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Abstract Low temperatures limit plant growth, develop-

ment, and reproductive success. A series of complex

adaptive responses in plants evolved to withstand this

environmental challenge. Here, eight accessions of Elymus

nutans, which originated in Tibet at altitudes between 3720

and 5012 m above sea level, were used to identify herita-

ble adaptations to chilling stress. Dynamic responses of

phytohormone, sugar, and gene expression levels related to

chilling tolerance were analyzed. During the initial stage of

chilling stress (0–24 h), some high-altitude E. nutans

accessions exhibited rapid increases in abscisic acid

(ABA), jasmonic acid (JA), and zeatin content. This

coordinated with decreases in the levels of auxin (IAA),

salicylic acid (SA), gibberellins (GA), and the ethylene

precursor 1-aminocyclopropane-1-carboxylic acid (ACC).

EnCBF9 and EnCBF14 expression in the high-altitude

accessions, Baqing, Xainza, Damxung, and Ali, increased

within 1 h of chilling exposure, while chilling induction of

EnCOR14a was detected after 3 h of chilling stress.

Accessions from high altitudes displayed an increased

sucrose and raffinose accumulation and a reduced degra-

dation of chlorophyll under chilling stress. After 24–120 h

of chilling exposure, plant adaptation to the chilling treat-

ment was associated with a lower accumulation of ABA

and moderate rise of zeatin, IAA, GA, ACC, SA, and JA.

EnCBF9, EnCBF14, and EnCOR14a genes were down-

regulated during the late stage of chilling stress. Taken

together, the dynamic responses of phytohormones and

sugars, and the higher expression of the EnCBFs and

EnCOR genes play critical roles in the acclimation to

chilling in high-altitude accessions of E. nutans, thereby

allowing them to achieve higher chilling tolerance.

Keywords Altitude variation � Chilling stress �
Phytohormone � Regulatory gene � Sugars

Introduction

Plants are sessile organisms and hence inevitably undergo

adverse environmental interference, such as cold. To over-

come these limitations, plants have the ability to adapt to low

temperatures by activating a cascade of defense responses

through the regulation of gene expression and subsequent to

physiochemical modifications that enhance their cold toler-

ance. Phytohormones are involved in modulating the

response to various biotic and abiotic stresses, including cold

stress (Jibran et al. 2013; O’Brien and Benková 2013).

Abscisic acid (ABA) acts as a stress hormone and has been

implicated in plant responses to cold stress (Kosová et al.

2012). The cytokinin receptors Arabidopsis histidine kinase

2/3 and type-A Arabidopsis response regulators (ARRs)

function as negative regulators in cold stress, by inhibiting

the ABA-dependent pathway (Jeon et al. 2010). A previous

report has also provided evidence that jasmonic acid (JA)

exerts an important role in multiple physiological processes,

including: development, secondary metabolism, senescence,
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and ripening. It has also been involved in the response to

various environmental stresses, such as wounding, water

deficit, ozone exposure, pest infestation, and pathogen

infection (Zhao et al. 2013). The participation of ethylene in

a wide range of cellular and developmental processes has

been confirmed and it also plays a central role in the response

of plants to multiple abiotic and biotic stresses (Shi et al.

2012).

Leaf sugar content typically increases during chilling

(Zeng et al. 2011), where sugars act as osmoprotectants to

stabilize cellular membranes. Sucrose also functions as an

important signaling molecule to regulate the cold acclima-

tion pathway (Palma et al. 2014). Evidence suggests that

crosstalk between sugar and phytohormone signalling

pathways exists in plants, including interactions between

ABA, ethylene, cytokinin, and auxin (Moore et al. 2003;

Gibson 2004). A recent study has also reported sucrose

interaction with JA in response to chilling stress (Wingler

et al. 2015).

The metabolic changes that occur when plants adapt to

cold stress are mainly the result of changes in the expres-

sion of cold-responsive (COR) genes (Thomashow 1999).

Until now, the most well-known cold signaling pathway in

plants is the C-repeat-Binding Factor/DRE-Binding Factor

(CBF/DREB) transcriptional regulatory cascade (Achard

et al. 2008). Many studies indicate that cold stress induces

CBF expression (Shi et al. 2012; Kidokoro et al. 2015) and

triggers the cascade of a large subset of COR genes (Vogel

et al. 2005; Zhao et al. 2013). These studies also indicate

that the overexpression of CBFs results in constitutively

enhanced tolerance to freezing in Arabidopsis (Gilmour

et al. 2000; Zhen and Ungerer 2008). It has been shown

that CBF2 exhibits significant population differentiation

between higher and lower altitude regions in Solanum

chilense (Mboup et al. 2012). However, transcriptional

variation of CBF genes in the regulation of chilling stress

in the perennial alpine Elymus nutans Griseb. originating

from a wide range of altitudes remains to be identified.

Low temperatures restrict the growth and reproduction

of plant inhabiting high-latitude regions, but intraspecific

genetic variation in the ability of plants to overcome

chilling remains to be determined (Oakley et al. 2014).

Natural intra\specific variation can be used to investigate

the relationship between traits in plants. A few pieces of

evidence point out the correlation between sugar, phyto-

hormones metabolism and chilling stress response in Ara-

bis alpina (Wingler et al. 2015), and the molecular

characteristics in Populus balsamifera (Menon et al. 2015).

For alpine plants, however, the contrary reports have been

revealed about genetic adaptation along altitudinal gradi-

ents. E. nutans, an important alpine perennial forage, is

distributed in north, northwest, and southwest regions. It is

especially distributed in the Qinghai–Tibetan Plateau in

China from 3000 to 5000 m. Owing to its high adaptability,

good nutrition, high yield, and good resistance to cold,

drought, and biotic stress, it is often used for ecological

restoration and the construction of cultivated pastures in

alpine areas (Dong and Liu 2007; Chen et al. 2009). We

exploited the natural variation in E. nutans to determine the

variations in sugar accumulation, phytohormone content,

and EnCBF and EnCOR gene expression patterns in

response to chilling stress. Physiological adaptations of

accessions from different altitudes were found, such as

transient changes in phytohormone concentrations in

accessions from higher altitudes at the early stage of chil-

ling stress and accumulation of more sucrose during the

late phase of chilling. Moreover, higher expression of

EnCBF9, EnCBF14, and EnCOR14a genes was detected in

accessions originating from high altitudes.

Materials and methods

Plant materials

Elymus nutans Griseb. seeds were harvested from different

populations in different regions in Tibet, China (Table 1).

Seeds were cleaned and stored at 4 �C until the experi-

ments began.

All seeds were surface sterilized in 0.1 % (w/v) sodium

hypochlorite and germinated on moistened filter paper for

7 days with 14-h photoperiod at a photon flux density of

350 lmol m-2 s-1. Morphologically, uniform seedlings

were cultured in silica sand by irrigation in Hoagland

nutrient solution once every 5 days. Plants were germi-

nated and grown in a growth chamber at 14-h-light/10-h-

dark at 25 �C with a photon flux density of

350 lmol m-2 s-1, 70/60 % relative humidity. A light

source was provided by fluorescent tubes (Philips Elec-

tronics N. V. Holland, Nanjing, China). The 28-day-old

seedlings were then shifted to chilling-stress conditions at

4 �C, the rest of the growth conditions was identical. Leaf

samples were taken after 0 (control), 1, 3, 6, 12, 24, 48, 72,

and 120 h of chilling treatment.

Plants were subjected to chilling stress at 4 �C for up to

120 h to detect changes in the plants during chilling stress,

including: phytohormone content, carbohydrate metabo-

lites, and transcription of genes related to chilling stress.

Chilling stress responses were classified into two stages:

early (changes occurred from 1 to 24 h) and chilling stress

acclimation (changes occurred over 24–120 h).

Determination of electrolyte leakage

The electrolyte leakage of eight E. nutans accessions was

measured according to the method of Song et al. (2006), with

218 Page 2 of 11 Acta Physiol Plant (2016) 38:218

123



some modifications. Briefly, 0.5 g of fresh leaves were

washed in deionized water and placed in Petri dishes-con-

taining 5 mL deionized water at 25 �C. After 2 h, the elec-

trical conductivity (EC1) was measured using a conductivity

meter (INESA Scientific Instruments Inc. Shanghai, China).

The leaf samples were then boiled for 20 min and the con-

ductivity was measured again (EC2). The electrolyte leakage

(%) was calculated as (EC1/EC2) 9 100.

Measurement of chlorophyll content and maximal

photochemical efficiency of PSII

Chlorophyll content was measured in the same position of

leaves for each accession. Chlorophyll content was deter-

mined spectrophotometrically using 80 % acetone as an

extractive solvent (Lichtenthaler 1987). Extract absorbance

was measured at 645 and 663 nm with Optizen 5100 UV

spectrophotometer (Shanghai, China). Maximal photo-

chemical efficiency of PSII (Fv/Fm) was measured using a

PAM-2100 fluorometer (Walz, Effeltrich, Germany) as

described by Oliveira and Peñuelas (2004). All measure-

ments were carried out after maintaining leaves in darkness

for at least 25 min.

Quantification of phytohormone contents

Leaf samples from eight accessions were frozen in liquid

nitrogen and stored at -80 �C prior to phytohormone

analysis. The extraction and analysis of the endogenous

phytohormone content of these samples were performed

using ultrahigh-performance liquid chromatography cou-

pled to electrospray ionization tandem spectrometry

(UHPLC/ESI–MS/MS) as described by Müller and Munné-

Bosch (2011). The phytohormone contents of these sam-

ples were expressed on a leaf fresh weight basis.

Assay of soluble sugar contents

Approximately 1 g of leaves was frozen in liquid nitrogen

for determination of sugar contents. Contents of glucose,

fructose, sucrose, and raffinose were assayed using high-

performance liquid chromatography (Waters Corporation,

America) according to the methods of Liu et al. (2004).

RT-qPCR analysis

Total RNA was extracted from leaves of 28-d-old plants

treated at 4 �C for 0, 1, 3, 6, 12, 24, 48, 72, and 120 h using

RNAiso Reagent (TaKaRa, Dalian, China). Gel elec-

trophoresis was performed and absorbance measured at 260

and 280 nm to confirm RNA integrity. First-strand cDNA

was synthesized from total RNA using PrimeScript RT

reagent Kit with gDNA Eraser (Takara, Dalian, China).

The cDNA was subjected to polymerase chain reaction

(PCR) for 40 cycles using primers as described in sup-

plemental Table 1. The primers were designed with the

help of Premier 5 software (Version 5.0 for Windows and

Power Macintosh, Palo Alto, CA, USA). Each gene

sequence was obtained from the transcriptome data, and

corresponding gene sequences were listed in supplemental

material. Each primer used in the qRCP experiment pro-

duces approximately 100 bp-amplicon. Gene specificity of

each primer was confirmed through BLAST searches of

public databases (http://www.ncbi.nlm.nih.gov/tools/pri

mer-blast/). The threshold cycles (Ct) of each target gene

were averaged for triplicate reactions, and the values were

normalized according to the Ct of reference gene (En18S

rRNA). The relative expression levels of target gene were

calculated using 2�DDCt method (Livak and Schmittgen

2001).

Statistical analysis

Each experiment was designed to three biological repli-

cates. Data were represented as mean ± SD. Statistical

analyses were performed by the analysis of variance

(ANOVA) using the SPSS-17 statistical software (SPSS

Inc., Chicago, IL, USA). Means were compared by

Tukey’s test and differences at P\ 0.05 were considered

significant.

Table 1 Locations of eight

wild E. nutans accessions used

in this study

Tibet GPS coordinates Altitude (m.a.s.l.)

Site

Dazi (DZ) N: 9�45.4170 E: 91�27.7260 3720

Maizhokunggar (MZG) N: 29�45.2010 E: 91�56.4720 3991

Nanmulin (NML) N: 29�49.6030 E: 89�13.6880 4125

Kangmar (KM) N: 28�49021.700 E: 89�59054.900 4402

Ali (AL) N: 32�0640 E: 80�0130 4532

Damxung (DX) N: 30�28.5350 E: 91�06.2460 4618

Xainza (XZ) N: 31�06018700 E: 91�41.9600 4763

Baqing (BQ) N: 31�9150 E: 94�0560 5012
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Results

Altitude variation in chilling tolerance in E. nutans

A steep altitude cline in chilling tolerance among natural

populations of perennial plant Arabis alpine has recently

been investigated (Wingler et al. 2015). Here, we report on

eight accessions of E. nutans (Table 1) that showed a dif-

ferent type of chilling tolerance. An increase in relative

electrolyte leakage under chilling stress indicates signifi-

cant damage to cell membrane integrity (Lyons 1973).

Genotypes of E. nutans originating from higher altitudes

displayed lower relative electrolyte leakage and lost less

chlorophyll in response to chilling (Fig. 1). Wild E. nutans

from higher altitudes had lower electrolyte leakage after

72 h at 4 �C in comparison with lower altitude accessions.

Chilling inhibited photosynthesis in the investigated E.

nutans accessions to different degrees, especially in those

from lower altitudes: NML, MZG, and DZ. Chlorophyll

declined more rapidly at the chilling temperature in some

of the accessions (DZ, MZG, NML, KM, and AL),

resulting in remarkably lower chlorophyll content after 120

of chilling stress (Fig. 1b). Assessment of chlorophyll flu-

orescence revealed reductions in Fv/Fm in all accessions,

suggesting down-regulation of photosynthesis or photoin-

hibition during chilling stress. After 120 h of chilling

stress, a higher Fv/Fm was observed in the three accessions

from higher altitudes, BQ, XZ, and DX (Fig. 1c). These

results indicate that accessions from higher altitudes

showed an attenuated stress response to chilling

temperature.

Variation of phytohormone levels in response

to chilling stress

The dynamic variation in phytohormone content was

measured in all 8 E. nutans accessions over the time course

of chilling stress. The ABA content increased transiently

within the first days of chilling treatment and reached a

maximum at 3 h of stress. After this, the levels declined to

a value that was larger than what was observed prior to the

chilling exposure. This effect was significant for the

accessions BQ, XZ, DX, and KM (Fig. 2a).

ACC production rapidly declined in plants exposed to

chilling stress for 1 h in accessions BQ, XZ, and DX,

exhibiting a minimum after 3 h of chilling stress and

remaining at this low level during the time course. The

rapid increase in ACC production was observed in low-

altitude accessions, DZ, MZG, and NML during 1–3 h of

chilling exposure (Fig. 2b).

The contents of the cytokinin zeatin remained low in

NML, MZG, and DZ accessions in response to chilling.

However, zeatin was induced in high-altitude accessions

after 1 h of chilling exposure, reaching a maximum at 12 h

in BQ, XZ, and DX accessions (Fig. 2c).

Bioactive GA3 levels were reduced immediately after

exposure to 1 h of chilling treatment, and maintained the

declining trend until 24 h. After that time, it increased until

120 h of chilling exposure. All accessions showed the

similar trends, but the highest altitude accessions had lower

bioactive GA contents during early chilling stress (Fig. 2d).

IAA levels of BQ, XZ, DX, AL, and KM decreased

significantly after 6 h of chilling treatment, and continued

to decrease for up to 48 h, before increasing thereafter. A

significant increase of IAA content in low accessions DZ,

Fig. 1 Changes in relative electrolyte leakage (a), chlorophyll

content (b), and Fv/Fm (c) in the leaves of E. nutans accessions

during the chilling stress time course. Each value represents the

mean ± SD. Each experiment was repeated three times. An ANOVA

test followed by Tukey’s test was performed. Asterisks indicate

significant differences at P\ 0.05 from 0 h of chilling stress
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Fig. 2 Dynamic variation of abscisic acid (ABA, a), ethylene

precursor 1-aminocyclopropane-1-carboxylic acid (ACC, b), zeatin

(c), gibberellins (GA3, d), auxin (IAA, e), jasmonic acid (JA, f), and

salicylic acid (SA, g) content in the leaves of E. nutans accessions

during the chilling stress time course. Each value represents the

mean ± SD. Each experiment was repeated three times. An ANOVA

test followed by Tukey’s test was performed. Different letters are

used to indicate means that are significantly different (P\ 0.05)
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MZG, NML, and KM was observed at 72 h of chilling.

Apparent increases (P\ 0.5) in JA content were observed

in accessions BQ, XZ, and DX after 6 h of chilling stress,

and progressively increased until 120 h of chilling expo-

sure, reaching a maximum at 120 h (Fig. 2e, f). Chilling

significantly decreased SA content in accessions BQ, XZ,

and DX during the period between 12–24 h and reached

the lowest level at 24 h. The levels then increased until

120 h. Notable exceptions to the coordinate increases were

in our measure of SA content, which remained unchanged

at time-zero levels in some low-altitude accessions during

the period between 48–120-h chilling stress (Fig. 2g).

Effects of chilling stress on sugar accumulation

Sugar response lagged behind phytohormone levels in all

accessions exposed to chilling stress (Fig. 3). Sucrose and

raffinose levels in a large range of accessions were higher

than fructose and glucose during a chilling stress period of

120 h. This was especially prevalent in high-altitude

accessions, demonstrating that sucrose and raffinose were

the main carbohydrates involved in chilling tolerance.

There were a variety of responses for other sugars in

response to chilling stress. Glucose content in high-altitude

accessions BQ, XZ, DX, AL, and KM declined during the

120-h period of chilling stress. Similar effects were also

observed in low-altitude accessions NML, MZG, and DZ.

Fructose content was found at a low level in all accessions,

but some low-altitude accessions had enhanced levels and

reached a maximum at 72 h of chilling treatment. Fol-

lowing this time, the levels declined to a point that was

higher than non-stressed accessions. Sucrose content in

high-altitude accessions, BQ, XZ, DX, and AL, increased

immediately at 24 h of chilling stress, and increased con-

tinuously until 120 h. In contrast, sucrose content in low-

altitude accessions increased after 72 h of chilling stress.

Raffinose levels generally increased (P\ 0.05) in response

to chilling stress, except for DZ and MZG. High-altitude

accessions, BQ, XZ, and DX showed higher raffinose

content than low-altitude accessions.

EnCBFs and EnCOR gene expression in plants

exposed to chilling stress

According to the previous transcriptome data, EnCBF9,

EnCBF14, and EnCOR14a were significantly induced by

cold in E. nutans accessions (data not shown). As shown in

Figs. 4 and 5, chilling induced diverse patterns of expres-

sion in EnCBF9, EnCBF14, and EnCOR14a genes in eight

broad altitude ranges of E. nutans accessions. The data

showed that the CBFs and COR transcriptional patterns

were dynamic during the 120-h time course of chilling

stress. EnCBF9 and EnCBF14a gene transcriptional levels

in high-altitude accessions BQ, XZ, DX and AL increased

(P\ 0.05) immediately within 1 h of chilling exposure,

peaked at 3 h, and then decreased until 120 h (Fig. 4a, b).

While expression patterns of the two CBFs exhibited a

small amount of variation in low-altitude accessions,

indicating that other CBF genes and specific transcriptional

pathways in response to chilling stress may have occured in

low-altitude accessions.

Upon transfer to low temperature, EnCOR14a expres-

sion levels in accessions BQ, XZ, DX and AL increased

(P\ 0.05) at 3 h, reaching a maximum at 48 h, and then

decreased until 120 h of chilling stress. In low-altitude

accessions, expression of these genes was induced after

6 h. This was a low level compared with the high-altitude

species (Fig. 5).

Discussion

Accessions from higher altitudes have a greater

chilling tolerance

Accessions of E. nutans originating from higher altitudes

exhibited lighter stress responses to chilling stress. This

was evidenced by their lower relative electrolyte leakage

and lower reduction in Fv/Fm in response to chilling

exposure.

We next explored the acclimation mechanisms with

respect to E. nutans altitude variations in response to

chilling stress. To clearly elucidate dynamic changes in

physiological parameters and key genes related to chilling,

two phases of chilling stress were classified: early phase

(1–24 h) and acclimation phase (24–120 h).

Early phase of chilling stress

Phytohormones serve as crucial signaling molecules that

are implicated in the regulation of plant growth, develop-

ment, and various abiotic stress responses (Peleg and

Blumwald 2011). This early response to chilling stress was

consistent with an elevation in ABA, JA, and bioactive

cytokinin zeatin content in high-altitude BQ, XZ, and DX.

This was coordinated with a reduction in IAA, SA, GA3,

and ACC contents in these E. nutans accessions (Fig. 2). In

addition to changes in phytohormone content, we also

found that the transcriptional levels of CBFs and CORs in

high-altitude accessions were dramatically induced during

early chilling stress (Figs. 4, 5). Natural variation analyses

in Arabidopsis and Arabis alpine accessions with wide

range of freezing tolerance further confirm the idea that

phytohormone signaling and up-regulation of CBF genes

contribute to low-temperature tolerance (Hannah et al.

2006; Kang et al. 2013; Wingler et al. 2015).
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We also found that the ACC content declined during

1–3 h course of chilling stress in AL, DX, XZ, and BQ

populations. This seems to have coincided with the obser-

vation that the transcript of EnCBF9 and EnCBF14 genes

reaches a peak at the initial 1–3 h of chilling and decreases

after 6 h of chilling treatment (Figs. 2, 4). Therefore, we

propose that during the onset of chilling stress, a reduction in

ethylene content in several accessions may inactivate the

transcriptional repression of CBFs through ethylene signal-

ing pathways and trigger CBF-dependent chilling acclima-

tion. This response is also observed in Arabidopsis exposed

to chilling stress (Shi et al. 2012).

It is noteworthy that low-altitude accessions showed

higher ACC production during 1–6 h of chilling exposure.

This finding is supported by prior studies in maize

demonstrating that increased ACC levels showed a high

positive linear relationship with the sensitivity to chilling in

maize genotypes. These results suggest that the ACC

content is a physiological index of cold injury (Janowiak

and Dörffling 1996). Shi et al. (2012) also pointed out that

ethylene biosynthesis and signaling play negative roles in

the regulation of freezing tolerance in Arabidopsis. A

previous report demonstrated that an antagonistic interplay

between ethylene and cytokinin signaling existed in Ara-

bidopsis exposed to cold stress (Shi et al. 2012). Similarly,

ACC production sharply decreased with the increase in

bioactive cytokinin zeatin contents in the investigated E.

nutans accessions.

Fig. 3 Changes in glucose

(Glu), fructose (Fru), sucrose

(Suc), and raffinose (Raf)

contents in the leaves of E.

nutans accessions during the

chilling stress time course. Each

value represents the

mean ± SD. Each experiment

was repeated three times. An

ANOVA test followed by

Tukey’s test was performed.

Asterisks indicate significant

differences at P\ 0.05 from

0 h of chilling stress
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In A. thaliana, cold-induced CBF gene expression has

been shown to be involved in the accumulation of DELLA

proteins. These proteins repress the GA signalling pathway,

and thus inhibit plant growth (Achard et al. 2008). CBF1

activated the expression of genes encoding the GA 2-oxi-

dases enzymes in Arabidopsis. We found a similar decrease

in GA3 in E. nutans accessions during the early stage of

chilling stress. In addition, the CBF1-induced DELLA

accumulation also provides positive synergies with the

CBF1-induced COR pathway to enhance cold tolerance

(Achard et al. 2008). It is well established that the COR

proteins play important roles in protecting the cell from

dehydration and freezing injury during the acclimation

process (Thomashow 1999). Here, we have shown that

EnCOR14a gene expression significantly increased in E.

nutans, especially in high-altitude accessions, after 3 h of

chilling exposure.

Accumulating evidence demonstrates that JAs trigger an

important transcriptional regulatory pathway in cells

allowing them to transform their basal developmental

programs into necessary stress responses (Mandaokar et al.

2006; Pauwels et al. 2008). A continuous increase in JA

content exposed to chilling treatment was observed in

winter wheat (Kosová et al. 2012). A JA-induced signaling

pathway in Arabidopsis was also found by Hu et al. (2013)

who pointed out that jasmonate was shown to enhance

freezing tolerance by inducing the ICE CBF/DREB1 cold-

response pathway. Our investigations further support a role

for JA in chilling response in E. nutans. High-altitude

accessions exhibited a transient accumulation of JA con-

tent, demonstrating that adaptation to higher altitude

accompanied by an enhanced capacity to accumulate JA

during the early stages of chilling.

IAA is one of the hormones involved in the regulation of

plant growth and development and it also plays pivotal

roles in the adaptive responses to abiotic stresses (Du et al.

2013; Wingler et al. 2015). An opposing trend between

IAA and JA concentrations in BQ, XZ, DX, AL, and KM

was found in the early phase of chilling stress. This

observation in E. nutans is supported by the prior work of

Du et al. (2013) who pointed out that JA and IAA antag-

onistically regulate each other’s metabolism and signaling,

which are critical for plant development and stress

responses.

The ABA-dependent cold signaling pathway has widely

been studied for many years. A previous study showed that

about 10 % of ABA responsive genes are responsive to

cold stress in Arabidopsis (Kreps et al. 2002). In this study,

ABA content increased immediately within the 24 h of

chilling treatment and peaked at 3 h of chilling stress,

Fig. 4 Normalized expression of EnCBF9 (a) and EnCBF14 (b) ge-

nes in eight accessions of E. nutans following 0, 1, 3, 6, 12, 24, 48,

72, and 120 h of chilling stress at 4 �C. Each value represents the

mean ± SD. Each experiment was repeated three times. The data for

each sample were normalized to the level of the house-keeping gene

18S rRNA. An ANOVA test followed by Tukey’s test was performed.

Different letters are used to indicate means that are significantly

different (P\ 0.05)

Fig. 5 Normalized expression of EnCOR14a gene in eight accessions

of E. nutans following 0, 1, 3, 6, 12, 24, 48, 72, and 120 h of chilling

stress at 4 �C. Each value represents the mean ± SD. Each exper-

iment was repeated three times. The data for each sample were

normalized to the level of the house-keeping gene 18S rRNA. An

ANOVA test followed by Tukey’s test was performed. Different

letters are used to indicate means that are significantly different

(P\ 0.05)
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indicating that ABA signaling exerts an important positive

effect on the initial chilling response process. The up-

regulation of ABA content together with rapid down-reg-

ulation of SA content was observed in the leaves of

accessions BQ, XZ, and DX. This finding confirmed a

report by Pociecha et al. (2009), who found that ABA and

SA contents show contrasting effects in frost resistant

genotypes of Festulolium during the first 54 h of the cold

stress process. Similarly, ABA treatment also inhibited SA

signaling pathway by reducing low-temperature-induced

SA production in maize leaves (Pal et al. 2011). These

observations reveal the antagonistic regulation of the two

stress hormones in the chilling response.

The upward regulation and downward regulation of the

content and/or signaling pathways of hormones involved in

cell division, growth, and abiotic stress responses indicates

that growth inhibition is an important component of the

early chilling stress response in E. nutans. In addition, this

seems to be associated with the reallocating of energy

sources for the synthesis cellular protective metabolites

under unfavorable conditions.

Acclimation phase of chilling stress

Plants acclimate to the cold stress within a 24-h period, and

after this time course, the cold signaling mechanism

becomes insensitive to low temperatures. This leads to the

down-regulation in the expression of CBF and COR genes

(Zarka et al. 2003). Consistent with this finding, we found

that EnCBF9, EnCBF14, and EnCOR14a genes were down-

regulated after 24 h at 4 �C (Figs. 4, 5). The available evi-

dence has shown that cold-induced CBF genes are involved

in transcriptional regulation of the accumulation of soluble

sugars, including sucrose, glucose, and fructose, via the

modulation of the CBF regulon (Gilmour et al. 2004). Car-

bohydrate accumulation is common in freeze-resistant plants

(Hoffman et al. 2010). In this study, a higher accumulation of

sugars in high-altitude E. nutans during chilling stress

demonstrated the tight relationship between sugar metabo-

lism and chilling tolerance. This is in agreement with results

reported in perennial ryegrass (Bhowmik et al. 2006). In

particular, the sucrose response appears to have a key role

during chilling treatment. Zeng et al. (2011) also observed a

higher accumulation of sucrose and fructose during the

process of freezing tolerance in winter wheat.

The interplay of different phytohormones and multiple

sugars forms a complex network of overlapping signals to

coordinate overall plant growth, development, and various

stress responses (Loreti et al. 2008; Wingler et al. 2015).

Phytohormone alterations that are characteristic for this

response phase were: slight accumulation of ABA levels and

significant increases in bioactive CKs, GA3, IAA, SA, and

JA contents. This indicated plant acclimation to low

temperatures and a rebalance of metabolic processes under

the unfavorable conditions. As CKs display a positive role in

plant photosynthesis, their enhancement during the accli-

mation stage might contribute to energy generation (Guo

et al. 2010; Kosová et al. 2012). Similar findings have been

indicated by Hu et al. (2005) who confirmed improved

maintenance of chlorophyll levels as well as enhanced cold

tolerance in calluses of Festuca arundinacea that constitu-

tively expressed the CK biosynthetic gene. No significant

variation in ABA content was observed and this may indicate

that ABA-independent signaling pathway exerts a key effect

on chilling tolerance of the investigated E. nutans during a

later stage of chilling stress. Interestingly, a substantial

overlap between glucose and ABA was detected in Ara-

bidopsis in the regulation of cold stress tolerance (Li et al.

2006; Dekkers et al. 2008). Increase in SA content might be

associated with SA functions in the regulation of ROS evo-

lution, which is an important component of defensive

responses under stress conditions. JA levels showed an ele-

vation with some delay and increased at 6 h of chilling

treatment in all accessions. Synergistic effects between

sucrose and jasmonates were obtained in Arabis alpina

(Wingler et al. 2015). Our results suggest that the sugar-

response pathway and phytohormone-response pathway

play crucial roles in the chilling tolerance of E. nutans,

especially in high-altitude accessions.

Conclusions

Our work demonstrates that natural accessions of E. nutans

that originate from a wide range of altitudes show clinal

variation in chilling tolerance. Physiological adaptations and

stimulation of key genes occur over an altitudinal gradient in

this plant. The induction of EnCBFs and EnCOR genes may

exert crucial roles in the regulation of the early chilling stress

response. Natural variations in the accumulation of sugars

and dynamic changes in phytohormone levels at two stages

of chilling stress showed different acclimation mechanisms

to that stress. The difference between natural accessions in

these physiological parameters and the genetic responses

contributes to the exploration of the genetic basis of the

chilling response in plants.
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