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Differential response of tomato genotypes to
Xanthomonas-specific pathogen-associated molecular
patterns and correlation with bacterial spot
(Xanthomonas perforans) resistance
Krishna Bhattarai1, Frank J Louws2, John D Williamson3 and Dilip R Panthee1

Plants depend on innate immune responses to retard the initial spread of pathogens entering through stomata, hydathodes or
injuries. These responses are triggered by conserved patterns in pathogen-encoded molecules known as pathogen-associated
molecular patterns (PAMPs). Production of reactive oxygen species (ROS) is one of the first responses, and the resulting ‘oxidative
burst’ is considered to be a first line of defense. In this study, we conducted association analyses between ROS production and
bacterial spot (BS; Xanthomonas spp.) resistance in 63 genotypes of tomato (Solanum lycopersicum L.). A luminol-based assay was
performed on leaf tissues that had been treated with a flagellin 22 (flg22), flagellin 28 and a Xanthomonas-specific flg22 (flg22-Xac)
peptide, to measure PAMP-induced ROS production in each genotype. These genotypes were also assessed for BS disease response
by inoculation with Xanthomonas perforans, race T4. Although there was no consistent relationship between peptides used and
host response to the BS, there was a significant negative correlation (r=− 0.25, Po0.05) between foliar disease severity and ROS
production, when flg22-Xac was used. This response could potentially be used to identify the Xanthomonas-specific PRR allele in
tomato, and eventually PAMP-triggered immunity loci could be mapped in a segregating population. This has potential significance
in tomato improvement.
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INTRODUCTION
Tomato (Solanum lycopersicum L.) is the second most important
vegetable crop in the world, as well as being an important model
plant for genetics and genomics studies because of its relatively
short reproductive cycle and small genome. Bacterial spot (BS)
caused by four species of Xanthomonas: X. euvesicatoria,
X. vesicatoria, X. perforans and X. gardneri 1 has become a global
problem in tomato causing severe yield losses.
Five races (T1–T5) of Xanthomonas have been recognized,

based on differential hypersensitive responses on different tomato
genotypes.1 To complicate breeding efforts, alteration and/or
migration of virulent strains can occur, overcoming available
resistance to existing races, even before novel resistance can be
deployed. Further, developing durable genetic resistance against
BS has been a challenge due to its multigenic nature and the
limited availability of resistance genes in tomato accessions.
Foliar bacterial plant pathogens enter plant tissues through pre-

existing openings such as stomata, hydathodes or injuries. Unlike
animals, plants do not have an adaptive immune system and thus
depend on preformed defenses or innate immunity, and induced
responses to infection.2–4 Plants are able to identify highly
conserved pathogen molecules, pathogen-associated molecular
patterns (PAMPs), that are present in pathogen structures and that
are necessary for the survival and infectivity of the pathogen,
but are absent in the host plant.2,5 PAMPs in bacteria include
flagellins (flg), lipopolysaccharides, cold-shock proteins (csp),

peptidoglycans and ‘elongation factor thermal unstable’ (EF-Tu)
proteins.6,7 Plant immunity relies on the ability to identify invading
microbes by means of endogenous molecular patterns; when
these are the result of tissue damage these are called damage-
associated molecular patterns (DAMPs).8 Identification of PAMPs or
DAMPs by the plant triggers initiation of defense responses known
as either PAMP-triggered immunity (PTI) or DAMP-triggered
immunity, respectively.8–11 In response, pathogens have evolved
mechanisms to evade PTI by releasing effectors into the plant cell
that suppress host resistance responses and permit pathogen
infection. Plants have, in turn, evolved mechanisms to identify and
block the effect of these specific effectors and thus limit infection.
Together, this interaction is known as effector-triggered
immunity,3,12 which is more effective than PTI. Recognition of
PAMPs by surface-localized plasma membrane pattern recognition
repeat (PRR) leads to a signaling cascade initiating PTI.7 PTI
responses include production of reactive oxygen species (ROS),
protein phosphorylation, ethylene biosynthesis and cell wall
reinforcement by callose deposition.11,13–16

ROS are generated by excitation or incomplete reduction of
molecular oxygen during cellular metabolism in aerobic
organisms.17,18 These reactive intermediates can be produced
when molecular dioxygen (O2) accepts electrons released by
various reactions in the cell. Superoxide (O2

·− ) and hydrogen
peroxide (H2O2) are two major ROS found in tomato. The
plasmalemma-localized NAD(P)H oxidases and apoplastic
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superoxide dismutases (SODs) are the main producers of O2
·− and

H2O2, respectively,18 in the extracellular matrix. This rapid
elicitation of ROS production by host cells after recognition of
PAMPs is known as the oxidative burst, and the ROS generated
can be both anti-microbial and signals for induction of other
defense responses.5

Perception of PAMPs such as the flagellin peptides initiates ROS
production in plant cells. The most studied bacterial PAMPs are
flagellin 22 (flg22)19 and flagellin 28 (flgII-28)20 synthesized based
on a flagellin sequences from Pseudomonas syringae pv. tomato,
and csp22 synthesized based on cold-shock protein (csp) as
described by Felix et al.21

Identification of PAMP recognition specificity across plant
families could provide a powerful strategy for developing
resistance to a wide range of pathogens. For instance, transfer of
elongation factor receptor kinase (EFR), a pattern recognition
receptor (PRR) from the cruciferous plant A. thaliana that confers
responsiveness to bacterial EF-Tu,7,11,16 provides increased
resistance in a number of solanaceous crops such as Nicotiana
benthamiana and S. lycopersicum to a number of genera of
phytopathogenic bacteria. Exploiting PRR recognition specificity
and associated host defense signaling pathways has several
advantages over current disease management practices as well
as current methods for developing disease resistance. Exploiting
the innate immunity of plants to control pathogens could lead to a
more durable source of resistance, decrease use of pesticides and
could reduce the financial, human health and environmental costs
associated with managing plant diseases.
It is hypothesized that pathogen mutations that overcome

PAMP-mediated resistance would occur at low frequency, as the
molecule recognized by PRRs is frequently associated with the
fitness of the pathogen. In addition to potentially being more
durable, the ability to rapidly transfer new PRRs to elite crop
varieties through genetic transformation could expedite resistance
breeding.8,22–24 Proceeding towards this goal, ROS production in
Arabidopsis and tomato leaf tissue in response to live P. syringae pv
tomato strains as well as to synthesized peptide sequences were
previously assessed.25 The potential of using PAMPs to correlate
the extent of PTI responsiveness to quantitative resistance against
distinct pathogens has been previously reported.15,16 The range of
ROS responses of an F2 tomato population to different peptides
has also been reported.25

Although bacterial flagellins are perceived by all solanaceous
crops, the response to different peptide sequences in the protein
has been reported to vary.26,27 In the present study, we used an
allelic variant of the P. aeruginosa flg22, derived from Xanthomo-
nas axonopodis pv. citri flagella, flg22Xac, henceforth referred to as
Xanthomonas-specific flg22 (flg22-Xac). This PAMP is known to
elicit detectable ROS production in Arabidopsis thaliana. Here we
evaluate the induction of ROS production in response to flg22-Xac
along with flg22 and flgII-28, and assess the association of ROS
production with BS disease resistance in a large number of tomato
genotypes, derived from a wide range of genetic backgrounds.

MATERIALS AND METHODS
Plant materials and growth conditions
Sixty-three tomato genotypes including lines from tomato breeding
programs at North Carolina State University and the University of Florida,
as well as heirloom and wild lines were assessed. Seeds were sown in 4P
soil mixture (Fafard, Florida, USA) in 24-cell trays for the greenhouse
experiment in March 2013 at the Method Road Greenhouse, North Carolina
State University, Raleigh, NC, USA. Six plants per genotype were planted in
three replications, and the experiment was conducted in a completely
randomized design. Plants in the greenhouse study were fertilized using
a 20:20:20 ratio of nitrogen, phosphorus and potassium, respectively.
Standard greenhouse pesticide application was used for insect and fungal
disease (powdery mildew) control. For the field experiment, the same
63 genotypes were sown in flat bed metal trays in a standard seeding

mix (2:2:1, v/v/v) peat moss:pine bark:vermiculite with macro- and
micronutrients (Van Wingerden International Inc., Mills River, NC, USA) in
May 2013. After 10 days, seedlings were transplanted to 72-cell flats
(56× 28 cm). After 4 weeks, these plants were transplanted to the field at
the Mountain Horticultural Crops Research and Extension Center, Mills
River, NC, USA. Six plants per plot were planted with a plant to plant
spacing of 45 cm and with 150 cm between rows in two replications in a
randomized complete block design. Standard management practices for
fertilization, insect management and management of foliar fungal diseases
were used.28 Neither copper nor Actigard products, commonly used in
tomato production to suppress bacterial diseases, were applied in any
experiments.

ROS assay: preparation of reagents
Polypeptides designed from P. syringae pv. tomato flg22,19 flgII-2820 and
flg22-Xac29 were used in this experiment. The amino-acid sequence of the
flg22-Xac was QRLSSGLRINSAKDDAAGLAIS, flg22 was QRLSTGSRINSAKD-
DAAGLQIA and flgII-28 was ESTNILQRMRELAVQSRNDSNSATDREA (EZBio-
labs, Carmel, IN, USA) as described above. Peptides were dissolved in
distilled water (dH2O) at a concentration of 100 nM for use. Luminol (Sigma
Lifescience, Saint Louis, MO, USA) was dissolved in dimethyl sulfoxide at a
concentration of 17 mg mL− 1, in the dark. Horseradish peroxidase (Sigma
Type VI-A, Saint Louis, MO, USA) was dissolved in dH2O at a concentration
of 10 mg m− 1.

Preparation of samples
Four millimeter diameter leaf disks were excised from the fully expanded
leaf of each plant, second from the top, using a cork borer. Leaf disks were
incubated with the adaxial side up in 200 μL Lumitrac 200 medium 96-well
microplate (Greiner Bio-One, Inc., Monroe, NC, USA, product #: 655075) for
16–24 h at room temperature covered with aluminum foil. Four leaf disks
from each tomato line were sampled for each experiment from
greenhouse as well as field as described above for ROS assay.
The incubation media was removed from each well and replaced with

100 μl of a solution containing 12 μl of peptide solution, 24 μl of
horseradish peroxidase and 24 μl of luminol diluted in 12 ml of dH2O,
and measurement of photon productions in the form of relative light units
assessed. Preparation of the mixture containing peptide, horseradish
peroxidase and luminol, as well as the addition of ingredients to the
samples was performed in the dark to avoid potential photodegradation.

Measurement of ROS production
Production of ROS in each sample was measured as photon production
quantitated as relative light units (RLUs) using a Glomax 96 microplate
luminometer (Promega Corporation, Madison, WI, USA) for the greenhouse
experiment, and a Biotek Multi Detection Microplate Reader Synergy 2 for
the field experiment. Photon production was measured over 15 cycles at
4 min intervals for a total of 60 min.
Negative controls for luminol assays consisted of incubating leaf tissues

from several arbitrarily selected lines in 200 μl of dH2O in 96-well plates.
After 16 h, the dH2O was removed and 100 μl of assay solution including
2 μl of luminol and horseradish peroxidase but no peptide was added to
each well.

Inoculum preparation and inoculation
Plants in both greenhouse and field studies were inoculated with a
preparation of field isolate 9 collected from infected tissue of tomato
plants from a field in North Carolina that was subsequently characterized
as X. perforans race T4 (by the Dr Jefferey B. Jones lab, University of Florida,
Gainesville, FL, USA). This isolate was collected from private tomato fields
as well as research plots at Mountain Horticultural Crops Research &
Extension Center, Mills River, NC, USA. Although no specific permissions
were required to collect samples from Mountain Horticultural Crops
Research & Extension Center, permissions were obtained from the growers
before going to the private fields. This strain was grown in pure culture
from a single colony-forming unit and stored at − 80 °C. To prepare
inoculum, frozen stock was revived on yeast dextrose chalk agar medium30

and incubated for 24–48 h at 30 °C. Plates were then flooded with distilled
water and bacterial cells were scrapped with a wire loop and recovered in
suspension. Bacterial density was measured as OD600 on a LKB Biochrom
Ultrospec II spectrophotometer (American Laboratory Trading, Inc., Cam-
bridge, MA, USA) and inoculum prepared by adjusting the bacterial
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concentration to 0.3 OD600 (~2–5 × 108 colony-forming unit per mL). This
freshly prepared suspension was immediately used for inoculations.
For greenhouse inoculations, humidity in the immediate vicinity of the

plants was maintained using V5100NS humidifiers (Vicks Ultrasonic
Humidifiers, NY, USA) from 24 h prior to the inoculation to 48 h after
inoculation and covering plants with white plastic. Spray inoculation to
foliar runoff was performed 30 days after sowing using a hand sprayer. In
the field, uniform spray inoculation was performed using a backpack
sprayer 30 days after transplanting.

Disease evaluation
Greenhouse plants were scored for symptoms on the most severely
infected leaves using a modified Horsfall–Barratt scale,31 where 0%=1,
1–3%=2, 3–6%=3, 6–12%=4, 12–25%=5, 25–50%=6, 50–75%=7,
75–87%=8, 87–94%=9, 94–97%=10, 97–100%=11 and 100% dead
tissue= 12. Plants were scored in the field using the same scale as used in
the greenhouse, except total foliage of whole plots was rated rather than
the severity of infected leaves.

Statistical analyses
ROS production in each genotype was calculated by adding all RLUs
measured with the luminometer over the entire 15 cycles (for an hour). For
each peptide, results for four leaf disks from each genotype were used from
three independent experiments with three replications each were
measured and least squares means of each were used for further analysis.
For ROS analysis, RLUs measured from non-responsive leaf samples were
deleted.
Area under the disease progress curve (AUDPC) was calculated based on

weekly disease severity assessments. AUDPC is a quantitative summary of
disease severity over time and compares average disease severity between
pairs of adjacent time points.32 The AUDPC is calculated as follows:

AUDPC ¼
Xn - 1

i¼1

yi þ yiþ1

2
´ ðtiþ1 - tiÞ;

where yi is the assessment of the disease at the ith observation, ti is the
time at the ith observation and n is the total number of observations.
Analyses of variance were performed on ROS and AUDPC disease scores

from the greenhouse and the field data using GLM procedure in Statistical
Analysis Software (SAS v. 9.4, SAS Institute, Cary, NC, USA).33 Least squares
of means of ROS and AUDPC were calculated using greenhouse and field
data and least squares of means were separated from each genotypes
using least significant difference value at 5% probability level. Correlation
analysis was performed using the Pearson method in SAS 9.4.33

RESULTS
Response of tomato to BS
Sixty-three tomato genotypes with diverse genetic backgrounds
ranging from advanced breeding lines to wild relatives of tomato
(Table S1) showed a broad range of response to inoculation with
Xanthomonas perforans. AUDPC scores, normalized to a weekly
basis, ranged from 18.5 for PI114490 to 34.9 for NC84173 based on
BS symptoms (Table 1). There was a significant difference
(Po0.05) between these tomato lines for response to BS when
averaged over the two experiments (Table 1). S. lycopersicum var.
cerasiformae, PI114490-1-1 was least infected by BS, whereas
NC84173 showed the most severe BS symptoms. Lines showing
the highest resistance (least disease severity) were Favorite, G357-
2, NC50-7 and Fla8233. In contrast, lines Oxheart, 39BC-1, 48BC-1
and 71BC-1 had the greatest disease severity with the remainder
being moderately infected (Table 1). Due to high disease pressure,
fruits of most of the lines showed BS symptoms in the field trials in
the summer of 2014 (data not shown).

Responses of tomato lines to three PAMPs flg22, flg28-II and
flg22-Xac
To verify correlation of ROS production with PAMP activity, ROS
was measured for 15 cycles (60 min) in five tomato lines with and
without flg22-Xac. The effect of flg22-Xac was very distinct in

Table 1. Mean comparison of tomato genotypes using AUDPC scores,
and RLU production in response to flg22, flgII-28 and flg22-Xac
peptides

Genotype AUDPC flg22 flgII-28 flg22-Xac

081-12-1X-gsms 25b–g 4338b 3075b 2163b

15BC-4(94) 26a–g 5076b 32 403b 18 582b

16BC-1(94) 29a–e 5932b 51 663b 6771b

16BC-2(94) 29a–e 6554b 15 949b 11 430b

17BC-1(94) 30a–e 6250b 78 916a,b 8220b

30LB-1W(95) 23b–g 9254b 14 599b 7931b

31LB-1W(95) 27a–g 5744b 27 784b 6409b

38BC-1(96) 30a–e 3717b 5513b 3651b

38BC-2R(96) 28a–f 34 612b 11 682b 3052b

39BC-1(96) 32a,b 6371b 10 553b 3559b

45LB-1(98) 30a–e 137 529b 4444b 6378b

46BC-2R(96) 26a–g 3655b 17 035b 7587b

47NC2 27a–g 8337b 9972b 10 635b

48BC-1(96) 32a–c 3737b 41 483b 5148b

48BC-1R(96) 26a–g 4928b 14 966b 2977b

48BC-3R(96) 25b–g 6653b 3234b 1999b

48BC-4R(96) 25b–g 7515b 2546b 1982b

52LB-1(98) 24b–g 11 291b 6757b 10 152b

52LB-2(98) 25b–g 4093b 27 911b 3764b

52LB-3(98) 27a–g 10 145b 8734b 10 806b

52LB-4(98) 29a–e 7921b 18 566b 3965b

71BC-1(96) 32a–c 9660b 10 798b 7356b

72E-1(96) 28a–f 14 696b 144 336a 10 153b

74L-1W(2008) 25b–g 10 518b 13 290b 16 793b

87E-1W(95) 26a–g 23 344a,b 46 285b 11 840b

89E-1W(95) 26a–g 6426b 5825b 19 058b

97E-1W(95) 25b–g 2813b 8254b 8689b

97E-2W(95) 24b–g 7279b 4719b 8032b

97E-3W(95) 29a–e 8547b 2914b 3917b

Aker's West Virginia 30a–d 18 895a,b 37 970b 16 835b

Black from Tula 26a–g 15 810b 25 497b 13 835b

Brandywine 27a–g 20 907a,b 29 236b 8895b

Cherokee Purple 29a–e 5934b 9591b 8120b

CRA66 29a–e 10 141b 1719b 11 337b

Favorite 19g 4008b 3799b 4118b

FD502-3-Bk 29a–e 3690b 3318b 2481b

Fla7600 24b–g 4169b 2201b 3616b

Fla8000 30a–e 4160b 2824b 3278b

Fla8233 22c–g 7676b 9740b 6044b

G357-1(2011) 23b–g 19 721a,b 9343b 10 863b

G357-2(2011) 21e–g 17 092a,b 7992b 21 538b

HI7981 24b–g 3902b 14 532b 12 048b

HI7997 29a–f 20 670a,b 2940b 19 639b

HI7998 24b–g 7640.b 17 216b 29 113a,b

IRAT-L3 28a–f 39 303a 9219b 17 924b

Moneymaker 26a–g 21 109a,b 31 609b 10 886b

NC109 24b–g 14 932b 9796b 25 086a,b

NC123S 29a–e 8525b 3858b 45 656b

NC161L 25b–g 14 111b 6284b 8299b

NC22L-1(2008) 32a,b 6720b 16 610b 7305b

NC2CELBR 26a–g 6748b 13 148b 6195b

NC50-7 22d–g 15 083b 9903b 49 085a

NC84173 35a 10 762b 6050b 18014b

NCEBR-6 27a–g 9405b 7699b 10181b

NCEBR-8 30a–e 4359b 17 583b 14 367b

Orange Strawberry 27a–g 6663b 9420b 4325b

Oxheart 32a,b 11 484b 8996b 17 119b

PI114490-1-1 19g 10 187b 27 016b 17 938b

PI134417 28a–f 9027b 59 944b 14 932b

Rutgers 25b–g 6907b 9412b 14 622b

Stupice 30a–e 4424b 4627b 2915b

Yellow Pear 23b–g 7832b 844b 16 644b

Yellow Stuffer 26b–g 7605b 18 883b 11 597b

LSD(0.05) 1.1 2275.2 2811.8 7910.2

Data are the average of three biological replicates and four leaf disks from
greenhouse plants. LSD, least significant difference at 5% probability level.
Superscripts are used to indicate genotypes having significantly different
AUDPC (BS resistance) and PAMP response. Figures followed by the same
letter in each column do not differ significantly from each other, whereas
figures followed by a different letter(s) differ significantly from each other.
Genotypes can also be grouped based on letters for AUDPC (BS resistance)
and PAMP response.
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those lines (Figure 1). Genotypes CRA66 and NC84173 showed
peaks 12 and 16 min after treatment, respectively, with a steady
decline thereafter until 60 min. Other genotypes 52LB-5, NC 1CS
and 47NC2 showed a decrease until 10 min, followed by a peak at
~ 20, 20 and 28 min, respectively. All these lines showed a steady
decline thereafter until 60 min. Although similar ROS production
trends were found in all genotypes, genotypic differences in the
timing of responses to PAMP treatment are clearly present. There
was a significant difference (Po0.05) between all 63 tomato
genotypes in ROS production (Table 1), as well as wide variation in
levels of ROS production by each genotype when different PAMP
peptides were used to initiate the oxidative burst (Table 1). For
example, ROS production ranged from 1982 RLUs for 48BC-4R(96)
to 49085 RLUs for NC50-7, from 2813 RLUs for 97E-1W(95) to
39302 RLUs for IRAT-L3 and from 844 RLUs for Yellow Pear to
144 336 RLUs for 72E-1(96) when peptides flg22-Xac, flg22 and
flgII-28, respectively, were used (Table 1).
Each breeding line responded differently to the different

peptides. For instance, the breeding line IRAT-L3, showed the
highest ROS production in response to flg22, high ROS production
in response to flg22-Xac, but a low response to flgII-28. In contrast,
breeding lines 72E-1(96) and NC50-7 produced the highest
amount of ROS in response to flgII-28 and flg22-Xac, respectively.
None of these lines generated significant ROS in response to flg22.
This trend (or lack thereof) is shown by the minimal correlation
between ROS production in response to the different flagellin
peptides (Table 1).
Likewise, responses to specific peptides also varied widely by

genotype. For instance, ROS production in response to flg22-Xac
(Table 1) was very high for NC50-7, NC109, HI7998 and 74L-1W
(2008), whereas response to the same peptide was low for lines
97E-3W, Stupice, 48BC-1 and 39BC-1. Interestingly, BS disease
scores of the flg22-Xac responsive lines NC50-7, NC109, HI7998 and
74L-1W (2008) were low, whereas the disease scores for the least
responsive lines 97E-3W, Stupice, 48BC-1 and 39BC-1 were high
(Table 1). Although not huge, a significant negative correlation

between BS disease and total and maximum ROS production in
response to flg22-Xac (−0.25 and − 0.27, respectively) was observed
(P=0.05; Table 1). Finally, although there was a wide variation in
production of ROS in response to flg22 and flgII-28, there was no
correlation with BS disease scores (Table 2).

Correlation analysis
There were non-significant correlations between AUDPC and flg22
(r= 0.04, P40.05), and flgII-28 (r=0.13, P40.05), respectively.
However, there was a significant negative correlation between
AUDPC and flg22-Xac (r=− 0.25, Po0.05) (Table 2). A positive
correlation was found between flg22 and flg22-Xac (r= 0.41,
Po0.05); however, there was no significant correlation between
flgII-28 and the other two peptides (flg22 and flg22-Xac; Table 2).
Correlations between BS disease development in tomato lines and
RLUs as observed with the flg22-Xac assays are shown in Figure 2a.
Non-significant correlations are shown in Figures 2b and c.

DISCUSSION
By screening such a large number of diverse tomato lines, this
study identified plants with a broad range of responses to BS
caused by X. perforans race T4. As expected, these results served to
validate previous observations. For instance, line PI114490-1-1 that
showed the lowest symptom development in this experiment had
previously been reported to be BS resistant to race 2,34 whereas
NC84173, a known susceptible line, showed extensive disease
development. Line 74L-1W (2008) that has known resistance for BS
(unpublished data) from S. pimpinellifolium L3707, a wild relative
of tomato, was also resistant here, as were lines NC50-7 and
NC109 (unpublished data). Likewise, HI7998 had high resistance in
this study and was previously reported to have an hypersensitive
response to X. euvesicatoria.34

Although we observed a wide range of responses to the three
PAMPs by the 63 tomato lines used here, perhaps not surprisingly,
there was no correlation between flg22 and flgII-28, resultant ROS
production and BS disease severity (caused by X. perforans).
Interestingly, a previous study showed that natural variation in
heirloom tomato lines assessed had no correlation between the
PAMPs used in that study and bacterial speck caused by P.
syringae pv. tomato.25 In contrast, there was a small but
statistically significant negative correlation (r =− 0.25, P= 0.05)
between flg22-Xac-induced ROS production and BS disease scores
in the present study, suggesting that there was the recognition of
the role of flg22-Xac in defense response in tomato plants when
they are attacked by the causal agent of BS (by X. campestris).
Because the correlation was relatively small, this suggests there is
a differential responsiveness to flg22-Xac among the various
tomato lines in this relatively large group of tomato lines (that is,
some lines show a larger response to the flg22-Xac, and at the

Figure 1. Production of reactive oxygen species (ROS) with and
without flg22-Xac. When flg22-Xac was not used, distilled water
(dH2O) was used to equalize the total volume in the 96-well plate.
ROS production (in relative light units, RLUs) measured over 15
cycles (each cycle ~ 4 min, for a total of 60 min) in select tomato
lines in response to the Xanthomonas-specific flagellin 22 (flg22-Xac;
indicated by flg22-Xac at the end of tomato line name) or distilled
water (indicated by dH2O at the end of tomato line name). Values
and the separation of means based on least square means (LS
means) values from analysis of variance (ANOVA) are detailed in
Table 1. Data are the average of three biological replicates and four
leaf disks from greenhouse plants.

Table 2. Correlation between bacterial spot disease (AUDPC) severity
and ROS production in tomato

Variable AUDPC flg22 flgII-28

flg22 − 0.04NS

flgII-28 0.13NS 0.13NS

flg22-Xac −0.25* 0.41** 0.04NS

Abbreviation: AUDPC, area under disease progress curve. Correlation
analysis between reactive oxygen species production from a luminol-
based oxidative burst assay using the PAMPs flagellin 22 (flg22), flagellin
II-28 (flg28) and Xanthomonas-specific flagellin 22 (flg22-Xac) to generate
the ROS and bacterial spot disease severity (measured as AUDPC)
produced by inoculation with a Xanthomonas perforans, race T4, field
isolate. NS, * and ** are non-significant, significant at P value o0.05, and
0.01, respectively.
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same time are very resistant to the BS and vice versa). From this
pool, we should be able to develop a population using high
responsive and less responsive lines for the identification and
mapping of PTI loci associated with BS resistance. Further, the fact
that flg22-Xac is synthesized from a flagellin sequence from a
bacteria of the same genus that causes BS suggests that it might
produce a more relevant defense response in terms of ROS
production and thus be more useful for screening tomato lines for
defense response and identifying PTI loci. The observation that a
PAMP from the same genus as the disease causing organism in
question is able to elicit ROS production in tomato could form the
basis of a technique for developing horizontal resistance to
Xanthomonas. This is the first report to the authors’ knowledge of
significant correlation between Xanthomonas-specific flagellin-
induced ROS production and BS resistance in tomato. A significant

correlation among a large set of lines derived from a wide genetic
background as used here suggests that response to flg22-Xac may
be encoded by a single loci, and as such likely warrants further
efforts to map the loci. Lending further credence to this idea is the
report that transferring EFR, a PAMP receptor from the cruciferous
plant A. thaliana confers responsiveness to EF-Tu,7 led to an
increase in resistance to a wide range of phytopathogenic bacteria
in solanaceous crops such as N. benthamiana and S. lycopersicum.
Although their sequences were obtained from different

sources,19,20,29 a significant positive correlation (r= 0.41, Po0.05)
between flg22 and flg22-Xac indicated that they are likely to be
allelic to each other, being separated by only a few amino acids.
The flg22 has already been reported to be highly active in many
plants,19 which may have common sequences with the above
peptides. Although flg22-Xac showed a significant correlation with
BS, further investigation is needed to understand the association
at molecular level.
The perception of flg22 has been reported to be mediated by

the PRR FLS2.19,35 In yet another study, a separate PRR, FLS3 has
been hypothesized to perceive flgII-28 in solanaceous plants.20

Further, the brassinosteroid receptor like-kinase BAK1 has been
reported to interact with FLS2 to trigger ROS production in
A. thaliana and N. benthamiana.36,37 Being an allelic variant of the
P. aeruginosa flg22, derived from Xanthomonas axonopodis pv. citri
flagella, flg22-Xac, it was found to induce defense response to BS
in tomato suggests that the recognition of the flagellin sequence
in tomato may be similar to that of PRR FLS2. Here the significant
correlation between the ROS response to flg22-Xac and BS
resistance suggests a means to study the specific PRR in tomato
that mediates the defense response to Xanthomonas flagellin.
Further studies on the PRR from lines showing high ROS response
to the BS pathogen and introgression into tomato lines with good
horticultural traits would expedite not only cultivar development
but also mapping the flg22-Xac locus.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
This research was supported by the research grant of National Science Foundation
(grant# IOS-1025642). We thank Tika Bahadur Adhikari for Xanthamonas isolation as
well as advice on inoculation and disease scoring, Selvakumar Veluchamy and
Jonathan Kressin for assistance with the ROS assay and Candice Anderson, Heather
Wilson and Harold Sitton for their assistance in implementing the field experiments.

REFERENCES
1 Jones JB, Lacy GH, Bouzar H, Stall RE, Schaad NW. Reclassification of the Xan-

thomonads associated with bacterial spot disease of tomato and pepper. Syst Appl
Microbiol 2004; 27: 755–762.

2 Ausubel FM. Are innate immune signaling pathways in plants and animals con-
served? Nat Immunol 2005; 6: 973–979.

3 Dangl JL, Jones JDG. Plant pathogens and integrated defence responses to
infection. Nature 2001; 411: 826–833.

4 Chisholm ST, Coaker G, Day B, Staskawicz BJ. Host-microbe interactions: shaping
the evolution of the plant immune response. Cell 2006; 124: 803–814.

5 Boller T. Chemoperception of microbial signals in plant cells. Annu Rev Plant
Physiol Plant Mol Biol 1995; 46: 189–214.

6 Varshney RK, Graner A, Sorrells ME. Genomics-assisted breeding for crop
improvement. Trends Plant Sci 2005; 10: 621–630.

7 Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JD, Boller T et al. Perception of
the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated
transformation. Cell 2006; 125: 749–760.

8 De Lorenzo G, Brutus A, Savatin DV, Sicilia F, Cervone F. Engineering plant
resistance by constructing chimeric receptors that recognize damage-associated
molecular patterns (DAMPs). Febs Lett 2011; 585: 1521–1528.

9 Benedetti M, Pontiggia D, Raggi S, Cheng Z, Scaloni F, Ferrari S et al. Plant
immunity triggered by engineered in vivo release of oligogalacturonides,

Figure 2. Correlation between area under disease progress curve
(AUDPC) scores and relative light units (RLUs) used to assess reactive
oxygen species (ROS) production in response to (a) Xanthomonas-
specific flagellin 22 (flg22-Xac) (b) flagellin 22 (flg22) and (c) flagellin
II-28 (flgII-28). AUDPC scores were calculated using Horsfall–Barratt
scale and ROS (in RLUs) was measured over 15 cycles (each cycle
~ 4 min) for all tomato lines in this study. ROS was measured in a
luminometer as described in Materials and Methods.

Response of tomato genotypes to Xanthomonas-specific PAMPs
K Bhattarai et al.

5

Horticulture Research (2016)



damage-associated molecular patterns. Proc Natl Acad Sci USA 2015; 112:
5533–5538.

10 Vorholter FJ, Wiggerich HG, Scheidle H, Sidhu VK, Mrozek K, Küster H et al.
Involvement of bacterial TonB-dependent signaling in the generation of an oli-
gogalacturonide damage-associated molecular pattern from plant cell walls
exposed to Xanthomonas campestris pv. campestris pectate lyases. BMC Microbiol
2012; 12: 239.

11 Wu SJ, Shan LB, He P. Microbial signature-triggered plant defense responses and
early signaling mechanisms. Plant Sci 2014; 228: 118–126.

12 Hurley B, Subramaniam R, Guttman DS, Desveaux D. Proteomics of effector-
triggered immunity (ETI) in plants. Virulence 2014; 5: 752–760.

13 Smith JM, Heese A. Rapid bioassay to measure early reactive oxygen species
production in Arabidopsis leave tissue in response to living Pseudomonas syringae.
Plant Methods 2014; 10: 6.

14 Oh HS, Park DH, Collmer A. Components of the Pseudomonas syringae Type III
secretion system can suppress and may elicit plant innate immunity. Mol Plant
Microbe Interact 2010; 23: 727–739.

15 Nguyen HP, Chakravarthy S, Velasquez AC, McLane HL, Zeng L, Nakayashiki H
et al. Methods to study PAMP-Triggered Immunity using tomato and Nicotiana
benthamiana. Mol Plant Microbe Interact 2010; 23: 991–999.

16 Sreekanta S, Bethke G, Hatsugai N, Tsuda K, Thao A, Wang L et al. The receptor-like
cytoplasmic kinase PCRK1 contributes to pattern-triggered immunity against
Pseudomonas syringae in Arabidopsis thaliana. New Phytol 2015; 207: 78–90.

17 Andreyev AY, Kushnareva YE, Murphy AN, Starkov AA. Mitochondrial ROS meta-
bolism: 10 Years later. Biochemistry (Mosc) 2015; 80: 517–531.

18 Jose MP, Francisco JC, Luis AD, Lopez-Huertas E. Pepper fruit as a model to
study the metabolism of antioxidants, ROS and RNS. Free Radic Biol Med 2014;
75: S39.

19 Segonzac C, Zipfel C. Activation of plant pattern-recognition receptors by bac-
teria. Curr Opin Microbiol 2011; 14: 54–61.

20 Cai R, Lewis J, Yan S, Liu H, Clarke CR, Campanile F et al. The plant pathogen
Pseudomonas syringae pv. tomato is genetically monomorphic and under strong
selection to evade tomato immunity. PLoS Pathog 2011; 7: e1002130.

21 Felix G, Boller T. Molecular sensing of bacteria in plants—The highly conserved
RNA-binding motif RNP-1 of bacterial cold shock proteins is recognized as an
elicitor signal in tobacco. J Biolog Chem 2003; 278: 6201–6208.

22 Sohn KH, Zhang Y, Jones JDG. The Pseudomonas syringae effector protein,
AvrRPS4, requires in planta processing and the KRVY domain to function. Plant J
2009; 57: 1079–1091.

23 Singh P, Kuo YC, Mishra S, Tsai CH, Chien CC, Chen CW et al. The lectin receptor
Kinase-VI.2 is required for priming and positively regulates Arabidopsis pattern-
triggered immunity. Plant Cell 2012; 24: 1256–1270.

24 Laluk K, Luo HL, Chai MF, Dhawan R, Lai Z, Mengiste T. Biochemical and genetic
requirements for function of the immune response regulator BOTRYTIS-INDUCED
KINASE1 in plant growth, ethylene signaling, and PAMP-triggered immunity in
Arabidopsis. Plant Cell 2011; 23: 2831–2849.

25 Veluchamy S, Hind SR, Dunham DM, Martin GB, Panthee DR. Natural variation for
responsiveness to flg22, flgII-28, and csp22 and Pseudomonas syringae pv. tomato
in heirloom tomatoes. PLoS ONE 2014; 9: e106119.

26 Kim JG, Li XY, Roden JA, Taylor KW, Aakre CD, Su B et al. Xanthomonas T3S effector
XopN suppresses PAMP-triggered immunity and interacts with a tomato atypical
receptor-like Kinase and TFT1. Plant Cell 2009; 21: 1305–1323.

27 Park HC, Lee S, Park B, Choi W, Kim C, Lee S et al. Pathogen associated molecular
pattern (PAMP)-triggered immunity is compromised under C-limited growth. Mol
Cells 2015; 38: 40–50.

28 Ivors KL, Louws FJ. North Carolina Agricultural Chemicals Manual, College of
Agriculture and Life Sciences, North Carolina State University, 2013.

29 Sun WX, Dunning FM, Pfund C, Weingarten R, Bent AF. Within-species flagellin
polymorphism in Xanthomonas campestris pv campestris and its impact on elici-
tation of Arabidopsis FLAGELLIN SENSING2-dependent defenses. Plant Cell 2006;
18: 764–779.

30 Lelliott RA, Stead DE (eds). Methods for the Diagnosis of Bacterial Diseases of Plants,
2nd edn, British Society of Plant Pathology, Blackwell Scientific Publications:
Oxford, 1987.

31 Horsfall JG, Barratt RW. An improved grading system for measuring plant diseases.
Phytopathology 1945; 35: 655–655.

32 Simko I, Piepho HP. The area under the disease progress stairs: calculation,
advantage, and application. Phytopathology 2012; 102: 381–389.

33 SAS Institute Inc. The SAS System Version 9.4 for Windows, 9th edn. SAS Institute:
Cary, NC, 2013.

34 Jones JB, Scott JW. Hypersensitive response in tomato to Xanthomonas campestris
pv vesicatoria. Plant Dis 1986; 70: 337–339.

35 Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nürnberger T, Jones JD et al. A
flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant defence.
Nature 2007; 448: 497–500.

36 Heese A, Hann DR, Gimenez-Ibanez S, Jones AM, He K, Li J et al. The receptor-like
kinase SERK3/BAK1 is a central regulator of innate immunity in plants. Proc Natl
Acad Sci USA 2007; 104: 12217–12222.

37 Shan LB, He P, Li JM, Heese A, Peck SC, Nürnberger T et al. Bacterial effectors target
the common signaling partner BAK1 to disrupt multiple MAMP receptor-signaling
complexes and impede plant immunity. Cell Host Microbe 2008; 4: 17–27.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2016

Supplementary Information for this article can be found on the Horticulture Research website (http://www.nature.com/hortres)

Response of tomato genotypes to Xanthomonas-specific PAMPs
K Bhattarai et al.

6

Horticulture Research (2016)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Differential response of tomato genotypes to Xanthomonas-specific pathogen-associated molecular patterns and correlation with bacterial spot (Xanthomonas perforans) resistance
	Introduction
	Materials and methods
	Plant materials and growth conditions
	ROS assay: preparation of reagents
	Preparation of samples
	Measurement of ROS production
	Inoculum preparation and inoculation
	Disease evaluation
	Statistical analyses

	Results
	Response of tomato to BS
	Responses of tomato lines to three PAMPs flg22, flg28-II and flg22-Xac

	Table 1 Mean comparison of tomato genotypes using AUDPC scores, and RLU production in response to flg22, flgII�-�28 and flg22-Xac peptides
	Correlation analysis

	Discussion
	Figure 1 Production of reactive oxygen species (ROS) with and without flg22-Xac.
	Table 2 Correlation between bacterial spot disease (AUDPC) severity and ROS production in tomato
	This research was supported by the research grant of National Science Foundation (grant# IOS�-�1025642). We thank Tika Bahadur Adhikari for Xanthamonas isolation as well as advice on inoculation and disease scoring, Selvakumar Veluchamy and Jonathan Kress
	This research was supported by the research grant of National Science Foundation (grant# IOS�-�1025642). We thank Tika Bahadur Adhikari for Xanthamonas isolation as well as advice on inoculation and disease scoring, Selvakumar Veluchamy and Jonathan Kress
	ACKNOWLEDGEMENTS
	REFERENCES
	Figure 2 Correlation between area under disease progress curve (AUDPC) scores and relative light units (RLUs) used to assess reactive oxygen species (ROS) production in response to (a) Xanthomonas-specific flagellin 22 (flg22-Xac) (b) flagellin 22 (flg22)



 
    
       
          application/pdf
          
             
                Differential response of tomato to Xanthomonas-specific pathogen-associated molecular patterns and correlation with bacterial spot (Xanthomonas perforans) resistance
            
         
          
             
                Horticulture Research ,  (2016). doi:10.1038/hortres.2016.35
            
         
          
             
                Krishna Bhattarai
                Frank J Louws
                John D Williamson
                Dilip R Panthee
            
         
          doi:10.1038/hortres.2016.35
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Nanjing Agricultural University
          10.1038/hortres.2016.35
          2052-7276
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/hortres.2016.35
            
         
      
       
          
          
          
             
                doi:10.1038/hortres.2016.35
            
         
          
             
                hortres ,  (2016). doi:10.1038/hortres.2016.35
            
         
          
          
      
       
       
          True
      
   




