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Abstract AtMYB44, a member of the subgroup 22

R2R3 MYB transcription factors, positively regulates

abscisic acid signaling to induce stomatal closure,

thus conferring drought/salt-stress tolerance in Ara-

bidopsis thaliana. In this study, AtMYB44 was

transformed into soybean [Glycine max (L.) Merrill]

using the cotyledonary-node method. The resulting

homozygous lines were shorter than the non-trans-

genic controls (Bert) throughout the growth period

when grown in a greenhouse. The transgenic soy-

beans exhibited significantly enhanced drought/salt-

stress tolerance, as observed in Arabidopsis. In field

cultivation studies, the transgenic soybean plants

showed reduced growth, but much higher yields upon

seed harvest, demonstrating improved environmental

stress tolerance. The amino acid and fatty acid

compositions were not significantly altered in seeds

harvested from the transgenic lines. These results

suggest that the interaction of AtMYB44 with

specific sequences in target gene promoters and/or

specific proteins activates a tolerance mechanism that

is conserved in Arabidopsis and soybean.
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Introduction

Abiotic stresses, such as drought and salinity,

adversely affect crop productivity. Biotechnological

transformation of genes that could control the cellular

processes of stress tolerance is among the strategies for

improving crop productivity. A category of attractive

genes to be transformed comprises transcription fac-

tors that regulate RNA polymerase activity for the

expression of target genes. An important prerequisite

for inter-species transformation of transcription factor

genes is that the two species should contain homolo-

gous molecular compartments leading to the activation

of the same specific cellular mechanism, such as

transcription factor(s) with identical roles and the same

cis-elements on the target gene promoters.

A transcription factor is composed of at least two

discrete domains, a DNA-binding domain and a

catalytic (activation or repression) domain. MYB

transcription factors contain a conserved DNA-binding

domain structurally and functionally related to those of

the retrovirus oncogene v-myb and its cellular homo-

logue c-myb (Peters et al. 1987). The MYB DNA-

binding domain consists of two or three imperfect

repeats of 50–53 amino acid residues (R1, R2 and R3)

that form helix–turn–helix motifs. The repeats are well

conserved between MYB proteins of yeast, animals

and plants (Rosinsky and Atchley 1998).

In plants, two-repeat (R2R3) MYB family mem-

bers predominate. In total, 126 R2R3 MYB-encoding

genes have been identified in the Arabidopsis

genome, making it one of the largest transcription

factor groups in this plant (Yanhui et al. 2006). Roles

of individual R2R3 MYB proteins have been

explored in diverse plant processes, including hor-

monal signaling, cell-cycle control, stress response,

secondary metabolism, cellular morphogenesis and

meristem formation (Martin and Paz-Ares 1997; Jin

and Martin 1999). Soybean also contains more than

100 R2R3 MYB genes in its genome. For example,

GmMYB101 was reported to be involved in the

regulation of nitrogen fixation (Miyake et al. 2003).

GmMYB76, GmMYB92 and GmMYB177 genes confer

stress tolerance when expressed in transgenic Ara-

bidopsis (Liao et al. 2008).

The Arabidopsis R2R3-type MYB transcription

factors have been categorized into subgroups on the

basis of conserved amino acid sequence motifs present

on the carboxy-terminal side of the MYB domain.

Subgroup 22 includes AtMYB44, AtMYB70, AtMY

B73 and AtMYB77, and shares two conserved motifs:

TGLYMSPxSP and GxFMxVVQEMIxxEVRSYM

(Kranz et al. 1998; Romero et al. 1998; Stracke et al.

2001). The genes encoding subgroup 22 proteins have

similar expression patterns and are associated with

stress responses. AtMYB44, AtMYB73 and AtMYB77

are induced by wounding (Cheong et al. 2002) and

white light treatment (Ma et al. 2005). These genes are

transiently upregulated by cold stress (Fowler and

Thomashow 2002). Microarray analysis revealed that

these genes are upregulated together by salt stress in

sos2 (salt overly sensitive 2) mutants (Kamei et al.

2005). In addition, AtMYB44 and AtMYB77 expression

levels are reduced in fus3, lec1 and abi3 mutants that

are defective in dormancy development and desicca-

tion tolerance during late embryogenesis and seed

maturation (Kirik et al. 1998).

We reported previously that AtMYB44 plays a role

in the abscisic acid (ABA)-mediated signaling path-

way conferring abiotic stress tolerance via the

enhancement of stomatal closure (Jung et al. 2008).

Transgenic Arabidopsis overexpressing this gene

exhibited enhanced drought/salt-stress tolerance by

suppressing the expression of genes encoding a group

of Ser/Thr protein phosphatase 2Cs (PP2Cs) that have

been described as negative regulators of ABA

signaling.

In this study, we transformed soybean with

AtMYB44. The resulting transgenic lines exhibited

enhanced drought/salt-stress tolerance without sig-

nificant alteration of the seed chemical composition.

Our data suggest that a mechanism conferring abiotic

stress tolerance is conserved in Arabidopsis and

soybean.

Materials and methods

Plant growth conditions

Soybeans were grown at 24�C and 50–60% relative

humidity under a 16/8-h light/dark photoperiod in a

growth chamber. A portion of the soybean plantlets

grown for 4–5 weeks in the growth chamber were

transplanted into a pot and grown in a greenhouse

under natural light supplemented with 1,000-W high-

pressure sodium lamps. For field testing, soybean

seeds were sown (on 26 May 2010) and harvested (on
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18 September 2010) at a field in the Bio-Evaluation

Center (Cheongwon, Korea). Plants were spaced at

15-cm intervals in consecutive hill rows separated by

1 m, as described by Jeong et al. (2011).

Generation of transgenic soybean

The full-length AtMYB44 (At5g67300) cDNA (EST

119B8) was obtained from TAIR (The Arabid-

opsis Information Resource). The cDNA was fused

with the CaMV 35S promoter gene as previously

described (Jung et al. 2008) and inserted into

pCAMBIA1305.1 (Cambia, Brisbane, QLD, Austra-

lia) at the PstI and EcoRI sites. The DNA construct

was transformed via Agrobacterium tumefaciens

NTL4 into soybean (cultivar Bert) cotyledonary

nodes, as previously described (Olhoft et al. 2003).

Molecular characterization

For Southern blots, 5 lg of genomic DNA was

digested with restriction enzymes, separated on 0.8%

agarose gels and transferred onto nylon membranes.

Northern blot analysis was performed with total RNA

extracted from frozen, ground samples using the

phenol/SDS/LiCl method (Carpenter and Simon

1998). Total RNA (5 lg) was separated on 1.3%

agarose formaldehyde gels and transferred to Gene-

Screen Plus hybridization transfer membranes (Perk-

inElmer, Waltham, MA, USA). The cDNA probes used

in the blot analyses were amplified by polymerase

chain reaction (PCR) using two primers, 50-TAC

GACCATCGGGGTTAC-30 and 50-CTACTCGATTC

TCCCAAC-30, designed based on the AtMYB44-

specific sequence: the nucleotide numbers 328–918

(GenBank accession number AY519648) correspond-

ing to the amino acid residue numbers 109–306

(translation stop codon).

Stress tolerance tests

For the drought-tolerance test, plants were soil-grown

for 4 weeks in the growth chamber, and then watering

was halted for 10 days. For the salt-tolerance test, soil-

grown 4-week-old plants were treated with 100 mM

NaCl for 3 days and then with 200 mM NaCl for

5 days.

Chemical composition analyses

The moisture, crude ash, crude protein and crude

lipid content of soybean seed powder were deter-

mined by oven-drying, furnace-combustion, Kjeldahl

and ether-extraction methods, respectively (AOAC

1980).

Amino acid composition analysis was carried out

using the High Speed Amino Acid Analyzer L-8900

(Hitachi, Tokyo, Japan) following the manufacturer’s

instructions. Acid hydrolysis of the soybean seed

powder was performed at 110�C for 24 h with 6 N

HCl containing 0.05% (w/v) 2-mercaptoethanol.

Fatty acid composition was analyzed by gas

chromatography. For methylesterification, soybean

seed powder was treated with 0.5 N NaOH (in

methanol) and a 14% BF3-methanol solution. Resul-

tant fatty acid methyl-esters (FAMEs) were extracted

with isooctane containing 0.5 mg/mL C11:0 triun-

decanoic acid methyl ester as an internal standard.

FAME analysis was performed with a gas chromato-

graph (6,890 N; Agilent, Santa Clara, CA, USA)

equipped with a flame ionization detector (FID) using

a HP-FFAP (polyethylene glycol-terephthalic acid;

25 m 9 0.32 mm 9 0.5 lm) column (Hewlett-Pack-

ard, Palo Alto, CA, USA). The oven temperature was

kept at 150�C for 1 min, raised to 200�C at a rate of

4�C/min and then held for 10 min. The injector

temperature was kept at 250�C, while the detector

temperature was 260�C. Hydrogen was used as the

carrier gas at a flow rate of 30 mL/min.

Results

Transgenic soybean

We transformed the 35S:AtMYB44 construct into

soybean (cultivar Bert) following the cotyledonary-

node method (Olhoft et al. 2003). Seeds of each line

were segregated over three generations and stable

integration of the transgene was examined by PCR

amplification (data not shown). Three lines of

homozygous T3 plants, termed L-2–L-4, were iden-

tified as homozygotes. Southern blotting showed that

T3 plants of these lines contained a single copy of the

transgene (Fig. 1). T3 plants of the L-1 line appeared

to contain multiple copies of the transgene (not

shown). Northern blotting revealed that AtMYB44
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(approximately 0.9 kb) was expressed in the trans-

genic soybean lines (Fig. 2).

The transgenic lines L-2 and L-4 (Fig. 3a) had

higher survival rates than wild-type plants during

10 days of water deprivation (Fig. 3b). Re-watering

of wild-type plants did not rescue the wilted soybean

leaves. The transgenic plants also showed signifi-

cantly enhanced salt-stress tolerance. On watering

with increasing concentrations of NaCl, up to

200 mM, the transgenic plants (L-2 and L-4) grew

relatively well, whereas wild-type plants became

wilted and chlorotic (Fig. 3c).

Growth of transgenic soybeans in a field

All of the transgenic soybean lines were shorter than

the non-transgenic controls (Bert) throughout the

growth period when grown in a greenhouse (data not

shown) or in a field (Table 1). In a practical growth

test in a field, none of the transgenic soybean lines

showed a difference in developmental progression

compared with wild-type plants. The appearance of

cotyledons at the soil surface was observed approx-

imately 2 weeks after the seeds were sown, budding

flowers were seen after 3 weeks, fully opened flowers

were observed after 5 weeks, and seed formation was

noted after 7 weeks. In all plants, growth ceased

approximately 6–7 weeks after the seeds were sown.

When compared with the cultivar Williams 82

(68 cm on average), the control (Bert; 80 cm) was

taller, but its seed yield (average of 15 g/plant) was less

than half, indicating that Bert was a poor choice for

cultivation in this field. However, the transgenic Bert

lines showed significantly improved seed yields of

23–44 g/plant, comparable to that of Williams 82. The

difference in yield was dependent on the number of

pods, rather than the size or weight of individual seeds.

Chemical composition of transgenic soybean

seeds

The transgenic lines showed little, if any, difference

in general chemical composition, amino acid content,

or fatty acid composition (Table 2). Approximately

Fig. 1 Southern blot analysis of transgenic soybeans. AtMY
B44 cDNA was fused to the cauliflower mosaic virus 35S

(CaMV 35S) promoter and transformed into soybean (cultivar

Bert). Genomic DNA isolated from T3 plants was digested with

EcoRI or PstI, separated on an agarose gel, and transferred to

nylon membranes. The blots were probed with an AtMYB44-

specific DNA fragment. A region of the L-1 line was excised

from the blot for clarification, leaving a gap in the gel between

the non-transformed wild-type plants (WT) and other trans-

genic lines (L-2, L-3, and L-4)

Fig. 2 Northern blot analysis of transgenic soybeans. Total

RNA was separated on agarose formaldehyde gels and

transferred to GeneScreen Plus Hybridization Transfer Mem-

branes. The blots were probed with an AtMYB44-specific

DNA fragment. Equal RNA loading was confirmed using an

ethidium bromide-stained gel. Our results demonstrate the

constitutive expression of AtMYB44 (approximately 0.9 kb) in

the transgenic plants
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35% (w/w) of the total protein and 18% of the total

lipid were contained in soybean seeds harvested from

the wild-type or transgenic plants. Among the types

of fatty acids, palmitic acid (C16:0), oleic acid (C18:1),

and linoleic acid (C18:2) were the most abundant in

both the wild-type and transgenic plants. The amino

acid content was not altered in the transgenic lines

compared with that in the non-transformed wild-type

plants. For amino acid composition analysis, soybean

seed powder was acid-digested; thus, the amounts of

tryptophan, asparagine, and glutamine were not

determined in this experiment.

Discussion

Transgenic soybean constitutively expressing At-

MYB44 (Fig. 1 and 2) exhibited significantly enhanced

drought/salt-stress tolerance (Fig. 3), as observed in

transgenic Arabidopsis (Jung et al. 2008). In the field

cultivation study, whereby plants encountered change-

able weather such as temporary water shortage and

sudden low temperature, the transgenic soybean plants

showed a much higher yield of seeds at harvest,

implying improved stress tolerance. Transgenic soy-

beans were shorter throughout the growth period.

Similar phenotypes have been observed in Arabidopsis

lines that overexpress well-known ABA-dependent,

drought-response genes, such as DREB1A/CBF3 (Kas-

uga et al. 1999; Gilmour et al. 2000), DREB2A

(Sakuma et al. 2006), ABF3 (Kang et al. 2002) and

ABF4 (Kang et al. 2002).

Sequence-specific DNA binding has been demon-

strated for many R2R3 proteins, allowing classifica-

tion of their binding sites into three types (Romero

et al. 1998). Type I sites, which have the sequence

pAACnG (where p indicates T or C, and n indicates

A, G, C, or T), are predominant in animal R2R3-

MYB proteins (Howe and Watson 1991; Stober-

Grässer et al. 1992). It has been reported that

Arabidopsis subgroup 22 MYB transcription factors,

including AtMYB44, AtMYB70, AtMYB73, and

AtMYB77, belong to the Type I R2R3 MYB

transcription factor family. As demonstrated by

structural analysis of the R2R3 domain using heter-

onuclear multidimensional NMR, R2 and R3 each

contain three helices, while the third helix in each is a

recognition helix. R2 and R3 are closely packed in

the major groove, so that the two recognition helices

Fig. 3 Abiotic stress tolerance tests of transgenic soybean

lines. a Plants grown for 4 weeks in the growth chamber.

b Drought tolerance test. Plants were grown for 4 weeks, and

then watering was halted for 10 days. c Salt tolerance test.

Four-week-old plants were treated with 100 mM NaCl for

3 days, and then with 200 mM NaCl for 5 days. WT represents

the non-transgenic wild-type plants; L-2 and L-4 indicate the

transgenic lines. Images represent a result from three indepen-

dent experiments, which yielded reproducible results

Mol Breeding (2012) 29:601–608 605
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contact each other directly to cooperatively bind the

specific sequence AACnG (Ogata et al. 1994).

Thus, AtMYB44 may contact its specific binding

sites on the promoters of target genes to regulate their

expression. In the transgenic soybean lines produced

in this study, the amino acid and fatty acid compo-

sitions of the seeds were not significantly altered

(Table 2). This suggests that AtMYB44 acts on a

limited number of target genes in the soybean

genome, and not on all genes having Type I

sequence-containing promoters.

Alternatively, or in addition, overexpressed At-

MYB44 may interact with specific proteins, activating

a mechanism for drought/salt-stress tolerance.

Although R2R3 MYB transcription factors share high

similarity in their R2R3 DNA-binding domains, indi-

vidual genes play unique roles in diverse plant

processes. For example, as revealed by a random

oligonucleotide binding assay, AtMYB77 also showed

a preference for binding to Type I sequences (Romero

et al. 1998), yet AtMYB44 and AtMYB77 appear to

have quite different biological roles. AtMYB77 is

involved in auxin responses to control lateral root

growth and development under changing environmen-

tal conditions (Shin et al. 2007). Double-knockout

mutations in MYB44 and MYB77 (myb44myb77) did

not change the auxin-responsive phenotype of myb77.

Indeed, AtMYB77 interacts with auxin response

factors (ARFs) in vitro (Shin et al. 2007).

AtMYB44 may work cooperatively with other

regulators conserved in Arabidopsis and soybean, and

this is currently under investigation. Additional

Table 1 Field test results

No. of

seedlingsa
Plant height

(cm)b
Seed yield

(g/plant)c
No. of

pods/

plantc

L-2 34 55.7 ± 8.2 30.65 49.8

L-3 24 71.8 ± 10.8 38.70 62.2

L-4 62 70.3 ± 4.1 44.41 63.5

WT (Bert) 98 80.2 ± 2.5 15.34 27.9

Williams82 84 68.3 ± 3.8 37.21 66.3

a All plant lines had 100% germination rates
b Height of aerial part measured at 7 weeks after sowing the

seeds
c For all plants in each line, the total values were measured

three times and divided by the number of initial seedlings to

calculate average values

Table 2 Chemical composition of soybean seeds

WT

(Bert)

L-2 L-4

General composition (g/100 g)

Moisture 8.1 10.9 7.3

Lipid 18.1 17.8 18.3

Proteins 35.1 34.9 36.1

Ash 6.0 5.9 5.9

Amino acid composition (mg/100 g)

Aspartic acid 3,601.1 3,515.0 3,724.2

Threonine 1,162.7 1,128.0 1,179.7

Serine 1,528.1 1,490.9 1,573.1

Glutamic acid 5,934.9 5,898.0 6,166.4

Proline 1,486.2 1,441.3 1,503.2

Glycine 1,291.5 1,256.9 1,328.8

Alanine 1,343.9 1,310.5 1,362.6

Cystine 211.1 215.9 219.8

Valine 1,534.5 1,520.1 1,566.1

Methionine 393.2 388.5 403.9

Isoleucine 1,341.3 1,325.7 1,372.4

Leucine 2,400.8 2,354.8 2,461.7

Tyrosine 1,001.1 981.6 1,032.2

Phenylanine 1,526.7 1,496.2 1,587.5

Lysine 1,913.1 1,885.3 1,963.2

Histidine 793.2 775.4 805.4

Arginine 2,213.4 2,179.8 2,308.4

Total 29,677.1 29,163.3 30,558.6

Fatty acid composition (%)

Saturated fatty acid

C14:0 0.1 0.1 0.1

C16:0 10.8 10.4 10.3

C18:0 3.4 3.6 3.5

C20:0 0.3 0.3 0.3

C22:0 0.4 0.4 0.4

C24:0 0.2 0.2 0.2

Total 15.2 15.0 14.8

Unsaturated fatty acid

C16:1 0.1 0.1 0.1

C18:1 29.6 33.7 34.7

C18:2 49.1 45.7 44.9

C18:3 5.8 5.2 5.1

C20:1 0.2 0.2 0.2

Total 84.8 84.9 85.0

Unknown 0.0 0.1 0.2

Total 100.0 100.0 100.0

Each value represents the average of two replicates which were

almost identical
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studies to identify the target genes, promoter binding

sites, and interacting proteins are needed to define the

biological role of AtMYB44 in the abiotic stress

tolerance response.
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