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Abstract Knowledge on genes related to plant responses

to adverse growth conditions and development is essential

for germplasm improvement. In this study, a chrysanthe-

mum R2R3-MYB transcription factor gene, designated

CmMYB2 (GenBank accession No. JF795918), was cloned

and functionally characterized. Expression of CmMYB2 in

chrysanthemum leaves was up-regulated in response to

drought, salinity and cold stress, as well as by treatment

with exogenous abscisic acid (ABA). When the gene was

constitutively expressed in Arabidopsis thaliana, it

increased plant sensitivity to ABA and reduced stomatal

aperture. Plant survival under drought was improved than

in the wild type, as was the plants’ salinity tolerance. The

level of expression of a number of genes associated

with the stress response, including RD22, RD29A,

RAB18, COR47, ABA1 and ABA2, was raised in the

CmMYB2 transgenic Arabidopsis plants. CmMYB2 trans-

genic Arabidopsis plants were also delayed in flowering.

The expression of CONSTANS (CO), FLOWERING

LOCUS T (FT), SUPPRESSOR OF OVEREXPRESSION

OF CONSTANS1 (SOC1), LEAFY (LFY) and APETALA1

(AP1) genes involved in flowering was down-regulated

in the CmMYB2 transgenics. Together, these results

suggest that CmMYB2 may be a promising gene for the

drought and salt tolerance improvement and flowering-time

modulation.

Keywords Arabidopsis thaliana � Abiotic stress

tolerance � Chrysanthemum � CmMYB2 � Delayed flowering

Introduction

Abiotic stresses, including drought, salt and cold, are

among the most serious constraints that inhibit plant

growth and development and limit the productivity of

plants. The plant tolerance to abiotic stress is a multigenic

trait and is mediated by a series of biochemical and

physiological reactions with multiple signal transduction

and regulations of gene expression [1, 2]. Compared with

the functional proteins, the transcription factors always act

at the upstream position of the signal transduction and gene

regulatory network, which can control a broad range of

downstream genes; therefore, can tolerate abiotic stress

efficiently. To date, several transcription factors belonging

to different transcription factor families, such as MYB,

ERF, bZIP and WRKY, have been implicated in the reg-

ulation of stress responses [3, 4].

The MYB family is one of the most abundant classes

of transcription factors in plants. Their characteristic

MYB DNA-binding domain consists of one to three

imperfect peptide repeats (R) with 50–53 amino acids,

forming the helix-turn-helix motifs [5]. According to the

number of peptide repeats in the MYB domain, the MYB

family is categorized into 3R-MYB, R2R3-MYB and

MYB-related group, respectively. In high plants, R2R3-

MYB is the most common type [6, 7]. Variation within

certain conserved C-terminal motifs has been used to
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classify plant R2R3-MYB genes into 22 subgroups, with

members within each subgroup predicted to share similar

or identical functions [8]. Numerous R2R3-MYB genes

have been found to be involved in the control of plant-

specific processes, including primary and secondary

metabolism, hormonal signalling, stress responses, cell

fate and identity [9–13].

In particular, many R2R3-MYB genes play important

roles in the responses to abiotic stresses in Arabidopsis.

AtMYB2 can be transiently induced by water stress or high

salinity, and functions as a transcriptional activator in

abscisic acid (ABA)-inducible gene expression [14, 15].

The AtMYB15 transcript is regulated by drought and

salinity stress, and its over-expression in A. thaliana has

been shown to improve the level of drought tolerance [16].

High levels of AtMYB41 expression only occur when plants

are stressed by drought, ABA treatment or salinity [17].

AtMYB44/AtMYBR1 (subgroup 22) confers abiotic stresses

tolerance partially through ABA-mediated stomatal clo-

sure. When treated with ABA, AtMYB44 transcript accu-

mulation was induced within 30 min, and other abiotic

stresses, such as dehydration, salinity and cold, can also

activate its expression [18]. In addition, three other mem-

bers of this subgroup (AtMYB70, AtMYB73 and AtMYB77/

AtMYBR2) are also implicated to be associated with stress

responses, AtMYB73 and AtMYB77 are induced within

30 min of wounding treatment in Arabidopsis [19] and are

transiently up-regulated by cold stress [20]. Microarray

analysis revealed that the expression of these genes was up-

regulated by salt stress treatment in sos2 (salt overly sen-

sitive2) mutants [21].

Delayed flowering is also caused by over-expression of

some MYB transcription factors in A. thaliana. It has been

reported that over-expression of EPR1, a novel MYB

protein, results in delayed flowering in Arabidopsis [22].

Constitutive expression of CCA1 (encoding a MYB-related

transcription factor) in transgenic Arabidopsis abolished

the circadian rhythm of several genes and caused delayed

flowering [23]. In addition, the flowering time of

35S::AtMYB44 transgenic Arabidopsis was 6–7 days later

than that of wild type plants [18].

Chrysanthemum (Chrysanthemum morifolium) is an

important ornamental plant worldwide and of wide garden

use. So far, no research related to the R2R3-MYB tran-

scription factors in chrysanthemum is available. To dis-

cover novel stress-related gene and to better understand the

role of R2R3-MYB genes involved in abiotic stress toler-

ance, here, we isolated a new R2R3-MYB transcription

factor CmMYB2 belonging to the subgroup 22 from chry-

santhemum, determined its expression patterns in response

to a range of abiotic stresses and gathered some indications

of its function by studying the consequences of its heter-

ologous expression in A. thaliana.

Materials and Methods

Plants Materials and Treatments

The chrysanthemum variety ‘Zhongshanzigui’ was obtained

from the Chrysanthemum Germplasm Resource Preserving

Centre, Nanjing Agricultural University, China. Plants were

grown in a 1:1 mixture of garden soil and vermiculite

without additional fertilizer, and were maintained in a

greenhouse under standard growing conditions. Young

plants were watered daily and fertilized with half strength

Hoagland’s nutrient solution weekly. Various abiotic stress

treatments were given to plants at the six-to-eight-leaf stage

as follows: For salinity, ABA and mimic drought, the plants

were watered with either 200-mM NaCl, 100-lM ABA or

20% polyethylene glycol (PEG) 6000, whereas the cold

stress treatment consisted of a period of exposure to 4�C.

Totally, 54 plants were included for each treatment and its

corresponding control, respectively. The third and fourth

leaves counting from the shoot apex were collected

from each treated plant. Each experiment contains three

biological replicates, and each replicate consisted of a

sample of six leaves from three plants at per sampling time

point (0, 1, 3, 6, 12 and 24 h), respectively, after the

imposition of the stress. The leaves were immediately snap

frozen in liquid nitrogen until used to extract RNA.

A. thaliana ecotype Columbia (Col-0) were grown in

pots filled with a 1:1:1 mixture of perlite:vermiculite:soil-

rite in a growth chamber (SANYO, MLR-350H, Japan)

with a 16 h, 23�C lit (80–100 lmol/m2/s illumination) and

an 8 h, 18�C unlit regime, and watered every 4 days. To

determine the expression level of stress-responsive genes in

CmMYB2 transgenics, 3-week-old Col-0 and transgenic A.

thaliana plants were treated with 250-mM NaCl and the

rosette leaves were harvested at the indicated times (0, 1, 3,

6, 12 and 24 h), then stored at -80�C till use. To determine

the expression level of flowering-time genes in CmMYB2

transgenics, 14-day-old Col-0 and transgenic A. thaliana

seedlings were used for RNA extraction and expression

analysis.

Full-Length cDNA Cloning and Sequencing

Total RNA was isolated from chrysanthemum leaves using

the RNAiso reagent (TaKaRa, Japan), following the man-

ufacturer’s instructions. The cDNA first strand was syn-

thesized from 1 lg total RNA using SuperScript III reverse

transcriptase (Invitrogen, USA), according to the manu-

facturer’s instructions. A gene-specific primer pair (F and

R) was designed to amplify a fragment of CmMYB2 based

on the sequence of a chrysanthemum EST [24], and RACE

PCR was then used to obtain the full-length cDNA. For the

30 RACE reaction, the first-strand cDNA was synthesized
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using an oligo (dT) primer incorporating the sequence of

the adaptor primer. Then, a nested PCR using the gene-

specific primer pair GSP30-1/-2 and the adaptor primer (dT-

AP) was employed. For the 50 RACE, the nested PCR used

the 50 RACE adaptor primer (Abridged Anchor Primer,

AAP), the Abridged Universal Amplification Primer

(AUAP) provided with the 50 RACE System kit v2.0

(Invitrogen) and the gene-specific primer pair (GSP50-531,

GSP50-299 and GSP50-167). PCR products were purified

with a Biospin Gel Extraction kit (Bio Flux) and cloned

into pMD19-T easy (TaKaRa) for sequencing. Finally, a

pair of gene-specific primers (Full-F and Full-R) was

designed from the putative 50 and 30 UTR sequences, and

these were used to amplify the complete CmMYB2 open

reading frame (ORF). The sequences of all the above

primers are given in Table 1. Chrysanthemum genomic

DNA was isolated from young leaves using a CTAB

method [25], and the genomic copy of CmMYB2 was

amplified using the primer pair Full-F/Full-R. The resulting

product was purified using a Biospin Gel Extraction kit and

cloned into pMD19-T easy for sequencing.

Sequence Alignment and Phylogenetic Analysis

of CmMYB2

The CmMYB2 amino acid sequence was aligned with its

homologues using ClustalW (http://www.ebi.ac.uk/clustal

W/) [26]. A neighbour-joining-based phylogenetic tree was

constructed using BioEdit and TreeView software [27].

Quantitative Real-Time PCR (qRT-PCR)

To determine the expression pattern of CmMYB2 in chry-

santhemums under various abiotic stress treatments, total

RNA was extracted from frozen leaves using the RNAiso

reagent (TaKaRa, Japan); putative genomic DNA contami-

nation was removed by DNaseI treatment. cDNA was syn-

thesized using SuperScript III reverse transcriptase

(Invitrogen, USA), and quantitative real-time PCR (qRT-

PCR) was performed using SYBR� Green I (TOYOBO,

Japan) in Rotor-Gene 3000 (Corbett, Australia). The primer

pair MYB2-RT-F/-R (Table 1) was applied to amplify a

124-bp fragment in the 30 region of the gene, avoiding the

more well-conserved segments of the gene. The chrysan-

themum GAPDH gene (CmGAPDH, GenBank accession

number: DK941612) was used as a reference. Each 25 ll

qRT-PCR contained 10 ll SYBR Green PCR master mix,

0.2 lM of each primer and 10 ng cDNA, and the amplifi-

cation regime consisted of an initial denaturation of 95�C/

60 s, followed by 40 cycles of 95�C/15 s, 60�C/15 s and

72�C/45 s. The resulting data are represented by the

means ± SD of three replicates. Relative expression

levels were calculated by the 2-44CT method, where

44CT = (CT, Target - CT, GAPDH)Timex - (CT,

Target - CT, GAPDH)Time0 [28]. The data were scaled

by setting the expression of CmMYB2 in untreated leaves at

0 h as 1.

Ten stress-responsive genes were RD22, RD29A,

RAB18, COR47,COR15, ABA1, ABA2, ABI1, HAB1 and

HAB2, and the six flowering-related genes were CO, FLC

(FLOWERING LOCUS C), FT, LFY, SOC1 and Ap1.

Arabidopsis AtUBQ gene (GenBank accession number:

NM_116771.5) was used as the reference. The sequences

of all relevant primers are listed in Table 1. To analyse

stress-responsive gene expression, cDNA was synthesized

using RNA from non-transgenic and CmMYB2-expressing

A. thaliana subjected to salt stress as template. For

flowering-related gene expression analysis, cDNA was

synthesized using RNA from non-transgenic and CmMYB2-

expressing A. thaliana as template. Quantitative RT-PCR

analysis was performed as described above.

Transgene Construction and A. thaliana Transformation

The coding sequence of CmMYB2 cDNA was amplified

using a forward primer (MYB2-1301-F) incorporating a

BamHI restriction site and a reverse primer (MYB2-1301-

R) engineered to include a SacI cleavage site (Table 1).

The BamHI–SacI-digested amplicons were inserted into

pCAMBIA1301 driven by the CaMV 35S promoter to

generate a 35S::CmMYB2 construct, which was introduced

into Col-0 through an Agrobacterium tumefaciens

EHA105-mediated floral dip method [29]. Transformed

progeny were selected by germination on MS medium

containing 50 lg/ml hygromycin, and these were advanced

by self-pollination to obtain the T2 generation, when

RT-PCR analysis was used to confirm their transgenic

status.

Measurement of Stomatal Aperture in Detached

A. thaliana Leaves

Before treating with ABA, rosette leaves of 3-week-old

Arabidopsis plants were detached and floated abaxial side

down in the stomata-opening solution (50-mM KCl, 10-lM

CaCl2 and 10-mM MES, pH 6.15) [30] for 12 h at a rela-

tive humidity of 95%. Stomatal aperture was assessed

under a light microscope 1.5 h after the addition of either

0-, 1- or 10-lM ABA [31].

Stress Tolerance Assay of A. thaliana Plants Expressing

CmMYB2

A triplicated germination assay comprising *100 seeds

each per replicate of Col-0 and the transgenics was carried

out on MS medium containing various concentrations of
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ABA (0, 0.1, 0.5, 1, 3 and 5 lM) or NaCl (0, 100, 150 and

200 mM). Dormancy was first broken by holding imbibed

seed in the dark for 48 h at 4�C, before removing them to a

growth chamber (16 h, 23�C lit [80–100 lmol/m2/s illu-

mination] and 8 h, 18�C unlit regime) for 10 days, at which

point successfully germinated seed were taken as those

whose radicle had reached a length of 1 mm. Germination

rate was calculated as the percentage of the original

number of seeds plated.

For the salinity tolerance test, 3-week-old Col-0 and

CmMYB2 transgenic Arabidopsis plants were watered for

12 days at 4-days intervals, first with 100-mM, then with

200-mM and finally with 300-mM NaCl after which their

survival rate was calculated.

For drought tolerance, water was withheld for 14 days

from 2-week-old Col-0 and CmMYB2 transgenic Arabid-

opsis plants grown under sufficient moisture, and their

appearance and survival rate scored 7 days after being re-

watered.

For the measurement of water loss, ten fully expanded

rosette leaves were detached from 3-week-old Col-0 and

CmMYB2 transgenic Arabidopsis plants, weighed and then

allowed to dry at 25�C, 60% relative humidity. Their

weight was recorded at 30-min intervals and the water loss

was measured by the fresh-weight loss of the detached

leaves.

Results

The Sequence of CmMYB2: A Chrysanthemum

R2R3-MYB Transcription Factor

According to the EST libraries of Chrysanthemum, two

MYB genes were isolated by RT-PCR and RACE methods,

which were designated as CmMYB1 and CmMYB2 (Gene-

Bank accession No. JF795917 and JF795918). CmMYB1

was characterized as a transcription repressor regulating

lignin biosynthesis and discussed in another paper

(unpublished). Here, we focus on the molecular charac-

terization of CmMYB2. The full-length CmMYB2 cDNA

consisted of 1,331 nucleotides, comprising a 948-bp ORF

encoding 315 residues. The predicted gene product is a

protein of molecular mass 34.6 kDa and a pI of 8.87. The

Table 1 Primer names and sequences used in this study

Primer name Sequences

F 50-GTCCAGACGAGGACGAAATGT-30

R 50-GTCTTATCGGCATCACATTCG-30

Oligo(dT) 50-GACTCGAGTCGACATCGATTTTTT

TTTTTTTTTTT-30

dT-AP 50-GACTCGAGTCGACATCGA-30

GSP30-1 50-CTTTTCACCGTCGTTCCTCCT-30

GSP30-2 50-GCGAATGTGATGCCGATAAGA-30

AAP 50-GGCCACGCGTCGACTAGTACGGGIIG

GGIIGGGIIG-30

AUAP 50-GGCCACGCGTCGACTAGTAC-30

GSP50-531 50-AGAAATGGGTACGCCTGAAC-30

GSP50-299 50-AAAGCCCTATGCTCCACTTC-30

GSP50-167 50-AACATTTCGTCCTCGTCTGG-30

Full-F 50-CATCCTCTCATTTTCTTTCCAA-30

Full-R 50-CTACCCTCATCATATCCCATCTC-30

MYB2-RT-F 50-AGAAGCCGTTTGTGCCGTTTAG-30

MYB2-RT-R 50-CCGTTACACATTCCGTTACCAC-30

CmGAPDH-F 50-CTGCTTCTTTCAACATCATTCC-30

CmGAPDH-R 50-CTGCTCATAGGTAGCCTTCTTC-30

RD22F 50-ACTTGGTAAATATCACGTCAGGGCT-30

RD22R 50-CTGAGGTGTTCTTGTGGCATACC-30

RD29AF 50-GATAACGTTGGAGGAAGAGTCGG-30

RD29AR 50-TCCTGATTCACCTGGAAATTTCG-30

RAB18F 50-GCAGTATGACGAGTACGGAAATCC-30

RAB18R 50-CCTTGTCCATCATCCGAGCTAGA-30

COR47F 50-ATGGCTGAGGAGTACAAGAACAACGTT-30

COR47R 50-TCTTCTTCTTCTTCTCCTTCTTTTCCT-30

COR15AF 50-GTGACGGATAAAACAAAAGAGG-30

COR15AR 50-GACCCTACTTTGTGGCATCCTT-30

ABA1F 50-GCTATGAAGGTGATCTGCTTGTGG-30

ABA1R 50-TTCATACCATTTGGAGCATCAGC-30

ABA2F 50-ATTGATCACTGGAGGAGCCACAG-30

ABA2R 50-ATTACGAATATCAGGGCACGGTG-30

ABI1F 50-AGCTGCTGATATAGTCGTCGTTGATA-30

ABI1R 50-GAGGATCAAACCGACCATCTAACA-30

HAB1-F 50-TTCTCGCCATGTCTAGGTCCAT-30

HAB1-R 50-TTCGCAGACTTCTTGGTTGTTC-30

HAB2-F 50-GCAGAAGTCCTTATTGCGAGTC-30

HAB2-R 50-TTCATAAACACTCCTGCTTCCT-30

CO-F 50-TACAGAGAGAAGAGGAAGACAAGG-30

CO-R 50-GGAGTATCAGAATGAAGGAACAAT-30

FT-F 50-ACTAATGGCTTGGATCTAAGGC-30

FT-R 50-ATATTCTCGGAGGTGAGGGTTG-30

LFY-F 50-CGAAGAAATCAGGAGCGAGTTA-30

LFY-R 50-TAGGCAGTGGAGAGCGTAACAG-30

SOC1-F 50-AAAACGAGAAGCTCTCTGAAAAGT-30

SOC1-R 50-GAACAAGGTAACCCAATGAACAAT-30

AP1-F 50-GTTGCTCTTGTTGTCTTCTCCC-30

AP1-R 50-CTCCATCGACCAGTTTGTATTG-30

Table 1 continued

Primer name Sequences

AtUBQ-F 50-AGGACAAAGAGGGTATCCCA-30

AtUBQ-R 50-CAGACGCAAGACCAAGTGAA-30

MYB2-1301-F 50-GGATCCATGGCTACTGTTTCGAAA-30

MYB2-1301-R 50-CGAGCTCCTAGTCTATTTTACTAATCCC-30
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sequence includes an R2R3 MYB domain with two DNA-

binding sites, one between residues 8 and 63, the other

between residues 65 and 114. Its level of sequence simi-

larity with GmMYB50, GmMYB112, VvMYB, CsMYB,

RcMYB and AtMYB44 was, respectively, 57, 56, 56, 56,

55 and 53 (Fig. 1a). A comparison with a set of full-length

MYB proteins from other species clustered CmMYB2 with

the A. thaliana R2R3-MYB subgroup 22 members At-

MYB44, AtMYB77, AtMYB70 and AtMYB73 (Fig. 1b).

In addition, just as in AtMYB44, CmMYB2 includes the

characteristic motif GxFMxVVQEMIxxEVRSYM in the

C-terminal part (Fig. 1a), suggesting CmMYB2 can be

classified into the 22 subgroup [8]. The alignment of the

cDNA and genomic DNA copies of CmMYB2 indicated

that the gene is intron-free (data not shown).

The Expression of CmMYB2 Is Induced by Abiotic

Stress

CmMYB2 transcript abundance increased rapidly in

response to mimic drought, salinity or cold stress within

1 h of the stress being imposed, whereas in the absence of

stress, the gene was not detectably expressed. Its expres-

sion peaked within 3 h of PEG being added to the medium,

and then gradually decreased (Fig. 2a). When treated with

200-mM NaCl, its expression level increased gradually

until 24 h after the treatment (Fig. 2b). CmMYB2 expres-

sion was also induced by low temperature, peaking 1 h

after the beginning of the cold treatment and thereafter

declining to a stable level by 6 h post the imposition of the

cold treatment (Fig. 2c). CmMYB2 transcript abundance

Fig. 1 The deduced peptide sequences of CmMYB2 and other MYBs.

a Alignment of CmMYB2 with homologous proteins. The R2 and R3

MYB repeats are underlined in black, and the (GxFMxVVQEMIxxEVR-

SYM) motif in grey; b Phylogeny of CmMYB2 and related MYBs. The

phylogenetic tree file was produced by BioEdit and TreeView software.

Bootstrap values indicate the distance of each branch and the scale bar

represents 0.05 substitutions per site. The genes encoding the amino acid

sequences and their GenBank accession numbers are the following:

AtMYB44 (XP_002866710), AtMYB77 (NP_190575), AtMYB70

(NP_179910), AtMYB73 (NP_195443), CsMYB (ABQ10816), StMYB

(AAG08959), MtMYB8 (ABR28330), GmMYB50 (ABH02824),

GmMYB112 (ABH02852), VvMYB (AAY28930), NtMYB (BAC5

3938), GmMYB68 (ABH02831), Os06g0637500 (NP_001058148),

TaMYB1 (ABC86569), PgMYB9 (ABQ51225), PgMYB6 (ABQ

51222), PgMYB7 (ABQ51223), PtMYB7 (ABD60281), OsBAD34048

(BAD34048), ZmMYB (NP_001151336). CmMYB2 is in bold
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peaked 3 h after the plants had been exposed to 100-lM

ABA, before falling back during subsequent hours

(Fig. 2d).

The Effect on A. thaliana of the Constitutive

Expression of CmMYB2

The two selected A. thaliana transgenic lines (35S::

CmMYB2-1 and -2) fully expressed the transgene (Fig. 3a).

The flowering time of the CmMYB2 transgenics under long

day conditions was later than that of Col-0 (Fig. 3b), with

the latter reaching flowering at 36.5 days after sowing

(DAS), and the former at 42.8 and 43.6 DAS (Fig. 3c). At

the time of flowering, the two transgenic lines had formed a

mean of 19.2 ± 1.6 and 19.9 ± 1.3 rosette leaves, com-

pared with 11.8 ± 0.79 in Col-0 (Fig. 3d). To investigate

the possible reasons responsible for the late flowering of

CmMYB2 transgenics, the expression of flowering-time

genes was analysed by qRT-PCR. Among the flowering-

time genes investigated, the expression of CO, FT, SOC1,

LFY and AP1 was lower in the CmMYB2 lines than in Col-

0 (Fig. 3e, g–j). However, the expression of FLC was not

changed (Fig. 3f).

In the absence of exogenously supplied ABA, the

CmMYB2 transgenics germinated as freely as Col-0.

However, the germination of the CmMYB2 transgenics was

inhibited more severely in the presence of 0.5–3.0-lM

ABA in the germination medium (Fig. 4a). At 0.5-lM

ABA, the germination rate of the two CmMYB2 transgenics

fell to 65.0 and 62.6%, whereas that of Col-0 was 88.2%.

At 3-lM ABA, only 35.4 and 31.5% of the transgenic seed

germinated, whereas 68.6% of Col-0 seed was able to do

so. The presence of ABA also resulted in the CmMYB2

transgenics having a higher rate of stomatal closure than

Col-0 plants (Fig. 4b). Treatment with 1-lM ABA reduced

Fig. 2 CmMYB2 expression profiles in chrysanthemum plants sub-

jected to various stresses, as assayed by qRT-PCR. Mean values and

standard deviation calculated from triplicated assays. The relative

expression of the CmMYB2 gene in untreated leaves was used as CK.

a Drought stress (20% PEG 6000), b Salinity stress (200-mM NaCl),

c Cold stress (4�C) and d Treatment with 100-lM exogenous ABA

Fig. 3 The growth of CmMYB2 transgenics and Col-0 plants. a RT-

PCR demonstrating the heterologous expression of CmMYB2 in A.
thaliana. The AtUBQ sequence was used as an internal control; b The

transgenics flowered later than Col-0; c Flowering time of the

CmMYB2 transgenics and Col-0. Flowering was taken to be when the

main inflorescence shoot had reached a height of 1 cm. Values

represent the mean of 15 plants; d The number of rosette leaves at

flowering. Values represent the mean of 15 plants; e–j The expression

of flowering-related genes in CmMYB2 transgenics and Col-0. The

seedlings of 14-day-old Col-0 and CmMYB2 transgenic Arabidopsis
were used for RNA extraction, and expression level was determined

by qRT-PCR. Mean values and standard deviation were calculated

from triplicated assays

c

Mol Biotechnol (2012) 51:160–173 165

123



166 Mol Biotechnol (2012) 51:160–173

123



stomatal aperture in Col-0 to 84.1% of the control, but the

reduction in the CmMYB2 transgenics was *60% of the

control. At 10-lM ABA, Col-0 plants retained a *60%

level of stomatal aperture, but that of the two CmMYB2

transgenics fell to, respectively, 34.7 and 31.0%.

The ability to germinate in the presence of \100-mM

NaCl was similar in the Col-0 and CmMYB2 transgenic

Arabidopsis plants. However, when the salt concentration

was raised to 150 mM, the germination rate of Col-0 fell to

just 28.8% while those of the two CmMYB2 transgenics

were, respectively, 75.9 and 83.3%. At 200-mM NaCl,

\3% of the Col-0 seeds germinated, but 16.7% of the

35S::CmMYB2-1 and 12.5% of the 35S::CmMYB2-2 seeds

continued to do so (Fig. 5a, b). When the plants were

challenged with salinity, the CmMYB2 transgenics retained

their turgor and continued to grow, whereas Col-0 plants

rapidly wilted. At 300-mM NaCl, the survival rates of the

two CmMYB2 transgenics were 92 and 90.4%, but only

31.1% of Col-0 plants could survive this level of salinity

(Fig. 5c).

The CmMYB2 transgenics also showed an improved

level of drought tolerance over Col-0 (Fig. 6a). Their sur-

vival rates (86.5 and 78.6%) were far higher than that of

Col-0 (19.8%). In the detached leaf test used to assess the

rate of water loss, Col-0 plants lost 40% of their water

within 3 h, whereas the two CmMYB2 transgenics lost,

respectively, 27.9 and 29.3% (Fig. 6b).

The Expression of Various Stress Responsive Genes

was Enhanced in the Transgenic Lines Expressing

CmMYB2

The expression of six genes (RD22, RD29A, RAB18,

COR47, ABA1 and ABA2) was strongly induced in the

CmMYB2 transgenics both under normal growing condi-

tions and in the presence of 250-mM NaCl (Fig. 7a–d, f, g).

That of ABI1, HAB1, HAB2 and COR15 was lower in the

CmMYB2 transgenics than in Col-0 (Fig. 7e, h–j). To our

surprise, an increase of CmMYB2 mRNA level was also

observed (Fig. 7k), because the expression of CmMYB2 in

Arabidopsis was driven by the 35S promoter, which is not

an inducible promoter, it is likely that stress treatment

could stabilize CmMYB2 mRNA.

Discussion

Inducible Expression of CmMYB2 in Chrysanthemum

by Abiotic Stresses and ABA

MYB transcription factor genes constitutes one of the most

abundant regulatory gene families in plants, and the sub-

family containing two repeats of the R2R3 DNA-binding

domain is the largest in the higher plants. Here, we have

shown that CmMYB2, which on the basis of its sequence

and phylogeny can be classified into R2R3-MYB subgroup

22. Within this subgroup, AtMYB77, AtMYB73 and

AtMYB44 were shown to be associated with abiotic stress

responses [18, 20, 21]. With no exception, CmMYB2

expression in leaves was strongly induced subjected to

drought, salinity and cold stress, as well as by treatment

with exogenous ABA. Many R2R3-MYB genes induced by

this combination of stress factors are also inducible by the

exogenous application of ABA (e.g., AtMYB2 [15],

AtMYB15 [16] and AtMYB102 [32]).

CmMYB2 Delayed Flowering and Decreased

the Expression of Flowering Time Genes

In Arabidopsis, the flowering time is regulated by at least

four genetic pathways: photoperiod, vernalization, auton-

omous and gibberellin (GA)-dependent pathways [33].

Fig. 4 Responses of CmMYB2 transgenic Arabidopsis plants to the

application of exogenous ABA. a Germination rates of Col-0 and

CmMYB2 transgenic seeds in the presence of various concentrations

of ABA. Means calculated from triplicated germination tests.

b Stomatal aperture in leaves of Col-0 and the two CmMYB2
transgenics treated with 1 or 10-lM ABA. Values shown are the

means from three experiments
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The four pathways interact with each other by several key

regulatory genes, such as CO, FLC, FT, SOC1, LFY and

AP1 [34, 35]. CO is a floral enhancer and controls the

timing of flowering in the photoperiod pathway by directly

up-regulating FT and SOC1 [36]. FLC, a strong floral

repressor that antagonises the activity of vernalization and

autonomous pathways, also acts as an upstream regulator

of FT and SOC1 [33]. The MADS-box flowering-time gene

SOC1 is regulated by several pathways and is proposed to

co-ordinate responses to environmental signals and gib-

berellin signalling [37]. For the floral meristem identity

genes, AP1 is directly induced by FT [38], and LFY is both

directly induced by SOC1 and GA signal [39, 40]. In

addition, as an important stress-related hormone, ABA is

often antagonistic to GA; thus, it is not surprising that ABA

has been shown to inhibit floral formation. Takeno and

Maeda [41] found that for Pharbitis nil treated with

exogenous ABA, the flower-inhibiting effect was observed.

Fig. 5 Salinity tolerance in

Col-0 and the CmMYB2
transgenic Arabidopsis plants.

a and b Germination of Col-0

and CmMYB2 transgenic seeds

in the presence of 0-, 100-, 150-

and 200-mM NaCl. T-1 and T-2
indicate, respectively,

35S::CmMYB2-1 and

35S::CmMYB2-2. Values

represent the mean of three

germination assays; c Salinity-

challenged 3-week-old Col-0

and CmMYB2 transgenic

Arabidopsis plants irrigated

with an increasing concentration

of NaCl. SR survival rate

(n C 90)
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In Phalaenopsis hybrid, ABA displayed an inhibiting

response to flowering [42]. Signaling of ABA alters flow-

ering through DELLA proteins which are essential for GA

signaling has also been reported [43]. In this study, we

found that the expression level of the CO, FT, SOC1, LFY

and AP1 was less in the CmMYB2 transgenic Arabidopsis

plants compared with Col-0 (Fig. 3), suggesting that the

delayed flowering phenotype of CmMYB2 transgenic Ara-

bidopsis might be an integrated result of complex changes

in the flowering regulatory network, correlated with the

down-regulation by CmMYB2 of some positive regulation

genes in the flowering-time pathways.

CmMYB2 Enhanced Abiotic Tolerance by Inducing

the Expression of Stress Responsive Genes

Heterologous expression in A. thaliana of Craterostigma

plantagineum MYB10 has been shown to increase ABA

hypersensitivity and enhance both drought and salinity

tolerance [44]. Similarly, over-expressors of AtMYB2

showed enhanced tolerance to drought and salinity stress

[14]. In the present study, the heterologous expression of

CmMYB2 improved the level of both drought and salinity

tolerance in A. thaliana (Figs. 5 and 6). A number of

studies have shown that ABA plays an important role in the

stress response and tolerance of plants to drought and high

salinity [1, 45]. ABA synthesis genes both ABA1 and ABA2

were up-regulated in the CmMYB2 transgenics under

salinity stress (Fig. 7f, g), raising the possibility that ABA

is more effectively synthesized in these transgenic plants

than in wild type ones, which might partially explain the

enhanced abiotic stress tolerance in CmMYB2 transgenic

plants.

ABA is essential for plant normal growth and that in

high concentrations, it has an inhibitory effect on seed

germination and seedling growth [46]. Here, exogenous

ABA inhibited the germination of the CmMYB2 transgenic

seed more severely than the wild type seed (Fig. 4a),

suggesting that CmMYB2 heightens ABA sensitivity during

germination. Similar phenotypes have arisen in over-ex-

pressors of various ABA-dependent stress-responsive

genes [47–50]. When treated with ABA, the stomatal

apertures in the leaves of the CmMYB2 transgenic plants

were smaller than in Col-0 plants (Fig. 4b). Reduced sto-

matal aperture in response to ABA treatment has also been

observed in over-expressors of AtMYB61 [51] and

AtMYB15 [16]. Thus, we suggest that CmMYB2 may

function as a positive regulator of ABA-mediated stomatal

closure. We found that expression of genes encoding a

group of serine/threonine protein phosphatases 2C

(PP2Cs), such as ABI1, HAB1 and HAB2, was diminished

in CmMYB2 transgenics (Fig. 7h–j). These proteins belong

to group A PP2Cs in Arabidopsis [52] and have been

described as negative regulators of ABA signaling [53–56].

The recessive loss of function of ABI1 mutants abi1 was

slightly more sensitive to ABA and showed a greater level

of drought tolerance than wild type [53, 54]. The over-

expression of HAB1 led to impaired stomatal closure,

promoted ABA-resistant root growth and diminished ABA-

induced gene expression [52, 57]. In addition, a T-DNA

knockout of HAB1 conferred ABA hypersensitivity in the

regulation of stomatal closure and germination [58]. As the

putative paralog of HAB1, HAB2 activity partially masked

of the loss of function of HAB1 [55]. Therefore, it is pos-

sible that ABA signalling is more effectively enhanced in

the CmMYB2 transgenics as a result of the partial

Fig. 6 Drought tolerance of Col-0 and CmMYB2 transgenic Arabid-
opsis plants. a Two-week-old Col-0 and CmMYB2 transgenic

Arabidopsis plants were not watered for 14 days and then allowed

to recover for 7 days. SR survival rate (n C 100); b Water loss in

detached leaves. Mean values and standard deviation calculated from

triplicated assays, with ten fully expanded rosette leaves used per

genotype per assay

Fig. 7 The expression of stress-responsive genes RD22, RD29A,

RAB18, COR47, COR15, ABA1, ABA2, ABI1, HAB1, HAB2 (and

CmMYB2) in Col-0 and the two CmMYB2 transgenics. Values

calculated from three replicates

c
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suppression of these PP2Cs genes, which is consistent with

the results in 35S:AtMYB44 transgenic Arabidopsis plants

under salt stress [18].

Increase in the expression level of CmMYB2 was

observed in CmMYB2 transgenic Arabidopsis subjected to

250-mM NaCl (Fig. 7k). Chung et al. previously reported

that salinity can stabilize the SOS1 mRNA in Arabidopsis

[59]. Because the 35S promoter is not an inducible pro-

moter, we suppose that the increase in expression level of

CmMYB2 under salinity might result from stress-induced

stability of the CmMYB2 mRNA. However, additional

evidence is needed before we can make such a conclusion.

Moreover, the presence of the CmMYB2 transgene altered

the expression patterns of various stress-related genes.

RD22, RD29A, RAB18 and COR47 are all up-regulated

when A. thaliana is subjected to either salinity, drought or

cold stress, or treated with exogenous ABA [60–66]. The

increased expression of these stress response genes is

thought to be advantageous for plants coping with abiotic

stress [67, 68]. Here, the abiotic stress-associated genes

RD22, RD29A, RAB18 and COR47 were all induced to a

greater extent in the CmMYB2 transgenics, especially in

salinity-stressed plants (Fig. 7a–d).

The present data suggest that the heightened level of

abiotic stress tolerance brought about by the constitutive

expression of CmMYB2 in A. thaliana may have come

about through an increase in the rate of ABA synthesis and

more effective ABA signalling. Together, these would act

to deliver a higher level of expression of some key abiotic

stress responsive genes. CmMYB2 might be a promising

gene for chrysanthemum drought and salinity tolerance

improvement as well as flowering-time manipulation.
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