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Effects of exogenous 
α‑oxoglutarate on proline 
accumulation, ammonium 
assimilation and photosynthesis 
of soybean seedling (Glycine 
max(L.) Merr.) exposed to cold 
stress
Zhijia Gai1,2,4, Lei Liu3,4, Jingtao Zhang2*, Jingqi Liu2 & Lijun Cai2

The objective of this study was to examine the effects of exogenous α‑oxoglutarate on leaf proline 
accumulation, ammonium assimilation and photosynthesis of soybean when exposed to cold stress. 
To achieve this objective, exogenous α‑oxoglutarate was sprayed to potted seedlings of Henong60 
and Heinong48 at 0, 2.5, 5.0 and 7.5 mmol/L, identified as  A0,  A2.5,  A5.0, and  A7.5, respectively. Leaf 
samples were collected after cold stress of 24 h (S1 stage) and 48 h (S2 stage). The results indicated 
that exogenous α‑oxoglutarate significantly enhanced leaf GS activity, NADP‑GDH activity, glutamate 
content, proline content and photosynthesis of soybean seedling exposed to cold stress at S1 and S2 
stages. The ammonium content in leaf was significantly decreased by exogenous α‑oxoglutarate at 
both stages. 5.0 mmol/L of exogenous α‑oxoglutarate is the optimum concentration in this study. Leaf 
proline content for Henong60 and Heinong48 at  A5.0 was 37.53% and 17.96% higher than that at  A0 at 
S1 stage, respectively. Proline content for Henong60 and Heinong48 increased by 28.82% and 12.41% 
at  A5.0 and  A0, respectively, at S2 stage. Those results suggested that exogenous α‑oxoglutarate could 
alleviate the adverse effects of cold stress.

Low temperature often occurs during soybean seedling stage in Northeast China, which will pose great damage to 
soybean growth and development. Cold stress severely limits plant growth and leads to substantial productivity 
loss. Several plants species have evolved different mechanisms to minimize the adverse impact of cold  stress1. 
Osmoregulation is an important mechanism that plants use to acclimate to different abiotic stresses. Proline is 
proposed to act as a main osmolyte in enhancing plant stress  tolerance2.

In plants, proline accumulation has been reported to occur after cold  stress3. Among the beneficial com-
pounds, proline is greatly important for plants to cope with cold stress; the correlation between the acquisition 
of stress tolerance and proline accumulation has been  verified4. In fact, proline is eventually synthesized from 
Glu in glutamate (Glu) pathway and ornithine (Orn)  pathway5. Glutamate plays a significant role in amino acid 
metabolism in  plants6. Glu biosynthesis is greatly linked with ammonium  assimilation6. A mass of protein in plant 
can decompose into ammonium during osmotic  stress2. Excessive ammonium can cause toxic effects on plants 
and must be rapidly transformed into non-toxic organic nitrogen  compounds7. It has been demonstrated that GS/
GOGAT cycle is the major route of ammonium assimilation in plants. Alternatively, NADH-dependent glutamate 
dehydrogenase (NADH-GDH; EC 1.4.1.2) might also catalyze ammonium incorporation into  glutamate7, 8. The 
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function of the alternative GDH pathway is still obscure and is believed to play a complementary role under 
conditions of environmental stress or excessive ammonia  supply9–11.

2-oxoglutarate (2-OG), a key organic acid of the tricarboxylic acid (TCA)  cycle12, 13 participates in a range 
of reactions in distinct plant cell  compartments14, also being a key metabolite at the crossroads of carbon/nitro-
gen metabolism as it is required for ammonia  assimilation15, 16. Some information is available on the effects of 
exogenous α-oxoglutarate on nitrogen assimilation in plants, such as  rice17,  tobacco18, 19,  wheat20, and  tomato21. 
Magalhaes et al.21 reported that  NH4

+ concentrations in tomato roots and shoots with exogenous α-oxoglutarate 
sharply decreased compared to control and the increase of  NH4

+ assimilation due to exogenous α-oxoglutarate 
clearly indicated that the availability of carbon skeletons is a key limiting factor for  NH4

+ assimilation in tomato 
plants. Yuan et al.17 investigated the role of α-oxoglutarate in regulation of carbon and nitrogen metabolisms in 
non-photosynthetic tissues of rice and found that exogenous α-oxoglutarate enhanced the activity of GOGAT 
(EC 1.4.1.14) and GS (EC 6.3.1.2) enzymes. And the increase in ammonium uptake and glutamate (Glu) was 
also observed in their  study17. However, no information is available on the impacts of exogenous α-oxoglutarate 
on soybean seedling leaf ammonium assimilation and proline accumulation.

The objective of this investigation was to examine the impacts of exogenous α-oxoglutarate on ammonium 
assimilation proline accumulation and photosynthesis of soybean seedling exposed to cold stress (6 °C) in pot 
experiment. Through this study, we expected to understand the optimum dose of exogenous α-oxoglutarate 
applied to soybean seedling when exposed to cold stress. Our results could provide theoretical reference for 
taking measures against chilling in soybean production in Northeast China.

Materials and methods
Plant materials and growth conditions. A pot experiment was conducted at Experimental Station of 
Jiamusi Branch of Heilongjiang Academy of Agricultural Sciences, China. Experimental pot diameter is 14 cm 
and the depth is 16 cm. Each pot was filled with 500 g of soil. The soil used in the present study is the typical 
black soil with silty clay loam texture. Two spring soybean varieties Henong60 and Heinong48 were used in this 
experiment. Henong60, released in 2009, is cold-tolerant variety with 100-seed weight 18 g and plant height is 
60 cm. The content of its protein and oil is 38.47% and 22.25%, respectively. The growth habit is determinate 
with white flowers. The effective accumulative temperature for maturity (≥ 10 °C) is about 2290 °C. Heinong48, 
released in 2004, is cold-sensitive variety with 100-seed weight 22 g and plant height 90 cm. The content of its 
protein and oil is 45.23% and 18.43%, respectively. The growth habit is semi-determinate with purple flowers. 
The effective accumulative temperature for maturity (≥ 10 °C) is about 2380 °C.

Experimental design and sampling. The simulation of cold stress was conducted according to the 
method by Tambussi et al.21 with minor modifications. Soybean was not inoculated before seeding. Ten seeds of 
each cultivar were sown by hand in each pot. There are four soybean seedlings left in the pot after emergence. 
The seedlings of the two soybean varieties were grown in pots in field. Upon the appearance of the first true 
fully expanded leaves (V1 stage), 4 ml of exogenous α-oxoglutarate was sprayed to each pot of Henong60 and 
Heinong48. There were four exogenous α-oxoglutarate treatments including 0, 2.5, 5.0 and 7.5 mmol/L, identi-
fied as  A0,  A2.5,  A5.0 and  A7.5. Treated seedlings were transferred into controlled environment growth chambers 
at 14-h-light/10-h-dark. The light intensity was 120 µmol m−2 s−1 and the relative humidity was 65%. The cold 
stress degree is 6 °C. There were three replicates for each treatment and there were four pots for each replicates. 
Leaf samples for each treatment were collected after cold stress of 24 h (S1 stage) and 48 h (S2 stage).

Determination of nitrogen metabolism. The activities of NADH-GDH and GS were determined 
according to Lu et al.22. One unit of NADH-GDH activity is defined as the reduction of 1 µmol of coenzyme 
(NADH) per min at 30 °C. One unit of GS activity is the amount of enzyme that catalyzes the formation of 
1 µmol γ-glutamylhydroxamate per min at 37 °C.

Determination of photosynthetic index. Photosynthetic rate was measured according to Gai et al.23. Pho-
tosynthetic rate was determined by using the CI-340 portable photosynthesis measuring system (CID, Inc., USA).

Measurement of chlorophyll content (SPAD) was conducted by using SPAD-502 Chlorophyll Meter Model 
(Konica Minolta Inc., Japan).

Determination of proline. Free proline was measured according to the method by Bates et al.24 with some 
modifications. Proline was extracted from 1.0 g fresh leaves with 10 ml 3% sulphosalicylic acid at 100 °C for 
10 min. 4 ml of the extract was then mixed with 4 ml ninhydrin reagent containing glacial acetic acid and incu-
bated at 100 °C for 30 min. The reaction mixture was quickly cooled with running tap water. The colored reac-
tion product was extracted with 8 ml toluene, and the absorbance of the toluene phase was measured at 520 nm.

Determination of ammonium content. The ammonium content of leaves was determined following 
HPLC (Agilent 1100, USA) according to the method by Lu et al.22.

Statistical analyses. All the data were statistically analyzed in SPSS 22 software. Analysis of variance 
(ANOVA) was used to test for significance, and significant differences (P < 0.05) between treatments were deter-
mined by using LSD test.
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Results and discussion
Response of soybean fresh weight to exogenous α‑oxoglutarate. The growth of soybean seed-
lings was monitored by measuring the fresh weight of soybean. The data in Table 1 showed that exogenous 
α-oxoglutarate has no significant effects on fresh weight for two soybean varieties at S1 and S2 stages. How-
ever, there was a significant difference in fresh weight between two soybean varieties at both stages. The fresh 
weight for Heinong48 was significantly greater than Henong60 at 0.001, 0.01, and 0.05 level at S1 and S2 stages, 
respectively. From S1 stage to S2 stage, the fresh weight for cold-resistant variety Henong60 and cold-sensitive 
variety Heinong48 decreased by 6.45% and 15.96%, respectively. There was lower reduction in fresh weight for 
Henong60 than Heinong48 when exposed to cold stress. Exogenous α-oxoglutarate promoted wheat growth 
and dry matter accumulation under drought  stress25. Similarly, our data indicated that exogenous application of 
α-oxoglutarate has positive effect on fresh weight of soybean seedling under cold stress.

Response of leaf proline content to exogenous α‑oxoglutarate. As shown in Table 2, significant 
impact of exogenous α-oxoglutarate on leaf proline content was observed at S1 and S2 stages. There was a sig-
nificant difference in proline content between two varieties at both stages. The leaf proline content for Henong60 
was significantly higher than that for Heinong48 under cold stress at S1 and S2 stages. Leaf proline content at 
 A2.5,  A5.0, and  A7.5 was significantly greater than control at both stages. Leaf proline content first increased and 
then decreased with increasing exogenous α-oxoglutarate concentration and  A5.0 produced the highest proline 
content for two soybean varieties at S1 and S2 stages. Leaf proline content for Henong60 and Heinong48 at  A5.0 
was 37.53% and 17.96% higher than that at  A0 at S1 stage, respectively. Leaf proline content for Henong60 and 
Heinong48 increased by 28.82 and 12.41% at  A5.0 and  A0, respectively, at S2 stage.

Proline accumulation, a common physiological response of plants exposed to cold stress, is considered to 
play adaptive roles in stress  tolerance26. The role of proline in cold tolerance has been investigated for decades 
and positive correlations between proline accumulation and improved cold tolerance have been  reported27, 28. 
Proline has been proposed to act as a compatible osmolyte and to be a way to store carbon and  nitrogen29. Finally 
proline accumulation may be part of the stress signal influencing adaptive  responses30. Our results indicated 
that leaf proline content for cold-resistant variety Henong60 was significantly higher than that for cold-sensitive 
variety Heinong48 (Table 2). It is important to take preventive actions to alleviate the adverse effect of abiotic 
stress. Our results indicated that exogenous α-oxoglutarate significantly increased proline content at S1 and S2 
stages (Table 2). An early published report by Li et al.20 stated that exogenous application of α-oxoglutarate could 
alleviate the adverse effect of drought stress on wheat growth and increase the proline content in wheat leaf. Their 
results disclosed the importance of exogenous α-oxoglutarate under abiotic stress.

Table 1.  Effects of α-oxoglutarate on fresh weight of soybean (g  plant-1). Means with same letter are not 
significantly different (P < 0.05) using LSD Test. ***, **, *, and ns denote significance at 0.001, 0.01, 0.05 and not 
significant (P > 0.05), respectively.

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 1.825 2.209 1.709 1.903

A2.5 1.835 2.265 1.724 1.938

A5.0 1.861 2.294 1.772 1.959

A7.5 1.842 2.212 1.741 1.964

ANOVA effect

A ns ns ns ns

V *** **

A × V ns ns

Table 2.  Effects of α-oxoglutarate on leaf proline content (µg  g-1 FW).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 36.26c 31.01b 35.65c 27.65b

A2.5 45.42b 36.12a 43.58b 30.37a

A5.0 49.87a 36.58a 45.21a 31.08a

A7.5 45.31b 35.82a 43.85b 30.85a

ANOVA effect

A *** * *** **

V *** ***

A × V ** **
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Response of leaf glutamate content to exogenous α‑oxoglutarate. It is important to note that 
glutamate content in leaf was significantly influenced by α-oxoglutarate, variety and their interaction (Table 3). 
The leaf glutamate content was significantly greater for Henong60 than for Heinong48 under cold stress at S1 
and S2 stages. Leaf glutamate content at  A2.5,  A5.0, and  A7.5 was significantly greater than that at  A0 at S1 and S2 
stages. There was no significant difference in glutamate content for Heinong48 among  A2.5,  A5.0, and  A7.5. Leaf 
glutamate content first increased and then decreased with the decrease of exogenous α-oxoglutarate concentra-
tion and  A5.0 gave the highest glutamate content for two soybean varieties at S1 and S2 stages. Leaf glutamate 
content for Henong60 and Heinong48 increased by 39.59% and 21.32% at  A5.0 than at  A0 at S1 stage, respectively. 
Leaf glutamate content for Henong60 and Heinong48 at  A5.0 was 32.68% and 22.13% higher than that at  A0 at 
S2 stage, respectively.

Glutamate is the major amino acid used for proline biosynthesis through a constant glutamate  pool31. 
A substantial supply of glutamate is needed when the rate of proline biosynthesis is  increased26. Supplying 
α-ketoglutarate for plant has a positive effect on the increase of glutamate  content6 and in our study (Table 3).

Response of leaf GS and GDH activity to exogenous α‑oxoglutarate. The data obtained in this 
study showed that the response of leaf GS activity to exogenous α-oxoglutarate was different under cold stress 
(Table 4). Exogenous application of α-oxoglutarate posed significant impact on GS activity in leaf for two soy-
bean varieties at S1 and S2 stages. There was a significant difference in GS activity between two varieties at each 
stage. The leaf GS activity for Henong60 was significantly higher than that for Heinong48 under cold stress at S1 
and S2 stages. Leaf GS activity at  A2.5,  A5.0, and  A7.5 was significantly greater than that at  A0 at S1 and S2 stages. 
Leaf GS activity first increased and then decreased with a decrease in α-oxoglutarate concentration and  A5.0 gave 
the highest GS activity for two soybean varieties at S1 and S2 stages. Leaf GS activity at  A5.0 than for Henong60 
and Heinong48 increased by 40.54% and 27.21% at  A5.0 than at  A0 at S1 stage, respectively. Leaf GS activity for 
Henong60 and Heinong48 under  A5.0 was 68.01% and 56.05% higher than that under  A0 at S2 stage, respectively.

Results from this study demonstrated that leaf GDH activity was significantly affected by exogenous 
α-oxoglutarate, variety and their interaction at S1 and S2 stages (Table 5). There was a significant difference in 
GDH activity between two varieties at each stage. The leaf GDH activity first increased and then decreased with 
an increase in exogenous α-oxoglutarate concentration and  A5.0 gave the highest GDH activity for two soybean 
varieties at S1 and S2 stages. Leaf GDH activity for soybean varieties decreased with time after exposure to 
exogenous α-oxoglutarate. From S1 stage to S2 stage, leaf GDH activity for cold-resistant variety Henong60 and 
cold-sensitive variety Heinong48 decreased by 18.46% and 20.96%, respectively. Results in this study clearly 
indicated that there was lower reduction in GDH activity for cold-resistant variety Henong60 than cold-sensitive 
variety Heinong48 under cold stress.

Table 3.  Effects of α-oxoglutarate on leaf glutamate content (µg  g-1 FW).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 132.12c 89.16b 122.86c 69.01b

A2.5 150.44b 105.96a 140.98b 83.17a

A5.0 184.43a 108.17a 163.01a 84.28a

A7.5 155.58b 103.32a 142.85b 82.92a

ANOVA effect

A *** *** *** ***

V *** ***

A × V ** *

Table 4.  Effects of α-oxoglutarate on leaf GS activity (µmol  h-1 g-1 FW).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 202.32c 179.56c 140.98c 120.01b

A2.5 251.12b 215.68ab 210.85b 180.17a

A5.0 284.35a 228.42a 236.86a 187.28a

A7.5 265.50b 212.33b 209.01b 184.92a

ANOVA effect

A *** *** *** ***

V *** ***

A × V ** *
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Previous studies have indicated that the GS/GOGAT cycle plays a major role in glutamate production when 
proline is  needed32. In many studies, enhanced NADH-GDH activity and its important role in supplying glu-
tamate for proline synthesis have been  revealed33, 34. Oliveira et al.35 reported that exogenous application of 
α-ketoglutarate modulated the expression of glutamine synthetase in Arabidopsis. Under drought stress, foliar 
application of α-ketoglutarate increased the activity of GS and GDH in wheat  leaf17. The data in our study clearly 
demonstrated that α-ketoglutarate had positive effect on the increase of GS and GDH activity for soybean seed-
ling exposed to cold stress (Tables 4 and 5). Increased activity of GS and GDH caused by exogenous explain the 
reason why ammonium content in soybean leaf is accordlingly reduced when soybean seedling is exposed to 
cold stress in our study (Tables 4, 5, 6). The effect of α-ketoglutarate on nitrogen assimilation was also reflected 
by a markedly lower level of ammonium in our study.

Response of leaf ammonium content to exogenous α‑oxoglutarate. Excess ammonium can lead 
to toxic effect on plant. As shown in Table 6, leaf ammonium content was significantly decreased by exogenous 
application of α-oxoglutarate. Leaf ammonium content for both varieties showed a lower increase with time after 
exposure to exogenous α-oxoglutarate than control. Leaf ammonium content for Henong60 was lower than that 
for Heinong48 at each stage. The leaf ammonium content first decreased and then increased with an increase in 
exogenous α-oxoglutarate concentration and  A5.0 gave the lowest ammonium content for two soybean varieties 
at S1 and S2 stages.

Excessive ammonium is toxic to plants and must be rapidly transformed into non-toxic organic nitrogen 
compounds. It has been demonstrated that GS/GOGAT cycle is the major route of ammonium assimilation in 
plants. Alternatively, NADH-dependent glutamate dehydrogenase (NADH-GDH) can also catalyze ammonium 
incorporation into  glutamate7, 8. The function of the alternative GDH pathway is believed to play a complemen-
tary role under conditions of environmental stress or excessive ammonia  supply10, 11. Our data indicated that 
foliar application of α-oxoglutarate increased GS activity, GDH activity, assimilated more ammonium and led to 
decreased ammonium content (Tables 4, 5, 6). Similarly, Magalhaes et al.21 reported that  NH4

+ concentrations in 
tomato roots and shoots with exogenous α-oxoglutarate sharply decreased compared to control and the increase 
of  NH4

+ assimilation due to exogenous α-oxoglutarate clearly indicated that the availability of carbon skeletons is 
a key limiting factor for  NH4

+ assimilation in tomato plants. Yuan et al.17 investigated the role of α-oxoglutarate 
in regulation of carbon and nitrogen metabolisms in rice exposed to abiotic stress and found that exogenous 
α-oxoglutarate enhanced GS activity. And the increase of ammonium uptake was also observed in their  study17. 
An early report of Brugiere et al.36 confirmed that proline synthesis might be a means of assimilating excessive 
ammonium. Our study indicated that foliar application of α-oxoglutarate significantly increased proline content 
and decreased ammonium content (Tables 2, 6).

Table 5.  Effects of cold stress on leaf NADH-GDH activity (µmol h−1 g−1 FW).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 13.26c 11.12b 11.53c 8.51b

A2.5 16.55b 13.58a 14.32b 11.68a

A5.0 19.66a 14.01a 15.21a 12.01a

A7.5 16.57b 13.86a 14.69b 11.26a

ANOVA effect

A *** *** *** ***

V *** ***

A × V * **

Table 6.  Effects of cold stress on leaf ammonium content (µmol g−1 FW).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 1.41a 1.76a 1.71a 2.33a

A2.5 1.16b 1.44b 1.34b 1.79b

A5.0 0.91c 1.38b 1.12c 1.81b

A7.5 1.18b 1.42b 1.38b 1.85b

ANOVA effect

A *** ** *** ***

V ** ***

A × V * *
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2-oxoglutarate (2-OG) is a key metabolite at the crossroads of carbon/nitrogen metabolism as it is required 
for ammonia  assimilation13–15. The physiological mechanism by which α-oxoglutarate alleviates the adverse effect 
of cold on soybean seedlings in the present study is that foliar application of α-oxoglutarate increased GS activ-
ity, GDH activity, assimilated more ammonium and led to decreased ammonium content and synthesized more 
glutamate which is necessary for proline biosynthesis. In the end, an increase in proline content could explain 
the reason why α-oxoglutarate alleviates the adverse effect of cold on soybean seedlings.

Response of chlorophyll content and photosynthetic rate to exogenous α‑oxoglutarate. Results 
from this study indicated that leaf chlorophyll content was significantly affected by exogenous α-oxoglutarate, 
variety and their interaction at S1 stage and S2 stage under cold stress (Table 7). The leaf chlorophyll content was 
significantly higher for Henong60 than Heinong48 under cold stress at both stages. The leaf chlorophyll content 
at  A2.5,  A5.0, and  A7.5 was significantly higher than that at  A0 at S1 and S2 stages. In the present study,  A5.0 gave the 
highest chlorophyll content for two soybean varieties at S1 and S2 stages. There was no significant difference in 
chlorophyll content for two soybean varieties between  A2.5 and  A7.5 at S1 stage.

The photosynthetic rate is an important parameter of photosynthesis. The data in Table 8 demonstrated that 
leaf photosynthetic rate was significantly influenced by exogenous α-oxoglutarate, variety and their interaction 
at S1 and S2 stages under cold stress. The leaf photosynthetic rate was significantly greater for Henong60 than 
Heinong48 under cold stress at each stage. The leaf photosynthetic rate was significantly greater at  A2.5,  A5.0, 
and  A7.5 than at  A0 at both S1 and S2 stages. In our study,  A5.0 produced the highest photosynthetic rate for two 
soybean cultivars at S1 and S2 stages. There was no significant difference in photosynthetic rate for two soybean 
varieties between  A2.5 and  A7.5 at S1 stage.

α-ketoglutarate plays an important role in nitrogen and carbon metabolism in  plants13. The chlorophyll 
content and photosynthetic rate are important parameters of photosynthesis. Many studies indicated that 
exogenous application of α-ketoglutarate had positive effect on  photosynthesis36–38. Our results supported the 
work conducted by  Ge37 who reported that α-oxoglutarate significantly increased leaf chlorophyll content and 
photosynthetic rate in winter-wheat seedling exposed to drought stress. Foliar application of α-oxoglutarate 
increased GS activity, GDH activity, assimilated more ammonium and led to increase in proline content for 
both varieties at S1 and S2 stages. Because there is a great need of NADPH when proline is synthesized,  NADP+ 
will be  produced39. As known to all,  NADP+ is necessary to photosynthesis. Therefore, we infer that exogenous 
α-oxoglutarate increased photosynthetic rate by enhancing proline content.

Table 7.  Effects of α-oxoglutarate on leaf chlorophyll content (SPAD).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 41.32c 39.08c 38.86c 35.23b

A2.5 49.60b 41.17b 47.29b 37.21a

A5.0 52.18a 43.95a 49.79a 37.68a

A7.5 49.92b 41.08b 46.83b 37.02a

ANOVA effect

A *** *** *** **

V *** **

A × V ** **

Table 8.  Effects of α-oxoglutarate on photosynthetic rate (µmol CO2 m−2 s−1).

Treatment

S1 stage S2 stage

Henong60 Heinong48 Henong60 Heinong48

A0 21.36c 20.08c 19.65c 17.32b

A2.5 24.52b 21.17b 23.32b 18.29a

A5.0 26.13a 23.95a 24.69a 18.65a

A7.5 24.81b 21.08b 23.87b 18.04a

ANOVA effect

A *** *** *** **

V ** ***

A × V ** **
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Conclusions
Exogenous α-oxoglutarate significantly increased leaf GS activity, NADP-GDH activity, glutamate content, pro-
line content and photosynthesis of soybean seedling exposed to cold stress at S1 and S2 stages. Accordlingly, the 
ammonium content was significantly decreased by exogenous α-oxoglutarate at S1 and S2 stages. 5.0 mmol/L of 
exogenous α-oxoglutarate is the optimum concentration in our study. There was a significant difference in leaf 
GS activity, NADP-GDH activity, glutamate content, proline content and photosynthesis between Henong60 
and Heinong48 under cold stress at S1 and S2 stages. Those results suggested that exogenous α-oxoglutarate 
could alleviate the adverse impact of cold stress. In our region, cold stress usually not existed more than two 
days. Therefore, it is noted that foliar application of α-oxoglutarate is a feasible way to prevent soybean against 
cold stress in Northeast China.

Received: 18 June 2020; Accepted: 18 September 2020

References
 1. Nakabayashi, R. et al. Enhancement of oxidative and drought tolerance in Arabidopsis by overaccumulation of antioxidant flavo-

noids. Plant J. 77, 367–379. https ://doi.org/10.1111/tpj.12388  (2014).
 2. Verbruggen, N. & Hermans, C. Proline accumulation in plants: a review. Amino Acids 35, 753–759. https ://doi.org/10.1007/s0072 

6-008-0061-6 (2008).
 3. Xin, Z. & Browse, J. Eskimo1 mutants of Arabidopsis are constitutively freezing-tolerant. Proc. Natl. Acad. Sci. USA 95, 7799–7804. 

https ://doi.org/10.1073/pnas.95.13.7799 (1998).
 4. Nanjo, T. et al. Toxicity of free proline revealed in an Arabidopsis T-DNA-tagged mutant deficient in proline dehydrogenase. Plant 

Cell Physiol. 44, 541–548. https ://doi.org/10.1093/pcp/pcg06 6 (2003).
 5. Kishor, P. B. K. et al. Regulation of proline biosynthesis, degradation, uptake and transport in higher plants: its implications in 

plant growth and abiotic stress tolerance. Curr. Sci. 88, 424–438 (2005).
 6. Forde, B. G. & Lea, P. J. Glutamate in plants: metabolism, regulation, and signalling. J. Exp. Bot. 58, 2339–2358. https ://doi.

org/10.1093/jxb/erm12 1 (2007).
 7. Miflin, B. J. & Lea, P. J. Ammonia Assimilation (Academic Press, Cambridge, 1980).
 8. Cammaerts, D. & Jacobs, M. A study of the role of glutamate dehydrogenase in the nitrogen metabolism of Arabidopsis thaliana. 

Planta 163, 517–526. https ://doi.org/10.1007/bf003 92709  (1985).
 9. Stitt, M. et al. Steps towards an integrated view of nitrogen metabolism. J. Exp. Bot. 53, 959–970. https ://doi.org/10.1093/jexbo 

t/53.370.959 (2002).
 10. Ferrario-Mery, S., Hodges, M., Hirel, B. & Foyer, C. H. Photorespiration-dependent increases in phosphoenolpyruvate carboxy-

lase, isocitrate dehydrogenase and glutamate dehydrogenase in transformed tobacco plants deficient in ferredoxin-dependent 
glutamine–α-ketoglutarate aminotransferase. Planta 214, 877–886 (2002).

 11. Di Martino, C., Delfine, S., Alvino, A. & Loreto, F. Photorespiration rate in spinach leaves under moderate NaCl stress. Photosyn-
thetica 36, 233 (1999).

 12. Scheible, W. R., Krapp, A. & Stitt, M. Reciprocal diurnal changes of phosphoenolpyruvate carboxylase expression and cytosolic 
pyruvate kinase, citrate synthase and NADP-isocitrate dehydrogenase expression regulate organic acid metabolism during nitrate 
assimilation in tobacco leaves. Plant Cell Environ. 23, 1155–1167 (2000).

 13. Lancien, M., Gadal, P. & Hodges, M. Enzyme redundancy and the importance of 2-oxoglutarate in higher plant ammonium 
assimilation. Plant Physiol. 123, 817–824. https ://doi.org/10.1104/pp.123.3.817 (2000).

 14. Foyer, C. H. & Noctor, G. Photosynthetic nitrogen assimilation and associated carbon and respiratory metabolism, 12 (Springer, 
Berlin, 2006).

 15. Hodges, M. Enzyme redundancy and the importance of 2-oxoglutarate in plant ammonium assimilation. J. Exp. Bot. 53, 905–916 
(2002).

 16. Kawai, Y., Ono, E. & Mizutani, M. Evolution and diversity of the 2-oxoglutarate-dependent dioxygenase superfamily in plants. 
Plant J. 78, 328–343. https ://doi.org/10.1111/tpj.12479  (2014).

 17. Yuan, Y. et al. Regulation of carbon and nitrogen metabolisms in rice roots by 2-oxoglutarate at the level of hexokinase. Physiol. 
Plant. 129, 296–306. https ://doi.org/10.1111/j.1399-3054.2006.00806 .x (2007).

 18. Morcuende, R., Krapp, A., Hurry, V. & Stitt, M. Sucrose-feeding leads to increased rates of nitrate assimilation, increased rates of 
α-oxoglutarate synthesis, and increased synthesis of a wide spectrum of amino acids in tobacco leaves. Planta 206, 394–409 (1998).

 19. Ferrario-Méry, S. et al. Glutamine and α-ketoglutarate are metabolite signals involved in nitrate reductase gene transcription in 
untransformed and transformed tobacco plants deficient in ferredoxin-glutamine-α-ketoglutarate aminotransferase. Planta 213, 
265–271 (2001).

 20. H, L. Effects of nitrogen application on nitrogen metabolism in winter wheat under drought stress condition and the regulation 
metabolism of α-ketoglutarate (2016) (in Chinese).

 21. Magalhaes, J., Huber, D. & Tsai, C. Evidence of increased 15N-ammonium assimilation in tomato plants with exogenous 
α-ketoglutarate. Plant Sci. 85, 135–141 (1992).

 22. Lu, B. B. et al. Modulation of key enzymes involved in ammonium assimilation and carbon metabolism by low temperature in rice 
(Oryza sativa L.) roots. Plant Sci. 169, 295–302. https ://doi.org/10.1016/j.plant sci.2004.09.031 (2005).

 23. Gai, Z. J., Zhang, J. T. & Li, C. F. Effects of starter nitrogen fertilizer on soybean root activity, leaf photosynthesis and grain yield. 
PLoS ONE https ://doi.org/10.1371/journ al.pone.01748 41 (2017).

 24. Bates, L. S., Waldren, R. P. & Teare, I. Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207 (1973).
 25. Li, Y., Wang, Z., Ma, C., Lin, T. & Sun, J. Effects of exogenous α-oxoglutarate on grain filling and yield formation of wheat under 

drought stress. J. Triticeae Crops 32, 249–253 (2012).
 26. Lutts, S., Majerus, V. & Kinet, J. M. NaCl effects on proline metabolism in rice (Oryza sativa) seedlings. Physiol. Plant. 105, 450–458 

(1999).
 27. Chu, T., Jusaitis, M., Aspinall, D. & Paleg, L. Accumulation of free proline at low temperatures. Physiol. Plant. 43, 254–260 (1978).
 28. Ren, Y. et al. DFR1-mediated inhibition of proline degradation pathway regulates drought and freezing tolerance in Arabidopsis. 

Cell reports 23, 3960–3974 (2018).
 29. Hare, P. & Cress, W. Metabolic implications of stress-induced proline accumulation in plants. Plant Growth Regul. 21, 79–102 

(1997).
 30. Maggio, A. et al. Does proline accumulation play an active role in stress-induced growth reduction?. Plant J. 31, 699–712 (2002).
 31. Qin, W. et al. Effect of low temperature stress on anti-stress physiological indexes of cabbage seedlings. J. Nuclear Agric. Sci. 32, 

0576–0581 (2018).
 32. Zhang, H., Wang, Z., Cui, G. & Lin, T. Difference in seedlings ammonium assimilation of wheat cultivars with different drought 

resistance under osmotic stress. J. Appl. Ecol. 20, 2406–2410 (2009).

https://doi.org/10.1111/tpj.12388
https://doi.org/10.1007/s00726-008-0061-6
https://doi.org/10.1007/s00726-008-0061-6
https://doi.org/10.1073/pnas.95.13.7799
https://doi.org/10.1093/pcp/pcg066
https://doi.org/10.1093/jxb/erm121
https://doi.org/10.1093/jxb/erm121
https://doi.org/10.1007/bf00392709
https://doi.org/10.1093/jexbot/53.370.959
https://doi.org/10.1093/jexbot/53.370.959
https://doi.org/10.1104/pp.123.3.817
https://doi.org/10.1111/tpj.12479
https://doi.org/10.1111/j.1399-3054.2006.00806.x
https://doi.org/10.1016/j.plantsci.2004.09.031
https://doi.org/10.1371/journal.pone.0174841


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17017  | https://doi.org/10.1038/s41598-020-74094-w

www.nature.com/scientificreports/

 33. Maurin, C. & Gal, Y. L. Glutamine synthetase in the marine coccolithophoridEmilianiahuxleyi (Prymnesiophyceae): regulation 
of activity in relation to light and nitrogen availability. Plant Sci. 122, 11–69 (1997).

 34. Mattioni, C., Gabbrielli, R., Vangronsveld, J. & Clijsters, H. Nickel and cadmium toxicity and enzymatic activity in nitolerant and 
non-tolerant populations of Silene italicaPers. J. Plant Physiol. 150, 173–177 (1997).

 35. Oliveira, I. C. & Coruzzi, G. M. Carbon and amino acids reciprocally modulate the expression of glutamine synthetase in Arabi-
dopsis. Plant Physiol. 121, 301–310 (1999).

 36. Brugière, N. et al. Glutamine synthetase in the phloem plays a major role in controlling proline production. Plant Cell 11, 1995–
2011 (1999).

 37. L, G. The Effect of α-Ketoglutarate on Winter Wheat under Drought Stress. (Agricultural University, 2011).
 38. Sun, Q. L. W., Jia, L., Wang, Z. Q. & Lin, T. B. Effects of exogenous α-oxoglutarate on yield traits of wheat under low water potential 

and low nitrogen stress. J. Anhui Agric. Sci 42, 671–676 (2014).
 39. Feher-Juhasz, E. et al. Phenotyping shows improved physiological traits and seed yield of transgenic wheat plants expressing the 

alfalfa aldose reductase under permanent drought stress. Acta Physiol. Plant. 36, 663–673. https ://doi.org/10.1007/s1173 8-013-
1445-0 (2014).

Acknowledgements
This work was supported by the Heilongjiang Postdoctoral Science Foundation (No. LBH-Z18268). We are 
also grateful to anonymous reviewers who provided useful comments and greatly contributed to improve this 
manuscript.

Author contributions
Z. G. and L. L. conceived and designed the research; Z. G., L. L., J. Z., J. L., and L. C. performed the experiment 
and analyzed the data; Z. G. and L. L. wrote the manuscript. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1007/s11738-013-1445-0
https://doi.org/10.1007/s11738-013-1445-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of exogenous α-oxoglutarate on proline accumulation, ammonium assimilation and photosynthesis of soybean seedling (Glycine max(L.) Merr.) exposed to cold stress
	Materials and methods
	Plant materials and growth conditions. 
	Experimental design and sampling. 
	Determination of nitrogen metabolism. 
	Determination of photosynthetic index. 
	Determination of proline. 
	Determination of ammonium content. 
	Statistical analyses. 

	Results and discussion
	Response of soybean fresh weight to exogenous α-oxoglutarate. 
	Response of leaf proline content to exogenous α-oxoglutarate. 
	Response of leaf glutamate content to exogenous α-oxoglutarate. 
	Response of leaf GS and GDH activity to exogenous α-oxoglutarate. 
	Response of leaf ammonium content to exogenous α-oxoglutarate. 
	Response of chlorophyll content and photosynthetic rate to exogenous α-oxoglutarate. 

	Conclusions
	References
	Acknowledgements


