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Abstract. The main aim of this study was to investigate the responses of agronomic traits, photosynthesis
and glutamine synthase (GS) expression in different sugarcane (Saccharum L. spp. hybrids) varieties under
different nitrogen levels. Sugarcane varieties GT11 (nitrogen inefficient) and GXB9 (nitrogen efficient)
were planted at three levels of nitrogen supply, e.g. 0 kg/ha (low nitrogen level, L-N), 150 kg/ha (medium
nitrogen level, M-N) and 300 kg/ha (high nitrogen level, H-N) of urea application. The agronomic traits,
photosynthesis, and GS activity and expression were determined at different growth stages of sugarcane.
The results showed that the plant height, stalk diameter, leaf area, chlorophyll content, net photosynthetic
rate, GS activity and GS1 protein expression in GT11 increased with the increase of nitrogen application,
while the plant height, stalk diameter, chlorophyll content, net photosynthetic rate, GS activity and GS1
protein expression in GXB9 reached the maximum on medium nitrogen level. The leaf area of GXB9 was
always higher than that of GT11 on the same nitrogen level. Under the low and medium nitrogen levels, the
activities of GS and expression of GS1 protein were higher in GXB9 than GT11. The transcription
expression levels of scGS1.a and scGS1.b were down-regulated while that of scGS1.c up-regulated by the
increase of nitrogen application level. In conclusion, the nitrogen inefficient sugarcane variety needs more
nitrogen application, but excessive nitrogen application is not good for the nitrogen efficient sugarcane
variety.

Keywords: physiological characteristic, photosynthesis, molecular response, chlorophyll, nitrogen
utilization

Abbreviations: GS: Glutamine synthase; H-N: High nitrogen; L-N: Low nitrogen; M-N: Medium nitrogen

Introduction

Sugarcane is the most important sugar crop and a regenerative energy crop grown
worldwide in tropical and subtropical areas, which contributes more than 90% of the total
sugar in China (Li and Yang, 2015). Nitrogen is the main nutrition element of crops, it is
required for protein synthesis, nucleic acid, phospholipid and many organic substances,
and also plays an important role in photosynthesis. Previous studies have indicated that
application of nitrogenous fertilizer is considered a significant measure to guarantee the
productivity in sugarcane. However, excessive application of nitrogen fertilizer is
common in sugarcane commercial production in China, and the application rate of urea is
usually 500-700 kg/ha or higher, much higher than the world average. In our previous
study, the effects of different nitrogen application levels (150, 300, 600 kg/ha urea) on
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key enzymes of nitrogen metabolism and contents of related active substances in different
sugarcane varieties were investigated, which indicated that the nitrogen metabolism of
sugarcane was significantly enhanced with the increase of nitrogen application amount
within a certain range of nitrogen application level (150-300 kg/ha urea) (Zhang et al.,
2015). Over application of nitrogen fertilizer not only declines nitrogen use efficiency and
increases the cost of sugarcane production, but also results in a series of negative effects
such as cane quality degradation and agricultural environmental pollution (Bijay et al.,
1995; Li et al., 2016).

Nitrogen assimilation is a vital process controlling plant growth and development.
Plants absorb nitrogen in nitrate, ammonium and amino acid forms, and ultimately
transform it into ammonium form. Majority of the organic nitrogen in plants is derived
from the assimilation of ammonia into the amide position of glutamine by the enzyme GS
(Lea and Miflin, 2011). GS is a key enzyme involved in the nitrogen assimilation and
metabolism of nitrogen compounds, and is also the first enzyme to transformed inorganic
nitrogen into organic nitrogen in plants. GS pathway of ammonia assimilation is of crucial
importance for crop growth and productivity. In most plant leaves, GS mainly exists in
the form of GS1 and GS2; the expression of GS1 was evidently affected by the
concentration and the form of nitrogen, while the expression of GS2 was mainly affected
by light (Edwards et al., 1990). For higher plant, GS1 are mainly distributed in the
companion cells of leaf vascular tissue phloem. The main functions of GS1 are
assimilating ammonia produced by endogenous protein degradation, amino acid
catabolism and stored nitrogen source, involving in the transfer of nitrogen source, and
reusing finally (Swarbreck et al., 2011). GS1 was generally encoded by 3-5 genes, for
Arabidopsis, tobacco and maize, GS1 was encoded by at least five homologous genes
(Keegstra and Cline, 1999; Keiki et al., 2004; Li et al., 2006; Lightfoot et al., 1988;
Lothier et al., 2011; Tingey et al., 1988), and it was encoded by three genes in rice (May
and Soll, 1999). Previous researches indicate that GS1.a mainly participates in nitrogen
remobilization during leaf senescence and nitrogen migration under low nitrogen
condition, and affects grains’ size, number and grouting (Antoine et al., 2006; Bernard et
al., 2008; Kusano et al., 2011; Mayumi et al., 2005). GS1.b is mainly responsible for the
primary NH4" assimilation in roots, nitrogen remobilization during leaf ageing, assisting
in the primary nitrogen assimilation of GS2 (Bernard et al., 2008; Kazuhiro et al., 2013).
GS1.c can ease the ammonia poisoning, and also remission nitrogen assimilation in grain
growth period (Goodall et al., 2013). Nogueira et al. (2005) have identified and
characterized the GS1 (scGS1.a, scGS1.b and scGS1.c) in sugarcane.

To our knowledge, there is no report about the impact of different nitrogen levels on
the GS1 gene expression in sugarcane. The purpose of this study was to investigate the
effects of different nitrogen application rates on plant growth and photosynthesis in
different sugarcane varieties, the response of GS1 in sugarcane to nitrogen levels, and
further reveal the role of GS1 in nitrogen metabolism and the related regulation
mechanism, to provide a reference for efficient nitrogen utilization and regulation in
sugarcane.

Materials and methods
Experimental materials

The experiment was conducted at College of Agriculture, Guangxi University in
Nanning, China. The sugarcane variety GT11 (Nitrogen inefficient variety) and GXB9

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):12367-12384.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1236712384
© 2019, ALOKI Kft., Budapest, Hungary



Zhu et al.: Plant growth and glutamine synthase gene SCGS1 expression in sugarcane (Saccharum L. spp. hybrids) under different
nitrogen levels
- 12369 -

(nitrogen efficient variety) were used for the experiment (Zhang et al., 2015). The soil
used for experiment was red soil with pH 7.32, organic matter 4.23 g/kg, total nitrogen
0.27 g/kg, total phosphorus 0.33 g/kg, total potassium 7.85 g/kg, alkali-hydrolyzable
nitrogen 21.55 g/kg, effective phosphorus 8.4 mg/kg, and available potassium 96 mg/kg.
Urea (N 46%) was used as the nitrogenous fertilizer.

Plant culture and nitrogenous fertilizer application

Single-budded seedcane sets of the two sugarcane varieties were planted in sands for
germination under warm and wet condition on March 3, 2016. After 45 days, the
healthy and consistent plants were selected and transplanted into plastic pots of 36.3 x
30 cm (height x diameter) filled with 20 kg soil, and two plants of the same variety
were grown in each pot.

Three levels of nitrogen supply were set and applied after transplanting, that is, O,
150 and 300 kg/ha, or 0, 1.55 and 3.10 g urea per pot were applied at seedling stage
(May 15), referred to as the low nitrogen, medium nitrogen and high nitrogen levels,
respectively. There was a low nitrogen content (total nitrogen 0.27 g/kg, alkali-
hydrolyzable nitrogen 21.55 g/kg) in the soil used in the experiment, which could not be
ignored. Therefore, we used the low nitrogen level to represent the actual nitrogen level
in the soil even if we gave no nitrogen in the soil. Therefore, the experiment consisted
of six treatments (two varieties and three nitrogen levels), and 9 replicates were
arranged in a completely randomized block design, so total had 54 pots (Fig. 1).

SASTSIPONE cr §

Figure 1. Growth photos of two sugarcane varieties (GT11 and GXB9) under three nitrogen
application levels at sampling day (2016-07-12)

Sampling and assay

The leaf + 1 (the top visible dewlap leaf) was sampled on June 10, July 12, August
12, and September 15, respectively. Part of the fresh leaf sample was used for
determination of GS activity with the method as described by Wei (2005), and the rest
was frozen in liquid N2 and kept at -80°C before use.

Investigation of agronomic traits

Nine plants were chosen randomly for agronomic trait investigation at sampling days
after treatment. The plant height and stem diameter were estimated with conventional
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methods. Leaf area of leaf + 1 was estimated using CI-203 Handheld Leaf Area Meter
(CID Bio-Science, Inc., Camas, USA) and the leaf chlorophyll was estimated by SPAD
readings measured with SPAD-502 chlorophyll meter (Konica Minolta, Inc., Tokyo,
Japan).

Assay of photosynthetic rate

Net photosynthetic rate was measured using a LC Pro-SD portable photo system unit
(Opti-Sciences Inc., Hudson, USA) at a photon irradiance of 1504 pmol m™ s*. The
measurement was conducted at a gas flow rate 200 umol s. Nine plants in each
treatment were randomly selected for measurement from 9:00 to 11:00 am in the
morning of September 3 when it was sunny.

Quantification of scGS1 gene expression on transcription level

The relative expression of scGS1.a (AY835453), scGS1.b (AY835454) and scGS1.c
(AY835455) was quantified at the sampling days (June 10, July 12, August 12, and
September 15, respectively) after treatment. The expression of scGS1 in sugarcane leaf
+ 1 was performed in randomly selected 9 plants with a Light Cycler® 48011 (Roche
Applied Science, Basel, Switzerland) using the SYBR Premix Ex TapTM Il (TaKaRa,
Dalian, China) in accordance with the product manual. The GAPDH gene of sugarcane
(accession number EF189713) was used as an internal control to quantify the relative
transcript level. Specific primers for those genes were designed using the Primer
Premier 5 software based on their cDNA sequences (Table Al in the Appendix). The
relative level of gene expression was calculated using the 244¢t formula (Livak and
Schmittgen, 2001).

Western blot analysis of scGS1 protein in sugarcane

Total soluble protein was extracted from sugarcane leaf with 100 mM Tris (pH 7. 8,
containing 10 mM MgCl,, 100 mM 2-mercatoetanol, 5% Polyvinylpolypyrrolidone)
(Nogueira et al., 2005), and quantified using the method of Bradford (1976). For
Western blot, denatured proteins were fractionated by SDS-PAGE [12.5% (w/v)
polyacrylamide] according to Laemmli (1970) and transferred to nitrocellulose
membrane as described by Towbin et al. (1979). Anti-GS1 primary polyclonal antibody
was used to detect GS1 protein. Protein—antibody complexes were located using horse
reddish peroxidase, and conjugated goat anti-rabbit immunoglobulin G. Pierce® ECL
Western Blotting Substrate (Thermo, U.S.A.) was used for development and then
observed under FluorChem HD2 (Alpha, Protein Simple, U.S.A.). The GS1 polyclonal
antibody (AS08295, Agrisera, Sweden) and secondary antibody (Goat anti-rabbit IgG,
HRP conjugated, CoWin Biosciences, Beijing, China) were purchased in a biological
reagent company.

Data analysis

All the data were analyzed using Microsoft Excel 2010 and SPSS 21.0. ANOVA test
was used to compare the mean values of each treatment. Significant differences between
the means of parameters were determined by using the LSD test (P <0.05).
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Results

Effects of different nitrogen levels on agronomic traits in different sugarcane
varieties

The data in Table 1 show the growth rate of two sugarcane varieties under medium
and high nitrogen levels increased with the course of growth, and the highest growth
rate occurred between August and September. In general, the plant height and stem
diameter in the variety GT11 increased with the level of nitrogen application. For the
variety GXB9, the highest plant height and stem diameter were recorded on medium
nitrogen level (Table 1). The leaf area of two sugarcane varieties significantly increased
with the level of nitrogen application (Table 1). Under the same nitrogen level, the leaf
area is basically characterized by GXB9 > GT11 (Fig. Al in the Appendix).

Table 1. Effects of different nitrogen levels on agronomic traits in different sugarcane
varieties

Variety GT11 GXB9
Date nitrogen levels L-N M-N H-N L-N M-N H-N

Plant height (cm) | 27.1+3.4% | 32.3+£3.72 | 32.7+45% | 26.9+3.12 | 27.2+3.5% | 27.5+3.52

2016-06-10 Stalk diameter (mm) | 10.5+0.7° | 11.9+0.8Y | 12.7+0.78 | 7.8+0.8° | 95+0.72 | 8.6+0.7°
Leaf area (cm?) 80.1+8.4% |89.21+8.522| 89.2+7% | 88+9.6 |87.6+25%|87.8+7.7%

SPAD 36.7+09% | 385+0.8% |404+1.4%(399+1.8°| 452+2% | 42+1.5%

Plant height (cm) | 43.8+1.8°| 49.2+23% |555+25%| 436+3Y | 49.8+26% | 48.7+3.22

2016-07-12 Stalk diameter (mm) | 15.6 £0.6° | 16.3+0.9° | 17.7+0.62 | 13.4+0.6° | 155+ 0.6% | 14.9+0.7°
Leaf area (cm?) 317+17.4%| 330+ 18.5% | 343+ 11.4%| 353 +15.72| 366 + 31.4% | 386 + 36.12

SPAD 34+1.7° | 37.1+1.4% | 398+15%|352+1.8"|47.8+1.9%| 48+1.7°

Plant height (cm) | 73.2+4.3¢| 81.3+5.2P | 93.8+5.5%|827+4.6"| 97.5+4.5% | 955+ 3.9

2016-08-12 Stalk diameter (mm) | 13.9+0.7° | 15.3+0.8% | 15.1+0.72 | 145+0.8° | 16.9+0.72 | 17+0.7°
Leaf area (cm?) 313+£15.2¢| 393+24.9° | 537+£22% | 356+ 10° | 467 +20° |582+27.52

SPAD 28+1.8° 39.1+22 39+232 [29.9+1.2°|51.8+1.82|49.6x1.72

Plant height (cm) | 102+5.6° | 146+£2.4° | 154+£4.7% | 113+£4.1° | 175+5% | 165+4.1°

2016-09-15 Stalk diameter (mm) | 14.5+0.6° | 155+0.9° | 16.2+0.6% | 14.7+0.6° | 17.9+0.6 | 17.1+0.7°
Leaf area (cm?) 263+ 16° | 388+20° | 553+25% | 343+30° | 476+30° | 609 + 232

SPAD 23.2+08°| 35+0.8 37+1.4% [30.9+1.1°| 40.6+0.82 | 42.2+12

Data are presented as mean + SE, and data points with different letters are significantly different (P < 0.05) between
different nitrogen levels from the same sugarcane variety at the same time. L-N, low nitrogen level; M-N, medium
nitrogen level; H-N, high nitrogen level

Effect of different nitrogen levels on chlorophyll content in different sugarcane

varieties

Overall, the chlorophyll relative content in the variety GT11 is characterized by high

nitrogen > medium nitrogen > low nitrogen levels, increased with the levels of nitrogen
application. The chlorophyll relative content in the variety GXB9 showed the order of
medium nitrogen > high nitrogen > low nitrogen levels (Table 1).

Effect of different nitrogen levels on net photosynthetic rate in different sugarcane
varieties

At booming stage of sugarcane (September 3), the net photosynthetic rate in the
variety GT11 was significantly higher in the high nitrogen treatment than the low
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nitrogen treatment. For the variety GXB9, the net photosynthetic rate was significantly
higher under medium nitrogen level than low and high nitrogen levels. Under low and
medium nitrogen levels, the net photosynthetic rate was higher in the variety GXB9
than the variety GT11, but had no significant difference between them under high
nitrogen level (Fig. 2).

35 OL-N M-N BH-N
a
30 T
b
be be
% 25 L T cd
=t d —TI
: = 20 | T
20
£z 5t
z 3
BT L
Z 10
5 b
0 L
GT11 - GXB®
Sugarcane variety

Figure 2. Photosynthetic rate in leaves of two sugarcane varieties under different nitrogen
levels measured on September 15, 2016. Treatments labeled with different small letters
represent statistically significant difference at P < 0.05. L-N, low nitrogen level; M-N, medium
nitrogen level; H-N, high nitrogen level

Effect of different nitrogen levels on GS activity in different sugarcane varieties

The data in Figure 3 showed that the GS activity in leaves of the variety GT11
increased with the level of nitrogen application (Fig. 3A), and peaked on August 12 in
all the treatments except for the high nitrogen treatment in GXB9. The GS activity was
significantly higher on high nitrogen level than that on low and medium nitrogen levels.
The highest GS activity was recorded in the variety GXB9 under medium nitrogen level
on August 12 (Fig. 3B). Under low and medium nitrogen levels, the GS activity was
always higher in the variety GXB9 than the variety GT11 (Fig. A2), and this may be
related to the higher biological nitrogen fixation ability and nitrogen efficiency of the
variety GXB9.
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Figure 3. GS activity in leaves of two sugarcane varieties under different nitrogen levels.
Treatments labeled with different small letters represent statistically significant difference at
P < 0.05 at the same date. L-N, low nitrogen level; M-N, medium nitrogen level; H-N, high
nitrogen level

Effect of different nitrogen levels on scGS1 expression in different sugarcane
varieties

From Figure 4, we can see that for most treatments, scGS1.a expression was higher
in August and September than June and July. scGS1.a expression tended to decrease
with the level of nitrogen application in both sugarcane varieties. Under low nitrogen
level, scGS1.a expression was higher in GXB9 than GT11 (Fig. A3A), while under high
nitrogen level, scGS1.a expression in GXB9 is lower (Fig. A3B).

From Figure 5, we can find that in June and July, scGS1.b expression tended to
decrease with the level of nitrogen application in both two sugarcane varieties except
for that in GT11 in August and September when it showed the highest under medium
nitrogen level.

The data in Figure 6 showed that the scGS1.c expression tended to increase with the
level of nitrogen application from June to September and the growth course from June
to August in both sugarcane varieties. For different sugarcane varieties, the scGS1.c
expression showed the order of GXB9 > GT11 under the same nitrogen level (Fig. A4).
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Figure 4. Expression of scGS1.a mRNA in leaves of two sugarcane varieties under different
nitrogen levels. Treatments labeled with different small letters represent statistically significant
difference at P < 0.05 at the same date. L-N, low nitrogen level; M-N, medium nitrogen level;
H-N, high nitrogen level
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Figure 5. Expression of scGS1.b mRNA in two sugarcane varieties under different nitrogen
levels. Treatments labeled with different small letters represent statistically significant
difference at P < 0.05 at the same date. L-N, low nitrogen level; M-N, medium nitrogen level;
H-N, high nitrogen level
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Figure 6. Expression of scGS1.c mRNA in two sugarcane varieties under different nitrogen
levels. Treatments labeled with different small letters represent statistically significant
difference at P < 0.05 at the same date. L-N, low nitrogen level; M-N, medium nitrogen level;
H-N, high nitrogen level

Influence of different nitrogen levels on GS1 protein expression in different
sugarcane varieties

The GS1 protein expression in the variety GT11 increased with the level of nitrogen
application, and that in GXB9 reached the maximum under medium nitrogen level
(Figs. 7 and 8). The GS1 protein expression is higher in GXB9 than GT11 under low
and medium nitrogen levels (Fig. A5).

Discussion

Nitrogen is the biggest nutrient element for crop growth and development demand.
However, excessive nitrogen fertilizer application will reduce plant nitrogen utilization
efficiency and cause serious environmental pollution. Zhou et al. (2006) found that
different sugarcane varieties responded differently to different nitrogen levels, and the
sugarcane variety RB72-454 with high biological nitrogen fixation ability has better
growth potential than others under low nitrogen condition. In this study, the plant
height, stem diameter increased with the level of nitrogen application in the nitrogen
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inefficient sugarcane variety GT11 while showed the highest at medium nitrogen level
in the nitrogen efficient sugarcane variety GXB9 with high biological nitrogen fixation
ability, which suggested that the responses of different sugarcane varieties to nitrogen
application are varied, and nitrogen efficient sugarcane variety needs less nitrogen
fertilizer application.

GT11 GXB9
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Figure 7. Western blotting analysis of sugarcane GS1 protein under different nitrogen levels. L-
N, low nitrogen level; M-N, medium nitrogen level; H-N, high nitrogen level
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Figure 8. Effects of different nitrogen levels on the expression of GS1 protein in different
sugarcane varieties. L-N, low nitrogen level; M-N, medium nitrogen level; H-N, high nitrogen
level
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Accumulation distribution rate of nitrogen reached 60 to 80% in leaves, and the
proportion of nitrogen in leaves increased with the growth course of sugarcane (Jiang,
2016). Sugarcane leaf segments had contrasting amount of chlorophyll, nitrogen and
sugars (Mattiello et al., 2015). Nitrogen fertilizer application can obviously increase the
chlorophyll content and leaf area in wheat (Li et al., 2007). In this study we found that
sugarcane leaf area significantly increased with the increase of nitrogen application
levels. We also found that appropriate nitrogen fertilizer application could increase the
content of chlorophyll in leaves, which is consistent with the results reported by Shao et
al. (2009).

Wu and Zhao (2010) reported that nitrogen has the best level range for promoting
photosynthetic rate. Out of this range, photosynthetic rate decreases. Nitrogen efficient
wheat genotypes have strong photosynthetic capacity under low nitrogen condition, but
inefficient genotypes need sufficient fertilizer to get higher photosynthetic capacity and
higher yield (He et al., 1999). N supply and the sugarcane ability to respond to N
influenced photosynthesis (Bassi et al., 2018). In this study we proved that the
photosynthetic rate increased with the increase of nitrogen level in the nitrogen
inefficient variety GT11, while it showed the highest on the medium nitrogen level in
the nitrogen efficient variety GXB9, and significantly higher in the latter than the
former.

In this study, the GS activity in all the treatments presented a typical single peak
during whole detection duration, and most reached peak on August 12. August belongs
to the booming stage, and the plant growth needs large amount of nitrogen. Luo (2007)
pointed out that nitrogen can significantly improve GS activity in rice leaf, and the GS
activity presented a single peak during whole growth period and reached peak at the
heading stage. In this study, the GS activity in the variety GT11 increased with the
increase of nitrogen level, while that in the variety GXB9 presented medium
nitrogen > low nitrogen > high nitrogen from August to September, which is similar to
the result reported by Gui (2007). The variety GXB9 also showed high GS activity
under low nitrogen condition, and it always showed significantly higher than the variety
GT11, but it seems that high nitrogen has inhibitory effect on the GS activity in the
variety GXB9. Nitrogen could induce GS gene expression (Higashi et al., 1998; Ortega
et al., 2001). The expression of GS1-1 in wheat was raised when the nitrogen supply
decreased, and high NH4* supply specifically induced GS1-3 gene expression in barley
and sorghum (Caputo et al., 2009; Elomari et al., 2010; Goodall et al., 2013). In the
present study, the scGSl.a expression decreased with the increase of nitrogen
application in the variety GXB9, while the highest under low nitrogen in the variety
GT11, which is consistent with the results in wheat reported by Caputo et al. (2009).
The relative expression of scGS1.a in plant showed the highest level under low nitrogen
supply could reduce plant damage due to nitrogen deficiency. Robinson et al. (2007)
used NHs" labeled N as nitrogen source in a sugarcane hydroponic cultural
experiment, and found marked nitrogen transport from xylem to leaves accumulated in
the form of glutamic acid and glutamine, forming a marked small nitrogen library. In
the present study, the expression of scGSl.a was significantly higher in the variety
GXB9 than the variety GT11 at the booming stage of sugarcane under the medium and
low nitrogen condition, reflecting that the variety GXB9 could have stronger ability for
transfer of nitrogen from library to source, which could be related with its low nitrogen
resistance characteristics. At the early stage of the sugarcane growth, the expression of
scGS1.b decreased with the increase of nitrogen application rate while the expression of
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scGS1.c increased with the increase of nitrogen application rate for both sugarcane
varieties. The enzyme scGS1.c can accelerate the assimilation of NH4* and reduce
ammonia poisoning. The expression of scGS1.c is 15 times higher in the variety GXB9
than the variety GT11 in June, indicating that the NH4* assimilation ability of the
variety GXB9 is significantly higher than the variety GT11.

The results in the present study showed that, application of 150 kg/ha urea can keep
or significantly increase the GS1 protein expression in the leaves of sugarcane variety
GXB9, but more nitrogen fertilizer application rate was needed for the variety GT11.
The GS1 protein expression level was higher in the variety GXB9 than the variety
GT11, which indicated that the former has stronger low nitrogen endurance than the
latter. GS1 protein in sugarcane was commonly encoded by the genes scGS1.a, scGS1.b
and scGS1.c. We found that the relative expression ratio of scGS1.a : scGS1.b : scGS1.c
on transcription level is approximately 60 : 26 : 0.6, which indicated that scGS1.a is the
most highly expressed sugarcane GS1 gene. We also found that the GS1 protein relative
expression increased with the increase of nitrogen application in sugarcane. However,
there was big difference between transcription expression and enzyme activity due to
the influences of various factors. Ortega et al. (2001) reported that there is no GS
enzyme activity increase when the GS1 gene transcription increased in alfalfa. GS
enzyme in plants is in a dynamic process of biosynthesis and decomposition, and
enzyme synthesis is positively correlated with the substrate concentration (Guan et al.,
2007). Under low nitrogen condition, lack of GS substrate will cause primary oxidative
modification of GS activity sites His residues, followed by protein conformation change
or enzyme split, and the process will only be suspended until the GS peptides is
hydrolyzed. It is thus clear that lack of substrate prompts enzyme decomposition under
insufficient nitrogen condition, and rich substrate helps GS enzyme synthesis and keeps
its stability under rich nitrogen conditions. It is also clarified that GS1 transcription
level increased but the GS protein expression quantity decreased under low nitrogen
condition in the present study.

Conclusion

The nitrogen inefficient sugarcane variety GT11 had the best performance in plant
height, stalk diameter, leaf area, SPAD, net photosynthetic rate, GS activity and GS1
protein under high nitrogen levels, while the nitrogen efficient sugarcane variety GXB9
performed the best under medium nitrogen level. Under the low and medium nitrogen
levels, the activities of GS and expression of GS1 protein were higher in GXB9 than
GT11. The genes scGS1.a and scGS1.b had higher expression levels in leaves under low
nitrogen level while the gene scGS1.c increased the relative expression level with the
increase of nitrogen application rate. It is suggested that scGS1.a and scGS1.b be more
important for nitrogen metabolism, possibly taking part in the nitrogen assimilation in
sugarcane under low nitrogen level.

Acknowledgments. This work was supported financially in part by the grants from the National Natural
Science Foundation of China (31471449, 31560352), Guangxi Special Fund for Scientific Base and
Talent (GKAD17195100), Guangxi Special Funds for Bagui Scholars and Distinguished Experts (2013-
3), Guangxi Sugarcane Innovation Team of National Agricultural Industry Technology System
(gjnytxgxcxtd-03-01).

Conflict of interests. The authors declare that they have no conflict of interests.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):12367-12384.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1236712384
© 2019, ALOKI Kft., Budapest, Hungary



Zhu et al.: Plant growth and glutamine synthase gene SCGS1 expression in sugarcane (Saccharum L. spp. hybrids) under different

nitrogen levels
- 12379 -

Author contribution. L. T. Y. and Y. R. L. designed the study. K. Z. and D. Y. conducted the
experiments. K. Z. and D. Y. analyzed data. K. Z., D. Y., L. T. Y. and Y. R. L. wrote the manuscript. L.
T.Y.and Y. R. L. revised and finalized the manuscript.

[1]

(2]

3]

[4]

5]

(6]

[7]

(8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

REFERENCES

Antoine, M., Judy. L., Thomas, K., Denise, G., Michel, Z., Christophe, T., Frédéric, D.,
Thierry, B., Beno, T. V., Marléne, D. (2006): Two cytosolic glutamine synthetase
isoforms of maize are specifically involved in the control of grain production. — Plant
Cell 18(11): 3252-3274.

Bassi, D., Menossi, M., Mattiello, L. (2018): Nitrogen supply influences photosynthesis
establishment along the sugarcane leaf. — Scientific Reports 8(1): 2327.

Bernard, S. M., Mgller, A. L. B., Dionisio, G., Kichey, T., Jahn, T. P., Dubois, F., Baudo,
M., Lopes, M. S., Tercélaforgue, T., Foyer, C. H. (2008): Gene expression, cellular
localisation and function of glutamine synthetase isozymes in wheat (Triticum aestivum
L.). — Plant Molecular Biology 67(1-2): 89-105.

Bijay, S., Yadvinder, S., Sekhon, G. S. (1995): Fertilizer-N use efficiency and nitrate
pollution of groundwater in developing countries. — Journal of Contaminant Hydrology
20(3): 167-184.

Bradford, M. M. (1976): A rapid method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. — Analytical Biochemistry 72: 248-
254.

Caputo, C., Criado, M. V., Roberts, I. N., Gelso, M. A., Barneix, A. J. (2009): Regulation
of glutamine synthetase 1 and amino acids transport in the phloem of young wheat plants.
— Plant Physiology & Biochemistry 47(5): 335-342.

Edwards, J. W., Walker, E. L., Coruzzi, G. M. (1990): Cell-specific expression in
transgenic plants reveals nonoverlapping roles for chloroplast and cytosolic glutamine
synthetase. — Proceedings of National Academy of Science of the United States of
America 87(9): 3459-3463.

Elomari, R., Ruedalopez, M., Avila, C., Crespillo, R., Nhiri, M., Canovas, F. M. (2010):
Ammonium tolerance and the regulation of two cytosolic glutamine synthetases in the
roots of sorghum. — Functional Plant Biology 37(1): 55.

Goodall, A. J.,, Pankaj, K., Tobin, A. K. (2013): Identification and expression analyses of
cytosolic glutamine synthetase genes in barley (Hordeum vulgare L.). — Plant & Cell
Physiology 54(4): 492-505.

Guan, S. Q. (2007): Cloning and expression analysis of glutamine synthetase gene from
melon. — M. S. Thesis of Shanghai Jiao Tong University, Shanghai.

Gui, Y. Y. (2007): Influence of different levels of nitrogen on nitrogen fixation in
sugarcane. — M.S. Thesis of Guangxi University, Nanning.

He, W. S., Guo, R. Y., Kang, J. H. (1999): Studies on physiological mechanism of
genotypic differences in NPK-efficiency among spring wheat genotypes. — Journal of
Ningxia Agricultural College 21(2): 33-38.

Higashi, K., Shiota, H., Kamada, H. (1998): Patterns of expression of the genes for
glutamine synthetase isoforms during somatic and zygotic embryogenesis in carrot. —
Plant & Cell Physiology 39(4): 418-24.

Jiang, Y. (2016): Effects of nitrogen fertilization levels on accumulation and utilization of
nitrogen and yield and quality in different sugarcane varieties. — M.S. Thesis of Guangxi
University, Nanning.

Kazuhiro, F., Soichi, K., Mayumi, T. K., Yuki, S., Yosuke, N., Toshihiko, H., Tomoyuki,
Y. (2013): Cytosolic glutamine synthetasel;2 is responsible for the primary assimilation
of ammonium in rice roots. — Plant & Cell Physiology 54(6): 934-943.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):12367-12384.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1236712384
© 2019, ALOKI Kft., Budapest, Hungary



Zhu et al.: Plant growth and glutamine synthase gene SCGS1 expression in sugarcane (Saccharum L. spp. hybrids) under different

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

nitrogen levels
- 12380 -

Keegstra, K., Cline, K. (1999): Protein import and routing systems of chloroplasts. — The
Plant Cell 11(4): 557-570.

Keiki, 1., Eri, I., Akiko, W. T., Mitsuhiro, O., Tomoyuki, Y., Hideki, T. (2004): Kinetic
properties and ammonium-dependent regulation of cytosolic isoenzymes of glutamine
synthetase in Arabidopsis. — Journal of Biological Chemistry 279(16): 16598-605.
Kusano, M., Tabuchi, M., Fukushima, A., Funayama, K., Diaz, C., Kobayashi, M.,
Hayashi, N., Tsuchiya, Y. N., Takahashi, H., Kamata, A. (2011): Metabolomics data
reveal a crucial role of cytosolic glutamine synthetase 1;1 in coordinating metabolic
balance in rice. — Plant Journal 66(3): 456-466.

Laemmli, U. K. (1970): Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. — Nature 227: 680.

Lea, P. J., Miflin, B. J. (2011): Nitrogen assimilation and its relevance to crop
improvement. — Plant Review 42: 1-40.

Li, J. H. (2017): Effects of nitrogen fertilizer on the expression nifH gene in the leaves of
different sugarcane varieties. — Thesis of Guangx i University, Nanning.

Li, J. T., Li, W. X,, Liu, Y. G,, Huang, L. F., Lin, Q. (2007): Effects of long-term located
fertilization on the decrepitude characteristics of the flag leaf of winter wheat in the later
growing stage. — Journal of Qingdao Agricultural University: Natural Science Edition 24:
279-282.

Li, R. J.,, Hua, W., Lu, Y. T. (2006): Arabidopsis cytosolic glutamine synthetase
AtGLN1;1 is a potential substrate of AtCRK3 involved in leaf senescence. — Biochemical
& Biophysical Research Communications 342(1): 119-126.

Li, Y. R,, Yang, L. T. (2015): Sugarcane agriculture and sugar industry in China. — Sugar
Tech 17(1): 1-8.

Li, Y. R., Song, X. P., Wu, J. M., Li, C. N, Liang, Q., Liu, X. H., Wang, W. Z., Tan, H.
W., Yang, L. T. (2016): Sugar industry and improved sugarcane farming technologies in
China. — Sugar Tech 18(6): 603-611.

Lightfoot, D. A., Green, N. K., Cullimore, J. V. (1988): The chloroplast-located
glutamine synthetase of Phaseolus vulgaris L.: nucleotide sequence, expression in
different organs and uptake into isolated chloroplasts. — Plant Molecular Biology 11(2):
191.

Livak, K. J., Schmittgen, T. D. (2001): Analysis of relative gene expression data using
real-time quantitative PCR and the 2—AACT method. — Methods 25(4): 402-408.

Lothier, J., Gaufichon, L., Sormani, R., Lemaitre, T., Azzopardi, M., Morin, H., Chardon,
F., Reisdorf-Cren, M., Avice, J. C., Masclaux-Daubresse, C. (2011): The cytosolic
glutamine synthetase GLN1;2 plays a role in the control of plant growth and ammonium
homeostasis in Arabidopsis rosettes when nitrate supply is not limiting. — Journal of
Experimental Botany 62(4): 297-305.

Luo, L. F,, Zheng, S. X,, Liao, Y. L., Nie, J., Xie, J., Xiang, Y. W. (2007): Effect of
controlled release nitrogen fertilizer on protein quality of brown rice and key enzyme
activity involved in nitrogen metabolism in hybrid rice. — Chinese Journal of Rice
Science 21(4): 403-410.

Mattiello, L., Riafo-Pachén, D. M., Martins, M. C. M., da Cruz, L. P., Bassi, D.,
Marchiori, P. E. R., Ribeiro, R. V., Labate, M. T. V., Labate, C. A., Menossi, M. (2015):
Physiological and transcriptional analyses of developmental stages along sugarcane leaf.
— BMC Plant Biology 15(1): 300.

May, T., Soll, J. (1999): Chloroplast precursor protein translocon. — Febs Letters 452(1-
2): 52-56.

Mayumi, T., Kenjiro, S., Keiki, I., Eri, I., Tadashi, S., Hideki, T., Tomoyuki, Y. (2005):
Severe reduction in growth rate and grain filling of rice mutants lacking OsGS1;1, a
cytosolic glutamine synthetasel;1. — Plant Journal 42(5): 641-651.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):12367-12384.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1236712384
© 2019, ALOKI Kft., Budapest, Hungary



Zhu et al.: Plant growth and glutamine synthase gene SCGS1 expression in sugarcane (Saccharum L. spp. hybrids) under different

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

nitrogen levels
- 12381 -

Nogueira, D. M., Eduardo, Olivares, L., Fabio, Japiassu, C., Janaina, VILAR, Claudia,
Fabiano. (2005): Characterization of glutamine synthetase genes in sugarcane genotypes
with different rates of biological nitrogen fixation. — Plant Science 169(5): 819-832.
Ortega, J. L., Temple, S. J., Sengupta-Gopalan, C. (2001): Constitutive overexpression of
cytosolic glutamine synthetase (GS(1)) genein transgenic alfalfa demonstrates that GS(1)
may be regulated at the level of RNA stability and protein turnover. — Plant Physiology
126(1): 109-121.

Robinson, N., Fletcher, A., Whan, A., Critchley, C., Wirén, N. V., Lakshmanan, P.,
Schmidt, S. (2007): Sugarcane genotypes differ in internal nitrogen use efficiency. —
Functional Plant Biology 34(12): 1122-1129.

Shao, X. W., Han, M., Han, Z. M. (2009): Relationship between diurnal changes of
photosynthesis of Scutellaria baicalensis and environmental factors in different habitats. —
Acta Ecologica Sinica 29(3): 1470-1477.

Swarbreck, S. M., Defoin-Platel, M., Hindle, M., Saqgi, M., Habash, D. Z. (2011): New
perspectives on glutamine synthetase in grasses. — Journal of Experimental Botany 62(4):
1511.

Tingey, S. V., Tsai, F. Y., Edwards, J. W., Walker, E. L., Coruzzi, G. M. (1988):
Chloroplast and cytosolic glutamine synthetase are encoded by homologous nuclear
genes which are differentially expressed in vivo. — Journal of Biological Chemistry
263(20): 9651-9657.

Towbin. H., Staehelin, T., Gordon, J. (1979): Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. —
Proceedings of National Academy of Science of the United States of America 76(9):
4350-4.

Wei, L. P. (2005): Effects of different levels of molybdenum on the physiological and
biochemical characteristic in relation to nitrogen fixation in sugarcane. — Thesis of
Guangxi University, Nanning.

Wu, W., Zhao, J. (2010): Advances on plants’ nitrogen assimilation and utilization. —
Chinese Agricultural Science Bulletin 26(13): 75-78.

Zhang, Y. M., Yang, L. T., Li, X,, Li, Y. R. (2015): Effects of different nitrogen levels on
key enzymes of nitrogen metabolism and contents of related active substances for three
sugarcane varieties. — Journal of Southern Agriculture 46(5): 766-771.

Zhou, Z. B., Gong, D. Y., Dai-Yong, Y. I, Liu, F. Z., Xie, H. Y. (2006): Fertilizer effects
of different amount of nitrogen applied on nitrogen fixation RB72-454 (sugarcane
variety). — Guizhou Agricultural Science 34: 52-55.

APPENDIX

Table Al. The primers of scGSl.a, scGS1.b, scGS1.c and GAPDH used to detect the relative
expressions in sugarcane

Primer Primer sequence
GSla -AGACAGAGCAGAACGGCAAG-3’ F1
-CTTCCAGAGGATGGTGGTGT-3’ R1
GSLb -CAAAGCAAGGACGGTGAAA-3’ F1
-TGAGGGTAGAGGATGACTTCG-3’ R1
GSLc -CTGGGATGGATGTGAGGAGC-3’ F1
-GTCTCTGAAGATGGCCCGAG-3’ R1
GAPDH -CTCTGCCCCAAGCAAAGATG-3 Fi
-TGTTGTGCAGCTAGCATTG-3’ R1
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Figure Al. Leaf area of two sugarcane varieties under different nitrogen levels. Treatments
labeled with different small letters represent statistically significant difference at P < 0.05 at the
same date
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Figure A2. GS activity in two sugarcane varieties under different nitrogen levels. Treatments
labeled with different small letters represent statistically significant difference at P < 0.05 at the

same date
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Figure A3. Expression of scGS1.a mRNA in two sugarcane varieties under different nitrogen
levels. Treatments labeled with different small letters represent statistically significant
difference at P < 0.05 at the same date
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Figure A4. Expression of scGS1.c mRNA in two sugarcane varieties under different nitrogen
levels. Treatments labeled with different small letters represent statistically significant
difference at P < 0.05 at the same date

A OGT1l mGXB9
120
Low nitrogen
100 t
o
280 r
o ®
gg 60
o [}
w.; 40
=
0
6/10/2016  7/12/2016_ 8/12/2016 9/15/2016
Date
OGT11 mGXB9
B 80

70 | Medium nitrogen

60

50

40

30

20

10 .
0

6/10/2016 7/12/2016 8/12/2016 9/15/2016

scGSl.c
Relative expression

C |:|GT11 WGXB9
70 r High nitrogen
60 r
S50 |
Q é— 40 a b
8 g 30
“E 2
€ 10 '
0 .

6/10/2016  7/12/2016 8/12/2016 9/15/2016
Date

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):12367-12384.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1236712384
© 2019, ALOKI Kft., Budapest, Hungary



Zhu et al.: Plant growth and glutamine synthase gene SCGS1 expression in sugarcane (Saccharum L. spp. hybrids) under different
nitrogen levels
- 12384 -

Figure A5. Expression of GS1 protein in two sugarcane varieties under different nitrogen levels
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