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Drought stress responses in maize are diminished by Piriformospora indica
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ABSTRACT
As an endophytic fungus of Sebacinales, Piriformospora indica promotes plant growth and resistance to
abiotic stress, including drought. Colonization of maize roots promoted the leaf size, root length and
number of tap roots. Under drought stress, the maize seedlings profited from the presence of the fungus
and performed visibly better than the uncolonized controls. To identify genes and biological processes
involved in growth promotion and drought tolerance conferred by P. indica, the root transcriptome of
colonized and uncolonized seedlings was analyzed 0, 6 and 12 h after drought stress (20% polyethylene
glycol 6000). The number of P. indica-responsive genes increased from 464 (no stress at 0 h) to 1337 (6 h
drought) and 2037 (12 h drought). Gene Ontology analyses showed that the carbon and sulfur
metabolisms are major targets of the fungus. Furthermore, the growth promoting effect of P. indica is
reflected by higher transcript levels for microtubule associated processes. Under drought stress, the
fungus improved the oxidative potential of the roots, and stimulated genes for hormone functions,
including those which respond to abscisic acid, auxin, salicylic acid and cytokinins. The comparative
analyses of our study provides systematic insight into the molecular mechanism how P. indica promotes
plant performance under drought stress, and presents a collection of genes which are specifically targeted
by the fungus under drought stress in maize roots.
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Introduction

With the impending global climate change, drought and
water deficit have become the major constraints for crop
production.1 As one of major crops, maize suffers from
drought and water deficit stress, which results in serious
yield loss.2 P. indica, as an endophytic fungus of Sebaci-
nales, has been well documented to enhance plant develop-
ment, production, and tolerance to abiotic stress in several
plant species.3,4 The multiple beneficial effects conferred by
P. indica colonization show the potential to improve maize
productivity under abiotic stress such as drought.

P. indica was first reported as a novel endophyte to pro-
moting root development.3-5 Later, plants colonized with P.
indica were found to be promoted in biomass accumula-
tion3,5,6 and nutrient uptake.7 In addition, P. indica also
confers abiotic stress tolerance, especially under salinity and
drought stress.8-12 To deal with drought stress, higher plants
have evolved multiple strategies at the molecular, cellular
and physiological levels.13 At the cellular level, compatible
solutes, e.g., amino acids, amines and carbohydrates, are
produced to maintain cell turgor pressure to stabilize pro-
teins and cellular structure.14-16 Furthermore, plants have

developed enzymatic and non-enzymatic antioxidant
defense mechanisms to avoid oxidative damage and main-
tain the redox homeostasis.1 At the molecular level, genes
related to the synthesis of osmoprotectants, detoxifying
enzymes and transporters, transcription factors, protein kin-
ases and phosphatases are induced under drought stress.16,17

Notably, phytohormones play pivotal roles in coordinating
various signal transduction pathways during response to
environmental stress.18,19 Abscisic acid (ABA) is involved in
drought stress responses in plants and many genes respond
to this stress through ABA-dependent and ABA-indepen-
dent pathways.17,20 In addition, auxin, cytokinin, ethylene,
gibberellins, jasmonic acid, and brassinosteroids contribute
to drought tolerance in plants in various ways.21-25

Relatively little is known about the mechanism of drought
tolerance when plants are colonized with P. indica. In Arabi-
dopsis, drought responsive genes were induced under drought
stress when colonized with P. indica.26 In Chinese cabbage and
maize, P. indica confers drought tolerance in leaves by stimulat-
ing antioxidant enzymes and drought-related genes.10,27 These
studies have assigned certain roles to a few genes coding for
key components in the drought stress response, but a global
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view on genes involved in this stress and how the gene products
function remain unclear. In particular, the effect of the fungus
on the expression of genes in drought-stressed roots, the pri-
mary target organ of the fungus, is little investigated.

In this study, RNA-seq was exploited to discover genes in
roots differentially expressed among maize seedlings colonized
with or without P. indica under drought stress. We identified
genes and predict metabolic pathways as potential targets of P.
indica under drought stress.

Results

Morphological changes induced by P. indica under
drought stress

Maize seedlings at the three-leaf stage were analyzed 15 DAI by
P. indica and compared to the uncolonized control. P. indica
chlamydospores were clearly lined up intercellularly in and
around maize tap root (Fig. 1A). Compared with uncolonized
maize seedlings (P. indica-), plants colonized with P. indica
had more and longer leaves (Fig. 1C-D).

Maize seedlings co-cultivated with P. indica or mock-treated
in sand for 15 days were exposed to drought for seven days,
and allowed to recover for additional two days. As expected,
the leaf areas of drought-exposed seedlings were smaller than
those of the none-stressed controls, but in both cases, colonized
plants had larger leaf areas than the uncolonized plants
(Fig. 1H). Similar results were observed for root traits (length,
fresh and dry weights) (Fig. 1E-G). Notably, root dry weight
was significantly higher for colonized plants than for all other
treatments (Fig. 1G). Thus, the effect of P. indica on drought-
exposed and control roots was investigated by pair-end
sequencing based transcriptome analysis.

Pair-end sequencing based transcriptome analysis
of maize tap roots infected by P. indica and under
drought stress

To further elucidate the mechanism of P. indica-induced
drought tolerance, transcriptome analysis was carried out by
RNA-seq (pair-end sequencing) for seedlings which were either
colonized by P. indica for 15 days or mock-treated, before
exposure to 20% polyethylene glycol (or water) for 0, 6 and 12
h.28 The combination of these four treatments was repeated
three times (Fig. 2A).

Over 720 million reads were generated from the 12 cDNA
libraries. After adaptor sequences and low quality reads were
removed, a total of 599 million clean reads were obtained. For
each treatment, approximate 24.95 million clean reads
(»63.4% of total clean reads) were mapped to the maize
genome (Zea mays cv. B73). Approximately 50.8% of the clean
reads were uniquely mapped to the genome and 49.2% were
mapped to multiple genomic locations. In total, »83.3% of
genome-mapped sequences were related to annotated protein-
coding gene models (www.phytozome.net/maize) (Table S1).

A total of 35 to 45 thousand transcripts mapped to the
gene model were detected in each treatment set (Table 1),
which accounts for an average of 63.9% of total annotated
gene models in maize (B73). As outlined in Fig. 2, genes that

showed significantly different expression levels (p<0.01,
FDR<0.05) are defined as differentially expressed genes
(DEGs). DEGs at each time point between different treatments
spanned from approximately 2300 to 10000 [only genes with
log2 fold change > 1.6 were taken into account, p<0.01,
FDR<0.05] (Table 2). The gene expression pattern before
PEG application (t D 0 h) was significantly different from
those 6 and 12 h after the PEG treatment (6 and 12 HAT),
indicating that the maize seedlings effectively responded to
drought stress (Fig. 2B, red box). Notably, changes in maize
gene expression patterns between 6 HAT and 12 HAT for the
different treatments were largely correlated except for 6 HAT
of P. indicaC/DroughtC (Fig. 2B).

Transcripts responding to drought stress

Transcriptomic analysis identified 1337 DEGs which
responded to drought stress (Table 3, Table S2), 523 (341)
genes were either up- or down-regulated at both time
points (6 and 12 HAT, respectively), while 473 genes were
up-regulated at one and down-regulated at the other time
point (Table 2).

GO enrichment analysis classified these DEGs into 4 clus-
ters, by the K-means clustering algorithm (Fig. 3A, B). The
majority of genes which are down-regulated 12 HAT code for
structural constituents of the ribosomes or carboxylic acid
binding proteins (Chi-square test p<0.01, FDR<0.05). Upregu-
lated DEGs code for proteins involved in signal perception and
pathogenesis. Genes were first down-and later up-regulated
participate in carbohydrate metabolism, oxidoreductase activi-
ties, and in particular in phosphoric ester hydrolase and trans-
ferase activities (Fig. 3B) (Detailed GO annotation of this set of
genes is shown in Table S3).

Overall, genes for carbon fixation and the C-metabolism
(glyoxylate, dicarboxylate, starch, sucrose, amino acids (in
particular glycine, serine, and threonine metabolism), ascor-
bate, pyrimidine and pyruvate metabolic pathways) were
downregulated under stress, while the sulfur metabolism
was up-regulated (Fig. 6A). These results indicate that the
carbon-sulfur balance has been rebalanced in response to
drought stress in maize roots.

Transcripts regulated by P. indica colonization

464 genes responded to P. indica in maize without stress of which
113 were up- and 132 down-regulated at both time points (6HAT
and 12HAT), while 219 DEGs were up-regulated at one
time point and down-regulated at the other time point
(Fig. 4A, Table 2, Table S4). GO and KEGG analyses showed that
P. indica stimulates microtubule-basedmovements which includes
genes for a b-6 tubulin (GRMZM2G172932_T02) and three
kinesins (GRMZM2G033785_T01/GRMZM2G113652_T03/
GRMZM2G082384_T04) (Fig. 4A, B; Table S5). Furthermore,
genes for carbon fixation, sugar metabolism, ATP synthesis and
ribosomes were stimulated by the fungus, suggesting that pathways
which required these components are targets of P. indica to stimu-
late growth of maize roots.
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P. indica colonization enhanced expression of drought
tolerance related genes

Since P. indica-colonized maize seedlings showed enhanced
drought tolerance (Fig. 1), the gene expression profiles were also
analysed for colonized and uncolonized plants exposed to

drought stress. Compared to P. indica-colonized plants not
exposed to drought, 2037 genes were differentially expressed in
P. indica colonized plant exposed to drought stress (Table 2;
Table S7). Upregulated genes were significantly enriched for 17
biological processes, including processes involved in signal per-
ception, stress responses, redox regulation, transport and

Figure 1. Phenotype differences between maize seedlings colonized and uncolonized by P. indica. (A) Typical root architecture of maize 15 days after inocula-
tion (left) or uninoculation (B, right) with P. indica, P. indica chlamydospores on maize tap root inspected by Trypan blue staining (white arrow) at 15 DAI
under microscope (Leica DM5000 B, Germany), with scale barD20 mm. (C, D) Typical shoot and root phenotype of maize 15 days after inoculation (right) or
uninoculation (left) with P. indica, with scale barD5 cm. (E-H): Length of tap root (E), fresh weight (FW) of roots (F), dry weight (DW) of roots (G), and leaf
area (H) of maize seedlings inoculated or uninoculated with P. indica under drought stress, while uninoculation and not-drought stress-exposed seedlings
were used as control. All experiments were performed with at least 3 replications. Statistically significant differences are labeled with letters (p< 0.05, two-
wayfactor ANOVAone way ANOVA).
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distribution of proteins within different cellular compartments
(Fig. 5B, C; Table S5). Many of these DEGs code for membrane-
localized proteins (Fig. 5C, Table S8). Down-regulated DEGs
mostly code for protein with FMN/FAD binding and oxidore-
ductase activities (Fig. 5A, B). The phenylalanine, cysteine,
methionine, and tryptophan metabolisms were up-regulated as
well, while the nitrogen metabolism was down-regulated. Addi-
tionally, up-regulation of genes for cutin, suberine and wax bio-
synthesis (Fig. 6A), suggests that these biosynthetic pathways
were specific target of P. indica under drought stress. Interest-
ingly, irrespective of the presence or absence of the fungus, genes
involved in the carbon fixation, as well as in the glyoxylate and
dicarboxylate metabolisms were down-regulated, while those
involved in glycerophospholipid metabolism were up-regulated
under drought stress (Fig. 6A).

Phytohormone-related genes were involved in drought
stress tolerance

Drought stress resulted in up-regulation of auxin responsive
genes (Aux/IAA), genes for auxin-related transcription factors

(ARF) and glutamine S-transferases (GSTs),29 suggesting a pos-
itive role of auxin in the response to drought. ARR9
(GRMZM2G319187_T03), a type A gene of the cytokinin sig-
naling pathway, was inhibited when drought stress was applied
to P. indica-colonized maize seedlings, while the type B gene
ARR2 (GRMZM2G126834_T02) was induced (Fig. 6B).
SnRK2s is a key component activated by osmotic stress that
plays a significant role in ABA signaling.30 In our study, differ-
ent homologues of SnRK2.6 (GRMZM2G138861_T01) were
either up- or down-regulation in P. indica uncolonized
seedlings under drought stress (Fig. 6B). This holds also true
for MYB, NAC, and AP2/ERF genes involved in ABA signaling
(Fig. 6B). In addition, the gene for the salicylic acid
inducible basic leucine zipper transcription factor TGA1/4
(GRMZM2G131961_T01/GRMZM2G131961_T04) was down-
regulated (Fig. 6B), while TGA9/10 (GRMZM2G030877_T01/
GRMZM2G006578_T03) exhibited a disparate expression pat-
tern in response to drought stress (Fig. 6B). These data demon-
strate that the fungus targets phytohormone-dependent
signaling pathways to counteract drought stress in maize
roots.

Figure 2. Experiment design and expression correlation between maize genes in roots (A) Strategies to decipher P. indica-induced drought tolerance related genes. (B)
Clustering of different samples by spearman correlation analysis based on FPKM (Fragment Per Kilo bases per Million reads) of each transcript. The color scale indicates
the degree of correlation coefficient (blue for low correlation and pink for high correlation). Samples clustered together were indicated by rectangle box (red, blue, and
green, respectively). The map was generated using R packages.

Table 1. Statistics of transcripts identified from different treatments.

Series No. Treatment Time point Transcripts identified Num. expression Ratio(%)a

1 P. indicaC/DroughtC 0 HAT 43764 19477 69.2
2 P. indicaC/DroughtC 6 HAT 34853 28388 55.1
3 P. indicaC/DroughtC 12 HAT 36496 26745 57.7
4 P. indica-/DroughtC 0 HAT 43536 19705 68.8
5 P. indica-/DroughtC 6 HAT 39147 24094 61.9
6 P. indica-/DroughtC 12 HAT 43655 19586 69.0
7 P. indicaC/DroughtC 0 HAT 45602 17639 72.1
8 P. indicaC/Drought- 6 HAT 40380 22861 63.9
9 P. indicaC/Drought- 12 HAT 37592 25649 59.4
10 P. indica-/Drought- 0 HAT 42221 21020 66.8
11 P. indica-/Drought- 6 HAT 41977 21264 66.4
12 P. indica-/Drought- 12 HAT 35707 27534 56.5

aRatio: transcripts expressed to total gene models of maize.
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Discussion

P. indica-stimulated maize growth involves microtubule
process

After 15 days, P. indica had successfully colonized the roots
of maize seedlings. At this stage, the fungus should target
genes for growth promotion and to a lesser extend those
involved in early phases of root recognition and/or coloniza-
tion. We observed the stimulation of genes involved in
microtubule-based movement processes. Microtubules,
together with actin microfilaments, play central roles in
plant growth and development, by activating cell division,
cell polarity, cell wall deposition, intracellular trafficking and
communication.31,32 In particular, we observed a strong
response of genes for a tubulin and three kinesins to P. ind-
ica (GO: 0007017, Fig. 5C; Table S5). Tubulin contributes to
microtubule formation, and kinesin is reported to function
as a molecular motor for directional transport of cellular
cargo along microtubule tracks.31,33 In addition, microtu-
bules also serve as sensors for mechanical membrane stress,
as well as osmotic and cold stress,34 suggesting that they are
important targets of P. indica to promote growth of maize
roots. Growth stimulating genes and compounds involved in

the response to P. indica colonization have been reported
repeatedly, however a dominant role of microtubules
appears to be a new feature in the response of maize roots to
the fungus.

Reprogramming of the carbon and sulfur metabolism
under drought stress

Drought stress results from water deficit in soil, which con-
sequently impedes plant growth.35 The leaf area, root length
and root fresh weight were higher in maize seedlings colo-
nized with P. indica compared to the uncolonized control
plants under drought stress (Fig. 1). Apparently, under our
stress conditions, the plant can still coupe with the drought
stress and utilizes resources for the promotion of growth
when the fungus is present.

While plants reduce their investments in growth and
general maintenance under drought stress, components for
signal perception and protectant increase (Fig. 1).36 Up-reg-
ulation of DEGs involved in carbohydrate metabolism along
with those for oxidoreductase and catabolic activities, as
well as phosphoric ester hydrolase and transferase activities
(Fig. 3B) indicates that the plant counteracts oxidative
stress by mobilizing carbohydrates to protect from injury.
Since we observed a simultaneous reduction of the tran-
script levels for proteins involved in plastid functions under
drought stress (Fig. 6A), we propose that the plant utilizes
its available C resources to respond to the drought stress
(cf. also Pinheiro and Chaves).37 Although several other
studies obtained comparable results, the authors came to
different conclusions. Sadok et al.38 proposed for maize that
leaf elongation under water deficit is uncoupled from the

Table 2. Comparison of DEGs among different treatments.

Num. DEGs (FCa>1.6)

Treatment_1 Treatment_2 0 HAI 6 HAI 12 HAI

P. indica-/DroughtC P. indica-/Drought- 3877 4688 8255
P. indica-/Drought- P. indicaC/Drought- 5016 2543 4303
P. indicaC/DroughtC P. indicaC/Drought- 2388 10033 6265

aFold changeDlog2(FPKM_of_Treatment_1/ FPKM_of_Treatment_2)

Table 3. Statistics of DEGs and gene ontology enrichment from different treatments.

Comparison
Num.
DEGsa

Regulation
patternb

Num.
DEGs

Enriched
GO termsc

Description of biological
process

P. indica-/
DroughtC vs. P.
indica-/
Drought-

1337 Up-Up 523 3 response to stimulus; response to chemical
stimulus; pathogenesis

Up-Down 135 4 cellular macromolecule biosynthetic process; gene
expression; translation

Down-Down 341 0 N/A
Down-Up 338 2 carbohydrate metabolic process; cellular

carbohydrate metabolic process
P. indica-/
Drought- vs. P.
indicaC/
Drought-

464 Up-Up 113 2 microtubule-based process and movement
Up-Down 95 0 N/A

Down-Down 132 1 lipid metabolic process
Down-Up 124 0 N/A

P. indicaC/
DroughtC vs. P.
indicaC/
Drought-

2037 Up-Up 710 23 response to stress, stimulus, chemical stimulus,
drug, oxidative stress, water; cellulose metabolic
process; oxidation reduction; dicarboxylic acid,
organic acid, carboxylic acid transport; cellular
amino acid derivative metabolic process; cellular
polysaccharide metabolic process; glucan
metabolic process; steroid metabolic process;
pathogenesis

Up-Down 288 0 N/A
Down-Down 669 0 N/A
Down-Up 370 0 N/A

aDEG means Genes differentially expressed at 6HAI and 12HAI, but no significant difference were observed at 0HAI between two treatments
bRegulation patterns are termed as Up and Down, representing up-regulated and down-regulated versus treatment at certain timepoint respectively. Up(Down)- Up
(Down) refers to 6-12 HAI, respectively.

cGO terms were enriched by AgriGO.
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Figure 3. Classification of drought induced differentially expressed genes (DEGs) 1337 DEGs were obtained by comparing transcripts identified from P. indica-/DroughtC
and P. indica-/Drought-. (I in Fig. 2A) (A) Average linkage clustering of drought-regulated DEGs by HCL (hierarchical clustering), where log2 (fold change) less than 1.6
were not shown. (B) Expression pattern of drought regulated DEGs by K-means clustering, where each line represents a single gene and the pink line indicates the general
trend within a cluster. Significant GO terms (Chi-square test with p<0.01 and FDR<0.05) were presented for each DEGs cluster, with P and F indicating biological pro-
cesses and molecular functions, respectively.

Figure 4. Classification of genes regulated by P. indica colonization. 464 DEGs were identified by comparing transcripts from P. indicaC/Drought- and P. ind-
ica-/Drought-. (II in Fig. 2A) (A), (B) same as Fig. 3. (C) Deposition of catalytic activity (B) related genes by GO enrichment analysis, and the graph was auto-
matically generated by agriGO.
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carbon status. Tardieu et al.39 and Hummel et al.40 hypoth-
esized for Arabidopsis that an increase in C surplus during
early phases of drought stress is caused by growth inhibi-
tion but the C is immediately utilized to maintain basic
processes in the cells upon drought stress (cf. also McDo-
well).41 Therefore, understanding of how plants reprogram
their C metabolism under drought stress requires further
investigations.

Notably, the sulfur metabolism was induced in the roots
of drought stressed maize seedlings (Fig. 6A). Sulfate is the
only xylem-borne metabolite regulating ABA-induced clo-
sure of stomata in leaves of maize.36,42 Also other drought-
related processes require S. Cysteine and methionine are
sulfur containing amino acids, and required for the synthe-
sis of glutamine,43 which adjusts the osmotic status of cells
under drought stress. S is also a precursor for the synthesis

of glutathione, an osmoprotectant functioning as a scaven-
ger of ROS.44,45

Collectively, reprogramming of the carbon and sulfur
metabolisms coordinates drought stress responses in maize
roots.

Different phytohormones work concertedly
to accommodate drought tolerance after
P. indica colonization

Besides ABA, cytokinin, auxin, ethylene, gibberellins, jasmonic
acid and brassinosteroids play crucial roles in various drought
responses in many plant species.17,21-23,25 Key components
of the ABA, auxin, cytokinin and salicylic acid signaling path-
ways were identified in our study, and they are specifically

Figure 5. Classification of drought-regulated genes in P. indica colonized maize seedlings 2037 DEGs regulated by drought were identified by comparing transcripts from
P. indicaC/DroughtC and P. indicaC/Drought- (III in Fig. 1A). (A) and (B) same as Fig. 3. (C) Detailed GO classification of cluster 3 in (B). Top ten terms in biological pro-
cesses and molecular functions were shown, respecctively.
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upregulated in P. indica-colonized roots mediating them targets
of the fungus in the drought tolerance response. Salicylic acid is
a hormone mediator usually required for resistance against vir-
ulent and avirulent pathogens.46 TGA1/4 is a negative regulator
of pathogen resistance, and its down-regulation positively
affects P. indica colonization by overcoming the plant protec-
tion systems. The response of two additional TGA genes for the

TGA members 9 and 10 of the basic leucine zipper transcrip-
tion factor family indicate the participation of salicylic acid in
the P. indica-conferred drought tolerance response. Cytokinin
is involved in drought stress response,47 and our study demon-
strates the involvement of both type A (ARR9) and type B
(ARR2) genes in P. indica during drought. Taken together, dif-
ferent pathways activated by different phytohormones are

Figure 6. KEGG pathway enrichment and schematic diagram of hormone-related genes involved in drought stress tolerance. (A) DEGs detected under different conditions
were analyzed by KEGG mapper, and enrichment was performed by hypergeometric probability distribution. Pathways with p<0.01 and FDR<0.05 are shown. 1 and 2:
pathways commonly involved in drought stress response and drought tolerance after P. indica colonization; 3-6: pathways specific to DEG sets as denoted in the figure.
(B) Schematic diagram of hormone–related genes involved in drought stress tolerance based on KEGG mapping of hormone-related DEGs, relative knowledge docu-
mented in reference (detailed annotation and expression pattern of each gene is found in the supplemental tables).
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targets of P. indica to concertedly accommodate drought toler-
ance in maize roots.

Conclusions

P. indica promotes growth and confers drought tolerance in
maize. Transcriptome analysis identified DEGs which specifically
responded to P. indica colonization, drought response, and
drought tolerance after P. indica colonization, respectively. GO
and KEGG analyses showed that P. indica might promote
growth of maize roots by stimulation microtubular processes
and confer drought tolerance through strengthened its redox
capacity, by rebalancing the carbon-sulfur surplus and by activat-
ing hormone mediated signaling pathways.

Materials and methods

Plant materials, fungal culture and growth conditions

Seeds of maize (Zea mays cv. Jixiang 1) were surface steril-
ized and germinated on tissue paper at room temperature.
Seedlings were transplanted into sterilized vermiculite-filled
or sand-filled pots and inoculated with 50 ml P. indica (by
OD600D0.08) in PNM medium. Sterilized P. indica broth
was used as mock-inoculated control. Maize plants were
irrigated with modified Hoagland nutrient solution every
two days10 and kept in a growth chamber under conditions
of 28℃, 16 h/25℃, 8/16 h day-night with a light intensity
of 700 mmol¢m¡2¢s¡1. P. indica was cultured according to
Rai et al.48 The colonization status of P. indica on tap roots
was checked under a microscope (Leica DM5000 B, Ger-
many) 15 DAI by Trypan blue staining as described in a
previous work.49

Drought stress treatment

To study the physiological growth difference and explore genes
responsible for drought stress in plants either inoculated with
P. indica or not, drought stress was performed both under nat-
ural growth conditions and mock conditions 15 DAI. For
plants grown in sand under natural conditions, irrigation was
ceased after seven days and resumed for two days. After treat-
ment, plants were harvested for measurement of leaf area, root
length, root fresh weight and root dry weight. Plants grown in
vermiculite were first washed with running water and then
treated with 20% PEG6000 in Hoagland nutrient solution to
mimic drought stress for time points of 0 h, 6 h and 12 h in a
glass beaker.28 Modified Hoagland nutrient solution alone was
used as a control. Roots harvested for each sample were quickly
frozen in liquid nitrogen and stored at -80℃ for further
experiments.

RNA isolation, library construction and transcriptomic
analysis

Total RNA of root tissue was extracted using TRIzol (Invitro-
gen) according to the user’s manual. One microgram of total
RNA was used to construct a pair-end index library. First and
second strand cDNA was synthesized using ProtoScript II

Reverse Transcriptase and Second Strand Synthesis Enzyme
Mix, respectively. Then, the cDNA was purified using AxyPrep
Mag PCR Clean-up (Axygen), followed by end repairing, 5’
phosphorylation, dA-tailing and adaptor ligation. Fragments of
»400 bp (with the approximate insert size of 250 bp) were
recovered and amplified by PCR (11 cycles) using P5 and P7
primers. The PCR products were cleaned up, validated and
quantified using AxyPrep Mag PCR Clean-up (Axygen), an
Agilent 2100 Bioanalyzer and Qubit and real-time PCR
(Applied Biosystems) kits, respectively. Then, the libraries were
sequenced by an Illumina HiSeq (Illumina, San Diego, CA,
USA). The raw sequences were processed and analyzed by
GENEWIZ using the NGSQC Toolkit (v2.3).

Analysis of differential expressed gene

The relative transcript abundance was output as FPKM (Frag-
ment Per Kilo bases per Million reads), which is calculated as
FPKMD109C/NL, where C is the number of reads mappable to
the specific unigene, N is the total reads mapped to all unigenes
in a certain sample, and L represents the length of the unigene.
Differentially expressed genes between samples were identified
by packages (edgeR) of Bioconductor with default parameters.
Genes with absolute value of log2FC (fold change) larger than 1,
p<0.01 (Chi-square test) and FDR (false discovery rate) <0.05
were regarded as differentially expressed. Significantly expressed
genes between samples were defined as differentially expressed
at 6 and 12 HAT, and genes at 0 HAT were subtracted to elimi-
nate background noise. Perl scripts were manually developed to
handle sequence extraction and dataset format.

Complete gene ontology (GO) annotation of the differen-
tially expressed genes was performed by Singular Enrichment
Analysis in a web based GO analysis tool (AgriGO, http://bio
info.cau.edu.cn/agriGO/analysis.php)50 with a Chi-square test
cutoff value of p<0.01 and FDR<0.05 (Hochberg).

KEGG (Kyoto Encyclopedia of Genes and Genomes) analy-
sis was performed by KEGG mapper (http://www.genome.jp/
kegg/mapper.html). Genes participating in specific pathways
were enriched by hypergeometric probability distribution,
which is calculated by

PD 1¡
Xm¡ 1

iD 0

M

i

� �
N ¡M

n¡ i

� �

N

n

� �

Where N is the number of all genes with pathway annotation, n
refers to the number of differentially expressed genes, M is the
number of genes annotated that are involved in a specific path-
way, and m is the number of differentially expressed genes
involved in the specific pathway. Only pathways with p<0.01
and FDR <0.05 were used for further analysis.
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ABA abscisic acid
DEG differentially expressed gene
FC fold change
FPKM Fragment Per Kilo bases per Million reads
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HAT hours after treatment
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