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Abstract �e soybean is relatively sensitive to disturbances arising from �ooding before its emergence from the soil. 
When young soybean seedlings at an early stage are transferred to �ooding anaerobic conditions, alcohol dehydrogenase 
(Adh) mRNA and Adh protein increase temporarily in the root tips, where active cell division demands high energy 
production. Since there is little information on the signi�cance of the up-regulation of Adh for the tolerance of soybeans 
to �ooding stress, we examined the response to �ooding in transgenic soybean lines in which the soybean Adh (GmAdh2) 
gene was introduced under the control of a constitutive promoter. Acquired transgenic soybean seeds from one out of 14 
transgenic lines were subjected to �ooding stress. Growth inhibition of soybean seedlings caused by �ooding stress was 
reduced in soybeans with the GmAdh2 transgene. Protein analysis and enzyme assay at the early stage of growth of the 
soybean seedlings con�rmed that Adh expressions and activities in transgenic soybeans were increased compared to control 
soybeans. �ese results indicated that the introduced GmAdh2 gene might have induced some change in glycolysis and 
alcohol fermentation, and improved the germination of transgenic soybeans under �ooding stress.
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Soybeans are generally intolerant of flooding stress. 
In many regions of Japan, soybean seeds are sown in a 
paddy �eld during the summer-rainy season, and excess 
rainfall after sowing can often lead to soil flooding. 
Flooding a�er sowing causes severely decreased crop 
yields. �ese lower yields may result from the collapse 
of cotyledons due to rapid imbibitions of water 
(Nakayama et al. 2004) and from serious damage to the 
root system. Accordingly, it is important to understand 
the mechanism of the �ooding stress responses in order 
to improve crop yields. However, the flooding stress 
responses in soybeans are not well characterized.

Studies of the responses of soybean seedlings to 
flooding stress showed that flooding inhibits root 
elongation and hypocotyl pigmentation (Hashiguchi 
et al. 2009) and a�ects the expression of some proteins 
involved in the processes of fermentation (Russell et al. 
1990), the scavenging of reactive oxygen species (Shi 
et al. 2008), glycolysis, protein storage, and defense 
against disease (Hashiguchi et al. 2009). Since alcoholic 
fermentation is the major fermentation pathway of 
glycolysis in anaerobic plants (Rees et al. 1987; Komatsu 
et al. 2010a), the mechanism of tolerance to �ooding 

stress should include the upregulation of genes engaged 
in glycolysis and alcohol fermentation. Under low oxygen 
stress conditions, plants activate alcohol fermentation in 
which pyruvate is used as a starting substrate. Pyruvate 
decarboxylase (Pdc, EC 4.1.1.1) catalyzes the �rst step 
and converts pyruvate to acetaldehyde. �en, alcohol 
dehydrogenase (Adh, EC 1.1.1.1) converts acetaldehyde 
to ethanol, with the concomitant regeneration of NAD+ 
for glycolysis. Adh is a fermentative enzyme that is highly 
conserved across species. Newman and VanToai (1992) 
described the soybean Adh genes that were expressed 
in anaerobic conditions. Oxygen deprivation acts as the 
prime signal in the plant’s response to �ooding (Jackson 
and Colmer 2005).

Recently, Komatsu et al. (2009, 2010a) and Nanjo 
et al. (2010) reported the results of proteome and 
transcriptome analyses of �ooding-inducible proteins 
and genes, and showed that the expression of Adh 
increases remarkably in the early soybean growth stage 
as a result of flooding stress. Komatsu et al. (2010a, 
2011) demonstrated that �ooding induces a considerably 
greater upregulation of soybean Adh than of rice Adh, 
but the accumulation of soybean Adh decreased faster 
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than that of rice a�er the drainage of the �oodwater. A 
limiting concentration of pyruvic acid or a carbohydrate 
shortage could be caused by a shift to inefficient 
anaerobic carbohydrate catabolism in response to 
�ooding. Rice, with its higher carbohydrate status, would 
need a relatively lower level of Adh to survive �ooding 
than would soybeans, which contain an abundance of 
protein and oil. In this study, we produced transgenic 
soybeans that overexpress the GmAdh2 (Komatsu et al. 
2011) gene, which was isolated from the soybean cultivar 
Enrei, and examined the responses of this transgenic 
soybean to �ooding.

The GmAdh2 gene was amplified by PCR from 
the corresponding soybean (cv. Enrei) cDNA using a 
SMART PCR cDNA synthesis kit (Clonetech, USA). 
The forward primer was 5′-ATG TCG AGC ACA GCT 
GGC CAAG-3′. We used the 5′SMART primer IIA CDS 
primer for the reverse primer. The 1.3-kb amplified 
fragment was cloned into pMD20-T (Takara, Japan). 
Its sequence was almost identical (99.1% identity) to 
that from cv. Nourin No. 2 (DDBJ/GenBank/EMBL 
accession no. AK244789), and the protein product 
was almost identical (98.4% identity) to that from cv. 
Williams 82 (phytozome database, Glyma04g41990.1). 
The cloned GmAdh2 gene fragment with each 
appropriate restriction enzyme recognition site (XbaI 
and SacI) was inserted into pUC19, which contained 
the cauliflower mosaic virus (CaMV) 35S promoter 
and NOS terminator. �e resultant plasmid was named 
pCN-Adh2 (Figure 1). pE2113-HPT, which contained 
the hygromycin phosphotransferase (hpt) gene, was used 
as a source of the selection marker gene, as described by 
Furutani and Hidaka (2004). We produced transgenic 
soybeans according to the protocols of Furutani and 
Hidaka (2004). �e soybean (cv. Jack) was used for the 
induction and proliferation of somatic embryos. The 
embryos were co-transformed with pCN-Adh2 and 
pE2113-HPT using the PDS 1000/He particle gun (Bio-
Rad, USA). A�er the embryos had been selected with 
hygromycin, plants germinated from the hygromycin-
resistant embryos were transferred to a glasshouse and 
grown to maturity at 28°C under natural light conditions. 
Fourteen T0 plants transformed with pCN-Adh2 vector 
were produced from 130 introductions, in which one 
introduction corresponded to two bombardments 
per Petri dish containing approximately 20 embryo 
clusters. The first generated transgenic soybean was 
subjected to further analysis. Four T1 seeds were sown 
in a glasshouse and the T1 soybean plants set 38, 43, 43 
and 44 T2 seeds, respectively. Twenty out of 38 T2 seeds 
which originated from one T1 plant were sown, and T2 
seedlings were screened by PCR for inheritance of the 
Adh transgene. All 20 progenies of T2 soybean plants 
contained the Adh transgene according to PCR analysis. 
There were no segregated soybeans which did not 

contain the Adh transgene. Similarly, all 10 T3 progenies, 
which originated from one randomly selected above-
mentioned T2 plant, contained the Adh transgene. We 
performed Southern blot hybridization analysis with an 
Adh probe to characterize the insertion patterns in T2 
and T3 soybeans (Figure 2). All T2 and T3 soybeans had 
the same EcoRI restriction fragments. �us, the selected 
T2 soybeans were considered to be homozygous for the 
Adh transgenes.

To examine the changes of proteins in the transgenic 
soybeans, two-dimensional polyacrylamide gel 
electrophoresis (2-DE) was performed. Transgenic and 
non-transgenic soybean seeds were sterilized in a sodium 
hypochlorite solution, germinated on silica sand for 4 
days, and subjected to protein extraction. Moreover, 
non-transgenic soybeans were germinated for 2 days 
and �ooded with water for 2 days, and the soaking water 
was then drained before protein extraction. All growing 
was performed in a condition of white �uorescent light 
(600 µmol m−2 s−1, 12 h light period/day) at 25°C and 
70% relative humidity in a growth chamber. Proteins 
were extracted from roots containing hypocotyls, 
separated by 2-DE, and detected by CBB staining. 
Protein analysis con�rmed that Adh expression in the 
transgenic soybeans increased in comparison to non-

Figure 1.　Structure of plasmid used for transformation. Plasmid 
pCN-Adh2 contains the sense GmAdh2 gene, which is driven by the 
35S CaMV promoter.

Figure 2.　Southern blot hybridization analysis of T2 and T3 soybean 
plants in the same transgenic line. Genomic DNA (5 µg) was digested 
with EcoRI, separated in 1% agarose gel, blotted onto the membrane, 
and hybridized with an Adh gene probe. ‘N’, non-transformed soybean 
(cv. Jack). ‘Internal Adh’ shows the estimated internal Adh gene that 
was originally contained in the non-transgenic soybean (cv. Jack).
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transgenic soybeans without �ooding, and also increased 
as much as in non-transgenic soybeans subjected to 
�ooding (Figure 3).

An assay for enzyme activity was performed to 
examine the change of Adh activity in the transgenic 
soybeans. T3 soybean seeds and segregated T2 soybean 
seeds that did not inherit the Adh transgene as controls 
were germinated for 4 days. Suspensions extracted from 
the roots and hypocotyls were subjected to an assay of 
Adh activity according to the method described by Nanjo 
et al. (2010). �e Adh assay con�rmed that Adh activities 
in the transgenic soybeans increased in comparison to 
control soybeans (Figure 4).

We subjected this transgenic soybean line to �ooding 
conditions to investigate the response to �ooding stress 
at the early stage of growth of the seedlings. Seeds of 

transgenic soybeans were germinated for 2 days and 
�ooded with water for 4 days, and the soaking water 
was then drained and the seedlings were allowed to 
grow. T3 soybeans were supplied in quadruplicate with 6 
seeds which each originated from di�erent T2 soybeans. 
Six segregated T2 soybeans that did not inherit the Adh 
transgene were also subjected to �ooding as controls. 
Figure 5 shows 9 days of growth a�er the water was 
drained. At a glance, the hypocotyls of the germinated 

Figure 3.　2-DE analysis of Adh protein expression in the roots and hypocotyls of non-transgenic soybeans and T3 soybeans with the Adh transgene. 
�e le� panel shows 2-DE analysis of non-�ooded control seedlings at 4 days a�er sowing, and the middle panel shows 2-DE analysis of seedlings 
which were germinated for 2 days and �ooded for 2 days. �e right panel shows 2-DE analysis of non-�ooded T3 soybean seedlings at 4 days a�er 
sowing. �e circle shows the position of Adh as con�rmed by Komatsu et al. (2011).

Figure 4.　Adh activities in the roots and hypocotyls of T3 soybeans 
with the Adh transgene and transgene-segregated soybeans. �e roots 
and hypocotyls of 4-day-old seedlings were collected. Adh activity was 
measured according to the method described by Nanjo et al. (2010). 
Values are the means±SE of germinated soybean seedlings. Asterisk 
indicates signi�cance at p<0.01.

Figure 5.　Growth responses of T3 soybeans with the Adh transgene 
and transgene-segregated soybeans a�er �ooding. Soybean seeds were 
germinated on sand for 2 days and then treated with �ooding for 4 
days. �e water was then removed, and the seedlings were allowed to 
develop until 14 days a�er sowing. �e numbers on the upper part of 
the photograph show the germinated soybeans among 6 sown seeds.
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control soybeans were thinner, the emerged primary 
leaves were smaller than those of transgenic soybeans, 
and the growth of the control soybeans was suppressed. 
Shi et al. (2008) reported that the total number of roots, 
the length of the main root, the length of the lateral 
and adventitious roots, and the fresh weight of the 
roots of flooded soybean seedlings were significantly 
suppressed compared with untreated plants a�er 3 days 
of �ooding stress. A reduction in root growth is one 
of the most commonly reported parameters during 
flooding (Wang and Jiang 2007). Thus, we measured 
changes in the hypocotyl length, main root length, and 
total fresh weight. Morphological observation revealed 
that seedlings in the controls had shorter hypocotyls and 
main roots and a lighter total weight than T3 soybeans 
with the Adh transgenes (Figure 6). T3 soybeans also 
had more lateral roots than the control seedlings. 
�e transgenic soybeans in this study showed greater 
tolerance of �ooding in the early stage relative to the 
control soybeans.

Flooding leads to reduced gas exchange between 
the plant tissue and the atmosphere, because gases, 
particularly oxygen, di�use 10,000 times more slowly 
in water than in air (Armstrong 1979). Oxygen 
deprivation by �ooding is probably the primary signal 
triggering the response (Jackson and Colmer 2005), 
and it induces ethylene biosynthesis (Vriezen et al. 
1999; Komatsu et al. 2009), cell wall loosening (Saab 
and Sachs 1996; Komatsu et al. 2010b), and aerenchyma 
formation (�omas et al. 2005; Shimamura et al. 2010) 
in plants. Under limiting oxygen conditions, energy 
metabolism is shi�ed from oxidative to mainly alcohol 
fermentation (Smith and ap Rees 1979). Pdc and Adh 
catalyze alcohol fermentation, and are key enzymes for 
energy production under hypoxia conditions. Reduced 
�ooding or hypoxic tolerances in the Adh null mutants 
of maize (Johnson et al. 1994), barley (Harberd and 

Edwards 1982), Arabidopsis thaliana (Jacobs et al. 
1988), and rice (Matsumura et al. 1995; 1998) have 
been reported. �us, Adh is thought to play important 
roles in flooding anaerobic plant seed germination 
and growth. Some studies in which the Adh gene was 
overexpressed in plants were conducted to determine 
whether increased Adh activity would improve �ooding 
tolerance. Rahman et al. (2001) demonstrated that 
transgenic rice with the cotton Adh2 gene showed no 
increase in survival following anoxia treatment, and 
higher Adh activities were not su�cient to increase the 
ability of rice to withstand anoxia. However, F1 plants 
containing both the Pdc and Adh genes showed increased 
anoxia tolerance. Similarly, Ismond et al. (2003) found 
that overexpression of Arabidopsis Adh1 in transgenic 
Arabidopsis had no effect on flooding survival, but 
overexpression of Arabidopsis Pdc1 or Pdc2 resulted in 
improved plant survival. �e expression of Pdc or Adh 
and its contribution to the plant’s ability to survive 
�ooding might depend on the carbon �ow and ethanol 
fermentation of the plant species. In this study, we 
introduced the GmAdh2 gene to soybeans and subjected 
the soybeans to �ooding stress. �e �rst acquired line 
of transgenic soybean seedlings germinated vigorously 
relative to control soybeans after flooding. Protein 
analysis con�rmed that Adh in the transgenic soybeans 
was up-regulated more than that in non-transgenic 
soybeans. Moreover, Adh activities in the transgenic 
soybeans increased in comparison to control soybeans. 
It was assumed that constitutive expression of Adh in 
transgenic soybeans led to an alteration of carbon �ow 
along with glycolysis and ethanol fermentation under 
�ooding low oxygen stress conditions, and consequently 
brought about vigorous germination. Hereafter, it 
will be necessary to investigate the fluctuations of 
glycolysis, fermentation enzymes, and substrates on the 
carbohydrate metabolic pathways in transgenic soybeans, 

Figure 6.　�e seedling length and fresh weight of T3 soybeans with the Adh transgene and of transgene-segregated soybeans a�er �ooding. �e 
lengths of the soybean seedlings were calculated as the sum total of the main root, hypocotyl and epicotyl. Values are the means±SE of germinated 
soybean seedlings. Asterisk indicates signi�cance at p<0.01.
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and to search for flood-tolerant transgenic soybeans 
among the 13 transgenic soybean lines that remained 
unexamined in this report. �is study is the �rst report in 
which the Adh gene was transformed in soybeans and in 
which �ooding stress responses were investigated in this 
transgenic soybean.
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