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Abstract Rice (Oryza sativa L.) is a warm-season

plant exposed to various stresses. Low temperature is

an important factor limiting extension of rice culti-

vation areas and productivity. Previously, we have

demonstrated that tomato ERF protein TERF2

enhances freezing tolerance of transgenic tobacco

and tomato plants. Herein, we report that overex-

pression of TERF2 enhances transgenic rice tolerance

to cold without affecting growth or agronomic traits.

Physiological assays revealed that TERF2 could not

only increase accumulation of osmotic substances

and chlorophyll, but also reduce reactive oxygen

species (ROS) and malondialdehyde (MDA) content

and decrease electrolyte leakage in rice under cold

stress. Further analysis of gene expression showed

that TERF2 could activate expression of cold-related

genes, including OsMyb, OsICE1, OsCDPK7,

OsSODB, OsFer1, OsTrx23, and OsLti6, in transgenic

rice plants under natural condition or cold stress.

Thus, our findings demonstrated that TERF2 modu-

lated expression of stress-related genes and a series of

physiological adjustments under cold stress, indicat-

ing that TERF2 might have important regulatory roles

in response to abiotic stress in rice and possess

potential utility in improving crop cold tolerance.

Keywords Cold � TERF2 � Oryza sativa �
Transcriptional regulation � Reactive oxygen species

Introduction

A wide array of environmental stresses seriously

affect plant growth and crop yield. Among the

various abiotic stresses, cold (chilling or low tem-

perature) represents one of the most significant

limitations to crop distribution and productivity. Rice

(Oryza sativa L.) is a warm-season plant that is

sensitive to cold, particularly at seedling stage. When

exposed to cold stress, plants show changes in gene
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expression, biomembrane lipid composition, photo-

synthetic efficiency, and small-molecule and free-

radical production (Beck et al. 2007; Mahajan and

Tuteja 2005; Parvanova et al. 2004; Sharma et al.

2005); for example, cold-induced physiological

imbalance leads to elevated levels of reactive oxygen

species (ROS) in plant cells. In particular, H2O2 is

generated rapidly under stress conditions, and its

steady-state levels depend on the balance between

synthesis and degradation, which is facilitated by the

ROS-scavenging system of the plant cell (Cheng

et al. 2007). Moreover, the products of cold-inducible

genes may either directly protect against cold stress

or further regulate expression of other genes (Yam-

aguchi-Shinozaki and Shinozaki 2006). Contrary to

the classical breeding and marker-assisted selection

approaches, increasing amounts of data demonstrate

that direct introduction of genes by genetic engineer-

ing seems a more attractive and quick solution for

improving cold stress tolerance. Moreover, genetic

engineering of plants for tolerance to cold stresses

could be achieved by regulated expression of cold-

induced transcription factors, which in turn would

regulate expression of a large number of relevant

downstream genes (Agarwal et al. 2006; Hu et al.

2008; Ito et al. 2006; Wang et al. 2008). Thus,

transcription factors are powerful tools for genetic

engineering, as their overexpression can lead to

upregulation of a whole array of genes under their

control.

Recent research has identified several cold-regu-

lated transcription factors such as NAM and ATAF,

and CUC (NAC), Myb domain protein (MYB), and

ethylene response factor (ERF) genes, which play

roles in cold-response pathways by controlling

downstream genes and tuning crosstalk among

different signaling pathways (Agarwal et al. 2006;

Chinnusamy et al. 2007; Dai et al. 2007; Fowler and

Thomashow 2002; Hu et al. 2008; Su et al. 2010;

Zhu et al. 2004, 2007). The ERF proteins make up a

subfamily of the AP2/ERF superfamily, which also

contains the C-repeat binding factor/dehydration-

responsive element-binding protein (CBF/DREB)

subfamily (Nakano et al. 2006). Previous studies

have shown that ERF proteins regulate growth,

development, and processes in responses to biotic

and abiotic stresses (including due to pathogen,

drought, submergence, salt, and cold) in plant

(Agarwal et al. 2006; Mantiri et al. 2008; Pré et al.

2008; Quan et al. 2010; Vernié et al. 2008; Wu et al.

2008; Xu et al. 2006); for example, overexpression of

CaPF1, which codes for an ERF transcription factor

and is inducible by cold, subsequently activates

expression of cold-responsive genes and confers

tolerance against freezing temperature in Arabidopsis

(Yi et al. 2004). Ectopic expression of JERF3 confers

cold tolerance by decreasing accumulation of ROS in

tobacco (Wu et al. 2007, 2008).

The tomato ERF member, LeERF2, has been

reported to confer the typical triple response (Pirrello

et al. 2006). More recently, ectopic expression of

TERF2, an allele of LeERF2, has been shown to

affect ethylene levels by regulating ethylene biosyn-

thesis and to enhance tolerance to freezing in

transgenic tomato and tobacco plants (Zhang et al.

2009; Zhang and Huang 2010). Herein, we report that

overexpression of TERF2 in rice modulates expres-

sion of stress-related genes, subsequently resulting in

increased accumulation of osmolytes and chloro-

phyll, reduced reactive oxygen species (ROS) and

malondialdehyde (MDA) content, and decreased

electrolyte leakage under cold stress, finally improv-

ing rice cold tolerance. These findings indicate that

ectopic expression of TERF2 represents a viable

strategy for engineering cold tolerance in rice.

Materials and methods

Plasmid construction and transformation of rice

Full-length TERF2 complementary DNA (cDNA)

was cloned into the pMCG161 vector using AscI and

SpeI. This pMCG-CaMV 35S-TERF2 plasmid was

digested by BamHI and HindIII, and the resulting

CaMV 35S:TERF2 fragment was ligated into pCAM-

BIA1200 vector (Supplemental Fig. 1A). Then, this

construct was transformed into rice (O. sativa ssp.

japonica cv. Nipponbare) following the method

described by Hiei et al. (1997).

Growth conditions and cold treatment

of rice seedlings

Transgenic and wild-type (WT) (O. sativa ssp.

japonica cv. Nipponbare) seeds were germinated for

3 days at room temperature and then planted into soil

and grown in a greenhouse (with 16/8 h light/dark) at
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28�C with 60–70% relative humidity. For cold

tolerance, after germinated seeds were grown for

5 days, rice seedlings were exposed to 6�C for 72 h,

then 28�C for 7 days for recovery.

Measurement of soluble sugars, proline,

chlorophyll, MDA, and electrolyte leakage

Ten-day-old rice seedlings were divided into two

groups (natural growth and cold treatment), each

group containing about 50 plants. After seedlings were

exposed to 6�C for 12 h, about 0.2 g leaf tissue was

harvested for each sample and extracted with different

solutions according to the particular assay. Soluble

sugars were determined spectrophotometrically by

anthrone reagent using glucose as standard (Dubois

et al. 1956). Proline was assayed using colorimetric

method (Bates et al. 1973; Troll and Lindsley 1955).

Chlorophyll content and MDA equivalent were corre-

spondingly measured as previously described (Lich-

tenthaler 1987; Hodges et al. 1999). Electrolyte

leakage of rice seedlings was detected after treatment

at 6�C for 8 h, following the method described by

Gilmour et al. (2000). The percentage of electrolyte

leakage was calculated as the ratio of the conductivity

before autoclaving to that after autoclaving. To

exclude the effects of cold treatment, all physiological

data are shown as relative values, namely the data for

WT under normal condition were set to 1, and the other

values were compared with it.

Detection of reactive oxygen species

Ten-day-old seedlings were kept at 4�C for 0, 12, 24,

and 48 h, respectively. For superoxide detection,

leaves were vacuum-infiltrated with 1 mg/mL nitro-

blue tetrazolium in 25 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) buffer, pH

7.6, and incubated at room temperature in the dark for

12 h. Then, the stained samples were transferred to

boiling ethanol (95%) and incubated for 10 min

before photographing (Dong et al. 2009).

Real-time PCR analysis

Total RNA was prepared from 10-day-old leaves of

transgenic and WT rice seedlings grown under

normal conditions or cold stress (6�C for 12 or

24 h) using Trizol reagent (Invitrogen, Carlsbad, CA,

USA). For quantitative real-time analysis, 1 lg RNA

was used for cDNA preparation with Moloney murine

leukemia virus (M-MLV) reverse transcriptase

(Promega, Madison, WI, USA). cDNA was then

diluted and used for real-time polymerase chain

reaction (PCR) amplification (ABI PRISM7000 real-

Time PCR system, Applied Biosystems) with gene-

specific primers (Supplemental Table 1). The quanti-

tative variation between different samples was eval-

uated by the DDCt method, and the amplification of

actin was used as internal control to normalize all data.

To validate our quantitative reverse-transcription

(qRT)-PCR results, we repeated each experiment three

times. The mean values for the expression levels of the

examined genes were calculated from three indepen-

dent experiments compared with that of WT (stan-

dardized to 100).

Accession numbers

NM_001067099(OsSODB), NM_001072072(OsFer1),

NM_001065604 (OsTrx23), NM_001066925 (OsLti-

6a), NM_001061126 (OsLti6b), NM_001060205

(OsCDPK7), NM_001052096 (OsMyb), NM_001050

547 (OsICE1), AY496704 (TERF2), and NM_0010

57621 (actin).

Results

Expression of TERF2 enhances rice tolerance

to cold

To examine the role of TERF2 in rice, transgenic rice

lines (OE) overexpressing TERF2 under control of

CaMV 35S promoter were generated using Agrobac-

terium-mediated transformation. The transcript level

of TERF2 was detected in eight independent T3

homozygous lines (Supplemental Fig. 1B). We also

found that there were no obvious differences in

agricultural characters among these different trans-

genic lines. Two independent T3 lines of OE-8 and

OE-10 were randomly selected for further study.

Furthermore, we observed that there were no obvious

differences in yield or phenotypes of OE lines for

growth at the different developmental stages and for

1,000-kernel weights compared with those of WT

rice under normal growth conditions (Supplemental

Fig. 1C–E). These observations suggested that
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ectopic expression of TERF2 had no negative effects

on growth of rice plants under normal conditions.

To investigate whether overexpression of TERF2

correlated with cold tolerance in rice, 5-day-old

transgenic and WT seedlings were exposed to cold

stress (6�C) for 72 h, then recovered growth for

7 days under normal conditions. We found that

transgenic plants recovered better than WT plants

(Fig. 1). In particular, the heights and the shoot (stem

and leaves) fresh weights of OE lines were 1.2- to

1.4-fold greater than those of WT. In addition, roots

in OE lines were longer than those in WT plants

(Supplemental Fig. 2). Together, our results indicate

that overexpression of TERF2 in rice plants increases

their tolerance to low-temperature stress.

TERF2 promotes accumulation of osmolytes

and reduces chlorophyll loss in rice under cold

stress

When exposed to abiotic stresses, plants can increase

accumulation of osmotic substances to maintain high

intracellular osmotic pressure and normal physiolog-

ical functions of cells (Sharma et al. 2005). Here, we

first examined accumulation of proline and soluble

sugars in rice seedlings under normal and cold

conditions. We found that there were no significant

differences in content of soluble sugars and proline

between WT and OE lines under normal conditions.

However, the soluble sugars and proline in OE lines

increased 1.5- and 0.5-fold after cold treatment,

respectively, while there was only little change in

WT seedlings (Fig. 2a, b). Analyses with Student’s

t tests indicated that soluble sugars and proline

contents in OE lines were different from those in

WT seedlings at 95% probability. These results

indicated that overexpression of TERF2 promoted

accumulation of osmotic substances in rice seedlings

under cold stress.

Cold stress can decrease chlorophyll content by

inhibiting chloroplast formation and the chlorophyll

synthesis rate (Sharma et al. 2005), thus we examined

whether overexpression of TERF2 in rice had an effect

on chlorophyll content. We found that chlorophyll

content was not significantly different between trans-

genic and WT plants under normal conditions. After

transgenic and WT seedlings were subjected to cold

treatment (6�C) for 12 h, the chlorophyll content of WT

plants decreased to only 30% of its normal level,

whereas those of OE lines were over 50% of their

normal levels (Fig. 2c). Student’s t tests indicated that

the chlorophyll contents of OE lines were significantly

different from that of WT plants at 95% probability.

These results indicated that TERF2 could maintain

higher chlorophyll content in transgenic rice under cold

stress compared with that of WT plants.

Fig. 1 Effect of cold stress on OE and WT seedlings. Two

independent lines overexpressing TERF2 in rice (OE-8 and

OE-10) and WT seedlings were grown in the greenhouse for

5 days, and then subjected to cold stress (6�C for 72 h),

followed by recovery at 28�C for 7 days (right). The

experiments were repeated at least three times, with more

than 20 seedlings for WT and each independent OE line.

Control seedlings were under normal growth conditions (left).
Bars 1 cm
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TERF2 decreases accumulation of ROS, MDA,

and affects electrolyte leakage in rice under cold

stress

Accumulated evidence indicates that stress-stimulated

physiological imbalance increases the level of reactive

oxygen species (ROS) in plant cells (Wu et al. 2008).

To check whether overexpression of TERF2 resulted

in alteration of ROS accumulation, we tested accu-

mulation of ROS in WT and OE lines by nitroblue

tetrazolium (NBT) staining for superoxide. Without

stress treatment, NBT staining was slight in leaves and

showed no obvious difference between WT and OE

lines. After exposure to 4�C for 12, 24, and 48 h, ROS

accumulated significant quantities in WT, whereas its

levels in OE lines remained low, indicating that

TERF2 might decrease accumulation of ROS under

low temperature (Fig. 3a).

Accumulating research indicates that electrolyte

leakage and accumulation of MDA, an end product of

membrane lipid peroxidation, are indicators of free-

radical production and cellular membrane injury

caused by various stresses (Bates et al. 1973; Hodges

et al. 1999; Lichtenthaler 1987; Parvanova et al.

2004). To determine whether overexpression of

TERF2 in rice has effects on membrane stability,

Fig. 2 Comparison of osmotic substances and chlorophyll in

OE and WT seedlings with or without cold treatment. a Sugar

contents. b Free proline. c Chlorophyll. Leaf tissues for

measurement were sampled directly from 10-day seedlings

growing at 28�C (control) or after exposure to 6�C for 12 h

(cold). Results are the average of three replicates, and 5–6

plants were taken in each replicate. Error bars represent

standard error (SE)

Fig. 3 Analyses of ROS and MDA contents, and electrolyte

leakage, in OE and WT seedlings. a Comparison of superoxide

in rice leaves. Approximately 10 seedlings in triplicates were

used for each line in this assay. Bars = 1 cm. Comparison of

MDA (b) and electrolyte leakage (c) in OE and WT seedlings

with or without cold treatment. Leaf tissues for measurement

were sampled directly from 10-day seedlings growing at 28�C

(control) or after exposure to 6�C for 12 h (cold). Results are

the average of three replicates, and about 5–6 plants were taken

in each replicate. For all the data, one asterisk indicates

significant difference (P \ 0.05) in comparison with wild type.

Error bars represent SE
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we investigated the MDA level and electrolyte

leakage in OE lines and WT plants with or without

cold treatment. There were no significant differences

in MDA accumulation and electrolyte leakage

between WT and OE seedlings under normal condi-

tions. However, after 12 h of cold treatment, the

MDA levels of WT increased about 75% compared

with controls, but increased by only up to 25% in OE

lines (Fig. 3b). Similarly, electrolyte leakage

increased about two-fold in WT after cold treatment,

but was only enhanced by 10–40% in OE lines

(Fig. 3c).

TERF2 activates expression of genes related

to redox regulation and membrane stability in rice

under cold stress

Key enzymes that scavenge reactive oxygen species

(ROS), such as superoxide dismutase B (SODB), are

very important for membrane stability (Apel and Hirt

2004). Here, we analyzed the transcript levels of

OsSODB by real-time PCR. Our results showed that

the expression level of OsSODB was similar between

WT and transgenic lines under normal conditions.

However, the transcripts of OsSODB of different OE

lines were 3- to 4-fold higher than that of WT plants

after cold treatment (Fig. 4a), suggesting that TERF2

might function as a positive regulator tuning the

transcript level of OsSODB, subsequently scavenging

excessive ROS triggered by cold stress in transgenic

rice. Ferritin and thioredoxin have oxidoreductase

activity and participate in oxidation–reduction in

plant under stress conditions (Nuruzzaman et al.

2008; Theil 1987). In this work, we also found that

expression levels of OsFer1 and OsTrx23 were not

changed significantly between WT and OE plants

under normal growth conditions; however, the

expression levels of these genes were much higher

in OE plants under low temperature as compared with

those in WT (Fig. 4b, c). These results indicated that

TERF2 might affect the redox system under cold

stress. Moreover, we investigated expression of

OsLti6a and OsLti6b, which encode membrane

proteins that contribute greatly toward membrane

stability (Kim et al. 2007; Morsy et al. 2005). Their

expression level in WT was similar to those in two

Fig. 4 Analyses of genes related to redox regulation and

membrane stability in OE and WT seedlings with or without

cold treatment. a–e Expression analyses of SODB, OsFer1,

OsTrx23, OsLti6a, and OsLti6b. About 0.2 g leaves of 10-day

seedlings growing at 28�C (control) or after exposure to 6�C

for 12 h (cold) were directly used to extract RNA for each

sample. The expression of genes was determined using actin as

internal control, calculated from three independent experi-

ments, compared with WT controls (standardized to 100). The

assay was repeated three times, and every leaves mixture from

6 plants were taken in each assay. For all data, one asterisk
indicates significant difference (P \ 0.05) in comparison with

wild type. Error bars represent SE
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OE lines under normal conditions, whereas the

transcripts of OsLti6a and OsLti6b in OE lines were

both two-fold higher than in WT plants after cold

treatment (Fig. 4d, e). These findings implied that

overexpression of TERF2 might be helpful in main-

taining cellular membrane stability of rice by reduc-

ing MDA content and electrolyte leakage as well as

upregulating expression of OsLti6a and OsLti6b

under cold stress.

TERF2 activates expression of cold-induced

regulatory genes in rice

In plants, calcium (Ca) signaling and transcriptional

regulation may be involved in the cold-stress signal-

ing pathway (Chinnusamy et al. 2003; Dai et al.

2007; Lee et al. 2005; Sharma et al. 2005; Su et al.

2010). In this work, we found that expression of three

regulatory genes, including OsICE, OsMyb, and

OsCDPK7, were induced by cold treatment in rice

(Fig. 5a). To further clarify whether TERF2 regulates

their expression, we investigated expression of

OsICE1 (inducer of CBF expression 1), OsMyb, and

OsCDPK7 in rice under normal conditions by qRT-

PCR. Our results showed that the transcript levels of

these genes in OE lines were significantly higher than

those in WT plants (Fig. 5b).

Discussion

We previously reported that TERF2 could transcrip-

tionally modulate ethylene biosynthesis to enhance

freezing tolerance in transgenic tobacco and tomato

plants (Zhang et al. 2009; Zhang and Huang 2010).

To investigate the effect of TERF2 on a monocoty-

ledon, we analyzed the response of OE lines to 1-

aminocyclopropane-1-carboxylic acid. The shoot and

coleoptile lengths of the OE lines were not signifi-

cantly different from those of WT controls (data not

shown). The results indicated that TERF2 might not

affect the ethylene sensitivity in rice, which differed

from those in dicotyledons such as tobacco and

tomato (Zhang et al. 2009; Zhang and Huang 2010).

However, in this study, our results revealed that

overexpression of TERF2 enhanced cold tolerance by

modulating expression of stress-responsive genes and

resulted in a series of physiological adjustments in

transgenic rice under cold stress, indicating that

TERF2 might have important regulatory roles in

response to abiotic stress in rice.

Cold is one of the major abiotic stresses depressing

plant growth and productivity. One mechanism of

injury of cold stress involves generation and reactions

of ROS in plant (Kaniuga 2008). Under various

stresses, ROS production increased quickly in

Fig. 5 Analyses of expression of regulatory genes (OsICE1,

OsMyb, and OsCDPK7) in rice. a Expression of OsICE1,

OsMyb, and OsCDPK7 after cold stress in WT seedlings.

b Expression of OsICE1, OsMyb, and OsCDPK7 in OE and

WT seedlings under normal conditions. About 0.2 g leaves of

10-day seedlings growing at 28�C (control) or after exposure to

6�C for 12 and 24 h, respectively, were directly used to extract

RNA for each sample. The expression of genes was determined

by qRT-PCR using actin as internal control, calculated from

three independent experiments, compared with controls (stan-

dardized to 100). The assay was repeated three times, and

every leaves mixture from 5 plants were taken in each assay.

For all the data, one asterisk indicates significant difference

(P \ 0.05) in comparison with wild type. Error bars represent

SE
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chloroplasts, resulting in damage to the structure of

plant cells (Gechev et al. 2006). ROS are very small

molecules, and they are highly reactive due to the

presence of unpaired valence-shell electrons. When

plants are exposed to cold stress, their ROS levels can

increase dramatically, leading to lipid peroxidation,

denaturation of proteins, and metabolic disorders.

ROS degrade polyunsaturated lipids and subsequently

generate MDA, which causes toxic stress in cells by

forming covalent protein adducts. Furthermore, ROS

triggered by various stresses also affect membrane

integrity and cell compartmentation in plants. In this

regard, electrolyte leakage is widely used as an

indicator of membrane damage. In addition, low-

molecular-weight metabolites, such as proline and a

variety of sugars, serve as osmoprotectants and

increase the ability of plant cells to retain normal

physiological function (Sharma et al. 2005; Bhatnagar-

Mathur et al. 2008). Moreover, they also play crucial

roles in reducing plant damage by oxidative stress,

protecting plant cells against accumulation of ROS

(Apel and Hirt 2004). In this study, our findings showed

that TERF2 could not only reduce accumulation of

ROS and MDA and decrease electrolyte leakage, but

also promote accumulation of proline and soluble

sugars in transgenic rice under cold stress. These

physiological adjustments might result in transgenic

rice with enhanced cold tolerance.

It has been proved that superoxide dismutases

(SODs; EC 1.15.1.1) function to defend against ROS

in plants by catalyzing dismutation of superoxide

anion radicals into molecular oxygen and hydrogen

peroxide (Apel and Hirt 2004). Ferritin and thiore-

doxin are conserved proteins that are involved in

cellular redox regulation (Nuruzzaman et al. 2008;

Theil 1987). It has been demonstrated that ferritin

could reduce accumulation of ROS in response to

oxidant challenge (Orino et al. 2001). OsTrx23, one

of the cold-induced Trx h proteins, plays important

roles in response to oxidative stress imposed by cold

(Nuruzzaman et al. 2008; Xie et al. 2009). OsLti6, a

hydrophobic transmembrane protein with low molec-

ular weight, is involved in preserving plasma mem-

brane integrity during cold stress in rice (Kim et al.

2007; Morsy et al. 2005). In the present work,

although there was no difference between expression

of OsSODB, OsFer1, OsTrx23, OsLti6a, and OsLti6b

in WT and OE lines under normal conditions, their

transcripts in OE lines were much higher than those

in WT plants after cold treatment, implying that

TERF2-mediated cold tolerance is consistent with

data from studies describing other transgenic plants

with improved cold tolerance (Chinnusamy et al.

2007; Dai et al. 2007; Hu et al. 2008; Kim et al.

2007; Morsy et al. 2005; Su et al. 2010). It is possible

that these transcript alterations might be dependent

on some specific TERF2-interacting proteins induced

by cold stress or TERF2 protein modification in rice

under cold treatment.

Moreover, we found that overexpression of TERF2

in rice regulated expression of cold-induced regula-

tory genes including OsICE1, OsMyb, and OsCDPK7

under normal condition. In rice, OsCDPK7 and

several members of Mybs were reported to be

involved in regulating rice response to abiotic stresses

(Dai et al. 2007; Saijo et al. 2000; Su et al. 2010).

The calcium-dependent protein kinases (CDPKs), the

most common serine/threonine protein kinases, are

important calcium sensors with a regulatory domain

binding to Ca2? ions in response to stresses (Klimecka

and Muszyńska 2007); for instance, OsCDPK7 can

confer both cold and salt tolerance in plants (Saijo

et al. 2000, 2001). Many regulatory factors, including

ICE1, MYB, ERF, and NAC family members,

positively regulate plant responses to cold stress by

tuning the expression of stress-related genes in

Arabidopsis (Chinnusamy et al. 2007; Dai et al.

2007) and rice (Hu et al. 2008; Su et al. 2010). Here,

we found that transcript levels of OsICE1, OsMyb,

and OsCDPK7, which were induced by cold, were

upregulated in OE seedlings under normal conditions,

suggesting that TERF2 might regulate cold response

through different stress-related signaling pathways.

Previous studies documented that TERF2 could

bind to the GCC-box and dehydration-responsive

element/C-repeat (DRE/CRT) in vitro and in vivo,

and regulate expression of its targeted genes in

transgenic tobacco (Zhang et al. 2009). In this study,

our analysis of the promoter regions revealed that

there were DRE/CRT elements present in the

promoters of TERF2-targeted genes except OsTrx23

(Supplemental Table 2), suggesting that TERF2

might directly upregulate expression of its targeted

genes by interacting with these cis-elements in rice.

Subsequently, these transcriptional changes might

result in decreased accumulation of ROS and MDA

and reduced membrane injury of transgenic rice.

These physiological adjustments finally confer
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transgenic rice with cold tolerance. The present

results suggest that ectopic expression of TERF2

might play important roles in modulating rice cold

response and possess potential utility in genetic

engineering for developing cold-tolerant rice.
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