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ARTICLE INFO ABSTRACT

Heat stress limits the growth of roses and adversely affects the yield and the quality of the rose cut-flowers. To
investigate the heat stress response (HSR) mechanisms of rose, we compared the transcriptome profiling gen-
erated from Rosa chinensis ‘Slater's crimson China’ exposed to heat stress for five different time duration (0, 0.5,
2, 6, 12h). Overall, 6175 differentially expressed genes (DGEs) were identified and exhibited different temporal
expression patterns. Up-regulated genes related to chaperone-mediated protein folding, signal transduction and
ROS scavenging were rapidly induced after 0.5-2h of heat treatment, which provides evidence for the early
adjustments of heat stress response in R. chinensis. While the down-regulated genes related to light reaction,
sucrose biosynthesis, starch biosynthesis and cell wall biosynthesis were identified after as short as 6 h of heat
stress, which indicated the ongoing negative effects on the physiology of R. chinensis. Using weighted gene co-
expression network analysis, we found that different heat stress stages could be delineated by several modules.
Based on integrating the transcription factors with upstream enriched DNA motifs of co-expressed genes in these
modules, the gene regulation networks were predicted and several regulators of HSR were identified. Of par-
ticular importance was the discovery of the module associated with rapid sensing and signal transduction, in
which numerous co-expressed genes related to chaperones, Ca®>* signaling pathways and transcription factors
were identified. The results of this study provided an important resource for further dissecting the role of
candidate genes governing the transcriptional regulatory network of HSR in Rose.
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1. Introduction

Roses (Rosa spp.) are the important crop in the floriculture industry,
and cut roses accounted for an important proportion in the world flower
auction market. The optimum temperature for growth and flowering of
rose was between 22 and 26 °C. High temperatures restrict the appli-
cation of roses in the landscape and cut flowers production. Under heat
stress conditions, the growth and development of rose was generally
limited, and many varieties would enter dormancy directly and do not
blossom (Jiang et al., 2009). Therefore, it is imperative to explore the
heat stress response mechanism in roses, which is so far limitedly un-
derstood.

The molecular mechanisms of HSR and thermo-tolerance have been
deciphered in model plants, such as Arabidopsis thaliana (Suzuki et al.,
2011; Baron et al., 2012; Ohama et al., 2016) and Solanum Lycopersicum
(Baniwal et al., 2004; Frank et al., 2009). It has been demonstrated that
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different genes and pathways were regulated by the short-term and
long-term heat stress. More chaperones, heat-responsive transcriptional
regulators and genes involved in signal transduction were typically
stimulated by the short-term heat stress (Qin et al., 2008; Mangelsen
et al., 2011; Ohama et al., 2017). Whilst multiple molecular chaper-
ones, crucial transcriptional regulators and key components of signaling
pathways triggered by early heat stress are found to be often inter-
connected in the HS response and finally enhance thermo-tolerance by
activation of the expression of HS-regulated genes (Baniwal et al., 2004;
Kotak et al., 2007; Nagamangala et al., 2010). Molecular chaperones
well known to be involved in early HSR are heat shock protein genes
(HSPs), which are very important in preserving protein stability under
heat stress (Baniwal et al., 2004); while several members of heat shock
transcription factors family (HSFs) serving as the central transcriptional
regulators play a crucial role in signaling pathways and are involved in
regulating the expression of downstream genes including HSPs
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(Koskull-doring et al., 2007a,b). In addition, in Arabidopsis thaliana,
calmodulin, abscisic acid (ABA), ethylene (ET) and inositol-3-phos-
phate (IP3) are all known to participate in signal transduction of heat
stress and induce the activation of various downstream sensors and
kinases, which are involved in acquired thermo-tolerance (Mittler et al.,
2004; Dobré et al., 2015; Ohama et al., 2017). However, the crucial HS-
responsive genes and the signal transduction pathways under heat
stress in rose have not yet been investigated. To date, except RcHSP17.8
gene encoding cytosolic class I small heat shock protein (Jiang et al.,
2009), no other gene associated with the HSR has been reported.

With the development of next-generation RNA sequencing and
genome sequencing, comparative transcriptome studies are successfully
used to investigate the signaling pathways and gene networks of HSR in
non-model plant species. A series of heat stress-responsive genes and
several signal regulation pathways were identified in Chrysanthemumn
ankingense (Sun et al., 2014), Dianthus caryophyllus (Wan et al., 2015)
and Rhododendron hainanense (Zhao et al., 2018), which provides many
interesting gene candidates for genetic engineering to reduce negative
effects on the growth of plants. Using transcriptome sequencing, Pei
et al. (2013) identified ethylene-responsive transcripts in modern rose
petals. Recently, the genome sequence of R. chinensis ‘Old Blush’ was
released (Raymond et al., 2018), providing a valuable database for
further functional and genomic research in rose. However, to date, no
transcriptome studies has been performed to investigate the early
events of HSRs in rose.

R. chinensis ‘Slater's crimson China’, the diploid species of Rosa, is
one of the most important species that participated in the R. hybrida
breeding. It may represent a convenient genomic model for cultivars,
and harbor potentially beneficial genes. In the present study, in order to
detect initial molecular changes in response to short-term heat stress,
and comprehensively identify the crucial genes involved in signal
transduction pathways, we compared the transcriptome profiling of R.
chinensis ‘Slater's crimson China’ exposed to heat stress for five different
time durations (0, 0.5, 2, 6 and 12h). Combined with physiochemical
and transcriptomic data, the major heat responsive processes in R.
chinensis could be summarized, and a series of gene candidates that can
improve early HSR without negatively effects were identified. This
study enhances our understanding about the HSR in R. chinensis at the
molecular level and may also provide a useful molecular biology re-
ference for further studies on other R. hybrida cultivars and Rosa spe-
cies.

2. Materials and methods
2.1. Plant materials and treatments

2-year-old healthy cutting seedlings of R. chinensis were grown at
Changsha city of Hunan Province, central south China. The plant material
was planted in the pot with an inner size of 20 cm in diameter and 22 cm
in height, containing a soil mixture of peat and perlite (2:1). The size and
height of plant materials employed in all experiments were almost the
same. Before high temperature treatment, the samples were cultured in the
artificial climate chambers at 25/25 °C day/night temperature, 12h/12h
(day/night) photoperiod with a light intensity of 200 umolm~2s~! and
70% relative humidity for 40 days. Subsequently, these samples were
subjected to constant 42 °C HS for O h (control), 0.5h, 2h, 6h, 12h, 18h
and 24 h in the same artificial climate chamber with a light intensity of
200 umolm~2s~! and 70% relative humidity. Each treatment group
contained three replicates. For physiological measurement, the fourth or
fifth fully expanded leaves from 3 replicates were harvested at 0, 2, 6, 12,
18 and 24 h after heat treatment, respectively. For RNA-seq, leaves from 3
replicates treated under heat stress for 0, 0.5, 2, 6 and 12 h were collected
for RNA isolation and sequencing, respectively. Leaves collected from five
treatment groups for gene expression analysis were immediately frozen in
liquid nitrogen and stored at —80 °C until required for further analyzing.
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2.2. Measurement of chlorophyll fluorescence parameters

The fourth or fifth fully expanded leaves from 3 replicates in each
treatment were used for chlorophyll a fluorescence transients mea-
surements. Chlorophyll fluorescence parameters, including maximal
photochemical efficiency of PSII (Fv/Fm), apparent electron transport
rate (ETR), non-photochemical quenching (NPQ) and fluorescence in
the light ratio (Fv'/Fm’), were measured in vivo using the LICOR 6400
system (LICOR Biosciences, Inc. Lincoln, NE) and calculated as de-
scribed by Song et al. (2014). Prior to the measurement of Fv/Fm and
NPQ, the leaves were adapted to dark in the LI-6400XT leaf chamber for
20 min.

2.3. Measurement of physiological and biochemical parameters

The total superoxide dismutase (SOD) activity was determined using
the spectrophotometer by measuring its ability to inhibit the photo-
chemical reduction of nitro blue tetrazolium (NBT), according to Chen
et al. (2011). Malondialdehyde (MDA) as the index of membrane lipid
peroxidation was measured by 10% (w/v) trichloroacetic acid (TCA)
reaction using the absorption photometry method at 450, 532, and
600 nm, as described by Duan et al. (2005). Soluble sugars were ana-
lyzed using the phenol-sulfuric acid method described by Wang et al.
(2014).

2.4. RNA extraction, cDNA library construction, and illumina sequencing

Total RNA was extracted from the leaves treated with heat-stress for
0h,0.5h,2h, 6h and 12h in triplicate, as previously described by Xing
et al., (2014). Electrophoresis on 1% agarose gel was performed and the
Agilent 2100 RNA 6000 Kit was used to test the integrity and purity of
RNA. mRNA was purified from the total RNA using oligo (dT) beads and
was used for library preparation. Fifteen cDNA libraries were con-
structed from the mRNA of three independent biological samples of five
treatments (0, 0.5, 2, 6, and 12 h) as previously described by Yan et al.
(2016), and sequenced on the Illumina HiSeq™ Xten platform at the
Wuhan Igenebook Biotechnology Co., Ltd., Wuhan, China (www.
igenebook.com).

2.5. De novo assembly and function annotation

The clean reads were filtered from the raw reads by removing
primer and adaptor sequences, raw reads with ambiguous bases ‘N’
(N > 10%), as well as low quality reads (more than 50% Q < 5). Then,
the clean reads were assembled into contigs using Trinity de novo
software (Grabherr et al., 2011). Tgicl v2.0.6 was used to clustered
contigs to unigenes (Pertea et al., 2003). ESTScan (v3.0.3, default
parameters) was used to predict the putative protein translations
(Iseliet al.1999).

All the unigenes were aligned with sequences in NCBI non re-
dundant database (Nr) (http://www.ncbi.nlm.nih.gov/), NCBI non-re-
dundant nucleotide sequences database (NT), Swiss-Prot database
(http://www.expasy.ch/sprot/) and eukaryotic Ortholog Groups data-
base (KOG) (http://www.ncbi.nlm.nih.gov/cog/) by NCBI blast
2.2.28+ (E value < 1.0 E~°). The cut-off E-value of the Nr, Nt and
Swiss-Prot databases was 10>, while the KOG database was 10~ 3. To
further annotate all unigenes, we use the Blast2GO program and the
WEGO software for GO annotations and GO functional classification
with the e-value threshold of 1.0 E~° (Ye et al., 2006). In addition, we
matched all unigenes with the KEGG pathway database to predict
pathway that unigenes participate in by BLASTx (E value < 1.0E>).

2.6. Identification of differentially expressed genes (DEGs)

The expression level of each Unigreen was calculated by the RPKM
(reads per kilo base per million clean reads) method as previously


http://www.igenebook.com
http://www.igenebook.com
http://www.ncbi.nlm.nih.gov/
http://www.expasy.ch/sprot/
http://www.ncbi.nlm.nih.gov/cog/

Z.Q. Li, et al.

described by Shi et al. (2017). All read counts were normalized to
RPKM value, representing gene expression level. DESeq2 package
(1.10.1) was used to perform the differential expression analysis. Using
the negative binomial distribution methods and the Benjamini-Hoch-
berg methods, differentially expressed genes (DEGs) were identified
with a false discovery rate (FDR) < 0.001. For further analyses, we
used an additional criterion, which involved using only differentially
expressed genes (DEGs) with the |log2 (fold change) |=1 change in
expression as screening criteria. Fold change (FC) represents the ratio of
the expression of the two treatments. Besides, GO functional enrich-
ment and KEGG pathway enrichment analysis of DEGs were conducted
by the GOseq R package with hypergeometric distribution algorithms
and KOBAS with Fisher's exact test as previously described by Shi et al.
(2017) (Bonferroni-corrected p-value< 0.05).

2.7. Co-expression network analysis

Weighted Gene Co-expression Network Analysis (WGCNA) was
performed to conduct the gene co-expression network, as previously
described by Langfelder and Horvath (2008). The modules were gen-
erated using the block wise Modules function with the power of 16, the
min Module Size of 30, and the merge Cut Height of 0.2. Then, GO and
KEGG enrichment analyses were conducted for genes in each module
(P-value < 0.05). Moreover, hub genes were selected from all of the
selected modules (> 200 edges).

2.8. Motif enrichment analysis and the prediction of transcriptional
regulatory network

We followed the approach described by Garg et al. (2017) to predict
the potential DNA motifs and their associated transcription factors
(TFs) in modules with some modifications. Firstly, we mapped all the
genes in each module back to the released reference genome. Then we
analyzed 2-kb upstream sequences of these genes and identified sig-
nificantly enriched DNA sequence motif using HOMER. Further, the TFs
binding with these potential binding motifs in the same modules were
identified using AGRIS database and the gene ontology enrichment
analysis for the co-expression genes harboring these potential binding
motifs was performed using clusterprofiler. The GO terms exhibiting a
corrected P-value of < 0.05 were considered to be significantly en-
riched. The predicted regulatory network of GO terms of target genes,
DNA motifs and their associated TFs were visualized via Cytoscape.

2.9. Real-time quantitative RT-PCR validation

Eighteen DEGs were chosen randomly to validate gene expression
profile data using Real-time quantitative RT-PCR (RT-qPCR) method.
RT-qPCR was carried out on 7500 Fast Real-Time PCR System (Applied
Biosystems) as previously described by Xing et al. (2014). The RNA
samples used in the DGE experiments were used for qRT-PCR assays. All
reactions were performed in triplicate for technical replicates and
biological replicates of three individuals. Gene-specific primers of the
selected Unigreen sequences (Table S18) were designed using Primer
Premier 5.0 software. The RhGAPDH (Glyceraldehyde-3-phosphate de-
hydrogenase) gene was used as the internal standard in each reaction.

2.10. Statistical analysis

Data of physiological responses were analyzed using ANOVA, and
means were compared using the least significant difference (LSD) at
P = 0.05. All computations were made using the SAS statistical analysis
package.

314

Plant Physiology and Biochemistry 142 (2019) 312-331

3. Results
3.1. High-throughput transcriptome sequencing and read assembly

The main characteristics of the fifteen cDNA libraries, created from
three independent biological samples of five treatments (0, 0.5, 2, 6,
and 12h), were summarized in Table S1. After removal of adaptor se-
quences, ambiguous nucleotides and low-quality sequences,
~39,133,888 to ~69,319,324clean reads of fifteen libraries were ob-
tained. The Q20 and Q30 values (sequencing error rate < 1%) were
more than 99% and 96%, respectively. The G + C percentages were
more than 45%. Using Trinity software, these clean reads were as-
sembled into 440,071 contigs with a total length of 548,936,260bp. The
length of the contigs ranged from 201 to 19,674bp, with an average size
of 1247.4bp. The N50 was 2,316bp, and N90 was 482bp (Additional file
1: Table S2). A total of 95,099 contigs were longer than 2 kbp. More
than 88% of the reads could be mapped back to the assembled contigs
(Additional file 1: Table S3). Fifteen transcriptomic data have been
deposited to NCBI's Sequence Read Archive (SRA) under the accession
number SRP150297.

3.2. Gene expression under the different heat stress stages

Differentiation of gene expression at 42 °C for four different time
duration (0.5, 2, 6 and 12 h) was analyzed in comparison to the control
grown at 24 °C. The number of DEGs increased from 0.5h to 12 h, and
reached a peak at Oh vs. 12h comparison set, illustrating that most of
the heat regulated genes are late-response.1202 (32.9%) genes were
identified exclusively at 12 h of heat treatment, while only 106 (2.9%),
381(10.4%) and 238 (6.5%) genes were specific at 0.5, 2 or 6 h of heat
treatment. 3655 differentially expressed genes (DEGs) were identified
on at least one time during HS treatment; while 276 DEGs were ob-
tained at all four different time duration (Fig. 1A).

Meanwhile, analysis of DEGs revealed that the number of up-regu-
lated genes between CK and 2h is the largest among the four sages,
while the number of down-regulated genes at this stage is the smallest,
suggesting many important genes participated in the early HSR were
up-regulated in this period (Fig. 1B). In addition, a total of 3400 DEGs
(1466 up-regulated and 1934 down-regulated) were detected between
HS_0.5h and HS_12 h, which is the largest of all. While, only 252 (9 up-
regulated and 143 down-regulated) DEGs were detected between
HS_6h and HS_12h, which is the smallest of all (Fig. 1B).

On the one hand, a heat map was generated to characterize the
global clustering and expression pattern of the significantly regulated
genes during heat stress treatments. As shown in Fig. 2, DEGs can be
divided into three major expression patterns of response. Type I in-
cluded genes that were significantly up-regulated at all four time points,
and exhibited highest expression level at 0.5-2 h, while type II included
genes that were up-regulated at 6-12h of heat stress. Genes in typelll
were down-regulated from 0.5h to 12 h of heat stress. In addition, ac-
cording to the hierarchical cluster analysis, a large proportion of DEGs
followed a similar expression pattern in 0 h and 0.5 h, as well as 6 h and
12h of heat treatment, which clustered together, while the expression
profile of 2h heat treatment clustered separately (Fig. 2). These data
may indicate that the gene expression patterns during the early phases
of heat stress were different from that during the late phases, and 2h
was the major switch in the global gene expression patterns, at which
some crucial genes inducing the expression of heat response genes
during the regulation of heat signaling are expressed.

3.3. GO functional enrichment and KEGG pathway enrichment analysis of
DEGs

According to GO functional enrichment analysis, 168, 189, 167 and
212 terms for the up-regulated DEGs were enriched in Oh vs. 0.5h, 0 h
vs. 2h, 0h vs. 6h and O h vs. 12h, respectively. The most significantly
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Fig. 1. Changes in gene expression profile among the different heat stress stages. (A) Venn diagram analysis of the number of the differentially expressed genes
(DEGs) at the four heat stress treatment time points compared with control plants. (B) The number of up-regulated and down-regulated genes between two different
heat stress treatment time points. The vertical axis reflects the numbers of up-regulated and down-regulated genes. Up- and down-regulated genes are shown red and
blue bars, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

overrepresented terms of GO terms for the up-regulated DEGs in O h vs.
0.5h and 0 h vs. 2 h focused on the defense and protective steps respond
to the stress, including seven terms in the category of biological pro-
cesses, which were ‘protein folding (GO: 0006457)’, ‘response to stress
(GO: 0006950)’,‘response to stimulus (GO: 0050896)’, ‘unfolded pro-
tein binding (GO: 0051082)’,‘response to temperature stimulus (GO:
0009266)’, ‘response to inorganic substance (GO: 0010035)’. The sig-
nificantly enriched GO terms for the up-regulated DEGs at 6h heat
treatment were similar to those at 12h. Most of the top 10 enriched
terms in Oh vs. 6h and Oh vs.12h were involved in ribosome and
cytosolic ribosome, including the cellular components category (ribo-
some, GO: 0005840; ribonucleoprotein complex, GO: 0030529; cyto-
solic ribosome, GO: 0022626), the biological processes category (ribo-
some biogenesis, GO: 0042254; ribonucleoprotein complex biogenesis,
GO: 0022613) and the molecular function category (structural con-
stituent of ribosome, GO: 0003735) (Additional file 2: Table S4). Ad-
ditionally, 74, 46, 245 and 426 terms for down-regulated DEGs were
enriched in Oh vs. 0.5h, Oh vs. 2h, Oh vs. 6h and Oh vs. 12h, re-
spectively. The down-regulated genes showed a very different picture.

In samples with heat treatment for 0.5h, 16 of the top 20 enriched GO
terms for the down-regulated DEGs belonged to the biological processes
category such as cell wall organization, RNA biosynthetic process and
transcription, suggesting the repression of biological processes upon
heat stress at this time point; while in samples with heat treatment for
2h, the top 20 enriched GO terms for the down-regulated DEGs were
similar to those for 6 h and 12 h. The most significantly overrepresented
terms focused on thylakoid, plastid, chloroplast, membrane and extra-
cellular region within cellular components category (Additional file 2:
Table S5), which indicated that the negative effect on the metabolic
activity of these cellular compartments occurred as short as 2 h of heat
stress treatment.

The KEGG pathway analysis demonstrated the existence of two
phases during the heat stress treatment period. The pathways enriched
for Oh vs 0.5h and Oh vs 2h DEGs were similar (Additional file 3,
Table S6). Among the top 10 enriched pathways, chaperones and
folding catalysts (ko03110), protein processing in endoplasmic re-
ticulum (ko04141), transporters (ko02000), MAPK signaling pathway
(ko04010) and protein phosphatase and associated proteins (ko01009)
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0.5h

2h 6h

Fig. 2. The heat-map of the total differentially expressed genes (DEGs).
Columns and rows in the heat maps represent samples and genes, respectively.
Color scale indicates the values of log (RPKM + 1). Color from red to blue, in-
dicated that the log10 (RPKM + 1) values were from small to large, blue color
indicates high expression level and red color indicates low expression level.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

12h

were regulated in response to 0.5-2 h heat stress. Moreover, glutathione
metabolism (ko00480) and ascorbate and aldarate metabolism
(ko00053) were enriched in Oh vs 0.5h. These results indicated that
heat stress had been sensed and signaling transduction pathways had
been activated after 0.5-2 h of heat stress treatment. However, after 6 h
of heat treatments, many more pathways linked with metabolism were
enriched, especially those associated with photosynthesis. Among the
top 10 enriched pathways, photosynthesis proteins (ko00194), por-
phyrin and chlorophyll metabolism (ko00860) and polyketide bio-
synthesis proteins (ko01008) were enriched in Oh vs 6h; flavonoid
biosynthesis (ko00941) and proline metabolism (ko00330) were en-
riched in Oh vs 12h. While photosynthesis - antenna proteins
(ko00196), photosynthesis (ko00195) and carbon fixation in photo-
synthetic organisms (ko00710) were enriched in Oh vs 6h and Oh vs
12h (Additional file 3, Table S6). These results indicated that these
metabolism processes may act as the predominant processes of the HSR
in R. chinensis after 6 h of heat treatment.
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3.4. Signal transduction pathways response to heat stress in R. chinensis

In this study, 68 genes annotated as protein kinases and phospha-
tases involved in signal transduction were identified in R. chinensis
(Additional file 6, Table S10). 26 of them were up-regulated in 0.5h
and 2h heat treatment samples. Five genes related to G-type lectin S-
receptor-like serine/threonine-protein kinase were found to show the
highest degree of upregulation. Additionally, twenty five DEGs en-
coding the components of the Ca®>*/calmodulin-mediated signal net-
work were induced during 0.5-12h of heat stress, including annexin,
calcium-binding proteins (CBPs), calcium-dependent protein kinases
(CDPKs), Ca“-binding protein EF hand, calmodulin (CaM) and CaM-
related proteins. Ten of these Ca?* signaling-related genes were up-
regulated by heat stress, and eight of them were up-regulated by 2.64-
to 7.72-fold in Oh vs 0.5h. Among them, contig 66454 (CDPK),
contig 67665 (Calmodulin binding protein) and contig 89966 (Ca®*-
binding protein EF hand) were up-regulated 7.72-, 6.16- and 4.81-fold,
respectively (Fig. 4, Additional file 6, Table S11).

Moreover, for genes detected at 0.5-2h, the KEGG pathway in-
volved in ‘MAPK signaling pathway (ko04010)’ was significantly en-
riched in this study, and 5 DEGs were highly similar to MAPK genes,
including MAPKKK1 (MEKK1), MAPKKK (ANP1), MAPKKK (YODA)
and MAPK3 (MPK3). One gene (contig 42393) encoding MAPKKK
(ANP1) was up-regulated during the 0.5h and 2 h heat treatment; one
gene (contig_31359) encoding MAPKKK (YODA) was up-regulated only
at 2h_HS; and one gene (contig_10784) encodingMAPKKK1 (MEKK1)
was down-regulated during all the heat treatment. Two genes encoding
MAPK3 were down-regulated at 12 h_HS (Additional file 6, Table S10).

3.5. Heat shock proteins (HSPs) and other chaperones were highly activated
by heat stress

The ‘protein processing in endoplasmic reticulum’ (ko04141) and
‘Chaperones and folding catalysts’ (ko03110) pathways existed in the
top 10 enriched pathways at all four time points of heat stress treat-
ment. 96 HSPs were significantly expressed in response to heat stress, of
which 94 were up-regulated and 2 were down-regulated, with Log,FC
values ranging from —2.76 to 12.07 (Additional file 4, Table S7).
Among these HS-induced HSPs, 69 were highly induced at all four time
points; 11 had an elevated expression level at 0.5-6 h. The expression
level of these HSP genes were sharply increased at HS_0.5h, and then
reached its peak at HS_2h, but decreased to relatively low levels after
the 6-12h heat treatment (Additional file 4, Table S7), which were,
however still significantly higher than that in the control samples.
Whilst 11 HSPs were only up-regulated at 0.5h—2h; only 3 HSPs were
induced after 6 or 12h treatment. In detail, these HS-induced HSPs
belonged to four major classes of HSP families, including 26 small HSPs
(HSP20, HSP18.1, HSP18.5, HSP17.8 and HSP15.7), 48 HSP70 and 19
HSP90 and 2 HSP101. We also observed that all small HSPs (sHSPs)
were significantly up-regulated (Log2FC = 5 on at least one time point)
under heat treatment, and most of these sHSPs were located in mi-
tochondrial, chloroplast and cytosolic. Among these, the expression of
HSP17.8 and HSP101 increased by approximately 11.3-fold and 8.7-
fold in the 2h heat treatment, respectively.

In addition to HSP, 21 genes belonging to peptidyl prolyl cis-trans
isomerase family were highly induced by heat stress in this study,
among which 16 genes were up-regulated (see Additional file 4, Table
S8). Ten ROF1-encoding genes were elevated for more than five-fold
from 0.5 h heat treatment, while two FKBP15-1-encoding, one FKBP42-
encoding, and two CYP18-1-encoding genes were induced for more
than three-fold from 2 h heat treatment.

3.6. Transcription factors responding to heat stress in R. chinensis

We performed a thorough search for transcription-factor of differ-
entially expressed transcripts and identified numerous transcripts
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Table 1

Numbers of transcription factors up- and down-regulated in different heat treated samples.
Category Total 0hVSO0.5h 0hVS2h 0OhVS6h 0OhVS12h

up down total up down total up down total up down total up down total

AP2/DREB 4 3 7 4 2 6 4 1 5 3 2 5 3 3 6
HSF 12 1 13 7 0 7 11 0 11 6 1 7 6 1 7
WRKY 8 20 28 0 4 4 2 6 8 1 7 8 5 19 24
NAC/NAM 19 3 22 2 1 3 12 0 12 11 1 12 10 2 12
MYB 17 18 35 2 2 4 6 1 7 4 9 13 10 17 27
AP2/ERF 8 25 33 0 14 14 4 6 10 5 9 14 3 23 26
C2H2 3 4 7 1 1 2 1 2 3 2 3 5 0 4 4
bHLH 6 8 14 1 1 2 2 1 3 3 2 5 4 7 11

including up- and down-regulated genes belonging to different tran-
scription factor (TF) families (Additional file 5, Table S9). The HSF (13),
WRKY (28), AP2/DREB (7), AP2/ERF (33), NAC/NAM (22), MYB (35),
basic helix-loop-helix (bHLH) (14) and zinc finger protein (23) families
were the top nine largest families. Genes in some TF families, such as
GRAS, TCP, NFYB, ARF, and TFIIB were also identified from DEGs.
The expression patterns of these transcription factors were complex
at four heat treatment stages (Table 1, Fig. 3). Twelve DEGs encoding
HSFs, including HSF30, HSF24, HSFA5, HSFA4a, HSFA3, HSFAS,
HSFB2a, and HSFB2b exhibited the greater change in expression levels
(Fig. 3A, Additional file 5). Expression of eleven HSFs was increased
under heat stress, and only one (HSFA8) was repressed after 6 h of heat

Oh 0.5h 2h 6h 12h

Oh 0.5h 2h 6h 12h

stress exposure. With regard to expression responses at different HS
time points, genes encoding HSFB2a, HSFA3 and HSF30 were up-
regulated at all four time points and showed highest expression level at
HS_2 h; gene encoding HSFB2b had an significantly elevated expression
level at HS_0.5 h and HS_2 h; while genes encoding HSFA4a and HSF24
were up-regulated only at HS_ 2h. We also found that most HSF genes
(ten) showed highest expression level at HS_ 2h. Among these HSFs,
contig 245724 (HSF30) and contig 60744 (HSFB2b) showed the
highest up-regulation of expression with 7.411 and 6.483-fold, re-
spectively.

Another overrepresented family of upregulated TFs was the NAC
family, with 22 members (Fig. 3B, Additional file 5). Among these HS-
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Fig. 3. Heat-map of differentially expressed genes involved in different transcription factors. (A) Heat map of HSF genes. (B) Heat map of NAC/NAM genes. (C) Heat
map of DREB genes. (D) Heat map of WRKY genes. (E) Heat map of BHLH genes. (F) Heat map of MYB/MYC genes. (G) Heat map of zf-C2H2 genes. Data for the
relative expression levels of genes were obtained by DGE data after taking log10 (RPKM + 1). Color from red to blue, indicated that the log10 (RPKM + 1) values were
from small to large, blue color indicates high expression level and red color indicates low expression level. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 4. Heat-map of differentially expressed genes involved in Calcium signal. Data for the relative expression levels of genes were obtained by DGE data after taking
log10 (RPKM +1). Color from red to blue, indicated that the log10 (RPKM + 1) values were from small to large, blue color indicates high expression level and red
color indicates low expression level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

responsive NACs, 19 were up-regulated, including 11 exhibiting the
higher up-regulation of expression for more than 4-fold on at least one
time point during HS treatment. While Contig_382083 (NAC102) and
contig 83714 (NAC019) were upregulated by 8.87- and 7.13-fold, re-
spectively. In addition, we also found that 2 members of Multiprotein
bridging factor (MBF1) were up-regulated more than 4-fold at all four
HS time points, and the expression ofcontig_38537 similar to AtMBF1C
was reached 8.18- fold at 2h heat treatment.

On the contrary, among WRKY, AP2/ERF, bHLH and ARF/AUX/IAA
families, more genes were down-regulated under heat treatment. 20 of
28 DEGs similar to WRKY were down-regulated under heat stress by
2.17- to 4.48-fold. Expression of contig 422377 (WRKY33) was de-
creased by 3.91-fold, compared with the control group (Fig. 3D, Ad-
ditional file 5).

Among MYB, AP2/DREB and C2H2 transcription factors, the up-
and downregulated members were balanced. 35 members of MYBs were
found to be responsive to heat stress, which was more than all other
families. Of these MYB genes, 16 were up-regulated during HS, from
1.56- to 9.85-fold (Fig. 3F, Additional file 5). While among seven AP2/
DREB transcription factors, four encoding DREB2C exhibited highly
dynamic changes (Log2FC = 6 on at least one HS time point) and were
upregulated early, from around 0.5h. The expression of contig 51424
(DREB2C) was up-regulated 7.36-fold at 2 h (Fig. 3C, Additional file 5).
In addition, 3 of 7 C2H2 genes were up-regulated during HS (Fig. 3G,
Additional file 5).
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3.7. ROS producing and ROS-scavenging gene response to heat stress in R.
chinensis

According to Go analysis, the GO term, namely ‘response to reactive
oxygen species’ (GO: 0000302), was significantly enriched at 0.5h and
2h HS treatment time points, and ‘response to oxidative stress’ (GO:
0006979) was significantly induced at 6 h and 12h HS treatment time
points. While the ‘antioxidant activity’ (GO: 0016209) GO term was
enriched at all four HS time points. Thus, ROS formation may be one of
the major effects of the early heat stress in R. chinensis. Meanwhile, the
MDA content and antioxidant enzyme activities measured in this study
showed that the MDA concentration has no significant change at the
HS 2h and HS_6h treatment but increased from 12h heat treatment
and peaked at the HS 24 h treatment (Additional file 13, Fig. S1C);
while antioxidant enzyme activities peaked at the HS 6 h treatment,
then gradually decreased from the HS_12h to HS_24 h treatment (Ad-
ditional file 13, Fig. S1A).

A total of 63 ROS production or scavenging related genes were
identified (Additional file 7, Table S12). Among ROS production related
genes, ones coding putative respiratory burst oxidase protein, ferric
reduction oxidase, peroxisomal (S)-2-hydroxy-acid oxidase, long-chain-
alcohol oxidase were all down-regulated at HS_6 h and HS_12 h; only
gene encoding amine oxidase (contig_63874) was up-regulated at0.5h
and2h (Additional file 7, Table S12). Additionally, 46 DEGs involved in
enzymes with ROS-scavenging activity, including peroxidase (POD),
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ascorbate peroxidase (APX), monodehydroascorbate reductase (AFRR),
glutathione S-transferase (GST), glutathione peroxidase (GPX), poly-
phenol oxidase (PPO), ferritin, glutaredoxin, thioredoxin and peroxir-
edoxin, and some genes encoding SOD, APX, GPX, AFRR, GST, ferritin,
glutaredoxin and thioredoxin were up-regulated on at least one of the
treatment times. Among these genes encoding antioxidant enzymes,
APX1 (contig 877994) was up-regulated by 6.61-fold at HS_0.5h, but
decreased to control level from 2h to 12 h; and gene encoding Ferritin-
3 (contig_114325) was up-regulated at 0.5h and 2 h, but decreased to
control levelatl2h. Moreover, of 11 genes encoding GST, four
(contig_65049, contig 407695, contig 65048 and contig 393868) were
found to be up-regulated at all four HS time points, and showed the
most significant responses to the HS_2 h treatment (Log2FC 2 5); Three
(contig 96995, contig 97000, contig_392027) were up-regulated from
HS 2h treatment; and two were (contig 140582, contig_246816) in-
duced at 6h and 12h heat treatment. Moreover, two genes
(contig_143266, contig_ 99201) encoding thioredoxin-like protein also
showed significant responses to all of the four HS time points, and
reached the expression level at HS_ 2h (Log2FC > 5) (Additional file 7,
Table S12).

3.8. Involvement of photosynthesis-related genes in heat stress response

Through GO analysis, we observed that three GO terms, namely
‘Photosynthetic membrane’ (GO: 0034357), ‘photosynthesis’ (GO:
0015979) and ‘chloroplast thylakoid membrane’ (GO: 0009535), were
the overrepresented in DEGs down-regulated after heat stress treatment
of 6 h-12 h (Additional file 2, Table S5), and numerous genes involved
in photosynthesis significantly declined during 6 h-12h heat stress
treatment.

In all, 48 DEGs involved in the light reactions were identified in this
study. Among them, 9 DEGs encoded the components of PSI, including
2 up-regulated genes (PsaA, CAB8) and 7 down-regulated genes
(Fig. 5A, C). 24 DEGs were detected for PSII, including 2 up-regulated
genes (PsbP, PsbY) and 22 down-regulated genes (Fig. 5A, C). In addi-
tion, we also observed 15 genes for the redox chain: two genes encoding
PGR5 (PROTON GRADIENT REGULATION) were significantly up-
regulated after heat stress treatment of 12h, while 13 genes encoding
Cytochrome b6-f complex, Cytochrome c-type biogenesis ccda-like, F-
type ATP synthase, photosynthetic NDH subunit of subcomplex, Blue
copper protein and ferredoxin—-NADP reductase were down-regulated
(Fig. 5A, D). Most of these genes declined significantly during 6-12h
heat treatment, suggesting that PSII and PSI was inhibited and electron
transfer in photosynthesis might suffer negative effects under heat
stress at this period. To confirm this result, we measured the maximum
quantum efficiency of PSII (Fv/Fm), fluorescence in the light ratio (Fv'/
Fm’), apparent electron transport rate (ETR), and non-photochemical
quenching (NPQ) (Fig. 6). Compared with the control group, Fv/Fm,
Fv'/Fm’ and ETR were not significantly changed after heat stress
treatment of 2h, but decreased from HS_6h to HS_24 h. While NPQ
decreased significantly and constantly.

Meanwhile, in the category of energy metabolism, ‘Carbon fixation
in photosynthetic organisms’ (ko00710) was also significantly enriched
during heat stress treatment of 0.5-12 h (Additional file 3, Table S6). A
total of 42 DEGs involved in photosynthetic CO, fixation were identi-
fied, including 18 and 24 genes up-regulated and down-regulated, re-
spectively (Additional file 8, Table S13). Among these genes, 12 genes
encoding phosphoribulokinase, RuBisCO large subunit-binding protein
subunit alpha, triosephosphate isomerase, phosphoenolpyruvate car-
boxylase, ribulose-phosphate 3-epimerase and ribose-5-phosphate iso-
merase were significantly up-regulated with more than 5-fold change
(Fig. 5B, E, F). Moreover, among 16 DEGs involved in photorespiration,
only 3 genes encoding Ribulose bisphosphate carboxylase/oxygenase
activase (RCA), ribulose-phosphate 3-epimerase and GTP-binding pro-
tein were up-regulated under heat stress treatment; the other genes,
including PGLP1B (PHOSPHOGLYCOLATE PHOSPHATASE 1B), HAOX1
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(Peroxisomal (S)-2-hydroxy-acid oxidase) and ybdL (Aminotransferase
ybdL) were repressed (Fig. 5B, E, F, Additional file 8, Table S13).

In addition, the expression of 11 genes encoding chlorophyll
synthesis and one gene encoding plastoquinone biosynthesis were sig-
nificantly decreased, including Magnesium-chelatase subunit chll
(CHLI), protochlorophyllide reductase (POR), Coproporphyrinogen-III
oxidase (CPX), glutaminyl tRNA synthetase (HEMA), et (Additional file
8, Table S13).

3.9. Involvement of carbohydrate metabolism and transport in heat stress
response of R. chinensis

A total of 97 DEGs involved in carbohydrate metabolism were
identified in our experiment, most of which are involved in sucrose
glucose, hexose, monosaccharide, pectin, alcohol, mannose, cellular
polysaccharide metabolic, biosynthetic and catabolic processes
(Additional file 9, Table S14).

Among these genes, except genes encoding bidirectional sugar
transporter, most genes related to carbohydrate transport, such as sugar
carrier protein, glucose-6-phosphate/phosphate translocator, sugar
transport protein, hexose transporter, glycerol-3-phosphate transporter
and inositol transporter, were up-regulated within 0.5-12h of heat
treatment.

On the other hand, the soluble sugar contents of R. chinensis were
increased when subjected to heat stress at 2h-12h, and decreased
during subsequent heat treatment (Additional file 13, Fig. S1c). Con-
sistently, we detected that the expression of genes encoding enzymes
involved in starch and sucrose metabolism, fructose and mannose me-
tabolism, as well as galactose metabolism were significantly induced by
2h-12h heat treatment, in which genes encoding beta-amylase 1,
glucose-6-phosphate isomerase, Glucan endo-1,3-beta-glucosidase 8,
Triosephosphate isomerase, Fructose-1, 6-bisphosphatas, galactinol-
sucrose galactosyltransferase 5 and Nudix hydrolase 14 were up-regu-
lated within 0.5-6 h of heat treatment. However, the majority of down-
regulated genes involved in metabolism were induced at HS 6 h, and
showed a maximal expression level at HS_12 h (Additional file 9, Table
S14).

3.10. Hormone regulation-related genes response to heat stress in R.
chinensis

The comparative transcriptome analysis revealed that many candi-
date genes involved in hormone biosynthesis, response and signaling,
including ABA, auxin, ethylene (ET), gibberellic acid (GA), brassinos-
teroid (BR), salicylic acid (SA) and jasmonic acid (JA) were regulated
by heat stress (Additional file 10, Table S15).

One of the larger DEGs groups was related to ABA. Among these
DEGs, most genes involved in ABA response were up-regulated. One
gene (contig_38537) encoding Multiprotein-bridging factor 1c¢ (MBF1C)
exhibited the greatest change in expression levels during all heat
treatments and was upregulated by 8.72-fold at 2 h_HS. Five aquaporin
PIP2 related genes showed responses to heat treatment on at least one
of the treatment times, and four of them were upregulated, especially at
the HS_12 h. Moreover, five genes involved in abscisic acid mediated
signaling pathway were also induced by heat treatments. Two of three
abscisic acid receptor (PYL4 and PYR1) homologs (contig_ 130776 and
contig_30086) were upregulated, while the other one similar to PYL6
(contig_131618) was down-regulated by 4.06-fold in the 12h treat-
ment. The expression of three ABA biosynthetic gene, encoding 9-cis-
epoxycarotenoid dioxygenase (NCED1, contig 10795), violaxanthin de-
epoxidase (VDE1, contig 343587) and protein phosphatase 2C (PLL1,
contig_120818) were down-regulated in the 6h and 12h heat treat-
ments (Additional file 10, Table S15).

The over-represented GO term ‘auxin homeostasis’ (GO: 0010252)
and ‘auxin transport’ (GO: 0060918) were found after 12h of heat
treatment. Seven DEGs encoding AUX/IAA proteins were down-
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regulated under heat stress, while two genes encoding putative auxin
response factor (ARF7 and ARF19) were heat induced, especially ARF7
(contig 63473), which was induced for more than 4-fold after heat
stress treatment of 0.5h and 2h. In addition, some DEGs involved in
other auxin response and signal, such as homologs of indole-3-acetic
acid-induced protein 3 (AGR3), auxin-binding protein 19a (ABP19A),
auxin transporter-like protein 3 (LAX3), putative auxin efflux carrier
component 8 (PIN8) and CBL-interacting serine/threonine-protein ki-
nase 6 (CIPK6), were downregulated during heat treatments, and most
of these genes were initially down-regulated at around 12 h_HS.

In this study, a large proportion of ethylene biosynthesis and signal
transduction genes in the categories ‘ethylene biosynthetic process’ and
‘response to ethylene’ were induced by heat treatments (Additional file
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regulated under heat treatment for 2-6 h. In addition, several ET signal-
related genes, including ethylene response factor ERF8, ERF53, ER-
F118,ERF7 and RAP2-10, were upregulated under heat treatment for
2-12h (Table S9).

All the genes involved in JA-biosynthesis, JA signaling or response
were down-regulated, especially by 6h-12h heat treatments. Two
genes encoding lipoxygenase 2 (LOX2) and allene oxide cyclase 4
(AOC4) were significantly down-regulated more than 4-fold. Moreover,
most genes associated with gibberellic acid, salicylic acid, cytokinin
and brassinosteroid-related pathways were down-regulated. One gene
encoding gibberellic acid-stimulated (GASA2) and one encoding alpha-
expansin 6 (EXPAG6) that involved in GA-signaling were down-regulated
by more than 4-fold (Additional file 10, Table S15).

10, Table S15). The homologs of 1-aminocyclopropane-1-carboxylate
oxidase 1(ACO) involved in the ethylene biosynthesis process, were
significantly upregulated at 2h-12h heat treatments. Meanwhile,
ethylene signal transduction related genes such as the ET receptor gene
ethylene response 1 (ETR1) and ethylene insensitive 3 (EIN3) were up-

3.11. Co-expression network construction and prediction of regulatory
circuitry controlling genes in heat stress response

Highly interconnected genes were clustered into one module, and
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Fig. 5. The pathways of photosynthesis (A), and carbon fixation in photosynthetic organism (B) enriched by KEGG analysis. Expression levels of specific genes in the
pathways of photosynthesis (C), (D) and carbon fixation in photosynthetic organism (E), (F).

The gene/protein name in a red and blue box represent up-regulation and down-regulation under heat stress, respectively. PsbD, photosystem II oxygen-evolving
enhancer protein 1; PsbP, photosystem II oxygen-evolving enhancer protein 2; PsbQ, photosystem II oxygen-evolving enhancer protein 3; PsbS, photosystem II 22 kDa
protein; PsbT, photosystem II PsbT protein; PsbY, photosystem II PsbY protein; Psb27, photosystem II Psb27 protein; Psb28, photosystem II 13 kDa protein; PsaA,
photosystem I P700 chlorophyll a apoprotein Al; PsaD, photosystem I subunit II; PsaE, photosystem I subunit IV; PsaG, photosystem I subunit V; PsaL, photosystem I
subunit XI; PetC, cytochrome b6-f complex iron-sulfur subunit; PetM, cytochrome b6-f complex subunit 7; PetH, ferredoxin-NADP + reductase; Beta, F-type H + -
transporting ATPase subunit beta; gamma, F-type H + -transporting ATPase subunit gamma; delta, F-type H + -transporting ATPase subunit delta; b, F-type H + -
transporting ATPase subunit b

[EC: 4.1.1.31], phosphoenolpyruvate carboxylase; [EC: 4.1.1.49], phosphoenolpyruvate carboxykinase (ATP); [EC: 1.1.1.37], malate dehydrogenase; [EC: 1.1.1.39],
malate dehydrogenase (decarboxylating); [EC: 1.1.1.40], malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+); [EC: 4.1.2.13], fructose-bisphosphate
aldolase, class I; [EC:3.1.3.11], fructose-1,6-bisphosphatase II; [EC:3.1.3.37], sedoheptulose-1,7-bisphosphatase; [EC:2.2.1.1], transketolase; [EC:5.3.1.1], triose-
phosphate isomerase (TIM); [EC:1.2.1.13] glyceraldehyde-3-phosphate dehydrogenase (NADP +) (phosphorylating); [EC:5.3.1.6], ribose 5-phosphate isomerase A;
[EC:5.1.3.1], ribulose-phosphate 3-epimerase; [EC:2.7.1.19], phosphoribulokinase; [EC:5.1.3.1], ribulose-phosphate 3-epimerase; [EC:2.7.2.3], phosphoglycerate
kinase; [EC:4.1.1.39], ribulose-bisphosphate carboxylase large chain

Data for the relative expression levels of genes were obtained by DGE data after taking log10 (RPKM + 1). Significant differences compared to the control samples are
indicated by asterisks (*

p <

0.05). . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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21 distinct modules were identified. Fig. 7 exhibited the co-expression
relationships between modules, which were labeled by different colors.
The gene numbers in these modules varied from 43 to 13820, and half
of these modules were comprised of more than 500 genes. GO enrich-
ment analysis were conducted for the genes in each module. The sig-
nificantly enriched GO terms indicated the pivotal biological processes
of co-expressed genes, and corroborated our expression analysis of
DEGs (Additional file 11, Table S16). For example, genes in the bluel,
brown3 and navajowhite2 modules were mainly up-regulated at
0.5-2h_HS (Fig. 8A, B, C), and the significantly enriched GO terms of
these modules were protein folding, response to stress, response to heat,
response to oxidative stress; the brown2 and khaki4 module harbored
genes involved in ribosome biogenesis, translation, as well as amino
acid biosynthetic and metabolic process, which were mainly up-regu-
lated at 6-12 h_HS (Fig. 8D and E). While genes in chocolate2 module
were mainly down-regulated at 6-12h_HS (Fig. 8F), and the sig-
nificantly enriched functions of this module were carbon utilization,
fructose and mannose metabolic process, as well as photosynthesis.

322

In order to present putative causal regulations between TFs and
downstream HS-regulated sub-networks, we tried to link the TFs to
their potential binding motifs and co-expressed target genes harboring
their binding sites in the transcriptional modules consisting of DEGs
unregulated predominately at 0.5-2h and 6-12h under heat stress,
respectively. The bluel, brown3 and navajowhite2 module exhibited
high transcript abundance at 0.5-2 h_HS included significantly enriched
DNA sequence motifs, like ABRE-like, DREBF1-2, DRE-like, Hexamer,
ARF, MYB4, LTRE and W-box, mainly associated with TFs, like MYB27,
APL, PHL7, BHLH30, BHLH48, BHLH147, WRKY51, bzipl2 and MYC1
(Fig. 9A). Target genes with these enriched motifs were associated with
enriched GO terms, such as response to heat, protein folding, signal
transduction and unfold protein binding (Fig. 9A). TFs like HSFA2,
HSFA3, BHLH089, BHLH147, NY-A3, NY-B3 and ERF-RAP2-3 were
found in these target genes. The transcriptional module (brown2) of
genes showing high expression at 6-12h_HS was mainly comprised of
significantly enriched DNA motifs, such as ABRE-like, MYB4, DPBF1-2,
DRE-like, ARF, MYB3 and MYB, with TFs like PHL7, APL, MYB27,
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MYBC1 and bzip12 (Fig. 9B). Target genes in this module were involved
in stomatal movement, response to ethylene, response to stimulus and
translation. TFs like ERF118, DIVARICATA-like, TCP13 and ERF-ABR1-
like were found in these target genes.

The bluel module formed by 809 highly correlated genes highly
expressed at 0.5-2h_HS (Fig. 8A) strongly attracted our attention. 45
genes in this module encode heat-responsive chaperones, including
hsp70-Hsp90 organizing protein, HSPs, Cpn60 and FKBP (ROF).
Moreover, TF genes such as NAC, ZAT, WRKY, MYB and HSF, genes
encoding Mitogen-activated protein kinase kinase kinase ANP1 and
multiprotein-bridging factor 1c, as well as calcium signaling related
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genes including CDPK, CIPK, CRT (calreticulin), were found in this
module. The significantly enriched KEGG pathways were ‘Protein pro-
cessing in endoplasmic reticulum (Ko04141)’ and ‘Cytochrome P450
(Ko00199)’; and the significantly enriched GO terms stress response
associated biological processes, cytosolic ribosome, chloroplast and
thylakoid related cellular components, as well as protein binding and
activity related molecular function (Table 2). The top 50 genes in the
bluel module strongly interconnected with more than 200 edges, were
defined as hub genes (Additional file 11, Table S17), including genes
encoding 20 kDa chaperonin, chaperonin CPN60-2, chaperone protein
ClpB4, HSP70, CBL-interacting protein kinase 2 and peroxidase.
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Table 2
GO and KEGG pathway enrichment analysis of bluel module.
Category ID Term Count  P-value
KEGG_pathway Ko04141 Protein processing in 13 6.55391e-09
endoplasmic reticulum
KEGG_pathway Ko00199 Cytochrome P450 10 0.0007
GOTERM_BP G0:0006457  protein folding 37 1.33007e-20
GOTERM_BP GO:0006950  response to stress 27 1.65990e-17
GOTERM_BP GO0:0009408 response to heat 20 2.69736e-15
GOTERM_CC GO0:0022626  cytosolic ribosome 12 3.01233e-10
GOTERM_CC G0:0009941  chloroplast envelope 17 4.88514e-08
GOTERM_CC GO0:0009570  thylakoid 6 8.40129-10
GOTERM_MF GO0:0051082  unfolded protein binding 25 3.76366e-17
GOTERM_MF GO:0031072  heat shock protein 8 6.66059e-07
binding
GOTERM_MF GO:0001671  ATPase activator activity 4 7.92351e-07

GOTERM_BP: Gene ontology term biological process; GOTERM_CC: Gene on-
tology term cellular component; GOTERM_MF: Gene ontology term molecular
function; KEGG: Kyoto Encyclopedia of Genes and Genomes.

3.12. Validation of the differentially expressed genes (DEGs) via RT-qPCR

In order to experimentally validate the expression profile data ob-
tained in this study, the expression patterns of 18 DEGs selected from
various functional categories, including transcript factor, heat-re-
sponsive protein, and metabolism, were examined via real-time quan-
titative PCR (qQRT-PCR). The expression patterns of all 18 DEGs in the
qRT-PCR assays were similar with that in the RNA-Seq data from high-
throughput sequencing (Additional file 13, Fig. S2).

4. Discussion
4.1. Sequence analysis of transcriptome and genome of rose

Recently, the genome sequence of R. chinensis ‘Old Blush’ was released
(Raymond et al., 2018), which comprises 36,377 inferred protein-coding
genes. We mapped our transcriptome data back to the released reference
genome, and 27,884 sequences were found to match the whole genome
coding sequences, which indicated that our transcriptome data achieved
good coverage of the genome. Furthermore, in order to investigate whe-
ther the expression profiles analysis of these key genes in our paper were
similar to the analysis performed with rose reference genome, we calcu-
lated the correlation of the RPKM of the key genes analyzed in our paper
between the de novo assembly data and reference genome data. The
correlation between these two data was high and no significant difference
were found (Additional file 13, Fig. S3).

4.2. Different signaling pathways mediate early heat stress response

Upon short-term exposure to environmental stress, plants could trigger
multiple signal transduction pathways, which can activate the expression of
stress-responsive genes and regulate numerous downstream metabolic net-
works responsible for physiological adaptation (Fu et al., 2016). Ca®*
mediated signaling has been proved to universally participate in multiple
stress responses in plants (Reddy et al., 2011). Previous studies have shown
that heat stress stimuli can rapidly and transiently elevate the cytosolic
Ca®* concentration in many plants, which are sensed by several Ca®*
sensors or Ca®* binding proteins (CBP), such as calmodulin (CaM), CaM-
related proteins, Ca®* -dependent protein kinases (CDPK) and calcineurin B-
like protein (CBL) (Qin et al., 2008; Wan et al., 2015; Yan et al., 2016).
CDPKs/CPKs are the essential primary Ca®* sensors in plants and have been
shown to play a vital role in plant abiotic stress responses (Zou et al. 2010,
2015; Valmonte et al., 2014; Dubrovina et al., 2017). In Arabidopsis,CPK13
function as positive regulators of the expression of HSP genes (HSP70,
HSP101, HSP17.4 and HSP15.7) and involve in HS tolerance (Nagamangala
et al., 2010). In this study, four genes encoding putative Ca**-dependent
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protein kinase showed a high expression level at the 0.5-6 h heat treatment
time points, and two of them are putative CPK13 gene. Similarly, the ex-
pression of HSP70, HSP101 and HSP15.7 genes also were induced by heat
stress at all four time points. These results indicated that Ca®>" mediated
CDPK pathway had been activated as short as 0.5 h of heat stress treatment
in R. chinensis. Moreover, CBL proteins were found to form a complex
network with their target kinases named CBL-interacting protein kinase
(CIPK), and the CBL-CIPK pathway has been shown to be involved in
various abiotic stresses responses, such as cold, heat, drought and salinity
(Zhao et al., 2009; Luan, 2009; Yu et al., 2014; Thoday-Kennedy et al.,
2015). In this study, two DEGs encoding CIPK2 and CIPK9 were differen-
tially up-regulated at 0.5 h—2h_HS, which indicated that CBL-CIPK pathway
may contribute to the regulation of early heat response in R. chinensis.
Additionally, another prominent signal transduction pathway de-
tected in this study was the ‘MAPK signaling pathway’. MAPK cascades
are ancient and conserved signaling cassettes that play a pivotal role in
the activation of defense responses in plants (Gohar et al., 2010).
Kovtun et al. (2000) found that constitutively active Arabidopsis mi-
togen-activated protein kinase kinase kinase ANP1 (DANP1), which can
mimic the H,O, signal and induce the GST6 promoter, enhanced tol-
erance to multiple environmental stress conditions including heat
stress. In this study, one gene encoding ANP1 and one gene encoding
GST6 were all significantly upregulated during 0.5-2 h heat treatments.
This suggested that protein phosphorylation involving mitogen acti-
vated protein kinases might participate in the transduction of oxidative
signals and in the early response to heat stress in R. chinensis.
Previous studies have indicated that modification of the expression of
heat shock genes related to the biosynthesis of osmoprotectants would
improve heat tolerance of plants; the production of the soluble sugars in-
duced by heat stress could regulate the levels of osmoprotectants in plants
(Qin et al., 2008; Mangelsen et al., 2011). In R. chinensis, the soluble sugars
content was increased from 0.5h to 12h heat treatment. Parallel com-
parative transcriptome analysis revealed that the expression level of genes
related to the biosynthesis of soluble sugars was modified by heat stress
after 6 and 12h of exposure. For example, genes encoding galactinol-su-
crose galactosyltransferase 5 and UDP-glucose 4-epimerase, involved in the
production of raffinose and galactinol (Nishizawa et al., 2008; Mangelsen
et al.,, 2011), were up-regulated by heat stress at 6-12h. Galactinol and
raffinose have been proved to function as osmoprotectants in stress toler-
ance of plants (Taji et al., 2010; Mangelsen et al., 2011). Whilst the ex-
pression level of genes encoding beta-amylase 1 and nudix hydrolase 14
involved in the starch degradation were elevated at 2 h-12 h (Radchuket al.
2009; Mufioz et al., 2006), and the repression of several genes involved in
the biosynthesis of starch were started from 6h to 12h, which indicated
that the negative impact of heat stress on the starch biosynthesis was in-
duced as short as 6 h of heat stress treatment. In addition, heat stress in-
duced the expression of genes mediating in sucrose transport pathways.
Genes encoding sugar transport proteins and hexose transporter, which are
regulated by the hexokinase independent sugar transduction pathway and
participated in phloem loading of sugars (Gupta and Kaur, 2005; Cordoba
et al., 2015), were strongly induced at 2-12 h. While gene encoding fruc-
tokinase, related to sugar sensing bypass hexokinase phosphorylation in
plants (Gupta and Kaur, 2005), was upregulated at 12 h. Thus, our results
suggested that sugar signaling may be triggered as short as 2 h of heat stress
treatment in order to repress and/or redirect the sugar utilization.

4.3. Heat shock proteins function as predominant regulators mediating in
the heat shock response

Transcriptome profile analysis in many plants under heat stress in-
dicated that a significant fraction of most strongly upregulated DEGs en-
code molecular chaperones (Liu et al., 2012; Wan et al., 2015; Yan et al.,
2016). Consistently, numerous heat-induced chaperones were found to be
upregulated in this study, including heat shock proteins (HSPs), peptidyl
prolyl cis/trans isomerase and BAG protein family, and HSPs were the
most predominant chaperones.
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As the universal molecular chaperone, HSPs can help other proteins
maintain their native conformation and improve their stability under
stresses. Previous studies indicated that HSPs-mediated protein folding
represented one of predominant processes in plants that resulted from a
short-term heat stress treatment (Mangelsen et al., 2011; Jung et al.,
2012; Wan et al., 2015). In this study, most of the HSPs were con-
sistently up-regulated at all four time points, and exhibited the highest
expression level at 0.5-2 h, which pointed that HSPs-mediated protein
folding participated in the initial and major processes in response to
heat stress in R. chinensis.

To date, five structurally distinct classes of HSPs have been character-
ized in plants, based on their molecular weight. These classes are Hsp100,
Hsp90, Hsp70, Hsp60 and small HSPs (sHSPs) (Kotak et al., 2007). Previous
studies showed that chloroplast and mitochondrial sHSPs can protect plants
against heat stress and enhance thermos-tolerance in plants (Heckathorn
et al, 1998; Sanmiya, 2004). While Jiang et al. (2009) found that
RcHSP17.8, a cytosolic class I small HSP characterized from R. chinensis
‘Sohloss Mannieim’, was able to confer heat resistance to A. thaliana. In this
study, 26 members of the sHSP family, including mitochondrial, chlor-
oplast, and cytosolic sHSPs, were highly induced by heat stress at all four
time points. The expression level of most of these sHSPs were higher than
those of Hsp70, Hsp90 and Hspl100, and Hsp17.8 were the highest ex-
pression members of all HSPs, which suggested that sHSPs are the most
important gene candidates to improve stress responses with positively af-
fecting different cellular compartments of leaves in R. chinensis. On the
other hand, recent findings specified that sHSPs act as ATP independent
chaperones to prevent the aggregation of misfolded proteins by cooperating
with HSP70 protein (Lee and Vierling, 2000; Frank et al., 2009). The HSP70
genes were proved to be the responsible for HS and play a protective role in
thermo-tolerance in many plant species (Su and Li, 2008; Mulaudzi-Masuku
et al., 2015; Guo et al., 2016). 48 genes encoding HSP70 protein also has
been found to be significantly up-regulated under heat stress in our study,
which also provided a series of interesting candidate genes to reduce ne-
gative effects on the growth of rose. Additionally, cytosolic ClpB1
(At1g74310), better known in Arabidopsis as AtHsp101, was also one of the
best-studied HSP proteins in plants, which was found to play a crucial role
in heat stress tolerance in plants (Lee et al. 2005, 2007). The putative gene
encoding Hsp101 in this study was induced by more than 8-fold when given
a heat treatment for 0.5-2 h. Combined with co-expression results that most
hub genes were annotated as HSPs, the accumulated data in our study thus
indicated that HSPs-based protection mechanism of R. chinensis was quickly
induced by short-term heat stress and played an important role in early
modification of HSR.

4.4. Candidate transcription factor for the modification of heat stress
response in R.chinensis

Previous studies in Arabidopsis and tomato have highlighted the vital
regulatory roles of HSF family in the transcriptional regulatory network of
the HSR (Koskull-doring et al., 2007a,b; Ohama et al., 2017). Among these
HSFs, the function of HSFA2 in tomato and Arabidopsis were well docu-
mented. Arabidopsis AtHsfA2 and tomato LeHsfA2 (HSF30; Baniwal et al.,
2004) are all HS-inducible and expressed at a high level after heat stress
treatment, and served as the dominant HSF gene for thermos-tolerance in
both tomato and Arabidopsis (Koskull-doring et al., 2007a,b). Consistently,
we found that the expression of rose HsfA2 (HSF30) (contig 245724) was
strongly induced at each of the four heat treatment time points, which
provide evidence that HsfA2 was also the dominant transcription factor in
the regulation of rose heat stress responses. Additionally, Meiri and Breiman
(2009) found that in Arabidopsis, HsfA2 could interacts with HSP90 and
help the ROF1-HSP90 complex to translocate into the nuclear under heat
stress, and the localization of the ROF1-HSP90 complex would modulate
thermos-tolerance of Arabidopsis; meanwhile HsfA2 and ROF1 could sy-
nergistically affect the accumulation of sHSPs. Interestingly, ROF1 gene, as
well as several HSP90 and sHSPs genes were also highly induced by more
than 8-fold with heat treatment for more than 0.5h in this study, which
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suggested that the regulation mode of HsfA2, ROF1 and HSP90 may exist in
R. chinensis, and can regulate the expression of some genes under heat stress.
In Tomato and Arabidopsis, A4Hsfs act as the potent activator of heat stress
gene expression in HsfAl-independent pathways, and HsfA4a serves as a
sensor of reactive oxygen species (ROS) produced during heat stress,
whereas HsfA5 is proved to be a specific repressor of HsfA4 upon at-
tenuation of the ROS signal (Baniwal et al., 2007). In our study, the ex-
pression level of rose HsfA4a was significantly increased only by 2h HS
treatment, while rose HsfA5a showed elevated expression from HS 2h to
HS_12h, which suggested that heat stress may produce oxidative stress in
the early stage, and rose HsfA4a and HsfA5a may contribute to the reg-
ulation of ROS signaling pathway under heat stress. Comparing with class A
Hsfs, the function and regulation mode of class B Hsfs were the least un-
derstood (Koskull-doring et al., 2007a,b). AtHsfB1 and AtHsfB2b act as
repressors of class A Hsfs and HSPs under non-heat-stress conditions, but
positively regulate the expression of HS-inducible HSPs (HSP101, sHSPs,
HSP70 and HSP90) and the acquired thermos-tolerance under heat stress
(Ikeda et al., 2011). In this study, we found that the expression of HsfB2b
(contig_60744) and HsfB1 (contig 243625) were all increased during heat
stress treatments. Correspondingly, most of rose HSP101, sHSPs, HSP70 and
HSP90 exhibited a higher expression level at HS_ 2 h, which indicating that
rose HsfB2b and HsfB1would also positively regulate the expression of HSPs
under heat stress in R. chinensis. Summarized, our results suggested that Hsfs
may be the crucial master regulators in the early HSR in R. chinensis, and the
transcriptional regulatory network of rose Hsf family in the response to heat
stress remains a subject for future research. In addition to HSFs, DREB2C
and AtNAC019 was observed to be required for thermo-tolerance in Ara-
bidopsis. The DREB2C overexpression transgenic Arabidopsis plants are
found to be more heat tolerance than the wild type (Lim et al., 2007), and
DREB2C was proved to function as a transcriptional activator of AtHsfA3
during the heat stress response (Chen et al., 2010); while AtNAC019 can
positively affect the expression of several HS-inducible genes (e.g. HsfA1b
and HsfB1) and is critical for thermos-tolerance (Guan et al., 2014). In this
study, the high expression level of DREB2C and HsfA3 was detected at all
four time point, and the expression levels of rose NAC019 and HsfB1 were
significantly increased after 2h of heat stress, which points to the critical
regulatory role of DREB2C and NACO019 in the heat shock response in R.
chinensis. Except NAC019, 18 DEGs similar to NAC/NAM positively induced
by heat stress in this study, and 16 ones were rapidly up-regulated after 2h
of heat stress, which indicated that NAC/NAM family also acted as reg-
ulatory components in early HSR in R. chinensis. In Arabidopsis, AtNAC072
are shown to mediate in the ABA-responsive gene regulation (Li et al.,
2016). Moreover, NAC072 and NAC029 were shown to be HS-inducible and
participate in ABA signaling in R. hainanense (Zhao et al., 2018). The up-
regulation of rose NAC29 and NAC72 indicated that the ABA signaling may
participate in the HSR in R. chinensis.

Moreover, we performed co-expression network and transcription reg-
ulatory modules analysis and tried to identify TFs associated with down-
stream HS-regulated subnetworks. Members of HSF and NAC families were
identified in the modules involved in ‘response to heat’, ‘protein folding’,
‘signal transduction’ and ‘unfold protein binding’, which indicated that they
act as regulatory components to coordinate the activity of co-expressed
genes in these modules. In addition to them, the potential binding motifs of
some members of MYB, BHLH, WRKY and bZIP family, such as MYB27,
APL, PHL7, BHLH30, BHLH48, BHLH147, WRKY51 and bzipl2 were
identified to be enriched in these modules, which highlighted that these TFs
may be able to regulate the downstream target genes participating in signal
transduction and response to heat. Certainly, further functional studies on
these TFs are required to elucidate the gene regulatory network of heat
stress response in R. chinensis.

4.5. ROS-scavenging was one of the predominant processes in heat stress
response

Heat stress will lead to the over accumulation of reactive oxygen
species (ROS), which can cause oxidative damage to plant cell
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membranes,DNA and proteins. In order to maintain normal cellular
functions, plants will try to reduce ROS levels and oxidative stress by
enhancing the antioxidant enzyme system (Miller et al., 2008; Gill
et al., 2010). To date, many ROS-scavenging enzymes have been found
to be elevated by heat stress in plant, and help plants to acquire thermo-
tolerance, including superoxide dismutase (SOD), catalase (CAT),
guaiacol peroxidase (GPX), ascorbate peroxidase (APX), and glu-
tathione (GSH) (Vacca et al., 2004; Qin et al., 2008; Song et al., 2014;
Ara et al.,, 2015). In this study, we identified some DEGs encoding
putative respiratory burst oxidase, ferric reduction oxidase, polyphenol
oxidase, glycolate oxidase and amine oxidases, which are involved in
ROS production (Mittleret al. 2004). Among these ROS production re-
lated genes, only one putative amine oxidase gene was upregulated by
0.5-2 h heat stress, but the other genes related to ROS production were
repressed by treatments of 6-12h, indicating that amine oxidase may
be the main producer of signal transduction-associated ROS in cells of
R. chinensis. In contrast, most of the DEGs encoding antioxidants, in-
cluding ascorbate peroxidase (APX), glutathione S-transferase, ferritin,
thioredoxin and NADPH-cytochrome P450 reductase, showed high
expression levels after 0.5h of heat stress, especially at the 2h heat
treatment, suggesting that these antioxidants primarily served as the
scavengers of HS-induced ROS in R. chinensis. While gene encoding
superoxide dismutase was up-regulated after 12 h of heat stress, and the
SOD activity was significantly increased after 6 h of heat stress but
decreased from 16h to 24 h, which indicated the slow response and
poor stability of SOD in R. chinensis during heat stress.

4.6. Photosynthesis was negatively regulated by short-term heat stress

Photosynthesis, an essential metabolic process for plant growth and
development, is very sensitive to heat stress (Allakhverdiev et al., 2008),
and the photosystem was identified as one of the most stress-sensitive sites
in the photosynthetic machinery (Schrader et al., 2004; Song et al., 2014).
In this study, the significant reduction of Fv/Fm, Fv’/Fm’ and ETR demon-
strated that the injury of high temperature on photosynthetic electron
transport system in R. chinensis happened after 24 h of exposure. Mean-
while, comparative transcriptome analysis revealed that more genes in-
volved in photosynthetic electron transport system were down-regulated
than up-regulated, and many key genes related to PS I, PS II and redox
chain, such as oxygen-evolving enhancer protein, chlorophyll a-b binding
protein, PS I reaction center subunit and cytochrome b6-f complex subunit,
were down-regulated after 6 h of heat exposure, which suggested that the
thermal inactivation of photosynthetic electron transport system may be the
result of very early impairment of multi-subunit protein complexes. Inter-
estingly, although most genes related to PS I, PS II and redox chain were
down-regulated by heat stress, we also found several genes encoding crucial
factors involved in protection of photosystems were up-regulated under
heat stress treatment. For example, the gene encoding PsbP, which is ne-
cessary for the maintenance and assembly of PSII in higher plants
(Ifukuet al. 2005), was up-regulated at 6 h of heat treatment; and the gene
encoding PsbY, which was suggested to prevent PSII from photodamage
(Sydowet al. 2016; Plochingeret al. 2016), was significantly up-regulated by
more than 6-fold from 2h to 12 h heat treatment in this study. In addition,
rose PGR5 gene was up-regulated significantly after 6h of heat stress
treatment in this study. PGR5 (PROTON GRADIENT REGULATION) is es-
sential for photoprotection, as it can help to maintain the correct production
ratio of ATP/NADPH and regulate the cyclic electron flow of PSI (Munekage
et al., 2002; Long et al., 2008). PSI cyclic electron flow is proved to be
crucial for protecting both PSII and PSI from photodamage caused by en-
vironmental stress (Ivanov et al., 2017). Paredes and Quiles (2013) found
that when exposed to heat stress condition, PGR5-dependent PSI cyclic
electron flow was also up-regulated in a heat tolerance Rosa species, R.
meillandina. Thus, based on our data, PGR5, PsbY and PsbP may be gene
candidates and can improve HSR without negatively affecting photo-
synthetic electron transport system in R. chinensis.

Heat stress adversely affects photosynthesis in plants not only by
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disruption of photosynthetic electron transport system, but also by mod-
ulation of photosynthetic carbon fixation (Allakhverdiev et al., 2008). In
this study, the general repression of genes related to Calvin cycle were
occured after 6 h of heat stress treatment, which suggested that the negative
effects on photosynthetic carbon fixation cycle might be initiated after as
short as 6h of heat stress. Previous studies observed that the activity of
RuBisCO subunits would be significantly inhibited by high temperature
(over 40 °C) after as short as 2 h of exposure (Ahsan et al., 2010; Song et al.,
2014), and the inactivity of the Rubisco at high temperature is due to Ru-
bisco activase (RCA), which is extremely sensitive to heat stress and act as a
major limiting factor in plant photosynthesis under heat stress (Kurek et al.,
2007). Consistently, our results showed that genes encoding RuBisCO small
chain and RCA1 were downregulated after 6 h of heat stress. By contrast,
gene encoding phosphoribulokinase (PRK), which is involved in the re-
generation of RuBisCO, was highly induced at 0.5_HS; while genes encoding
CPN-60, which served as prototypical chaperon binding RuBisCO small and
large subunits in plants, were significantly up-regulated at 0.5 HS and
2h HS. CPN-60 is involved in PSII repair and can protect rubisco activase
from thermal denaturation (Dobrd et al., 2015). Thus, the significant up-
regulation of CPN-60 and PRK under heat shock indicated that the fast
stimulation of defense mechanisms may be activated after as short as only a
few hours of heat stress treatment in R. chinensis. In addition, we also found
that gene encoding Calvin cycle protein (CP12), which have a role in de-
termining the level of phosphoribulokinase and photosynthetic capacity
(Elena et al., 2017), was up-regulated at all four different time points; and
genes encoding fructose-bisphosphate aldolase (SCA1), was stress-inducible
and can improve the survival ability of plants under stress (Zeng et al.,
2015). As CP12 and SCAL1 gene coding proteins involved in protection of
photosynthetic carbon fixation, they also may act as the gene candidates to
improve heat stress responses without adversely affecting photosynthesis in
R. chinensis.
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Fig. 10. Summary of heat responsive processes in R. chinensis.
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exposure are depicted as blue and red boxes, respectively. Functional groups
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pression levels over just one or several investigated time points. Two different
phases of heat response, named sensing and signal transduction, primary heat
response, were defined at the bottom. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)
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4.7. Abscisic acids, ethylene and MBF1c may involve in the regulation of
heat stress response

Although abscisic acids (ABA) have been known to plays an im-
portant role in enhancing abiotic stresses tolerance in plants
(Vishwakarmet al. 2016), the role of ABA in HSR were not consistent in
different plants species. Recent reports in A. thaliana (Dobré et al.,
2015) revealed that when the whole plants were subjected to severe
heat shock for 2 h, a decrease of ABA content correlated with a down-
regulation of ABA biosynthetic genes (NCED) was observed in leaves.
Consistently, several ABA biosynthesis genes (NCED, VDE) were sig-
nificantly down-regulated in leaves of R. chinensis after 6h of heat
stress. In addition, Zandalinas et al. (2016) indicated that tolerance of
citrus plants to heat stress is associated with ABA reduction in photo-
synthetic organs, which is a necessary response to the stimulation of
transpiration. In this study, the transpiration rate was increased from
2h to 6 h heat treatment (data not shown). Thus, our results supported
the assumption that the reduction of ABA in leaves is a necessary re-
sponse to enhance transpiration which served as a direct response to the
heat stress.

In addition to ABA, recent studies have also shown that ethylene
also serves as a stress-related hormone in plants: ethylene insensitive
and signaling Arabidopsis mutants exhibited stronger defects in thermo-
tolerance (Larkindale and Knight, 2002; Larkindale et al., 2005). In this
study, we identified several candidate genes involved in ethylene bio-
synthesis/signaling in R. chinensis, such as genes encoding ACO, EIN3,
ethylene receptor ETR1, and several ERF proteins, which suggested that
the ethylene pathway is involved in the early regulation of HSR in R.
chinensis. Ethylene receptor ETR1 and EIN3 served as the downstream
components of the ethylene receptor play a crucial role in ethylene
signaling pathway in plants (Yoo et al., 2008). Arabidopsis ethylene
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signaling mutants, ein2 and etrl, were reported to be more defective in
basal thermo-tolerance (Larkindale et al., 2005). Thus heat stress-in-
duced ethylene biosynthesis/signaling in R. chinensis may be an inter-
esting research direction for heat resistant improvement and based on
our results, ETRI and EIN3 may act as gene candidates to improve early
HSR without negative effects in R. chinensis.

Additionally, some research suggested that MBF1c served as a cru-
cial regulator of thermo-tolerance in A. thaliana and functioned up-
stream to ethylene during heat stress; the constitutive expression of
MBFIc has been shown to enhance thermo-tolerance of transgenic
plants by elevating a number of transcripts involved in ethylene signal
pathway, including ethylene response-binding factors (ERF) (Suzuki
et al., 2005). Moreover, Suzuki et al. (2011) found that MBFlc can
elevate the expression of two Hsfs (B2a and B2b). In accord with these
reports, we found that one DEG annotated as MBF1c (contig 38537)
exhibited elevated expression at four time points of heat stress; while
two Hsfs (B2a and B2b) and several ERFs showed a higher expression
level after 2h of heat stress, which indicated that MBF1lc may serve as
one crucial heat stress-response regulon of R. chinensis.

5. Conclusion

To our knowledge, this is the first study that provides a compre-
hensive and detailed analysis of the transcriptomic and physiochemical
responses of R. chinensis to heat stress. Combined with physiochemical
and transcriptomic data, the predominant processes in R. chinensis that
resulted from the short-term heat exposure were summarized in Fig. 10.
Chaperone-mediated protein folding, ROS scavenging and production
of compatible solutes were the major processes of HSR, which were
rapidly and consistently up-regulated at all four time points. In parallel,
the expression of genes involved in Ca®* signaling and sugar

Heat stress

3 3

)

U

Hormone ROS

signaling signaling

5 .
Cal signaling

CaM, CIPK, CDPK

Chaperones signaling

HSP70/HSPS0

]

]

¥

HESFs, NACs, DREB, MAPK cascade, ETR 1, EIN3 and MBF1C

Chaperones, transcriptional factors
sHSP, HSP70, HSP90, HSP100
HSFs, NACs, MYBs, WRKYs, bzip, bHLH, Zats, ERF

Primary physiochemical and cellular response

/\

Cellular redox process
APX1, GST, CAT, SOD,

CPR, Prx/Trx pathway Calvin cycle,

Photosynthesis

photosystem [ and [,

Chlorophyll synthesis

Carbohydrate metabolism
Sucrose, glucose, hexose,
fructose, galactose, starch,

mannose

Fig. 11. Hypothetical model summarizing the events occurring in leaves of R. chinensis upon heat stress.
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transporters, as well as hormone metabolism and signaling were
quickly altered after 0.5-2h of heat treatment, which indicated the
rapid sensing and signal transduction of early HSR in R. chinensis. On
the other hand, the expression of most genes related to light reaction,
sucrose biosynthesis, starch biosynthesis and cell wall biosynthesis
were reduced after as short as 6 h of heat stress, which indicated the
ongoing negative effects on the physiology of R. chinensis. In summary,
the early HSR in R. chinensis could be represented by two distinct
phases: ‘stress-sensing and signal transduction’ and ‘primary physio-
chemical response’. The heat-responsive model of R. chinensis could be
summarized in Fig. 11. The heat stress may transduce via calcium,
chaperones, ROS and hormone signaling, which would quickly activate
multiple regulons, such as certain HSFs, NACs, MYBs, ROF1, MBFlc,
CDPK, as well as MAPKs. The action of these heat responsive regulons
will trigger the expression of a cascade of genes encoding chaperones,
transcription factors and multiple enzymes, which further modulate
cellular metabolic homeostasis. These candidate genes and factors in-
volved in heat regulation of the Ca®>* and ROS signaling pathways, ABA
and ethylene related pathways, photosynthesis, as well as carbohydrate
metabolism could facilitate future studies on the molecular mechanisms
of heat stress tolerance in rose.
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