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Abstract Populus euphratica Oliv., the Euphrates poplar,
is the tallest tree species in the arid desert areas of Northwest
China. Investigation of its drought-resistance genes is valu-
able to increase understanding of drought resistance mecha-
nisms. RNA-seq of leaves and roots under drought simu-
lation by 25% polyethylene glycol-6000 (PEG 6000) were
performed at 0, 4, and 12 h. Leaves and roots responded
differently to drought via differentially upregulated and
downregulated genes; more genes were downregulated
than upregulated in both leaves and roots. Additionally,
these differentially expressed genes were enriched in dif-
ferent GO terms and KEGG pathways. For example, GO
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term ‘response to organic substance’ and KEGG pathway
‘nitrogen metabolism’ were enriched for drought-stressed
leaves, while GO term ‘cell wall organization or biogenesis’
and KEGG pathway ‘zeatin biosynthesis’ were enriched
for drought-stressed roots. The enrichment of the GO term
‘enzyme linked receptor protein signalling pathway’ in
both leaf and root drought responses suggests that these
tissues may also have similar mechanisms. However, roots
under drought stress for four hs responded by activating
programed cell death. The KEGG pathway ‘plant hormone
signal transduction’ was detected for 4- and 12-h drought-
stressed leaves and 12-h drought-stressed roots, suggesting
that plant hormone signal transduction plays an important
role in both roots and leaves. GO enrichment of upregulated
and downregulated genes for leaves and roots reflect differ-
entially regulatory mechanisms of response to drought stress
via different biological processes such as the regulation of
photosynthesis and auxin signalling pathway in leaves, and
the regulation of defence response and water homeostasis
in roots. Fifteen candidate genes, including transcription
factors, protein kinase, transporter, late embryogenesis
abundant protein and mannitol dehydrogenase, were further
selected to determine their response to drought using qRT-
PCR. The results show that the expression patterns of 13 of
the 15 genes correspond to the RNA-seq results. This study
provides new insights into the drought response mechanism
of P. euphratica and suggests new candidate gene resources.
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Introduction

Drought, salinity, and cold are abiotic stresses that signifi-
cantly influence plant growth and productivity (Mahajan and
Tuteja 2005), and plants have developed strategies to cope
with these adverse environmental conditions (Chinnusamy
et al. 2004). Forests are important terrestrial ecosystems and
dominate much of the landscape. However, most forest spe-
cies cannot tolerate saline soils or extreme drought condi-
tions. Poplus euphratica, a species of Populus, is native to
desert regions ranging from western China to North Africa
that are arid and saline (Ma et al. 2013). P. euphratica is
considered to be an ideal model species for studying resist-
ance to abiotic stress (Li et al. 2011; Igbal et al. 2017).
Therefore, research into the resistance mechanisms to abiotic
stress by P. euphratica will help to improve the resistance
of this species in arid and semi-arid regions. During long-
term drought stress of P. euphratica, altered transcript abun-
dances of the transcription factor families, AP2/EREPB,
bZIP, NAC, NF-Y, WRKY, MYB and Homeobox, and the
small HSP, HSP70 and HSP90 heat shock protein families,
indicated that these families are involved in the response to
drought stress (Yan et al. 2012). Additionally, at the biologi-
cal process level, genes involved in the inhibition of stomatal
closure, the ascorbate—glutathione pathway and the ubiq-
uitin—proteasome system may modulate the drought stress
response of P. euphratica (Tang et al. 2013). However, previ-
ous studies have focused on long-term drought stress in P.
euphratica. Short-term responses to biotic or abiotic stresses
at the transcriptional level are vital for growth and develop-
ment, and plants adopt various strategies to cope with these
stresses in order to survive. For example, short-term osmotic
stress in watermelons prompted a series of biological pro-
cesses such as osmotic adjustment, signal transduction, and
cell cycle and ribosome-related processes; the watermelons
adapted to osmotic stress via repressing root growth (Yang
et al. 2016). Additionally, exposure to short-term drought
stress can induce a memory response in rice, which aids the
plants in adapting to recurrent stress environments (Li et al.
2019). The coping mechanisms of P. euphratica seedling
roots and leaves in response to short-term drought stress
have not been reported.

In this study, RNA-seq was used to investigate the tran-
scriptome profiles of roots and leaves of hydroponically
grown P. euphratica at the start (0 h, the control), and at
4 and 12 h of drought stress created by adding 25% PEG
6000. This study presents new insights into the molecular
mechanisms underlying short-term water deficit tolerance
by P. euphratica.
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Materials and methods
Plant material and osmotic stress treatment

Seeds of P. euphratica were planted in pots with nutrient
soil, mulched and placed in a 30 °C chamber for germina-
tion and culturing. After two months of cultivation, 5-7
seedlings per pot were transplanted into nutrient soil and
grown for a further two months under a 16 h light/8 h
dark photoperiod. The seedlings were then washed and
transferred to distilled water to recover until new seedling
roots emerged. ROS-scavenging enzymes such as malon-
dialdehyde (MDA), peroxidase (POD), catalase (CAT),
and chlorophyll contents play important roles in drought
tolerance responses (Wang 2014). In addition, the inhibi-
tion of photosynthesis and energy dissipation are common
features under drought stress in many plant species, and
which reflect photosystem II (PSII) thermostability and
electron transport changes (Zivcak et al. 2014). Hence,
changes in chlorophyll contents indicate that drought
reshaped the structure of chloroplasts and influenced pho-
tosynthesis. In this study, six concentrations of PEG 6000
were used (weight/volume, 5%, 10%, 15%, 20%, 25%,
and 30%) under five time periods (0 h, the controls, and
at 4, 8, 12, and 24 h) to evaluate biochemical responses
(MDA, POD, CAT and chlorophyll contents) to drought
stress. Enzyme activities of MDA, POD and CAT, as well
as chlorophyll contents, increased gradually with increas-
ing concentrations and treatment times. PEG 6000 at a
low concentration such as 5% is insufficient to induce a
response to drought stress. Using 25% PEG 6000, POD
activity, leaf chlorophyll contents and root CAT activity
began to decrease for 24 h. When using 30% PEG 6000
for 4 h, the POD, SOD, CAT activities of roots and leaves
and the chlorophyll content of leaves decreased. At the
concentrations of 5-25%, CAT activity increased with the
increase of stress time from 4 to 24 h, which eliminated the
hydrogen peroxide and protected the cells from damage.
At the concentration of 30%, CAT activity increased first
and then decreased with the increase of stress time, which
indicated that PEG stress with high concentration caused
damage that CAT could not maintain high activity level.
Therefore, 30% PEG 6000 caused irreversible damage to P.
euphratica seedlings for 12 h and 24 h, and we concluded
that 25% PEG 6000 was the critical concentration for trig-
gering drought resistance in P. euphratica seedlings. For
five time periods under 25% PEG 6000, treatments under
4 and 12 h were selected for representation of response to
drought stress (Fig. S1). Leaves and roots were collected
and frozen immediately in liquid nitrogen for further
drought-response analysis after treatment with 25% PEG
6000 solution at the beginning and at 4 and 12 h.
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RNA-seq and quality control of sequence data

Total RNA from six samples of leaves and roots at three time
periods were extracted and digested with DNase I to remove
DNA, and mRNAs were then purified and enriched with
magnetic beads of oligo (dT). Each constructed library of
enriched mRNAs was evaluated for fragment size and con-
centration using an Agilent 2100 Bioanalyzer and sequenced
using ion proton sequencing at the Beijing Genomics Insti-
tute (BGI, Shenzhen, China).

The original image data, i.e., raw data, generated by the
sequencer were converted into sequence data by base call-
ing. Prior to data analysis, the raw data were pre-processed
as follows: (1) reads were trimmed by removing adaptors;
(2) average quality of reads was calculated with a sliding
window of 15 bp, and reads with an average quality value ~9
were retained; and, (3) additionally processed reads whose
lengths were <30 were removed. The retained reads were
separately aligned to the reference genome of P. trichocarpa
(Tuskan et al. 2006) (allowing two base mismatches) using
the short-read alignment software TMAP (3.4.1).

Identification of differentially expressed genes

Gene expression was calculated using the RPKM (reads per
kilobase per million mapped reads) method. Based on the
Poisson distribution model test, DEGSeq (Wang et al. 2010)
was used to identify differentially expressed genes. These are
defined as genes having a fold change >2 and a statistical
FDR <0.001, and were retained for subsequent analysis. The
Gene Ontology (GO) database was used to perform signifi-
cant enrichment analysis of functional annotations by map-
ping the differentially expressed genes to each term of the
database to calculate the number of associated genes. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed using the KEGG data-
base, and the differentially expressed genes were mapped
to the database to determine the number of genes and the
degree of enrichment in each pathway.

Expression pattern of drought-related genes quantified
by qRT-PCR

Combining these results with reports in the literature (Ke
et al. 2009; Kushwaha et al. 2009; Marshall et al. 2012; De
Abreu-Neto et al. 2013; Wu et al. 2015, 2017), fifteen can-
didate genes were selected for further analysis (Table 1).
The specific primers of drought-related genes used for qRT-
PCR were designed using Primer Premier 5.0. The qRT-
PCR system consisted of 5 pL of SYBR® Premix Ex Taq
II (2%), 0.4 pL of the upstream and downstream primers
(10 pM), 1 pL of cDNA, and RNase-free ddH,0. The reac-
tion procedure was: 95 °C for 30 s, 40 cycles of 95 °C for

Table 1 Fifteen candidate drought resistance genes predicted by dif-
ferential expression and functional annotation with the non-redundant

protein sequence database

Accession Annotated function Gene name
CCG001308.1 Zinc finger protein Pe ZnF1
CCG001486.1 Zinc finger protein Pe ZnF2
CCG008964.1 MYB Pe MYB
CCG011036.1 AP2 Pe AP2
CCG030979.1 Mannitol dehydrogenase Pe MTD
CCG018034.1 12-oxo-plant diene reductase Pe OPR
CCGO011481.1 Late embryonic enriched protein Pe LEA
CCG030811.1 PP2C (Protein phosphatase 2C) Pe PP2C
CCG009078.1 Dry related protein Pe 9078
CCG000866.1 Glucose and ribitol dehydrogenase Pe 866
CCG010775.1 WRKY Pe WRKY1
CCG018986.1 WRKY Pe WRKY2
CCG001506.1 LRR receptor-like protein kinase Pe LRR1
CCG009528.1 Aquaporin Pe AQU
CCG06931.1 Zinc finger protein Pe ZnF3

5,55 °C for 30 s, and 72 °C for 30 s, followed by a dissolu-
tion curve analysis: 95 °C for 0 s (20 °C/s), 60 °C for 15 s
(20 °C/s), 95 °C for 0 s (0.1 °C/s). The data were analysed
by the 2722CT method and the specificity of the amplified
products was based on the dissolution curve.

Results
Differentially expressed genes involved in drought stress

After quality control, a total of 156,663,152 clean reads were
produced from six samples (Pe_LO0, Pe_L4, Pe_L.12, Pe_RO,
Pe_R4, and Pe_R12). After alignment to the gene sets of the
reference genome (PRINA10772) with a maximum of two
mismatches, only uniquely matched reads with greater than
70% mapping rates (71.5-80.6%) were used for the subse-
quent analysis of differentially expressed genes (Table S1).
To ensure adequate reads for differential gene analysis, a
saturation analysis of sequencing depth was evaluated with
RNA-SeQC (De Luca et al. 2012). When the quantity of
clean reads is less than 9 Mb, the number of detected genes
is proportional to the number of sequenced reads; when it
approaches 27 Mb, the number of detected genes tends to
be saturated. The amounts of sequencing data for six sam-
ples, Pe_LO, Pe_L4, Pe_L12, Pe_RO, Pe_R4, and Pe_R12,
were 26 Mb, 24 Mb, 25 Mb, 27 Mb, 26 Mb, and 27 Mb,
respectively. These amounts were close to saturation, indi-
cating that the sequencing depths of all samples could be
expected to cover nearly all expressed genes (Fig. S2). To
ensure uniform coverage of each gene from the 5’ end to the
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3’ end, the randomness of mRNA disruption was assessed by
read distribution on the reference genes. Since the lengths
of the reference genes differed, the positions of reads on
the reference genes were normalized to their relative posi-
tions, and the number of reads aligned to each different gene
position was then counted. If the randomness is good, the
reads should be evenly distributed on all parts of each gene
without bias. The reference genes were normalized to the
relative positions of a total of 100 windows and divided into
five equal parts. Each window corresponded to the number
of reads in the alignment. The reads of each sample were
basically randomly distributed on each gene, indicating that
the six constructed libraries were homogeneous (Fig. S3).
Gene sequencing coverage refers to the percentage of each
gene covered by reads, namely, the ratio of base numbers
from uniquely mapped reads in certain genes to the total
base numbers in all genes. The gene coverage was divided
into ten levels: approximately 60% of each gene had a gene
coverage of more than 60%, and the gene coverage was
90-100% of the number of reads. The absolute advantage
reached 21-42% of the total reads (Fig. S4). This indicates
that the proportion of high-coverage genes was high, and the
sequencing results met the experimental needs.

Each group had many upregulated and downregulated
genes. For leaves at different times, the number of down-
regulated genes was much greater than that of upregulated
genes. Compared with the leaves of the controls (0 h) and
at 12 h, there were 4260 upregulated genes and 8938 down-
regulated genes (Pe_LO-vs-Pe_L12). The comparison of
leaves at nearby time periods (Pe_LO-vs-Pe_L4 and Pe_
L4-vs-Pe_L12) showed that the leaves had a similar number
of downregulated genes, but there were more upregulated
genes (3047) under Pe_L0-vs-Pe_L4 than under Pe_L4-vs-
Pe_L12 (2660), suggesting a stronger response to short-term
drought stress. For roots, the total number of differentially
expressed genes was lower than that of leaves. In contrast

to the leaves, there were more upregulated than downregu-
lated genes when comparing roots at 12 h of drought stress
to those at 4 h (Pe_R4-vs-Pe_R12). Additionally, the com-
parison of roots at nearby time periods (Pe_RO-vs-Pe_R4
and Pe_R4-vs-Pe_R12) showed that roots had a stronger
upregulated response at 12 h than at other times, with
more upregulated genes (3141, Pe_R4-vs-Pe_R12). Dur-
ing the early response at 4 h (Pe_R0O-vs-Pe_R4), there were
fewer upregulated genes than downregulated genes in roots
(Fig. 1). The results suggest that roots and leaves produced
differential responses to short-term drought. Moreover, dif-
ferential analysis of genes at different time periods within
the same tissues show that the differentially expressed genes
in the leaves underwent greater alterations in expression than
those in the roots, indicating that the leaves responded more
strongly to drought.

GO classification and differential enrichment of leaf
and root genes in response to drought

GO is an international standardization system for the clas-
sification of gene functions that provides a dynamically
updated vocabulary to fully describe the properties of
genes and gene products in organisms (Ashburner et al.
2000). GO has three categories describing the molecu-
lar function of the gene, the cellular component, and the
biological process involved. According to the annotation
information of the Non-Redundant Protein Sequence Data-
base (NR database), GO annotations of all differentially
expressed genes were obtained using Blast2GO software
(Conesa and Gotz 2008). GO functional classification was
then performed by WEGO software (Ye et al. 2006). In
the three ontologies of cellular components, molecular
function and biological processes, GO annotations of leaf
and root samples showed a similar response to drought
stress. In the cellular components, the genes were mainly
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by ‘response to stimulus’ (Fig. 2). These results indicate
that the roots and leaves of P. euphratica resist drought via

metabolic processes mediated by the binding and catalysis
of multiple enzymes. At the same time, the increase in

distributed in cells, cell parts and organelles; in the molec-

ular function, the gene functions mainly included ‘trans-

port activity’, ‘catalytic activity’ and ‘molecular binding’;
and in the biological process, the gene functions were

transporter genes may help the cells to change the osmotic

mainly ‘metabolic process’ and ‘cell process’, followed
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pressure through the transport of the substance, thereby
improving the ability to respond to drought.

The GO annotation and enrichment analysis of differ-
entially expressed genes generally reflected the drought
response of both leaves and roots. There were identically
enriched GO terms for both 4-h and 12-h treated leaves.
For example, two of these shared GO terms were ‘enzyme-
linked receptor protein signalling pathway’ and ‘cell sur-
face receptor signalling pathway’, which suggests that leaves

nucleoside phosphate catabolic process

organophosphate catabolic process

generation of precursor metabolites and energy

-log10(pvalue)
regulation of molecular function 5
4
3
response to organic substance 2
negative regulation of molecular functionI
cell surface receptor signaling pathwayl
enzyme linked receptor protein signaling pathwayI
0 100 200
response to stress
response to stimulus
-log10(pvalue)
35
death 45
25

cell death

programmed cell death

200 400 600 800

o

Fig. 3 Enriched Gene Ontology terms of differentially expressed
genes in the biological process ontology in 4-h treated leaves (a),
12-h treated leaves (b), 4-h treated roots (c¢) and 12-h treated roots
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respond to drought via sensing signals from cell surface
receptors. However, compared with the response of leaves
to 4-h drought, differentially expressed genes in leaves under
12-h treatment showed many more enriched GO terms. This
indicates that other biological processes, such as ‘response
to hormone stimulus’ and ‘cellular nitrogen compound
catabolic process’, are involved in the response to persis-
tent drought (Fig. 3a, b). For roots under drought stress at
different times, the GO terms enriched in the response to
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12-h drought differed from those enriched in response to
4-h drought. After four hs, the GO terms contained only five
enriched biological processes, three of which were ‘death’,
‘cell death’ and ‘programed cell death’. This suggests that,
unlike leaves, roots respond to drought by activating pro-
gramed cell death under short-term (4-h) drought. After 12 h
of drought, roots take advantage of multiple cell wall-related
biological processes to respond to drought, such as ‘cell
wall organization or biogenesis’ and ‘cell wall macromol-
ecule metabolic processes’. Similar to leaves under 12 h of
drought, roots were also enriched in the ‘cell surface recep-
tor signalling pathway’ and ‘enzyme-linked receptor pro-
tein signalling pathway’ (Fig. 3c, d). Together, these results
reflect the commonalities and differences of roots and leaves
in response to drought at different time periods. Despite the
different responses of leaves and roots to 4-h drought, the
enzyme-linked receptor protein signalling pathway may play
an essential role in the response of P. euphratica to drought
under 12 h, regardless of the tissue.

Differential KEGG enrichment of leaf and root genes
in response to drought

As noted above, P. euphratica responded to drought via
a large number of genes involved in metabolic processes.
KEGG is the main public database for identifying metabolic
pathways. Those with a Q-value (the corrected P value after
multiple hypothesis tests) <0.05 are defined as significantly
enriched in differentially expressed genes. The results of
KEGG enrichment analysis are represented graphically; the
RichFactor refers to the ratio of the number of genes in the
pathway entry of the differentially expressed gene to the total
number of genes in the pathway entry of all annotated genes.
The larger the RichFactor, the greater the degree of enrich-
ment. For leaves, the uniquely enriched KEGG pathways
under 4-h drought were ‘flavonoid biosynthesis’, ‘ABC trans-
porters’, ‘stilbenoid, diarylheptanoid and gingerol biosyn-
thesis’, ‘limonene and pinene degradation’ and ‘starch and
sucrose metabolism’, while the uniquely enriched KEGG
pathways under 12-h drought were ‘nitrogen metabolism’,
‘porphyrin and chlorophyll metabolism’ and ‘amino sugar
and nucleotide sugar metabolism’. Common KEGG path-
ways were ‘plant hormone signal transduction’, ‘photosyn-
thesis’, ‘photosynthesis-antenna proteins’, ‘plant-pathogen
interaction’, and ‘circadian rhythm-plant’ (Fig. 4a, b). For
roots, ‘RNA polymerase’, ‘plant-pathogen interaction’,
‘pyrimidine metabolism’ and ‘purine metabolism’ were
unique KEGG pathways under 4-h drought; of the top 20
enriched KEGG pathways in roots under 12-h drought, most
were metabolism-related. Only one KEGG pathway, ‘flavo-
noid biosynthesis’, was common in roots under both 4-h and
12-h drought periods (Fig. 4c, d). The results suggest that
leaves and roots adopt different pathways to protect against

drought over different time periods, and roots under 12-h
drought showed enrichment in most pathways, yielding the
strongest response among the tissues and time periods.

Expression patterns of differentially expressed genes
in leaves and roots

To explore the differential and concordant responses to
drought stress, four Venn diagrams were drawn for upregu-
lated and downregulated genes in both leaves and roots. In
addition to being specifically and separately regulated in
leaves and roots, there were 146 simultaneously upregulated
genes and 680 simultaneously downregulated genes com-
pared to the control for leaves. For roots, there were eight
simultaneously upregulated and 34 consecutively downregu-
lated genes in adjacent comparisons (Fig. 5). The number of
simultaneously downregulated genes was obviously much
higher than that of upregulated genes in any comparison,
suggesting that P. euphratica may slow the development of
roots and leaves via inhibiting gene transcription, thereby
reducing energy consumption. The expression patterns of
these co-regulated genes showed significant spatiotemporal
specificity (Fig. 6).

To confirm the candidate genes involved in the drought
response, 146 simultaneously upregulated and 680 simulta-
neously downregulated genes were annotated with BlastP
against the NR database (Altschul et al. 1997). There were
42 genes that may be related to drought resistance, and six
with large changes in expression (RPKM) but with annota-
tion functions that may be unrelated to drought resistance.
Among the fifteen candidate genes for qRT-PCR analysis, 13
showed consistent expression patterns as those from RNA-
seq (Table 1, Fig. 7, Fig. S5), suggesting the reliability of
the identification of the differentially expressed genes and
implicating these gene in drought response. These genes
include transcription factors (Pe MYB, Pe ZnF1, Pe ZnF2, Pe
ZnF3, Pe WRKY1, Pe WRKY?2), receptor kinase (Pe LRR1),
transporter (Pe AQU), late embryogenesis-rich proteins (Pe
LEA) and mannitol dehydrogenase (Pe MTD), and provide
a good foundation for further exploration of the molecular
mechanisms of drought resistance genes.

Discussion

To survive, drought stress induces a series of responses in
leaves and roots at the morphological, physiological and
biochemical levels (Wang et al. 2016). Eventually, these
responses are reflected at the genome-wide transcriptional
and post-transcriptional levels. Regardless of the length of
time, the response of leaves to drought was more dramatic
than that of roots, as indicated by the number of differen-
tially expressed genes. When comparisons of the treated
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Fig. 4 Enriched Kyoto Encyclopedia of Genes and Genomes terms
for differentially expressed genes in 4-h treated leaves (a), 12-h
treated leaves (b), 4-h treated roots (¢) and 12-h treated roots (d);

groups with the control group were performed, except for
Pe_R4 vs. Pe_R12, the number of downregulated genes was
greater than that of upregulated ones in roots and leaves,
indicating that the inhibition of gene expression is more
critical than gene activation under drought stress (Fig. 1).
This may be the result of the inhibition of energy dissipation,
a common feature under drought stress. This inhibition in
leaves, as reflected by the number of downregulated genes,
is more serious than in roots at different time periods, and
also indicates the inhibition of photosynthesis under drought
stress (Wang 2014).
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Differential GO and KEGG terms reflect the biologi-
cal processes and pathways involved in drought stress. In
the short-term response of roots, GO enrichment mainly
involved processes related to death. This is consistent with
a report by Duan et al. (2010) for other plants under drought,
for example, water stress- induced programed cell death in
the root tips of Arabidopsis. In addition, cell wall-related GO
terms were also detected in the drought response of roots.
The influence of drought stress on cell wall formation has
also been reported in black spruce (Picea mariana (Mill.)
BSP) saplings (Balducci et al. 2015). Receptor-like kinases
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Fig. 5 Venn diagram of differentially expressed genes in leaves and
roots after 4-h and 12-h drought treatments; Venn diagram of upreg-
ulated genes in the 0-h control (a), Venn diagram of downregulated
genes in the 0-h control (b), Venn diagram of consecutively up-reg-
ulated genes between adjacent times (¢), Venn diagram of consecu-

(RLKSs) can contribute to improving plant performance
under drought stress (Marshall et al. 2012). In this study,
the common GO terms ‘cell surface receptor signalling path-
way’ and ‘enzyme-linked receptor protein signalling path-
way’ were enriched in both leaves and roots. Therefore, we
speculate that RLK pathways play an important role in the
responses of P. euphratica to drought.

The expression of flavonoid biosynthesis genes has been
reported in leaves and roots in response to drought (Yuan
et al. 2012; Ma et al. 2014). In this study, the ‘flavonoid
biosynthesis’ pathway was enriched in leaves under four
hs of drought and in roots under four and 12 h. The signal
transduction pathway is the bridge mediating the sensing
mechanism and the genetic response. Plants cope with envi-
ronmental stress via activating signal transduction cascades
that coordinate the physiological and biochemical responses
necessary for adaptation (Huang et al. 2012). The pathway
‘plant hormone signal transduction’ pathway was enriched

B Pe_LO-VS-Pe_L12

Pe_RO-VS-Pe R4

Pe_LO-VS-Pe_ L4 Pe_RO-VS-Pe_R12

D

Pe L4-VS-Pe L12 Pe_RO-VS-Pe R4

Pe_LO-VS-Pe L4

Pe_R4-VS-Pe_R12

tively down-regulated genes between adjacent times (d). The integral
number and percentage at the corresponding bottom in each represent
the gene number and proportion of part genes to total genes, respec-
tively

in leaves subjected to 4-h and 12-h drought, and in roots
subjected to 12-h drought but to 4-h drought. This suggests
that plant hormone signal transduction may not be activated
when roots are exposed to drought stress for a short time.
Such opposite metabolic responses of leaves and roots to
drought have been reported in other plants (Gargallo-Garriga
et al. 2014).

Upregulated and downregulated genes indicated the acti-
vation and inactivation of specific biological processes under
stress. To further explore the possible differential response
of leaves and roots to drought stress, GO and KEGG anal-
ysis was carried out for downregulated and upregulated
genes for both roots and leaves, respectively (Table S6).
We found ‘transcription, DNA-templated (GO:0006351)’
was only significantly enriched for upregulated genes for
leaves under 4-h treatment. For downregulated genes
under 4-h treatment, seven GO terms were enriched
at the biological process level: ‘photosynthesis, light
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Fig. 6 Expression pattern of co-regulated genes in leaves and roots
after 4-h and 12-h drought treatments showed by heatmap; 146 simul-
taneously upregulated genes under the O-h control between leaves
and roots (a), 680 simultaneously downregulated genes under the 0-h

harvesting in photosystem I (GO:0009768)’, ‘photosynthesis
(GO:0015979)’, ‘response to light stimulus (GO:0009416)’,
‘secondary metabolite biosynthetic process (GO:0044550),
‘protein-chromophore linkage (G0O:0018298)’, ‘flavo-
noid biosynthetic process (GO:0009813)’ and ‘flavonoid
glucuronidation (G0O:0052696)’. Seven KEGG pathways
similar to GO terms were enriched: ‘pop00195: photo-
synthesis’, ‘pop00196:photosynthesis-antenna proteins’,
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control between leaves and roots (b), eight consecutively upregulated
genes between adjacent times from leaves and roots (c), 34 consecu-
tively downregulated genes between adjacent times from leaves and
roots (d)

‘pop01100:metabolic pathways’, ‘pop00710:carbon fixation
in photosynthetic organisms’, ‘pop01200:carbon metabo-
lism’, ‘pop01110:biosynthesis of secondary metabolites’ and
‘pop00941:flavonoid biosynthesis’. These results indicate
that more photosynthesis-related genes were inhibited in
their response to leaf drought stress. When compared genes
under 12-h stress to those under four hs, seven GO terms
at the biological process level and two KEGG pathways
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Fig. 7 qRT-PCR confirmation of 13 candidate drought resistance genes with consistent expression patterns with RNA-seq; top right DGE and
qRT-PCR represent results from RNA-seq and qRT-PCR confirmation, respectively

were enriched for upregulated genes, while ten GO terms at
the biological process level and two KEGG pathways were
enriched for downregulated genes. Among the enriched
GO terms for downregulated genes, the ‘auxin-activated
signalling pathway (G0O:0009734)’ and more photosyn-
thesis-related GO terms (GO:0009768, GO:0009416 and
GO0:0015979) were enriched. This suggests that, besides
inhibition of photosynthesis, the auxin signalling pathway,
(as a positive pathway in the developmental process), was
inhibited to help P. euphratica to adapt to drought stress.
For root response to drought, there were less enriched
GO terms and KEGG pathways than for leaves. Enriched
GO term of ‘defense response (GO:0006952)’ in down-
regulated genes in roots with four h drought stress was
also enriched in upregulated genes in 12-h stressed roots
showed differential regulation of the same biological pro-
cesses for response to drought at different times. In addition,
for downregulated genes in 12-h treated roots compared to
4-h treated roots, the three most enriched GO terms, ‘xylan
biosynthetic process (GO:0045492)’, ‘ion transmembrane

transport (GO:0034220)’ and ‘cellular water homeostasis
(GO:0009992)’, suggests that the suppression of these bio-
logical processes may help roots adapt to drought. These
results indicate the differential regulation of leaves and roots
to respond to drought.

Conclusion

A transcriptome analysis of leaves and roots under 0-h
(control, no stress), and 4-h and 12-h drought stress treat-
ment simulated by 25% PEG 6000 identified differentially
expressed genes at different periods of time. Seedlings
responded to drought via inhibition rather than by activation
of gene expression, possibly resulting in the inhibition of
energy dissipation, a common feature by many plants under
drought stress. Differentially enriched GO and KEGG terms
were found for the responses of leaves and roots to short-
term (4-h treatment) and relatively long-term (12-h treat-
ment). This indicates that leaves and roots over different
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time periods respond differently to drought through differ-
ent biological processes and pathways. Enrichment analy-
sis of GO and KEGG for upregulated and downregulated
genes for leaves and roots reflect the differentially regulatory
mechanisms of response to drought, such as the regulation
of photosynthesis and auxin signalling pathway in leaves,
and the regulation of defense response and water homeo-
stasis in roots. Confirmation of 13 of 15 candidate drought-
related genes by qRT-PCR further validated our RNA-seq
results. This study provides new insights into the drought
response of P. euphratica seedlings and provides candidate
gene resources for engineered improvement of P. euphratica.
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