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Summary

As a perennial forage crop broadly distributed in eastern Eurasia, sheepgrass (Leymus
chinensis (Trin.) Tzvel) is highly tolerant to low-temperature stress. Previous report indicates
that sheepgrass is able to endure as low as —47.5 °C,allowing it to survive through the cold
winter season. However, due to the lack of sufficient studies, the underlying mechanism
towards the extraordinary low-temperature tolerance is unclear. Although the transcription
profiling has provided insight into the transcriptome response to cold stress, more detailed
studies are required to dissect the molecular mechanism regarding the excellent abiotic stress
tolerance. In this work, we report a novel transcript factor LcFINT (L. chinensis freezing-
induced 1) from sheepgrass. LcFINT showed no homology with other known genes and was
rapidly and highly induced by cold stress, suggesting that LcFINT participates in the early
response to cold stress. Consistently, ectopic expression of LcFINT significantly increased cold
stress tolerance in the transgenic plants, as indicated by the higher survival rate, fresh weight
and other stress-related indexes after a freezing treatment. Transcriptome analysis showed
that numerous stress-related genes were differentially expressed in LcFINT-overexpressing
plants, suggesting that LcFINT may enhance plant abiotic stress tolerance by transcriptional
regulation. Electrophoretic mobility shift assays and CHIP-gPCR showed that LcCBF1 can bind
to the CRT/DRE cis-element located in the promoter region of LcFINT, suggesting that LcFINT

is directly regulated by LcCBF1. Taken together, our results suggest that LcFINT positively

Keywords: cold tolerance, LcFINT,
sheepgrass, transcriptional activation.

regulates plant adaptation response to cold stress and is a promising candidate gene to
improve crop cold tolerance.

Introduction

As a major environmental stress, low temperature disrupts cellular
homeostasis and severely limits both plant productivity and
distribution (Gilmour et al., 1988). To cope with low-temperature
stress and adapt to seasonal temperature variations, plants have
evolved to modulate the expression of specific stress-responsive
genes after perceiving stress signals (Chinnusamy et al., 2007,
Fujita et al., 2006; Huang et al., 2012; Yamaguchi-Shinozaki and
Shinozaki, 2006). Along with the progress of molecular biology
and biotechnology, a number of stress-responsive genes have
been identified and used to improve plant tolerance to low
temperature and other abiotic stresses in important agricultural
and cash crops. For example, transgenic rice overexpressing
OsbZIP23, SNAC2 and HvCBF4 confers salinity, low temperature
and drought stresses without stunning growth (Hu et al., 2008;
Oh et al., 2007; Xiang et al., 2008); transgenic barley overex-
pressing TaCBF14, TaCBF15 and OsMYB4 improves frost
tolerance and germination rate under low temperature (Soltész
et al, 2012, 2013); transgenic wheat overexpressing GmbZIP1

enhances drought tolerance (Gao et al., 2011), and the alumin-
ium tolerance of barley was enhanced by expressing citrate
transporter genes such as TaALMT1, SBMATE and Arabidopsis
FRD3 (Zhou et al., 2014). In addition, expression of barley HVAT,
which encodes a group 3 LEA protein, improves drought
tolerance in creeping bentgrass (Agrostis stolonifera var. palustris)
and enhances tolerance against cold, drought and salinity in
mulberry (Morus indica L.) (Checker et al., 2012; Fu et al., 2007).

As a dominant species and perennial forage of Pooideae
subfamily, sheepgrass distributes in wide communities on the
steppes of eastern Eurasia (Shi and Guo, 2006). Because of its
high protein content, palatability and digestibility, perennial
sheepgrass is suitable to be used as forage crop species and has
been successfully cultivated in Ningxia province in China (Chen
et al., 1988; Ma et al., 2013). Moreover, sheepgrass comprises a
strong ability to cope with many abiotic stresses, including
drought (<6% soil moisture), high salt (600 mm NaCl) and
extremely low temperature (—47.5 °C) (Chen et al., 2013).

To understand the mechanism of how sheepgrass resists
abiotic stresses, a number of stress-responsive genes from
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sheepgrass have been isolated and characterized. Among them,
LcDREB3a and LcMYBT improved salt tolerance in transgenic
plants; overexpressing LcWRKY5 increased the rates of cotyledon
greening and plant survival in Arabidopsis under drought stress
(Cheng et al., 2013; Ma et al., 2014; Peng et al., 2011). Using
next-generation sequencing, more than 1500 genes related to
high salt stress were identified (Li et al., 2013a,b). Two of them
LcSAINT and LcSAIN2, which were induced by salt and other
various abiotic stresses, have been characterized (Li et al., 2013a,
b). Overexpressing LcSAINT in rice improves the greening rate of
cotyledons, the fresh weight, root elongation, plant height and
survival rate in a salinity condition (Li et al., 2013b). To further
understand the stress-response mechanisms, the sheepgrass
transcriptome under below-zero temperature was also analysed
by next-generation RNA sequencing (Chen et al.,, 2013). As a
result, 2979 unigenes with freezing-specific response were
identified (Chen et al., 2013).

In this study, we focused on one of the freezing-responsive
unigenes, LcFINT. Expression analysis indicated that LcFINT was
rapidly induced by cold stress, suggesting that it may involve in
the early response to cold stress. Overexpression of LcFINT in
Arabidopsis significantly increased tolerance to low-temperatures
stress. Transcriptome analysis showed that the expression of
some canonical cold-response and highly hydrophilic cold-stress-
related genes was increased to a much higher level in LcFINT-
overexpressing plants than in the wild-type plants after cold
treatment. Our work of LcFINT function initializes the under-
standing towards the mechanism of sheepgrass adaptations to
extreme cold stress and provides a valuable resource to improve
forage crops cold tolerance.

Materials and methods
Plant materials and treatments

The Zhongke 1 variety of sheepgrass was grown in a soil mixture
containing 2 : 1 peat moss and vermiculite (v/v) in a glasshouse at
22-27 °C with a 16-h light/8-h dark photoperiod (light intensity:
150 pumol/m?/s). Four-week-old seedlings were used for abiotic
stress or abscisic acid (ABA) treatment. For cold treatment, 4-
week-old seedlings were exposed to 4 °C. For ABA, dehydration
and salt treatments, 4-week-old seedlings were submerged in
half-strength  Murashige and Skoog (1/2 MS) liquid media
supplemented with 100 pm ABA, 20%PEG and 200 mm NaCl,
respectively. Seedlings were sampled after 0, 1, 2, 4, 8, 12, 24
and 48 h of treatment. For tissue-specific gene expression
analysis, panicle, leaf, sheath, rhizome, root and tiller bud
samples were collected from 2-year-old sheepgrass grown in a
glasshouse as described above. All tissue samples were immedi-
ately frozen in liquid nitrogen and stored at —80 °C.

Tobacco (Nicotiana benthamiana) seeds were grown in pots
with 2 : 1 peat moss and vermiculite soil (v/v) in a growth
chamber as described above. Arabidopsis thaliana (Columbia)
seeds were surface-sterilized by incubation in 75% ethanol for
3 min, 20% NaClO for 6 min, followed by 3-5 washes with
sterile water. The sterilized seeds were germinated on MS media
(pH 5.8) supplemented with 3% (w/v) sucrose and 0.8% (w/v)
agar and then grown in chambers as described above after 2 days
in darkness.

RNA isolation and real-time RT-PCR

Total RNA was isolated using the Trizol Kit (TaKaRa, Dalian,
China) according to the manufacturer’s instruction. PrimeScript™

RT reagent Kit (TaKaRa, Dalian, China) was used for first-strand
cDNA synthesis and further quantitative real-time PCR reaction
following the manufacturer’s instruction. Real-time PCR was
carried out on LightCycler 480 real-time PCR system (Roche,
Rotkreuz, Switzerland) using the programme of 40 cycles (95 °C
for 55 and 60 °C for 20 s). The 22T method was used to
analyse the data (Livak and Schmittgen, 2001). Quantitative real-
time PCR primers are listed in Table S1.

LcFINT cloning and bioinformatics analysis

To obtain full-length LcFINT ¢cDNA, RNA from 4-week-old sheep-
grass seedlings was used for RACE. First-strand cDNA was
synthesized using the SMARTv RACE ¢DNA Amplification Kit
(Clontech, Palo Alto, CA) according to the manufacturer’s
instructions. LcFINT F1 and R1 RACE primers were used to amplify
5" and 3’ ends. Putative full-length LcFINT ¢cDNA and genomic
DNA were amplified using gene-specific primers F2 and R2. LcFINT
cDNA was cloned into the pEASY-T5 Zero vector TransGen
(Beijing, China) for sequencing by Biomed (Beijing, China).

LcFINT homologues were identified by sequence similarity
searching in NCBI database using BLAST program. Multiple
sequence alignment and amino acid sequence phylogenetic
analysis were performed using the DNAMAN v5.0 program with
observed divergency method (Lynnon Biosoft Inc., Vandreuil,
Quebec, Canada). The signal peptide was predicted using SignalP
4.0 program (Petersen et al., 2011), and transmembrane seg-
ments were predicted using the TMHMM 2.0 program (Krogh
et al., 2001). Conserved protein domains were predicted using
Pfam (Finn et al.,, 2014) and SMART programs (Letunic et al.,
2012). LcFINT subcellular localization was predicted using the
Plant-mPLoc program (Chou and Shen, 2010).

Plasmid construction

To generate the subcellular localization construct, LcFINT coding
region was cloned into the pMDC45 vector to express LcFINT-GFP
fusion protein under the control of the cauliflower mosaic virus
35S (CaMV 35S) promoter. To generate the overexpression
construct, the LcFINT ORF was cloned into the pK7G2D vector
under the control of the CaMV 35S promoter. To express LcCBF1
protein Escherichia coli, LcCBF1 open reading frame was cloned
into pET-28a (+) vector to generate the LcCBFT-His fusion
construct. To construct the effector plasmid used in the transac-
tivation assay, the LcFINT ORF was cloned in between BamH-/ and
EcoR-I on the pRT-BD vector. Fidelity of the constructs was
confirmed by sequencing. The 5XGAL4-LUC reporter, pPTRL
(Renilla reniformis luciferase driven by 35S promoter) internal
control, pRT-BD expression vector and the 355-BD-VP16 positive-
control plasmids were kindly provided by Dr. Jinsong Zhang.

Plant transformation

Transgenic construct was introduced into Agrobacterium strain
EHA105 for plant transformation. Floral dip method was used for
Arabidopsis transformation as previously reported (Clough and
Bent, 1998). Transgenic plants were selected on MS media
supplemented with 50 mg/L hygromycin (Roche). T1 transgenic
plants that segregated in a ratio of approximately 3 : 1 for
hygromycin resistance were presumed to contain a single insertion.
The positive lines were further confirmed by PCR using F3 and R3
primers. LcFINT transcript levels in T3 transgenic plants were
determined by quantitative real-time PCR, and AtActin
(AY096397) was used as normalizer. Three transgenic lines
exhibiting relatively high expression were selected for further study.
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LcFIN1 subcellular localization

To study the subcellular localization of LcFINT, pMDC45 -LcFINT-
GFP construct was introduced into Agrobacterium tumefaciens
strain EHA105. The tobacco leaf was infiltrated by the Agrobac-
terium to express the GFP fusion protein. Following incubation in
growth chambers for 2-3 days, GFP fluorescence in tobacco
leaves was imaged by confocal microscopy (Leica, Gottingen,
Germany) using a 60x water-immersion objective. The p19-GFP
(Voinnet et al., 2003) was used as the positive control.

LcFIN1 transcriptional activity assay

For transient expression assays, the reporter, effector and internal
control plasmids were cotransformed into Arabidopsis protop-
lasts. Following incubation in weak light for 16 h, LUC activity
was detected using the Dual-luciferase reporter assay system
(Promega, Madison, WI). Relative reporter gene expression levels
are determined by ratio of LUC activity to pPTRL levels (Wei et al.,
2009).

Chilling- and freezing-tolerance assays

To investigate the chilling tolerance of LcFINT overexpression and
wild-type Arabidopsis, seeds from transgenic and wild-type plant
were surface-sterilized as described above and then sown side-by-
side on MS media. The agar plates were placed at 4 °C for the
desired time periods. For the germination assay, the percentage of
germinated seeds was calculated using the number of visible
radicles appearing obvious difference between wild-type and
transgenic plants at 4-5 weeks. For the hypocotyl elongation assay
and the measurement of radicle (primary root) length, seeds of
transgenic and wild-type plants were first germinated at 22 °C for
4 days and then transferred to 4 °C for 10 weeks, and the
hypocotyl elongation and root length were used as metric to
evaluate chilling tolerance. Seeds grown at 22 °C were used as a
control.

To evaluate freezing tolerance, 3-week-old plants grown under
normal growth conditions were cold-acclimated at 4 °C for
3 days and then transferred to a low-temperature chamber of
—8 °C overnight. Plants that were not cold-acclimated were used
as the control. For the 6-week-old flowering stage plants, cold
stress was performed at —4 °C for 6 h, with or without 24 h of
cold acclimation at 4 °C before stress. The survival rate was
calculated following 14-day recovery under normal conditions.

Physiological measurements

Two-week-old seedlings grown on MS media were subjected to
4 °Cfor 12 h. Samples were collected to quantify the soluble sugar
and MDA contents as previously described (Kramer et al., 1991; Li
et al., 2013a). To determine chlorophyll content, leaves were
collected and immerged in 95% ethanol at room temperature
overnight in darkness. Chlorophyll concentrations were deter-
mined as previously described (Amid et al., 2012). Total superoxide
dismutase (SOD) activity was measured using nitro-blue tetrazo-
lium (NBT) reduction as previously described (Durak et al., 1993).
Water loss rates were measured as previously described (Du et al.,
2012). To assay electrolyte leakage, all rosette leaves of ten 14-day-
old seedlings treated with 4,0, -2, —4, —6, —8and —10 °Cfor 1 h
were removed and initial conductivities were recorded after
immersion in ddH,O for 2 h with shaking gently. Samples were
then boiled for 30 min, and final conductivities were measured
after cooling to room temperature (Gilmour et al., 1988).
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Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA) was performed as
previously described (Guo et al., 2013). Biotin-labelled DNA
(Table S1) was used as the probe, and unlabelled DNA containing
the same sequence was used as the competitor.

Transcriptome analysis

Total RNA was isolated from wild-type and transgenic plants
using Trizol Reagent according to the manufacturer’s instructions
(TaKaRa, Dalian, China). The concentration and quality was
determined using a NanoDrop 2000 (Thermo Fisher, Waltham,
MA). mRNA was purified from total RNA using the Dynabead
mRNA purification kit according to the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA). mRNA quality was assessed using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany). Double-stranded ¢cDNA was synthesized using the
SuperScript Double-Stranded ¢DNA Synthesis kit (Invitrogen).
Specific adapters were ligated to fragmented cDNA, which was
denatured to generate single-stranded <¢DNA, and used for
emulsion PCR amplification for sequencing.

All assembled unigenes were annotated using the TAIR website
(ftp://ftp.arabidopsis.org/home/tair/Microarrays/Datasets/). For dif-
ferential gene expression analysis, the number of reads for each
sample was converted to reads per kilobase per million mapped
reads (RPKM) (Mortazavi et al., 2008). Following conversion, the
DEGseq package MA-plot-based method with random sampling
model (MARS) was used to calculate the abundance of each
contig in the analysed samples. The FDR (false discovery rate) was
used to determine the P-value threshold, and a FDR < 0.001 was
considered to indicate differential expression abundance. Hierar-
chical clustering was performed using the CLUSTER program
(Eisen et al., 1998) on log,-transformed data, and the resultant
clusters were visualized using the TREEVIEW program (http:/
rana.lbl.gov/EisenSoftware.htm).

Gene ontology term enrichment was analysed by the GoPipe
program using a BLASTP search against the Swiss-Prot and
TrEMBL databases (Chen et al., 2005). KEGG pathway annota-
tions were performed using the KEGG Automatic Annotation
Server (KAAS) using the bidirectional best-hit information method
(Moriya et al., 2007).

Statistical analysis

Analysis of variance (ANOVA) was applied to compare different
samples, and Duncan’s multiple range test was used to analyse the
differences between samples. Statistical analysis was carried out
using the SPSS 21.0 program (IBM, Chicago) and a P-value of
<0.001, <0.01 or <0.05 was considered to be statistically
significant.

ChlIP assays

LcCBF-or LcFIN1-specific antibody was prepared in rabbits
(Genomics). Chromatin preparation and immunoprecipitation
(ChIP) assay was performed using the EpiQuik Plant ChIP kit
(Epigentek, Brooklyn, NY) with three biological replicates. The
enrichment of the DNA fragments was detected by quantitative
PCR using SYBR PrimeScript PCR Kit (TaKaRa, Dalian, China) on a
real-time system (Roche lightcycler 480). LcACTIN from sheep-
grass or AtACTINZ from Arabidopsis was used as internal control.
The data were calculated using the comparative Ct method (Livak
and Schmittgen, 2001). The primers are listed in Table S1.
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Results
Cloning and sequence analysis of LcFIN1

Partial LcFINT cDNA was identified from previous cold-stressed
sheepgrass transcriptional profiling data (Chen et al., 2013). The
full-length cDNA was obtained using the RACE technique. LcFIN1
is encoded by a single exon (967 bp) with a 597-bp open reading
frame (ORF) (GenBank accession no. KM387398). The deduced
LcFIN1 protein comprises 198 amino acids with molecular mass of
21.2 kDa and pl of 5.13. Bioinformatic analysis predicted a
DUF761 domain with unknown function at the C-terminus.
Multiple sequence alignment revealed that LcFINT is homolo-
gous to monocot homologues from Aegilops tauschii (87 %),
Triticum urartu (81%) and Hordeum vulgare (72%). By contrast,
the similarity with homologues from dicots is low (Figure 1a).
Phylogenetic analysis also indicated that LcFINT is closely related to
the homologue from A. tauschii and T. urartu (Figure 1b). FIN1
homologues in different species are all annotated as predicted or
hypothetical proteins, suggesting their unknown function.

LcFINT transcript is rapidly induced by cold treatment

To examine the LcFINT response to cold stress, 4-week-old
sheepgrass plants were subjected to 4 °C for different intervals.
Expression analysis showed that LcFINT transcript level was rapidly
increased 13.5-fold after 1-h cold treatment. After 4-h treatment,
the transcript level was dramatically increased up to 137.9-folds.
After that, the expression level gradually declined (Figure 2a). This
rapid and strong induction expression suggested that LcFINT
participates in the early response to cold stress. Unlike cold stress,
dehydration, salt and ABA were not able to induce LcFINT
transcription (Figure 2b), suggesting that FIN1 specially responds
to cold stress.

Tissue-specific expression analysis indicated that LcFINT widely
expressed in all tissues, such as panicle, leaf, sheath, rhizome,
root and tiller bud samples. The highest expression was detected
in leaf samples, whereas the lowest expression was detected in
panicle and tiller bud samples (Figure 2c). As expected, LcFINT
transcript levels were significantly increased in each tissue under
cold stress.

(a)
Leymus chinensis MGVKLTLPARALLERVAKEGSELARELLArBEeArERVARRLrN . cIVI R IcBFVGE. . . . TASIADDE. . . DRNGSSSTGRAVAR . ¢t vvvvranssssnn VGITASPEQRAG. ..SVREDOC....... 102
Aegilops tauschii MAVELTLPPAELLSVAKEGSELVELLLALZEEAFERVIRCGHLLEN . GIVIIRe ICMEVGSG. . .GASIADEE. . .CRHEGSSCTGEAVAP. ..o o ivvnnnnnnnn VGIAASPFQRAG. . .SVQPCCRCRVVLVE 109
Triticumurarty MAVKLTLEACRLISe IAKIES;EILI.IZUALLIPEFIJV‘ VLLFN.CIVIE IFVGS....TASIADE........ SSSTCHAVAP
Hordeum vuigare MGLRLTLFFARLLSWARRIGSELVIIILALLEFVELRVANGRLLEN . GIV: FVGBGDGTASIVVEDE. . . CREGSSSTGQVVE
Prunus persica -+ -MNE.. . VERERILVESLEATERTIAPEESASERTHAINTITH . LLIB8MeACHGLLSA . . . FSHESDYD. . . KDKPLVMASEFASSDKR. ... ... VVADSDEDKRVGSXSSERSSERSSEKSSE...... 108
Oryzasativa ~ MVMAMERRREPTLASVARMASLLLLELLLPIVPSSLRCENIELLEN . ALVVEIREVERGFLAR . . ISSGPRODELLPRPAAARARLRLSHSNREGEVDVARAATNCREHHVNGSSSSSAVIVAASESLTE. ...\ . 126
Vitis vinifera ....MCK. .. ARKEWMLKEFLIAAVEFITPLLSSSIRTTNINE I1INLLI IMEAERGLLSE . . . . SKEPQER. . .} QAAPDKEASSNSTDTGLLLTTEERIE. ..... 104
Oryzabrachyantha MAMAMERXGEPTLASVAKIAWIVLLELLLPIVPSSLRFERURLLEN . ALVVEIREVERGFLAS . . ISGARRLE. . . RRHVIR..SLSLATLGARBRLS . ...... 90
Populus trichocarpa - - - -HSB. . .LRRESIIMESTAALLFUTRLISSSERFFRIEF IMN . L1 ] GLISA. . AFSKRVEQY. . .K RSEVTAPPLQYGASTTDQANEAP...... 29
Ricinus communis MSR...FRRSEVIMITLIAALL FVTPLISSSIRPAMINE TN . LLT GLLSA. .BESKPILDH. . .DRREEVE. . VST \usenrnnanrssrnnnnnne AQUHHQSSSPEQRRVS. ...... 89
Citrus clementina * + + *HNSG.VEKKSRTIMESLEASEE ITTEELSSSERETRIMEVEN . ILT GLLS . ..+ oSGF.ssseuesssssaasss s SKPFELsuuusus .  DHENAGGASTCLEATRAGASEENSEL. ..... 102
Medicao truncatula +-MTMNR. . VCKSEVIVESEEAFEEVITPELPSFLRFBIBL IEN , L1 IH) GLLS. . .VESERSECR. . .KGHISAS. ..V SLEPGEREARGIVNNACSVSQEGRE ... ... 84
Cicer arietinum JMTR...VCKERVITESIEL L EEVMTREEPSSMROMIRL TEN . ILT IIRe VERGELS . . . VESDTLEDR. . .RQG. e eeeeeaasesssssennsss. . HERETSSCE . INNACSVSEGQCN. .. ... 87
Leymus chinensis .......... CHEVVVEAF. .. VASNITELRIXKTREVVLAVLRRBER TAE [RELSALNGS] . AGGEEKVRQEEEECCEVE . . VDGDVRMEREIIGAN TS R RRE ARERR « « « « v v v v v vvvrrrrrennes 198
Aegilops tauschii  SEGRTAVADYCRVVVEAF . . . .VASNIIELRIKSREVVLRVLRESHE TA IRELSALNGC . AGGEEKGRREEQDLEEVT .+ » o  DVTMSRGANGANTIS FABRERIGREEMATER 1 1+ v v v v v v vvvnnrrnnnsss 367
Triticum urartu . .. . TTVACCCRVVVEAY. . . . VASNIVELRTRTREVVLRVLRRHE TAE TRELSALNGSG . AGGEEKGRQEEQDCFGVDL . LEGLVTMERY Wi s 200
Hordeum vulgare - - -ARAARHCCHGVVEAEV . .VVASNITELRIKTREVVLEV TAETRELSALNGSQQAGGEEXVRQEEEEEEDCOVGMDGLVIMS] T P, 212
Prunus persica -+ -+ KRR, .KUVEKSR.....SERIA...CTVK. .10, SVRKSERVERTRF IGGSEAD . QGDH. EVIEERHEMEEEEE . . . . VVGEISEQ OBECSHKKIHDEYHRAE .\ uus 211
Oryzasativa .. ARALEAAAGSRLVVVIAGGAMEAAAARK . . KSKRMR EIGGGLGECVVVEEEEEGCWTKGGGEGE. - . . GECMMER EESWKKLCCLYHRHHREYKTTAL  pgg
Vitisvinifera  ......KKA. KVAEKSA.....SEKIV...GAAK..LS.KVRMSERTEEIRFIGGGE . . . AERE . EAVGE. . IEEECGE. . . .EVOGLSGQ EESWKRLHEFYQKAE........ 503
Oryza brachyantha - AGKFERKAAAS..... KRMRRSEERAE IRE 1GGELLECAVVEAEEEEEATVIGAGAG. . . . .EHMMS PREESHRKLGDLYHHHH, . YXTRAL  {g5
Populus tichocama ** ++ JSENIV,STVVRV. .[H.K LHEIRF IGGECHGTRAVE . DVIEEH . EEEAEG G WREESHRRIHGEYHRAE . .uuuns 203
PR ...SERIVRSSSITR. .VE.EVRHeHEMHEIRE TGSGET . EVVDQ. DVVQEH . EEEAEEE. . . . EESWRRIHGFYQRAF........ 193
Citrus clementing ** -..SEKIS...GAVH..VN.RLKI T [EIGSGETETADLH.QVFGLGLYEEKEEE. . . .EVGELS GO TR AR Ptenl YR CWASWRE CSWXRIDGEYQRAF . . oo uu e s 198
Medicao truncatula - - - -.SERRIVEVGVIE. .VE.KM [EIECGECTC LEVKN. .EEVEVEL. .. .EIYGVNGOARARAR MR YR MRS REKSCVLLRRAT. ... vvnans s 193
Cicer arietinum . .SER.IVEVCANK . . VDHEVRKSHE! BEUHES. ... EV....EEFELED 173
DUF761
(b) N )
93 Rricinus communis
' 0.2 32 Populus trichocarpa
e Vitis vinifera )
88 . Dicotyledon
Prunus persica
98 Citrus clementina
_|_7 Cicer arietinum
49 Medicago truncatula
4|_7 Oryza brachyantha
81 Oryza sativa
62 Hordeufn vuf‘gm'e Monocotyledon
Leymus chinensis
100 Triticum urartu
86 - Aegilops tauschii

Figure 1 Sequence alignment and phylogeny of LcFINT homologues. (a) Amino acid alignment of LcFINT homologues. (b) A phylogeny tree was
reconstructed using the DNAMAN tree program with observed divergence method based on sequences in (a). Dicotyledon and monocotyledon plant

genomes encoding putative FIN1 proteins were grouped.
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Figure 2 FINT expression patterns. (a) Time
course expression of FINT under cold stresses. (b)
Expression of the LcFINT was not induced by
abscisic acid (100 pum ABA), salt (200 mm NaCl) or
dehydration. (c) Tissue-specific expression of
LCFINT in response to 12-h cold treatment (4 °C).
Transcript levels were determined by quantitative
RT-PCR. Error bars indicate standard deviations of
three technical replicates. Asterisks represent
statistically significant differences between panicle
and other tissues (sheath, leaf, rhizome, root, tiller
bud) by t-test (***P < 0.001).

LcFIN1T was localized to the nucleus

To understand LcFINT function, we investigated its subcellular
localization. As shown in Figure 3, LcFIN1-GFP fusion protein was
clearly localized to the nucleus, suggesting that LcFINT is a
nucleus-localized protein and therefore may participate in
downstream gene transcript regulation in response to cold stress.

LcFIN1 has transcriptional activation activity

Given its nucleus localization, we speculated that LcFINT may be a
novel transcription factor. To confirm this hypothesis, we exam-
ined the potential transcriptional activation activity using the
Arabidopsis protoplast system. As shown in Figure 4, LcFINT was
able to promote the relative LUC activity, suggesting that LcFIN1
can activate the transcription of the reporter gene. When LcFIN1
was co-incubated with the positive-control VP16 transcription
factor in the assay system, LcFINT also further increases the VP16-
promoted gene expression. Taken together, these results sug-
gested that LcFINT has an intrinsic transcriptional activation
capacity.

Bright field

::GFP

35S

Figure 3 Subcellular localization of LcFINT in
tobacco epidermal cells. LcFINT-GFP and free GFP
were transiently expressed in tobacco epidermal
cells. Green fluorescence was imaged using
confocal microscopy 48 h after Agrobacterium-
mediated infiltration. Upper row, 35S::GFP; lower
row, 35S::LcFINT-GFP. Left, bright-field images;
centre, fluorescence signals; right, overlay. Scale
bar: 20 um.

LcFIN1

35S

Panicle
EZZ Sheath
250 Leaf

B85 Root
B Tiller bud

Relative expression
- o
(=] o
=] =]

o
o

=]

Overexpression of LcFINT in Arabidopsis increases
tolerance to cold stresses

To further understand LcFINT function, LcFINT was overexpressed
in Arabidopsis under the control of the 35S promoter. More than
20 independent transgenic lines (T1) were obtained. Among
these lines, six segregated in a nearly 3 : 1 ratio for the antibiotic
selection and were grown for two generations to generate
homozygous lines. RT-PCR (Figure 5a) and quantitative RT-PCR
(Figure 5b) indicated that LcFINT expression was significantly up-
regulated in the six T3 homozygous transgenic lines. Three
transgenic lines (L7, L12 and L16) were selected for further study
due to their high LcFINT expression levels. Under normal growth
condition, LcFINT overexpression lines showed no growth differ-
ence with wild type, suggesting that overexpression of LcFINT
does not cause any aberrant phenotype (Figure 5c,d).

To test the chilling tolerance, we examined seed germination
rate for both overexpression lines and wild type at normal
condition and 4 °C. Under normal condition, both transgenic
lines and wild type germinated well and showed no difference. By

GFP Merge
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Figure 4 LcFINT has transcriptional activation activity. (a) Diagram of
constructs used. (b) Effects of LcFINT expression on reporter gene activity
and VP16-mediated LUC gene expression as revealed by relative LUC
activity. Relative reporter gene expression levels are determined by the
ratio of LUC activity to pPTRL levels. GAL4 BD (Vector) and VP16 were
used as negative and positive control, respectively. Error bars indicate
standard deviations of three independent biological replicates. Asterisks
represent statistically significant differences between vector and VP16,
LcFINT and LcFINT-VP16 by t-test (***P < 0.001).

contrast, overexpression lines showed much higher germination
rate than wild type at 4 °C (Figure 6), indicating that
overexpression of LcFINT increases resistance to chilling stress
(Figure 6).

In the freezing-tolerance assays for vegetative stage plants at
—8 °C, the LcFINT overexpression lines showed less loss of
survival rates and fresh weight than wild type regardless of cold
acclimation (Figure 7a—c). Additionally, the flower stalks of
cold-acclimated LcFINT-overexpressing plants grew faster than
those of wild-type plants during the recovery period (Figure 7d).
For the plants without cold acclimation, there was no visible flower
stalk growth. The fresh weights of transgenic and wild-type plants
at the flowering stage showed no significant difference under
normal conditions (Figure 8a,b). In contrast, the survival rates of
LcFINT-overexpressing plants subjected to —4 °C treatments were
significantly higher than those in wild-type plants (Figure 8a,c).
Taken together, these results indicated that overexpression of
LcFINT promotes freezing tolerance in plants.

Overexpression of LcFINT promotes cold-stress-response
physiological traits

Enhanced cold tolerance in LcFINT-overexpressing plants com-
pared with wild-type plants prompted us to measure several

important physiological indices such as chlorophyll content which
have been widely used to evaluate the plant stress response (Kim
et al., 2001). As shown in Figure 9a, the chlorophyll content is
relatively higher in the transgenic plants than in wild type under
cold or nonstressed conditions, suggesting an increased photo-
synthetic potential for transgenic plants. We also measured the
soluble sugar accumulation, as soluble sugar accumulation can
improve abiotic stress tolerance (Konstantinova et al.,, 2002;
Parvanova et al., 2004). In comparison with wild-type plants,
soluble sugar contents in the transgenic lines were significantly
higher (P < 0.01) in both normal and cold conditions (Figure 9b).
The enhanced accumulation of compatible solutes may result in
lower plant cell water potential, leading to decreased water loss.
Consistent with this notion, the three LcFINT-overexpressing
plants displayed reduced water loss rate compared with wild-type
plants (Figure 9¢). In addition, the overexpression lines showed
lower electrolyte leakage (Figure 9d). Taken together, our results
indicated that LcFINT overexpression plants showed increased
freezing tolerance.

Overexpression of LcFINT promotes ROS scavenging

Malondialdehyde (MDA) accumulation has been considered to be
an important parameter in regard to abiotic stress in plant cells
because of its biological function in alleviating lipid peroxidation
(Du et al., 2012). The effects of low temperature on plant MDA
contents were investigated in LcFINT-transgenic and wild-type
plants. MDA contents were significantly increased in both
transgenic and wild-type plants when exposed to cold stress
(Figure 9e). However, MDA accumulation levels were significantly
reduced in LcFINT-transgenic plants (P < 0.01). Lower MDA and
electrolyte leakage levels in LcFINT-transgenic plants implied
reduced oxidative injury under cold stress, prompting us to assay
the activities of three major antioxidant enzymes, SOD, CAT and
POD. Under normal conditions, only one transgenic line showed
significantly enhanced SOD compared with WT plants (P < 0.05).
However, following 2 days of 4 °C treatment, SOD activities in all
three transgenic plants were significantly higher than those of
wild-type plants (P < 0.05) (Figure 9f). These results suggested
that LcFINT-transgenic plants inhibited ROS damage under cold
stress by decreasing MDA accumulation and enhancing antiox-
idant enzyme activity.

FINT is positively regulated by CBF1

To understand why FINT was rapidly induced by cold stress, we
analysed the LcFINT promoter, aiming to find the motif/cis-
elements targeted by other known cold-stress-response tran-
scription factors. Using the PLACE program (http://www.dna.af-
frc.go.jp/PLACE/signalscan.html), we found barley CBF1 binding
sites (AT/GCCGAC) in the upstream promoter region (Fig-
ure 10a). As sheepgrass shares high homology with barley, the
predicted CBF1 binding sites may also represent CBF1 binding
sites in sheepgrass LcFINT promoter region, suggesting that
LcFINT may be directly regulated by LcCBF1. To test this
hypothesis, we first examined the LcCBF1 expression pattern
under cold stress. Quantitative RT-PCR showed than LcCBFT was
also rapidly induced by cold stress, with peak level after 0.5-h
stress treatment (Figure 10b). Given the even more rapid induc-
tion of LcCBF1 by cold stress, it is likely that LcCBF1 is able to
positively regulate LcFINT expression.

To determine whether LcCBF1 protein can directly bind to the
LcFINT promoter, we used electrophoretic mobility shift assay
(EMSA) to test the interaction between LcCBF1 and the LcFINT
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Figure 5 Phenotype of LcFINT overexpression
plants under normal conditions. (a) LcFINT
expression level revealed by RT-PCR in wild-type
(WT) and several LcFINT-OE plant samples (L3, L7,
L9, L12, L16 and L23). The band (597 bp)
represents specific LcFINT in transgenic
Arabidopsis. M, marker. (b) Expression of LcFINT
in transgenic Arabidopsis revealed by quantitative
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three technical replicates. (c) Phenotypes of T3
generation on 1/2 MS medium for 10 days. (d)
Phenotypes of T3 generation wild-type (WT) and
LcFINT overexpression (LcFINT-OE) plants grown in
soil for 20 days. Asterisks represent statistically
significant differences between L3 and other
transgenic lines (L7, L9, L12, L23) by t-test

(***p < 0.001).
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Figure 6 Chilling tolerance of LcFINT overexpression (LcFINT-OE) plants at germination stage. (a) Germination of wild-type and LcFINT-OE plants. Left,
plants grown at 22 °C for 7 days; right, plants placed at 4 °C for 35 days. (b) Quantification of germination rate for plants in (a). (c) Hypocotyl elongation
of wild-type and LcFINT-OE plants. Left, plants grown at 22 °C for 10 days; right, plants grown at 22 °C for germination and then transferred to 4 °C for
70 days. (d) Quantification of hypocotyl elongation of plants in (c). (e) Measurements of primary root length in WT and transgenic plants. Error bars indicate
standard deviation of three independent biological replications. Asterisks indicate statistically significant differences between wild-type and LcFINT-OF

plants by t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

promoter. As the result, a shifted DNA protein complex band
was detected with the presence of CBF1-His protein, and no
shift was detected in the absence of the CBF1-His protein
(Figure 10¢). The protein-bound band was also abolished with
the addition of increasing amounts of unlabelled competitor
DNA (Figure 10c). Taken together, these results indicate that
LcCBF1 can directly bind to the LcFINT promoter to regulate
LcFINT expression.

To confirm the interaction between CBF1 and LcFINT pro-
moter, chromatin immunoprecipitation (ChIP) assays were further
conducted to test the protein-DNA interaction in vivo. The CHIP-
gPCR results showed that LcFINT promoter was specifically

enriched by anti-LcCBF1 (Figure 10d) in sheepgrass after cold
stress, suggesting that LcCBF1 can bind to LcFINT's promoter
in vivo.

LcFINT positively regulates cold and oxidant stress-
responsive genes

To assess the effects of LcFINT-mediated transcriptional regula-
tion in Arabidopsis, its transcriptome was analysed by RNA-
sequencing technology, aiming to identify differentially expressed
genes between transgenic and wild-type plants in cold condition
(Figure 11a; Figure S1; Table S2). Among the 111 genes up-
regulated in LcFINT transgenic plants, we found two COR genes
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Figure 7 Freezing tolerance of LcFINT-OE plants at vegetative stage. (a) Phenotypes of wild-type and LcFINT-OE plants after freezing stress. Three-week-
old plants were transferred to —8 °C (nonacclimated, NA) overnight, or following 4 °C treatment for 3 days (cold acclimated, CA). Phenotype was
documented after 2 weeks of recovery at 22 °C. (b) Survival rate of LcFINT-OE plants in (a) after freezing. Surviving plants capable of regrowth were scored
after 2 weeks recovery. (c) Fresh weight of LcFINT-OE plants in (a) after freezing. Surviving plants that were capable of regrowth were measured after
2 weeks of recovery. (d) Flower stalk elongation of cold-acclimated plants in (a) after freezing. Flower stalk height was measured for survived plants after
2 weeks of recovery. Error bars indicate standard deviation and results are from three independent biological replications. Asterisks indicate statistically
significant differences between WT and LcFINT-OE plants by t-test (*P < 0.05 and ***P < 0.001).

(COR15A and KINT) and one G-box regulating factor (RCI2A),
which are reported to be cold inducible (Artus et al., 1996;
Medina et al., 2001; Miura et al., 2007). Quantitative RT-PCR
confirmed the up-regulation of these genes and other stress-
related marker genes in the transgenic lines after cold stress
(Figure 11b). Additionally, some ROS-responsive genes, for
example ascorbate peroxidase, glutathione S-transferase and a
homologue of antioxidant, showed elevated transcript levels in
the plants overexpressing LcFINT, suggesting that the enhanced
cold tolerance in transgenic plants partially resulted from ROS
pathways modulation.

Cold-induced genes in the transgenic plants also include basic
chitinase, osmotin, glycine-rich protein, pathogenesis-related
protein, trypsin family proteins containing PDZ domains and
putative membrane lipoproteins, all of which have been impli-
cated in both abiotic and biotic stress response. GO term
enrichment analysis indicated that LcFINT-induced genes are
primarily involved in antioxidant activity, defence response and
cold acclimation (Figure 11¢). Interestingly, analysis of cis-ele-
ments indicated that nearly one-third of the up-regulated genes
(36/111) contain the DRE/CRT cis-element in their promoter
regions, suggesting that regulation of the downstream low-
temperature-responsive genes by LcFINT is possibly mediated by
the CBF pathway.

To test whether LcFINT can bind to the promoter of the
downstream genes, ChIP-gPCR was performed to analyse the
interaction between LcFINT and the promoter of the downstream
genes. The results showed that the promoter of AtKINT from
Arabidopsis could be enriched by anti-LcFIN1 (Figure 11d), and
there were no distinct differences in the enrichment of At-
COR15A and AtRCI2A promoters between normal conditions and
cold, suggesting that LcFINT is able to directly regulate the
expression of cold-related gene AtKINT and indirectly regulated
genes AtCORT5A and AtRCI2A.

Discussion

Sheepgrass is distributed widely in northern China and is cold, salt and
dehydration tolerant (Wang et al., 2008). Transcriptome sequencing
for sheepgrass subjected to salt, cold or dehydration stress has
identified many stress-responsive genes (Chen et al., 2013). In this
study, a cold-responsive gene, LcFINT, was studied. Bioinformatics
analysis indicated that the FIN1 contains no known domains except
fora DUF761 domain (Figure 1a), which is also of unknown function.
Although highly similar homologues of LcFINT have been widely
found in monocotyledons such as A. tauschii (87%) and T. urartu
(81%), all these genes are annotated as unknown protein, suggesting
that FIN1 is a novel cold-responsive gene.
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Figure 8 Freezing tolerance of LcFIN-OE plants
at flowering stage. (a) Phenotypes of flowering
wild-type and LcFINT-OE plants after freezing
stress. Six-week-old plants were transferred to
—4 °C (nonacclimated, NA) overnight, or
following 4 °C treatment for 24 h (cold
acclimated, CA). Phenotype was documented
after 10 days of recovery at 22 °C. (b) Fresh
weights of transgenic and wild-type plants under
normal growth condition. (c) Survival rate of
LcFINT-OE plants in (a) after freezing. Error bars
indicate standard deviation of three independent
biological replications. Asterisks indicate
statistically significant difference between wild-
type and LcFINT-OE plants by t-test (*P < 0.05,
**P < 0.01 and ***P < 0.001).

Control

NA

Expression analysis showed that transcripts of LcFINT were
significantly induced by cold stress (Figure 2¢), whereas induction
by salt, dehydration or ABA was not obvious (Figure 2b),
suggesting that LcFINT may play an important role specifically in
response to cold stress rather than salt or dehydration stress.
LcFINT is different with previously reported LcSAIN2, LcDREB3a
and LcMYBT, which were induced by ABA, salt and dehydration
treatments (Cheng et al, 2013; Li et al, 2013a; Peng et al.,
2011).

Transcription factors (TFs), including CBFs, MYBs and ERFs, are
localized in the nucleus and possess transcriptional activity to up/
down-regulate downstream genes in response to biotic and
abiotic stress (Cheng et al., 2013; Oh et al., 2007; Rong et al.,
2014; Seo et al., 2011; Soltész et al., 2013). LcFINT-GFP fusion
protein was clearly localized in the nucleus (Figure 3). Further-
more, LcFINT exhibited transcriptional activation activity in an
Arabidopsis protoplast transient expression system (Figure 4).
These results suggested that LcFINT may be a novel type of TF or
cofactor of TFs, which acts as a positive regulator to promote
plant cold tolerance.

To evaluate the role of LcFINT in abiotic stress tolerance, we
have attempted to generate transgenic sheepgrass as done
before (Peng et al., 2013; Wang et al., 2009). Because genetic
transformation in sheepgrass is still very difficult currently, we
failed to generate transgenic sheepgrass in this work. Therefore,
we used Arabidopsis to overexpress LcFINT (Figure 5). Our results
indicated that LcFINT-overexpression Arabidopsis showed
enhanced tolerance to cold stress, displaying a higher germina-
tion rate, longer hypocotyls and higher survival rate than wild-
type plants when exposed to low temperatures (Figures 6-8).
Besides, transgenic lines overexpressing LcFINT did not affect the
development and growth under normal conditions, making it an
ideal candidate for improving abiotic tolerance in crops such as
rice and cotton through genetic engineering, like other genes we
isolated from sheepgrass previously (Cheng et al., 2013; Li et al.,
2013a,b; Ma et al., 2014; Peng et al., 2011, 2013).

To understand the mechanism of LcFINT overexpression in
responding to cold stimulus, several physiological processes were
analysed in transgenic and wild-type plants. The accumulation of
soluble sugar (Mostajeran and Rahimi-Eichi, 2009; Wanner and

L7
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Junttila, 1999) is a common phenomenon under abiotic stress.
The accumulated compatible solutes that act as osmolytes to
retain water in cells and reduce the rate of water loss in response
to environmental stress thus increase stress tolerance and protect
plants (Dubey and Singh, 1999; Valentovic et al., 2006). In this
study, LcFINT-overexpressing plants accumulated more soluble
sugars and had reduced water loss, which may account for the
higher tolerance of LcFINT-overexpressing plants to cold stress
(Figure 9b,0). In addition, enhanced plant tolerance to environ-
mental stresses is associated with increased cell membrane
stability and photosynthetic capacity (Mao et al., 2012). In the
present study, we observed increased chlorophyll content and
reduced ion leakage in LcFINT transgenic plants (Figure 9a,d),
suggesting that LcFINT plants may have higher photosynthetic
capability and less membrane damage. Plant cell ROS accumu-
lation damages cellular structures and macromolecules, ulti-
mately leading to cell death (Overmyer et al., 2003). LcFINT-
overexpressing plants showed low (MDA) contents (Figure 9e),
which is widely recognized as an indicator of reduced harm to
plant cells suffering from abiotic stress (Du et al, 2012).
Moreover, SOD activity in LcFINT-overexpressing plants was
markedly higher than in wild-type plants (Figure 9f), suggesting
that the transgenic plants suffered from less severe oxidative
stress under cold stress.

To further elucidate the molecular mechanism of LcFINT in
response to cold stress, the transcriptome from both transgenic
and wild-type plant was analysed by sequencing. Notably,
transcripts encoding LTPs (lipid transfer proteins), which have
been reported to be involved in abiotic stress responses (Guo
etal., 2013; Seo etal., 2011), were significantly higher in
transgenic plants than in wild-type plants. Additionally, the
expression levels of dehydrin and antioxidant genes were higher
in transgenic plants than in wild-type plants, in agreement with
the physiological data. The different expression levels of numer-
ous cold-responsive genes (e.g. AtKIN1, AtCOR15a and AtRCI2A)
between transgenic plants and wild-type plants were detected by
transcriptome analysis (Figure 11b), suggesting that the improved
cold tolerance of LcFINT-overexpressing plants may result from
LcFINT-mediated regulation on cold-responsive genes, such as
AtKINT and COR15a. AtKINT is significantly up-regulated by low
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Figure 9 Metabolite measurements for wild-type and LcFINT-OE plants. (a,b) Chlorophyll and soluble sugar contents of wild-type and LcFINT-OE plants,
respectively. Two-week-old plants grown at 22 °C (control) were exposed to 4 °C for 12 h (cold) and sampled for measurement of chlorophyll and soluble
sugar contents. (c) Comparison of water loss rate for detached rosettes from wild-type and LcFINT-OE plants. Leaves from 3-week-old plants grown at
22 °C were detached and weighed at designated time intervals. Fresh weight loss was calculated by the relative weight to the initial weight. (d) Electrolyte
leakage of wild-type and LcFINT-OE plants. (e,f) Oxidant content (e) and antioxidant enzymes levels (f) in wild-type and LcFINT-OE plants after cold stress.
Two-week-old plants grown in 22 °C (control) were exposed to 4 °C for 2 days (cold) before sample collection and determination of malondialdehyde
(MDA) contents and superoxide dismutase (SOD) activity. Error bars indicate standard deviation of three independent replications. Asterisks indicate
statistically significant difference between wild-type and LcFINT-OE plants by t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

temperature, osmotic and dehydration stress (Kasuga et al.,
1999), while COR75a is a cold-regulated gene of A. thaliana
encoding a chloroplast-targeted polypeptide (Artus et al., 1996).
Both AtKINT and COR15a participate in the CBF cold-responsive
pathway (Shinwari et al.,, 1998). Cis-element analysis showed
that the upstream region of LcFINT contained the CRT/DRE motif
which is the binding site of DREB1/CBFs (Figure 10a), suggesting
that LcFINT may be regulated by DREB1/CBFs. Consistent with
this notion, the cold-mediated induction of LcFINT in sheepgrass

seedlings was later than that of LcCBFT (Figure 10b), and EMSA
and ChlP results showed that LcCBF1 was able to bind to the CRT/
DRE cis-element in the promoter region of the LcFINT gene
(Figure 10c,d). Thus, in sheepgrass, LcFINT may be directly
activated by LcCBF1 through CRT/DRE element (Guo et al.,
2013; Rong et al.,, 2014). The ChIP-gqPCR results indicated that
LcFINT can enrich the promoters of AtKINT in LcFINT-OE plants
under cold stress, suggesting that LcFINT is able to directly
regulate the expression of AtKINT under cold stress (Figure 11d).
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The increased expression of LcFINT and LcFIN1-regulated
stress-related genes led to physiological changes in cells, such
as accumulation of soluble sugar and chlorophyll, increased cell
membrane stability and antioxidant enzyme activity, which
further contributed to cellular homeostasis and improved toler-
ance to cold stress as described above.

It is noteworthy that, although the overexpression of AtCBF/
DREB1 improved tolerance to drought, salt and freezing by activating
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the expression of stress-related genes, the overexpression plants
showed a dwarf phenotype (Kasuga et al., 1999; Liu et al., 1998).
The strong expression of the downstream stress-related genes is
responsible for the dwarf phenotype of AtCBF OE plants under
normal conditions (Kasuga et al., 1999). In LcFINT-OE plants, the
expression of these cold-related genes (KINT, CORT5A and RCI2A)
was lower in LcFINT-OE plants compared with WT plants under
normal conditions. We speculated that is the reason why LcFINT1-OE
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plants show normal growth phenotype under normal condition. It
has been reported that the level of DREB1/CBF mRNA was correlated
with the phenotypic changes of growth retardation of the 35S:
DREB1 transgenic plants (Liu et al, 1998). The RD29A, KINT,
COR15A and COR47 genes were strongly expressed under control
conditions in 35S:AtCBF/DREB1 OE plants, but weakly expressed in
RD29A: AtCBF/DREB1 OE plants(Kasugaet al., 1999). Therefore, we
concluded that the reason why 35S:LcFINT-OE plants showed no
growth retardation was the low expression of the stress-induced
genes under unstressed conditions.

Although the expression of KINT, COR15A and RCI2A was lower
under normal conditions, they were dramatically up-regulated
under cold treatment, contributing to the enhanced cold tolerance.
Given the different regulation pattern under normal condition and
cold treatment, we speculated that, similar to the previously
reported case, a protein can function as both activator and
repressor to regulate two normally consecutive developmental
programmes (Hoecker et al., 1995). FINT may play dual roles to
regulate the downstream gene expressions with respect to
different environmental conditions in transgenic Arabidopsis.
Future works of the detailed molecular mechanism study will
provide more insights to understand the function of FIN1.

In summary, this study identified a novel transcript factor
LcFINT from sheepgrass (tolerance to low temperature —47.5 °C
or lower), which functions as a positive regulator in response to
cold stress. The overexpression of LcFINT in Arabidopsis led to
higher germination rates, longer hypocotyls and elevated survival
rates through the accumulation of compatible osmolytes, main-
tenance of cell membrane stability, minimization of oxidative
damage and up-regulation of stress-responsive genes during cold
stress. LcFINT is different from our previous reports of stress-
tolerance genes isolated from sheepgrass; other genes such as
LcDREB3A, LcDREB2A, LcSAINT, LcSAINZ2, LcMYBT and LcWRKYS
function mainly in salt and drought stress, whereas LcFINT rapidly
and specifically responds to cold treatment and can improve the
tolerance to cold stress in transgenic plants. We believe that these
genes activate different regulations upon overexpression. For
examples, the LcSAINT gene might play a positive modulation role
in increasing the expression of transcription factors (MYB2 and
DREB2A) and functional genes (P5CS and RAB18) in transgenic
plants under salt stress (Li et al., 2013b); LcWRKY5 may play an
important role in drought-response networks through regulation
of the DREB2A pathway (Ma et al., 2014); and LcDREB2
contributes to the high resistance to salt and drought stress by
cooperating with LcSAMDC2 (Peng et al., 2013). In 35S:LcFIN1-
OE plants, LcFINT changed some cold-stress-related genes (KIN7,
AtCORT5A and AtRCI2A) in transgenic plants under cold stress.
Taken together, these results indicate that LcFINT is a promising
genetic resource for the improvement of crop freezing tolerance.

Acknowledgements

We thank Dr. Jingsong Zhang (Institute of Genetics and Devel-
opmental Biology) for providing the transcription activation/
inhibition system and Dr. Rongcheng Lin for assistance with the
luciferase systems. This work was supported by the National Basic
Research Program of China (‘973’, 2014CB138704), the National
Natural Science Foundation of China (31170316), the National
High Technology Research and Development Program of China
('863", 2011AA100209) and the Ministry of Agriculture of China
(2014ZX08009-003-002), the Project of Ningxia 3 Agricultural
Comprehensive Development Office (NTKJ-2014-04(1)).

References

Amid, A., Lytovchenko, A., Fernie, A.R., Warren, G. and Thorlby, G.J. (2012)
The sensitive to freezing3 mutation of Arabidopsis thaliana is a cold-sensitive
allele of homomeric acetyl-CoA carboxylase that results in cold-induced
cuticle deficiencies. J. Exp. Bot. 63, 5289-5299.

Artus, N.N., Uemura, M., Steponkus, P.L., Gilmour, S.J., Lin, C. and
Thomashow, M.F. (1996) Constitutive expression of the cold-regulated
Arabidopsis thaliana COR15a gene affects both chloroplast and protoplast
freezing tolerance. Proc. Natl Acad. Sci. USA, 93, 13404-13409.

Checker, V.G., Chhibbar, A.K. and Khurana, P. (2012) Stress-inducible
expression of barley Hval gene in transgenic mulberry displays enhanced
tolerance against drought, salinity and cold stress. Transgenic Res. 21,
939-957.

Chen, M., Li, ZH. and Pu, S.J. (1988) The observation and research on
reproductive characteristics of Aneurolepidium chinensis. Res. Grassland
Ecosyst. 2, 193-208.

Chen, Z.Z., Xue, C.H., Zhu, S., Zhou, F.F., Ling, B.X.F., Liu, G.P. and Chen, L.B.
(2005) GoPipe: streamlined gene ontology annotation for batch anonymous
sequences with statistics. Prog. Biochem. Biophys. 32, 187-191.

Chen, S.Y., Huang, X., Yan, X.Q., Liang, Y., Wang, Y.Z., Li, X.F., Peng, X.J., Ma,
X.Y., Zhang, L.X., Cai, Y.Y., Ma, T., Cheng, L.Q., Qi, D.M., Zheng, H.J., Yang,
X.H., L, XX. and Liu, G.S. (2013) Transcriptome analysis in sheepgrass
(Leymus chinensis): a dominant perennial grass of the Eurasian Steppe.
PLoS One, 8, e67974.

Cheng, L.Q., Li, X.X., Huang, X., Ma, T., Liang, Y., Ma, X.Y., Peng, X.J., Jia, J.T.,
Chen, S.Y., Chen, Y., Deng, B. and Liu, G.S. (2013) Overexpression of
sheepgrass R1-MYB transcription factor LcMYB1 confers salt tolerance in
transgenic Arabidopsis. Plant Physiol. Biochem. 70, 252-260.

Chinnusamy, V., Zhu, J.H. and Zhu, J.K. (2007) Cold stress regulation of gene
expression in plants. Trends Plant Sci. 12, 444-451.

Chou, K.C. and Shen, H.B. (2010) Plant-mPLoc: a top-down strategy to
augment the power for predicting plant protein subcellular localization.
PLoS One, 5, e11335.

Clough, SJ. and Bent, A.F. (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J.
16, 735-743.

Du, H., Wu, N., Fu, J., Wang, S.P., Li, X.H., Xiao, J.H. and Xiong, L.Z. (2012)
A GH3 family member, OsGH3-2, modulates auxin and abscisic acid levels
and differentially affects drought and cold tolerance in rice. J. Exp. Bot. 63,
6467-6480.

Dubey, R.S. and Singh, A.K. (1999) Salinity induces accumulation of soluble
sugars and alters the activity of sugar metabolising enzymes in rice plants.
Biol. Plant. 42, 233-239.

Durak, I., Yurtarslanl, Z., Canbolat, O. and Akyol, 0. (1993) A methodological
approach to superoxide dismutase (SOD) activity assay based on inhibition of
nitroblue tetrazolium (NBT) reduction. Clin. Chim. Acta, 214, 103-104.

Eisen, M.B., Spellman, P.T., Brown, P.O. and Botstein, D. (1998) Cluster analysis
and display of genome-wide expression patterns. Proc. Nat/ Acad. Sci. USA,
95, 14863-14868.

Finn, R.D., Bateman, A., Clements, J., Coggill, P., Eberhardt, R.Y., Eddy, S.R.,
Heger, A., Hetherington, K., Holm, L., Mistry, J., Sonnhammer, E.L., Tate, J.
and Punta, M. (2014) Pfam: the protein families database. Nucleic Acids Res.
42, D222-D230.

Fu, D., Huang, B., Xiao, Y., Muthukrishnan, S. and Liang, G.H. (2007)
Overexpression of barley hval gene in creeping bentgrass for improving
drought tolerance. Plant Cell Rep. 26, 467-477.

Fujita, M., Fujita, Y., Noutoshi, Y., Takahashi, F., Narusaka, Y., Yamaguchi-
Shinozaki, K. and Shinozaki, K. (2006) Crosstalk between abiotic and biotic
stress responses: a current view from the points of convergence in the stress
signaling networks. Curr. Opin. Plant Biol. 9, 436-442.

Gao, S.Q., Chen, M., Xu, Z.S., Zhao, C.P., Li, L., Xu, H.J., Tang, Y.M., Zhao, X.
and Ma, Y.Z. (2011) The soybean GmbZIP1 transcription factor enhances
multiple abiotic stress tolerances in transgenic plants. Plant Mol. Biol. 75,
537-553.

Gilmour, S.J., Hajela, R.K. and Thomashow, M.F. (1988) Cold acclimation in
Arabidopsis thaliana. Plant Physiol. 87, 745-750.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 861-874



Guo, L., Yang, H.B., Zhang, X.Y. and Yang, S.H. (2013) Lipid transfer protein 3
as a target of MYB96 mediates freezing and drought stress in Arabidopsis. J.
Exp. Bot. 64, 1755-1767.

Hoecker, U., Vasil, I1.K. and McCarty, D.R. (1995) Integrated control of seed
maturation and germination programs by activator and repressor functions of
Viviparous-1 of maize. Genes Dev. 9, 2459-2469.

Hu, H., You, J., Fang, Y., Zhu, X., Qi, Z. and Xiong, L. (2008) Characterization of
transcription factor gene SNAC2 conferring cold and salt tolerance in rice.
Plant Mol. Biol. 67, 169-181.

Huang, G.T., Ma, S.L., Bai, L.P., Zhang, L., Ma, H., Jia, P., Liu, J., Zhong, M. and
Guo, Z.F. (2012) Signal transduction during cold, salt, and drought stresses in
plants. Mol. Biol. Rep. 39, 969-987.

Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K. and Shinozaki, K.
(1999) Improving plant drought, salt, and freezing tolerance by gene transfer
of a single stress-inducible transcription factor. Nat. Biotechnol. 17, 287—
291.

Kim, J.C., Lee, S.H., Cheong, Y.H., Yoo, C.M,, Lee, S.I., Chun, HJ., Yun, D.J,,
Hong, J.C., Lee, S.Y., Lim, C.O. and Cho, M.J. (2001) A novel cold-inducible
zinc finger protein from soybean, SCOF-1, enhances cold tolerance in
transgenic plants. Plant J. 25, 247-259.

Konstantinova, T., Parvanova, D., Atanassov, A. and Dijilianov, D. (2002)
Freezing tolerant tobacco, transformed to accumulate osmoprotectants.
Plant Sci. 163, 157-164.

Kramer, G.F., Norman, H.A., Krizek, D.T. and Mirecki, R.M. (1991) Influence of
UV-B radiation on polyamines, lipid peroxidation and membrane lipids in
cucumber. Phytochemistry, 30, 2101-2108.

Krogh, A., Larsson, B., Von Heijne, G. and Sonnhammer, E.L. (2001) Predicting
transmembrane protein topology with a hidden Markov model: application to
complete genomes. J. Mol. Biol. 305, 567-580.

Letunic, I., Doerks, T. and Bork, P. (2012) SMART 7: recent updates to the
protein domain annotation resource. Nucleic Acids Res. 40, D302-D305.

Li, X.X., Gao, Q., Liang, Y., Ma, T., Cheng, L.Q., Qi, D.M,, Liu, H., Xu, X., Chen,
S.Y. and Liu, G.S. (2013a) A novel salt-induced gene from sheepgrass,
LcSAIN2, enhances salt tolerance in transgenic Arabidopsis. Plant Physiol.
Biochem. 64, 52-59.

Li, X.X., Hou, S.L., Gao, Q., Zhao, P.C., Chen, S.Y., Qi, D.M,, Lee, B.H., Cheng,
L.Q. and Liu, G.S. (2013b) LcSAINT, a novel salt-induced gene from
sheepgrass, confers salt stress tolerance in transgenic Arabidopsis and rice.
Plant Cell Physiol. 54, 1172-1185.

Liu, Q., Kasuga, M., Sakuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K.
and Shinozaki, K. (1998) Two Transcription factors, DREB1 and DREB2, with
an EREBP/AP2 DNA binding domain separate two cellular signal transduction
pathways in drought- and low-temperature-responsive gene expression,
respectively, in Arabidopsis. Plant Cell, 10, 1391-1406.

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2~ 22T method. Methods, 25, 402—
408.

Ma, T., Qi, D.M., Chen, Y., Meng, J., Wu, D.B., Shi, X.J., Guo, S.A., Liu, H., Li,
Z.Q., Jin, X.M. and Liu, G.S. (2013) Preliminary studies on the introduction of
Leymus chinensis 'Zhongke No.2" in Ningxia. Acta Agrestia Sinica, 21, 670—
675.

Ma, T., Li, M., Zhao, A., Xu, X., Liu, G.S. and Cheng, L.Q. (2014) LcWRKY5: an
unknown function gene from sheepgrass improves drought tolerance in
transgenic Arabidopsis. Plant Cell Rep. 33, 1507-1518.

Mao, X., Zhang, H.Y., Qian, X.Y., Li, A., Zhao, G.Y. and Jing, R.L. (2012)
TaNAC2, a NAC-type wheat transcription factor conferring enhanced
multiple abiotic stress tolerances in Arabidopsis. J. Exp. Bot. 63, 2933-
2946.

Medina, J., Catala, R. and Salinas, J. (2001) Developmental and stress regulation
of RCI2A and RCI2B, two cold-inducible genes of Arabidopsis encoding highly
conserved hydrophobic proteins. Plant Physiol. 125, 1655-1666.

Miura, K.J., Jin, J.B., Lee, J.Y., Yoo, C.Y., Stirm, V., Miura, T., Ashworth, E.N.,
Bressan, R.A., Yun, D.J. and Hasegawa, P.M. (2007) SIZ1-mediated
sumoylation of ICE1 controls CBF3/DREBTA expression and freezing
tolerance in Arabidopsis. Plant Cell, 19, 1403-1414.

Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A.C. and Kanehisa, M. (2007)
KAAS: an automatic genome annotation and pathway reconstruction server.
Nucleic Acids Res. 35, W182-W185.

A novel LcFINT gene enhances tolerance to low temperature 873

Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L. and Wold, B. (2008)
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nature,
200, 1-8.

Mostajeran, A. and Rahimi-Eichi, V. (2009) Effects of drought stress on growth
and yield of rice (Oryza sativa L.) cultivars and accumulation of proline and
soluble sugars in sheath and blades of their different ages leaves. Agric.
Environ. Sci. 5, 264-272.

Oh, S.J., Kwon, C.W., Choi, D.W., Song, S.I. and Kim, J.K. (2007) Expression of
barley HVCBF4 enhances tolerance to abiotic stress in transgenic rice. Plant
Biotechnol. J. 5, 646-656.

Overmyer, K., Brosché, M. and Kangasjarvi, J. (2003) Reactive oxygen species
and hormonal control of cell death. Trends Plant Sci. 8, 335-342.

Parvanova, D., Ilvanov, S., Konstantinova, T., Karanov, E., Atanassov, A.,
Tsvetkov, T., Alexieva, V. and Djilianov, D. (2004) Transgenic tobacco plants
accumulating osmolytes show reduced oxidative damage under freezing
stress. Plant Physiol. Biochem. 42, 57-63.

Peng, XJ., Ma, X.Y., Fan, W.H., Su, M., Cheng, L.Q., Alam, I., Lee, B.H., Qi,
D.M., Shen, S.H. and Liu, G.S. (2011) Improved drought and salt tolerance of
Arabidopsis thaliana by transgenic expression of a novel DREB gene from
Leymus chinensis. Plant Cell Rep. 30, 1493-1502.

Peng, X.J., Zhang, L.X., Zhang, L.X., Liu, Z.J., Cheng, L.Q., Yang, Y., Shen, S.H.,
Chen, S.Y. and Liu, G.S. (2013) The transcriptional factor LcDREB2
cooperates with LcSAMDC2 to contribute to salt tolerance in Leymus
chinensis. Plant Cell Tissue Organ Cult. 113, 245-256.

Petersen, T.N., Brunak, S., von Heijne, G. and Nielsen, H. (2011) SignalP 4.0:
discriminating signal peptides from transmembrane regions. Nat. Methods, 8,
785-786.

Rong, W., Qi, L., Wang, A.Y., Ye, X.G., Du, L.P,, Liang, H.X., Xin, Z.Y. and
Zhang, Z.Y. (2014) The ERF transcription factor TaERF3 promotes
tolerance to salt and drought stresses in wheat. Plant Biotechnol. J. 12,
468-479.

Seo, P.J., Lee, S.B., Suh, M.C., Park, M.J., Go, Y.S. and Park, C.M. (2011) The
MYB96 transcription factor regulates cuticular wax biosynthesis under
drought conditions in Arabidopsis. Plant Cell, 23, 1138-1152.

Shi, LX. and Guo, J.X. (2006) Changes in photosynthetic and growth
characteristics of Leymus chinensis community along the retrogression on
the Songnen grassland in northeastern China. Photosynthetica, 44,
542-547.

Shinwari, Z.K., Nakashima, K., Miura, S., Kasuga, M., Seki, M., Yamaguchi-
Shinozaki, K. and Shinozaki, K. (1998) An Arabidopsis gene family encoding DRE/
CRT binding proteins involved in low-temperature-responsive gene expression.
Biochem. Biophys. Res. Commun. 250, 161-170.

Soltész, A., Vagujfalvi, A., Rizza, F., Kerepesi, |, Galiba, G., Cattivelli, L.,
Coraggio, I. and Crosatti, C. (2012) The rice Osmyb4 gene enhances
tolerance to frost and improves germination under unfavourable conditions
in transgenic barley plants. J. Appl. Genet. 53, 133-143.

Soltész, A., Smedley, M., Vashegyi, |., Galiba, G., Harwood, W. and Vaguifalvi,
A. (2013) Transgenic barley lines prove the involvement of TaCBF14 and
TaCBF15 in the cold acclimation process and in frost tolerance. J. Exp. Bot.
64, 1849-1862.

Valentovic, P., Luxové, M., Kolarovi¢, L. and Gasparikova, O. (2006) Effect of
osmotic stress on compatible solutes content, membrane stability and water
relations in two maize cultivars. Plant Soil Environ. 52, 184.

Voinnet, O., Rivas, S., Mestre, P. and Baulcombe, D. (2003) An enhanced
transient expression system in plants based on suppression of gene
silencing by the p19 protein of tomato bushy stunt virus. Plant J. 33, 949—
956.

Wang, R.Z., Chen, L., Bai, Y.G. and Xiao, C.W. (2008) Seasonal dynamics in
resource partitioning to growth and storage in response to drought in a
perennial rhizomatous grass, Leymus chinensis. J. Plant Growth Regul. 27,
39-48.

Wang, L.J., Li, X.F., Chen, S.Y. and Liu, G.S. (2009) Enhanced drought tolerance
in transgenic Leymus chinensis plants with constitutively expressed wheat
TalLEA3. Biotechnol. Lett. 31, 313-319.

Wanner, LA. and Junttila, O. (1999) Cold-induced freezing tolerance in
Arabidopsis. Plant Physiol. 120, 391-400.

Wei, W., Huang, J., Hao, Y J., Zou, H.F., Wang, H.W., Zhao, J.Y., Liu, X.Y., Zhang,
W.Y., Ma, B., Zhang, J.S. and Chen, S.Y. (2009) Soybean GmPHD-type

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 861-874



874 Qiong Gao et al.

transcription regulators improve stress tolerance in transgenic Arabidopsis
plants. PLoS One, 4, €7209.

Xiang, Y., Tang, N., Du, H., Ye, H. and Xiong, L. (2008) Characterization of
OsbZIP23 as a key player of the basic leucine zipper transcription factor family
for conferring abscisic acid sensitivity and salinity and drought tolerance in
rice. Plant Physiol. 148, 1938-1952.

Yamaguchi-Shinozaki, K. and Shinozaki, K. (2006) Transcriptional regulatory
networks in cellular responses and tolerance to dehydration and cold stresses.
Annu. Rev. Plant Biol. 57, 781-803.

Zhou, G., Pereira, J.F., Delhaize, E., Zhou, M., Magalhaes, J.V. and Ryan,
P.R. (2014) Enhancing the aluminium tolerance of barley by expressing
the citrate transporter genes SbMATE and FRD3. J. Exp. Bot. 65, 2381-
2390.

Supporting information

Additional Supporting information may be found in the online
version of this article:

Figure S1 Hierarchical clustering of down-regulated genes that
were differentially expressed in wild type and transgenic lines.
Table S1 Primer sequences used in this study.

Figure S2 ChIP analysis of the relative enrichment of promoter
from some stress-induced genes by anti-FINT antibody in trans-
genic plants.

Table S2 Genes that were differentially expressed in wild type
and LcFINT overexpressing plants exposed to low temperature.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 861-874



