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Carbon and nitrogen metabolism are regulated by complex mechanisms in order to opti-
mize growth and development of plants and play a major role during germination and post-
germinative growth. The objective of the current work was to establish the degree of 
changes in activities of key enzymes implicated in these two metabolism pathways during 
germination and post-germinative growth such as; glutamine synthetase, glutamate dehydro-
genase, phosphoenolpyruvate carboxylase, malate dehydrogenase, isocitrate dehydrogenase 
and aspartate aminotransferase. We have observed that during germination and seedlings 
development the most activities of nitrogen and carbon metabolism enzymes were correlated 
(nearly show similar kinetic changes) and influenced by their cellular environment and 
developmental stage. Therefore, higher activities of these enzymes were observed in the 
seed, root and shoot at early stages of the post-germinative phase could be effectively linked 
to the demand of de novo proteins to ensure a good development of seedlings. 

Keywords: carbon and nitrogen metabolism, enzyme activity, germination, post-germi-
native stage, Sorghum bicolor

Abbreviations: AAT: aspartate aminotransferase; BSA: bovine serum albumin; DAI: 
days after imbibition; EDTA: ethylenediaminetetraacetic acid; GDH: glutamate dehydroge-
nase; GOGAT: glutamate synthase; GS: glutamine synthetase; ICDH: isocitrate dehydroge-
nase; MDH: malate dehydrogenase; OAA: oxaloacetate; PEP: phosphoenolpyruvate; PEPC: 
phosphoenolpyruvate carboxylase; PMSF: phenylmethylsulphonyl fluoride; PVP: polyvi-
nylpyrrolidone; TCA: tricarboxylic acid.

Introduction

Germination and seedlings development implies different physiological and biochemical 
processes. Carbon and nitrogen metabolisms are the main pathways besides acting of sev-
eral hormones controlling these processes. In fact, these two metabolism pathways are 
regulated by complex mechanisms in order to optimize growth and development of plants 
and play a major role during germination and post-germinative growth (Osuna et al. 2015). 
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It is now well known that de novo protein synthesis is required for germination. Amino ac-
ids are present in their free form in non-germinated seeds. However, the most part of these 
amino acids are derived from storage protein degradation during germination (Oaks 1997). 
The amino acids are released from proteins reserves and represent the source of ammonium 
that will be re-assimilated to synthesize de novo amino acids (Guan et al. 2015). 

Ammonium is directly assimilated into amino acids via glutamine synthetase (GS) and 
glutamate synthase (GOGAT) (Valadier et al. 2008). Nitrogen initially stored in glutamine 
is transferred to a carbon skeleton (2-oxoglutarate) to produce two molecules of gluta-
mate (Hodges et al. 2003). Nevertheless, when ammonium is present in greatest quantity, 
other metabolic pathways could carry out the ammonium assimilation. Under these con-
ditions, glutamate dehydrogenase (GDH), that catalyses the reversible deamination of 
glutamate to 2-oxoglutarate, has been proposed to play a role in ammonium assimilation 
(Setién et al. 2013). Nitrogen incorporated into glutamine and glutamate can be redistrib-
uted to other amino acids, mainly by the action of transaminase or aminotransferase as 
aspartate aminotransferase (AAT) which catalyzes the reversible transfer of an amino 
group from glutamate to oxaloacetate (OAA) to form aspartate and 2-oxoglutarate.

Phosphoenolpyruvate carboxylase (PEPC) is a cytosolic enzyme that is widely pre-
sented in bacteria, cyanobacteria, green algae, and in higher plants (Izui et al. 2004). 
PEPC catalyzes the irreversible β-carboxylation of PEP in the presence of HCO3

− to yield 
OAA. The OAA is then reduced by NAD-dependent malate dehydrogenase (NAD-MDH) 
to L-malate in the TCA cycle (Buchanan et al. 2000). The malate generated is converted 
to citrate which would leave the TCA cycle to be exported from the mitochondria to the 
cytosol via a citrate transporter (Hodges et al. 2003). At this point, the NADP+-isocitrate 
dehydrogenase (ICDH) may operate to produce the 2-oxoglutarate as proposed by Chen 
and Gadal (1990). The carbon generated by the action of PEPC, MDH and ICDH may be 
used by the nitrogen assimilation machinery to produce amino acids. 

Sorghum is an important cereal in developing countries and was ranked the most im-
portant crop worldwide in terms of harvested area. It is the dietary staple for more than 
500 million people in many countries and more than 50% of the global harvest takes place 
in Africa (El Omari et al. 2010). Sorghum is also a well-established model for molecular 
and physiological studies in photosynthesis and carbon metabolism (Nhiri et al. 1998). 
However, studies dealing on the interaction between carbon and nitrogen metabolism 
during germination and seedlings development of sorghum are poorly-known. Thus, the 
objective of the present study was to understand the contribution of key enzymes impli-
cated in nitrogen and carbon metabolism during germination and post-germinative growth 
such as; GS, GDH, PEPC, MDH, ICDH and AAT.

Materials and Methods

Plant material and growth 

Sorghum bicolor L. seeds were surface-sterilized with 5% hypochlorite, and then washed 
thoroughly with distilled water to get rid of the bleach that can act negatively on germina-
tion. Seeds were germinated in Petri dishes containing sterile paper filter moistened with 
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sterile distilled water and sealed with Parafilm. The plates were placed in the dark at  
26 °C temperature. Forty-eight h later, the plates were placed in a growth chamber. The 
environmental conditions in the growth chamber were 16 hours day (28 °C)/8 hours night 
(22 °C). Dry seeds (only for 0 day), imbibed seeds, shoots and roots were taken after 3, 6, 
8, 10, 12 and 15 days after imbibition (DAI) and immediately stored at –80°C.

Enzymatic measurements 

Extraction and assay of GS, GDH, NADH-MDH and AAT

A 0.4 g of samples (dry seeds, imbibed seeds, shoots and roots) were extracted in 4 vol-
umes of a 50 mM Tris-HCl buffer (pH 8) containing 14 mM β-mercaptoethanol, 1.4 mM 
glycerol, 9.4 µM leupeptin, 16.5 µM chymostatin, 10 mM glutamate, 1 mM EDTA and 
0.5 mM MgSO4. The homogenate was centrifuged at 20,000 g for 30 min at 4 °C to obtain 
a clarified supernatant. GS activity was measured using the transferase assay as described 
by Shapiro and Stadtman (1970). The GDH activity was carried out in the aminating di-
rection as described by Sarasketa et al. (2014). NADH-MDH activity was assayed as 
described in Setién et al. (2014). AAT activity was measured by the method described by 
Rej (1979) with some modifications. The assay mixture contained: Tris-HCl 50 mM, pH 
7.8, L-aspartate 50 mM, 2-oxoglutarate 10 mM, NADH 0.1 mM, 2U of MDH and 20 µl 
of extract. The reaction was initiated by adding 2-oxoglutarate.

Extraction and assay of PEPC and NADP+-ICDH

A 0.4 g of samples (dry seeds, imbibed seeds, shoots and roots) were extracted in 4 vol-
umes of a 100 mM Tris-HCl, pH 8, buffer containing 10 mM MgCl2, 1.4 mM glycerol, 14 
mM β-mercaptoethanol, 1 mM PMSF, 1 mM EDTA, 1 mM EGTA, 9.4 µM leupeptin and 
16.5 µM chymostatin. The homogenates were centrifuged at 12,000 g for 15 min at 4 °C. 
Supernatant was then saturated (60%) with solid ammonium sulfate for 30 minutes. The 
saturated supernatant was centrifuged again in the same conditions and the resulting pel-
let was resuspended in the extraction buffer and used for enzyme assays. The PEPC activ-
ity was measured as described by Bakrim et al. (1993). The NADP+-ICDH activity was 
measured according to Magalhaes and Huber (1991) with some modifications. The assay 
mixture containing: 50 mM potassium phosphate buffer (pH 7.5), 1 mM MnCl2, 1 mM 
NADP+ and 4 mM isocitrate.

Estimation of protein

Protein was estimated by the method of Bradford (1976) using BSA as standard.

Statistical analysis 

Data are the mean of six biological replicates ± SD. Results were subjected to a one-way 
analysis of variance (ANOVA) using PASW statistics (version 18). Different letters indi-
cate significant differences between the data of the stages (days) at 5% level. 
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Results

Activity of GS and GDH in the seeds, shoots and roots at different development stages

In our results, enzymes involved in nitrogen metabolism (GS and GDH) increased drasti-
cally in germinating seeds. It were enhanced from 0.5 µmol min–1 g–1 FW and 0.03 µmol 
min–1 g–1 FW (dry seeds) to 36 µmol min–1 g–1 FW at the 6th DAI and 0.23 µmol min–1 g–1 

FW at the 8th DAI for GS and GDH, respectively (Fig. 1A, D). GS and GDH activities 
decreased afterward to reach their lowest values after 15 DAI (0 µmol min–1 g–1 FW for 
GS and 0.045 µmol min–1 g–1 FW for GDH). In shoots, these two enzymes were de-
creased from 130 µmol min–1 g–1 FW and 0.14 µmol min–1 g–1 FW at the 3 DAI to 88 
µmol min–1 g–1 FW and 0.04 µmol min–1 g–1 FW at the 15th DAI for GS and GDH, respec-
tively, and remain constantly low afterward (Fig. 1B, E). GS and GDH activities in roots 
showed a different profile. In fact, while GS activity present a general decrease (Fig. 1C), 
the GDH activity decrease from 0.178 µmol min–1 g–1 FW at the 3rd DAI to 0.11 µmol 
min–1 g–1 FW at the 6th DAI after remains stable from the 6th to the 10th and then increased 
again to 0.22 µmol min–1 g–1 FW at the 12th DAI (Fig. 1F).

Activity of PEPC and MDH in seeds, shoots and roots of sorghum at different 
development stages

In seeds, the PEPC activity increased drastically from 0.08 µmol min–1 g–1 FW at 0 DAI 
(dry seeds) to 0.72 µmol min–1 g–1 FW at the 8th DAI (Fig. 2A), and decreased from  
the 8th to the 15th DAI. In roots, this activity remains stable from the 3rd to the 6th DAI  
(Fig. 2C) it was 2.4 µmol min–1 g–1 FW and decreased continuously afterward, however, 
in shoots, the PEPC activity increased from 2.2 µmol min–1 g–1 FW at the 6th to 4.1 µmol 
min–1 g–1 FW at the 12th DAI and decreased afterward (Fig. 2B). The MDH activity in 
seeds (Fig. 2D) increased from 3 µmol min–1 g–1 FW at 0 DAI to 182 µmol min–1 g–1 FW 
at the 8th DAI and decreased until 15th DAI. In roots and shoots, the MDH activity was 
decreased continuously from the 3rd to the 15th DAI (Fig. 2E, F).

Activity of ICDH and AAT in seeds, shoots and roots of sorghum at different 
development stages

In this study, the ICDH and AAT activities in seeds, increased from 0.02 µmol min–1 g–1 

FW and 0.018 µmol min–1 g–1 FW (dry seeds) to 0.78 µmol min–1 g–1 FW at the 8th DAI 
and 10.7 µmol min–1 g–1 FW at the 6th DAI for ICDH and AAT activities, respectively, and 
decreased afterward (Fig. 3A, D). In roots, these activities decreased continuously from 
the 3rd to the 15th DAI (Fig. 3C, F). A decrease in ICDH activity was also observed in 
seedling shoots (Fig. 3B); however, the AAT activity in shoots increased from 3.2 µmol 
min–1 g–1 FW at the 6th DAI to 5.1 µmol min–1 g–1 FW at the 8th DAI and remained con-
stant afterward (Fig. 3E).
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Discussion

During germination, the growth of seedlings is dependent on the release of nutrients from 
the seed storage compounds. Thus, the high levels of GS activity in the germinating seed 
could lead to faster germination by amino acid biosynthesis (Sreenivasulu et al. 2008) or 
hormonal control, particularly by gibberellic acid, is part of the regulation of cytosolic GS 
in the early stages of pine development (Gómez-Maldonado et al. 2004). Ávila et al. 
(2001) have observed an abundance of GS1b polypeptides and transcripts in the embryo 
of pine suggesting that the function of GS1b during the initial stages of germination may 
be important for de novo protein biosynthesis possibly related with the loss of seed dor-
mancy (Schneider and Gifford 1994). These authors have also proposed that GS1b is the 
functional gene in the reassimilation of ammonium released in the breakdown of embryo 
storage proteins at early stages of germination. In our study, the GS activity in the shoots 
was higher as compared to the seeds and the roots, which indicate that the major part of 
the degraded protein storage is transported to shoots, where de novo amino acids are syn-
thesized. These results are in agreement with those obtained by Ávila et al. (2001) who 
found that in pine a GS1a polypeptide was most exclusively expressed in photosynthetic 
tissues of the seedling generating amino donors for the biosynthesis of major nitrogenous 
compounds in photosynthetic tissues.

In this study, we have found an increase in the seeds aminating GDH activity occurred 
mainly during the early stages of the post-germinative phase, which may suggest that this 
enzyme coordinate with GS at these stages, and participates also in the assimilation of 
ammonia derived from storage protein degradation. Grabowska et al. (2011) have re-
ported that the aminating activity of GDH was lower compared to the deaminating activ-
ity at the early stages of the seed germination. However, after 48 h of germination, a sig-
nificant increase in the aminating activity was observed and exceeded 1.3 times the GDH 
activity in the deaminating direction. For these authors, the GDH activity decreased in 
shoots and roots from 48 to 72 h and they also observed that roots have significantly 
higher activity compared to shoots. Here, we showed that the aminating activity of GDH 
decreased in roots and shoots starting from the 3rd DAI. It was reported that the ratio of 
aminating to deaminating GDH activity varied depending on the organ and the physiolog-
ical status of a given organ (Ferrario-Méry et al. 2002). This variation may be an adaptive 
mechanism to the carbon skeletons requirement (Lea and Ireland 1999).

PEPC has been suggested to fulfil a crucial function very early in the germination pro-
cess to build up cellular pools of C4 acids needed to trigger subsequent TCA (Sangwan et 
al. 1992). Which allows the synthesis of 2-oxoglutarate for the GS/GOGAT cycle. This 
explains the increase of PEPC activity observed in our study. González et al. (1998) re-
ported that following imbibition, the enzyme is abundant in most tissues of the grain. This 
activity may generate carbon skeletons to help supply the demand of amino acid biosyn-
thesis. Other role of PEPC can play in germinating seed is deeply committed to the syn-
thesis and secretion of hydrolytic enzymes and the transport of nutrients (such as sugars 
and amino acids) from the starchy endosperm (Drozdowicz and Jones 1995). Our results 
showed that PEPC activity was higher in the shoots as compared to the roots and the 
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seeds. This explains the result obtained for the GS activity. Therefore, the high activity of 
PEPC in the shoots could be essential for the supply of carbon compounds required for 
the synthesis of amino acids and thus, proteins. 

It was reported that among the TCA cycle enzymes, MDH is highly increased in activ-
ity during early germination (Soeda et al. 2005). Cytosolic NAD+-MDH catalyzes the 
formation of malate from OAA generated by PEPC. This malate enters in mitochondria 
where mitochondrial MDH catalyzes conversion of malate to OAA (Gietl 1992). The 
OAA formed is then used in the TCA cycle. In this way, the increase of PEPC and NAD+-
MDH in developing seeds appears to be essential for growth processes as they allow TCA 
cycle to continue. Proteomic analysis has revealed that MMDH1 was one of 95 proteins 
that significantly accumulate during Arabidopsis seed germination (Fu et al. 2005). Also, 
a comprehensive Arabidopsis seed transcriptome analysis documented that the transcript 
abundance of MMDH1 and MMDH2 was significantly up-regulated at the earliest stages 
of seed germination (Weitbrecht et al. 2011).

In the literature, ICDH and AAT are the two main candidates of the key organic acid 
for plant ammonium assimilation (Hodges et al. 2003). In this study, the ICDH activity in 
seeds increased from 0 (dry seeds) to the 8th DAI. These results are in agreement with 
those obtained by Pascual et al. (2008) who found that expression of cytosolic NADP+-
IDH transcripts and polypeptides increased following germination of pine embryos, sug-
gesting a role of the enzyme during active cell proliferation and development of seedling 
organs and structures. The same authors have observed an up-regulation of NADP+-IDH 
during germination in the parenchyma of embryonic cotyledons and the strong RNA and 
polypeptide signals in cotyledons of seedlings may be associated with the synthesis of 
nitrogen compounds required for acquisition of photosynthetic competence. In roots and 
shoots, this activity decreased continuously from the 3rd to the 15th DAI. Airaki et al. 
(2015) have observed that the ICDH enzyme in roots and hypocotyls of pepper signifi-
cantly decreased from day 7 to day 14.  

The seeds AAT activity, increased from 0 to the 6th DAI. Isola and Franzoni (2000) 
reported that AAT activity of peanut cotyledons increases throughout seed germination 
achieving its maximum value about the 6th DAI and then remained constant. The increase 
AAT activity at this stage is consistent with its role in the conversion of glutamate, pro-
duced during ammonium assimilation, to aspartate. De la Torre et al. (2006) have previ-
ously reported the coordinated expression of AAT type prokaryotic and GS upon germi-
nation of seed and during pine seedling development. These authors proposed that this 
form of AAT could be involved in biosynthesis of the aspartate-derived amino acids ly-
sine, threonine and isoleucine, as well as precursors of methionine biosynthesis (Coruzzi 
and Last 2000).

The carbon and nitrogen pathways are highly interconnected, where reductants and 
energy produced from carbohydrate metabolism are used by nitrogen assimilatory en-
zymes to perform nitrogen assimilation in plants. In this study, we have observed that 
during germination and seedlings development the most activities of nitrogen and carbon 
metabolism enzymes (GS, GDH, PEPC, MDH, ICDH and AAT) were correlated (nearly 
show similar kinetic changes) and influenced by their cellular environment and develop-
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mental stage. Therefore, higher activities of these enzymes were observed in the seed, 
root and shoot at early stages of the post-germinative phase could be effectively linked to 
the demand of de novo proteins to ensure a good development of seedlings. 
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