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Abstract Rhododendron delavayi is an alpine evergreen

ornamental plant, but water shortage limits its growth and

development in urban gardens. However, the adaptive

mechanism of alpine evergreen rhododendrons to drought

remains unclear. Here, a water control experiment was

conducted to study the physiological and transcriptomic

response of R. delavayi to drought. The drought treatment

for 9 days decreased photosynthetic rate, induced accu-

mulation of reactive oxygen species (ROS), and damaged

chloroplast ultrastructure of R. delavayi. However, the

photosynthetic rate quickly recovered to the level before

treatment when the plants were re-watered. De novo

assembly of RNA-Seq data generated 86,855 unigenes with

an average length of 1870 bp. A total of 22,728 differen-

tially expressed genes (DEGs) were identified between the

control and drought plants. The expression of most DEGs

related to photosynthesis were down-regulated during

drought stress, and were up-regulated when the plants were

re-watered, including the DEGs encoding subunits of light-

harvesting chlorophyll-protein complex, photosystem II

and photosystem I reaction center pigment-protein com-

plexes, and photosynthetic electron transport. The expres-

sions of many DEGs related to signal transduction,

flavonoid biosynthesis and antioxidant activity were also

significantly affected by drought stress. The results indi-

cated that the response of R. delavayi to drought involved

multiple physiological processes and metabolic pathways.

Photosynthetic adjustment, ROS-scavenging system,

abscisic acid and brassinosteroid signal transduction path-

way may play important roles to improve drought tolerance

of R. delavayi. Our findings provided valuable information

for understanding the mechanisms of drought tolerance

employed by Rhododendron species.
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MDA Malondialdehyde

Nr Non-redundant protein

OG Osmiophilic granules

Pn Net photosynthetic rate

POD Peroxidase

PRX Peroxiredoxins

PS I Photosystem I

PS II Photosystem II

ROS Reactive oxygen species

SOD Superoxide dismutase

STEM Short time-series expression miner

TEM Transmission electron microscopy

Tr Transpiration rate

Introduction

Drought is one of the most common environmental factors

limiting plant growth and productivity (Chaves et al. 2009;

Khan et al. 2017). The majority of climate change sce-

narios predict increased incidences of drought throughout

the world (Lemke et al. 2007). When experiencing a water

deficit, plants can activate a series of complicated regula-

tory mechanisms to cope with such stress (Rasmussen et al.

2013). To understand how plants cope with drought stress,

it is essential to identify the genes and metabolic pathways

involved in drought tolerance.

Drought stress affects almost every aspect of plant

physiology. Photosynthesis is a critical metabolic process

for carbon assimilation. Drought stress may affect photo-

synthetic CO2 assimilation by affecting stomatal opening,

diffusive resistance, or subsequent photo-oxidative damage

caused by an accumulation of reactive oxygen species

(ROS) (Chaves et al. 2009; Campos et al. 2014). Thus,

improving photosynthetic performance under drought is a

desirable goal for crop breeding. However, the genes

related to photosynthesis and the metabolic pathways that

are activated to protect photosynthesis in such a deficit

environment have not been intensively studied (Ma et al.

2016).

Plants can optimize their morphologies, physiologies

and metabolic processes to cope with drought stress. For

example, drought stress destroys cell membrane integrity,

accelerates the accumulation of ROS and breaks the bal-

ance of redox. Plants can reduce the risk of oxidative

damage by reducing energy absorption, or activate various

signal channels and antioxidases to rebuild the redox

equilibrium (Saibo et al. 2009; Ranjan et al. 2012). In

addition, plants can produce osmolytes such as proline and

soluble sugar to lower osmotic potential, which allows

plants to maintain water uptake and preserve membrane

integrity. These strategies are particularly important during

the later stages of stress (Yamada et al. 2005).

Transcriptome sequencing technology has been suc-

cessfully used to study the molecular mechanisms of model

and non-model plant species adapting to drought stress.

Several metabolic, signaling pathways and thousands of

genes have been identified (Joshi et al. 2016; Li et al.

2017). The molecular responses of plants to drought stress

involve many genes which are related to photosynthesis,

signal transduction, flavonoid biosynthesis and antioxidant

activity (Nakabayashi et al. 2014; Ma et al. 2016). Identi-

fying the differentially expressed genes (DEGs) involved in

these significantly enriched metabolic pathways is impor-

tant for understanding the process of drought stress

response in plants. However, the physiological and

molecular mechanisms of Rhododendron species in

response to drought stress remain largely unclear (Fer-

nàndez-Martı́nez et al. 2016).

Rhododendron, one of the most well-known alpine

flowers, is quite rich in Yunnan province of Southwestern

China, which harbors above 320 Rhododendron species

(Fang et al. 2005). Many species or varieties in the genus

Rhododendron have been used in urban landscapes. How-

ever, the drought in winter and spring, and the shortage of

urban water resource limit the growth and flowering per-

formance of these ornamental plants. Thus, the physio-

logical response to drought stress in Rhododendron has

received a few attention in recent years. A previous study

has shown that some physiological parameters, such as the

activity of protective enzymes and the content of malon-

dialdehyde (MDA), can be used as the indicators to eval-

uate the drought resistance of Rhododendron (Huang et al.

2011). Some close correlations between drought-resistance

and photosynthetic and chlorophyll fluorescence parame-

ters have also been observed in Rhododendron (He et al.

2001). Our previous studies have found that the small

stomata and large stomatal density enable the plants of R.

delavayi to quickly regulate stomatal movement to respond

to environmental changes, and the proportion of photo-

synthetic limitation caused by photo-oxidative damage is

very small under severe drought stress (Cai et al. 2014;

2015). Therefore, we speculate that R. delavayi has a

strong ability to scavenge ROS and avoid photo-oxidative

damage. However, as a non-model plant species, the

physiological and molecular adaptation of this species to

drought stress is poorly understood.

In this study, we detected the variations in photosyn-

thetic performances, biochemical substances and gene

expressions of leaves under different water status to

explore the mechanisms of drought tolerance involved in R.

delavayi by combining with transcriptome sequencing and

physiological analysis. We hypothesized that: (1) drought

stress decreases the photosynthetic capacity of R. delavayi,

but this species has strong resistance to photo-oxidation

damage under drought stress; (2) the key genes and
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metabolic pathways related to photosystem II, photosystem

I, signal transduction, flavonoid biosynthesis and antioxi-

dant activity contribute to well-maintained photosynthesis

during drought stress.

Materials and methods

Plant materials and treatments

Rhododendron delavayi was used in our experiments. This

species is an evergreen shrub or small tree with large

scarlet flowers that makes it highly attractive as an orna-

mental plant. It is widely distributed in Southwestern China

and often grows in the mixed forests, forest margins,

thickets, hills, rocky slopes and open field, and shows

strong drought tolerance (Zhang et al. 2002). Five-year-old

plants of R. delavayi were grown in the plastic pots (one

plant per pot) filled with a mixture of peat and coconut coir

(v/v, 2/1) in a greenhouse. The growth conditions included

air temperature of 22–28 �C (day) and 14–17 �C (night),

50–70% of relative humidity, and with a maximum light

intensity of approximately 1400 lmol m-2 s-1. Drought

conditions were induced by withholding normal irrigation.

In total, 30 plants were used for our experiments: half of

the plants were watered daily to maintain the soil water

content close to field capacity as the control treatment, and

watering to the other half of the plants were stopped to

induce different degrees of drought stress. In this way, four

experimental scenarios were designed: normal irrigation

(CK), stopping irrigation for 5 days (D5), stopping irriga-

tion for 9 days (D9), stopping irrigation for 10 days, and

re-watering for 6 h (REC) after 10 days of drought. Re-

watering was only carried out on 10 plants. The other 5

plants were continued under no irrigation for subsequent

electron microscopic observation. All of the measurements

were done at the end of each time-point.

Leaf relative water content and soil water content

The intensity of drought stress was characterized by leaf

relative water content (RWC) and soil water content

(SWC). The value for RWC (%) was determined as:

(FW - DW)/(TW - DW) 9 100, where FW, DW, and

TW are leaf fresh weight, dry weight, and turgid weight,

respectively. FW was determined using 4 leaves for each

replication. TW was determined after immersing the fresh

leaves in water for 24 h at 4 �C in the dark, and DW was

determined after oven dried at 72 �C for 48 h. The value

for SWC (%) was calculated as: (SFW - SDW)/SDW 9

100, where SFW is soil fresh weight, and SDW is soil dry

weight determined after oven dried at 105 �C for 48 h.

Gas exchange, physiological traits and chloroplast

ultrastructure

Photosynthetic gas exchange was determined between 9:00

and 11:00 am using a Li-6400XT open gas exchange sys-

tem (Li-Cor, Inc., Nebraska, USA). Leaf photosynthetic

rate (Pn), stomatal conductance (Gs), and transpiration rate

(Tr) were made on the newly matured leaves at a CO2

concentration of 400 lmol mol-1, a light intensity of

1000 lmol m-2 s-1, and 60–70% relative humidity.

Four replicates of leaf samples were harvested to mon-

itor the changes in physiological traits under different

treatment conditions. The levels of proline (Pro), MDA,

superoxide dismutase (SOD), soluble sugars and chloro-

phyll were determined by absorption photometry using a

UV-751GD spectrophotometer (Shanghai Analytical

Instrument Co., China).

The mesophyll cell and chloroplast ultrastructure under

normal and stress conditions were observed by transmis-

sion electron microscopy (TEM). The tissue was cut from

fully expanded, mature leaves. Small pieces from the

middle region of the leaves were immediately sectioned

into 2 mm 9 2 mm segments, and immersed in a 2.5%

glutaraldehyde fixative for 48 h at 4 �C. After fixation, the
samples for ultrastructural analysis were prepared for TEM

as described by Irwin et al. (2009). The samples were cut

using a Leica EM UC7 microtome (Leica Microsystems,

Buffalo Grove, IL, USA), and were examined and pho-

tographed with a JEOL JEM-1011 transmission electron

microscope (Teknolab, Indonesia).

RNA isolation, library construction and Illumina

sequencing

At the end of each time-point of CK, D5, D9, and REC, the

top 5 leaves of a branch were sampled from five plants,

frozen in liquid nitrogen, and stored at - 80 �C prior to

RNA-Seq and quantitative real-time reverse transcription,

qRT-PCR analyses. The RNA of the leaves was extracted

using kits from Huayueyang Biotechnology Co., Ltd.,

according to the manufacturer’s instructions. The 28S/23S

ratios of those RNA samples ranged from 1.7 to 2.1. Their

integrities were examined with an Agilent 2100 Bioana-

lyzer (Agilent Technologies, Palo Alto, Calif.). The values

for RIN (RNA Integrity Number) ranged from 8.1 to 8.7,

with no sign of degradation. Similar quantities of total

RNA isolated at each time point and belonging to the same

treatment group were pooled before constructing the four

libraries.

Construction of cDNA library and sequencing were

performed by the Beijing Genomics Institute (BGI). The

entire process followed standardized procedures and was

monitored by the BGI Quality Control System. Briefly,
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total mRNA was isolated with Oligo (dT) cellulose, then

fragmented and reverse-transcribed with random primers.

Second-strand cDNA was synthesized by DNA polymerase

I (New England BioLabs, Inc.) and RNase H (Invitrogen,

Carlsbad, CA, USA). The paired-end cDNA libraries were

constructed with insert sizes of 200 bp, and the cDNA was

sequenced using an Illumina (San Diego, CA, USA) Gen-

ome Analyzer platform. Image output data from the

sequencer were transformed into raw sequence data by

base-calling.

De novo assembly, gene expression and identification

of differentially expressed genes

For the assembly library, raw reads were filtered to remove

those containing adapters and reads with more than 5%

unknown nucleotides. Low-quality reads, i.e., those for

which the percentage of low Q-value (\ 10) bases was[
20%, were also removed. Clean reads were assembled de

novo by SOAPaligner/SOAP2 software (Li et al. 2009).

The database is available from the NCBI Short Read

Archive (SRA) with an accession number PRJNA503304

(http://www.ncbi.nlm.nih.gov/sra/PRJNA503304).

Gene expression was measured in RNA-Seq analyses as

the number of reads per kilobase per million mapped reads

(RPKM) (Mortazavi et al. 2008). The DEGs were identified

with FDR (false discovery rate) values\ 0.001 and abso-

lute values of log2 Ratio C 1. Gene expression data t were

normalized to 0, log2 (tD5/tCK), log2 (tD9/tCK), and
log2 (tREC/tCK). The DEGs were clustered by Short

Time-series Expression Miner (STEM) (Ernst and Bar-

Joseph 2006). Clustered profiles with p values\ 0.05 were

considered significantly expressed. The enrichment analy-

ses of Gene Ontology (GO, http://geneontology.org/)

classifications and Kyoto encyclopedia of genes and gen-

omes (KEGG; http://www.genome.jp/kegg) pathways were

conducted using the total DEGs that were detected during

different periods of drought stress. GO annotation was

analyzed by Blast2GO software (Götz et al. 2008). Func-

tional classification of the unigenes was performed using

WEGO software. KEGG pathway annotation was under-

gone by Blastall software against the KEGG database.

Validation for transcriptomics

To confirm the RNA-Seq results, a total of 10 candidate

DEGs in KEGG enrichment pathway were selected for

qRT-PCR. Briefly, 2 lg of total RNA was reverse-tran-

scribed to first-strand cDNA using a ReverTra Ace qPCR

RT Master Mix (TOYOBO, Japan). Afterward, qRT-PCR

was performed on a Roche LightCycler 480 Real-Time

PCR System (Roche, Mannheim, Germany), using a SYBR

Green-based Fast qPCR kit (KAPA Biosystems,

Wilmington, MA, USA). Each 20-lL reaction mixture

contained 2.2 lL of diluted first-strand cDNA, 0.4 lL
(200 nM) for each primer, and 10 lL of SYBR Green PCR

Master Mix. Reaction conditions included an initial 95 �C
for 2 min; then 40 cycles of 95 �C for 3 s and 57 �C for

30 s. Each qRT-PCR run was conducted with three inde-

pendent biological replicates, with each replicate corre-

sponding to two technical repeats. All primers were

designed using PRIMER5 software (Table S1 Supple-

mental Materials). The relative expression values were

calculated by the 2-DDCt method (Livak and Schmittgen

2001).

Statistical analysis

Statistical analysis was performed with SPSS 16.0 (SPSS

Inc., Chicago, USA). Difference between means were

tested by one-way ANOVA and LSD multiple comparisons

tests. Difference was considered significant at

p values\ 0.05.

Results

Variation in leaf and soil water content

The RWC of drought-stressed plants maintained the same

level as the CK plants after 3 days dehydration, but

decreased to 75.1% and 72.1% after 6 and 9 days dehy-

dration, respectively. On re-watering for 6 h, the RWCs in

the stressed plants recovered to the levels of the CK plants.

Meanwhile, SWC declined from 147.8% at the beginning

of the treatment to 25.3% after stopping irrigation for

9 days (Fig. 1).

Changes in gas exchange, physiological

and ultrastructural traits

When compared with the CK plants, the values for net

photosynthetic rate (Pn), stomatal conductance (gs), and

transpiration rate (Tr) in R. delavayi reduced on the 5th and

9th days after stopping watering. However, the values of

those parameters showed a certain degree of recovery after

re-watering for 6 h (Fig. 2).

Leaf MDA content increased with the intensifying

degree of drought stress. The MDA contents in the stressed

plants after 6 days of stress treatment were significantly

higher than that of the CK plants. After re-watering, the

MDA contents decreased but were still higher than that of

the CK (Fig. 3A). Similar trends were noted for SOD

activity, and for the contents of proline and soluble sugars

(Fig. 3B–D). Compared with the CK, the chlorophyll a and

chlorophyll b contents increased significantly after
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stopping irrigation for 6 days, especially chlorophyll b.

After re-watering, the chlorophyll a content of the stressed

plants decreased to the same level as the CK plants, but the

chlorophyll b content was still higher (Fig. 3E–F).

The chloroplasts in the CK plants were long and oval-

shaped, and were distributed close to the edge of the

plasma membrane. The chloroplast lamellae were orderly

arranged and substantially parallel to the long axis of the

chloroplast. The osmiophilic granules and starch grains

were randomly distributed in those chloroplasts (Fig. 4A,

F). After 6 days of stress treatment, the chloroplasts were

slightly swollen, and the stroma lamellae were loosely

arranged (Fig. 4C, H). By day 9, some chloroplasts were no

longer closely attached to the plasma membrane, and

plasmolysis and agglomeration were apparent, and some

thylakoids had vacuolized (Fig. 4D, I). By day 12, the

shape of chloroplast changed from long and oval to circular

or nearly spherical, while plasmolysis and thylakoid vac-

uolization intensified, and the lamellae was bent to produce

an overall disorganized arrangement (Fig. 4E, J).

De novo assembly and functional annotation

of unigenes

The cDNA libraries from the leaves in the CK, D5, D9, and

REC treatment groups produced over 4.6 G nt of clean

nucleotide read data. Using a de novo assembly approach,

the clean reads were assembled into 69,806, 74,468,

82,453, and 88,091 unigenes for CK, D5, D9, and REC

treatments, respectively. The average unigene length was

1140 bp, and the N50 size averaged 1870 bp (Table 1).

Among the 86,855 unigenes, 59.6% (51,735) were anno-

tated by Nr database, and 40.29% (34,995) shared identity

with the proteins in the Swiss-Prot database. In total,

Fig. 1 The changes of leaf

relative water content (filled

circle) and soil water content

(open circle) under different

drought stresses. Day 0

corresponds to the first day of

stopping irrigation, and the

arrow indicates the beginning of

re-watering. The values

represent mean ± SE (n = 4)

Fig. 2 Variations in net photosynthetic rate (Pn), stomatal conduc-

tance (Gs) and transpiration rate (Tr) under different drought stresses.

Values represent mean ± SE (n = 10). CK, normal irrigation; D5,

stopping irrigation for 5 days; D9, stopping irrigation for 9 days;

REC, re-watering for 6 h on the 10th day after stopping irrigation
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62.95% (54,679) of the assembled unigenes were suc-

cessfully annotated via KEGG, COG and GO databases

(Table 2).

DEGs identification and analysis

When compared with the CK, 4503 (2804 up/1699 down),

14,430 (8329 up/6101 down), and 11,455 (7755 up/3700

down) DEGs were identified in the D5, D9, and REC

treatments, respectively (Fig. 5). A total of 22,728 DEGs

were detected between the stressed and CK plants

(Table S2 in Supplemental Materials). Of these, 16,345

were clustered into 12 profiles which were significantly

expressed (p\ 0.05). The profiles included 4 down-regu-

lated patterns (profiles 1, 2, 10, and 11) and 8 up-regulated

patterns (13, 15, 16, 21, 22, 23, 24, and 25) (Fig. 6). Using

GO annotation analysis, the DEGs were classified into 3

main categories including biological process, cellular

Fig. 3 Variations in leaf malondialdehyde (MDA) content (A), SOD
activity (B), proline content (C), soluble sugar content (D), chloro-
phyll a content per unit area (E), and chlorophyll b content per unit

area (F) under different drought stresses. Day 0 corresponds to the

first day of stress treatment. The arrows indicate the beginning of re-

watering. Values represent mean ± SE (n = 3)
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Fig. 4 Changes in ultrastructure of mesophyll cells (A–E) and

chloroplasts (F–J) from Rhododendron delavayi under different

stages of drought treatment. CK, the control (A, F); 3d, stopping

irrigation for 3 days (B, G); 6d, stopping irrigation for 6 days (C, H);

9d, stopping irrigation for 9 days (D, I); 12d, stopping irrigation for

12 days (E, J). CW, cell wall; Ch, chloroplast; IAS, intercellular air

space; V, vacuole; OG, osmiophilic granules; SG, starch grains; ST,

stroma thylakoid

Table 1 Overview of de novo assembly of the transcriptome for Rhododendron delavayi

Library Number of

contigs

Length of

contigs (nt)

Average contig

size (nt)

Total number of

unigenes

Total length of

unigenes (nt)

Mean length of

unigenes (nt)

N50

(bp)

CK 110,360 45,915,563 416 69,806 56,228,444 805 1519

D5 115,952 47,168,632 407 74,468 61,507,051 826 1568

D9 127,624 49,390,634 387 82,453 66,761,897 810 1589

REC 135,376 53,177,425 393 88,091 74,005,815 840 1639

Total 86,855 99,041,512 1140 1870

N50 size is weighted median statistic used to indicate that 50% of entire assembly resides in contigs are equal to or longer than the specified

minimum length. CK, normal irrigation; D5, stopping irrigation for 5 days; D9, stopping irrigation for 9 days; REC, re-watering for 6 h on the

10th day after stopping irrigation

Table 2 Functional annotation of high-quality unique sequences

according to similarity (e-value\ le-5)

Public database Number of unigenes Similarity (%)

Annotated

Nr 51,735 59.56

Nt 45,170 52.01

Swiss-Prot 34,995 40.29

KEGG 32,021 36.87

COG 21,098 24.29

GO 38,371 44.18

Total 54,679 62.95

Unannotated 32,176 37.05

Total 86,855 100.00

Fig. 5 Statistics for differentially expressed genes (DEGs). CK,

normal irrigation; D5, stopping irrigation for 5 days; D9, stopping

irrigation for 9 days; REC, re-watering for 6 h on the 10th day after

stopping irrigation
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component and molecular function. Under the biological

process category, the part of cellular process, metabolic

process, single organism process, response to stimulus

were prominently represented. Under the category of cel-

lular component, cell part and organelle represented the

majorities of the category. For the molecular function

category, metabolic process, catalytic activity and binding

were the top abundant subcategories (Fig. 7). 43.3% (9842/

22,728) of the DEGs was annotated by KEGG pathway

analysis. The top 10 KEGG pathways with the highest

representation of the DEGs are shown in Table 3. These

DEGs were mainly located in biosynthesis of secondary

metabolites, phenylpropanoid biosynthesis, metabolism,

ether lipid metabolism, flavonoid biosynthesis and plant

hormone signal transduction pathway.

Validation of RNA-Seq

The expressions of 10 candidate DEGs in KEGG enrich-

ment pathway were detected using qRT-PCR. In response

to drought stress, the expressions of 7 genes, including

flavonoid 3-galactosyl transferase (CL1213.Contig9),

hydroxycinnamoyl-CoA (Unigene19117), flavonol syn-

thase (Unigene402), photosystem I reaction center subunit

XI (Unigene28281), chloroplastic-like isoform

(CL1696.Contig2), chlorophyll a/b-binding protein (Uni-

gene8237) and serine/threonine-protein kinase

(CL7513.Contig1), were down-regulated, while 3 genes,

including gibberellin oxidase-like (CL3049.Contig2), glu-

tathione transferase (CL7209.Contig2) and dihy-

droflavonol-4-reductase (CL9210.Contig2), were up-

regulated. The similar expression patterns of the candidate

unigenes between qRT-PCR and RNA-Seq confirmed the

high reliability of RNA-Seq data (Fig. 8).

Genes and pathways involved in drought-tolerance

The photosynthetic rate in R. delavayi changed obviously

after stopping irrigation, and re-watering (Fig. 2). 61 DEGs

were annotated by the category ‘‘photosynthesis’’. Among

Fig. 6 Short Time-series Expression Miner (STEM) cluster analysis

of differentially expressed genes (DEGs) in the drought-stressed

leaves of Rhododendron delavayi. 12 profile with color mark which

were significantly expressed (p\ 0.05), included four down-regu-

lated patterns (profiles 1, 2, 10, and 11) and eight up-regulated

patterns (profiles 13, 15, 16, 21, 22, 23, 24, and 25)
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these genes, 85.2% (52/61) genes showed down-regulated

expression under drought condition. Among the down-

regulated DEGs, 18 genes (one each for Lhca1, Lhca3,

Lhca5, Lhcb3, Lhcb6, and Lhcb7; two each for Lhca2,

Lhcb2, Lhcb4, and Lhcb5; and four for Lhcb1) encoded the

subunits of the light-harvesting chlorophyll–protein (LHC)

complex (Fig. 9A, Table S3); 15 genes (one each for PsbC,

PsbK, PsbM, PsbO, PsbW, PsbY, and Psb28; two for PsbP;

and six for PsbQ) encoded the subunits of Photosystem II

(PS II) reaction center pigment-protein complexes; 11

genes (PsaD, PsaE, PsaF, PsaG, PsaK, PsaL, PsaN, and

PsaO; plus three for PsaH) encoded the subunits in Pho-

tosystem I (PS I) reaction center pigment-protein com-

plexes; 5 genes were involved in photosynthetic electron

transport, and 3 genes functioned in the redox chain

(Fig. 9B, Table S3). After re-watering for 6 h, most of the

genes with previously decreased expression (30 out of 52)

were up-regulated.

Both hormone signal transduction and flavonoid

biosynthesis were significantly enriched by KEGG analysis

(Table 3). A total of 280 DEGs involved in the signal

transduction pathway of plant hormone were detected.

Fig. 7 GO classifications of differently expressed genes (DEGs) in Rhododendron delavayi under different drought stresses. X-axis indicates

GO terms, while the left Y-axis indicates the percent of genes, and the right Y-axis indicates the number of genes

Table 3 Top 10 KEGG pathways with high representation of DEGs

Pathway DEGs with pathway

annotation (9842)

All genes with pathway

annotation (32,021)

P value Q-value Pathway

ID

Biosynthesis of secondary metabolites 1336 (13.57%) 3385 (10.57%) 2.09E-30 2.62E-28 ko01110

Phenylpropanoid biosynthesis 232 (2.36%) 447 (1.40%) 5.99E-21 3.75E-19 ko00940

Metabolism 2607 (26.49%) 7462 (23.30%) 2.90E-19 1.21E-17 ko01100

Ether lipid metabolism 498 (5.06%) 1183 (3.69%) 2.77E-17 8.64E-16 ko00565

Flavonoid biosynthesis 156 (1.59%) 288 (0.90%) 1.02E-16 2.56E-15 ko00941

Plant hormone signal transduction 625 (6.35%) 1562 (4.88%) 9.84E-16 2.05E-14 ko04075

Glycerophospholipid metabolism 579 (5.88%) 1439 (4.49%) 3.44E-15 6.15E-14 ko00564

Flavone and flavonol biosynthesis 97 (0.99%) 160 (0.50%) 5.23E-15 8.17E-14 ko00944

Starch and sucrose metabolism 365 (3.71%) 851 (2.66%) 2.38E-14 3.31E-13 ko00500

Stilbenoid, diarylheptanoid, and

gingerol biosynthesis

123 (1.25%) 223 (0.70%) 2.95E-14 3.69E-13 ko00945
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Among these DEGs, 65.0% of the DEGs (182/280) were

down-regulated. Interestingly, 55.7% DEGs (156/280)

were enriched in the signal transduction pathway for

brassinosteroids (BRs). In this pathway, 67 and 62 DEGs

encoded BAK1 and BRI1, respectively (Table 4).

Integration of KEGG and STEM cluster analysis showed

that 46 DEGs belonging to flavonoid biosynthesis pathway

were significantly clustered into four profiles (1, 10, 22,

and 24). When the period of drought stress was prolonged,

4 genes (CL1033.Contig3_All, CL9631.Contig1_All,

CL9631.Contig2_All, Unigene35052_All) encoding chal-

cone synthase (CHS) showed decreased transcript abun-

dance. After the plants were re-watered, the expression of

those CHS genes increased. The expression level of the

genes encoding lavanone 3-hydroxylase (F3H,

CL3049.Contig2_All, CL3049.Contig3_All, CL4124.Con-

tig3_All, Unigene14035_All), dihydroflavonol 4-reductase

(DFR, CL9210.Contig3_All, Unigene15174_All, Uni-

gene8118_All), and anthocyanidin synthase (ANS,

CL337.Contig2_All, Unigene2322_All, Uni-

gene23455_All, Unigene9424_All) increased after the

plants were exposed to drought stresses. Interestingly, the

expressions of flavonol synthase (FLS, CL337.Con-

tig2_All, Unigene9424_All) and DFR followed opposite

trends (Fig. 10A, Table S4). This may be because they

compete for the enzymes that utilized dihydroflavonols.

‘‘Antioxidant activity’’ was one of the most altered GO

categories (Fig. 7). We detected 61 DEGs belonging to the

group for detoxification enzymes, including 5 genes

encoding GSH (CL1202.Contig1_All, CL1202.Con-

tig3_All, CL1202.Contig7_All, CL2529.Contig3_All,

CL4826.Contig1_All), 2 genes encoding SOD

(CL9747.Contig2_All, Unigene35071_All), 3 genes

encoding APX (CL4153.Contig3_All, Unigene29990_All,

Unigene29991_All), 4 genes encoding CAT (Uni-

gene15489_All, Unigene23808_All, Unigene26028_All,

Unigene6944_All), and 2 genes encoding PRX (Uni-

gene7688_All, Unigene7689_All). Interestingly, 21 genes

encoding POD were the most enriched category (Fig. 10B,

Table S5).

Discussion

Drought stress can affect multiple aspects of plant physi-

ological functions. The adaptation of plants to environ-

mental factors is directly or indirectly related to

photosynthesis. Maintenance of photosynthetic capacity

under drought stress is an important feature of plants with

drought tolerance (Chaves et al. 2009; Zhang et al. 2016).

Down-regulation of photosynthesis under drought stress

can be due to a decrease of available CO2 caused by

stomatal closure or the subsequent photo-oxidative damage

induced by an accumulation of ROS (Saibo et al. 2009;

Campos et al. 2014). Furthermore, plants often face the

cycle of drought and rehydration. The recovery efficiency

and speed after rehydration are crucial to the growth and

production of plants (Flexas et al. 2006). The photosyn-

thetic rate of R. delavayi varied with water status. After

stopping irrigation for 9 days, the values of Pn, Gs and Tr

declined significantly, suggesting that photosynthetic

capacity was depressed by drought stress. After re-watering

for 6 h, the values for Pn, Gs and Tr recovered rapidly. This

indicated that R. delavayi had strong self-repairing ability,

and the influence of moderate drought on photosynthesis of

R. delavayi was reversible.

During drought stress, some genes in the photosynthetic

pathway showed decreased transcription abundance. These

down-regulated genes assigned to different parts of pho-

tosynthetic process, such as LHC, PS II, PS I, cytochrome

complex, photosynthetic electron transport and ATP syn-

thase. LHC is embedded in the chloroplast thylakoid

membrane and usually divided into LHCA and LHCB. The

former is the primary reaction of charge separation, which

is the process of converting light energy into chemical

energy. The latter controls the light-harvesting function of

chloroplast membranes, and plays an important role in

regulating and protecting the primary photochemical pro-

cess (Horton et al. 1991). The down-regulated expression

of the DEGs encoding both LHCA and LHCB suggested

the absorption and transformation of light energy in R.

delavayi might have been limited by drought stress. The

similar profile of DEGs encoding the components of the PS

II and PS I protein complexes and ATP synthase suggested

that the binding stabilities of PS II and PS I were affected.

Meanwhile, the DEGs involved in cytochrome complex

and photosynthetic electron transport was also suppressed.

These indicated that the electron transport in R. delavayi

was inhibited by drought. However, the transcript abun-

dance of the DEGs encoding the components of LHC, PS

II, PS I, and electron-transport chains was significantly

increased after 6 h of re-watering, which resulted in the

recovery of photosynthetic capacity. Thus, the photosyn-

thesis of R. delavayi was sensitive to the change of water

bFig. 8 Expression of 10 differentially expressed genes (DEGs) in

Rhododendron delavayi under different drought stresses. Filled circle

(left y-axis) represents relative expression of 10 DEGs using qRT-

PCR, open circle (right y-axis) represents transcript abundance

(RPKM) of 10 DEGs detected by RNA-seq. CK, normal irrigation;

D5, stopping irrigation for 5 days; D9, stopping irrigation for 9 days;

REC, re-watering for 6 h on the 10th day of stopping irrigation
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status, and the regulations of light energy absorption and

photosynthetic electron transport were involved in the

adaptation of this species to drought.

Drought stress may stimulate ROS production (Carvalho

2008). Excess ROS induces lipid peroxidation by oxidizing

unsaturated fatty acids, thereby resulting in electrolyte

leakage and membrane damage (Li et al. 2015). Thus, the

capacity to scavenge ROS plays an important role in

improving drought tolerance (Talbi et al. 2015). MDA is a

major indicator of the ROS-related oxidative damage. The

level of MDA increased significantly when the stress per-

iod was prolonged, implying that drought caused oxidative

damage to R. delavayi. We also observed plasmolysis and

thylakoid vacuolization in the chloroplasts after stopping

irrigation for 9 days. The damage to the chloroplast

membrane caused by high ROS levels may reduce photo-

synthetic capacity. A previous study has suggested that an

accumulation of ROS induces biochemical limitation of

photosynthesis, which is dominant in many species under

severe drought stress (Flexas et al. 2009). However, bio-

chemical limitation has a small effect on photosynthesis in

R. delavayi during drought process (Cai et al. 2015). Thus,

we speculated that ROS-scavenging system plays an

important role in maintaining a normal rate of photosyn-

thesis and improving drought tolerance of R. delavayi.

Both antioxidant enzymes and non-enzymatic antioxi-

dants are contributed to ROS-scavenging system. Here, we

detected 61 DEGs associated with antioxidant activity, and

most of those genes were up-regulated by drought stress.

The DEGs encoding POD were the most abundant during

drought process. This is consistent with the observation on

Sophora moorcroftiana (Li et al. 2015). In addition, the

activity of SOD increased when the stress period contin-

ued. These indicated that the activity and expression level

of detoxification enzymes could be induced by drought,

and could help protect tissues against oxidative damage in

R. delavayi under such conditions.

Flavonoids functions in response to drought in plants

(Ma et al. 2014; Nakabayashi et al. 2014; Yuan et al. 2015).

Drought stress increases the expressions of several flavo-

noids biosynthesis genes and the accumulation of flavo-

noids (Yuan et al. 2015; Nakabayashi et al. 2014). Over-

accumulation of flavanoids can enhance the tolerance of

plants to oxidative and drought stress (Nakabayashi et al.

2014). The flavonoids are abundant in the leaves of

Rhododendron (Zhang et al. 2012). Here, 46 DEGs

involved in flavonoids synthesis were enriched by KEGG

analysis, suggesting that the flavonoids metabolism path-

way might play an important role in drought tolerance of R.

delavayi. The DEGs encoding CHS, a key enzyme regu-

lated the early steps in flavonoid biosynthesis, declined its

transcript abundance in response to drought treatment.

Similar result is reported in Chrysanthemum (Xu et al.

2013). However, the expression of CHS in two cultivars of

Triticum aestivum is significantly induced by drought stress

(Ma et al. 2014). Although this enzyme can be up-regulated

by short-term drought stress (Chen et al. 2008), its activity

is suppressed in the roots of Medicago sativa by long-term

drought (Kang et al. 2011). F3H, DFR, and ANS are the

late genes of flavanoids pathway. Their expressions in

Reaumuria sooongorica are induced by drought condition

(Liu et al. 2013). In this study, the transcript abundances of

F3H, DFR, and ANS were up-regulated by drought stress.

DFR and FLS use dihydroflavonols as their substrates. We

found that the expression of DFR was up-regulated by

drought stress while the expression of FLS was down-

regulated. These results indicated that the synthesis of

flavonol and anthocyanin competed for dihydroflavonols

through a dynamic equilibrium, and that flavonoid

biosynthesis transferred from flavonols to the anthocyanin

pathway. Thus, a high level of anthocyanin content might

improve antioxidant capacity and drought tolerance of R.

delavayi.

Both abscisic acid (ABA) biosynthetic and signaling

pathways play critical roles in the response to drought

stress (Pizzio et al. 2013). Drought stress induces the

production of endogenous ABA and subsequently up-reg-

ulate the expression of ABA-responsive genes. Dehydra-

tion-responsive genes are induced by exogenous

application of ABA (Adie et al. 2007; Mehrotra et al.

2014). The core components of ABA signaling include

ABA receptors (PYR/PYL), protein phosphatase 2Cs

(PP2Cs), and SNF1-related kinase 2 (SnRK2). ABA com-

bines with PYR/PYL protein and interacts with PP2Cs,

inhibits the activity of PP2Cs and then relieves the inhi-

bition of PP2Cs to SnRK2. After activation of SnRK2,

downstream transcription factors or membrane proteins are

phosphorylated, opening the ABA signal response

(Raghavendra et al. 2010). ABRE-binging factors (ABF)

subfamily transcription factors which are activated by

SnRK2 can be induced by drought. The ABRE/ABF-

SnRK2 pathway has a role as a positive regulator in ABA-

dependent gene expression (Fujita et al. 2013). Overex-

pression of ABF3 gene enhances the tolerance to drought

in creeping bentgrass (Choi et al. 2013). Here, we found

that 1 gene encoding SnRK2 were down-regulated; 3 genes

encoding PP2C and 5 genes encoding ABF were up-

bFig. 9 KEGG map of photosynthesis-antenna proteins (A) and

photosynthetic pathway (B) for Rhododendron delavayi. Analysis of

DEGs in drought-treated samples compared to untreated control. The

boxes with red square indicate that corresponding DEGs are down-

regulated in drought-treated samples, and the boxes without red

square indicate that the expression level of the corresponding genes

are not changed, as determined by RNA-seq
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regulated. PP2Cs as negative regulators of ABA signaling

plays a critical role to regulate stomatal movement

(Yoshida et al. 2006). The downregulation of PYR/PYL

and induction of PP2C genes may reduce ABA sensitivity,

and then inhibits stomatal closure. R. delavayi maintained

relatively high stomatal conductance during drought

process. These indicated that ABA signaling pathway was

involved in drought response of R. delavayi, but ABA

signaling related DEGs did not promote stomatal closure in

response to drought by synthesizing a large amount of

ABA.

Table 4 Number of DEGs

involved in hormone signal

transduction pathway during

drought stress and re-watering

treatments

Component All profiles Down-regulated Up-regulated

Profile 2 Profile 10 Profile 11 Profile 13 Profile 16

Auxin

AUX1 5 2 2 1

TIR1 1 1

AUX/IAA 5 2 1 2

ARF 6 2 4

GH3 1 1

SAUR 7 1 6

Cytokinin

CRE1 15 3 2 5 4 1

AHP 2 2

B-ARR 7 3 2 2

A-ARR 2 2

Gibberellin

GID1 11 1 3 4 3

GID2 1 1

DELLA 15 1 2 7 3 2

Abscisic acid

PYR/PYL 3 2 1

PP2C 7 3 1 2 1

SnRK2 1 1

ABF 5 4 1

Ethylene

CTR1 6 1 2 1 2

MPK6 2 1 1

ERF1/2 2 2

EBF1/2 1 1

Brassinosteroid

BAK1 67 14 6 23 13 11

BRI1 62 18 8 16 14 6

BSK 3 2 1

BSU1 1 1

BIN2 2 1 1

TCH4 19 1 5 13

CYCD3 2 2

Jasmonic acid

JAZ 2 2

MYC2 15 7 2 4 2

Salicylic acid

NPR1 1 1

TGA 1 1

Total 280 59 39 84 65 33
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Fig. 10 Heatmap of enriched DEGs in flavonoid biosynthesis (A) and detoxification enzymes (B)
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Brassinosteroids are an important group of steroidal

hormones that enable plants to cope with drought stress

(Yuan et al. 2010; Gruszka et al. 2016). Low concentra-

tions of BRs can promote the opening of stomata (Sha-

kirova et al. 2016), increase the contents of proline, soluble

sugars, and other osmotic substances to maintain normal

leaf water potential (Zhang et al. 2008). BRs can also

improve the energy metabolism balance between the

chloroplasts and mitochondria, boost the initial activity of

Rubisco, thereby increasing photosynthetic efficiency

under water deficit condition (Li et al. 2016; Soares et al.

2016). Several components and numerous genes in the BR

signaling pathways (e.g., BRI1, BAK1, BIN2, and BSU1)

has been identified (Gruszka et al. 2011). BAK1 is par-

ticularly active in a BRI1-mediated BR signaling pathway,

and its autophosphorylation activity is stimulated by BRI1

(Li et al. 2002). The interaction of BAK1 and BRI1

modulates BR signaling to regulate physiological reactions

to drought stress (Shakirova et al. 2016). We detected 156

DEGs involved in the BR signal transduction pathway.

Among these genes, 67 DEGs encode AK1 and 62 DEGs

encode BRI1. This implied that the expressions of the

DEGs encoding BAK1 and BRI1 in BR pathway play an

important role in the response of R. delavayi to drought

stress.

Conclusions

The physiological analysis suggested that drought stress

depressed the photosynthetic capacity, stimulated the

accumulation of ROS, and damaged the chloroplast ultra-

structure of R. delavayi. However, this species showed

strong resistance to photo-oxidation under drought stress,

and could recover quickly from stress after re-watering.

Transcriptome analysis revealed that many DEGs involved

in photosynthetic pathway showed similar profile with the

changes of photosynthetic during drought stress and

recovery. The DEGs involved in antioxidant activity, fla-

vonoid biosynthesis and signal transduction pathway also

played important roles in maintaining photosynthesis and

improving the drought tolerance of R. delavayi. Our study

provided the first transcriptome profile of this species

exposed to drought stress, and may improve our under-

standing of the adaptive mechanism of rhododendrons to

drought stress.
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