM/ToLCNDV-CB,
and ToLCNDV-OM+ToLCNDV-CB at 14 dpi. (D) Viruses in inoculated plants were detected via PCR with specific primers against DNA-B of
ToLCNDV-OM and ToLCNDV-CB (Supplementary Table S1). Three biological replicates of cucumber and oriental melon are individually presented.
The positive control (+) for PCR detection is derived from plants infected with virus via agroinfiltration, and the negative control (-) is from
uninoculated plants. The number indicates the number of plants used for inoculation

plants in the presence of TOLCNDV-OM (Figure 1B). Similar
results were observed across three biological replicates. In the
ToLCNDV-OM/ToLCNDV-CB and ToLCNDV-OM+ToLCNDV-
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