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Transcriptome changes in 
Arabidopsis thaliana infected with 
Pseudomonas syringae during 
drought recovery
Aarti Gupta & Muthappa Senthil-Kumar  

Field-grown plants experience cycles of drought stress and recovery due to variation in soil moisture 
status. Physiological, biochemical and transcriptome responses instigated by recovery are expected to 
be different from drought stress and non-stressed state. Such responses can further aid or antagonize 
the plant’s interaction with the pathogen. However, at molecular level, not much is known about plant-
pathogen interaction during drought recovery. In the present study, we performed a microarray-based 
global transcriptome profiling and demonstrated the existence of unique transcriptional changes in 
Arabidopsis thaliana inoculated with Pseudomonas syringae pv. tomato DC3000 at the time of drought 
recovery (drought recovery pathogen, DRP) when compared to the individual drought (D) or pathogen 
(P) or drought recovery (DR). Furthermore, the comparison of DRP with D or DR and P transcriptome 
revealed the presence of a few common genes among three treatments. Notably, a gene encoding 
proline dehydrogenase (AtProDH1) was found to be commonly up-regulated under drought recovery 
(DR), DRP and P stresses. We also report an up-regulation of pyrroline-5-carboxylate biosynthesis 
pathway during recovery. We propose that AtProDH1 influences the defense pathways during DRP. 
Altogether, this study provides insight into the understanding of defense responses that operate in 
pathogen-infected plants during drought recovery.

Plants challenged with a host pathogen often experience prolonged or episodic drought in field conditions. 
Episodic drought is characterized by dry-wet cycles. The host plant water status at the time of pathogen infection 
primarily decides the outcome of many foliar plant-pathogen interactions. This interaction also influences host 
plant growth apart from modulating defense pathways1–5. Previous reports have shown that upon re-watering, 
drought stressed plant undergoes a transition state which is different from that of both, drought stress and control 
conditions. Importantly, several physiological and molecular changes are known to occur during recovery6–8. 
These changes influence not only the plant vigor but also shape plant-pathogen interactions. For example, upon 
re-watering, plants re-open their stomata9 providing an opportunity to the foliar pathogen to colonize the once 
restricted mesophyll tissues. During drought stress, increased cell permeability leads to nutrient leakage into 
apoplast10 which may facilitate multiplication of some pathogens11. However, during recovery, the membrane per-
meability is normalized12, and plants channelize the nutrients to growth processes thereby limiting the nutrient 
availability to the invading pathogen.

In addition to these changes, several drought-induced physiological and transcriptomic changes in recovered 
plants have been reported to completely revert to non-stress levels7, 9, 13 which might also modulate plant-pathogen 
interaction. For instance, expression levels of drought-induced genes encoding for pyrroline-5-carboxylate syn-
thase (AtP5CS), lipid transfer protein, protein phosphatase 2 C (PP2C), beta helix loop helix (bHLH) and late 
embryogenesis abundant (LEA) family proteins reverted to levels under control conditions after re-watering7. 
The increased concentrations of ABA under drought stress which contribute to plant susceptibility towards some 
pathogens2 are known to be completely recovered to uninduced levels after rehydration7. Thus, drought and 
recovery instigated physiological changes are likely to play a role in the plant-pathogen interaction.

In this regard, understanding the interaction of pathogen in plants recovering from drought is important. 
However, such studies were not widely reported at molecular level. In the present study, we have investigated the 
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global transcriptome changes in drought-recovering Arabidopsis thaliana plants to Pseudomonas syringae pv. 
tomato DC3000 (Pst DC3000) infection. Our results indicate a difference in the transcriptome of drought recov-
ering pathogen infected plant with respect to pathogen only treated plant. The genes involved in proline, polyam-
ine metabolism and sugar transport were found to be specifically altered during this interaction. Altogether, we 
highlight how the defense pathways and primary metabolism are altered in infected plants during stress recovery.

Materials and Methods
Plant growth conditions. Arabidopsis thaliana ecotype Columbia-0 [Arabidopsis Biological Resource 
Center (ABRC), accession number CS70000] wild type and atprodh1 (Salk_119334 C) and atprodh2 
(SALK_008533) mutant plants were grown and maintained as per the protocol recommended by ABRC. Briefly, 
seeds were sown at the density of one seed per 19 cm2 in pot with defined weight of pre-wet soil mix (3:1 vol/vol 
ratio of agropeat, Prakruthi Agro Tech, Bangalore, India and vermiculite, Keltech Energies Ltd, Maharashtra, 
India) and were stratified for 48 h in dark at 4 °C. Plants were grown under controlled short-day conditions (8 h 
light, 16 h dark) with 200 µE m−2 s−1 light intensity, 75% humidity, and 20 °C constant temperature in a growth 
chamber (PGR15, Conviron, Winnipeg, Canada). Plants were bottom irrigated alternatively with water or 
Hoagland solution (Cat # TS1094, Himedia Laboratories, Mumbai, India) every alternate day.

Pathogen inoculum preparation. A single colony of Pseudomonas syringae pv. tomato DC3000 (Pst 
DC3000) was inoculated in King’s B liquid medium (Cat # M1544, Hi-media Laboratories, Mumbai, India) sup-
plemented with rifampicin (50 μg/mL). The bacteria was grown at 28 °C on a rotary shaker at 200 revolutions per 
minute (rpm) for 12 h until the optical density at 600 nm (OD600) reached 0.4. The cells were centrifuged at 4270 g 
for 10 min followed by washing with sterile water thrice. The resultant pellet was re-suspended at inoculum con-
centrations of 5 × 103 and 1 × 104 colony forming units (CFU)/mL in sterile water.

The bacterial suspension at the defined concentration was inoculated on the abaxial side of the leaves 
(37-d-old plant) by needleless syringe. Subsequently in planta bacterial number was assessed from the leaves at 0, 
24 and 72 hour post inoculation.

Drought stress imposition. A. thaliana plants were grown (32-d-old) in fully saturated soil (10 g dried 
potting mix) with 100% soil moisture content (field capacity, FC, Ψw = −2.89 MPa) till the start of the stress 
experiments. The gravimetric method was followed for drought stress imposition14. Drought stress was com-
menced by withholding irrigation until the potted plants reached 40% FC (Ψw = −3.9 MPa). The drought stressed 
plants were maintained at 40% FC until the end of the experiment (four days post treatment, dpt) by replacing 
the amount of water lost through evapotranspiration. Control plants were maintained at 100% FC throughout 
the experiment.

Drought recovery treatment. A batch of drought-stressed plants (37-d-old) at 40% FC were bottom irri-
gated till the pot mix is saturated (100% FC) and were maintained at 100% FC until the end of the experiment. 
Leaf samples were harvested and were used for the RT-qPCR experiment.

Pathogen inoculation on re-watered plants. A batch of drought stressed plants were exposed to patho-
gen infection during recovery (DRP). For this, plants (37-d-old) that have reached 40% FC were bottom irrigated 
till the pot mix is saturated (100% FC). Two hours after re-watering, pathogen inoculum (5 × 103 for transcrip-
tome analysis and 1 × 104 CFU/mL for physiological assays) was syringe infiltrated through the abaxial side of 
the leaves. These plants recovering from drought stress coupled with progressive pathogen multiplication were 
maintained at 100% FC until the end of the experiment (4 dpt).

Leaf samples were then taken for physiological assays and microarray experiment. The data acquired from 
the physiological and molecular studies under D and DR treatments was normalized with well-watered (absolute 
control), and P and DRP treatment with mock (water only) infiltrated plants. The outline of DRP treatment is pro-
vided in Supplementary Fig. S1. Pathogen inoculation on drought-stressed plants (DP) was performed according 
to the previous report15.

Total RNA isolation. Total RNA was extracted from 100 mg leaf tissue with RNeasy Plant Mini Kit (Cat # 
74904, Qiagen, Hilden, Germany) as per manufacturer’s guidelines. Leaf tissue from the third tier of rosette was 
harvested, and leaves from three different plants were pooled for each biological replicate. For each treatment, two 
biological replicates were sampled. The pooled sample was homogenized in liquid nitrogen into a fine powder, 
and the total RNA was extracted. Following total RNA isolation, DNase digestion (Cat # 79254 RNeasy/QlAamp 
columns, Qiagen, Hilden, Germany) was performed to remove contaminating DNA, according to the manu-
facturer’s instructions. RNA integrity was analyzed using the Agilent 2100 Bioanalyzer (Agilent Technologies, 
California, USA) with RNA 6000 Nano Chips (Cat # 5067-1511, Agilent Technologies, California, USA), fol-
lowing the manufacturer’s protocol. RNA integrity numbers (RIN) ranging from 7.0 to 7.5 were used for the 
microarray experiment.

Microarray labeling and hybridization. cDNA synthesis, dye labeling, microarray hybridization, and 
scanning were performed as per the protocol provided by the manufacturer (Affymetrix, California, USA). 
Briefly, microarray experiment was conducted using Whole Transcript (WT) Expression Arrays (Cat # 902281, 
Affymetrix, California, USA). Total RNA (500 ng, RIN = 7.0 to 7.5) was isolated from leaf tissue sampled at 
24 hpt and was reverse transcribed to synthesize single-stranded cDNA with T7 promoter sequence at 5′ end. 
Double-stranded cDNA was prepared from template cDNA while degrading the residual RNA at the same time. 
In vitro transcription (IVT) of the second-stranded cDNA template was carried out to prepare complementary 
RNA (cRNA) using T7 RNA polymerase. cRNA was reverse transcribed to make sense strand cDNA containing 
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dUTP (at a fixed ratio relative to dTTP). Template RNA was removed following RNase H mediated hydrolysis. 
Sense-strand cDNA was purified, fragmented at the dUTP residues and labeled using the biotin linked-DNA 
labeling reagent. Biotin-labeled single stranded (ss)-cDNA was mixed with hybridization master mix and loaded 
onto cartridge (GeneChip Gene 1.0 ST, Cat # 901915, Affymetrix, California, USA). Hybridization was carried 
out for 16 h at 45 °C, and 60 rpm followed by washing, staining, and scanning using GeneChip hybridization, 
wash, and stain kit (Cat # 900720, Affymetrix, California, USA). The microarray experiment was performed 
keeping two biological replicates for each treatment16.

Microarray data processing and analysis. Scanned image files (.CEL) were imported into Expression 
Console (EC, Affymetrix). The microarray data were normalized using RMA algorithm (Expression Console) and 
converted into the.chp format. EC processed files were imported into Transcriptome Analysis Console, and one 
way-ANOVA was employed to obtain differentially expressed genes between treatment and control condition. 
Differentially expressed genes (≥2-fold) between two conditions (treatment over control) with p value ≤ 0.05 
were selected for further analysis. The selected features were categorized such that positive values for up- and 
negative values for down-regulated genes were designated.

Functional categorization of genes was done as per Gene Ontology (GO) biological and molecular function 
according to TAIR 10. Differentially expressed genes among different treatments were compared using Venn dia-
grams (Venny 2.0). Based on Affymetrix probe IDs, lists of DEGs were compared using Venn diagram and genes 
were regarded as unique to combined DRP treatment (or individual stress treatments) and common between 
individual and combined treatments.

Significantly over-represented GO terms associated with differentially regulated gene lists were determined 
using ‘The Biological Networks Gene Ontology’ (BiNGO) tool17. The enrichment score was calculated for GO 
processes, and p values were corrected using the Bonferroni algorithm for minimizing multiple testing errors, and 
the p value threshold was set at <0.05.

The pathway networks were determined by the input of selected gene lists into KEGG Automatic Annotation 
Server (KAAS, http://www.genome.jp/tools/kaas/) and MAPMAN (http://mapman.gabipd.org/web/guest/map-
man). Heat maps were drawn with fold change values using GENE-E software (http://www.broadinstitute.org/
cancer/software/GENE-E/).

Validation of transcriptomic data. The expression profile of the 13 selected genes in response to DRP 
stress and 52 genes common among DR, P and DRP stress as observed from microarray data was validated using 
the real-time quantitative PCR (RT-qPCR). Raw data for the figures are provided in Supplementary Files S1, S2 
and S3. For the purpose, total RNA was isolated using TrizolTM reagent (Cat # 15596018, Thermo Fisher Scientific, 
Massachusetts, USA) as per the protocol provided by the manufacturer. Gene-specific primers were designed 
using Primer 3 software18. The details of primers used in the study are provided in Supplementary File S4. Total 
template cDNA was prepared from 5 μg of total RNA in a reaction volume of 50 μL using Verso cDNA synthesis 
kit (Cat # AB1453A, Thermo Fisher Scientific, Massachusetts, USA). Reaction mix contained 1 µL of template 
cDNA (5- fold diluted), 750 nM of gene specific primers and 5 µL of Brilliant III Ultra-Fast SYBR Green QPCR 
master mix (Cat # 600882, Agilent Technologies, California, USA) in a final volume of 10 µL. The reaction was 
carried out in an ABI Prism 7000 sequence detection system (Applied Biosystems, California, USA). Ct values 
obtained for target gene were normalized with Ct values obtained for AtACTIN2 (AT3G18780) gene. Fold change 
in gene expression in stressed samples was quantified using comparative D cycle threshold (CT) method relative 
to the non-stressed control samples19. Data from three to four independent biological replicates were used to 
interpret the results.

In planta bacterial count. To count the bacterial numbers in leaves, circular discs measuring 0.785 cm2 
were cut and treated with 0.01% H2O2 for 20 sec to remove epiphytic microbial population. Each leaf disc was well 
ground in 1000 µL of sterile water, serially diluted in sterile water and plated on King’s B agar medium containing 
50 mg/L of rifampicin. Bacterial numbers were determined using the following formula20 (equation 1).

=

× ×µ

Bacterial multiplication (CFU/cm )
Leaf area (cm ) (1)

L
2

Number of colonies volume of homogenate ( ) dilution factor
volume plated

2

Relative water content. To assess the tissue water status, relative water content (RWC) of the leaf (6 cm2) 
was measured as described by Flower and Ludlow21. Fresh weight (FW) was estimated immediately after harvest-
ing the samples, and subsequently, the samples were floated on de-ionized water at 22 °C. The surface moisture 
was removed by blotting gently with filter paper and turgid weight (TW) was noted. Samples were then oven 
dried at 60 °C for 72 h and dry weight (DW) was obtained. RWC was calculated using the following formula 
(equation 2):

=
−
−

×RWC(%) FW DW
TW DW

100 (2)

Electrolyte leakage assay. Leaf discs (0.785 cm2) were excised from the third tier of the rosette (same 
developmental stage). Discs were then rinsed in deionized water for 2 min to remove cut end leachates. Two discs 
per sample were gently agitated (at 60 rpm) in 20 mL of deionized water (1.3 μS/cm electrical conductivity) for 
12 h at 20 °C. Minimum of six biological replicates were used for each treatment. Electrical conductance of the 
leachates in the bathing solution was measured using a conductivity meter (Model-1602, EC-TDS-SAL Meter, 
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Esico International, Parwanoo, India). Leaf discs suspended in the bathing solution were autoclaved to release 
100% electrolytes in the same bathing solution, and conductivity was measured again. Electrolyte leakage was 
calculated by taking ratios of the initial conductivity reading to the reading after autoclaving22.

Proline estimation. Leaf sample was harvested at 24 hpt, frozen in −80 °C and was ground in 1 mL (3%) 
sulfosalicylic acid. Acid ninhydrin reaction was pursued, and free proline was extracted in toluene. Colorimetric 
estimation of proline was carried out at 520 nm as described by Senthil-Kumar and Mysore23, except deduction 
of P5C.

Proline content was measured using the following formula (equation 3):

g gProline( / dry weight) OD of the sample Volume of the extract(mL) factor
Volume of the aliquot (mL) Weight of the tissue (mg) (3)

520µ =
× ×

×

Cell death assay. Leaf samples were harvested at three days post treatment (dpt), and cell death was assayed 
as described by Koch and Slusarenko24. Leaves were stained with trypan blue solution (0.02 g trypan blue, 8% phe-
nol, 8% glycerol, 8% lactic acid, 8% water, 62% absolute alcohol) for 6 h and were subsequently destained for over-
night in chloral hydrate solution. The stained leaves were observed under a bright field microscope. The images 
were captured using a digital camera (Nikon Digital Sight DS-Rs1) mounted on a Nikon Stereo zoom AZ100 
Microscope. The extent of cell death was measured as intensity using ImageJ software (http://imagej.nih.gov/ij/).

Statistical analysis. Data presented in bars are an average of biological replicates with error bars mark-
ing ± SEM. The numbers of biological replicates considered for each experiment are mentioned for each figure in 
their legend. Data presented in Supplementary Fig. S2 from biochemical and physiological assays were subjected 
to one-way ANOVA, and significant differences between treatments were determined using post-hoc Tukey’s pair-
wise comparison test at the 5% confidence level (SigmaPlot 11.0, Systat Software Inc., California, USA).

Results and Discussion
Physiological responses of A. thaliana under DRP treatment. Arabidopsis thaliana was exposed to 
individual drought (D) and pathogen (P) stresses and combined treatment of pathogen inoculation at the time 
of rehydration (drought recovery pathogen, DRP) (Supplementary Fig. S1A). The impact of water withholding 
on plants was assessed by estimating the relative water content (RWC) of the leaf. The plants at 40% FC showed 
~55% RWC as compared to the 90% RWC in turgid leaves of control plants at 100% FC. When compared to 
control plants, pathogen infiltration did not lead to a change in leaf RWC in P stressed plants. However, DRP 
stressed leaves showed 74.6% RWC (Supplementary Fig. S2A). Both soil and leaf water status measurements 
indicated gradual saturation of soil moisture content and an increase in RWC under DRP treatment as compared 
to D stressed plants (Supplementary Fig. S1B). Pathogen was inoculated for P (2.4 Log CFU/mL) and DRP (2.8 
Log CFU/cm2) treatment. After 24 h of in planta multiplication, the bacterial number increased to 6.7 and 5.8 
Log (CFU/cm2) in P and DRP plants, respectively (Supplementary Fig. S2B). This indicates a reduced in planta 
bacterial multiplication in DRP stressed plants when compared to P only plants (Supplementary Fig. S2D). In 
addition, overall, observations on RWC and in planta bacterial number from both individual and combined DRP 
plants indicated successful drought stress imposition and pathogen infection, respectively.

The stress inflicted alterations in membrane permeability leading to solute leakage10, 25–27 are usually restored 
during drought recovery12. With this notion, we assessed the membrane leakage and showed that the leakage 
in D and P stressed plants were 26% and ~22%, respectively, when compared to control plants (Supplementary 
Fig. S2C). DRP stressed plants showed ~30% leakage over control plants. This was not significant when compared 
to D stressed plants, but was higher in comparison to the P stressed plants. The results suggest that the high elec-
trical conductivity values in DRP plants could be due to drought-induced solute leakage which might be retained 
in the apoplast during recovery in addition to leakage caused by the pathogen (Supplementary Fig. S2C). Our 
results also indicate that the drought-recovery treatment did not amount to an additional stress to the DRP plants 
when compared to D or P stressed plants (Supplementary Fig. S2D).

Distinct transcriptome changes in combined DRP plants compared to individual DR, D and P 
treated plants. To further delineate the molecular responses in DRP plants, we performed leaf transcrip-
tome analysis by microarray under drought, pathogen and DRP treatments. The microarray data were submitted 
to Gene Expression Omnibus (GEO, GSE79681). Data were analyzed using Expression Console (EC, Affymetrix) 
and with ANOVA p value cut-off set at less than 0.05. Expression values of the transcripts under different condi-
tions were compared and clustered (hierarchal clustering, Supplementary Fig. S1C). Hierarchal clustering showed 
that different controls viz., mock infiltrated (M), and absolute control conditions were clustered closely, and path-
ogen stress was close to DRP treatment (Supplementary Fig. S1C).

Using Transcriptome Analysis Console (TAC, Affymetrix), genes holding significant expression in each stress 
condition (ANOVA p value < 0.05) were compared to controls, and differentially expressed genes (DEGs) that 
have more than 2-fold change cut off were shortlisted (Supplementary Files S1, S2 and S3). The numbers of statis-
tically significant differentially expressed transcripts under each stress condition are presented in Supplementary 
File S1. Following drought, pathogen and combined DRP stress treatments, we noted 1166, 1084 and 553 num-
bers of differentially expressed transcripts. Results drawn from transcriptome analysis in DRP treated plants 
revealed the presence of genes associated with drought, pathogen and drought-recovery. Genes encoding proline 
dehydrogenase (AtProDH1), dehydration response element-binding protein (AtDREB2A), toll-interleukin resist-
ance (TIR, AT1G72920) and WRKY33 were most up-regulated while those encoding heat shock protein (HSP17, 
AT5G12020) and pathogen related protein (AtPR1) were down-regulated under DRP treatment (Supplementary 
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Fig. S3). Furthermore, the transcriptome data showed that the recovery specific genes; AtProDH1 and drought 
repressed 4 (DR4) were up-regulated under DRP stress28, 29. RD29B (a well-known drought-induced gene) 
expression was reduced in DRP while its expression was 13-fold higher in drought stressed plants than control 
(Supplementary File S1). From our results on physiological and transcriptomic studies, we infer that drought 
recovery is a transition state (between drought and control), thereby both drought stress specific and drought 
reversed traits along with some pathogen-specific transcriptomic changes prevails in DRP stressed plants.

In our present study, we also compared previously reported transcriptome changes during recovery from 
drought stress (DR)6, 29, 30. Differentially expressed genes under DR were retrieved from other close studies 
by Coolen et al.30 (transcriptome analysis at 24 h post recovery as in DRP) and Oono et al.6 During the anal-
ysis, we found consistency between the expression pattern of recovery inducible genes between DR and DRP 
treatment (Fig. 1, Supplementary Fig. S4). Through Venn intersections, we observed the existence of 223 tran-
scripts unique to DRP and 52 transcripts common among combined DRP and individual DR and P stresses 
(Fig. 1A, Supplementary Fig. S4). Out of the 52 transcripts common, 16 genes exhibited similar expression pat-
tern among different stresses, and other 36 were ‘tailored’ as indicated by the different expression pattern in all 
the three conditions (Fig. 1, Supplementary Fig. S4). The common genes with similar up-regulated expression 
include genes encoding proline dehydrogenase 1 (AT3G30775, AtProDH1), and putative galactinol–sucrose 
galactosyltransferase 2 (AT3G57520). Furthermore, the genes with similar down-regulated expression include 
ethylene-responsive transcription factor (AT1G22190, AtERF058), VQ motif-containing protein (AT3G56880) 
and Calcium-binding EF-hand family protein (AT4G27280) (Supplementary File S1). These genes were also 
found to exhibit similar expression in another DR study (Oono et al.6); Supplementary Fig. S4). To rule out the 
expression bias arising due to different experimental conditions in these studies, we validated the expression 
of 52 genes common among DR, P and DRP stressed conditions through RT-qPCR (Supplementary Fig. S5, 
Supplementary File S2). The RT-qPCR based validation of these genes under DR, P and DRP treatments also 
authenticated our microarray data. Altogether the presence of unique and common molecular signatures in DRP 
suggests that the DRP treatment is different from either of the individual DR or P only treatments.

To understand the molecular responses of DRP plants over individual D and P stresses, DEGs under D, P and 
DRP treatments were compared using Venn intersections (Supplementary Fig. S6A). The results revealed 227 
unique genes in DRP transcriptome. Only 58 genes were commonly expressed among D, P and DRP stresses. Out 
of these, 29 genes exhibited similar expression pattern and other 29 exhibited tailored expression pattern in all the 
three stress conditions (Supplementary Fig. S6B). Genes with similar expression were those encoding for ubiqui-
tin protein ligase (ATL31, AT5G27420), calmodulin binding proteins (CML24, AT5G37770), sugar transporter 
(AtSWEET4, AT3G28007), WRKYs (WRKY40, WRKY53; AT1G80840, AT4G23810), NAC036 (AT2G17040), 
and heat shock proteins (AT3G07770, AT2G04030) (Supplementary Fig. S6B). These genes have been reported to 
take part in the basal defense responses and also mediate the cross-talk among different abiotic and biotic stress 
responses31. For example, cytosolic calcium levels increase in response to both pathogen infection and water 
stress; this activates signaling cascades by calcium-interacting proteins such as Ca2+-dependent protein kinases 
(CDPKs), calmodulin and calcineurin B like proteins (CBLs). These signaling cascades are subsequently mediated 
by transcription factors, WRKY and NAC, and are culminated in cellular responses such as ubiquitin-mediated 
degradation pathways. Conclusively, we infer that these genes are involved in mediating crosstalk between D 
and P stress signals in DRP plants. Furthermore, the genes with tailored expression were coding for tyrosine 
aminotransferase (AT2G24850), and LURP1 (AT2G14560). These genes were down-regulated under both D and 
DRP but were up-regulated under P stress. In addition, the genes encoding heat shock proteins (AT3G07770 and 
AT2G04030) and two component response regulator ARR7 (AT1G19050) were down-regulated during P and 
DRP but were up-regulated during D stress (Supplementary Fig. S6B). Collectively, the expression pattern of 
common genes among D, P and DRP transcriptome showed that the DRP transcriptome bears close resemblance 
with P stressed transcriptome. The reflected differences in D and DRP are specific to recovery6, 7, 28.

In addition, we found 56 genes that overlap between D and DRP stress where 26 and 30 genes showed sim-
ilar and tailored expression, respectively, in DRP when compared to D (Supplementary Fig. S7A). The expres-
sion pattern of AtPR1 and AtPR5 genes were commonly down-regulated, and those encoding TIR-NB-LRR 
disease resistance protein (AT1G56510) and PP2C3 (AT1G07430) were up-regulated in D and DRP stress 
transcriptome, indicating the continuance of some of the drought-induced events during recovery. On the 
contrary, among the tailored genes, those genes coding for hydroxyproline-rich glycoprotein family proteins 
(AT1G23040 and AT5G49280), proline-rich family proteins (AT5G12880), GDSL esterase/lipase (AT1G28660) 
and beta-D-xylosidase 4 (AT5G64570) that showed down-regulation under D stress condition were up-regulated 
under DRP stress (Supplementary Fig. S7A, Supplementary File S2). A number of tailored genes exhibited a 
reverse expression pattern under DRP stress in comparison to D condition indicated a recovery state, a result 
also observed in a previous study6. For instance, a few genes which were induced in response to DRP treatment 
exhibited a down-regulated expression during D stress (Supplementary Fig. S8). The presence of common genes 
with similar and tailored expression in DRP and D stressed plants indicated a transition state (between drought 
and control) of these plants.

We also observed 212 genes that were commonly expressed in DRP and P stresses, wherein 208 genes showed 
similar expression and only four genes showed tailored expression (Supplementary Fig. S7B). For example, one 
batch of genes with tailored expression pattern were those encoding beta amylase 5 (AtBAM5), WRKY DNA 
binding protein 54 (AtWRKY54) and short chain dehydrogenase reductase 3a (AtSDR3) that were up-regulated 
under P only stress but down-regulated under DRP stress (Supplementary File S2). Prevalence of similar 
responses between P and DRP plants showed a close association between that of DRP with P induced transcrip-
tome responses. These results were in concurrence with hierarchal clustering data (Supplementary Fig. S1C). 
Recently, Olivas et al.32 imposed sequential stress on A. thaliana with prior drought stress followed by recovery 
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Figure 1. Overview of transcriptome profile of Arabidopsis thaliana exposed to drought-recovery-
pathogen treatment in comparison to drought recovery and pathogen treatments. A. thaliana was exposed 
to Pseudomonas syringae pv. tomato DC3000 (Pst DC3000; P) and combined drought-recovery-pathogen 
(DRP) treatments as outlined in Figure S1. Microarray hybridization on Affymetrix WT gene chip array was 
conducted using total RNA isolated from leaf samples (38-d-old plants) harvested at 24 hours post treatment 
(hpt). Differentially expressed genes (DEGs) in each stress treatment were identified in comparison to control 
conditions and threshold was set at change greater than 2 fold and ANOVA p value < 0.05. Differentially 
expressed genes under drought recovery (DR) were retrieved from Coolen et al.30. Venn diagram between DEGs 
in individual (DR and P) and combined (DRP) stress revealed the presence of transcripts exclusively under DRP 
stress and were regarded as ‘unique’ genes, and ‘common’ transcripts shared between individual and combined 
stresses (A). Expression profile of genes common among DR, P and DRP is presented in the form of heat map. 
Common transcripts were categorized as genes with similar expression pattern in all the three stress conditions 
and as genes with ‘tailored’ expression pattern under different stresses (up-regulated vs. down-regulated 
and vice versa) (B). Expression values were used to plot heat maps using GENE-E software (http://www.
broadinstitute.org/cancer/software/GENE-E/). Colour bar scale shows the fold change range with a red and 
blue colour representing up- and down-regulation respectively. Corresponding gene names and descriptions for 
the gene IDs presented in the figure are provided in Supplementary File S1. Genes common to individual and 
combined stress and genes unique to the DRP stress were functionally categorized and represented based on 
gene ontology (GO) biological process (C).

http://S1
http://www.broadinstitute.org/cancer/software/GENE-E/
http://www.broadinstitute.org/cancer/software/GENE-E/
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and Botrytis cinerea or Pieris rapae infection and inferred that the effect of a previous stress on plant transcrip-
tome is abrogated by the subsequent stress imposed.

Besides shared genes, DRP transcriptome had genes with expression unique to DRP. These genes include 
those encoding NAC (NAC3 and NAC6), bZIP transcription factor (AT4G35900), PP2A (AT5G28900), serine/
threonine protein kinase (SRKC2), lipid transfer protein (AT4G12500), cysteine proteinase (AT3G49340) and 
pathogenesis related protein 4 (PR4). RT-qPCR results for few genes unique to DRP showed expression pattern 
similar to the microarray, and this confirmed the unique expression of these genes under combined DRP treat-
ment (Fig. 2, Supplementary Fig. S9). Taken together, these results concede to the existence of new state of stress 
in DRP plants that are different from that of individual stress. Also, the present observation is consistent with the 
observations of the previous studies on drought-pathogen interaction3, 4, 15.

To understand defense mechanisms under pathogen infection during drought (DP) and drought-recovery 
(DRP), DEGs under DRP stress were compared with those under DP stress condition (Supplementary Fig. S10). 
The expression profile of genes in both combined stress conditions was classified in three modes based on 

Figure 2. RT-qPCR validation of microarray data from DRP treated plants. Highly expressed unique genes 
under DRP stress from microarray were selected and corresponding transcript accumulation under D, P and 
DRP stress treatment were compared by RT-qPCR analysis. Fold change in expression levels relative to the 
control samples were normalized to AtACTIN2 gene expression. RT-qPCR based quantification was performed 
with three biological replicates (two technical replicates each). Graph represents the relative fold change values 
(compared to control or mock treatment) in the expression of genes encoding for AtACS11 (A) AtAPK4 (B) 
AT1G69570, a DOF-type Zinc finger type protein (C) AT3G49340, a cysteine proteinases superfamily protein 
(D) and AT5G44570, an unknown protein (E). Represented data are the average of three biological replicates 
from one experiment, and error bars show standard error of the mean (SEM). Significance was calculated 
using Student’s t-test where * and ‡ symbol shows significance at p < 0.05 over drought and pathogen stress 
respectively. Fold change values in gene expression obtained from microarray and RT-qPCR analysis under 
DRP stress treatments were compared with scatter plot (F). Gene names and descriptions for the gene IDs 
presented in the figure are provided in Supplementary File S2. Details of primers used in the study are provided 
in Supplementary File S4.

http://S9
http://S10
http://S2
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clustering pattern (Supplementary Fig. S10). Those clustered with a similar trend of expression pattern under 
DRP and DP stress were referred as ‘DRP-DP similar’. Similarly, those clustered with high expression under DRP 
stress in comparison to the DP stress were ‘DRP-DP pronounced’ and cluster with unperturbed (no change in 
expression) or opposite (up and/or down-regulation) expression under DP compared to DRP stress were referred 
as ‘DRP specific’. A larger fraction of genes belonged to ‘DRP specific class followed by ‘DRP-DP pronounced’ and 
‘DRP-DP similar’ classes. This analysis indicates that the plant perceives DRP as altogether a different treatment 
when compared to DP stress. Furthermore, GO ‘response to stress’ was more prevalent in ‘DRP-DP similar’ and 
‘DRP specific’ (over ‘DRP-DP pronounced’) implicating an existence of stress memory and uniqueness of DRP 
treatment. Developmental processes and cell organization and biogenesis were more prevalent in ‘DRP specific’, 
and these were absent from DP stress indicating the resumption of normal growth processes upon recovery in 
DRP (Supplementary Fig. S10). GO’transcription’ was down-regulated in all three classes. Electron transport 
and energy pathways were preferentially up-regulated in ‘DRP-DP pronounced’ responses. Essentially, in DRP 
stressed plants ‘DRP-DP similar’ responses were dominated, and this could be one of the reasons for the reduc-
tion in bacterial number.

Global transcriptomic analysis revealed activated defense responses in DRP over D and 
P stressed plants. Functional categorization of D, P and DRP stress transcriptome revealed not only 
enriched stress responses to drought stress and defense responses but also revealed many activated genes related 
to other stresses namely, cold, salt, oxidative stress, high light intensity, high temperature, wounding and her-
bivory (Supplementary Figs S11 and S12, Supplementary File S3). This data and earlier literature information 
on these stresses7, 33 suggest a probable activation of basal stress responses in D, P and DRP plants. In order 
to further dissect these ‘common’ molecular events, we organized DEGs under DRP treatment into stress wise 
categories and mapped them to different pathways. DRP stressed transcriptome exhibited up-regulation of abi-
otic stress related genes encoding calmodulin binding protein 25 (AtCAMBP25), dehydrin Xero2 (AtLTI30), 
early-responsive to dehydration stress protein (AtERD4), chaperone protein dnaJ 8 (AtTOC12), major latex pro-
tein like 43 (AtMLP43) and down-regulation of genes coding for heat shock proteins (AT4G32208, AT3G07770, 
AT3G17830, AT5G52640 & AT5G12020) (Fig. 3A). Biotic stress related genes viz., protection of telomeres pro-
tein 1b (AtPOT1b), UDP-glycosyltransferase 73C5 (AtDOGT1), protein phloem protein 2-LIKE A5 (AtPP2-A5), 
AtDR4, respiratory burst oxidase-D (AtRBOHD), TIR-NBS (AT1G72920) and TIR-NBS-LRR class (AT1G72900) 
were up-regulated while pathogenesis related proteins AtPR1, AtPR4, AtPR5, pathogen and circadian controlled 
1 (AtPCC1) were down-regulated in DRP plants (Fig. 3A). Furthermore, the DEGs under D, P and DRP stress 
were mapped onto the pathogen-associated molecular pattern (PAMP) triggered immunity (PTI) pathway 
(Fig. 3B). We observed the up-regulation of genes encoding calmodulin like (CML24) proteins in all the three 
cases. AtHSP90 gene expression was up-regulated in D stress but was down-regulated in P and DRP treated 
plants (Fig. 3B). Additionally, AtRbohD and AtMPK3 expression was enhanced under both P and DRP treated 
plants though the expression was higher in the latter case (Fig. 3B). AtRbohD gene product has been implicated 
in ROS production in PAMP-induced defense and is known to act downstream of MAP kinases (MPK3) to pos-
itively regulate callose deposition34. On the other hand, pathogens use effectors to suppress plant immunity35–38. 
HopN1 effector targeted degradation of plant PsbQ gene (involved in photosynthesis) is a contributory factor 
for Pst DC3000 virulence in susceptible plants39. Our study showed an up-regulated expression of PsbQ in DRP 
plants (Fig. 3C) and thus reflected activation of a possible mechanism by which DRP plants can evade effectors 
and sustain downstream defenses. Besides, some pathogen virulence factors also target plant genes and assist in 
pathogen entry and virulence into the plant cell. For example, coronatine released by Pst DC3000 suppresses the 
expression of AtMyb5140. DRP stressed plants exhibited higher expression of AtMyb51 (Fig. 3C) which implicates 
an upsurge in the glucosinolates and callose deposition as a part of the basal defense in infected plants. AtMyb51 
enhances the expression of cytochrome P450 monooxygenases involved in glucosinolate metabolism41 and also 
mediates callose deposition42.

We also noted four common genes with a tailored expression between P and DRP treated plants 
(Supplementary Fig. S7B). As stated in previous section, these genes encoding beta amylase 5 (AtBAM5), 
WRKY DNA binding protein 54 (AtWRKY54), a hypothetical protein and short chain dehydrogenase reduc-
tase 3a (ATSDR3) were up-regulated under P only stress while these were down-regulated under DRP stress 
(Supplementary Fig. S7B, Supplementary File S2). The differential expression of these genes is in concurrence 
with the literature43 and this activated defense is likely one of the many reasons for reduced pathogen number in 
DRP (over P only stressed plants).

Since the previous results indicate that plants respond to drought stress and recovery in a distinct way and the 
pathogen infection at this stage altered the balance of global transcriptome, we proposed that even the metabo-
lism of some prominent metabolites could be altered. Based on previously published literature and the pathway 
analysis of the transcriptome obtained in our study, we propose that three pathways viz., proline and polyam-
ine metabolism and sugar transport could be altered in DRP over P stressed plants. Proline level is reported to 
increase during D and P stress44, 45. We observed up-regulation of AtP5CS1 (involved in proline biosynthesis) 
and down-regulation of AtProDH2 (involved in proline breakdown) under D stress, which was consistent with 
the previous study (Supplementary Fig. S13A). During P stress, we observed a down-regulation of AtP5CS1 but 
an up-regulation in AtPRODH2 and AtSRO5 (which represses expression of P5C dehydrogenase) expression 
(Supplementary Fig. S13A). These results are in line with earlier reports46, 47. Upon re-watering, proline has been 
reported to revert to non-stress levels (Supplementary Fig. 2E)7, 9, 13. In the current study, DRP plants exhibited 
up-regulation of AtProDH1 and AtSRO5 indicating higher catabolism of proline and also implies augmentation 
of P5C in mitochondria (Supplementary Figs S2F, S13A, S14, S15). Increased P5C synthesis in mitochondria by 
induction of proline dehydrogenase (AtProDH1 and AtProDH2) and delta-ornithine aminotransferase (AtδOAT, 
involved in the synthesis of P5C from ornithine) encoding genes, had been implicated in defense response of 
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Figure 3. Expression profile of ‘defense’ and other ‘stress’ related transcripts under DRP treatment. DEGs (fold 
change cut-off ≥2) under individual D, P stresses and combined DRP treatment were associated with ‘defense’ 
and ‘stress’ related processes. Heat maps represent expression profile of stress-related genes (A). Differentially 
expressed genes were mapped onto abiotic and biotic stress category as provided by MAPMAN. Heat map 
represents expression of biotic stress related genes specifically involved in pathogen-associated molecular 
pattern (PAMP) triggered immunity (PTI) and effector-triggered immunity (ETI) pathways under individual 
drought (D), pathogen (P) and combined DRP treatment (B). Genes involved in PTI and ETI were curated from 
KEGG pathways. Heat map depicts expression pattern of biotic stress-related plant genes targeted by bacterial 
virulence factors including coronatine (COR) and PAMP or different bacterial effectors (secreted into the plant 
cell and contributing to the virulence) (C). The plant genes targeted by virulence factors were manually curated. 
Gene expression values were used to draw heat maps where colour bar scale shows the fold change range with 
a red and blue colour representing up- and down-regulation respectively. Gene IDs for the corresponding gene 
names presented in the figure are provided in Supplementary File S2.

http://S2
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Nicotiana benthamiana and A. thaliana against bacterial pathogens23. AtProDH1 gene was previously shown to 
be induced under rehydration and also in response to exogenous proline29.

We also observed an up-regulated expression of AtP5CDH in DRP plants (it was down-regulated in P stressed 
plants) which implicates higher production of glutamate semialdehyde (GSA). GSA is transported out of mito-
chondria and in exchange proline is imported from cytosol through the action of unknown glutamate/proline 
antiporters48. Consistent with this, other studies also indicated that after rehydration, accumulated proline is 
transported to mitochondria and is catabolized due to up-regulation of AtProDH1 and AtP5CDH -mediated 
step6, 8.

In this regard, ProDH1 is a likely candidate contributing to ‘shared response’ of plants undergoing combined 
stress. Its tailored expression indicates a differential role in combined and individual stresses (Fig. 4A) despite its 
function known under D or P stress, its role under combined DRP has not yet been characterized. We further 
functionally characterized the role of ProDH1 (Salk 119334 C, Supplementary Fig. S16) during combined DRP 
stress. During Pst DC3000 infection, atprodh1 mutant plants were more susceptible and showed enhanced disease 
symptoms as compared to the control plants, and this data corresponds to the earlier report49. Importantly, the 
quantitative analysis of bacterial multiplication showed more growth of Pst DC3000 which was accompanied by 
a more drastic cell death in the leaves of DRP stressed atprodh1 mutant when compared to the wild-type plants 
(Fig. 4). ProDH1 role was also evident under DP combined stress, where its absence imparted susceptibility 
(Fig. 4). This indicates a weakened defense in DRP stressed atprodh1 mutant plants. The susceptible phenotype of 
atprodh1 plants is known to be associated with the higher content of endogenous proline in these plants under P, 
DRP and DP stresses (Fig. 4F). atprodh2 mutants, on the contrary, showed enhanced tolerance to individual and 
combined stresses (Supplementary Figs S16 and S17). Thus, the common response of ProDH1 expression during 
DR, P and DRP stresses holds the key in regulating plant defenses during different combined stresses. Taken 
together, we propose a model wherein the signaling of proline degradation and transport during DR is one of 
the major contributors to P5C build-up in DRP plants (Supplementary Fig. S15). P5C production is known to be 
involved in imparting broad-spectrum defense responses.

Furthermore, the Arabidopsis accessions for polyamine biosynthesis and catabolism related genes were 
retrieved from literature and DEGs under D and P stress and DRP treatment were mapped onto the polyam-
ine pathway. Notably, our results revealed an up-regulation of genes involved in polyamine biosynthesis in 
individual D (spermidine synthase, SPDS2) and P (arginine decarboxylase, ADC2) stresses (Supplementary 
Fig. S13B). However, DRP plants exhibited an up-regulation of the catabolic gene, polyamine oxidase (AtPAO1) 
and down-regulation of spermidine biosynthesis gene, AtSPDS2 (Supplementary Fig. S13B). AtPAO1 catabolizes 
SPM to produce SPD50. In accordance with our results, the speculated increase in Spd and Spm levels could 
be associated with recovery from water stress51. It thus appears that the spermidine production in a catabolic 
reaction is more important than its direct synthesis. Furthermore, PAO has been proposed as a major factor for 
conferring resistance of drought stressed grapevine to Botrytis cinerea in a combined stress treatment52. Thus, our 
study provides a clue about the active role of polyamine catabolism in DRP plants.

To probe the involvement of sugar transport in plant defense during recovery, we mapped the DEGs under D, 
P and DRP stress onto three categories of sugar transport pathways, AtSWEETs, hexose and other sugar trans-
porters (Supplementary Fig. S13C). In our study, we observed a consistent up-regulation of AtSWEET4 under all 
three treatments viz., D, P and DRP (Supplementary Fig. S13C). Besides, we also observed a down-regulation of 
AtSWEET1, AtSWEET2 and AtSWEET12 (Supplementary Fig. S13C). In P only stressed plants, we noted that the 
genes encoding for AtSWEET1 and AtSWEET13 were up-regulated and the genes encoding for hexose transport-
ers major facilitator superfamily protein and nucleotide/sugar transporter family protein were down-regulated 
(Supplementary Fig. S13C). During DRP stress, AtSWEET13, and hexose sugar transporters AtERD6, AtTMT1 
and AtSUC6 exhibited an up-regulated expression pattern (Fig. 3C). The up-regulated expression of AtSWEET13 
could be either a result of recovery6 or phytopathogen could influence it52. The up-regulation of AtSWEET13 and 
sucrose symporter AtSUC6 suggests that the plants channelize the nutrients during DRP stress and curb availabil-
ity of nutrients to the pathogen in the apoplast53, 54. Our results second with previous literature that during water 
deprivation, plants repress sugar transport and minimize energy dissipation; however, upon recovery, when the 
normal growth processes are resumed, the sugar transport from source to sink is activated again6. This contrib-
utes to the activated defenses in DRP plants.

In summary, our results from transcriptome analysis followed by functional validation using mutants impli-
cate an activation of proline catabolism. Furthermore, the transcriptome analysis showed a relevance of poly-
amine and sugar transport in DRP plants (Supplementary Fig. S18). These probably define the unique defenses 
operating in these plants over P or D stressed plants.

DRP stressed plants showed unique changes in hormone biosynthesis and their signaling 
over individual stresses. Transcriptome analysis of unique molecular responses under DRP revealed 
up-regulated expression of genes involved in jasmonate (JA) and ethylene (ET) biosynthesis (Supplementary 
Fig. S14). ABA signaling related genes were up-regulated, but salicylic acid (SA) signaling related genes were 
down-regulated in DRP plants (Supplementary Fig. S14). This was consistent with our results on GO categories 
with ‘response to SA’ being over-represented in down-regulated DEGs in DRP plants (Supplementary Fig. S12). 
We also observed enrichment of GO ‘SA mediated signaling’ with up-regulated genes during DRP. Our results are 
further supported by the earlier report on the existence of both SA-dependent and SA-independent defense path-
ways operating in plants infected with Pst DC300055. This indicates that SA mediates the activated and unique 
defense responses under combined DRP treatment.

Further, GO analysis for up-regulated genes showed enrichment of ‘ABA responses’ under D stress, SA, JA 
and ET under P stress (Supplementary Fig. S11). On the other hand, gibberellin and cytokinin responses were 
enriched in down-regulated genes for D and P stresses, respectively (Supplementary Fig. S12). Down-regulation 
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Figure 4. AtProDH1 gene modulates plant tolerance under combined stress. atprodh1 mutant and wild-type 
(Wt) plants were exposed to individual drought (D, at 40% FC), pathogen (P, at 104 CFU/mL) and drought 
recovery (DR) and combined drought recovery-pathogen (DRP) and drought-pathogen (DP) treatments. Heat 
map showing expression pattern of AtProDH1 gene (AT3G30775) was drawn using linear fold change values 
(D over C and P, DRP over M) from microarray-based transcriptome profile and is presented here (A). Colour 
bar in blue and red shows down- and up-regulated expression respectively. AtProDH1 transcript expression 
is shown in WT plants under D, P, DR, DRP and DP stress at 2, 6 and 24 hpt. Semi-quantitative reverse 
transcriptase PCR was performed with 50 ng of total RNA for 34 cycles. Ubiquitin (AtUbi5) gene expression was 
studied as a reference in the respective samples and is presented as loading control (B). Diseased leaves exhibit 
chlorosis or cell death. Disease phenotype was captured at 4 days post treatment (dpt) in WT and atprodh1 
mutant plants under individual and combined stress treatments and is presented for four biological replicates 
(C). Disease-associated cell death was captured using trypan blue staining at 3 dpt in Wt and atprodh1 plants 
in three biological replicates. The extent of cell death is directly proportional to the intensity of blue colour 
and is represented as fold change over absolute control along each image (ImageJ software) (D). Bacterial 
multiplication in inoculated plants (P, DRP and DP) was monitored at 1 and 3 dpt. Bars represent the mean and 
SEM for eight biological replicates. Statistical significance for a particular treatment in the mutant plant was 
determined over respective Wt using student’s t-test. Asterisk represents statistically significant value at P < 0.05 
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of growth hormone-related genes and activation of defense related genes thus indicate more robust defense sign-
aling overgrowth processes under D and P stresses. However, in DRP plants, we did not notice such enrichment 
which again implicates the DRP responses to be very specific.

Tradeoff between primary metabolism and stress specific pathways in DRP plants. To probe a 
correlation between primary metabolism and defense pathways, the transcriptomic datasets under individual D, 
P and combined DRP treatments were associated with gene ontology (GO) biological processes (corrected p value 
threshold as 0.05 using BiNGO). Functional analysis revealed that the transcriptome of all the stresses studied 
was enriched with GO category ‘response to stress’ implying a state of stress realized by plants (Supplementary 
Figs S11 and S12).

The drought stressed transcriptome was enriched with metabolic process, wherein both up- and 
down-regulated genes were associated with primary metabolism (Supplementary Figs S11, S12). However, A. 
thaliana was demonstrated to exhibit a reduction in growth but more photosynthetic capacity, which resulted in 
increased carbon surplus under drought stress56. In addition, cellular biosynthetic process, RNA and ribosomal 
metabolic processes and ABA-mediated signaling were up-regulated while GA-mediated signaling pathways were 
repressed during D stress. Such scenarios implicate an activated defense and reduced growth-related processes 
under D stress.

On the other hand, GO analysis of up-regulated genes under individual P stress displayed an enrichment of 
primary metabolic and signal transduction processes (Supplementary Fig. S11). It has been previously suggested 
that increased primary metabolism involving synthesis or degradation products of carbohydrates, amino acids 
and lipids, possibly moderates signal transduction cascades that lead to plant defense responses57. Up-regulated 
genes from P transcriptome data also correspond to enriched SA and JA-mediated signaling processes. GO anal-
ysis of down-regulated genes, showed an enrichment of the photosynthesis, chloroplast organization and chlo-
rophyll biosynthesis which is in accordance to pathogen-mediated chlorosis and interruption of photosynthesis.

Taken together, we infer that plants strike a balance between the cell maintenance and defense path-
ways while responding to DRP. Under these circumstances, the activation of defense-related pathways is 
counter-balanced by the repression of genes involved in growth-related primary metabolic pathways56, 58–60. 
Evidences show that mutants with constitutive defense exhibit suppression of growth-related pathways and 
reduced growth61–63. During DRP stress, repression of stress associated processes including protein folding and 
refolding and SA-mediated processes were also observed (Supplementary Fig. S12). However, under DRP stress, 
the up-regulated genes were enriched with processes namely cell communication, organic acid transport and 
SA-mediated signaling (Supplementary Fig. S11).

Conclusions
In the present study, we analyzed the transcriptome profile of D, P and DRP treated plants. We compared the tran-
scriptional changes in D and DRP plants with DR (from the previous study) plants and observed that the majority 
of the drought-induced transcriptomic changes were restored in DR and DRP. We also noted the persistence 
of some drought influenced transcriptomic changes through recovery. Overall, the transcriptional dynamism 
was maintained along gradients of host water status during pathogen infection. We attribute that the specific 
transcriptome changes in DRP, when compared to the pathogen, could be one of the reasons for the reduction in 
pathogen multiplication. Altogether, the results show that DRP plants underwent a drastic transition state dif-
ferent from that of control, drought and pathogen infection. Polyamine catabolism and the role of SA-mediated 
signaling were found to be distinct in DRP. Proline catabolism, on the other hand, forms a part of common plant 
responses elicited during individual and combined stresses. Further, we conclude that DRP plants maintain a 
balance between primary metabolism and defense processes.

References
 1. McElrone, A., Sherald, J. & Forseth, I. Effects of water stress on symptomatology and growth of Parthenocissus quinquefolia infected 

by Xylella fastidiosa. Plant Dis. 85, 1160–1164 (2001).
 2. Mohr, P. G. & Cahill, D. M. Abscisic acid influences the susceptibility of Arabidopsis thaliana to Pseudomonas syringae pv. tomato 

and Peronospora parasitica. Funct. Plant Biol. 30, 461–469 (2003).
 3. Choi, H.-K., Iandolino, A., Goes da Silva, F. & Cook, D. Water deficit modulates the response of Vitis vinifera to the Pierce’s disease 

pathogen Xylella fastidiosa. Mol. Plant. Microbe. Interact. 26, 643–647 (2013).
 4. Prasch, C. M. & Sonnewald, U. Simultaneous application of heat, drought, and virus to Arabidopsis plants reveals significant shifts 

in signaling networks. Plant Physiol. 162, 1849–1866 (2013).
 5. Gupta, A., Dixit, S. K. & Senthil-kumar, M. Drought stress predominantly endures Arabidopsis thaliana to Pseudomonas 

syringae infection. Front. Plant Sci. 7, 808 (2016).
 6. Oono, Y. et al. Monitoring Expression profiles of Arabidopsos gene during rehydration process after dehydrating using ca. 7000 full-

length cDNA microarray. Plant J. 34, 868–887 (2003).
 7. Huang, D., Wu, W., Abrams, S. R. & Cutler, A. J. The relationship of drought-related gene expression in Arabidopsis thaliana to 

hormonal and environmental factors. J. Exp. Bot. 59, 2991–3007 (2008).

(E). Relative water content (RWC) in Wt and mutant plants under different treatments was assessed at 24 hpt. 
Data represent the mean and SEM for three biological replicates. Asterisk represents statistically significant 
value at P < 0.05 based on Student’s t-test between well-watered plants and other treatments (F). Proline content 
in Wt and atprodh1 plants under different treatments was assessed at 24 hpt. Data are the mean of two biological 
replicates from one experiment. Bars represent mean ± SEM. Student’s t-test was applied to calculate statistical 
significance in mutant plants over respective Wt treatment. Asterisk represents statistically significant value 
at P < 0.05 (G). Wt, wild-type; AC, absolute control; D, drought; P, pathogen; DR, drought-recovery; DRP, 
drought-recovery-pathogen; DP, drought-pathogen; 1 and 3, 1 and 3 dpt.

http://S11
http://S12
http://S11
http://S12
http://S11
http://S12
http://S11


www.nature.com/scientificreports/

13Scientific RepoRts | 7: 9124  | DOI:10.1038/s41598-017-09135-y

 8. Vanková, R., Dobrá, J. & Štorchová, H. Recovery from drought stress in tobacco. Plant Signal. Behav. 7, 19–21 (2012).
 9. Filippou, P., Antoniou, C. & Fotopoulos, V. Effect of drought and rewatering on the cellular status and antioxidant response of 

Medicago truncatula plants. Plant Signal. Behav. 6, 270–277 (2011).
 10. Demidchik, V. et al. Stress-induced electrolyte leakage: The role of K+ -permeable channels and involvement in programmed cell 

death and metabolic adjustment. J. Exp. Bot. 65, 1259–1270 (2014).
 11. Alfano, J. & Collmer, A. Bacterial pathogens in plants: Life up against the wall. Plant Cell 8, 1683–1698 (1996).
 12. Simova-Stoilova, L. & Vassileva, V. Proteolytic activity in wheat leaves during drought stress and recovery. Gen. Appl. Plant Physiol. 

31, 91–100 (2006).
 13. Chen, D. et al. Genotypic variation in growth and physiological response to drought stress and re-watering reveals the critical role 

of recovery in drought adaptation in maize seedlings. Front. Plant Sci. 6, 1241 (2015).
 14. Harb, A., Krishnan, A., Ambavaram, M. M. R. & Pereira, A. Molecular and physiological analysis of drought stress in Arabidopsis 

reveals early responses leading to acclimation in plant growth. Plant Physiol. 154, 1254–1271 (2010).
 15. Gupta, A., Sarkar, A. K. & Senthil-Kumar, M. Global transcriptional analysis reveals unique and shared responses in Arabidopsis 

thaliana exposed to combined drought and pathogen stress. Front. Plant Sci. 7, 686 (2016).
 16. Kendziorski, C., Irizarry, R. A., Chen, K.-S., Haag, J. D. & Gould, M. N. On the utility of pooling biological samples in microarray 

experiments. Proc. Natl. Acad. Sci. United States Am. 102, 4252–4257 (2005).
 17. Maere, S., Heymans, K. & Kuiper, M. BiNGO: A Cytoscape plugin to assess overrepresentation of gene ontology categories in 

biological networks. Bioinformatics 21, 3448–3449 (2005).
 18. Untergasser, A. et al. Primer3-new capabilities and interfaces. Nucleic Acids Res. 40, e115 (2012).
 19. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods 25, 402–408 (2001).
 20. Wang, D., Pajerowska-Mukhtar, K., Culler, A. H. & Dong, X. Salicylic acid inhibits pathogen growth in plants through repression of 

the auxin signaling pathway. Curr. Biol. 17, 1784–1790 (2007).
 21. Flower, D. J. & Ludlow, M. M. Contribution of osmotic adjustment to the dehydration tolerance of water-stressed pigeonpea 

(Cajanus cajan (L.) Millsp.) leaves. Plant Cell Environ. 9, 33–40 (1986).
 22. Tripathy, J. N., Zhang, J., Robin, S., Nguyen, T. T. & Nguyen, H. T. QTLs for cell-membrane stability mapped in rice (Oryza sativa L.) 

under drought stress. Theor. Appl. Genet. 100, 1197–1202 (2000).
 23. Senthil-Kumar, M. & Mysore, K. S. Ornithine-delta-aminotransferase and proline dehydrogenase genes play a role in non-host 

disease resistance by regulating pyrroline-5-carboxylate metabolism-induced hypersensitive response. Plant Cell Environ. 35, 
1329–1343 (2012).

 24. Koch, E. & Slusarenko, A. Arabidopsis is susceptible to infection by a downy mildew fungus. Plant Cell 2, 437–445 (1990).
 25. Atkinson, M. M., Huang, J.-S. & Knopp, J. A. The hypersensitive reaction of tobacco to Pseudomonas syringae pv. pisi. Plant Physiol. 

79, 843–847 (1985).
 26. Atkinson, M. M., Keppler, L. D., Orlandi, E. W., Baker, C. J. & Mischke, C. F. Involvement of plasma membrane calcium influx in 

bacterial induction of the k/h and hypersensitive responses in tobacco. Plant Physiol. 92, 215–221 (1990).
 27. Atkinson, M. M., Midland, S. L., Sims, J. J. & Keen, N. T. Syringolide 1 triggers Ca2+ influx, K+ efflux, and extracellular alkalization 

in soybean cells carrying the disease-resistance gene Rpg4. Plant Physiol. 112, 297–302 (1996).
 28. Gosti, F., Bertauche, N., Vartanian, N. & Giraudat, J. Abscisic acid-dependent and -independent regulation of gene expression by 

progressive drought in Arabidopsis thaliana. Mol. Gen. Genet. 246, 10–18 (1995).
 29. Kiyosue, T., Yoshiba, Y., Yamaguchi-Shinozaki, K. & Shinozaki, K. A nuclear gene encoding mitochondrial proline dehydrogenase, 

an enzyme involved in proline metabolism, is upregulated by proline but downregulated by dehydration in Arabidopsis. Plant Cell 
8, 1323–1335 (1996).

 30. Coolen, S. et al. Transcriptome dynamics of Arabidopsis during sequential biotic and abiotic stresses. Plant J. 86, 249–267 (2016).
 31. Fraire-Velazquez, S., Rodriguez-Guerra, R. & Sanchez-Caldero, L. Abiotic and biotic stress response crosstalk in plants. Abiotic stress 

response plants - Physiol. Biochem. Genet. Perspect. 1–26, doi:10.5772/23217 (2011).
 32. Davila Olivas, N. H. et al. Effect of prior drought and pathogen stress on Arabidopsis transcriptome changes to caterpillar herbivory. 

New Phytol. 210, 1344-1356 (2016).
 33. Bozsó, Z. et al. Overlapping yet response-specific transcriptome alterations characterize the nature of tobacco-Pseudomonas 

syringae interactions. Front. Plant Sci. 7, 251 (2016).
 34. Ranf, S., Eschen-Lippold, L., Pecher, P., Lee, J. & Scheel, D. Interplay between calcium signalling and early signalling elements during 

defence responses to microbe- or damage-associated molecular patterns. Plant J. 68, 100–113 (2011).
 35. Underwood, W., Zhang, S. & He, S. Y. The Pseudomonas syringae type III effector tyrosine phosphatase HopAO1 suppresses innate 

immunity in Arabidopsis thaliana. Plant J. 52, 658–672 (2007).
 36. Boller, T. & Felix, G. A renaissance of elicitors: perception of microbe-associated molecular patterns and danger signals by pattern-

recognition receptors. Annu. Rev. Plant Biol. 60, 379–406 (2009).
 37. Dou, D. & Zhou, J. M. Phytopathogen effectors subverting host immunity: Different foes, similar battleground. Cell Host Microbe 12, 

484–495 (2012).
 38. Xin, X.-F. & He, S. Y. Pseudomonas syringae pv. tomato DC3000: A model pathogen for probing disease susceptibility and hormone 

signaling in plants. Annu. Rev. Phytopathol. 51, 473–498 (2013).
 39. Rodriguez-Herva, J. J. et al. A bacterial cysteine protease effector protein interferes with photosynthesis to suppress plant innate 

immune responses. Cell. Microbiol. 14, 669–681 (2012).
 40. Millet, Y. A. et al. Innate  immune responses activated in Arabidopsis roots by microbe-associated molecular patterns. Plant Cell 22, 

973–990 (2010).
 41. Gigolashvili, T., Yatusevich, R., Berger, B., Müller, C. & Flügge, U. I. The R2R3-MYB transcription factor HAG1/MYB28 is a regulator 

of methionine-derived glucosinolate biosynthesis in Arabidopsis thaliana. Plant J. 51, 247–261 (2007).
 42. Clay, N. K., Adio, A. M., Denoux, C., Jander, G. & Ausubel, F. M. Glucosinolate metabolites required for an Arabidopsis innate 

immune response. Science 323, 95-101 (2009).
 43. Wang, L. et al. Arabidopsis CaM binding protein CBP60g contributes to MAMP-induced SA accumulation and is involved in disease 

resistance against Pseudomonas syringae. PLoS Pathog. 5, e1000301 (2009).
 44. Fabro, G., Kovács, I., Pavet, V., Szabados, L. & Alvarez, M. E. Proline accumulation and AtP5CS2 gene activation are induced by 

plant-pathogen incompatible interactions in Arabidopsis. Mol. Plant. Microbe. Interact. 17, 343–350 (2004).
 45. Szabados, L. & Savour, A. Proline: a multifunctional amino acid. Trends Plant Sci. 15, 89–97 (2010).
 46. Kavi Kishor, P. B., Hima Kumari, P., Sunita, M. S. L. & Sreenivasulu, N. Role of proline in cell wall synthesis and plant development 

and its implications in plant ontogeny. Front. Plant Sci. 6, 544 (2015).
 47. Verbruggen, N. & Hermans, C. Proline accumulation in plants: A review. Amino Acids 35, 753–759 (2008).
 48. Qamar, A., Mysore, K. S. & Senthil-Kumar, M. Role of proline and pyrroline-5-carboxylate metabolism in plant defense against 

invading pathogens. Front. Plant Sci. 6, 503 (2015).
 49. Fabro, G., Rizzi, Y. S. & Alvarez, M. E. Arabidopsis proline dehydrogenase contributes to flagellin-mediated PAMP-triggered 

immunity by affecting RBOHD. Mol. Plant-Microbe Interact. 29, 620–628 (2016).
 50. Tavladoraki, P. et al. Heterologous expression and biochemical characterization of a polyamine oxidase from Arabidopsis involved 

in polyamine back conversion. Plant Physiol. 141, 1519–1532 (2006).

http://dx.doi.org/10.5772/23217


www.nature.com/scientificreports/

1 4Scientific RepoRts | 7: 9124  | DOI:10.1038/s41598-017-09135-y

 51. Peremarti, A., Bassie, L., Christou, P. & Capell, T. Spermine facilitates recovery from drought but does not confer drought tolerance 
in transgenic rice plants expressing Datura stramonium S-adenosylmethionine decarboxylase. Plant Mol. Biol. 70, 253–264 (2009).

 52. Hatmi, S. et al. Drought stress tolerance in grapevine involves activation of polyamine oxidation contributing to improved immune 
response and low susceptibility to Botrytis cinerea. J. Exp. Bot. 66, 775–787 (2015).

 53. Chen, L. Q. SWEET sugar transporters for phloem transport and pathogen nutrition. New Phytol. 201, 1150–1155 (2014).
 54. Srivastava, A. C., Ganesan, S., Ismail, I. O. & Ayre, B. G. Functional characterization of the Arabidopsis AtSUC2 Sucrose/H+ 

symporter by tissue-specific complementation reveals an essential role in phloem loading but not in long-distance transport. Plant 
Physiol. 148, 200–211 (2008).

 55. Andrew, P. K. et al. Resistance to Pseudomonas syringae conferred by an Arabidopsis thaliana coronatine-insensitive (coi1) mutation 
occurs through two distinct mechanisms. Plant J. 26, 509–522 (2001).

 56. Hummel, I. et al. Arabidopsis plants acclimate to water deficit at low cost through changes of carbon usage: An integrated perspective 
using growth, metabolite, enzyme, and gene expression analysis. Plant Physiol. 154, 357–372 (2010).

 57. Rojas, C. M., Senthil-Kumar, M., Tzin, V. & Mysore, K. S. Regulation of primary plant metabolism during plant-pathogen 
interactions and its contribution to plant defense. Front. Plant Sci. 5, 17 (2014).

 58. Herms, D. A. & Mattson, W. J. The dilemma of plants: To grow or defend. Q. Rev. Biol. 67, 283 (1992).
 59. Walling, L. L. In Advances in Botanical Research (ed. Research, B. T.-A. in B.) Volume 51, 551–612 (Academic Press, 2009).
 60. Huot, B., Yao, J., Montgomery, B. L. & He, S. Y. Growth-defense tradeoffs in plants: A balancing act to optimize fitness. Mol. Plant 7, 

1267–1287 (2014).
 61. Jambunathan, N., Siani, J. M. & McNellis, T. W. A humidity-sensitive Arabidopsis copine mutant exhibits precocious cell death and 

increased disease resistance. Plant Cell 13, 2225–2240 (2001).
 62. Zhang, Y., et al. A gain-of-function mutation in a plant disease resistance gene leads to constitutive activation of downstream signal 

transduction pathways in suppressor of npr1-1, constitutive 1. Plant Cell 15, 2636–2646 (2003).
 63. Yang, S. & Hua, J. A haplotype-specific resistance gene regulated by BONZAI1 mediates temperature-dependent growth control in 

Arabidopsis. Plant Cell 16, 1060–1071 (2004).

Acknowledgements
Projects at M.S.-K. lab are supported by DBT-Ramalingaswami re-entry fellowship grant (BT/RLF/re-
entry/23/2012). A.G. acknowledges SERB National Post-Doctoral Fellowship (N-PDF/2015/000116). NIPGR 
Plant Growth Facility is also duly acknowledged. We thank Mr. Siva Shanmugam for performing Cytoscape-
BiNGO based GO enrichment. We also thank Mr. Sundar, Mr. Rahim, Mr. Prem Negi and Mr. Ashok Kumar for 
extending technical help at the laboratory and central instrumentation facility. Authors thank Mr. Mehanathan 
Muthamilarasan and Mr. Joel Lars Fernandez for critical reading of the manuscript.

Author Contributions
M.S.-K. conceived the idea. M.S.-K. and A.G. designed the study. A.G. performed the experiments. A.G. analyzed 
the data. A.G. and M.S.-K. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-09135-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-09135-y
http://creativecommons.org/licenses/by/4.0/

	Transcriptome changes in Arabidopsis thaliana infected with Pseudomonas syringae during drought recovery

	Materials and Methods

	Plant growth conditions. 
	Pathogen inoculum preparation. 
	Drought stress imposition. 
	Drought recovery treatment. 
	Pathogen inoculation on re-watered plants. 
	Total RNA isolation. 
	Microarray labeling and hybridization. 
	Microarray data processing and analysis. 
	Validation of transcriptomic data. 
	In planta bacterial count. 
	Relative water content. 
	Electrolyte leakage assay. 
	Proline estimation. 
	Cell death assay. 
	Statistical analysis. 

	Results and Discussion

	Physiological responses of A. thaliana under DRP treatment. 
	Distinct transcriptome changes in combined DRP plants compared to individual DR, D and P treated plants. 
	Global transcriptomic analysis revealed activated defense responses in DRP over D and P stressed plants. 
	DRP stressed plants showed unique changes in hormone biosynthesis and their signaling over individual stresses. 
	Tradeoff between primary metabolism and stress specific pathways in DRP plants. 

	Conclusions

	Acknowledgements

	Figure 1 Overview of transcriptome profile of Arabidopsis thaliana exposed to drought-recovery-pathogen treatment in comparison to drought recovery and pathogen treatments.
	Figure 2 RT-qPCR validation of microarray data from DRP treated plants.
	Figure 3 Expression profile of ‘defense’ and other ‘stress’ related transcripts under DRP treatment.
	Figure 4 AtProDH1 gene modulates plant tolerance under combined stress.




