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ABSTRACT
Herbaceous peony (Paeonia lactiflora Pall.) is known as the flower phase. This phase is somewhat resistant to
drought, but long-term drought and severe water shortage will affect its normal growth and development.
In this study, physiological indices and the transcriptome of P. lactiflora were determined to clarify its
physiological responses and gene expression changes under drought stress. The results showed that under
drought stress, soluble sugar content, peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX)
activities, and chlorophyll, carotenoid and flavonoid contents were significantly increased, and soluble
protein content, superoxide dismutase (SOD), glutathione reductase (GR), dehydroascorbate reductase
(DHAR), monodehydroascorbate reductase (MDHAR), ascorbic acid (AsA) and glutathione (GSH) activity
first increased and then decreased after day 14. Moreover, drought stress also significantly reduced
chlorophyll content, photosynthesis and chlorophyll fluorescence parameters. Transcriptomic analysis
revealed that compared with the Control, 10,747 differentially expressed genes (DEGs) were upregulated
and 11,835 downregulated under drought stress. These DEGs were classified into three categories and 46
functional groups by GO function classification. The 3,179 DEGs were enriched into 128 pathways by KEGG
pathway enrichment. The ROS system, chlorophyll degradation and photosynthetic capacity, as well as
secondary pathways of biosynthesis and sugar metabolism were included. Additionally, relevant genes
expressed in some metabolic pathways were discovered. These results provide a theoretical basis for
understanding the responses of P. lactiflora to drought stress.
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1. Introduction

Abiotic stress is one of the main limiting factors affecting crop
production and is directly related to the changes in various
cell metabolic pathways.1 When exposed to abiotic stresses,
plants activate regulatory pathways that respond to such
stresses, helping them resist stress and survive.2 Therefore,
the study of plant tolerance to abiotic stresses has improved
understanding of the molecular mechanisms and key path-
ways involved in plant resistance to environmental stress.
Drought stress is an abiotic stress caused by water stress that
leads to obvious inhibition of plant growth due to the lack of
water in the natural environment. Currently, due to the global
shortage of water resources, the study of plant drought stress
has become a hot topic. Shawon et al.3 found that drought
stress reduced the growth parameters and antioxidant activity
of cabbage and affected its normal growth. Determination of
metabolic and oxidative stress characteristics in rice flag leaves
under drought stress has led to the speculation that coexpres-
sion of specific antioxidant enzymes (DHAR and MDHAR) in
the ascorbic acid-glutathione cycle might represent a strong
tolerance mechanism to minimize grain yield loss under
drought stress.4 Drought stress has also been studied in
crops such as sorghum5 and wheat,6 but relatively few studies
on ornamental flowers have been conducted.

Herbaceous peony (Paeonia lactiflora Pall.) belongs to
the paeoniflorinaceae and is known as the ‘king of herbal
flowers’. P. lactiflora has high ornamental and garden appli-
cation value because of its classical elegance and other-
worldly temperament, and is a high-grade cut flower
worldwide.7 In addition, there have been related studies
on P. lactiflora seed oil in recent years. Saldeen et al. found
that P. lactiflora oil contains a large amount of tocopherol,
and especially γ- tocopherol has a strong antioxidant
capacity;8 P. lactiflora seed oil is also rich in calcium and
magnesium components,9 which has a very important effect
on human health;10 Moreover, P. lactiflora has a high seed
setting rate. Therefore, on the whole, P. lactiflora has great
economic, ecological and social benefits. Drought is one of
the most important factors affecting the ornamental value
and popularization of P. lactiflora. Although P. lactiflora
possesses fleshy roots and has certain drought resistance,11

long-term drought and excessive water shortage can also
affect the normal growth and ornamental value of plants.
Studies such as the one reported by Zuo et al.12 have shown
that drought stress affects the flower size and flowering
length of tree peony. However, the molecular mechanism
and functional genes closely related to drought resistance
have not been elucidated.
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As a widely used new generation genome sequencing
(NGS) technique,13 RNA sequencing (RNA-Seq) can be used
to capture the transcriptome of plants and to discover many
differentially expressed genes (DEGs). For example, the tran-
scriptomes of ‘Zi Fengyu’ with heat resistance and ‘Hongyan
Zhenghui’ with moderate heat resistance were analyzed, and
a total of 161 heat stress response genes were screened out.
Among these genes, the expression of 11 key genes related to
heat tolerance was significantly upregulated during plant
development, and ‘Zi Fengyu’ showed a higher expression
level.14 RNA-Seq results of drought-sensitive lentil cultivars
revealed 2,915 root DEGs under short-term drought stress,
which increased to 18,327 under long-term drought stress.15

Long-term drought and excessive water loss are the main
factors limiting the normal growth and development of
P. lactiflora, and they affect its economic, ecological and social
value. In order to clarify the physiological and molecular
changes of P. lactiflora, its physiological and transcriptomic
analyzes were performed under drought stress. This is helpful
to understand the complex molecular mechanism of
P. lactiflora under drought stress, and to identify functional
genes closely related to drought resistance, and alleviate the
damage caused by drought stress to P. lactiflora.

2. Materials and methods

2.1. Plant materials and treatments

Five-year-old P. lactiflora ‘Da Fugui’ in potting soil (loam:
peat: coarse sand, 1:1:1) with similar initial growth status was
used as the material for drought stress treatment. Before
treatment, plants were watered thoroughly and then divided
into two groups, each group contained 36 plants. One group
was used as a Control and watered at 17:00 daily, while
watering was stopped and natural drought development was
allowed in the other group. All samples were collected on 0, 7,
14 and 21 days after treatment. 36 P. lactiflora seedlings in the
two groups were divided into four groups for four periods of
measurement and sample collection, with 9 plants in each
group. Firstly, three seedlings were randomly selected from
nine seedlings of P. lactiflora in four periods to determine
photosynthetic characteristics and chlorophyll fluorescence
parameters (three repeated experiments), and then 5 leaves
were taken as samples on each plant, and 9 plants were taken
at the same time. Among these samples, leaves on day 21 were
used for RNA-Seq analysis separately, and other leaves were
used for measurements of other indices including. Finally, the
sample was treated with liquid nitrogen and stored at −80°C
until use.

2.2. Soluble sugar and soluble protein content

The leaves of P. lactiflora under stress for 0, 7, 14 and 21 days
were tested for physiological indicators. Soluble sugar and
soluble protein were determined using a reagent kit (Suzhou
Comit Biotechnology Co., Ltd., Suzhou, China). Soluble pro-
tein content: 0.1 g leaves were weighed and added l mL extract
was ground evenly on ice. The extracts were centrifuged at 4°
C for 15 min at 8000 × g, and take the supernatant on ice for

determination; Soluble sugar content: 0.1 g leaves were
weighed and added l mL distilled water to grind into
a homogenate, and poured into a centrifuge tube with a lid.
The centrifuge tube was placed in a water bath at 95°C for 10
min. After cooling, the extracts were centrifuged at 25°C for
10 min at 8000 × g and then fix the supernatant to 10 mL.
Then use a ultraviolet spectrophotometer to measure and
calculate the soluble protein and soluble sugar content accord-
ing to the method in the kit.

2.3. Measurement of antioxidant and ascorbic
acid-glutathione (AsA-GSH) circulating system enzyme
activities

The leaves of P. lactiflora under stress for 0, 7, 14 and 21 days were
tested for antioxidant and ascorbic acid-glutathione (AsA-GSH)
circulating system enzyme activities. When antioxidant enzyme
activities were measured, firstly, 0.5 g leaves were ground to a fine
powder with liquid nitrogen and extracted with ice-cold 50 mM
phosphate buffer (pH7.8). The extractswere centrifuged at 4°C for
15min at 10,000 × g and then the resulting supernatants thereafter
referred to as crude extracts, which was collected and used for
enzyme activities assay.16 Superoxide dismutase (SOD), peroxi-
dase (POD) and catalase (CAT) activity were evaluated by reagent
kits (Suzhou Comit Biotechnology Co., Ltd., Suzhou, China). In
addition, ascorbate peroxidase (APX) was measured using a kit
(SuzhouComit BiotechnologyCo., Ltd., Suzhou, China). Enzymes
in the ascorbic acid-glutathione (AsA-GSH) circulation system
contains glutathione reductase (GR), dehydroascorbate reductase
(DHAR), monodehydroascorbate reductase (MDHAR), reduced
glutathione (GSH) and ascorbic acid (AsA) activities of these
enzymes were measured using the kit17 (Suzhou Comit
Biotechnology Co., Ltd., Suzhou, China).

2.4. Measurement of photosynthetic characteristics,
pigment contents and chlorophyll fluorescence
parameters

Flavonoid, chlorophyll and carotenoid content, the determination
method of these three pigment contents is consistent with that of
Wang17 0.1 g leaves were placed in 15 mL of 80% acetone, and
they were extracted overnight in dark conditions, and mixed 2–3
times every 2 h until the leaves turned white. In order to measure
the chlorophyll content, the extraction solution should be used to
determine the absorption values A645 and A663 at wavelengths of
645 and 663 nm respectively on the ultraviolet spectrophotometer.
Chlorophyll content = (20.0A645 + 8.02A663) × V/(1000 ×W); The
content of carotenoids requires theabsorption values A470, A645

and A663 at wavelengths of 470, 645 and 663 nm respectively on
the ultraviolet spectrophotometer. Chlorophyll a (Ca) = 12.21A663

-2.81A645；Chlorophyll b (Cb) = 20.13A645-5.03A663；
Carotenoids content = (1000A470-3.27Ca-104Cb)/229 × V/
(1000 × W). 0.02 g leaves were ground to a fine powder with
liquid nitrogen and 2 mL of extraction solution was added, and
extracted by shaking at 60°C for 2 h. After centrifugation at 10,000
g for 10 min at room temperature, the supernatant was obtained
and the flavonoid content was determined by using a kit (Suzhou
Comit Biotechnology Co., Ltd., Suzhou, China). A portable
photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA) was
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used to assess the photosynthetic characteristics at 8:30 am local
time. The standard leaf chamber with a 2 cm × 3 cm photosyn-
thetic photon quanta flux density (PPFD) was set at 1000
μmol·m−2·s−1 using a self-taking red and blue light-emitting
diode (LED) source. The net photosynthesis rate (Pn), transpira-
tion rate (Tr) and stomatal conduction (Gs) were also recorded in
the system. Subsequently, chlorophyll fluorescence parameters
were measured using a chlorophyll fluorescence spectrometer
(Heinz Walz GmbH, Effeltrich, Germany) after the plants
remained for 2 h in the dark. This system records the actual
photosynthetic efficiency of photosystem II (Y(II)) and the max-
imum quantum yield of PSII (Fv/Fm, Fv/Fo). All the parameters
were measured using the top leaves of 9 different plants per group
on the same day.

2.5. RNA-Seq and data analysis

Because the difference in P. lactiflora was the most significant
on day 21 after drought stress, total RNA was extracted from
Control and 21-day drought stress treatment leaves using
a MiniBEST Plant RNA Extraction Kit (TaKaRa, Japan).
Eukaryotic mRNA was enriched with oligo(dT) beads, while
prokaryotic mRNA was enriched by removing rRNA by Ribo-
ZeroTM Magnetic Kit (Epicenter, America). The enriched
mRNA was then fragmented into short fragments using frag-
mentation buffer and reverse-transcribed into cDNA with ran-
dom primers. Second-strand cDNA was synthesized using DNA
polymerase I, RNase H, dNTPs and buffer. Next, the cDNA
fragments were purified with 1.8X Agencourt AMPure XP
Beads, end-repaired, subjected to poly(A) addition, and ligated
to Illumina sequencing adapters. The ligation products were
size-selected by agarose gel electrophoresis, PCR-amplified,
and sequenced using an Illumina HiSeqTM 4000 by Gene
Denovo Biotechnology Co. (Guangzhou, China).

After filtering the raw reads, transcriptome de novo assem-
bly was carried out with the short-read assembly programme
Trinity.18 The resulting Trinity sequences were called uni-
genes. Unigene annotation was performed using various
bioinformatics databases, including the non-redundant pro-
tein database (Nr), non-redundant nucleotide database (NT),
gene ontology database (GO), cluster of orthologous groups of
proteins database (COG), Kyoto encyclopedia of genes and
genomes database (KEGG), Swiss-Prot protein database
(Swiss-Prot) and Interpro. Unigene expression was calculated
and normalized to reads per kilobases per million reads
(RPKM).19 DEGs were defined based on a fold change ≥ 2.0
and adjusted P-value ≤ 0.05. Confirmed DEGs were subjected
to GO functional analysis and KEGG pathway analysis.

2.6. Quantitative real-time polymerase chain reaction
(qRT-PCR) verification

In order to verify the reliability of the sequenced data, genes
related to drought stress response were selected for quantita-
tive real-time polymerase chain reaction (qRT-PCR) valida-
tion, and all gene-specific primers were shown in Table S1.
qRT-PCR was performed using the SYBR® Premix Ex TaqTM

(Perfect Real Time) (TaKaRa, Japan) and contained 12.5 µL 2
× SYBR Premix Ex TaqTM, 2 µL cDNA solution, 2 µL mix

solution of target gene primers and 8.5 µL ddH2O in a final
volume of 25 µL. The amplification was carried out under the
following conditions: 95°C for 30 s, 40 cycles at 95°C for 5 s,
52°C for 30 s, and 72°C for 30 s. Gene relative expression
levels of target genes were calculated by the 2−ΔΔCt compara-
tive threshold cycle (Ct) method.20 The Ct values of the
triplicate reactions were gathered using the Bio-Rad CFX
Manager V1.6.541.1028 software (Bio-Rad, Hercules,
CA, USA).

2.7. Statistical analysis

All experiments described herein were repeated three times
using a completely randomized design. Primers were designed
using the Primer programme (version 5.00). The results were
analyzed for variance using the SAS/STAT statistical analysis
package (version 6.12, SAS Institute, Cary, NC, USA).

3. Results

3.1. Soluble sugar and soluble protein content

Under drought stress, the physiological index of P. lactiflora
was determined, and the results showed an increase in the
soluble sugar content in leaves. Somewhat in contrast, the
soluble protein content showed an increasing trend during
the early stage of drought and gradually decreased after day
14. However, the contents of the two physiological indices
under drought stress were higher compared with the Control
in the same period (Figure 1).

3.2. Antioxidant enzyme activity

Under drought stress, the antioxidant enzyme activity in
P. lactiflora leaves changed significantly, POD, CAT and
APX activity continued to increase, and SOD activity showed
a tendency to first rise and then decline, reaching the highest
value at day 14. Compared with the Control, SOD, POD, CAT
and APX activity were significantly increased in the drought-
treated leaves, especially at day 21, with POD, CAT and APX
activity that were 2.63, 2.77 and 5.07 times those of the
Control, respectively; at day 14, SOD activity was 1.33 times
that of the Control (Figure 2).

3.3. Ascorbic acid-glutathione (AsA-GSH) circulating
system enzyme activity

As shown in Figure 3, the activity of GR, DHAR, MDHAR and
content of AsA and GSH in P. lactiflora leaves first increased
and then decreased under continuous drought stress. The activ-
ity and content of each enzyme in P. lactiflora exposed to
drought stress reached its maximum at day 14 after treatment,
increasing by 4.61%, 9.34%, 6.90%, 4.26% and 20.62%, respec-
tively, compared with the Control. However, compared with the
other four enzymes, the decreasing trend of GSH content
after day 14 was relatively gradual.
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3.4. Photosynthesis

As shown in Figure 4, the chlorophyll in leaves of P. lactiflora
showed a stark downward trend under drought stress, while the
change in carotenoid and flavonoid content showed an upward
trend. The analysis of photosynthetic parameters showed that
the net photosynthesis rate (Pn) was inhibited by drought stress
compared with the Control, and the stomatic conductance (Gs)
and transpiration rate (Tr) followed a similar decreasing trend in
response to drought stress (Figure 5a). Additionally, compared
with the Control, drought stress significantly decreased the
chlorophyll fluorescence parameters, including the ratio of

variable fluorescence to minimal fluorescence (Fv/Fo), the ratio
of variable fluorescence to maximum fluorescence (Fv/Fm) and
the actual photosynthetic efficiency of light system II (Y(II)), by
74.67%, 65.91% and 70.45% at day 21, respectively (Figure 5b).

3.5. Sequence analysis, transcript assembly and gene
functional annotation

To define the response of the P. lactiflora transcriptome to
drought stress, RNA samples from 21-day drought-stressed
leaves and the Control were subjected to RNA-Seq. Six

Figure 1. Soluble sugar and soluble protein content changes in drought-treated P. lactiflora and Control. Values represent the mean ± standard deviation (SD) and
letters indicate significant differences according to Duncan’s multiple range test (P < 0.05).

Figure 2. Antioxidant enzyme activity changes in drought-treated P. lactiflora and the Control. Values represent the mean ± standard deviation (SD) and letters
indicate significant differences according to Duncan’s multiple range test (P < 0.05). SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; APX, ascorbate
peroxidase.
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libraries were constructed, and an average of 55,165,914
total reads with a single read length of 150 nt, Q30 percen-
tage of 95.95% and GC percentage of 45.07% was generated
from each library (Table S2) and deposited at NCBI (SRA:
SRP131648). After trimming adapters, filtering out low-
quality reads and de novo assembly, 86,257 unigenes with
a mean length of 815 bp and N50 of 1,396 across a total of
70,328,345 bp were obtained. A total of 39,309 unigenes
were annotated successfully; 38,750 unigenes (44.92%)
showed significant similarity to the Nr database, 24,577
(28.49%) to the Swiss-Prot database, 24,579 (28.50%) to
the KOG database, and 14,844 (17.21%) to the KEGG data-
base (Figure 6a). Subsequently, it was found that 22,582
DEGs were expressed under drought stress, of which
10,747 were upregulated and 11,835 were downregulated
(Figure 6b). To validate these DEGs, the expression levels
of 17 randomly selected genes were analyzed by qRT-PCR.

The results were shown in Figure 6c. By comparison, the
expression patterns of these genes were similar to those
observed using RNA-Seq, including 7 upregulated and 10
downregulated genes.

3.6. Differential gene expression analysis under drought
stress

To better understand the functions of these DEGs, GO annota-
tion was performed. All the DEGs were assigned to biological
process (18), cellular component (17) and molecular functions
(11) based on their functional properties (Figure 6d). In the large
category of biological processes, the most enriched annotation
results were metabolic processes with 4371 DEGs, followed by
cellular process and single-organic process. Similarly, in the cell
composition category, cell and cell parts involved the most
differentially expressed genes, followed by the number of

Figure 3. Ascorbic acid-glutathione (AsA-GSH) circulating system enzyme activity changes in drought-treated P. lactiflora and the Control. Values represent the mean
± standard deviation (SD) and letters indicate significant differences according to Duncan’s multiple range test (P < 0.05). GR, glutathione reductase; DHAR,
dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; GSH, reduced glutathione; AsA, ascorbic acid.
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organelle parts assigned. Furthermore, under the molecular
functional category, the largest number of DEGs was found for
binding activity and catalytic activity at 3,917 and 3,803, respec-
tively. These results suggested that metabolic processes, cellular
processes, and individual organismal process pathways of
P. lactiflora were the most dramatically influenced biological
response processes under drought treatment. Under the broad
category of ‘Biological process’, 4,371 DEGs were assigned to
‘metabolic processes’, followed by ‘cellular process’ and ‘single-
organism process’, including 3,638 and 2,831 DEGs, respectively.
Similarly, under the ‘cellular component’ category, 3,318 DEGs
were assigned to ‘cell’ and ‘cell part’, followed by 2,609 DEGs that
were assigned ‘organelle’. Further, in the ‘molecular functions’
category, 3,917 DEGs were assigned to ‘binding’ and 3,803 to
‘catalytic activity’. Moreover, all the DEGs were subjected to
KEGG annotation to further characterize the transcripts, of
which 3,179 DEGs were allotted to 128 KEGG pathways and
only 15 pathways met the condition of a Q-value ≤ 0.01. Among
these pathways, the largest number of DEGs (624) was involved
in the ‘ribosome’, while the smallest number of DEGs (17) was
recorded for ‘photosynthesis – antenna proteins’ (Figure 6e,
Table S3). Additionally, drought-related pathways involving
DEGs included the citrate cycle (TCA cycle), pyruvate metabo-
lism, glutathione metabolism, phenylpropanoid biosynthesis,
flavonoid biosynthesis, alanine, aspartate and glutamate meta-
bolism, photosynthesis-antenna proteins, photosynthesis, the
pentose phosphate pathway, carbon fixation in photosynthetic
organisms, glyoxylate and dicarboxylate metabolism and carbon

metabolism. These pathways were divided into five main cate-
gories: ROS system (glutathione metabolism); chlorophyll
degradation and photosynthetic competency (photosynthesis-
antenna proteins, photosynthesis, carbon fixation in photosyn-
thetic organisms, glyoxylate and dicarboxylate metabolism, car-
bon metabolism); biosynthesis of secondary metabolism
(phenylpropanoid biosynthesis and flavonoid biosynthesis);
fatty acid metabolism (pentose phosphate pathway); sugar meta-
bolism (citrate cycle (TCA cycle), pyruvate metabolism and
alanine, aspartate and glutamate metabolism) (Figure 7).

3.7. Analysis of drought-responsive transcription factors

The predicted protein sequences were compared with the
corresponding TF database (plant TFdb/animal TFdb), and
a total of 1078 transcription factors (TFs) involved in drought
stress response were identified in P. lactiflora, which belonged
to 56 families (Figure 8a). Among them, the number of
ethylene-responsive factor (ERF) (7.42%), basic helix-loop-
helix protein (bHLH) (7.23%), fatty acyl-CoA reductase 1
(FAR1) (6.77%), Cys2-His2 (C2H2) (6.30%), MYB-related
(6.21%), N-acetylcysteine (NAC) (5.56%), v-myb avian mye-
loblastosis viral oncogene homologue (MYB) (5.10%), WRKY
(4.35%), and basic region/leucine zipper motif (bZIP) (4.26%)
families was relatively large, and ERF was the largest TF
family with 80 gene members. The expression levels of TF
in P. lactiflora were different under drought stress. Compared
with the Control, there were 612 upregulated TFs from 53 TF

Figure 4. Pigment content changes in drought-treated P. lactiflora and the Control. Values represent the mean ± standard deviation (SD) and letters indicate
significant differences according to Duncan’s multiple range test (P < 0.05).
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families in drought-treated P. lactiflora, a total of 464 down-
regulated TFs and 46 TF families, and 2 TFs with unaltered
expression levels. The two TF families with the most up or
downregulated genes were ERF and bHLH (Figure 8b).

4. Discussion

Drought stress can lead to changes in plant morphology, phy-
siology and molecular responses.21 In response, plants adopt
a series of physiological and metabolic responses to prevent,
reduce, or repair damage, in order to maintain a normal phy-
siological state,22 including increases in antioxidant enzyme
activity to scavenge ROS free radicals23 and the accumulation
of solutes in the body to enhance osmoregulation in response to
drought stress.24 Soluble sugar and soluble protein are the main
organic components of osmoregulation.25 Gao et al.26 and
Zhang et al.27 reported that drought stress increased the accu-
mulation of soluble sugar and soluble protein content in plants,
leading to osmotic regulation. Consistent findings were obtained

in our present study: under drought stress, the content of soluble
sugar and soluble protein in P. lactiflora leaves showed an
upward trend, with higher contents compared with the
Control. These results confirmed that drought stress increased
the soluble sugar content in plants and thus reduced the osmotic
potential and maintained the normal water demand in plants; it
also increased the soluble protein content to eliminate and repair
damage caused by environmental stress.25 Drought stress can
aggravate the production of ROS in plant cells, and excessive
production and accumulation of ROS can cause damage to
plants.28 To protect against the damage caused by ROS accumu-
lation, plants have evolved an effective antioxidant defense sys-
tem, including antioxidant enzyme systems (such as SOD, CAT,
POD and APX), ascorbic acid-glutathione (AsA-GSH) circula-
tory systems (such as GSH, AsA, PA, GR, DHAR and MDHAR)
and non-antioxidative systems.29 In this study, POD, CAT and
APX activity significantly upregulated in P. lactiflora and higher
than those in the Control. However, SOD showed an upward
trend in the early stage of drought treatment and began to

Figure 5. Photosynthetic characteristics and chlorophyll fluorescence parameter changes in drought-treated P. lactiflora and the Control. (a) Photosynthetic
characteristics. (b) Chlorophyll fluorescence parameters. Values represent the mean ± standard deviation (SD) and letters indicate significant differences according
to Duncan’s multiple range test (P < 0.05). Pn, net photosynthesis rate; Tr, transpiration rate; Gs, stomatal conduction; Fo, minimal fluorescence; Fv, variable
fluorescence; Fm, maximum fluorescence; Y(II), photosynthetic efficiency of photosystem II.
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decline at day 14, consistent with previous research.30,31 The
initial increase and then decrease in SOD activity may be
a consequence of early mild drought induction of SOD synthesis,
followed by increases in drought stress, destruction of the SOD
synthase structure, and reduced SOD synthesis. In addition, in
this study, the enzymatic activities of the enzyme increased while
the amount of soluble protein decreased in day 21 with the
exception of SOD, which is consistent with the physiological
effect of TaraxacummongolicumHand-Mazz caused by drought
stress.32 This phenomenon may be caused by the inseparable
relationship between the change of the soluble protein content
value and the synthesis, denaturation and decomposition of
intracellular proteins.33 At 21 days, the drought stress of
P. lactiflora increased to a certain extent, which disrupted the
balance of plant protein decomposition and synthesis, leading to
a decrease in soluble protein content.34 And different plants and
drought treatments have different physiological effects on plants.
Furthermore, as shown by Dong et al.35 and Gu et al.,36 the
activity of GR, MDHAR, DHAR and AsA and GSH in leaves of
P. lactiflora showed an initial increase and then decrease under
drought stress; however, the results differed slightly from those
obtained in other plant studies.37–39 The emergence of the pre-
sent phenomenon might be related not only to the species but
also to differences in handling the environment.

The photosynthetic mechanism of plants is very sensitive to
stress, and it is usually the primary site of stress.40 Photosynthesis
pigments and their secondary metabolites in leaves are involved
in the absorption, transmission and transformation of light
energy in photosynthesis, and their content directly affects the
photosynthetic capacity of plants.41 In this study, the chlorophyll
content in leaves of P. lactiflora showed a linear downward trend
under drought stress, whereas the change in carotenoid and
flavonoid content showed a contrasting upward trend, consis-
tent with the findings of Liu et al.42 and Gharbi et al.43 However,
studies have shown that chlorophyll and carotenoid levels first
rise and then fall under drought stress or significantly decrease
under severe drought stress,44 potentially due to the imbalance
in ROS metabolism, which leads to the destruction of chloro-
phyll and acceleration of chlorophyll decomposition. The
increase in carotenoid content in cells neutralizes the chlorophyll
damage and improves leaf resistance. Drought stress also
severely reduces the activity of plant photosynthesis, which is
mainly caused by stomatal closure and complex non-gassing
effects.45 Stomata play an important role in the absorption and
utilization of water, which is closely related to photosynthesis
and transpiration.46 In the present study, Pn, Gs and Tr were
significantly reduced in leaves of P. lactiflora under drought
stress, and Pn continued to decrease substantially, suggesting

Figure 6. Annotation of unigenes, functions and validation of DEGs (a) Venn diagram of the number of unigenes annotated in four public databases. (b) Volcano plot
of DEGs. The x-axis represents the log2-transformed fold change; the y-axis represents the -log10 false discovery rate, red points represent upregulated DEGs, green
points represent downregulated DEGs, and black points represent non-DEGs. (c) Correlation of gene expression results obtained using RNA-Seq and quantitative real-
time polymerase chain reaction (qRT-PCR) analysis. Correlation assay performed for 18 DEGs with a log2 ratio of 21.00 or S-1.00. FDR, false discovery rate; FC, fold
change. (d) Gene Ontology (GO) enrichment classification of differentially expressed genes (DEGs). (e) Pathway functional enrichment of DEGs. The x axis represents
the enrichment factor, the y axis represents the pathway name, and the color indicates the q-value, with a lower q-value indicating more significant enrichment and
the point size indicating the DEG number.
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that the decrease in Pn in the earlier stage might be caused by
stomatal closure inhibition of CO2 uptake. In contrast, with the
enhancement of drought stress at a later stage, non-stomatal
constraints would destroy the photosynthetic organs of plants
and become the dominant factor in the Pn decline. Compared
with Pn, Gs and Tr showed an abrupt decline only during the
initial seven days, followed by a slow decline. This phenomenon
might be due to the drought stress during the previous week
causing damage to the stomatal structure of P. lactiflora leaves,
such that the leaves were unable to respond positively with
further increased stress. In addition, drought stress significantly
affected the chlorophyll fluorescence parameters of the plant.
When drought is severe or has a longer duration, the non-

aperforated factor will destroy photosynthetic organs of the
plant, resulting in a serious decline in photosynthesis. In con-
trast, chlorophyll fluorescence parameters, as an internal indica-
tion of plant adaptation to the ecological environment, can be
judged according to the changes in fluorescence parameters in
plant photosynthetic reactions and the degree of photosynthetic
organ damage.47 The results of this study showed that drought
stress reduces Y(II), Fv/Fm and Fv/Fo of light system II. These
results suggested that drought stress could significantly reduce
the light energy conversion efficiency of PSII, resulting in an
imbalance between the photochemical activity and electron
transport of PSII, which eventually leads to light inhibition and
damage to the active center of chloroplast PSII.48 This

Figure 7. Heat map of the main differentially expressed gene (DEG) expression patterns involved in the reactive oxygen species (ROS) system, chlorophyll
degradation and photosynthetic competency, biosynthesis of secondary metabolism, fatty acid metabolism and sugar metabolism.
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phenomenon is in complete agreement with the findings of Yang
et al.49 and Lai et al.50 regarding the effect of drought stress on
the chlorophyll fluorescence parameters of Viburnum sargentii
and Bambusa tuldoides.

The physiological and biochemical changes in osmotic
regulatory substances and antioxidant enzyme activity in
plants are fundamentally the result of gene expression. At
present, RNA-Seq sequencing technology has become an
important means to detect changes in gene transcription
levels in an organism or a specific tissue or organ in
a certain functional state. In the present study, the average
total reading per library was 55,165,914, and the single read-
ing length was 150 nt. Each library generated a Q30 percen-
tage of 95.95% and a GC percentage of 45.07%. After
trimming adapters, filtering out low-quality reads and de
novo assembly, 86,257 unigenes with a mean length of 815
bp and N50 of 1,396 across a total of 70,328,345 bp were
obtained. Wang et al.51 performed a transcriptome analysis
of Kochia prostrata under drought stress, resulting in a Q30
percentage of 85% and N50 of 768. In contrast, the amount
and quality of data sequenced in this study was relatively
high. In addition, the GC ratio for each P. lactiflora sample
was between 35% and 65% at 45.07%. These data all suggest
a good quality of the P. lactiflora transcriptome for use in
further analyzes.52

Four public databases were used to annotate 86,257
unigenes. A total of 38,750, 24,577, 24,579 and 14,844
unigenes were annotated in the Nr, Swiss-Prot, COG and
KEGG database, accounting for 44.92%, 28.49%, 28.50%
and 17.21%, respectively. Subsequently, the molecular reg-
ulatory mechanism of P. lactiflora under drought stress
was investigated. The transcriptome sequencing results
were verified by qRT-PCR and were found to be consis-
tent, validating the sequencing method. In addition, GO
annotations were performed to better understand the
function of these DEGs. Its results suggested that meta-
bolic processes, cellular processes, and individual organis-
mal process pathways of P. lactiflora were the most
dramatically influenced biological response processes
under drought stress. The present GO annotation results
were consistent with the transcriptome analysis results
obtained for different Paeonia suffruticosa Andr. under
drought stress by.53 The transcriptome analysis further
showed that 3,179 DEGs were located in 128 KEGG path-
ways, but only 20 pathways had a q-value ≤ 0.05 and only
15 a q-value ≤0.01. These pathways could be divided into
five main metabolic pathways: the ROS system, chloro-
phyll degradation and photosynthetic competency, second-
ary metabolism biosynthesis, fatty acid metabolism and
sugar metabolism.

Figure 8. Transcription factor (TF) analysis. (a) Number and types of transcription factors (TF). (b) Transcription factor (TF) changes in drought-treated P. lactiflora and
the Control.
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The antioxidant defense system of plants under drought
stress can reduce damage by controlling the excessive pro-
duction of ROS, and glutathione metabolism during ROS
metabolism helps to remove ROS from the leaves of
P. lactiflora. The downregulation of DEGs associated with
the glutathione metabolic pathway in the P. lactiflora tran-
scriptome might be due to the disruption of glutathione
metabolism due to drought stress and increased ROS con-
tent in plants. The analysis showed that chlorophyll a-bind-
ing protein (CAB), chlorophyllase (CHL) and other genes
associated with the chlorophyll cycle were significantly
downregulated under drought stress, which indicated that
the chlorophyll cycle was inhibited. Among the key
enzymes involved in chlorophyll degradation, in addition
to the pheophorbide a oxygenase (PAO) gene, expression
levels of the non-yellow coloring 1 (NYC1), hydroxymethyl
chlorophyll reductase (HCAR) and pheophytinase (PPH)
gene were all slightly downregulated, suggesting that the
damage could be alleviated in P. lactiflora leaves by redu-
cing the degradation of chlorophyll during prolonged
drought or severe drought stress. In addition, genes asso-
ciated with photosynthesis, such as the large subunitoffibu-
lose-1,5- bisphosphate carboxylase oxygenase (RBCL) gene,
cytochrome b/f complex gene (pet or psb), PS I, PS II,
NADH dehydrogenase gene (NAD), and ATP synthase sub-
unit (ATP) gene, were significantly downregulated under
drought stress, indicating a direct effect of drought stress
on photosynthesis.

During secondary metabolism biosynthesis, many genes
related to flavonoid biosynthesis and phenylalanine bio-
synthesis have been found to be upregulated, such as the
phenylalanine ammonia-lyase (PAL), chalcone synthase
(CHS), chalcone isomerase (CHI), naringin 3-dioxygenase
(F3H), flavonol synthetase (FLS), dihydroflavonol
4-reductase (DFR), and UDP glucose-flavonoid-3-o-glyco-
syltranferase (UFGT) gene. This finding indicates that
drought stress promotes the increase in flavonoids,
which is consistent with the experimental results of this
study.

Polyunsaturated fatty acids are one of the most important
components of cell membrane lipids, which improve plant
resistance to stress by affecting the cell membrane lipid struc-
ture and cell membrane fluidity. Oxidative stress induced by
drought stress causes membrane lipid peroxidation, which
leads to membrane protein denaturation and changes in cell
membrane fluidity, resulting in disruption of the membrane
structure.54 Based on the transcriptome data for P. lactiflora,
altered genes were associated with the pentose phosphate
pathway in fatty acid metabolism, such as glucose-6-phosate-
dehydrogenase (G6PDH) upregulation, fatty acid biosynthesis
pathway downregulation, and fatty acid degradation pathway
upregulation. These results indicate that drought stress leads
to a decrease in fatty acid content, which is consistent with the
findings of Ali et al.55

When plants are subjected to drought stress, their
growth will be inhibited due to the decrease in
photosynthesis,56 which may lead to an increase in soluble
sugar (mainly sucrose) content in plants and a decrease in
osmotic potential, thus maintaining the normal water

demand of plants under drought stress. Furthermore,
sugar accumulation in plant organs caused by drought
stress may be related to sugar metabolism.57 Du et al.57

studying soybean, found that drought stress has an impact
on sugar metabolism. They showed that compared with
the Control, drought stress significantly increased the
expression of genes related to sucrose phosphate synthase
(SPS) and sucrose metabolism in soybean leaves. Chen
et al.58 found that the sugars will eventually be exported
transporter (SWEET) gene was upregulated under drought
stress. A significant upregulation of the SPS1 and pear
sucrose synthase (SUS) genes in ‘Huangguan’ pears can
lead to a large accumulation of sucrose in fruits.59 These
genes are also upregulated in the transcriptome of
P. lactiflora. In addition, under drought stress, genes
related to sugar metabolism with upregulated expression
also included sucrose synthase (SS), fructokinase (FRK)
and hexokinase (HXK), among others. These results indi-
cate that drought stress enhances the metabolic cycle of
sucrose, leading to the accumulation of soluble sugars
(mainly sucrose), which improves the osmotic adjustment
ability and tolerance of P. lactiflora under drought stress.
This finding is consistent with the gradual increases in
soluble sugar content with drought stress in P. lactiflora
observed in this study.

During the drought stress response, after receiving
a drought signal, the plant activates a transcription factor
(TF) through a series of signaling cascades. The activated
TF specifically binds to the cis-acting element of the corre-
sponding target gene and initiates transcription of the
downstream specific response gene in response to drought
stress.60 Zhang et al.61 found that over-expression of ERF-
like transcription factors can increase leaf epidermal wax
accumulation, significantly reduce leaf dehydration, and
increase the tolerance of plants to drought stress.
OsMYB6, which leads to overexpression of MYB family
genes in transgenic rice,62 causes increased tolerance to
drought stress. In addition, bHLH,63 MYB-related64 and
other families can also be used to regulate plant drought
tolerance. In the present study, drought treatment caused
differential TF expression in P. lactiflora. Compared with
the Control, ERF, NAC, bHLH, MYB-related, FARI, C2H2,
and MYB in P. lactiflora representing several types of
abundant transcription factors showed the most significant
changes in expression under drought stress. The most dra-
matic downregulation was mainly detected for bHLH tran-
scription factors such as ERF-type transcription factors,
which were significantly upregulated. These results indicate
that in P. lactiflora, genes are upregulated to achieve a leaf
response to water stimuli and downregulated to facilitate
leaf responses to drought tolerance. The responses of these
transcription factors to drought stress were significant.

5. Conclusion

In the present study, we have confirmed that drought stress
had a great influence on physiological response and gene
expression of P. lactiflora. A large number of physiological
indicators were used to reflect the growth of P. lactiflora
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under drought stress, including the accumulation of ROS
free radicals and solutes in the body, the destruction of
chloroplast structure and the sharp decrease in photosynth-
esis. Analysis of the transcriptome revealed a large number
of genes and transcription factors that may play an impor-
tant role in the drought stress of P. lactiflora, including
genes involved in the ROS system, chlorophyll degradation
and photosynthetic competency, secondary metabolism bio-
synthesis and sugar metabolism, and and transcription fac-
tors such as ERF, NAC, bHLH, MYB. These results could
provide a better understanding of the P. lactiflora response
to drought stress and lay a foundation for gene expression
profile analysis related to the drought tolerance of plants.
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