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Abstract 

 

The class I KNOX homeobox transcription factors are known to play an important role in maintenance of plant 

phenotype, especially leaves and flowers. In this study, a soybean KNOX I homeobox transcription factor, GmSBH1, was 

analyzed and confirmed to play important roles in the process of seed germination and developing. Real time quantitative 

PCR assay showed that the transcript level of GmSBH1 in soybean seedlings was modulated by plant hormones, such as 

IAA, GA, MeJA and ABA.Yeast one-hybrid assay showed that GmSBH1 could bind to the ABRE cis-element. 

Overexpression of GmSBH1 in Arabidopsis resulted in the abnormal phenotype of flowers and siliques. In GmSBH1 

transgenic lines, both seed germination and seedlings growth showed hypersensitive to ABA. Moreover, the expression of 

ABA-responsive genes, such as ABI3 and ABI5, were increased in the transgenic line seedlings. Taken together, ectopic 

expression of GmSBH1 could alter the morphology and confer ABA sensitivity during seed germination and early seedling 

growth in transgenic Arabidopsis. 
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Introduction 

 

Transcription factors bind to the specific cis-elements 

in the promoter regions to activate or suppress the 

expression of the targeted gene. They play important roles 

in regulation of plant growth and development, as well as 

responses to biotic and abiotic stresses. Plant homeobox 

transcription factors, especially KNOX family members 

are known to actively participate in maintaining the plant 

shoot apical meristem (SAM), which generates the entire 

aboveground part of vascular plants (Hay & Tsiantis, 

2010). KNOX genes encode a large super-class of 

homeodomain (HD) proteins, which contain a three-

amino acid-loop extension (TALE) motif (Burglin, 1997; 

Hake et al., 2004). Majority of KNOX members have four 

conserved regions, KNOX I, KNOX II, ELK and HD. 

Both KNOX II and HD domains are necessary for the 

homodimerization and transactivation, while KNOX I and 

ELK domains participate in suppressing target gene 

expression and affect phenotype severity (Nagasaki et al., 

2001). Based on the differences of the conserved motifs, 

KNOX family could be subdivided into two classes 

(Kerstetter et al., 1994). Class I KNOX genes are 

expressed in overlapping domains within the SAM of 

both monocot and eudicot plants (Hake et al., 2004; 

Scofield & Murray, 2006). Class II KNOX genes form a 

monophyletic group and regulate secondary cell wall 

biosynthesis and root development (Zhong et al., 2008; 

Truernit & Haseloff 2007). Numerous evidences have 

revealed the contributions of Class I to the plant growth 

and development through loss- and gain-of-function 

analysis, the traits include overall plant height, leaf shape, 

meristem development and floral development (Long et 

al., 1996; Endrizzi et al., 1996; Liu et al., 2008). 

Overexpression of Arabidopsis STM resulted in smaller 

flower and earlier flowering date than wild type (Scofield 

et al., 2007). Loss-of-function mutants of maize kn1 lead 

to the formation of fewer lateral meristems but more 

lateral organs such as leaves and carpel (Kerstetter et al., 

1997). The expression of 35S::GmKNT1 in Arabidopsis 

plants leads to smaller and lobed leaves, shortened 

internodes and smaller clustered inflorescence (Liu et al., 

2008). However, few studies had been conducted to 

analyze the relationship between plant morphological 

change and phytohormones.  

ABA is an important phytohormone that plays a 

pivotal role in various physiological processes during the 

plant life cycle, including seed dormancy, germination, 

and adaptive responses to various environmental stress 

conditions (Cutler et al., 2010; Qing et al., 2010; 

Umezawa et al., 2011). A lot of research has revealed that 

the plant homeobox transcription factors could modulate 

the expression of key genes in the ABA signaling 

network. For example, ATHB5 mediated the inhibitory 

effect of ABA on the growth of plant during the early 

seedling establishment (Johannesson et al., 2003). 

Overexpression of BPM3 leaded to the decreasing of 

ATHB6 and also suppressed the phenotypic alterations 

caused by ATHB6 ectopic expression (Lechner et al., 

2011). In addition, BLH1 and KNAT3 could together 

modulate the seed germination and the early seedling 

development by directly regulating the ABI3 expression in 

Arabidopsis (Kim et al., 2013). 

GmSBH1 was the first class I KNOX homeobox 

transcription factor isolated from soybean and played an 

important role in plant embryo and leaf development (Ma 

et al., 1994; Shu et al., 2015). In a recent study, GmSBH1 

was found to be able to enhance the tolerance of soybean to 

the pre-harvest seed deterioration caused by heat and 

humidity stress, and its overexpression in Arabidopsis 
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could alter the leaf and stoma phenotypes (Shu et al., 

2015). In the present study, our results indicated that 

GmSBH1 was sensitively regulated by various hormones 

(such as IAA, GA, MeJA and ABA) in soybean seedling 

and played important roles in seed germination and 

developing process. Overexpression of GmSBH1 in 

Arabidopsis resulted in a dramatical change in floral organ 

and silique development. Moreover, transgenic lines with 

GmSBH1 were hypersensitive to ABA during the seed 

germination and the early seedling establishment. The 

overall results confirmed that GmSBH1 played a key role in 

plant morphology and conferred ABA sensitivity during the 

seed germination and early seedling development in 

transgenic Arabidopsis.  

 

Material and Methods 

 

Plant materials and treatment: Soybean (Glycine max 

(L.) Merr.) cv. Ningzhen No. 1 was released by Wang et al., 

(2012). Seeds of cv. Ningzhen No. 1 were sown in plastic 

pots filled with the nutrient soil, and the pots were 

incubated in a growth chamber with normally management. 

The roots of two-week-old seedlings were immersed in the 

solutions including indole-3-acetic acid (IAA, 20 μM), 

abscisic acid (ABA, 100 μM), methyl jasmonate (MeJA, 

100 μM) and gibberellin (GA, 100 μM), respectively. The 

control treatment was washed with water. Leaves from the 

treated seedlings were harvested at 0, 1, 3, 6, 12, and 24 h 

after treatment, respectively. Seeds were collected from 

different reproductive periods, including initial grain-filling 

stage (R5), grain-filling stage (R6), early-maturing stage 

(R7), and full-ripening stage (R8), respectively. The 

samples were frozen with the liquid nitrogen and stored at -

80℃ or used for RNA isolation. Three independent 

experiments were carried out. 
 

Isolation of GmSBH1 and the real time quantitative 

PCR (qRT-PCR) assay: GmSBH1 was isolated from 

soybean seed as described by Shu et al. (2015). qRT-PCR 

was carried out on Bio-rad CFX96 Touch Real Time PCR 

System. The qRT-PCR mixture of 20 µL was prepared 

using the SYBR® Premix Ex Taq™ (Takara). Expression 

of gene was quantified using the comparative CT method. 

Experiments were performed in triplicate and the results 

were represented by means ± SE of three replicates. The 

primers sets for GmSBH1 gene were: 5′-TTA AAG GGT 

CAG CTT TTG CG-3′ and 5′-TTC TGG GAT TCG GAT 

GGG T-3′. Soybean Actin gene was used as standard. The 

primers sets for Actin gene were: 5′-CCT CAA CCC AAA 

GGT CAA CAG-3′ and 5′-GAC CAG CGA GAT CCA 

AAC GAA-3′. 
 

Yeast one-hybrid assay: Yeast one-hybrid assay was 

performed using the YeastmakerTM Yeast transformation 

system 2 (Clontech, Palo Alto, CA, USA). The DNA 

fragment of three tandem copies of each element，two 

tandem copies of each element, one element, and three 

tandem copies of each mutant element were synthesized 

and inserted directly into the multiple cloning sites of 

reporter plasmids of pHis2, respectively. The whole 

coding sequence of GmSBH1, which removed terminated 

codes, was ligated into the SmaI-digested pGADT7-Rec2 

vector to generate pGADT7-Rec2-GmSBH1 vector. 

These two constructs (GmSBH1 was combined with three 

other plasmids, respectively) were integrated into the 

genome of yeast strain Y187. The dual reporter strain was 

selected and maintained on synthetic dextrose SD-TL, 

SD-TLH, and SD-TLH containing 200 mM 3-AT 

medium, respectively (Zhou & Li, 2016). 

 

Seed germination assay: Three T3 homozygous 

transgenic lines (L11, L14, and L15) of GmSBH1 gene 

were used in the study which were referred by Shu et al. 

(2015). Mature seeds from transgenic lines and wild-type 

were collected at the same day, respectively. Surface-

sterilized seeds were planted on half-strength MS medium 

containing 0.5% sucrose and 0.8% agar (pH 5.7), 

supplemented with different concentrations of ABA (0, 

0.5 and 1.0 µM). Plates were incubated at 4cC without 

light for 2 d, and transferred to a culture room set at 23cC 

under long-day conditions. Radicle emergence was scored 

at the indicated time intervals.  

 

Primary root length and fresh weight measurement: 

Seeds were germinated on half-strength MS medium 

containing 0.5% sucrose and 1.5% agar (pH 5.7) and 

grown in a vertical position. Three-day-old seedlings were 

transferred to the fresh medium with or without ABA (0, 

30 and 50 µM), and incubated for 2 weeks before taking 

the measurement of primary root length and fresh weight. 

The experiment was repeated three times and 20-30 plants 

were analyzed in each experiment. 

 

Scanning electron microscopy: For scanning electron 

microscopy assay, siliques from wild-type and transgenic 

lines were harvested and fixed with 2.5% glutaraldehyde 

solution at 4oC overnight. The fixed siliques were 

dehydrated in gradual ethanol series, and then critical 

point dried. A S-3000N scanning electron microscope was 

used for observation of siliques at an accelerating voltage 

of 25 kV (Hitachi, Japan). 

 

Expression analysis of ABA-related genes: Transgenic 

lines and wild-type seedlings were treated with 100 µM 

ABA for 2 and 5 h, respectively. The real time quantitative 

PCR technique was used to analyze the expression of 

ABA-related genes, with Arabidopsis Tubulin being used 

as a reference gene. The following primers sets were used 

for qRT-PCR: 5′-GAG AAA CTG ACA ACT GAA GA-3′ 

and 5′-CAC ATA AAC ATC CAA AGT GA-3′ for RD29A, 

5′-GAC GGC TAA AAA TTA TAT AT-3′ and 5′-GTT CAC 

AAA CAG AGG CAT CAT AC-3′ for RD29B, 5′-CAT 

GGA GAT TCC ATT AGA CAG-3′ and 5′-GGT GTC AAA 

GAA CTC GTT GCT ATC-3′ for ABI3, 5′-CAA TAA GAG 

AGG GAT AGC GAA CGA G-3′ and 5′-CGT CCA TTG 

CTG TCT CCT CCA-3′ for ABI5, and 5′-CTC AAG AGG 

TTC TCA GCA GTA-3′ and 5′-TCA CCT TCT TCA TCC 

GCA GTT-3′ for Tubulin. 

 

Statistics: Values were presented as mean ± SD. Statistical 

differences were evaluated using Student’s t test for 

unpaired samples. The level of statistical significance was 

shown as *p<0.05 and **p<0.01. 
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Results 

 

Expression of GmSBH1 in soybean seedlings regulated 

by the phytohormones: Plant hormones such as auxin, 

gibberellin (GA), methyl jasmonate (MeJA) and abscisic 

acid (ABA) have been shown to be involved in the 

regulation of plant development-related genes expression 

(Ni et al., 2008; Qin et al., 2010; Cheng et al., 2014). To 

reveal whether the GmSBH1 was regulated by plant 

hormones, the expression profiles of GmSBH1 in two-

week-old soybean seedlings were analyzed after treated 

with 100 μM of MeJA, GA3, ABA and 20 μM of IAA, 

respectively. The results showed that the transcription level 

of GmSBH1 was significantly regulated by phytohormones. 

The quantity of GmSBH1 mRNA was increased drastically 

after treated with ABA and reached a maximum level at 6 h 

(Fig. 1A). On the contrary, the transcriptional expression of 

GmSBH1 in soybean seedlings was inhibited by GA3 (Fig. 

1B). Under IAA treatment, the transcript level of GmSBH1 

was increased and reached to the highest level at 6 h after 

the treatment followed by a rapid decline (Fig. 1C). 

Interestingly, the transcript levels of GmSBH1were higher 

than those of the control under the treatment of MeJA, 

however, its transcript level tended to significantly decrease 

as the treatment time prolonged (Fig. 1D). These results 

suggested that GmSBH1 might be involved in response to 

signaling pathways of some phytohormones at early 

seedling development stage in soybean.  

 

 
 

Fig. 1. Expression patterns of GmSBH1 in soybean during germination and seedling stage. (A) to (D), Expression of GmSBH1 in 

soybean seedlings with 100 μM of ABA, GA3, MeJA and 20 μM of IAA, respectively, and H2O as a control. (E), Expression of 

GmSBH1 in different periods of soybean seeds developing process. (F), Expression of GmSBH1 during soybean seeds germination. 

Error bars indicate SD (n=3). Single and double asterisks indicate statistically significant differences between the treatment and 

control at p values less than 0.05 and 0.01, respectively. 
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GmSBH1 involved in soybean seed developing and 
germination processes: The seeds from different 
reproductive periods (R5, R6, R7, and R8) of soybean were 
collected for qRT-PCR. The results showed that the 
transcription level of GmSBH1 reached the highest at R7 
and then slightly decreased at R8 (Fig. 1E). To characterize 
the role of GmSBH1 in soybean seed germination, its 
expression levels were examined at 24, 48, 96, 120, and 
168 h after germination (Fig. 1F). GmSBH1 transcription 
reached a maximum level at 48 h and then decreased in the 
process of seed germination. These results suggested that 
GmSBH1 might be involved in the process of seed 
developing and germination. 

 
GmSBH1 specifically bound ABRE cis-element in 
yeast system: In order to clearly know the relationship 
between GmSBH1 and ABA, yeast one-hybrid system 
was used for DNA-binding ability investigation. The 
effector plasmids harboring the full length of GmSBH1 
was made in pGADT7-Rec2 vector, and the reporter 
plasmid was made by inserting three tandem repeats of 
various cis-DNA elements into the pHis2, which 
contained a reporter gene HIS3. The effector plasmids and 
the reporter plasmids were transfected into yeast strain 
Y187 and the transformants were growth on SD-TL (used 
as control) and SD-TLH plus 3-AT to indicate binding 
ability of GmSBH1 to the different ABRE cis-DNA 
elements. As shown in Fig. 2, 3×ABRE element showed 
stronger binding ability with GmSBH1 than the others.  

 
Overexpression of GmSBH1 in Arabidopsis alters 
phenotypes: In Arabidopsis, silique dehiscence and floral 
organ abscission are two major molecular research fields 
(Lewis et al., 2006). Previous results showed that GmSBH1 
played an important role in plant leaf and stoma development 
(Shu et al., 2015). In this study, the results indicated that 

there were several phenotype changes in transgenic 
Arabidopsis plants compared to the wild type, such as long 
shaped cotyledons (Fig. 3A, B), clustered inflorescences 
(Fig. 3C, D), short and crooked siliques (Fig. 3F, G). 
Meanwhile, the growth period of transgenic lines was 
extended (Fig. 3E). Scanning electron microscopy showed 
that overexpression of GmSBH1 resulted in abnormal 
replums on the Arabidopsis siliques, compared to those of 
wild types (Fig. 3H, I). These results suggested that the 
GmSBH1 played important roles in vegetative and 
reproductive growth of plant.  

 
Transgenic Arabidopsis plants sensitive to ABA 
during seed germination and early seedling 
development: To further analyze the functional roles 
of GmSBH1 in transgenic plants, the seed germination 
under low ABA concentration (0.5 μM and 1 μM)  (Fig. 
4) and seedling root growth under high ABA 
concentration (30 μM and 50 μM) were examined (Fig. 
5), respectively. Under non-ABA treatment, the 
germination potential and rate of the three transgenic 
lines (L11, L14, and L15) showed no significant 
difference compared to the wild type (Fig. 4A, B). 
However, on ABA-containing medium, the germination 
potential of L11 and L15 lines was significantly lower 
than that of wild-type (Fig. 4C, D). In addition, the 
green seedling rate of transgenic lines decreased 
significantly compared to that of the wild type after 
treatment with 0.5 μM and 1μM ABA for 6 d  (Fig. 4E). 
The growth of transgenic Arabidopsis roots was 
inhibited by high ABA concentration (Fig. 5A, B). The 
fresh weight of transgenic lines was lower than that of 
wild type under higher ABA concentration (Fig. 5C). 
These results indicated that GmSBH1 played an 
important role in ABA signaling pathway during seed 
germination and early seedling development. 

 

 
 

Fig. 2. Interaction between ABRE cis-element and GmSBH1.(A), Yeast one-hybrid assay, yeast transformants expressing pHis2-

ABRE and the pGADT7-Rec2-GmSBH1 constructs were assayed for growth on SD-Trp-Leu (SD-TL) and SD-Trp-Leu-His (SD-T-L-

H) with 200 mM 3-AT. (B), Quantitative analysis of Lac Z activity of the yeast strains in liquid culture. Values are the means of data 

taken from three independent experiments. Error bars indicate the standard deviation. 
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Fig. 3. Phenotypic differentiations between the transgenic lines and the wild type. (A) and (B), The phenotype of WT (A) and 

transgenic lines (B) seedling cotyledon. (C) and (D), The phenotype of WT (C) and transgenic lines (D) flowers. (E), The whole plant 

of WT and transgenic lines. (F) and (G), The phenotype of WT (F) and transgenic lines (G) silique. (H) and (I), Scanning electron 

micrographs of silique cells of the wild type (H) and transgenic lines (I). Bars=100 µm.   



YINGJIE SHU ET AL., 1068 

 
 

Fig. 4. GmSBH1 modulates the ABA sensitivity during the germination. (A), The seeds germination condition of WT and transgenic 

lines on MS medium with or without low concentration of ABA. (B) to (D), The germination potential of WT and transgenic lines on 

MS medium with or without low concentration of ABA during 6 days. (E), Green seedling rate of WT and transgenic lines. 
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Fig. 5. GmSBH1 modulates the ABA sensitivity during the early seedling stage. (A), The roots induction assay of WT and transgenic 

lines on MS medium with or without high concentration of ABA.  (B), The roots length of WT and transgenic lines. (C), The fresh 

weight of WT and transgenic lines. 

 

 
 

Fig. 6. GmSBH1 regulated the expression of ABA-inducible genes. The expression patterns of ABA signaling-related gene (RD29A, 

RD29B, ABI3 and ABI5) were determined in two-week-old WT and transgenic seedlings. All seedlings were treated with 100 μM ABA 

for 2 h and 5h. Values are means and SE (n = 3). 
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GmSBH1 regulates ABA-responsive genes in transgenic 
Arabidopsis seedlings: Transcription factors (TFs) play key 
roles in regulating gene expression at the transcriptional 
level, controlling many biological processes such as plant 
growth, development, cell division, and responses to 
environmental stimuli (Wang et al., 2005; Rueda et al., 
2005). RD29A and RD29B are typical marker genes induced 
by ABA and abiotic stress in Arabidopsis 
(Yamaguchishinozaki & Shinozaki, 1993), while ABI3 and 
ABI5 are key genes of ABA signaling modulator (Lopez-
Molina et al., 2002; Yotsui et al., 2013). To characterize the 
function of GmSBH1 in regulating the expression of ABA-
related genes, the expression level of these four genes was 
examined in 10-day-old seedlings with or without ABA (100 
μM). The results showed that the expressions of RD29A, 
RD29B, ABI3 and ABI5 were significantly up-regulated 
under ABA treatment (Fig. 6). Moreover, the expression 
levels of these genes in transgenic lines were higher than that 
of wild type under ABA treatment (Fig. 6). These results 
indicated that GmSBH1 might positively regulate the 
expression of ABA-inducible genes and involve in ABA 
pathway during early seedling development. 
 

Discussion 

 

GmSBH1 was the first homeobox gene isolated from 

soybean. It has been confirmed to be involved in 

maintaining the embryo and leaf development as well as 

response to high temperature and humidity (HTH) stress 

in soybean (Ma et al., 1994; Shu et al., 2015). However, 

the relationship between GmSBH1 and plant hormones 

has not been clearly understood. Abundant evidences 

demonstrated that a close relationship exists between 

KNOX I genes and hormones in the SAM formation and 

maintenance (Shani E et al., 2006). Previous studies 

showed that the expression of KNOX I genes could 

directly repress the GA20-oxidase (Negasaki et al., 2001), 

which plays a key role in the GA3 biosynthesis. GmKNT1 

was found to be regulated by GA3, CTK, IAA, ABA and 

JA in soybean leaves (Liu et al., 2008). In this study, the 

expression of GmSBH1 was also found to be regulated by 

GA3, IAA, MeJA and ABA in the leaves of soybean 

seedlings. The results suggested that GmSBH1 might be 

involved in response to signaling pathways of some plant 

hormones at early seedling development stage in soybean. 

It has been proposed that class I KNOX homeobox 

genes were critical for the maintenance of plant shoot 

apical meristem (SAM). And the overexpressing of 

KNOX I genes in most plants would result in the 

abnormal flowers that might contain wrinkled or 

shortened organs. For example, GmKNT1 overexpressed 

in Arabidopsis led to the clustered and abnormal flowers, 

and in addition, the inflorescence turned shorter than that 

of the wild type (Liu et al., 2008), the overexpression of 

GmSBH1in Arabidopsis could alter the plant leaf and 

stoma phenotypes (Shu et al., 2015). In some cases, 

flowers presented short, thickened stamens in FaKNOX1 

over-expressing Arabidopsis (Chatterjee et al., 2011). 

Similar phenotype has also been observed in this study. 

Our study indicated that the changes of phenotype in 

transgenic Arabidopsis appeared not only in leaf and 

stoma but also in the flower, silique and plant growth 

period compared to the wild type (Fig. 3G, H). 

ABA plays a central role in seed germination and 

seedling growth in response to environmental stresses. 

Many homeobox transcription factors have been proved to 

be involved in ABA signaling pathway. For example, the 

homeodomain-leucine zipper (HD-Zip) transcription factor 

family was found to be dependent on ABA-signal for their 

transcriptional regulation (Qin et al., 2010). 

Overexpression of ATHB5 and ATHB6 were hypersensitive 

to ABA-induced growth inhibition during early seedling 

establishment (Johannesson et al., 2003; Lechner et al., 

2011); two ABA-inducible genes, ABI3 and ABI5, were 

typical and key genes in plant ABA signal pathway, which 

were significant up-regulated in the transgenic lines treated 

with ABA (Lopez-Molina et al., 2002; Yotsui et al., 2013; 

Fang et al., 2014). BLH1 and KNAT3 were found to 

modulate ABA responses by directly regulating ABI3 

expression during the germination and the early seedling 

development in Arabidopsis (Kim et al., 2013). Moreover, 

more evidences have showed that exogenous ABA could 

promote stomatal closure. Our previous study indicated that 

the overexpression of GmSBH1 in Arabidopsis could alter 

the size and number of stomas (Shu et al., 2015). In the 

present study, the GmSBH1 specifically bound ABRE cis-

element in yeast system and the lines overexpressing 

GmSBH1 were found to be sensitive to ABA during the 

seed germination and early seedling development. All these 

results might implied that the stomatal phenotype has some 

relationship with ABA sensitivity in transgenic lines. 

However, the molecular regulatory mechanism of GmSBH1 

in plant hormones signaling pathway, especially in ABA 

pathway, needs to be future investigated.  
 

Conclusions 
 

In this study, a class I KNOX homeobox transcription 

factor,GmSBH1, involved in ABA responses during 

seedling development insoybean. Overexpression of 

GmSBH1 in Arabidopsis altered its flower and silique 

phenotypes. Moreover, in GmSBH1 transgenic lines, both 

seed germination and seedlings growth showed 

hypersensitive to ABA. These results will contribute to 

the understanding of GmSBH1 functions in soybean. 
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