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Introduction: Onion (Allium cepa L.) is a globally important crop severely
affected by Pantoea ananatis, the causal agent of onion center rot (OCR). The
pathogen’s virulence is driven by the chromosomally located HiVir cluster, which
produces the phytotoxin pantaphos. Despite its economic signi�cance, resistant
Allium genotypes against P. ananatis have not been identi�ed.
Methods: We screened 982 Allium genotypes under �eld conditions to evaluate
resistance against pantaphos-producing P. ananatis and conducted in vivo
transcriptome sequencing of resistant vs. susceptible genotypes under
controlled growth-chamber conditions.
Results: Only one genotype, DPLD 19-39, exhibited consistent resistant
phenotype, displaying reduced foliar necrosis and bulb rot. Transcriptomic
analyses revealed differential regulation of key defense-associated pathways,
including cell wall reinforcement, oxidative stress regulation, and programmed
cell death.
Discussion: These �ndings provide the �rst evidence of a resistant A. cepa
genotype against pantaphos-producing P. ananatis. The identi�ed molecular
responses highlight potential targets for developing onion cultivars with durable
resistance to onion center rot.
KEYWORDS

Allium , Pantoea ananatis , onion center rot, resistance, plant disease, in
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Introduction

Onion (Allium cepa L.) belongs to the family Amaryllidaceae
and is a biennial plant primarily cultivated annually for its edible
bulb (Rabinowitch and Brewster, 1989). Allium cepa genotypes are
highly susceptible to Pantoea ananatis (PA), a bacterium that
causes onion center rot (OCR). Severe infections of OCR in
major onion-producing regions, like the Vidalia onion region in
Georgia, have led to signi�cant economic losses, sometimes
amounting to millions of dollars in revenue (Gitaitis and Gay,
1997; Schwartz and Mohan, 2008; Coutinho and Venter, 2009;
Dutta, 2020). In addition to other members of the Allium genus, PA
infects a wide range of economically important crops globally. It
was �rst reported as fruitlet rot in pineapple (Philippines) (Serrano,
1928), and since then, it has been identi�ed as an epiphyte or
endophyte on both dicots and monocots in both the United States
and beyond on a wide-range of crops including honeydew melon,
cantaloupe, onion, Sudan grass, eucalyptus, rice, netted melon,
maize, and sorghum (Bruton et al., 1991; Coutinho and Venter,
2009; Kido et al., 2008; Alippi and Lo�pez, 2010; Cota et al., 2010). In
the United States, PA has been reported from various onion-
growing regions (Georgia, Colorado, Michigan, New York, and
Pennsylvania) as causal agents of OCR (Wells et al., 1987; Gitaitis
and Gay, 1997), PA can be seed-borne and seedling-transmitted,
but Thrips tabaci-mediated transmission is more common and
epidemiologically signi�cant, particularly in regions like the
southeastern United States (Gitaitis et al., 2002; Dutta et al.,
2014a). These thrips species can acquire epiphytic PA populations
from various environmental host plants and transmit the pathogen
to healthy onion seedlings. PA can also invade onion foliage
through wounds, leading to water-soaked lesions, blighting, and
wilting of the infected leaves. Foliar colonization and infection can
result in bacterial movement to onion bulbs that may result in bulb
infection (Schwartz and Mohan, 2008; Stice et al., 2018). The
virulence of PA is attributed to the chromosomally localized
“HiVir” gene cluster, which encodes the phosphonate phytotoxin
pantaphos (Asselin et al., 2018; Polidore et al., 2021). Pantaphos
disrupts metabolic processes in the plant, resulting in cell death and
necrosis (Asselin et al., 2018; Polidore et al., 2021). Cell death in
Allium tissues leads to a signi�cant challenge; however, as the
tissues are rich in thiosul�nate compounds, which serve as a
natural antimicrobial; the plasmid-borne thiosul�nate tolerance
(alt) gene cluster allows PA to thrive and proliferate in disrupted
Allium tissues by reducing toxic thiol stress (Stice et al., 2020; Stice
et al., 2021). Despite the discovery of these virulence factors, there
has been little progress in determining host-resistance against
pantaphos-producing PA in Allium genotypes. In this study, we
conducted a comprehensive screen of various Allium genotypes for
resistance to PA. In addition, through transcriptome analysis of a
PA-susceptible (Sweet Harvest) and a resistant genotype (DPLD 19-
39), we identi�ed differentially expressed transcripts potentially
involved in pathogen resistance mechanisms against PA.
However, it remains unclear how these speci�c genotypes of
Allium resist PA infection at the molecular level. Moreover,
although genes related to cell-wall remodeling and reactive
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oxygen species (ROS) are broadly conserved in Allium species, it
is yet to be clear as to if the Allium genotypes reacts differentially to
the pantaphos toxin speci�cally, or if the mechanism of resistance is
through a more generalized strategy against the bacterium itself. In
this study, we aim to determine the molecular mechanisms
underlying the resistance observed in genotype DPLD 19–39
against PA, with particular focus on defense pathways activated
during infection.
Materials and methods

Bacterial strain, identi� cation, culturing

A PA strain, PNA 97–1 was used in this study that was isolated
from A. cepa in 1997 and is a well-characterized pantaphos-
producing aggressive strain (Gitaitis and Gay, 1997). Inoculum
was prepared by transferring single colonies from 24 h-old cultures
on nutrient agar (NA) medium to nutrient broth (NB). The broth
was shaken overnight on a rotary shaker (Thermo Scienti�c,
Gainesville, FL) at 180 rpm. After 12 h of incubation, 1 ml of
each bacterial suspension was centrifuged at 5,000 × g (Eppendorf,
Westbury, NY) for 2 min. The supernatant was discarded, and the
pellet was re-suspended in 0.1 M phosphate buffer saline (PBS).
Inoculum concentration was adjusted using a spectrophotometer
(Eppendorf, Westbury, NY) to an optical density of 0.3 at 600 nm
[� 1 × 108 colony forming units (CFU)/ml].
Phenotypic assessment of PA PNA 97– 1 on
Allium genotypes

Foliar pathogenicity and aggressiveness of PA 97–1 were
determined under �eld and controlled greenhouse conditions.
Arti�cially infested onion seeds of Allium genotypes (n=982) were
used in the �eld experiment. This was done to ensure maximum
exposure of the pathogen to the Allium genotypes, starting from the
seed and seedling stages. Infested seeds were generated separately
for each Allium genotype by exposing them to inoculum (at a
concentration stated above) via vacuum in�ltration as per the
manufacturer’s instruction for 1 min. An additional cycle of
vacuum in�ltration for 1 min was also conducted. Ten seeds in
three replicates for each Allium genotype were planted in a row at a
10-cm spacing. These seeds were allowed to germinate and grow to
at least the four true-leaf stage. The tallest leaf of each Allium
genotype was inoculated using a cut-tip method as described
previously (Dutta et al., 2014a). Brie�y, a wound was created by
cutting the central leaf (2 cm from the apex) with a sterile pair of
scissors. A 10 µl drop of a bacterial suspension containing 1×108

CFU/ml was placed at the cut end. One plant at each end of the row
was inoculated with sterile water as negative controls for foliar
inoculation for each replicate or plot/Allium genotype. The rest of
the plants were inoculated as described above. A susceptible Allium
genotype, Sweet Harvest, was used in this experiment. The �eld was
left without management against weeds and thrips to further
frontiersin.org
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pathogen spread and disease development. Plants in the �eld were
assessed for foliar symptoms at least 4 times (1-day post-
inoculation, 1-week post-inoculation, 19-days post-inoculation,
and 30-days post-inoculation).

Based on the initial �eld screen four Allium genotypes, DPLD-
19-39, Sweet Harvest, Zhang Qiu Da Cong, and Koshizu Nebuka,
were evaluated for foliar disease severity under greenhouse
conditions. For the greenhouse studies, seedlings for each Allium
genotype were established in plastic pots (T.O plastics, Clearwater,
MN) with dimensions of 9 cm × 9 cm × 9 cm (length × width ×
height) containing a commercial potting mix (Sta-Green, Rome,
GA). The seedlings were maintained at 25-28 °C and 70-90%
relative humidity with a light:dark cycle of 12h:12h. Bacterial
strain (PNA 97-1) was maintained on NA plates, and inoculum
was generated as described above. Once the primary leaf of each
Allium genotype reached 9 cm, seedlings were inoculated using a
cut-tip method as described previously (Dutta et al., 2014a).
Seedlings were inoculated with sterile water using the same
methodology as above served as controls. A susceptible Allium
genotype, Sweet Harvest, was also used in this experiment. Ten
replicates per genotype was used in a single experiment, and two
independent experiments (GH-1 and GH-2) were conducted with
selected genotypes.

Based on the greenhouse experiments, one Allium genotype
(DPLD 19-39) was selected for growth chamber assessment and was
compared with a susceptible check (Sweet Harvest). Seedlings for
these two genotypes were inoculated at a 4-true-leaf growth stage
using a protocol described above. Disease assessments were done
according to the protocol stated below.

The pathogenicity and aggressiveness of PA strain PNA 97–1
were determined based on the lesion length on each Allium
genotype, measured with a ruler at different assessment periods.
The lesion length was recorded weekly for three weeks after foliar
inoculation for the �eld experiment. The lesion size was analyzed
using the rating scale for the �eld evaluations for Allium � stulosum,
where lesion size was categorized from 0 (no lesion) to 6 (>20.1 cm
or dead), and for Allium cepa, where the lesion size was categorized
from 0 (no lesion) to 10 (>40 cm or dead).

For greenhouse and growth chamber evaluations, the
percentage lesion length relative to the average length of the leaf
for that genotype was calculated at 12 days post-inoculation. The
area under the lesion progress curve (AULPC) was calculated for
each genotype and compared between each other and the controls.
Analysis of variance (ANOVA) was determined for percent lesion
length in R (R version 4.3.0), and Tukey’s honestly signi�cant
difference (HSD) test was used to determine the mean separation
for different genotypes.
Phenotypic assessment of bulb infection
on selected Allium genotypes against PA
PNA 97– 1 invasion

Bulbs of DPLD 19–39 and Sweet Harvest were harvested after
three months of growth under controlled conditions in a growth
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chamber. The seedlings were maintained at 25-28°C and 70-90%
relative humidity with a light:dark cycle of 12h:12h. The outer tunic
layer was carefully removed, surface-sterilized by spraying 70%
ethanol followeed by air-drying for 15 mins. After air-drying, scales
were carefully removed, and using a sterile inoculation loop,
bacterial ooze was scooped, ten-fold serially diluted, and spread-
plated onto a semi-selective medium, PA-20 (Goszczynska et al.,
2007). After a period of incubation (7 days), small colonies were
enumerated. Representative colonies were also assayed with PA
HiVir-speci�c PCR assay (Shin et al., 2025).

In addition to the evaluation of inter-scale bacterial
colonization, remaining healthy appearing bulbs from both
genotypes were surface sterilized with 70% ethanol after the
removal of tunic layers. Each bulb was placed on a plate
containing two layers of paper towel pre-moistened with sterile
water. Onion bulbs were inoculated longitudinally at the shoulder
with a syringe and a sterile needle containing a volume of 400 µl
(1×108 CFU/ml) (Schroeder et al., 2010). Special attention was
given to the uniformity of depth of inoculation into each bulb,
which was ascertained by placing a thin rubber stopper in the
needle. Following inoculation, bulbs were incubated at 25 °C in an
aluminum tray. After a week of incubation, bulbs were sliced
vertically alongside the inoculation site, and the weight of the
whole bulb and symptomatic scales with necrotic lesions (and
visual rot) were measured and recorded.
Transcriptome analysis of DPLD 19–39 vs
Sweet Harvest

Host plants were grown under greenhouse conditions, as
previously described. Plants were inoculated with PA strain PNA
97–1 using two treatments for each genotype: bacterial suspension
(PA-positive) and PBS as a negative control. After 24 hours, foliar
tips were excised approximately 1 cm below visible lesions and
immediately �ash-frozen in liquid nitrogen for RNA extraction.
Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen,
Germantown, MD, USA) according to the manufacturer’s
instructions. RNA sequencing was performed by Azenta Life
Sciences (South Plain�eld, NJ, USA). Library preparation utilized
the NEBNext Ultra II RNA Library Prep Kit for Illumina with Poly
(A) selection, and sequencing was conducted on an Illumina
platform (Illumina Inc., San Diego, CA, USA) to produce 2×150
bp paired-end reads, generating approximately 350 million reads
across all libraries.
Differential gene expression analysis

The RNA-seq data was analyzed following a standard
bioinformatics pipeline to perform quality control of raw
sequencing reads using FastQC (Andrews, 2010), which assesses
sequencing quality metrics related to per-base quality scores, GC
content, sequence contaminants, and adapter presence. The low-
quality reads were then removed using Cutadapt (Martin, 2011).
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Next, reads were aligned against the A. cepa genome and
corresponding gene models (Finkers et al., 2021) using the STAR
aligner (Dobin et al., 2013). Mapped reads contained in binary bam
�les were then processed using featureCounts software (Liao et al.,
2014) to create a �le representing a matrix of gene expression levels.

The matrix of absolute read counts for each gene was then
subjected to a normalized gene expression analysis with statistical
signi�cance using the Bioconductor (Gentleman et al., 2004)
package DESeq2 (Love et al., 2014). Within this process, the
biological replicates for each sample were explicitly assigned to
their respective experimental conditions (e.g., DPLD 19–39 control,
Sweet Harvest inoculated) to establish the design for statistical
comparisons. The DESeq2 statistical model then leverages the
variance across the full set of replicates within each group to
accurately estimate gene-wise dispersion and test for signi�cant
differences in expression. In this step, read counts data were
transformed into a DESeq2 dataset for differential expression
analysis, including pre-�ltering low-count genes to identify
signi�cant results based on adjusted p-values (Benjamini-
Hochberg statistical method). Genes with adjusted p-values of less
than 0.05 were considered signi�cant in this study. This threshold
indicates less than a 5% chance that the observed results were due to
random variation alone.
Gene ontology and pathway analysis

Gene ontology annotation and pathway analysis were
performed using differentially expressed genes with statistical
signi�cance data. Differentially expressed genes were subjected to
the software clusterPro�ler (Xu et al., 2024). Brie�y, clusterPro�ler
internally utilizes a biological knowledge database, including Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG),
by performing over-representation and gene set enrichment
analyses. This analysis facilitated the investigation of associations
between speci�c gene lists or sets of genes and their corresponding
biological functions, pathways, and classi�cations.
Results

Field evaluations con� rmed that resistance
to PA PNA 97–1 is rare in Allium genotypes

A panel of 982 Allium genotypes was screened against PA PNA
97-1, an aggressive pantaphos-containing strain isolated in Georgia
(USA) from symptomatic onion. Considerable variations in disease
severity were observed across A. cepa, cepa var or cepa subsp.
consistency, and A. � stulosum. For the A. cepa, most genotypes were
classi�ed as susceptible, accounting for 92.5% of the total screened
genotypes. While some genotypes, such as New Mexico Yellow
Grano, Linea 139, and Portuguesa Tardia displayed considerably
high foliar disease severity and corresponding higher AULPC
values, a smaller proportion (3.2%) displayed signi�cantly lower
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disease severity and as well as lower AULPC values, including the
following genotypes: DPLD 19-39, California Red, 1607 Super
Sleeper F1, Red Bermuda, Glory, A5718, and Saturn.

Additionally, thirty-one A. � stulosum genotypes were screened
in two sets (Set 1: N = 10 genotypes with 5 replicates per genotype;
Set 2: N = 21 genotypes with seven replicates per genotype)
(Supplementary Table S1). The phenotypic screen revealed
signi�cant variation in disease severity across A. � stulosum
genotypes, with the highest disease severity and AULPC were
observed in Japanese Bunching Hikari and Hardy Long White
(Supplementary Table S2 and Supplementary Table S3).
Genotypes such as Feast, Kannon Hosonegi, Winter Snow Foot,
and Aigarshu displayed considerably low disease severity and
AULPC. Genotypes like Shounai Nebuka Negi, Yakko, Big
Buncher, YatabeYaty, and Koshizu Nebuka displayed signi�cantly
lower disease severity and AULPC than other genotypes.

In A. cepa, most genotypes displayed moderate to high levels of
disease severity. In Set 1 (Supplementary Table S4), which included
ten genotypes with six replicates each, the highest AULPC values
were observed for Sweet Spanish Los Animas Special, Yellow
Ebenezer, and No. 8656 compared with Yellow Grano, which had
signi�cantly lower AULPC values. Similarly, in Set 2
(Supplementary Tables S5), eleven genotypes were assessed, with
three replicates each. No signi�cant differences in AULPC values
were observed among the screened genotypes (2935B, White
Portugal, Stuttgarter, Yellow Sweet Spanish Utah Strain, 607
Ebenezer, Calred, Early Crystal 281, Giolla di Rovato da
Scattaceto, Early Crystal, White Sweet Spanish, and White Lisbon).
Greenhouse screening of Allium genotypes
against PA PNA 97-1

In two independent greenhouse experiments (GH-1 and GH-2),
four Allium genotypes, DPLD-19-39, Sweet Harvest, Zhang Qiu Da
Cong, and Koshizu Nebuka, were evaluated for foliar disease
severity. Since there was a signi�cant difference between the two
experiments, both experiments were analyzed separately (Table 1).
The main effects, genotypes (P<0.001), treatment (P<0.001), and
the interactions (genotype x treatment), were signi�cant (P<0.001)
(Table 2). In greenhouse experiment 1 (GH-1), signi�cant effects
were observed for genotype (P<0.001), treatment (P<0.001), and
their interactions (P<0.001) (Table 2). The comparison of foliar
disease severity among four Allium genotypes (Table 3) showed that
the genotype Sweet Harvest exhibited the highest mean AULPC
value (60.5) compared to DPLD-19-39, Koshizu Nebuka and Zhang
Qiu Da Cong. Regarding treatment effects, inoculated plants
showed signi�cantly higher AULPC values than the control plants
(AULPC; inoculated=61.9 cm vs. control=17.2 cm). The signi�cant
genotype x treatment interactions (P<0.01) underscore the
differential responses of the genotypes to inoculation with PA
strain PNA 97-1. Speci�cally, Sweet Harvest had the highest
mean AULPC value when inoculated (105.5), while Zhang Qiu
Da Cong had the lowest (29.7). DPLD-19-39 (62.2) and Koshizu
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Nebuka (50.1) exhibited intermediate values but were not
signi�cantly different from each other.

In greenhouse experiment 2 (GH-2), similar trends were
observed, with signi�cant effects for genotype (P<0.01), treatment
(P<0.01), and their interactions (P<0.01) (Table 2). Again, Sweet
Harvest had the highest mean AULPC value (130.7), compared with
DPLD-19-39 (68.2), Koshizu Nebuka (36.2), and Zhang Qiu Da
Cong (93.6). In terms of treatment effects, inoculated plants again
showed signi�cantly higher AULPC values than controls (AULPC;
inoculated = 104.9 vs. control = 56.3) (Figure 1).

In a controlled growth chamber experiment, we evaluated the
foliar disease severity of A. cepa genotypes, DPLD 19-39, and Sweet
Harvest against PA PNA 97-1. Growth chamber evaluation further
supports to support higher disease severity in Sweet Harvest
compared to DPLD 19–39 following PA PNA 97–1 inoculation.
The AULPC was determined by measuring the lesion length over a
period of two weeks, with linear lesion progression recorded every
other day. The AULPC values were signi�cantly higher for PA-
inoculated-inoculated Sweet Harvest than for DPLD 19-39.
Although inoculation with PBS also resulted in some necrosis in
seedlings of both genotypes, AULPC values were signi�cantly lower
than the AULPC observed for the inoculated seedlings (Figure 2).
Frontiers in Plant Science 05
Evaluation of bulb rot symptoms in DPLD
19–39 con� rms reduced severity against
PA PNA 97-1

Further, we analyzed the ability of PA 97–1 to penetrate the onion
bulb for both DPLD 19–39 and Sweet Harvest. First, we examined the
outer scale of each onion bulb once the foliar lesion experiments were
concluded. Sweet Harvest inoculated leaves consistently led to rotting
of the attached scales of the associated bulbs.. In contrast, their
negative controls were consistently asymptomatic (Figure 3A). PA
was isolated from the inner scales in 100% of the replicates/samples
assayed, which were later con�rmed using PA-HiVir speci�c PCR
assay as mentioned above. Isolations made from the inner scales of
asymptomatic DPLD 19–39 resulted in bacterial recovery but were
not PA, as con�rmed by the above PCR assay. To assess if DPLD 19–
39 or Sweet Harvest would develop further bulb-rot symptoms, we
inoculated PNA 97–1 directly into the bulb and observed that Sweet
Harvest consistently developed internal rot symptoms (Figure 3B).
The Sweet Harvest negative control and DPLD 19–39 treatments did
not result in internal bulb rot (Figure 3B).
Transcriptome analysis of DPLD 19–39 vs.
sweet harvest genotypes

To investigate whether the resistant DPLD 19–39 and susceptible
Sweet Harvest genotypes present different transcriptional responses
during infection with PA, we conducted a comprehensive
transcriptomic analysis using RNA-seq. Each genotype was
sampled under control and PA-inoculated conditions with three
biological replicates per treatment. RNA-seq generated an average
TABLE 2 Analysis of variance (ANOVA) and associated P-values for
individual greenhouse experiments (GH-1 and GH-2).

Factor
Greenhouse Experiments (GH)

GH-1 GH-2

Genotype (Var) <0.001 <0.01

Treatment (Trt) <0.001 <0.01

Var × Trt <0.001 <0.01
The summary of the analysis of variance (ANOVA) results from two greenhouse experiments
evaluating foliar lesion development following inoculation with Pantoea ananatis (PNA 97-1).
Signi�cant effects were observed for genotype, treatment, and experimental replicate
(P<0.001). The interaction between genotype and treatment (Var × Trt) was also
signi�cant (P<0.01), suggesting differential genotype responses to inoculation. However,
interactions involving the experimental replicate (e.g., Var × Exp, Trt × Exp) were not
statistically signi�cant.
TABLE 1 Combined ANOVA for two greenhouse experiments.

Factor P-value

Genotype (Var) <0.001

Treatment (Trt) <0.001

Experiment (Exp) <0.001

Var × Trt <0.01

Var × Exp 0.094

Trt × Exp 0.910

Var × Trt × Exp 0.305
The summary of the analysis of variance (ANOVA) results from two greenhouse experiments
evaluating foliar lesion development following inoculation with Pantoea ananatis (PNA 97-1).
Signi�cant effects were observed for genotype, treatment, and experimental replicate (P<0.001).
The interaction between genotype and treatment (Var × Trt) was also signi�cant (P<0.01),
suggesting differential genotype responses to inoculation. However, interactions involving the
experimental replicate (e.g., Var × Exp, Trt × Exp) were not statistically signi�cant.
TABLE 3 Comparison of the foliar severity for four Allium genotypes
under greenhouse conditions.

Factor
Greenhouse experiments (GH)

AULPC GH-1 AULPC GH-2

Genotypes (Var)

DPLD-19-39 45.9 ab 68.2 ab

Sweet Harvest 60.5 a 130.7 a

Koshizu Nebuka 29.2 b 36.2 b

Zhang Qiu Da Cong 22.6 b 93.6 ab

Treatments (trt)

Control (PBS) 17.2 b 56.3 b

Inoculated (Inoc) 61.9 a 105.0 a

Var × Trt <0.01 <0.01
A detailed comparison of area under the lesion progress curve (AULPC) values for four
Allium cepa genotypes: DPLD 19-39, Sweet Harvest, Koshizu Nebuka, and Zhang Qiu Da
Cong under inoculated and control treatments in two greenhouse experiments. Sweet Harvest
exhibited the highest lesion severity in both GH-1 and GH-2, while DPLD 19-39 and Zhang
Qiu Da Cong showed signi�cantly reduced symptoms. Notably, DPLD 19-39 demonstrated
lower AULPC values for both control and inoculated treatments compared to Sweet Harvest.
The numbers in the table are the mean AULPC values followed by the same letters are not
signi�cantly different according to Tukey’s honest signi�cant difference (P <0.05).
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of ~20 million paired-end reads per sample, with mapping rates of
~90% to the A. cepa reference genome.

Comparison of susceptible Sweet Harvest control (HC) versus
inoculated (HI) samples revealed 998 signi�cantly differentially
expressed genes, with 400 upregulated and 598 downregulated.
Functional annotation of these genes showed widespread
transcriptional activation of pathways involved in DNA binding,
nucleotide metabolism, signal transduction, oxidative stress
response, secondary metabolism, and multicellular development.
GO enrichment indicated signi�cant biological processes including
“defense response to bacterium” “lipid homeostasis,” and “hormone
metabolic process.” For instance, within the highly signi�cant
“defense response to bacterium” category (Figure 4A;
Frontiers in Plant Science 06
Supplementary Table S8), the analysis identi�ed the upregulation
of key defense-related transcription factors such as ATWRKY54
and ATWRKY33, as well as the Cysteine-rich Receptor-like Kinase
CRK8, which are all known components of plant immune signaling
networks. The involvement of genes associated with the “cell wall”,
“apoplast”, and “external encapsulating structure” (Figure 4B;
Supplementary Table S9) suggests a transcriptional effort towards
structural reinforcement. Key genes in this category include the
xyloglucan endotransglucosylase XTH23, involved in cell wall
remodeling, and the peroxidase PRX52, which can contribute to
ligni�cation and the oxidative burst, illustrating the molecular basis
for this response. At the molecular level, the response was
characterized by an enrichment of “oxidoreductase activity” and
“iron ion binding” (Figure 4C; Supplementary Table S10), a
response driven by the strong induction of numerous
Cytochrome P450 family genes (e.g., CYP71B34, CYP81D8).
Furthermore, we observed a speci�c enrichment for “UDP-
glucosyltransferase activity”, exempli�ed by genes like UGT87A2
and UGT73B5, which are critical for modifying and detoxifying
secondary metabolites during plant defense. KEGG pathway
enrichment showed induction of “Galactose metabolism” and
“Zeatin biosynthesis” (Figure 4D; Supplementary Table S11),
suggesting hormonal and metabolic reprogramming during
infection. This �nding was further supported by the GO analysis,
which identi�ed an enrichment for ‘hormone metabolic process’
(Figure 4A), a category that included key zeatin biosynthesis genes
such as the isopentenyltransferase ATIPT9 and the cytokinin-
activating enzyme LOG7. Concurrently, the enrichment of
‘Galactose metabolism’ aligns with the GO analysis, pointing
towards the mobilization of carbohydrates for cell wall
polysaccharide synthesis.

By contrast, the DPLD 19–39 genotype showed a more restricted
transcriptional response, with only 57 signi�cant differentially
expressed genes identi�ed. Of these, 30 were upregulated and 27
were downregulated in DI relative to DC (Figure 4). GO enrichment
was limited to the molecular function category, highlighting a focused
response related to metabolic activation. The analysis revealed
signi�cant enrichment in terms such as “ATP binding”, “adenyl
nucleotide binding”, and “carbohydrate derivative binding” (Figure 5;
Supplementary Table S12). This enrichment was driven by the
upregulation of key genes involved in energy metabolism and
cellular maintenance under stress, such as the ATP-dependent
protease LON1 and isovaleryl-CoA dehydrogenase ATIVD. The
induction of G6PD1 (glucose-6-phosphate dehydrogenase) is
particularly noteworthy, as it is a rate-limiting enzyme of the
pentose phosphate pathway, essential for generating the reducing
power (NADPH) required for antioxidant defense. These �ndings
suggest that the resistant genotype rapidly mobilizes metabolic
resources to fuel a robust and ef�cient defense response upon
pathogen recognition. This focused metabolic activation, which did
not result in the signi�cant enrichment of any broad KEGG
pathways, prompted a direct comparison with the susceptible
genotype to understand their differing induced defense programs.
Therefore, an analysis between inoculated resistant (DI) and
inoculated susceptible (HI) plants identi�ed 1577 differentially
FIGURE 1

Foliar lesion progression in Allium cepa and Allium �stulosum
genotypes inoculated with Pantoea ananatis (PNA 97-1) under
greenhouse conditions. Four genotypes were tested: A. cepa (DPLD
19-39 and Sweet Harvest) and A. �stulosum (Koshizu Nebuka and
Zhang Qiu Da Cong). Plants were inoculated with 10 µL of a
bacterial suspension (108 CFU/mL) and with phosphate-buffered
saline solution -treated plants served as controls. After a
7-day incubation period, the area under the lesion progress curve
(AULPC) was calculated from lesion measurements. (A, B) AULPC for
experiments 1 and 2, respectively. Means on the bars followed by
the same letters either upper or lower case are not signi�cantly
different according to Tukey’s honest signi�cant difference (P <0.05).
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FIGURE 2

Area under lesion progression curve (AULPC) for DPLD 19-39 and Sweet Harvest in a growth chamber experiment. Onion seedlings were inoculated
with Pantoea ananatis (PNA 97-1) with a bacterial suspension of 10ml containing 108 colony-forming units/ml and incubated for 14 days. Seedlings
inoculated with phosphate-buffered saline (PBS) solution served as negative controls. (A) represents the data for lesion length progression over time
(every other day for 12 time points post inoculation), and the corresponding AULPC. Twenty replicates per genotype were used in this experiment.
The bars followed by the same letters are not signi�cantly different according to Tukey’s "honestly" signi�cant difference (P < 0.05) test. (B) indicates
the foliar lesion in both the negative control (PBS) and inoculated (Inoc (+)) treatments in DPLD 19-39 and Sweet Harvest, respectively. The green
brackets in the image indicate the degree or severity of necrotic lesions observed during the experiment.
FIGURE 3

Comparison of onion bulb symptoms in Allium cepa genotypes “Sweet Harvest” and “DPLD 19-39” following inoculation with Pantoea ananatis
(PNA 97-1). (A) Outer scale images of two Allium cepa genotypes, “Sweet Harvest” and “DPLD 19-39”, taken after 3-months under growth-chamber
conditions. Outer scales were removed and assessed for water-soaked bacterial lesion or associated slime. Greasy greenish yellow indicates water-
soaked bacterial slime associated lesion. (B) Internal bulb rot symptoms in response to PA inoculation to Allium cepa genotypes “Sweet Harvest” and
“DPLD 19-39. After a week of incubation, bulbs were sliced vertically alongside the inoculation site and the weight of the whole bulb and
symptomatic scales with necrotic lesions (and visual rot) was measured and recorded. The signs “+” and “-” denote PA-inoculated and PBS-
inoculated onion tissues, respectively. Red dotted lines indicate water-soaked lesions.
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