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Abstract
Background: Tetrastigma hemsleyanum Diels et Gilg is a valuable medicinally herb, Chilling sensitivity is
the dominant environmental factor limiting the artificial domestication of the plants. Hormone-related gene
regulation and hormone signaling pathways in response to cold stress in T. hemsleyanum remain
unknown.

Results: Some key genes involved in hormones biosynthesis, such as ZEP and NCED genes of ABA
biosynthesis, GA2ox, GA3ox, and GA20ox genes of GA biosynthesis, ACO genes of ET biosynthesis were
screened to be crucial in cold response. Consistently, the response of ABA and ABA/GA1+3 to cold stress
was prior to that of GA1+3, ZR, ABA/IAA, and ABA/ZR. The increasing changes in ABA/GA1+3 turned to
a steep decline with the extension of stress time, which might be one factor contributing to cold-sensitivity
of T. hemsleyanum under prolonged stress. The cold tolerance of T. hemsleyanum would be enhanced by
endogenous ABA but repressed by GA3 when each phytohormone was applied alone. The ABA-mediated
promotion and GA-mediated repression of cold tolerance could both be attenuated by the co-application of
the two phytohormones within 6h. When the biosynthesis of endogenous ABA and GA were inhibited by
FLU and PAC, respectively, the effects of GA and ABA treatment were reversed partially.

Conclusions: In summary, we present the first study of global expression patterns of hormone-regulated
transcripts in T. hemsleyanum. This study suggested that GA and ABA work antagonistically to balance the
responses to cold in T. hemsleyanum. PAC, a GA biogenesis inhibitor, as well as exogenous ABA, might be
potential plant growth regulators that can promote cold tolerance of T. hemsleyanum. The study also
provided valuable hints in revealing a new theoretical basis and potential candidate genes that govern cold
tolerance of T. hemsleyanum.

Background
Tetrastigma hemsleyanum Diels et Gilg is a perennial herb, and its underground root contains abundant
flavonoids and polysaccharides that are beneficial to human health [1, 2]. Due to over exploitation, wild
resources are on the verge of extinction in recent years. However, it is considered to be a cold-sensitive
species, with the best growing temperatures ranging from 20℃ to 30℃. Low temperature susceptibility
has become the dominant environmental factor limiting the artificial domestication of T. hemsleyanum. So
the development of cold stress tolerance in T. hemsleyanum is important for improving production but it is
hindered by lack of more precise physiological knowledge. A better understanding of the gene expression
profile of T. hemsleyanum under cold stress is imperative, which could be an important theoretical basis to
study cold tolerance mechanisms for improving the cold resistance.

Studies have been reported to provide evidence of global changes in gene expression in response to cold
stress [3, 4], which highlighted the significance of transcriptional regulation in plant adaptation to low
temperature. Phytohormone are generally considered to participate in the regulation of organ
differentiation and development. Recently, the development of stress tolerance has been reported in some
plants to be accompanied by changes in hormonal-related genes expression and subsequently
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physiochemical modifications [5]. Plants could survive from stress by utilizing hormones to regulate and
coordinate growth. These hormones-related genes could act in the upstream of stress response and trigger
hormone signal pathway.

Abscisic acid (ABA) has been shown to mediate plant responses to various kinds of environmental stresses
like cold [6], drought [7], and so on. Exogenous ABA application before cold stress improved resistance of
sugarcane seedlings by increasing contents of proline and soluble sugar [8]. Recent studies showed the
existence of potential co-regulation among the ABA and other hormones in plants. For example, auxin
controlled seed dormancy by activating the ABA response [9]. Changes in ABA status can regulate cytokinin
(CK) concentrations via altering cytokinin oxidase activity [10]. Moreover, the balance between ABA and
gibberellic acid (GA) has been proposed to be correlated with stress responses [11]. Both the elevated
content of endogenous ABA and the higher proportion of ABA/IAA and ABA/GA played an important role in
kiwifruit resistance to cold [12].

However, hormone-related gene regulation and hormone signaling pathways in response to cold stress in T.
hemsleyanum remain unknown. The transcriptome and the response mechanism to cold stress have not
been studied. Our aim was therefore to elucidate the effects, as well as the transcriptomic adaptive
mechanisms of cold stress on endogenous plant hormones in T. hemsleyanum. The results will facilitate
the identification of potential candidate genes involved in cold stress tolerance in T. hemsleyanum, which
should contribute to improving cold tolerance in future breeding programs, and should contribute to our
understanding of the hormone responsive regulatory mechanisms of plant in response to environmental
stress.

Results
Physiological changes of T. hemsleyanum under cold stress and determination of sampling time

In previous research, we measured the phenotypes and some physiological and biochemical indexes, such
as the electrolyte leakage, POD activity, soluble protein, and MDA content [13]. Our results showed that the
0 °C exposure was the optimum treatment temperature. The physiological and biochemical indexes
remained essentially stable during 0 h and 8 h, significantly changed from 12 h to 48 h, and remained
stable after 48 h. So RNA-seq was employed to investigate the changes in gene expression under 0 °C
exposure for four time points (0, 12, 24, and 48 h).

Overview of transcriptome sequencing

Four T. hemsleyanum leaves cDNA libraries were constructed and sequenced. A total of 216,043,064 raw
reads were generated. After removing low-quality reads and adapter sequences, 181,412,182 clean reads
were obtained, with 45,346,334; 46,460,402; 44,804,246; 44,801,200 clean reads generated for the 0, 12, 24,
and 48 h treatment group libraries, respectively.

We obtained 106,275 unigenes annotated in Nr, NT, BLASTX, and BLASTP databases with an average
length of 676 bp and N50 of 1121 bp (Fig.1). Among these unigenes, 18082 unigenes had hits in all four
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public databases with informative annotations. 53,511 unigenes had hits that significantly matched
against the Nt database (50.35% of all unigenes). According to Nt annotations, 41,743 unigenes were
matched to Vitis vinifera, followed by Zea mays(157). The E-value distribution of the Nr blast results
indicated that 81.91% of the matched sequences(43,831) had strong homologies (smaller than 1.0e−60),
while the other 18.09% had homologies that ranged between 1.0e−5 to 1.0e−60. To produce more definitive
annotations, the Nr, BLASTX, and BLASTP database were also used to align all of the unigenes. 43,827;
28,775 and 19,598 high-score annotate unigenes were matched, respectively.

 

GO enrichment analysis of DEGs

To characterize the functional classifications of differentially expressed genes, GO and KEGG analyses
were performed to access the distributions of functional categories. In the 12, 24, and 48 h cold treatment
samples, 8205(72.4%), 14400(83.5%), and 15402(85.1%) unigenes were annotated in GO, respectively. In
the 12h treatment group (Fig. 2A), ‘membrane’ (1194; 77.5% of 1541), ‘membrane part’ (986; 63.4% of
1541), and intrinsic component of membrane’ (943; 63.4% of 1541) were the terms that dominated in the
cellular component category. Response to stimulus(972, 48.1% of 2022) ‘response to stress（652,32.3% of
2022)’ ‘defense response(329,16.3% of 2022)’ ‘hormone-mediated signaling (164,8.11% of 2022)’ were the
most representative terms in the biological process category. ‘oxidoreductase activity’ (397, 25.88% of
1534), ‘nucleic acid binding transcription factor activity’ (247,16.0% of 1534) and ‘sequence-specific DNA
transcription factor binding transcription factor activity’ (247, 16.0% of 1534) were the most abundant
terms in the molecular function category. During the 24h(Fig. 2 B) and 48h (Fig. 2 C)cold stress treatment,
‘response to stimulus’, ‘response to stress’ remained relatively stable in the biological process category,
while ‘response to hormone’ and ‘response to endogenous stimulus’ skyrocketed in 24h cold treatment
samples. ‘membrane’, ‘membrane part’, ‘intrinsic component of membrane’ remained relatively stable in the
cellular component category, while ‘integral component of membrane’ was suddenly increased in 24 h cold
treatment samples. ‘oxidoreductase activity’ remained predominating during the whole cold stress. In the
12 h cold treatment samples, various of transcription factor activity were the most abundant terms in the
molecular function category, such as ‘nucleic acid binding transcription factor activity’, ‘sequence-specific
DNA transcription factor binding transcription factor activity’. But with the increase of cold stress time,
‘kinsae activity’ and ‘catalytic activity’ dramatically predominated in the molecular function category.

In general, ‘response to stimulus’, ‘response to stress’, ‘membrane’, ‘membrane part’, ‘intrinsic component of
membrane’, ‘oxidoreductase activity’ remained predominating during the whole cold stress, while some
biological process categories related to endogenous hormone response skyrocketed in the early
stress stage, such as ‘hormone-mediated signaling’ ‘response to hormone’ and ‘response to endogenous
stimulus’ in 12h and 24h. ‘single organism process, ‘integral component of membrane’, and ‘kinsae activity’
were suddenly increased in the intermediate stress stage, ‘catalytic activity’ dramatically predominated in
the late stress stage.
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KEGG pathways enrichment analysis of DEGs

Out of total annotated unigenes, 12,936 unigenes were significantly matched to KEGG database and were
assigned to 272 KEGG pathways. Pathways displaying significant changes (Q value ≤ 0.05) in response to
the cold treatment were identified in each comparison group. The numbers of up- regulated genes and
down-regulated genes in enriched pathways for each comparison group were listed in Fig 3. In the 12h (Fig.
3A), 24h (Fig. 3B), and 48 h (Fig. 3C) cold treatment samples, 12, 6, and 11 KEGG pathways were
significantly enriched, respectively. The top 5 enriched pathways of the 12h cold treatment sample were
‘metabolic pathways’, ‘biosynthesis of secondary metabolites’, ‘starch and sucrose metabolism’,
‘phenylpropanoid biosynthesis’, and ‘phenylalanine metabolism’. The top 5 enriched pathways of the 24h
cold treatment sample were ‘metabolic pathways’, ‘biosynthesis of secondary metabolites’,
‘phenylpropanoid biosynthesis’, ‘steroid biosynthesis’, and ‘diterpenoid biosynthesis’. In the 48h cold
treatment sample, ‘metabolic pathways’, ‘biosynthesis of secondary metabolites’, ‘phenylpropanoid
biosynthesis’ were also the top three enriched pathways, but it is noteworthy that various
degradation metabolisms started to appear in enriched pathways, such as ‘bisphenol degradation’,
‘polycyclic aromatic hydrocarbon degradation’, ‘limonene and pinene degradation’.

In general, ‘metabolic pathways’, ‘biosynthesis of secondary metabolites’, and ‘phenylpropanoid
biosynthesis’ were common regulated during the whole cold stress stage. The cold responses were
characterized by protective response through stimulating secondary metabolism and inhibiting
primary metabolism to modulate cellular metabolic homeostasis. In the early stress stage,
primary metabolism still remained vigorous, such as ‘starch and glucose metabolism’ and ‘phenylalanine
metabolism’, while the related secondary metabolism enzyme activities were gradually activated.
It would lead to the stimulation of secondary metabolisms, such as ‘steroid biosynthesis’, ‘diterpenoid
biosynthesis’ and so on. With the increase of cold stress time and chilling injury, many degradation
pathways were strengthened, such as ‘bisphenol degradation’, ‘polycyclic aromatic hydrocarbon
degradation’, ‘limonene and pinene degradation’, and ultimately

 led to cell apoptosis and necrosis.

Responses of hormone-related genes

Based on the above overview of gene ontology enrichment and KEGG pathways present during cold
treatment, we speculated that endogenous hormone-mediated signaling process would play an important
role in early-time responses of T. hemsleyanum under cold exposure. So here we mainly focused on groups
of differentially expressed genes involved in different plant hormone biosynthesis pathways, such as
Auxin, abscisic acid (ABA), jasmonic acid (JA), gibberellic acid (GA), brassinosteroid (BR), cytokinin (CK)
and ethylene (ET) pathways. Some representative hormone-related genes that were differentially expressed
during the cold treatment are shown in Supplementary file 1-7. The heat map of hormones-related
transcripts of T. hemsleyanum during 0 to 48h of cold stress are shown in Fig.4.

Abscisic acid (ABA) is an important phytohormone in plant stress response. Its metabolic changes are one
of the determinants of endogenous ABA levels and control diverse stress response. Among the mapped
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enzymes, we identified three 9-cis-epoxycarotenoid dioxygenase (NCED) homologs of the ABA biosynthesis
pathway in annotated transcriptome unigene dataset, and all of them were highly expressed with RPKM
values>100. Two of them were significantly up-regulated by 2.0-2.5 folds at 24h. Zeaxanthin epoxidase
(ZEP) is another key enzyme in ABA biosynthesis. Three highly expressed ZEP genes were identified, with
c95330_g1 and c81504_g1 being the most abundantly and the remarkable differentially expressed.
c35330_g2 was the most particularly

noteworthy ZEP gene, which was almost undetectable in control and was significantly up-regulated by 9.8
and 20 folds under cold stress. Three indole-3- acetaldehyde oxidase(AO) genes, two cellulose synthase A
catalytic(CesA)genes and three abscisic-aldehyde oxidase genes were all down-regulated significantly
under cold stress. So in general, in the ABA biosynthesis pathway, most of ZEP genes were strongly
induced significantly during early cold stress, most of NCED genes were up-regulated significantly during
the medium stress stage, while other genes were down-regulated significantly. But with the increase of cold
stress time and chilling injury, all the above genes were down-regulated significantly at 48h.

Four Gibberellin 20 oxidase(GA20ox) genes were identified in our dataset, and the fact of c98675_g1and
c93517_g2 were the most highly expressed suggested they may be crucial for gibberellic acid (GA)
biosynthesis, with a decreased RPKM value from 214 to 21 and from 430 to 20 under cold stress,
respectively. Six Gibberellin 2-beta-dioxygenase(GA2ox) genes were identified in our dataset. c92581_g1
was the most highly expressed GA2ox gene, with an increased RPKM value from 1051 to 3426 under cold
stress. c93844_g1 was the most remarkable differentially expressed GA2ox gene, with a 7.9 folds
significant up-regulation under cold stress. Three GA3ox were identified, among which c78816_g1 was the
most highly expressed, with a 6.2 folds significant up-regulation under cold stress.

All differentially expressed genes in the auxin biosynthesis pathway were down-regulated, including two AO
genes, one benzaldehyde dehydrogenase genes, four flavin-containing monooxygenase (FMO) genes, and
three abscisic-aldehyde oxidase(AAO) genes.

Five CK riboside 5'-monophosphate phosphoribohydrolase (LOG) genes were differentially expressed in
cytokinin (CK) biosynthesis pathways. Among them, LOG1, 5, 7 were up-regulated, while LOG3, 8 were
down-regulated significantly. and the fact of c72906_g1 was the most abundantly and
the most remarkable differentially expressed suggested it might be crucial for CK biosynthesis, with an
increased RPKM value from 624 to 2292 after 24 h of cold treatment.

Seven 1-aminocyclopropane-1-carboxylate oxidase(ACO) genes of ethylene (ET) biosynthesis pathway
were differentially expressed under cold treatment. Most of them were up-regulated in early stress stage
and then maintained a high level, among which c90679_g3 was the most highly and the
most remarkable up-regulated ACO gene, with an increased RPKM value from 12152 to 68974 after 24 h of
cold treatment. However, three 1-aminocyclopropane-1-carboxylate synthase (ACS) genes of ET
biosynthesis pathway were identified to be differentially expressed during cold acclimation. Two of them
were down-regulated significantly, with a decreased RPKM value from 112 to 3.2 and from 12 to 1 after 24
h of cold treatment, respectively.
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One 3-ketoacyl-CoA thiolase(KCT) gene, three 4-coumarate--CoA ligase(4CL) genes and one allene oxide
cyclase (AOC) genes in jasmonic acid (JA) biosynthesis pathways were identified in our dataset. KCT and
4CL genes were highly expressed with RPKM values>100 and were significantly down-regulated after 24 h
of cold treatment. AOC gene, known as a key enzyme in JA biosynthesis, was significantly up-regulated by
10.3 and 9.2 folds at 24h and 48h of cold treatment, respectively.

 

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

To verify the reliability and accuracy of this Illumina RNA-seq data, quantitative real-time reverse
transcription-PCR (qRT-PCR) was used to assess the relative expression levels for 14 selected key genes of
six endogenous hormone synthesis pathways in every treatment group. GAPDH was selected for internal
control reference gene. The correlation between qRT-PCR and RNA-seq was measured by scatter plotting
log2-fold changes, which showed a positive correlation coefficient in both techniques (Fig. 5). This
independent evaluation revealed the reliability of the RNA-seq data.

 

Influence of cold stress on endogenous hormones content and hormone ratio

The effect of cold stress on content of the main endogenous hormones were examined. The dynamic
changes in ABA, GA1+3, IAA and ZR in three stages under 25℃ or 0℃ were shown in Fig. 6. The result
indicated that there were no significant differences in all the four endogenous hormones content between
0-48h under 25℃. During 0℃cold stress, the ABA content strongly increased by 1.75- and 1.83-fold (P <
0.01) at 12 and 24h, compared with the control, respectively. And then gradually decreased to 25%
higher than the control. GA1+3 levels increased to peak at 24h by 161% and then maintained at
the higher level. The ratio of ABA to GA first skyrocketed to peak at 12h by 88.3% and then decreased to a
very low level. IAA content was basically maintained constant

. The ratio of ABA to IAA increased by 151.8%, 238.5% and 63.7% at 12h, 24h and 48h, respectively. On the
contrary, ZR levels decreased significantly at 24h by 42.8% (P < 0.05) and then maintained at
the lower level. Accordingly, the elevated ratio of ABA to ZR ranged from 121.5% to 395.8% from 12h to 48h
under cold stress. The most significant increase was observed at 24h by 395.8% as compared to the
control.

In general, ABA content was strongly induced by cold stress in the early stages, GA1+3 content was
significantly higher in the middle-late stages, while ZR content was significantly lower, especially in the
middle-late stages. The changes in ABA/GA, ABA/IAA, and ABA/ZR ratio under cold stress showed an
increasing trend in the early-middle stages, but then gradually decreased with the stress time prolonged.

 

Effect of exogenous phytohormones and biosynthesis inhibitors on cold stress response

https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-016-0724-5#Fig5
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A systematic pilot experiments were conducted by pot experiments to determine the effects of multiple
plant growth regulators on cold stress response of T. hemsleyanum. The results showed that GA3 and ABA
were the most important phytohormones affecting the stress related indicators.

After exogenous hormonal applications, the stress related indicators, including MDA content, soluble
protein content and electrolyte leakage were simultaneously analyzed. As shown in Fig.7A, ABA-treated
seedlings had significantly more soluble protein content than control. ABA spraying dramatically
decreased the MDA content and electrolyte leakage. The MDA content plummeted from 7.1±1.4μmol/g
(CK) to 5.1±1.1μmol/g (ABA). The electrolyte leakage plummeted from 73.5±8.4% (CK) to 50.0±11.2%
(ABA). FLU-treatment drastically increased electrolyte leakage and MDA content to 94.1±13.2% and 11.2
±1.3 μmol/g, respectively. By contrast, the combined use of ABA and FLU had relatively stable MDA
content, electrolyte leakage, and soluble protein content. On the other hand, GA3-treatment had significantly
less soluble protein content than control. GA3 spraying dramatically increased the MDA content and
electrolyte leakage. The MDA content soared from 7.1±1.4μmol/g (CK) to 11.8±1.3μmol/g (GA3). The
electrolyte leakage soared from 73.5±8.4% (CK) to 92.3±16.2% (GA3). Compared with GA3-treated
seedlings, the electrolyte leakage and MDA content were greatly decreased to 59.9±8.1% and
6.6±1.4μmol/g in the presence of PAC, by 35.5% and 44.1%, respectively. The combined
use of GA3 and PAC had relatively stable MDA content and electrolyte leakage.

We found that treatment with ABA or GA can suppress or enhance chilling damage, respectively. However,
we thought therefore that ABA-mediated suppression and GA-mediated enhancement of
chilling damage could be reversed by the application of exogenous FLU and PAC, respectively.

The combined effects of GA and ABA on cold stress response were further tested (Fig.7 B C). GA-mediated
promotion and ABA-mediated repression of chilling damage could both be attenuated by the co-application
of ABA and GA3, respectively, suggesting that the effects of GA3 and ABA are antagonistic. Interestingly, the
promotion of chilling damage by GA3 was only significantly attenuated when ABA was applied within 6h of
the initial GA3 treatment. No significant attenuation was seen if ABA was added at 12 or 24 h (Fig. 7B).
Moreover, ABA-mediated alleviation of chilling damage was aggravated by supplementation with GA3 at 2
or 6 h after the initial application of ABA. No significant attenuation was seen if GA3 was added at 12 or 24
h (Fig. 7C).

Discussion
In our previous study, we found that 0-48h is the critical period of the chilling damage in T.
hemsleyanum. After that time, serious injury or even death are inevitable. In the present study, the
transcriptomes of T. hemsleyanum during 0-48h of cold-treatment duration were compared by using the
Illumina sequencing platform. Then GO and KEGG enrichment analysis of the DEGs were used to indicate
the biological processes involved in response to cold stress. The results indicated that some biological
process categories related to endogenous hormone response skyrocketed in the early stress stage, such as
‘hormone-mediated signaling’ ‘response to hormone’ and ‘response to endogenous stimulus’ in 12h and
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24h. Therefore, we speculated that phytohormones regulatory network was a significant mechanism in
response to cold stress of T. hemsleyanum.

Metabolic changes of endogenous hormones in response to cold stress

Phytohormones, such as ABA, IAA, GA, and so on are known to play critical roles in the complex signaling
cascades and also in adaptive responses to various biotic and abiotic stresses.
The cooperation and antagonism among the various hormones are recognized to be existent 

objectively in the growth and development of plants, such as dormancy release and germination. However,
it remains poorly understood whether such an antagonistic relationship exists in the regulation of plant
stress response.

ABA is perhaps the most well characterized phytohormone of various stress signals. ABA biosynthesis is
one of the fastest responses of plants to abiotic stress, triggering downstream genes expression and
causing stomatal closure, thereby enhancing cell water retention and the content of
osmotic adjustment substances, such as proline, soluble sugar, and soluble protein. This could
ultimately lead to restricting cellular growth. There was a significant positive correlation between the ABA
accumulation and the drought and cold tolerance in rice [14]. Exogenous ABA could improve the cold
tolerance of plants [15]. In higher plants, some major genes for the enzymes in ABA biosynthetic pathway
have been identified. The first step in the ABA biosynthesis pathway is catalyzed by a zeaxanthinepoxidase
(ZEP), whose molecular identity was first revealed in tobacco [16]. The 9-cis epoxycarotenoid dioxygenase
(NCED) has been suggested to be a key rate-limiting enzyme during ABA biosynthesis [17]. It was originally
identified from maize viviparous 14 mutants, which cleaves the ABA precursor C40-cis- poxycarotenoids, 9-
cis-neoxanthin, and so on to produce xanthoxin, the direct precursor of ABA [18]. NCED is a rate-limiting
enzyme in ABA synthesis and various studies reported transcriptional regulation of NCED following abiotic
stress [19]. In T. hemsleyanum, three ZEP genes were up-regulated by approximately 2.5–9.8 folds after 12
h of cold treatment, and two NCED genes were up-regulated by approximately 2.0–2.5 folds after 24 h of
cold treatment. Up-regulation of these genes implied that synthesis of ABA might be elevated under cold,
which is consistent with results reported previously in Zea mays ssp. mexicana L [20] and rice[21],
suggesting conserved regulation of this stress induced response in T. hemsleyanum. It is notable that most
of these ABA biosynthesis-related genes were suddenly down-regulated after 24h or 48 h of cold treatment.
Accordingly, the ABA content was also first strongly increased, continuously came up to a "peak value" at
24h, and then gradually decreased to a comparatively low level. This result is consistent with studies of
Poncirus trifoliata [22] and P. euphratica[23]. It is suggested that the increased levels of expression of ABA-
responsive genes and an increased ABA content would be beneficial for plants under environmental
stress[24]. Thus, a series of related genes involved in ABA biosynthesis and signaling pathway of T.
hemsleyanum were expressed at low levels after 48 h of cold treatment, which might be
one factor contributing to cold-sensitivity of T. hemsleyanum.

GAs, as a group of tetracyclic diterpene carboxylic acids, regulate many critical biological events in plants,
such as stem elongation, seed germination, and so on. Among the different GAs identified from plants, a



Page 10/27

few act as endogenous plant growth regulators including GA1, GA3, and so on. GA3 is considered to be
the earliest known cold-related phytohormone. Plant growth could be restrained partly by the accumulation
of DELLA proteins, a critical component in GA signaling, suggesting the plants can balance their growth
and the resistance to abiotic stress though down-regulating GA levels [25].

Bioactive GAs are synthesized from geranyl geranyl diphosphate (GGDP), a common C20 precursor for
diterpenoids [26]. The final stage of bioactive GA synthesis is catalyzed by GA20ox and GA3ox,
respectively. GA1 content in rice would be reduced by the suppression of GA3ox2, or the activation of
GA2ox1 and GA2ox3 [27]. GA20ox is a rate-limiting enzyme in GA synthesis and regulation pathway. Over-
expression of GA20ox often leads to plant growth acceleration and internode elongation
by promoting GA synthesis [28]. Researches indicated that it would be 

beneficial for plants to survive in adversity at the cost of growth loss. The inhibition of plant endogenous
hormones, particularly auxin and GA, would dramatically increase the surviving ability of plant
under environmental stress. This could be a proactive self-protection mechanism of plant [29]. Niu et al[30]
reported that low temperature delayed the growth and development of tobacco adventitious root by
inhibiting GA signal transduction and dramatically reducing GA content. Similarly, the GA20ox genes in Zea
maize were also down-regulated by cold treatment [31]. In our study, two GA20ox genes were down-
regulated significantly under cold stress, which is in accord with this theory that growth retardation is a
typical evolution characteristic of plant adaptation to environmental stress. But there were still some
opposite reports, GA20ox genes of citrus were stimulated by chilling treatment [32]. The enzymes involved
in GA synthesis pathway of Thlaspi arvensi were induced by low temperature [33].

GA2ox could transform bioactive GA1 and GA3 to inactive GA8 and GA34 by catalyzing

hydroxylation reactions at C2. Over-expression of GA2ox would inhibit GA synthesis, and thus it would lead
to plant growth retardation. The up-regulation of GA2ox genes was found to be concerned with the
high tolerance to drought [34].  Similarly, in our study, six putative members of the GA2ox gene family were
identified in T. hemsleyanum. Among them, four genes exhibited a similar expression profile and all were
significantly up-regulated by approximately 3–7 folds following cold treatment, with a peak at 12 h after
exposure. But then their expression level declined rapidly with the extension of stress time.

On the other hand, GA3ox was a positively regulatory factor of GA synthesis. An A20/AN1 zinc finger
protein negatively regulated plant height in rice by reducing expression of GA3ox, enhancing expression of
GA2ox1 and GA2ox3, and decreasing the level of GA1 [35]. In our study, a significantly up-regulated GA3ox
was annotated, which was up-regulated by approximately 6 folds following cold treatment, with a peak at
24 h after exposure. Accordingly, GA content increased to peak at 24h by 161% and then maintained at
the higher level. Previous studies on Zea mays ssp. maize L. transcript profile under cold, salt, and drought
stresses indicated that the abundance of bioactive GAs was reduced, suggesting a negative effects of GA
in stress tolerance[20]. This is in disagreement with what we observed in cold-stressed T. hemsleyanum.
The up-regulation of GA3ox (c78816_g1, C8451_g1 and c57017_g2) and the down-regulation of GA20ox
(c98675_g1, c54888_g1, c93517_g2, c85773_g1) were induced by cold, suggesting an inconsistent role of
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GA in this response. Thus, we speculated that there was a more complicated genes network of
GA biosynthesis involving in cold-induced responses, besides these conventional rate-limiting enzymes.
Future more comparative study will provide better understanding of the molecular basis of the GA
associated response to cold in T. hemsleyanum.

Indole-3-acetic acid (IAA), the major auxin which has been recognized for involving in plant cell division,
differentiation and so on. Recent reports suggested that auxin is also involved in stress responses.
Transcript profiling of rice revealed that the expression of many auxin-related genes were regulated in
response to dehydration stress [36]. With the increase of cold stress intensity, the content
of IAA decreased significantly in roots of Sea buckthorn, which was a cold-tolerance plant species [37]. So
far, the main IAA biosynthesis and regulation pathways were still largely unknown. Mashiguchi et al
suggested that IAA is produced from IPA by the YUC family of flavin-containing monooxygenase (FMO)[38].
The OsGH3-2 overexpression rice showed increased resistance to cold stress due to the combined effects
of reduced free IAA content, decreased membrane penetrability, and so on[14]. Our study was similar to
those results, two FOM unigenes were identified in T. hemsleyanum transcriptome, and both them were
down-regulated after 48h of cold stress. But as for the content of IAA, although a slight increase was noted
at 12h, the difference was not statistically significant, and then it remained basically stable. This could
be because the expression levels of the two FOM genes were comparatively low, with RPKM values<60. So
the effects of them on IAA metabolism should be diminished.  

Jasmonates(JAs) are the important signal molecules that regulate and enhance resistance in plants to
abiotic stress, such as cold stress, and biotic stress. The application of exogenous methyl jasmonate
(MeJA) in Camellia japonica[39] and banana fruit [40] significantly enhanced cold tolerance by increasing
endogenous JA accumulation during cold storage. A recent study showed that the JA signaling pathway
plays an important role in the early cold response by modulating the CBF signaling pathway. In plants,
Allene oxide synthases (AOCs) are known as key enzymes in JA biosynthesis. JA is synthesized from α-
linolenic acid. AOS and allene oxide cyclase activity subsequently results in cis-(+)-12-oxo-phytodienoic
acid (OPDA). AOC is required for formation of cis-(+)-enantio-mer (9S, 13S) of OPDA, which is thought to be
the precursor of JA. OPDA, JA, and their derivatives can stimulate AOC expression. Suppressing AOC1
expression in Medicago truncatula roots could lower JA levels significantly [41]. Biotic or abiotic stresses
that lead to endogenous increases in JAs are usually accompanied by upregulation of AOC and AOS
transcription [42]. Our results also showed that the expression of AOC genes encoding the main JA
biosynthetic enzymes were up-regulated significantly, indicating a high level of JA in T. hemsleyanum
during cold stress stage.

Ethylene (ET) is a growth regulator involved in leaf abscission, fruit ripening, growth of adventitious roots,
and so on. Moreover, it is synthesized in response to stresses such as wounding, chilling, and freezing [43].
ET biosynthesis is originated from the amino acid methionine generated by the Yang cycle, in which the
precursor S-adenosylmethionine (AdoMet) is converted into 1-aminocyclopropane-1-carboxylic acid (ACC)
by the enzyme 1-aminocyclopropane -1-carboxylase synthase (ACS)[44]. ACO (l-aminocyclopropane-1-
carboxylate oxidase), termed as ET synthase, can directly catalyze the conversion of ACC to ET. Also, the
ACO would directly control the content of ET because of its effect in the final step of the pathway. An
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increase in levels of free ACC content was observed to coincide with an increase in ET production of the
drought-tolerant soybean cultivar[45]. In the present study, the expression levels of ACO genes were
increased dramatically under cold stress, yet simultaneously, a significant decrease in the transcript levels
of ACS genes occurred in T. hemsleyanum. It is interesting to note that the expression trend of ACO and
ACS genes were divergent. It can be deduced from the above information that the ET biosynthesis was
terribly sensitive to cold stress. Both the ACO and ACS were members of the gene family which is termed as
a responsive gene family to cold stress, characteristic with increase and decrease at the early stage,
respectively. We supposed that when a short interval of cold stress was applied, ET biosynthesis
was promoted briefly because of the overproduction of ACO, but when the stress duration was increased,
ET biosynthesis would be increasingly suppressed because of the inactivation of ACS. Previous studies
had showed partial similarity to our works. Sun et al [43] reported that ET positively regulated cold
tolerance in grapevine, the cold tolerance was reduced by the application of the ET biosynthesis inhibitor
aminoethoxyvinylglycine but increased by the treatment of the ET precursor ACC. But on the contrary, Shi et
al [46] reported that ET negatively regulated plant responses to freezing stress in Arabidopsis thaliana.
Freezing tolerance was decreased by the application of the ET precursor ACC but increased by the addition
of the ET biosynthesis inhibitor, and the ET-insensitive mutants displayed enhanced freezing tolerance. In
general, these results suggested that the role of ET in cold tolerance varied in different species.

 The proportion change and interaction of various endogenous hormones in response to cold stress

It is generally perceived that ABA/GA ratio could affect seed germination and sex differentiation, ABA/IAA
ratio could affect growing potential, and ABA/ZA could affect stomatal

oscillation. However, it remains much less understood whether such an antagonistic relationship exists in
the regulation of plant stress response. Some studies showed that under environment stress, a variety of
phytohormones promote and restrict mutually to reach a new balance by inducing stomatal closure,
weakening transpiration, and slowing down growing rate, which is tightly related 

with the plant's ability to withstand stress and disturbance.

ABA and GA are thought to be hormone partners that function via a complicated and antagonistic network
in which transcription factors DREB [47] and OsAP2-39 [48] were found to play a critical role in rice. It has
been reported that restricting GA-promoted processes would in turn to promote ABA accumulation in
Arabidopsis [25]. In contrast, it was found that the biosynthesis of both GA and ABA were inhibited by an
A20/AN1-type zinc finger protein, which leads to decreased stress tolerance of rice [49]. Some evidence at
the transcriptional level demonstrated that GA and ABA have different and contrasting effects in a variety
of developmental processes of plant [50]. ABA levels and the ratio of ABA/GA in leaves of cold-tolerant
bamboo species were both higher than those of cold-sensitive bamboo species for all cold treatments,
while GA1 and GA4 were conversely lower [11]. Similarly, Huang et al [8] verified that
exogenous ABA treatment could promote the increase of endogenous ABA content and the ratio of
ABA/GA, in contrast with the decreased contents of MDA and GA3, and thereby induced cold stress
tolerance of sugarcane seedling. In accordance with the previous reports, our study indicated that ratio of

http://dict.youdao.com/w/on%20the%20contrary/#keyfrom=E2Ctranslation
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ABA/GA in T. hemsleyanum was increased steeply by 1.9-fold at 12h, but then declined sharply to
about the level of CK.

Previous reports suggested that a crosstalk of the signaling pathway also occurred between the ABA and
auxin responses. For example, ABL1, an ABA signaling component of rice could modulate auxin responses
by regulating the expression level of ABRE-containing genes related to auxin metabolism [51]. Auxin
response factor 2 (ARF2) was revealed to play a role in the ABA signaling pathway [52]. IAA content was
significantly declined in rice treated with the ABA biosynthesis inhibitor, and expression of auxin synthesis
and metabolism-related genes were changed in the ABA-inhibited rice. Endogenous IAA levels were
decreased in the carotenoid-deficient rice mutants, demonstrating that ABA and IAA can mutually affect
each other at the biosynthesis level, and the increased resistance to cold stress was probably related to the
deficiency in IAA [6]. In the current study, we found that endogenous IAA levels decreased slightly in the
cold-treated T. hemsleyanum under cold stress, but the change was not significant. Ratio of ABA/IAA was
increased gradually from 0h to 24h, then declined at 48h, but the value was still higher than control.
The increase amplitude of ABA/GA ratio was greater than that of ABA/IAA, and as well
the peak time for enhancement of ABA/GA ratio was earlier than that of ABA/IAA, which demonstrated that
ABA/GA had a greater impact on the stress response than ABA/IAA.

Few studies have been reported detailing the relationship between ABA and other phytohormones. Ratio of
ABA/GA3 was one of the important factors that can effectively increase cold stress tolerance in sugarcane
plants, along with the increased ratio of ABA/IAA and the ratio of ABA/ZR, and exogenous ABA application
reduced GA3 and ZR content but increased endogenous ABA content [8]. Guo et al [53] reported that a
combination of the increased ZT/IAA ratio and H2O2 concentration is the basis for the enhanced shoot
morphogenesis in cold-treated Saussurea involucrata explants. In our study, ABA/ZR ratio in T.
hemsleyanum also showed an obviously increasing trend, which was correlated with the increase of ABA
content and the decrease of ZR content under prolonged cold stress. On this basis, it could be inferred that
other phytohormones also could influence stress tolerance through cross-talk mechanisms.

The antagonistic relationship of ABA and GA3 in response to cold stress

Hormones co-regulate plant growth and stress response in a critical way, and they act either synergistically
or antagonistically[35], among which ABA and GA were showed to be the most effective hormones in cold
stress response of T. hemsleyanum. It is verified that GA regulates a variety of critical biological events in
plants, including petal growth and seed germination [50]. As a versatile regulator, ABA has been shown to
act antagonistically to the function of GA in many developmental processes, including petal elongation [50]
and seed germination [54]. However, it remains poorly understood whether such an antagonistic
relationship exists in the regulation of stress response.

The higher the electrolyte leakage rate is, the more serious the damage by cold stress is. Besides, MDA
content can reflect the severity of membrane lipid peroxidation and the stress tolerance of plants. So they
are negatively correlated with stress tolerance ability of plants. The soluble proteins could play important
roles in osmotic adjustment, and it is positively correlated with stress tolerance of plants. In this study, the
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electrolyte leakage rate and MDA content of the GA-treated plantlets were promoted, while the soluble
protein content was reduced than control. And instead, ABA-treatment had contrary influences on these
stress related indicators. Moreover, we also found that when the biosynthesis of endogenous ABA and GA
are inhibited by FLU and PAC, respectively, the effects of GA and ABA treatment are reversed. The combined
effects of GA and ABA on cold response were further tested. Two findings in our current study showed that
GA and ABA have antagonistic effects on cold tolerance of T. hemsleyanum: (1) cold-endurance ability is
enhanced by ABA but repressed by GA when each phytohormone is applied alone; (2) the ABA-mediated
promotion and GA-mediated repression of cold tolerance could both be attenuated by the co-application of
the two phytohormones, respectively. However, the antagonistic effect of GA and ABA was no longer
apparent when the treatment is extended to longer than 6h, indicating that transcriptional regulation of
hormone-associated pathways is an early and transient event during stress response.

Conclusions
In summary, the transcriptome of T. hemsleyanum during 0–48 h of cold-treatment indicated that
phytohormones regulatory network was a significant mechanism in response to cold stress. Some
hormone-related genes, such as NCED, ZEP, GA3ox, FOM, AOC and so on, were crucial enzyme genes, which
resulted in the significant changes of hormones content. The response of ABA and ABA/GA1 + 3 to cold
stress was prior to that of GA1 + 3, ZR, ABA/IAA, and ABA/ZR. The increasing changes in ABA/GA1 + 3 turned
to a steep decline with the extension of stress time, which might be one factor contributing to cold-
sensitivity of T. hemsleyanum under prolonged stress. Our data supported the hypothesis that GA and ABA
work antagonistically to balance the early responses to cold in T. hemsleyanum. This study also suggested
that PAC, a GA biogenesis inhibitor, as well as exogenous ABA, might be used as early interventions for
chilling damage of T. hemsleyanum. Further study in the relationship among ABA/GA homeostasis and the
regulation of the stress-related genes involved in the phytohormone signaling network can provide a new
clue for understanding their connection in stress response.

Methods
Plant materials and cold stress treatments

Healthy sterile test-tube plantlets of T. hemsleyanum were obtained and cultured as the same as our
previous report [55]. Based on our preliminary work results of physiological parameters determination, the
temperature and sampling time of cold stress treatment were optimized [13]. For both the control and cold
stress tests, these seedlings were cultured in the same conditions except the different temperatures at 25
°C or 0 °C. After 0h, 12h, 24h, and 48h of cold stress treatment, the young leaves of 10 individual 4 week-old
seedlings were collected and immersed in liquid nitrogen immediately and stored at −80 °C for RNA
extraction and quantitative real-time PCR analysis. Three biological replicates were performed at the same
time. Each biological replicate consisted of a pool of leaves from 10 seedlings.

RNA Extraction, quality determination, and De novo assembly
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    Total RNA was extracted with Trizol reagent (Invitrogen, CA, USA), following the manufacturer’s protocol.
RNA purity was checked using the kaiaoK5500®Spectrophotometer (Kaiao, Beijing, China). RNA integrity
and concentration was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA) at Annoroad Gene Technology (Beijing) co., LTD. The clustering was
performed on a cBot cluster generation system using HiSeq PE Cluster Kit v4-cBot-HS (Illumina). The
software Trinity was used for de novo assembly which was developed at the Broad Institute and the
Hebrew University of Jerusalem. Trinity partitions the sequence data into many individual de Bruijn graphs,
each representing the transcriptional complexity at a given gene or locus. The clean data were mapped to
the assembled transcripts by Bowtie 2(v2.2.3).

Coding Regions Prediction and Transcriptome Functional Annotation

    The candidate coding regions within transcript sequences, such as those generated by de novo RNA-Seq
transcript assembled by Trinity were identified by TransDecoder. The functional annotation of unigenes
and ORFs were performed by Trinotate.

RPKM estimation and DEG analysis

    Reads Count for each gene in each sample was counted by HT Kilobase Millon Mapped Reads each
sample, the formula is shown as:

              RPKM=106*R/(NL/103)

R is the number of reads in a certain sample that is assigned to a certain gene, N is the total number of
mapped reads in the certain sample and L is the length of the certain gene.

The differential gene expression between samples was analyzed by DESeq(v1.16). P-value could be
assigned to each gene and adjusted by the Benjamini and Hochberg’s approach for controlling the false
discovery rate. “q≤0.05 and |log2_ratio|≥1” was set as the threshold to determine the differentially
expressed genes (DEGs).

Functional annotation and classification of DEGs

   The GO (Gene Ontology, http://geneontology.org/) enrichment of DEGs was implemented by
hypergeometric test. GO terms with q<0.05 were considered to be significantly enriched. KEGG (Kyoto
Encyclopedia of Genes and Genomes http://www.kegg.jp/) analysis of the DEGs was performed to identify
the associated biochemical and signal transduction pathways. KEGG terms with q<0.05 were considered to
be significantly enriched.

Validation of RNA-seq Data by qRT-PCR

Quantitative real-time RT-PCR (qPCR) was performed to examine expression patterns of the candidate
unigenes using a SteponePlus real-time PCR system (Applied Biosystems, Forster City, CA, USA). The
primers for amplification are listed in Tab 1. Each reaction contained 2 μl of cDNA, 10 μl of 2x Power SYBR



Page 16/27

green PCR master mix (Applied Biosystems, Forster City, CA, USA), and 2 μl of forward and reverse primers
in a final volume of 20 μl. The PCR reactions were conducted by incubation at 95°C for 3 min followed by
40 cycles of 95°C for 15sec and 60°C for 45sec. The actin gene was used as the reference gene to
normalize target gene expression. The calculation for relative gene expression was determined by the 2-

ΔΔCt. Dissociation-curve analysis was carried out to confirm the amplification specificity. Three technical
replicates were performed for each sample and the data are shown as means ± standard errors (SE) (n =
3).

Determination of phytohormones content by ELISA

The double-antibody sandwich ELISA was performed as our previously described [54]
with slight modifications for the endogenous phytohormones quantification. Briefly, 50 mg of fresh Leaves
from T. hemsleyanum seedlings were ground and then subjected to extraction (80% methanol containing
10 mg/L butylhydroxytoluene v/v) for 18 h at 4 °C, and then centrifuged at 4000rpm for 15min at 4 °C. The
supernatant was passed through C18 solid phase extraction cartridge (Waters Corporation, Millford, MA,
USA) to remove the chlorophyll. The products were dried by pure N2 at 20 °C, and resuspended in 20 µl cold
solution from the kit for phytohormones-testing (MLBIO, Shanghai El Biotechnology Co., Ltd. China).
Endogenous phytohormones levels were determined according to the manufacturer’s instructions,
respectively. The imark microplate reader (Bio-Rad Co. Ltd., Hercules, USA) was used to measure the ABA,
IAA, ZR and GA content at 450 nm of the optical density (OD).

Hormone and inhibitor treatments

For the evaluation of hormonal mediation in cold response, GA and/or ABA treatments were employed in
the in vivo experiments. The young leaves of 10 individual seedlings were included for each treatment. In
vivo treatments were performed by spraying with 5 ml 20 µM GA3 or 100 µM ABA at 6h, then were sampled
after 48h. As a control, seedlings sprayed with 0.1% ethanol in deionized water were sampled in parallel.
The widely used inhibitors of GA and ABA biosynthesis, paclobutrazol (PAC) and fluridone (FLU), were also
sprayed in this study. In the experiment protocol described above, 10 µM PAC or 0.1 µM FLU were sprayed
with or without the phytohormones.

To evaluate the dynamic interaction between the effects of GA and ABA, the experiment using a
combination of GA and ABA was further performed, in which, after spraying with ABA for 2, 6, 12, or 24h,
GA was sprayed, with the final measurements being performed at 48h. Conversely, where GA was the initial
hormone sprayed, ABA was then added during the experiment. Three biological replicates were performed
at the same time. Each biological replicate consisted of a pool of leaves from 10 seedlings.

Physiological parameters determination

MDA content was measured as our previous report[13]. MDA content (μmol/g) = (CMDA× Vr×10−3×Vt) ×(W ×

Vs)−1. CMDA= 6.45(A532-A600)-0.56A450, μmol/L);Vr: reaction volume (mL); Vt: total volume of total
extractive enzyme (mL), Vs: tested enzyme volume (mL);W: the weight of leaves (g).
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Electrolyte leakage was determined as our previous report [13]. The fresh leaves (1 g) were incubated with
15 ml deionized water at 25 °C for 24 h. The electrolyte leakage was expressed as percent (EL%) = EC1/EC2

× 100%. Deionized water without leaves incubated in it was taken as control. 

Soluble protein content was measured by Coomassie Brilliant Blue G-250 staining. Soluble protein content
(mg/g) = C× Vt× (Vs×W × 1000)−1; C: protein quantity determined from the standard curve (μg); Vs: sample
solution volume (mL); Vt: total volume of the extracted solution (mL); W: the weight of samples (g).

Statistical Analysis

All data were collected from three biological replicates and three technical replicates. Values are presented
as mean ± SD of three independent experiments. All statistical analyses were performed using the SPSS
21.0 software (SPSS, Chicago, IL, USA). The difference among the multiple groups was analyzed by one-
way analysis of variance followed by LSD multiple comparison tests. P<0.05 was considered significant.
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Table 1. List of primer sequences of randomly selected unigenes used for qRT-PCR analysis
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GeneID Tm PrimerF(5'-3') PrimerR(5'-3')

c81504_g1 55.8 TACAGTTTATTTAGCCCGCC TTTCCTACTCGTTTCCATCC

c102056_g1 53.7 AACGGTGAGTTGTGGTGGTG GAAGGGTGGATGGTGGAGAC

c66096_g3 56.9 CACCTTCTGCTTCCACCTC TTTCTCCTCGCATTCGTTA

c94964_g1 54.8 TAGAGTCCAACAGCAGAGCAG GGAAGGGAGATAGTAAAGAAGTG

c72906_g1 55.0 AGACAGTTGGGGAAGTGAAGG TTATCTATGAATGAGAGGAGGGAG

c73984_g2 51.2 AAATACCTCCCTTCCCTCCT GCCTACACTTCCTCCACCAT

c80750_g2 56.5 CTTCTTGCTTGGGTTATTTGAC AGTTTATGGCGTCGGGTTC

c100822_g2 55.3 CTCACCAAACAATGCTCCTTC TTTTCTTGATTTCCAACCCAG

c90679_g2 52.5 ACTGTTTGTGTCACCACTCTATG GTCAGCAACTACCCTCCCT

c99260_g1 56.0 TTTTTTGACGGGTATGGTAGAG GATTTGAAGGATTGGTGATGAG

c93517_g2 52.0 AATGGGGTTGTTTCAGAGTC AAAGAGGATTGATGTCGCTG

c92581_g1 56.4 TGGGGGGAGTTTGAGAGG GCGTGAAGCATAGGGTGTTG

c90130_g1 55.8 CTTCTTCTTCGCCTTCTCGT ACAACCACAATGTCATCCCC

c52785_g1 56.0 CAGATCCCCGCCGTGAT GCGCCAAGCAGAGCCAG

Additional Files
Supplementary files 1 was unigenes expression matrix data of ABA synthesis pathways in T. hemsleyanum
transcriptome.

Supplementary files 2 was unigenes expression matrix data of Auxin synthesis pathways in T.
hemsleyanum transcriptome.

Supplementary files 3 was unigenes expression matrix data of GA synthesis pathways in T. hemsleyanum
transcriptome.

Supplementary files 4 was unigenes expression matrix data of Ethylene synthesis pathways in T.
hemsleyanum transcriptome.

Supplementary files 5 was unigenes expression matrix data of JA synthesis pathways in T. hemsleyanum
transcriptome.

Supplementary files 6 was unigenes expression matrix data of Cytokinin synthesis pathways in T.
hemsleyanum transcriptome.
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Supplementary files7 was unigenes expression matrix data of Brassinosteroid synthesis pathways in T.
hemsleyanum transcriptome.

Figures

Figure 1

Venn diagram showing distribution of similar annotations from Nr, NT, BLASTX, and BLASTP databases.
The overlapping regions among the four circles contain the number of unigenes that share similar hits with
respective databases.
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Figure 2

GO classifications of differentially expressed unigenes of T. hemsleyanum in response to 12h(A), 24h(B),
and 48h(C) of cold exposure

Figure 3

KEGG pathway classification of differentially expressed unigenes of T. hemsleyanum in response to
12h(A), 24h(B), and 48h(C) of cold exposure
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Figure 4

Abundance of homones-related transcripts in ABA(A), Auxin(B), CK(C), GA(D), JA(E), and ET(F) biosynthesis
pathways during cold stress obtained from RNA-seq data.
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Figure 5

Comparison between the log2 of the key genes expression ratios obtained from RNA-seq data and qRT-PCR
in ABA(A), Auxin(B), CK(C), GA(D), JA(E), and ET(F) biosynthesis pathways during cold stress. The
histogram shows log2 Fold Change by RNA-seq, while the line graph shows corresponding expression data
of qRT-PCR. All data were collected from three biological replicates and three technical replicates for each
sample.

Figure 6

Variation of endogenous phytohormones level and ratio of ABA/GA (A); ABA/IAA (B); ABA/ZR(C) under
25℃or 0℃. Values are presented as mean±SD of three independent experiments. Bars annotated by the
different lowercase letters indicate the significant differences between the samples (P<0.05). Curves
annotated by * indicate the significant differences between the treated and control groups (P<0.05)
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Figure 7

Antagonistic effects of GA and ABA on cold tolerance of T. hemsleyanum. (A) Effect of exogenous GA or
ABA used alone or in combination with biosynthesis inhibitors on cold tolerance; (B) Effects of GA on cold
tolerance are attenuated by co-application of ABA at 2h, 6h, 12h, and 24h; (C) Effects of ABA on cold
tolerance are attenuated by co-application of GA at 2h, 6h, 12h, and 24h. Values are presented as mean±SD
of three independent experiments. Bars annotated by the different lowercase letters indicate the significant
differences between the samples (P<0.05).


