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Abstract

Improved crop yield is proportional to nitrogen (N)
fertilizer applied to agricultural land. However, N
fertilizers are also major source of environmental
pollution mainly in soils, water and the atmosphere.
Determining the optimal amount of N fertilizer needed
for crop growth is therefore essential. Arbuscular
mycorrhizal fungi (AMF) characterized by their
capacity to provide mineral nutrients are also exploited
by the soil beyond the zone of influence of the plant root
and by an important role in reducing the amount of N
fertilizer. Thus, three Moroccan sorghum ecotypes
(5p3, 3p9 and 4pll), cereal with agronomic and
economic interest, were cultivated with or without
AMF. Growth parameters were measured and key
enzymes responsible for carbon/nitrogen interaction

such as glutamine synthetase (GS), glutamate
dehydrogenase (GDH), NADP™-Isocitrate
dehydrogenase (ICDH), and NAD*-malate

dehydrogenase (MDH) have been determined.

In the three ecotypes, mycorrhizal plants showed a
longer plant length compared to control plants. The
biochemical parameters showed a significant increase
in GS and ICDH activity in the leaves and roots of
mycorrhizal plants. However, mycorrhizal fungi
appear to affect the activity of GDH and MDH only in
the root of sorghum plants. AMF can be an effective
way to optimize nitrogen uptake by the plant and thus
improve crop yields with lower amounts of nitrogen
fertilizers.
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Introduction

Sorghum bicolor (L.) is a cereal belonging to the family of
Poaceae which is commonly known as sorghum. This cereal
is one of the most important crops in Africa, Asia and Latin
America. It is cultivated in semi-arid and tropical areas
because of its adaptation to different environmental stresses
including drought stress'. In developing countries and
particularly in West Africa, the demand for sorghum
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increases every year. This is not only due to population
growth, but also due to the policies of these countries to
improve their treatment and industrial use’.

One of the keys to enhance sorghum production could be to
improve mutualistic partnerships with soil beneficial
microbes such as arbuscular mycorrhizal fungi (AMF), a
source of biological fertilization. Structural relationships
include both the fungus and its host root system; they are
considered as nutritional symbiosis because they are the
main suppliers of different nutrients for the majority of
terrestrial plants.

AMF can increase access to growth-limiting resources by
their hyphae associated with plant roots that can extend the
reach of root systems®. In this symbiosis, fungi provide the
host root with nutrients and water in exchange for carbon. In
addition to plant mineralization, they can also improve
disease resistance, water use efficiency, soil structure, and
beneficial microbial activity in natural ecosystems?’.

Nitrogen is frequently a limiting factor for plant growth and
development. The uptake of N by mycorrhizal fungi may,
therefore, be an important route of N absorption by the plant.
AMF can also increase the use of different forms of N by
plants and have been found to absorb this element directly
and transfer it to the roots*?,

Therefore, the aim of this study was to investigate effects of
arbuscular mycorrhizal fungi on (i) parameters of growth (ii)
activities of other enzymes involved in carbon and nitrogen
metabolisms such as Glutamine synthetase (GS), Glutamate
dehydrogenase (GDH), NADP*-Isocitrate dehydrogenase
(ICDH) and NAD*-malate dehydrogenase (MDH) in roots
and leaves of three Moroccan sorghum ecotypes (5p3, 3p9
and 4p11).

Material and Methods

Sorghum seeds (Sorghum bicolor) were sterilized with 5%
of NaOCI for 15 minutes and washed thoroughly with sterile
water. Plants were then cultivated in 18-cm plastic pots
(3000 cmd) containing vermiculite. Twenty seeds per pot of
each ecotype were planted. After one week, the plants were
thinned to 15 per pot. The plants were grown in a controlled
environment chamber at 28°C day/21-22°C night with a
photoperiod 16/8 h (light/dark). The ecotypes were
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cultivated in the same conditions and received the same
treatments. Before sowing, vermiculite was mixed with the
AMF, Glomus intraradices. Control plants are cultured in
the absence of AMF. Nitrogen treatment in the form of
nitrate (NO3) is provided at 5 mM. Nitrogen supply was
added after one week from the start of the experiment.

After 5-week old, plants from each ecotype were harvested
and divided into separate leaves and roots fractions. Fresh
weights of leaves and roots were weighed and lengths were
measured. The samples were then stored at -80°C until
analysis (determination of enzymatic activities). The
experiment was repeated three times (n = 3) under the same
conditions.

Frozen samples were extracted into 4 volumes of a 50 mM
Tris-HC1 buffer (pH 8) containing 14 mM f-
mercaptoethanol, 10% glycerol (v/v), 4 ug/ml leupeptin, 10
mM glutamate, 1 mM EDTA and 0.5 mM MgSOs. The
homogenate was centrifuged at 20,000xg for 30 minutes at
4°C to obtain a clarified supernatant.

Glutamine synthetase activity was measured using the
transferase assay as described by Shapiro and Stadtman?.
The test mixture consisted of 90 mM imidazole-HCI (pH
7.0), 120 mM L-glutamine, 3 mM MnCl,, 0.4 mM ADP, 20
mM potassium arsenate, 60 mM NH>OH and the enzyme
solution. The reaction was started by adding NH.OH
(freshly prepared and neutralized with NaOH) and incubated
at 37°C for 20 minutes. At the end of the incubation period,
0.75 ml of a mixture (1:1:1) of 10% FeCl3-6H.0 (in 0.2 N
HCI), 24% TCA and HCI at 5% were added to stop the
reaction. The samples were centrifuged at 13200 g for 5
minutes and the absorbance of y-glutamyl-hydroxamate was
measured at 540 nm.

Glutamate dehydrogenase activity was performed in the
amination direction at 30°C in reaction buffer containing
100 mM Tris-HCI (pH 8), 1 mM CaCly, 13 mM o-
ketoglutarate, 50 mM (NH4)2SO4 and 0.25 mM NADH.
Kinetic activity was determined spectrophotometrically by
monitoring NADH at 340 nm. The activity of NAD* malate
dehydrogenase was assayed by monitoring NADH at 340
nm. The reaction buffer contained 50 mM potassium
phosphate buffer (pH 7.5), 1 mM oxaloacetic acid, 0.25 mM
NADH and the enzyme solution.
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For the NADP*- Isocitrate Dehydrogenase, the leaves were
extracted in 4 volumes of 100 mM Tris-HCI buffer, pH 8
containing 10 mM MgCly, 10% (v/v) glycerol, 14 mM G-
mercaptoethanol, 1 mM PMSF, 1 mM EDTA, 1 mM EGTA
and 4pg ml? leupeptin. The homogenates were centrifuged
at 12000g for 15 minutes at 4°C. The supernatant was then
saturated (60%) with solid ammonium sulfate for 30
minutes; the saturated supernatant was centrifuged again
under the same conditions and the resulting pellet was
resuspended in the extraction buffer and used for enzymatic
assays.

The activity of ICDH was measured spectrophotometrically
by monitoring the oxidation of NADH at 340 nm for 5
minutes at 30°C. The NADP-ICDH reaction was measured
at 30°C in a reaction buffer containing 50mM potassium
phosphate buffer (pH 7.5), ImM MnCl;, 1ImM NADP* and
4mM isocitrate.

The data are mean values + SD (standard deviation). Results
were subjected to one-way Analysis of Variance (ANOVA)
followed by the Tukey test using SPSS statistics (version
18). The differences were considered to be significant when
P<0.05.

Results and Discussion

To evaluate how AMF affects three sorghum ecotypes (5P3,
3P9 and 4P11), some growth parameters as length and fresh
weights were measured. Table 1 shows the effect of AMF on
the growth parameters of sorghum shoots. From these
results, we can observe that AMF contributed in a beneficial
way to the growth of the three sorghum ecotypes (5p3, 3p9
and 4pl1). In fact, the length and the fresh weight of the
aerial part of the mycorrhizal plants were significantly
greater compared to the control plants.

On other hand, AMF showed also a significant increase in
fresh weight which was higher in mycorrhizal plants by 68%
for the 4P11 ecotype, 47% for the 5P3 ecotype and only 43%
for the 3P9 ecotype compared to the control plants. AMF
were considered as the most ubiquitous soil microorganisms,
forming mutualistic associations with 80-90% of vascular
plant species in the world's ecosystems.

Table 1
Effect of Arbuscular mycorrhizal fungi (AMF) supply (+) on length and fresh weight in shoots of three Moroccan
Sorghum bicolor ecotypes (5p3, 3p9 and 4p11). Each value represents the mean of three independent observations
with S.D. Different letters indicate significant differences at p<0.05 when compared to control.

Ecotype Length (cm) Fresh Weight (g)
5p3+ 27.75+2.50° 0.270+0.033%
5p3- 22.75+1.70P 0.184+0.030°
3p9+ 29.37+1.10° 0.282+0.0162
3p9- 24.75+1.25% 0.198+0.011°
4pll+ 26.50+2.08% 0.284+0.0262
4pll- 16.62+1.10° 0.169+0.025°
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Previous research has indicated that inoculation with AMF
enhances nutrient uptake of phosphorus and nitrogen and
promotes sorghum growth?,

Ammonium generated from nitrate reduction by the
successive action of nitrate reductase and nitrite reductase
absorbed directly from the medium or generated by
catabolism of amino acids is mainly assimilated by the
Glutamine synthetase/Glutamate synthase (GS/GOGAT)
pathway®. Previous works on transgenic plants suggested
that alteration or overexpression of GS could accelerate plant
development®. In the present study, figure 1 indicates that
regardless of the ecotype, there was a significant increase in
GS activity in the leaves and roots of mycorrhizal sorghum
compared to the control plants.

For the plants cultivated with AMF, the GS activity
increased by 67, 181 and 110% in leaves, and 247%, 8% and
153% in roots for 5P3, 3P9 and 4P11 respectively. The effect
of the mycorrhization was not the same for the three
ecotypes. In fact, for the 3p9 and 4pl11 ecotypes, the effect
was more pronounced in leaves, however, for the 5p3
ecotype, the mycorrhization affected mainly the GS activity
of the root plants. Our GS activity results are in line with the
work conducted by Govindarajulu et al*? and Blicking et al*.

Govindarajulu et al*? showed that AMF can absorb and
transfer significant amounts of nitrogen to their host plants.
The mycorrhizal association can also increase the use of
different forms of nitrogen by plants and can allow direct
absorption of nitrogen to the host roots which may explain
the increase of the GS activity in the mycorrhizal plants.

Among the enzymes having the capacity to catalyse the
reaction of incorporation of ammonium into organic
molecules, we can mention the Glutamate dehydrogenase

(GDH). It has been reported that NADH-glutamate
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dehydrogenase may incorporate ammonium in glutamate in
response to high levels of ammonium under stress!#2224,
Smith et al?® found no consistent effect of mycorrhizal
infection on GDH activity in mycorrhizal Trifolium
subterraneum roots. However, Saito®® reported that
increased GDH activity is associated with plant
mycorrhization. According to Biicking® the reduction of
NOs in non-mycorrhizal plants, occurs mainly in the leaves
whereas in mycorrhizal plants, NOs™ is mainly reduced in the
roots. These results are consistent with our results on GDH
activity.

In fact, results of figure 2 indicate that GDH activity ranged
from 0.054 pmol NADH.min-1.g-! FW to 0.19 umol
NADH.min-1.g-* FW for the three ecotype shoots and from
0.08umol NADH.mint.g! FW to 0.19uM mmol
NADH.min%.gt FW for the three ecotype roots. In presence
of AMF, there was a significant increase in GDH activity in
sorghum roots. Indeed, the GDH activity increased by 55,
138 and 111% for 5P3, 3P9, and 4P11 respectively.
However, a remarkable decrease in shoots GDH activity was
observed for the three ecotypes. In roots, maximal activities
were found in the 4P11 and 3P9 ecotypes treated by AMF
(0.19 pmol NADH.mint.gt FW).

It can be concluded from these results that the high activity
of GDH in the roots of mycorrhizal plants indicates that
glutamate is mainly produced in the roots of mycorrhizal
plants, however, in control plants, the main production of
glutamate occurs in the leaves. This can be explained by the
fact that the expression of the fungal GDH gene controls the
expression of the GDH gene in the leaves. When the plant is
colonized by a fungal strain, the expression of leaves GDH
is repressed, but the expression increases in the colonized
roots.
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Figure 1: Glutamine Synthtase activity (GS) in the leaves and the roots of three Moroccan Sorghum bicolor
ecotypes (5p3, 3p9 and 4p11) grown with (+) Arbuscular mycorrhizal fungi (AMF) supply. Each value represents the
mean of three independent observations with S.D. Different letters indicate significant differences at p<0.05
when compared to control (-).
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Figure 2: Glutamate dehydrogenase activity (GDH) in the leaves and the roots of three Moroccan Sorghum bicolor
ecotypes (5p3, 3p9 and 4p11) grown with (+) Arbuscular mycorrhizal fungi (AMF) supply. Each value represents
the mean of three independent observations with S.D. Different letters indicate significant differences at p<0.05
when compared to control (-).

The increase of GS activity in the roots and leaves and GDH
activity in the roots of the three sorghum ecotypes may
indicate that the NO3z absorbed by AMF can be directly
transferred to root cells for use and incorporation into
organic structures. It was reported that such enzymatic
alterations can also enhance plant growth?’.

The results found by Nakmee et al'® confirm the results of
this study. Indeed, these authors found that fungal
inoculation of AMF significantly increased the percentage
of nitrogen in shoots and the total nitrogen uptake in shoots
and roots of sorghum. This characteristic could have an
important socio-economic and ecological impact because
mycorrhization could increase the efficiency of nitrogen
utilization and thus significantly reduce nitrogen inputs to
the fields. This would save the costs associated with the
input of this fertilizer and will also reduce any pollution
related to its use.

In the literature, isocitrate dehydrogenases and aspartate
aminotransferases are the two main enzymes implicated in
synthesis of key organic acid for the uptake of plant
ammonium?®3, It was reported that the cytosolic form of the
ICDH is responsible for 95% of the total activity of ICDH in
green tobacco leaves'?, and is the predominant isoform in
tomato, potato and the only detectable form in pine
cotyledons®°1, It has been proposed by Chen and Gadal®
that cytosolic ICDH may play a major role in the production
of 2-oxoglutarate for amino acid synthesis. In our study, the
NADP*-ICDH activity was positively affected by AMF in
both leaves and roots as shown in figure 3.

The activity was enhanced by 33, 67, and 29% in leaves and
to 60%, 75%, and 160% in roots for the 5P3, 3P9, and 4P11
ecotypes respectively. The AMF seemed to affect effectively
the NADP*-ICDH activity in the leaves and the roots of 3P9
ecotype. For the 4P11 ecotype, the mycorrhization affected
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mainly the NADP*-ICDH activity in roots, however, the
variation of the activity in 5P3 was the lowest compared to
the other ecotypes.

These results are in accordance with the results obtained by
Boiffin et al?>, who worked on Eucaluptus globulus subsp.
Bicostata whose activity of NADP-ICDH increased in the
roots during colonization by the ectomycorrhizal fungus.
These results are in line with our previous conclusion that
AMF improved the growth and nutrient uptake of nitrogen?8.

Figure 4 shows the NADH-MDH activity in plants grown
with and without AMF. Regardless of the ecotype, there was
a significant increase in this activity in sorghum roots. In
fact, the activity in roots increased by 63, 224 and 133% for
5P3, 3P9 and 4P11 respectively. The increase was more
pronounced in the 3P9 and 4P11 ecotypes compared to the
5P3.

Moreover, the NADH-MDH in shoots did not show any
significant differences between the mycorrhizal plants and
the control plants. The maximum activity in the mycorrhizal
plants was obtained in the roots of the 4p11 ecotype.

MDH catalyzes the interconversion of malate and
oxaloacetate (OAA) coupled with reduction/oxidation of
NAD pool organelles?’. Cytosolic NAD* -MDH has been
reported to catalyze malate formation from OAA. This
malate enters the mitochondria where mitochondrial MDH
catalyzes the conversion of malate to OAA%, The formed
OAA is then used in the TCA cycle. In this way, increasing
NAD*-MDH under nitrogen fertilizer seems to be essential
for growth processes as they allow the TCA cycle to
continue?!. Saito® obtained similar results; indeed, these
authors reported that the increase in MDH activity is
associated with mycorrhizal onion.
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Figure 3: NADP*-Isocitrate dehydrogenase (ICDH) in the leaves and the roots of three Moroccan Sorghum bicolour
ecotypes (5p3, 3p9 and 4p11) grown with (+) Arbuscular mycorrhizal fungi (AMF) supply. Each value represents the
mean of three independent observations with S.D. Different letters indicate significant differences at p<0.05
when compared to control (-).
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Figure 4: NAD*-malate dehydrogenase (MDH) in the leaves and the roots of three Moroccan Sorghum bicolour
ecotypes (5p3, 3p9 and 4p11) grown with (+) Arbuscular mycorrhizal fungi (AMF) supply. Each value represents the
mean of three independent observations with S.D. Different letters indicate significant differences at p<0.05
when compared to control (-).

These results can be explained by the fact that the roots are
the major organs of synthesis of the carbon skeletons and it
is possible that the AMF induced the strong MDH activity in
the roots to synthesize the carbon skeletons which will be
transferred thereafter to the leaves. On the other hand, the
large availability of carbon skeletons, originating in the roots
and transported to the leaves probably induced the decrease
of the MDH activity in the leaves.

Conclusion

In this study, we showed that arbuscular mycorrhizal fungi
had a significant effect on plant growth and led to an increase
in shoots length and biomass. The results of the
morphological parameters are correlated with the results of
the enzymatic activities studied, since the role of the
enzymes studied is strongly related to the synthesis of
various organic compounds which leads to the accumulation
of biomass, then shoot growth.
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Inoculation of the studied ecotypes by Arbuscular
myecorrhizal fungi significantly improved the growth of
these ecotypes. This result is due to the enhanced nutrient
uptake provided to plants and therefore arbuscular
myecorrhizal fungi can play an important role in improving
organic agriculture and can present environmentally friendly
biofertilizers.
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