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Abstract

Plant disease is a major challenge to agriculture worldwide, and it is exacerbated by abiotic

environmental factors. During some plant-pathogen interactions, heat stress allows patho-

gens to overcome host resistance, a phenomenon which could severely impact crop produc-

tivity considering the global warming trends associated with climate change. Despite the

importance of this phenomenon, little is known about the underlying molecular mechanisms.

To better understand host plant responses during simultaneous heat and pathogen stress,

we conducted a transcriptomics experiment for rice plants (cultivar IRBB61) containing Xa7,

a bacterial blight disease resistance (R) gene, that were infected with Xanthomonas oryzae,

the bacterial blight pathogen of rice, during high temperature stress. Xa7-mediated resis-

tance is unusual relative to resistance mediated by other R genes in that it functions better

at high temperatures. Using RNA-Seq technology, we identified 8,499 differentially

expressed genes as temperature responsive in rice cultivar IRBB61 experiencing suscepti-

ble and resistant interactions across three time points. Notably, genes in the plant hormone

abscisic acid biosynthesis and response pathways were up-regulated by high temperature

in both mock-treated plants and plants experiencing a susceptible interaction and were sup-

pressed by high temperature in plants exhibiting Xa7-mediated resistance. Genes respon-

sive to salicylic acid, an important plant hormone for disease resistance, were down-

regulated by high temperature during both the susceptible and resistant interactions, sug-

gesting that enhanced Xa7-mediated resistance at high temperature is not dependent on

salicylic acid signaling. A DNA sequence motif similar to known abscisic acid-responsive

cis-regulatory elements was identified in the promoter region upstream of genes up-regu-

lated in susceptible but down-regulated in resistant interactions. The results of our study

suggest that the plant hormone abscisic acid is an important node for cross-talk between

plant transcriptional response pathways to high temperature stress and pathogen attack.
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Genes in this pathway represent an important focus for future study to determine how plants

evolved to deal with simultaneous abiotic and biotic stresses.

Introduction

Plant diseases are a major detriment to global food production, accounting for an estimated

10% or more of crop yield loss each year [1]. The disease phenotype is mediated by pathogen

and host genotypes as well as environmental conditions, and these factors ultimately deter-

mine whether a plant succumbs to disease [2, 3]. Environmental stresses can negatively impact

a plant’s ability to respond to pathogen attack, increasing disease severity [4, 5]. This is due in

part to cross-talk among the highly complex and intertwined plant stress signaling pathways

[6, 7]. Heat stress can reduce the effectiveness of plant disease resistance, rendering agricultur-

ally important plants susceptible to attack [8–12]. While this phenomenon could pose a serious

risk to food security in light of climate variability and global warming trends, current insight

into specific underlying mechanisms of increased disease and/or loss of disease resistance at

high temperature is lacking. Elucidation of these mechanisms would inform novel crop breed-

ing strategies and reduce global food losses due to temperature-induced disease.

Bacteria in the Xanthomonas oryzae (Xo) group are pathogenic to rice and cause consider-

able yield loss every year [13]. Xo is most effectively controlled through the development of

resistant rice varieties, particularly through deployment of single gene resistance [14]. How-

ever, many rice resistance (R) genes lose function at higher temperatures, leading to increased

bacterial blight disease caused by the Xo pathovar oryzae [15]. Resistance genes in other plants

similarly lose function, such as the Arabidopsis R-like gene SNC1 and the tobacco N gene, an

R-gene to tobacco mosaic virus [10]. One rice bacterial blight R-gene (Xa7) retains function at

high temperature [15]. Unusually, Xa7 not only retains function, but also functions better at

high temperature, both in long-lasting field trials, and at least up to 14 days post-inoculation in

laboratory experiments. When triggered by the cognate pathogen effector protein AvrXa7,

Xa7 induces the hypersensitive response, a rapid, localized host cell death that reduces patho-

gen spread in the host plant [16]. In addition to functioning better at high temperature, Xa7
also retains function during drought stress, a condition in which other rice R-genes fail to

function [17, 18], suggesting that the underlying mechanism of Xa7 can overcome general abi-

otic stresses. Because Xa7 is a durable, long-lasting resistance gene that is effective in growth

chamber, greenhouse, and field studies [15, 19], understanding the mechanism underlying

enhanced resistance at high temperature will be an asset to agricultural researchers and crop

breeders.

Plants are sessile, so they must be versatile in their ability to adapt to a wide range of abiotic

and biotic stresses [20]. Phytohormones are important regulators of plants’ abilities to detect

and respond to stresses [20–22]. One critical phytohormone involved in plant adaptation to

abiotic stresses is abscisic acid (ABA), which acts as a generic regulator for abiotic stress

response [23]. During abiotic stress, ABA primarily regulates plant osmotic stress tolerance,

through mechanisms such as closure of stomatal or expression of dehydration tolerance genes.

During the rice-Xo interaction, exogenous treatment of ABA promotes rice susceptibility to

Xo and acts as a cross-kingdom signal to promote bacterial swimming [24, 25]. The hormone

salicylic acid (SA) plays an important role in rice defense against Xo, and exogenous applica-

tion of SA promotes both basal defense and the hypersensitive response during the rice-Xo
interaction [26]. Intriguingly, ABA and SA play antagonistic roles in rice [27, 28], suggesting a
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possible regulatory conflict during simultaneous abiotic and biotic stresses. Here we report the

results of a transcriptomics study designed to determine early host changes during Xa7-medi-

ated resistance in an effort to elucidate the mechanisms underlying enhanced resistance at

moderately high temperatures.

Results

Acclimation to high temperature stress increases the effectiveness of

Xa7-mediated resistance

Plants of rice line IRBB61, which carries the bacterial blight resistance gene Xa7, were grown

to maturity under normal conditions (29/23˚C day/night) in a growth chamber. Half of these

plants were moved to a growth chamber set to emulate moderate heat stress (35/29˚C day/

night; hereafter referred to as high temperature). These plants were inoculated with Xantho-
monas oryzae (Xo) strain X11-5A, a generally low virulence strain of Xo [29], carrying either

an empty plasmid vector or a vector encoding AvrXa7, the Xa7-mediated resistance inducing

protein (Table 1). Plants in the susceptible interaction showed chlorosis, with a stronger yel-

lowing in the high temperature plants (Fig 1A). During the resistant interactions, plants

showed a browning indicative of the hypersensitive response associated with resistance to Xo
harboring avrXa7, with a stronger response at high temperature. Plants at high temperature in

the resistant interaction also showed reduced bacterial numbers due to Xa7-mediated defense

as early as 12 h post-inoculation (hpi), while plants at normal temperature showed reduced

bacterial numbers by 24 hpi (Fig 1B). By 48 hpi, during the resistant interaction, the plants at

high temperature showed greatly reduced bacterial numbers when compared to the plants at

normal temperature. During the susceptible interaction, bacterial numbers showed no differ-

ences due to high temperature. These observations confirmed that the Xa7-mediated resis-

tance was stronger and faster at high temperature than at low temperature.

Acclimation to high temperature alters the rice transcriptome

To address the impact of high temperature acclimation on the rice transcriptome, we con-

ducted an RNA-seq experiment using leaves from mock-inoculated plants grown in normal

and high temperature conditions as described above (see S1 Table for next generation sum-

mary statistics). Differential gene expression was conducted, with genes having FDR-corrected

p-values of< = 0.01 considered differentially expressed; this analysis revealed 1,511 differen-

tially expressed genes (DEGs), with the majority of DEGs being up-regulated by high tempera-

ture (Fig 2A). Exposure of mock-treated plants to high temperature led to the upregulation of

genes involved in many annotated biological processes (Fig 3; Tables A and B in S2 Table).

Stress-responsive gene ontology (GO) terms were enriched and over-represented in genes

up-regulated by high temperature, including the following terms: ‘response to stress’, ‘response

to abiotic stimulus’, ‘response to biotic stimulus’, and ‘response to endogenous stimulus’.

The GO terms ‘response to stress’ and ‘response to biotic stimulus’ were also over-represented

in genes down-regulated by high temperature, but the median log2 fold change for genes

Table 1. Experimental design for transcriptomics experiment involving rice undergoing heat/Xo stresses.

Host Plant Temperature Regime Pathogen Plant Response

IRBB61 rice Normal Xo X11-5A empty vector Susceptible

IRBB61 rice High Xo X11-5A empty vector Susceptible

IRBB61 rice Normal Xo X11-5A avrXa7 Resistant

IRBB61 rice High Xo X11-5A avrXa7 More resistant

https://doi.org/10.1371/journal.pone.0187625.t001
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annotated with these terms was positive, indicating that there were more genes with these

annotations being up-regulated than down-regulated. GO terms associated with metabolic

processes were enriched in genes up-regulated by high temperatures, including biosynthetic,

carbohydrate metabolic, catabolic, lipid metabolic, and secondary metabolic processes. The

DEGs associated with these metabolic terms had positive median log2 fold change, indicating

that metabolic processes were generally up-regulated in mock-treated plants at high tempera-

ture. DEGs associated with energy metabolism terms, including generation of precursor

metabolites and energy and photosynthesis, were enriched in genes down-regulated by high

temperature and had negative log2 fold changes, indicating that energy metabolism was gener-

ally down-regulated at high temperature. Enriched GO terms for cellular processes included

‘signal transduction’, ‘transport’, ‘cell differentiation’, ‘cell death’, and ‘cell growth’. DEGs for

all of these processes were generally more up-regulated in mock-treated plants at high temper-

ature. The GO term ‘translation’ was under-represented in genes up-regulated by high temper-

ature with a negative median log2 fold change, indicating that gene translation was down-

regulated by high temperature. To confirm that this transcriptomic response was due to tem-

perature and not caused by a temperature-dependent wound response from the inoculation

method, expression of VSP2, a gene responsive to a mediator of wound responses (jasmonic

acid), was measured via qRT-PCR. Expression of VSP2 was not significantly changed by high

temperature at 3, 6, and 12 h post-mock inoculation (S1 Fig). In addition, from a panel of 100

rice wound response genes in our RNA-Seq data, 96 were not differentially expressed at high

temperature (S3 Table). Thus, plants acclimated to high temperature stress have dramatically

altered transcriptomic profiles when compared to plants at normal temperature, and wound

response from inoculation is not exacerbated at high temperature.

Plants respond uniquely to temperature in the resistant and susceptible

interactions

To assess the plant transcriptomic response to high temperature during the susceptible and

resistant interactions, gene expression profiles were determined from plants inoculated with

the same strains as previously described at 3, 12, and 24 hpi (Table 1, S1 Table). The transcrip-

tome of all pathogen-treated plants was altered at high temperature relative to normal temper-

ature, but plant transcriptomes in the resistant interaction showed more differentially

expressed genes (Fig 2A). A total of 8,499 DEGs were differentially regulated by high tempera-

ture in all biotic treatment conditions. While there was some overlap in DEGs per time point,

the majority of these DEGs were unique to a single time point (Fig 2B), indicating that time

was the strongest factor influencing transcriptome response. Within each time point, there

were shared and unique transcriptomic responses in both the resistant and susceptible interac-

tions (Fig 2C–2E). Most shared DEGs were similarly regulated between both interactions, with

only a few genes oppositely regulated based on pathogen treatment. At all time points, the

number of DEGs unique to the resistant interaction was roughly one order of magnitude

greater than the number of DEGs unique to the susceptible interaction. This indicated that

while exposure to high temperature caused similar transcriptome responses in both the sus-

ceptible and resistant interactions, more changes were observed in the resistant interaction,

and most of these were unique to that response.

In general, biological processes were up-regulated in the susceptible interaction and down-

regulated in the resistant interaction (Fig 3; Tables C-N in S2 Table). Genes annotated with the

GO term ‘response to abiotic stimulus’ showed opposite trends in the susceptible interaction;

while genes annotated with this term were generally up-regulated in the susceptible interac-

tion, they were generally down-regulated in the resistant interaction. Surprisingly, genes

RNA-Seq analysis of rice expressing Xa7- resistance at high temperature
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annotated with ‘response to biotic stimulus’ were generally down-regulated by high tempera-

ture in both the susceptible and resistant interactions. Genes annotated with ‘response to

stress’ were up-regulated in the susceptible interaction at 3 and 24 hpi, and down-regulated in

the resistant interaction at 3 and 12 hpi. Genes annotated with the GO terms ‘biosynthetic

Fig 1. Rice displaying Xa7-mediated resistance is more resistant at high temperature. (a) Rice leaves

displaying response to Xo strain X11-5A carrying either an empty vector (talΔCRR) or a vector with the gene

encoding the Xa7-inducing effector (avrXa7) at normal and high-temperature at 72 hpi. Scale is indicated by

the black bar. (b) Box plots of log10 transformed bacterial quantity of rice leaves inoculated with Xo X11-5A

talΔCRR and Xo X11-5A avrXa7 at normal and high temperature. One-way ANOVA revealed differences

among treatments within all time points except 0 hpi (p < 0.0005). Within time points, letters indicate

differences as determine by two-tailed pairwise t-test (FDR-adjusted p-value < 0.05).

https://doi.org/10.1371/journal.pone.0187625.g001

RNA-Seq analysis of rice expressing Xa7- resistance at high temperature

PLOS ONE | https://doi.org/10.1371/journal.pone.0187625 November 6, 2017 5 / 19

https://doi.org/10.1371/journal.pone.0187625.g001
https://doi.org/10.1371/journal.pone.0187625


process’, ‘carbohydrate metabolic process’, and ‘cellular process’ showed similar trends, being

generally up-regulated by high temperature in the susceptible interaction and down-regulated

by high temperature in the resistant interaction, while genes annotated with the GO terms

‘metabolic process’ and ‘lipid metabolic process’ showed the opposite trend. Regulation of

Fig 2. Differential gene expression analysis. (a) Genes differentially up and down-regulated at high relative

to normal temperature in mock-inoculated plants, and during susceptible and resistant interactions. (b)

Number of DEGs per time point, with DEGs from the susceptible and resistant interactions combined per each

time point. (c–e) Number of DEGs up or down-regulated by high temperature in plants in the susceptible (S)

plants or resistant (R) interaction at (c) 3 h, (d) 12 h, and (e) 24 hpi. The red-squared number represents

DEGs which were oppositely regulated by susceptibility/resistance.

https://doi.org/10.1371/journal.pone.0187625.g002
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genes associated with GO terms in plants in the susceptible interaction responded to high tem-

perature in a way similar to the mock-treated plants, while these processes were generally

oppositely regulated in plants in the resistant interaction. This suggested that the plants under-

going Xa7-mediated resistance at high temperature were responding to high temperature by

regulating many biological processes in a way opposite to both uninoculated plants and the

plants in the susceptible interaction.

Rice plants experiencing heat stress alter hormone synthesis and

downstream signaling

Hormones are key regulators of plant responses to both biotic and abiotic stresses [21, 22].

Many transcripts encoding genes directing phytohormone biosynthesis were in the set of all

Fig 3. GO term analysis. Left panel shows the log2 odds ratio of genes regulated by high temperature with

the GO annotation to genes not regulated by high temperature with the GO annotation. Positive value

indicates the term is over-represented in regulated genes, while negative value indicates the term is under-

represented in regulated genes. Enrichment analysis was conducted for each term, in each treatment

condition (Fisher’s exact test, FDR-corrected p-value < 0.05). The arrows indicate the genes were either up-

regulated or down-regulated by high temperature treatment. Terms not statistically enriched are shown as

white/zero log2 odds ratio. Right panel shows the median log2 fold change per term. Positive value indicates

more genes annotated with the term are up-regulated, while negative value indicates more genes annotated

with the term are down-regulated.

https://doi.org/10.1371/journal.pone.0187625.g003
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DEGs. All hormone biosynthesis gene families were differentially expressed in response to

high temperature, in all mock and pathogen treatments, suggesting that plants experiencing

high temperature stress fundamentally alter endogenous hormone balance. There was also

considerable overlap in hormone biosynthesis DEGs in the susceptible and resistant interac-

tion, counter to the noted earlier trend of mostly unique transcriptomic responses (Fig 4A, S4

Table). The expression patterns of hormone biosynthesis genes in the mock-treated plants

most closely resembled that of plants in the susceptible interaction at all time points, especially

in the ABA, auxin, and cytokinin biosynthesis pathways (Fig 4A). Genes involved in ABA bio-

synthesis were strongly up-regulated at high temperature in both mock-treated plants and

plants during the susceptible interaction at 3 hpi, and strongly down-regulated in plants

undergoing resistance responses at all time points. Genes predicted to contribute to biosynthe-

sis of salicylic acid (SA), a pathogen-responsive hormone important in defense responses, were

regulated independent of biotic treatment–being up-regulated by high temperature in the

mock treatment, down-regulated by high temperature in both biotic interactions at 3 and 12

hpi, and up-regulated by high temperature in both biotic interactions at 24 hpi. This trend sug-

gests that during resistant interactions at high temperature, plants enact transcriptional control

of hormone metabolism that is unique from uninoculated plants in response to high tempera-

ture, while plants progressing towards a diseased state closely resemble uninoculated plants.

To further address the role of plant hormones in this response, analysis was conducted to

examine how known hormone-responsive genes behave during simultaneous pathogen and

temperature stresses. Many hormone-responsive DEGs were perturbed at high temperature in

all mock- and pathogen-treated plants (Fig 4B, S5 Table). ABA-responsive genes made up the

largest proportion of hormone-responsive DEGs in all treatments. At each time point, a larger

number of DEGs, but a smaller proportion of total DEGs, in the resistant interaction were hor-

mone-responsive relative to the susceptible interaction at the same time point. Regardless of

pathogen treatment, rice plants greatly altered hormone-regulated genes and downstream sig-

naling in response to high temperature.

Rice plants expressing Xa7-mediated resistance suppress expression of

ABA-responsive genes at high temperature

The fold changes of known ABA-up-regulated genes, identified as being induced 2-fold or

greater following ABA treatment by a previous microarray study [30], were inspected to give

insight into the associated regulatory trends. ABA-up-regulated genes were mostly up-regu-

lated at high temperatures in the mock-treated plants (Fig 5A, S6 Table). The transcriptome of

plants in the susceptible interaction showed the same trend at 3 and 24 hpi, with the opposite

trend at 12 hpi (Fig 5B, S6 Table). In the resistant interaction, ABA-up-regulated genes were

down-regulated at all time points, suggesting that during resistance, plants suppressed ABA

downstream responses. Expression of the ABA-responsive master regulators bZIP23 and

bZIP72 was tested using quantitative reverse transcriptase PCR. In susceptible plants at high

temperature, expression of bZIP23 was increased approximately two-fold compared to the low

temperature, mock-inoculated control at 3 and 6 hpi, while expression was reduced two-fold

in resistant plants at 6 hpi (Fig 6A). Interestingly, while bZIP72 was suppressed by high tem-

perature in the resistant interaction, it was also suppressed during the susceptible interaction

(Fig 6B). In agreement with the findings for SA biosynthetic genes, genes responsive to SA

were up-regulated by high temperature in the mock-inoculated plants (Fig A in S2 Fig, S7

Table). Conversely, SA-responsive genes were down-regulated by high temperature at 3 and

12 hpi in the susceptible interaction, and at all time points in the resistant interaction (Fig B in

S2 Fig, S7 Table). These trends indicate that during high temperature stress, rice plants

RNA-Seq analysis of rice expressing Xa7- resistance at high temperature
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undergo significant changes in not just ABA-responsive gene expression but in the regulatory

networks that drive ABA-responsive gene expression, and that enhanced Xa7-mediated resis-

tance at high temperature is likely independent of SA.

Fig 4. Differential expression of upstream and downstream hormone genes at high temperature. (a)

Fold change for hormone biosynthesis genes at high temperature relative to normal temperature is

represented for mock-inoculated plants, and plants during susceptible and resistant interactions. Hormone

biosynthesis genes were selected for display only if they were differentially expressed in at least one column.

(b) Downstream hormone-responsive genes represented as proportions of total DEGs for mock-inoculated

plants, and plants during susceptible and resistant interactions.

https://doi.org/10.1371/journal.pone.0187625.g004
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An ABA responsive element-like motif was enriched in the promoters of

DEGs

Motif analysis was conducted on the upstream promoter sequences of DEGs for discovery of

cis-regulatory elements that might give insight into the observed gene expression patterns. A

motif was identified that resembled the ABA responsive element (ABRE), a G-box family

motif recognized by bZIP family transcription factors that is found in the promoters of many

Fig 5. Differential expression of ABA up-regulated genes at high temperature. (a) Kernel density

estimate of log2 fold change for ABA up-regulated genes differentially regulated in mock-inoculated plants. (b)

Kernel density estimates of log2 fold change for ABA up-regulated genes differentially regulated in plants

during susceptible and resistant interactions at 3, 12, and 24 hpi.

https://doi.org/10.1371/journal.pone.0187625.g005
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ABA responsive genes [31]. This ABRE-like element was enriched in the promoters of genes

up-regulated in the susceptible interaction at high temperature at 3 hpi, genes down-regulated

in the susceptible interaction at 24 hpi, and genes down-regulated in the resistant interaction

at all time points (Fig 7; S8 Table). Several other motifs identified from the Plant cis-acting

Regulatory DNA Elements database [32] were also enriched in the DEGs, including motifs

resembling the TATA box, the light-responsive IBOXCORENT, the anaerobic-responsive

GCBP2ZMGAPC4, the root growth-related TELOBOXATEEF1AA1, and the axillary growth-

related UP2ATMSD (Fig 7; S8 Table). The enrichment trends of these motifs may give insight

into the rice processes perturbed by high temperature stress over the course of a 24 h day.

Most importantly, the trends observed in the enrichment of ABRE-like motifs are evidence

that plants activated the ABA response at high temperature early during the susceptible inter-

action, and suppressed the ABA response at high temperature during the resistant interaction.

Fig 6. Analysis of ABA marker gene expression. Bars represent mean log2 fold changes of ABA marker

genes (a) bZIP23 and (b) bZIP72 in plants during susceptible and resistant interactions at high temperature

relative to the normal temperature mock-inoculated control at each time point as measured by qRT-PCR.

Error bars represent standard error of the mean, with n = 8 and 4 for (a) and (b) respectively, and letters

indicate pairwise groupings (pairwise t test, p < 0.05).

https://doi.org/10.1371/journal.pone.0187625.g006
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Discussion

During periods of high temperature stress, Xa7-mediated rice resistance to Xo is enhanced,

while resistance regulated by other R genes is generally repressed [15], but the underlying

cause of this phenomenon is heretofore not understood. To provide insights into how Xa7-
mediated resistance is enhanced at high temperature, we conducted a transcriptomics experi-

ment with RNA-Seq technology to identify the transcriptomic changes in rice during Xa7-
mediated resistance at high temperature. A set of 8,499 DEGs was identified as temperature

responsive in one rice cultivar, IRBB61, experiencing both a susceptible interaction with Xo
strain X11-5A and a resistant interaction with Xo strain X11-5A carrying a plasmid encoding

the Xa7-inducing effector protein AvrXa7 across three time points.

Under all treatments, expression of genes involved in metabolic processes was altered by

high temperature. Genes annotated with GO terms related to metabolism were generally up-

regulated by high temperature in plants treated with mock inoculation and in the susceptible

interaction, while these genes were generally down-regulated in the resistant interaction. How-

ever, genes annotated with the GO term ‘photosynthesis’ showed the opposite trend. Photo-

synthesis is generally inhibited during high temperature stress, and reduced primary

Fig 7. Analysis of cis-regulatory element enrichment in DEGs. Up arrows indicate the motifs are enriched

in up-regulated DEGs in the given time point, down arrows indicate enrichment in down-regulated DEG, and

n.e. indicates no significant enrichment as determined by Fisher’s exact test (p < 0.05). Similarity to motifs in

PLACE database [32] is indicated.

https://doi.org/10.1371/journal.pone.0187625.g007

RNA-Seq analysis of rice expressing Xa7- resistance at high temperature

PLOS ONE | https://doi.org/10.1371/journal.pone.0187625 November 6, 2017 12 / 19

https://doi.org/10.1371/journal.pone.0187625.g007
https://doi.org/10.1371/journal.pone.0187625


metabolism is associated with thermotolerance in plants [33, 34]. Reduced photosynthesis is

also associated with pathogen attack in both susceptible and resistant interactions [35]. It is

therefore surprising that enhanced Xa7-mediated resistance at high temperature is associated

with the upregulation of photosynthesis-related genes. Additional experimentation is needed

to explore the dynamics of primary metabolism at high temperature during Xa7-mediated

resistance.

Genes in the ABA pathway were notably perturbed by high temperature during biotic

stresses. ABA biosynthesis and ABA-responsive genes were induced by high temperature in

both mock-treated plants and plants in the susceptible interaction at 3 and 24 hpi, and sup-

pressed by high temperature in plants in the resistant interaction at all time points. ABA-

responsive genes were down-regulated in the susceptible interaction at 12 hpi, possibly due to

diurnal effects. SA-responsive genes were also induced by high temperature in mock-treated

plants, but generally repressed by high temperature in all biotic interactions. This trend sug-

gests that regulatory differences in ABA responsiveness are important to the rice resistance

phenotype during a plant’s response to simultaneous heat stress and Xo attack, and raises the

interesting hypothesis that enhanced Xa7-mediated resistance at high temperature is indepen-

dent of SA.

ABA is a developmental plant hormone that is active in triggering plant physiological

changes for acclimation to abiotic stresses such as drought, cold, heat, and salt stresses [36–

39]. ABA also plays a complex role during plant response to biotic stresses. For example, ABA

signaling can lead to closure of stomata, a common entry point for plant pathogens [40]. How-

ever, ABA generally plays a negative role in plant defense responses to biotic stresses through

antagonistic interactions with defense response pathways. In Arabidopsis, ABA treatment sup-

presses the induction of both systemic acquired resistance, a plant immune response effective

against a broad range of pathogens, and the hypersensitive response [7, 41]. In light of these

previous studies, our results suggest that suppression of ABA response is vital for the hypersen-

sitive response associated with Xa7-mediated resistance.

In rice, ABA interacts antagonistically with the defense response hormone SA, leading to

reduced resistance to blast disease and increased bacterial blight disease severity [27, 28]. How-

ever, our results suggest that ABA and SA were regulated independently instead of antagonisti-

cally. While another study also showed that ABA enhanced rice susceptibility to Xo by

antagonizing SA, when plants were treated with the ABA biosynthesis inhibitor fluridone, the

resulting resistance to the pathogen was independent of SA [24]. This suggests that there is

some SA-independent mechanism of resistance to Xo upon depletion of ABA, which might

explain why genes annotated with the GO term ‘response to biotic stress’ were down-regulated

in the resistant interaction in this study. In agreement with our findings, ABRE motifs have

previously been identified in the promoters of Xo-responsive genes in rice [42]. Interestingly,

exogenous ABA has been linked to enhanced swimming ability in Xo [25], suggesting that the

Xo-rice interaction has been evolutionarily shaped by ABA. The results presented in our study

further indicate that ABA response and plant defense are inversely regulated.

In addition to functioning better at high temperature, Xa7 is also more effective during

drought stress [17]. The plant transcriptional responses to drought and heat stress are drasti-

cally different, with many distinct genes triggered by each stress [43, 44], but a regulatory

mechanism shared by both stresses is the accumulation of ABA. It is therefore tempting to

speculate that Xa7 activity directly represses ABA biosynthesis, signaling, or both. In fact, the

ABRE-like motif identified in this study might serve as a binding element for a transcriptional

repressor during defense. If this turns out to be the case, this could inform rice breeders on

selection strategies for enhancing disease resistance at high temperature; for example, pro-

moter regions for susceptibility and resistance genes could be screened for this motif across
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multiple varieties. However, further experimentation is needed to conclusively show whether

the repression of ABA response is actively triggered during Xa7-mediated resistance or if it is a

side effect of resistance to Xo. Additional work is needed to explore whether downregulation

of abiotic response by Xa7-mediated resistance impacts heat tolerance. In a natural interaction

between rice and Xo pathovar oryzae, the bacterial blight pathogen, the pathogen proliferates

within the rice xylem, limiting water availability to rice leaf cells. The reduction of ABA signal-

ing in resistant plants at high temperature may therefore be due in part to the reduced water

stress associated with the limitation on bacterial proliferation induced by Xa7. Further studies

are necessary to tease apart the role of the ABA signaling pathway to Xa7-mediated resistance.

Conclusions

This study presents novel results of a transcriptomic analysis of rice during simultaneous heat

stress and Xo infection, with plant responses during both susceptible and resistant interactions.

The results revealed that the ABA pathway was activated during both high temperature stress

and the susceptible interaction at high temperature, and was repressed during Xa7-mediated

defense at high temperature. The SA pathway was also down-regulated at high temperature in

both the susceptible and resistant interactions, suggesting that enhanced Xa7-mediated resis-

tance is likely independent of SA signaling. A novel sequence motif that was similar to the

ABRE was identified in the promoters of genes up-regulated by high temperature during the

susceptible interaction and down-regulated by high temperature during the resistant interac-

tion. These results suggest that ABA is an important node for cross-talk between plant tran-

scriptional response pathways to high temperature stress and pathogen attack. This pathway

represents an important area of study for future research in understanding how plants deal

with combined abiotic and biotic stresses.

Methods

Plant materials and growth conditions

Seeds of rice NIL IRBB61 (Vera Cruz CM et al. unpublished) were germinated on wet filter

paper under constant light at 28˚C. After emergence, the seedlings were transplanted in soil in

a greenhouse (approximately 23˚/18˚C day/night, 75–85% relative humidity) and grown for

three weeks. The plants were evenly distributed to two growth chambers set to normal (29˚/

23˚C day/night) and high (35˚/29˚C day/night) temperature regimes and 85% relative humid-

ity. Plants were acclimated to growth chambers for one week before inoculations.

Bacterial strains, inoculations, and bacterial quantification

Cultures of Xo strain X11-5A carrying pKEB31 plasmids containing ORFs for avrXa7 and

talΔCRR (a non-functional TAL effector lacking the DNA binding region), described in [45]

and [46] respectively, were grown at 28˚C on peptone sucrose agar (PSA) [47] with 2 ug/mL

tetracycline overnight and diluted in sterile distilled water to 108 cfu/mL. Plant leaves were

inoculated with dilutions of both strains and water (for mock) using a needleless syringe [48].

Leaves designated for RNA extractions and bacterial quantification were inoculated along a 4

cm section with six infiltration sites, while leaves designated for symptom observation were

inoculated along an approximately 10 cm section with four infiltration sites. Inoculations were

conducted approximately 3 h after growth chamber lights reached full intensity in the morn-

ing. Tissue was collected at full light (3 h, 24 h) and full dark (12 h) light stages. For bacterial

quantification, inoculated leaf tissue was surface sterilized with 10% bleach and rinsed three

times with sterile water, then ground in 1mL of sterile water in a tissue macerator (Qiagen
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TissueLyser II). The extract was plated in a dilution series on PSA with 2 ug/mL tetracycline

and incubated overnight at 28˚C. Pairwise analysis of bacterial numbers was performed in R

[49].

RNA extraction, sequencing, and qRT-PCR

Total RNA was extracted from plant tissue at the site of inoculation using a Sigma Aldrich

Spectrum Plant Total RNA Kit as per kit instructions. RNA was collected for two biological

replicates for each condition. RNA from mock-treated leaves was submitted to the University

of North Carolina High-Throughput Sequencing Facility for cDNA generation via TruSeq

RNA library construction kits with multiplex adapter primers and single-end 50 bp sequencing

via Illumina HiSeq 2500. RNA from pathogen-treated leaves was submitted to Michigan State

University Genomics Core for TruSeq mRNA library preparation with multiplex barcodes and

sequencing via Illumina HiSeq 50 bp single read sequencing. For qRT-PCR, cDNA was gener-

ated from the previously collected RNA using Quantabio qScript cDNA SuperMix kit. Primers

and thermal cycler conditions for qRT-PCR follow [50] for bZIP23, bZIP72 and [51] for VSP2.

Data was analyzed using the ΔΔCT method [52].

Gene expression analyses

Sequence reads were processed with FASTX Toolkit 0.0.13 [53] to remove low quality reads.

The high-quality reads were aligned to the MSU RGAP 7.0 rice reference genome [54] using

TopHat 2.1.1 [55] and counted using HTSeq 0.6.1 [56]. Sequence reads and gene counts are

available in the Gene Expression Omnibus repository under accession number GSE95668. Dif-

ferential gene expression analyses were conducted using the Bioconductor package edgeR [57,

58]. Genes were considered differentially expressed in a condition if FDR-corrected p-value

was less than or equal to 0.01. Rice wound response genes were identified from publicly avail-

able microarray data (NCBI Gene Expression Omnibus Accession GSE77097). The top 100

genes were chosen from this data by fold change. Fisher’s exact test was used for GO term

enrichment analysis. A GO term was considered statistically significant if FDR-corrected p-

value was< = 0.05. Heatmaps were prepared using the heatmap.2 function from the R package

gplots [59]. Hierarchical clustering of hormone biosynthesis genes was performed with the

hclust R function using the WPGMA method [49]. Hormone-responsive genes used in analy-

sis were identified from a microarray study [30]. Kernel density estimates were prepared with

the density function from the R core package [49]. DREME [60] was used for motif discovery

with the 1000 bp sequences upstream of putative transcription start sites from the reference

genome. STAMP [61] was used for DNA motif matching.

Supporting information

S1 Fig. Mean log2 fold change of VSP2 in mock treated plants at high temperature as mea-
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relative to low temperature (Student’s t-test, p> 0.05). Error bars represent SEM (n = 6).
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S2 Fig. Differential expression of SA up-regulated genes at high temperature. (a) Kernel

density estimate of log2 fold change for SA up-regulated genes differentially regulated by high
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up-regulated genes differentially regulated by high temperature in plants during susceptible
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