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Abstract  Nitrogen is a primary macronutrient in
plants, and nitrogen fertilizers play a critical role in
crop production and yield. In this study, we investi-
gated the effects of overexpressing a glutamine
synthetase (GS) gene on nitrogen metabolism, and
plant growth and development in sorghum (Sorghum
bicolor L., Moench). GS catalyzes the ATP dependent
reaction between ammonia and glutamate to produce
glutamine. A 1,071 bp long coding sequence of a
sorghum cytosolic GS gene (G/nl) under the control
of the maize ubiquitin (Ubq) promoter was introduced
into sorghum immature embryos by Agrobacterium-
mediated transformation. Progeny of the transfor-
mants exhibited higher accumulation of the Ginl
transcripts and up to 2.2-fold higher GS activity
compared to the non-transgenic controls. When grown
under optimal nitrogen conditions, these Gin/ trans-
genic lines showed greater tillering and up to 2.1-fold
increase in shoot vegetative biomass. Interestingly,
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even under greenhouse conditions, we observed a
seasonal component to both these parameters and the
grain yield. Our results, showing that the growth and
development of sorghum Ginl transformants are also
affected by N availability and other environmental
factors, suggest complexity of the relationship
between GS activity and plant growth and develop-
ment. A better understanding of other control points
and the ability to manipulate these will be needed to
utilize the transgenic technology to improve nitrogen
use efficiency of crop plants.

Keywords Glutamine synthetase - Nitrogen use
efficiency - Sorghum - Tillering

Introduction

Nitrogen (N) is a primary macronutrient for plants.
Plant growth and crop productivity highly depend on
the application of N fertilizers. Due to the critical role
that N fertilization plays in increasing yields in
agriculture, world demand for N is predicted to grow
by 1.3 % per year from 2012 to 2016, according to the
Food and Agriculture Organization of the United
Nations. However, while N fertilizers can contribute
to enhanced agricultural productivity, they can also
lead to environmental degradation. In fact, it is
estimated that only 30-50 % of applied N is taken
up by plants (McAllister et al. 2012), with the
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remainder causing soil, water and air pollution. In the
US for example, fertilizer run-off into the Mississippi
river, which drains into the Gulf of Mexico, causes
excessive algal growth leading to a dead zone in the
gulf every year. For this reason, there has been an
increasing interest in improving N use efficiency
(NUE) in crop plants, which is their efficiency to take-
up N from the soil and utilize it in the production of
biomass. Genetic engineering is not only an important
tool for the characterization of candidate genes that are
thought to improve NUE, but it will also be necessary
to generate crop plants in the future that are better able
to grow under low N conditions and efficiently utilize
the available N.

Among the different biotechnological strategies
used to date to enhance NUE in plants, multiple
studies have been conducted on the overexpression of
genes encoding glutamine synthetases (GS, E.C.
6.3.1.2) (Good et al. 2004; Foyer and Zhang 2011;
McAllister et al. 2012; Xu et al. 2012). GS is known to
catalyze the ATP dependent reaction between ammo-
nia and glutamate to produce glutamine. This enzyme
is likely to be an important checkpoint controlling
NUE, since it is involved in the assimilation of all of
the N, derived either from nitrate or ammonium, into
organic forms (Miflin and Habash 2002). GSs, present
either as cytosolic (GS1) or plastidic (GS2) isoforms
(Hirel and Gadal 1982; Foyer and Zhang 2011), are
differentially expressed in various plant tissues and
have specific functions in N assimilation (Bernard and
Habash 2009).

Several studies have demonstrated that the overex-
pression of GS genes (Gln) resulted in improved
growth or biomass accumulation in different plant
species. It has been shown that the overexpression of a
cytosolic Giln gene (GInl) from alfalfa (Medicago
sativa L.) or pea (Pisum sativum L.) directed by the
35S cauliflower mosaic virus (CaMV 35S) promoter
led to enhanced growth in tobacco (Nicotiana tabacum
L.) (Fuentes et al. 2001; Oliveira et al. 2002).
Likewise, constitutive overexpression of a GInl gene
from pine (Pinus silvestris L.) resulted in increased dry
weight (DW) in poplar (Populus tremula L.) (Gallardo
et al. 1999; Fu et al. 2003). Habash et al. (2001) found
that wheat (Triticum aestivum L.) plants overexpress-
ing a GInl gene from bean (Phaseolus vulgaris L.),
driven by the light-induced rubisco small subunit
(rbeS) promoter, exhibited higher root and grain DW
than the non-transgenic controls. In rice (Oryza sativa
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L.), ectopic expression of a GInl gene under the
control of a ubiquitin (Ubq) promoter resulted in
increased spikelet yield in plants grown under high N
conditions (Brauer et al. 2011); however, no positive
effect on NUE was observed when the CaMV 35S
promoter was used (Cai et al. 2009). Migge et al.
(2000) demonstrated that the overexpression of a
plastidic Gln gene (Gin2) under the control of the rbcS
promoter enhanced the growth of tobacco plants.
Moreover, overexpression of a maize (Zea mays L.)
ginl-3 gene driven constitutively by the cassava vein
mosaic virus (CsVMV) promoter increased grain
number in this crop (Martin et al. 2006).

In the current study, we investigated the effects of
the overexpression of a GInl gene from sorghum
(Sorghum bicolor L.) on its growth and development.
The two sorghum GS isoforms, cytosolic and plastidic,
were first identified by Hirel and Gadal (1982). Later
on, El Omari et al. (2010) found that the cytosolic GS
isoforms in sorghum were encoded by three different
genes, SbGiInl.1, SbGiInl.2 and SbGiInl.3, with the
SbGlinl.1 gene being more active in sorghum leaves,
while the other two were expressed mainly in the
roots. However, in maize, which belongs to the same
family, cytosolic GS isoenzymes are known to be
encoded by five distinct genes, all of them being
differentially expressed in various tissues of the plant
(Martin et al. 2006). In the study performed by Martin
et al. (2006), the authors presented a model describing
the expression and putative function of the five GS
isoforms in maize and also reported that the consti-
tutive overexpression of ZmGinl.3 (GenBank acces-
sion number: x65928) led to a 30 % increase in the
grain number of transgenic plants. We conducted
bioinformatic analyses (http://www.phytozome.net/)
and identified a sorghum gene sequence that had the
highest degree of homology to the ZmGinli.3. Based
on EST sequences (http://www.ncbi.nlm.nih.gov/;
accession numbers: CD462839, CD205511 and
AWG671987), the sequence identified in Phytozome
seems to correspond to the SbGIni.2 gene reported by
El Omari et al. (2010) and was chosen in this study for
overexpression in sorghum. To this end, the 1,071 bp
long coding sequence (CDS, Online resource 5) from
sorghum was placed downstream of the maize Ubq
promoter or the CaMV 35S promoter in two separate
binary vectors, and each construct was introduced into
sorghum by means of Agrobacterium-mediated
transformation. Transgenic lines showing higher
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transgene expression and enzyme activity compared to
the wild-type plants were subjected to biomass and
yield evaluations as well as to nitrogen and metabolite
analyses.

Materials and methods

Assembly of binary vectors and plant
transformation

The CDS of the sorghum Glnl gene was obtained by
RT-PCR from mRNA isolated from sorghum leaf
tissue. Primers Glnl-Fl: 5-GGATCCATGGCCT
CCCTCACCGA-3 and GInl-R1: 5-GAGCTCT
CAGGGCTTCCAGAGGATG-3' were used to
amplify the 1,071 bp long sequence of the gene and
to incorporate BamHI and SstI cloning sites at the 5
and 3’ ends, respectively. A binary vector was
assembled by ligating this fragment at the 3’-end of
the maize Ubq promoter in a pCAMBIA 1200-based
vector. The laboratory designation for this vector was
LCT93 (Online resource 6). In addition, primers
GlInl-F2: 5'-CCATGGATGGCCTCCCTCACC
GA-3' and GInl-R2: 5-GGATCCTCAGGGCTTCC
AGAGGATG-3' were used to amplify the same
sequence, but to incorporate Ncol and BamHI cloning
sites at the 5" and 3’ ends, respectively. This fragment
was ligated at the 3’-end of the tobacco etch virus
(TEV) translation enhancer under the control of the
CaMV 35S promoter in a pCAMBIA 1300-based
vector. The laboratory designation for this second
vector was LCT94 (Online resource 7). Each plasmid
was mobilized into Agrobacterium tumefaciens strain
NTL4 harboring the disarmed Chry5 Ti plasmid
designated pTiKPSF2 (Palanichelvam et al. 2000).
The transgene expression cassettes were introduced
into S. bicolor L., genotype P898012, by Agrobacte-
rium-mediated transformation of immature embryos,
collected 14 days post-anthesis (dpa), as described by
Kumar et al. (2011). Plants were regenerated follow-
ing selection of transgenic events on hygromycin
(20 mg/1). Plantlets with well-developed roots were
transferred to three-gallon pots containing MetroMix
200 soil medium (SUN GRO Horticulture, Bellevue,
WA, USA) and grown in a greenhouse. Plants were
watered daily and, starting at the six-leaf stage, were
fertilized every week.

Plant material for molecular and physiological
studies

Homozygous or azygous (null segregant) status of the
plants was determined by germinating T, seeds from
10 different T, plants on hygromycin medium. Their
status was further confirmed by PCR analysis. T,
generation plants from a homozygous T, plant and the
corresponding null segregants were used in various
analyses. One week-old seedlings were planted in
500 ml size plastic cups (with holes in the bottom
covered with wire mesh) containing sand. The exper-
iment was conducted in a greenhouse and plants were
irrigated daily with a nutrient solution containing either
4 mM NO;~ (low N concentration) or 12 mM NO;™~
and 2 mM NH,* (optimal N concentration) (Online
resource 1 and 2). The pH of each solution was adjusted
to 5.8 before use. At each irrigation, solution was
allowed to drain out from the bottom of the plastic
cups. At the five-leaf stage, roots and the three
youngest, fully expanded leaves were harvested for
subsequent use in transcription, enzyme and ammo-
nium analyses. For the long-term studies, plants were
grown in rockwool cubes (Grodan, Ontario, Canada) in
a greenhouse and irrigated every other day with the
nutrient solutions in the same manner as described
above. At maturity, shoot tissue and seeds were
harvested for ammonium, amino acid and nitrogen
analyses as well as for yield determinations.

Transcript analysis

Leaf and root tissues were collected from transgenic
plants and null segregant controls and flash frozen in
liquid nitrogen. Total RNA was extracted from tissues
using the Spectrum Plant Total RNA Kit (Cat. #
STRNS50-1KT, Sigma, St. Louis, MO, USA). Tran-
script levels of the Gin-1 gene were analyzed by
Northern blot hybridization (Sambrook et al. 2001).
The membranes were hybridized with a **P-labeled
Ginl gene fragment for 16-20 h at 60 °C. After
hybridization, membranes were exposed to X-ray film
at —80 °C.

Enzymatic assay
GS enzyme activity was determined in freshly-

harvested leaf and root tissues by the synthetase
reaction as described previously by O’Neal and Joy

@ Springer



400

Transgenic Res (2015) 24:397-407

(1973). Measurement of soluble protein was per-
formed spectrophotometrically using the Bio-Rad
protein assay kit (Bio-Rad, Hercules, CA) with bovine
serum albumin as the standard.

Evaluation of growth and biomass production

For shoot and root DW determinations, plant material
was dried at 100 °C for 12 h. DW were determined for
transgenic and null segregant plants at the five-leaf
developmental stage. In addition, flowering time, height
of the primary tiller, grain number, grain weight and
vegetative shoot DW were determined in mature
transgenic plants and null segregant controls at 35 dpa
(primary tiller). The first long-term experiment was
started on October 3, 2012 and the second long-term
experiment was initiated on February 11,2013. Both the
long-term experiments were conducted in exactly the
same manner, however, because of the timing of
experiments, the plants experienced different tempera-
tures, light quantity, and photoperiods as these condi-
tions could not be fully controlled in our greenhouses.

Ammonium, amino acid and nitrogen analyses

For ammonium, amino acid and nitrogen analyses,
plant material was also dried at 100 °C for 12 h.
Ammonium was extracted with 60 % methanol and
estimated by the salicylate-type colorimetric method
described previously by Husted et al. (2000). For
amino acid content determination, samples were
subjected to liquid-phase hydrolysis with 6 N HCI
and exposed to 100 °C for 22 h. Samples were then
filtered, reconstituted in 0.4 M borate buffer and
analyzed using high-performance liquid chromatog-
raphy (HPLC). This analysis was performed by the
Protein Chemistry Laboratory, TAMU, College Sta-
tion, TX, USA. Nitrogen content was measured by the
Dumas combustion method (Office of the Texas State
Chemist, TAMU, College Station, TX, USA) as
described by Palle et al. (2013).

Results
Generation of transgenic sorghum lines
In order to investigate the effect of GS overexpres-

sion in the improvement of sorghum NUE, we
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assembled a binary vector (laboratory designation:
LCT93; Online resource 6) harboring the 1,071 bp
long CDS of a sorghum Ginl gene under the control
of the maize Ubq promoter. Additionally, we used a
second vector carrying the same gene fragment
driven by the CaMV 35S promoter (laboratory
designation: LCT94, Online resource 7). Both the
constructs contained the hygromycin phosphotrans-
ferase (hptll) gene under the control of the CaMV
35S promoter for the selection of transgenic events.
Three independent transgenic lines were generated
by using the UbqP::GInl vector and two were
obtained using the CaMV 35SP::Ginl. Two lines
per vector were used for the study.

Transcription and enzyme activity

The levels of GS1 transcripts in the transgenic lines
were assessed by Northern blot hybridization.
Transcript accumulation was evaluated in both leaf
and root tissues from T, homozygous plants and the
corresponding null segregants at the five-leaf devel-
opmental stage. Transgenic lines carrying the Ginl
gene driven by the maize Ubq promoter and grown
under either low or optimal N conditions showed
higher abundance of GInl transcripts in both leaves
and roots, in comparison to the null segregants
(Fig. 1). However, the transgenic plants transformed
with the GInl gene under the control of the CaMV
35S promoter showed no major differences for the
Glinl transcripts compared to their null segregant
controls in either tissue under different N conditions
(Online resource 8).

GS enzyme activity was evaluated in the leaves
and roots of T, homozygous Glnl transformants
and null segregants grown under low or optimal N
conditions. GS activity was significantly higher in
both leaves and roots of LCT93 plants than that in
the control plants grown under either N conditions
(Fig. 2). A 1.3- to 1.6-fold increase in GS activity
was observed in the leaves of LCT93 transgenic
plants, while a 1.3- to 2.2-fold higher activity was
found in the roots. As opposed to LCT93 lines,
LCT94 plants showed no significant difference in
GS activity compared to the null segregants in any
of the tissues analyzed and under either N treat-
ment (Online resource 9).
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Fig. 1 Northern blot analysis of RNA from LCT93 transgenic
lines and null segregant (NS) plant grown under low or optimal
nitrogen conditions. a Leaves, b roots. Transcripts were detected
by hybridization with *P-labeled probes corresponding to the
CDS specific to each gene (GInl and sorghum actin gene).
Three png of RNA were loaded in each lane
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Fig. 2 Glutamine synthetase (GS) activity in the leaves and
roots of LCT93 transgenic plants and null segregants (NS),
grown under low or optimal nitrogen conditions. Results shown
are mean (+£SEM) values from five individual plants;
*p < 0.05; **p < 0.01

Evaluation of growth, biomass production
and grain yield in GInl overexpressing plants

To determine the effect of Ginl overexpression on the
growth and development of sorghum plants grown
under low and optimal N conditions, biomass and
grain production were evaluated in T, 93-2A plants at
the vegetative stage and after maturity in separate

experiments. No significant difference in shoot or root
DW was found in the 93-2A plants harvested at the
five-leaf developmental stage compared to their wild-
type counterparts (Table 1). However, at 35 dpa,
93-2A plants from the experiment started on October
3, 2012 (hereafter referred to as winter experiment),
grown under optimal N conditions and harvested in
December 2012 showed significantly higher accumu-
lation of biomass in the vegetative parts of the shoot
than the controls (Table 2). Interestingly, the 2.1-fold
increase in shoot biomass was due to the formation of
more secondary tillers compared to the null segregant
plants (Fig. 3). In contrast, no significant difference
was observed in the DW of vegetative shoot parts
between 93-2A plants and controls, grown under low
N (Table 2). Similarly, with regards to the grain yield,
there were no significant differences between 93-2A
and control plants grown under low N conditions. The
situation under optimal N conditions was more
complex. The primary tillers of 93-2A transgenic
plants grown under optimal N conditions exhibited a
significant reduction in seed number (Table 2). How-
ever, as mentioned earlier, the transformants had a
tendency to produce a secondary tiller. The number of
seeds in these secondary tillers was higher than that in
the primary tillers of the transformants (Online
resource 10). Thus, at the termination of the experi-
ment (35 dpa in the primary tiller), a significantly
higher number of seeds was produced by the transfor-
mants compared to the null segregants. In contrast, no
differences in grain yield were observed between the
transformants and null segregants grown under low
nitrogen conditions. Additionally, no significant dif-
ference in height was observed between transgenic
plants and null segregant controls, but a slight delay in
flowering was detected in transgenic individuals
grown under low N conditions. A second long-term
experiment was initiated on February 11, 2013 (spring
experiment) and growth and development-related
measurements were obtained on plants harvested on
May 22, 2013. In contrast to plants harvested in the
winter experiment, both, null segregant and transgenic
plants from this second experiment had the tendency
to produce secondary tillers that, in many cases,
emerged from the middle part of the stems of primary
tillers (Online resource 11A, B, C and D). At 35 dpa,
93-2A plants grown under optimal N conditions
showed a statistically significant, 1.2-fold higher
accumulation of the vegetative shoot biomass than
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Table 1 Biomass, ammonium and nitrogen (N) content in 93-2A plants harvested at the vegetative stage

Low N Optimal N

93-2A NS 93-2A NS
Shoot DW (g) 0.19 &+ 0.02 0.15 £ 0.01 0.13 £ 0.01 0.13 + 0.01
Root DW (g) 0.34 £ 0.05 0.28 £+ 0.05 0.15 £ 0.02 0.13 = 0.04
NH,* (umol/g DW) 0.10 £ 0.01 0.11 £ 0.00 0.06 £ 0.00* 0.11 £ 0.00
Total N (%) 4.75 £ 0.06 4.64 £ 0.06 493 +£0.18 459 +0.24

Ammonium and nitrogen levels were estimated in pooled samples of the three youngest leaves from transgenic and null segregant
(NS) plants at the five-leaf stage. Growth parameter results shown are mean (SEM) values from five individual plants

* Significant differences between the transgenic plants and null segregant (NS) controls (p < 0.05)

Table 2 Agronomic traits, nitrogen (N), and ammonium content in 93-2A plants harvested at maturity (winter experiment)

Low N Optimal N

93-2A NS 93-2A NS
Flowering time (days) 64.57 & 0.97** 60.86 = 0.46 60.43 + 1.73 58.71 £ 0.81
Height of primary tiller (inch) 37.14 £ 1.01 38.43 £ 0.37 39.57 £ 1.71 39.00 £ 0.95
Grain number (primary tiller) 181.00 £ 15.97 175.71 £+ 19.80 93.43 £ 20.31%* 193.57 £+ 12.55
Grain weight (50 seeds from primary tiller, g) 1.75 £ 0.04 1.82 £ 0.04 1.54 £ 0.07 1.62 £ 0.03
Grain number (secondary tiller) 154.86 £ 28.27
DW of shoot vegetative organs (g) 6.63 £+ 0.48 6.02 £ 0.43 27.78 £ 2.775%%* 13.37 £ 1.00
NH," (umol/g DW) 0.17 +£ 0.02 0.19 &+ 0.00 0.18 &+ 0.00 0.19 &+ 0.00
Total N (%) 295 £0.18 292 £ 0.27

For flowering time, height, grain weight and number, and DW of shoot vegetative organ, results shown are mean (=SEM) values
from seven individual transgenic and null segregant (NS) plants. For ammonium and total N determination, results presented are
mean (£SEM) values from five and four individual plants, respectively

** Significant differences between the transgenic plants and NS controls (p < 0.01)

the controls (Table 3). This increase in shoot
biomass was due to the formation of more tillers
compared to the control plants. In contrast, no
significant difference in vegetative shoot biomass
was observed between 93-2A plants and the controls
grown under low N conditions. With regards to the
grain yield, the primary tillers of 93-2A transgenic
plants grown at both low and optimal N concentra-
tions exhibited a significant reduction in seed
number (Table 3). It should be noted that at the
termination of this spring experiment (35 dpa in the
primary tiller), only a small number of the second-
ary tillers had flowered and none had set seeds. No
significant difference was found between transgenics
and null segregants in terms of height, and a slight
but significant decrease in flowering time was
detected in the transgenic individuals grown under
both low and optimal N conditions.

@ Springer

Ammonium, amino acid and nitrogen levels
in GInl overexpressing plants

To estimate the impact of GInl overexpression on N
metabolism in sorghum plants grown under low and
optimal N conditions, the ammonium and total N
contents were determined in T, 93-2A plants at the
vegetative stage and at maturity (Tables 1, 2). There
was no significant difference in the nitrogen levels in
the leaves from young transgenic plants grown in
either low or optimal N concentrations in comparison
to the controls. However, there was a significant
decrease in ammonium content in young leaves from
93-2A plants grown under optimal N conditions,
compared to the null segregants. At maturity, there
was no significant difference in the ammonium or
nitrogen content in the transgenic plants compared to
the controls. Although we did not expect to see major
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Fig. 3 Images depicting the shoot phenotype of plants grown under optimal N conditions (winter experiment). a Null segregant plants,

b 93-2A plants (35 dpa in primary tiller)

differences in the levels of amino acids between the
seeds from transgenic plants and null segregants, we
performed this analysis based on a report that has
shown a small reduction in the levels of total amino
acids in the rice seeds of GS-overexpressing plants
(Cai et al. 2009). No significant difference in the
concentration of amino acids was observed between
the seeds of transgenic and control sorghum plants
grown under optimal N conditions (Online
resource 3). Interestingly, the concentration of each
of the amino acids and total protein (Online
resource 3 and 4) was higher in the seeds of null
segregants in the winter experiment compared to the
spring experiment.

Discussion

We have investigated the effects of overexpression of
a GInl gene on growth and development in sorghum.
To that end, transgenic lines carrying a sorghum Gln/
gene with 99 % of sequence homology to that of
SbGlinl.2 (El Omari et al. 2010) under the control of
the maize Ubq promoter were generated. It has been
reported that SbGinl.2 is highly expressed in sorghum
roots and induced by pathogens and N deficiency (El
Omari et al. 2010). Northern blot analyses and
glutamine synthetase enzyme assays revealed that
the UbqP::Ginl transformants showed strong expres-
sion of the transgene in both tissues (leaves and roots)
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Table 3 Agronomic traits in 93-2A plants harvested at maturity (spring experiment)

Low N Optimal N

93-2A NS 93-2A NS
Flowering time (days) 58.86 &+ 0.38* 59.86 + 0.32 56.50 & 0.42%** 58.14 £ 0.13
Height of primary tiller (inch) 38.93 £ 0.77 39.86 + 0.48 39.38 £ 0.71 38.21 + 1.48
Grain number (primary tiller) 153.57 & 22.82*%  217.57 £ 21.66 107.88 £ 25.08%** 327.14 £ 22.01
Grain weight (50 seeds from primary tiller, g) 1.81 £ 0.03 1.79 £ 0.02 1.61 £ 0.05 1.60 £ 0.04
DW of shoot vegetative organs (g) 29.50 £ 2.34 30.18 £+ 1.90 33.62 £ 1.37%* 28.48 £ 0.57
Number of tillers 4.57 £ 045 4.57 + 0.28 7.50 & 0.27%* 5.71 £ 0.34

Results shown are mean (=SEM) values from eight individual transgenic and null segregant (NS) plants

Asterisks indicate significant differences between the transgenic plants and NS controls; * p < 0.05; ** p < 0.01

examined and under both N treatments tested (Figs. 1,
2). UbgP::GiInl transformants grown under optimal N
conditions and harvested at the vegetative stage
showed lower levels of ammonium than controls,
which could be due to the higher GS1 activity in these
plants (Oliveira et al. 2002; Martin et al. 2006).
Intriguingly, no difference in ammonium levels was
observed between young transgenic and control plants
growing under low N availability or between trans-
genics and controls at maturity (Tables 1, 2).

In contrast, Northern blot analysis on CaMV
35SP::GlInl transformants did not show higher levels
of Ginl transcripts in either the leaves or roots of the
sorghum plants grown under low or optimal N
conditions (Online resource 8). Although the CaMV
35S promoter is a very strong constitutive promoter, it
is also known to have lower activity in monocotyle-
donous plants. For instance, Kumar et al. (2011)
demonstrated that the CaMV 35S promoter is not very
active in sorghum regenerants upon emergence from
tissue culture as well as in the older leaves of two-
month old sorghum plants from the T, generation.
Nevertheless, this promoter has been used success-
fully to drive transgenes in monocots and the select-
able marker gene, hpfll, used to select sorghum
transformants in this study was under the control of
CaMV 35S promoter. In this regard, it should be noted
that several attempts to isolate full-length cDNA of the
Glinl gene were unsuccessful and therefore only the
CDS was used to assemble the overexpression
constructs in the current investigation. It is known
that 5’- and 3’-UTRs can have major influence on the
transcript stability and translation of GS1 genes in
other species (Ortega et al. 2006, 2012). Although all
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the mechanisms involved in the control of sorghum
GS1 activity are not yet understood, it is possible that
the strength of the CaMV 35S promoter was not
sufficient to enhance the activity of this enzyme in the
CaMV 35SP::Ginl transformants. It will require
extensive investigation with additional transgenic
lines to ascertain why this set of transformants did
not express the Glnl gene.

As mentioned earlier, the maize Ubq promoter was
able to drive the transcription of the Ginl CDS to a
degree that resulted in significantly higher levels of
transcripts and enzyme activity in the UbqP::Ginl
transformants. Such overexpression of the Glnl gene
did not affect the growth of transgenic plants at the
early stages of development (Table 1), but had a
significant effect at maturity (Table 2). In the winter
experiment, initiated on October 3, 2012, Ginl
overexpression lines showed a significant increase in
the vegetative shoot biomass as a result of greater
tillering, in comparison to the null segregant controls
grown under optimal N conditions. These findings
suggest that the overexpression of the Ginl gene,
tested in this study, affects the tiller formation in
sorghum. Recently, Funayama et al. (2013) demon-
strated that the rice Glnl;2 gene affects tillering in that
species. They found that GInl;2 knock-out mutants
showed a 50 % decrease in tiller number, compared to
their wild-type counterparts. The wild-type phenotype
was restored by the re-introduction of Glnl;2 cDNA
into the mutants. They hypothesized that the loss of
Glinl;2 function may decrease the concentration of
strigolactone, a phytohormone that is believed to play
a role in branching and tillering. In contrast to the
results obtained under optimal N levels, under low N
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conditions, the UbqP::Glnl transformants did not
show greater tillering response compared to their null
segregant counterparts (Table 2). This suggests that
the overexpression of GS1 had an effect on the
physiological response of the sorghum plant to N
availability. In the spring experiment, initiated on
February 11, 2013, transgenic lines also exhibited a
higher shoot vegetative biomass accumulation in
comparison to the null segregants when they were
grown under optimal N conditions but not under low N
conditions (Table 3). Although the increased biomass
of transformants, observed in the spring experiment
was significantly higher compared to the controls, it
was not as high as that in the winter experiment. This
discrepancy might be a result of seasonal effects
caused by the difference in day length, and, thus, the
amount of daylight the plants received during each
season. The plants may have also experienced differ-
ent temperatures in the two experiments.

In the winter experiment, it was evident that the
increase in biomass in the transgenic plants grown
under optimal N availability was a result of the
formation of secondary tillers (Fig. 3). Interestingly,
in the spring experiment, both types of plants grown
under any of the two N treatments produced multiple
secondary tillers (Online resource 11). However,
statistical analyses showed that in this experiment,
the transgenic plants had more tillers than the controls
grown under optimal N conditions (Table 3). The
difference, in terms of the degree of tillering response,
between the two experiments could have been due to
the differences in day length, light quantity and
intensity between fall and spring seasons.

There are some reports on light-dependent growth
phenotype in transgenic plants overexpressing Glnl
genes. In a study conducted by Oliveira et al. (2002),
tobacco plants transformed with a pea Ginl gene and
grown under different N concentrations exhibited
slightly higher growth rate compared to the controls
under low light (50 pmol cm ™2 s~ ") than under high
light (200 pmol cm 2 s~") conditions. Brauer et al.
(2011) observed that Ginl-expressing transgenic rice
plants exhibited increased spikelet yield when they
were grown in growth chambers but not under
greenhouse conditions. They suggested that this
variability might be attributed to different light
intensities in each of the environments, being higher
in the greenhouse during the months when their
experiment was conducted. Moreover, Finnemann and

Schjoerring (2000) proposed a model for the mecha-
nism of post-translational regulation of GS1 in canola
(Brassica napus L.), in which the activity of the GS1
enzyme is controlled by phosphorylation that is
affected by light (Miflin and Habash 2002). According
to their model, in the dark, the plant ATP/AMP ratio is
higher than in the light, and this favors the phosphor-
ylation of GS1 and binding to 14-3-3 proteins,
protecting the enzyme from degradation. In contrast,
under light, GS1 does not undergo phosphorylation
and, thereby, may be more unstable and prone to
degradation. If a similar mechanism is responsible for
the post-translational regulation of GS1 in sorghum, it
could explain, to some degree, the differences
observed in tillering and vegetative biomass increase
in the transgenic plants between the winter and spring
experiments. Our results, taken together with the
findings from these studies, indicate that light plays an
important role in the activity of GS1 enzyme and thus
its impact on plant growth and development.

It is interesting that in the winter experiment, the
vegetative biomass of the null segregant plants was
twice as high under optimal N conditions compared to
the levels under low N conditions (Table 2). On the
other hand, there was no significant difference in the
vegetative biomass of control plants grown under the
different N levels in the spring experiment (Table 3).
This result suggests that N availability affects the
vegetative growth in a significant manner depending
on the environmental conditions experienced by the
plants in the greenhouse.

Furthermore, in the winter experiment, transfor-
mants showed a tendency to produce a secondary tiller
soon after the first one under optimal N levels,
therefore resulting in higher number of seeds per
plant, overall, at the termination of the experiment
(Table 2). However, this increase in tillering was
accompanied by a reduction in the number of seeds in
the primary tiller. It is possible that N remobilization
within the transgenic plants occurred in a way that
impaired grain set, but favored bud outgrowth and
tillering, since endogenous factors involved in branch-
ing are regulated by the availability of nutrients,
including nitrogen (Kebrom et al. 2013). Nonetheless,
tillering in monocots is a complex phenomenon
controlled by multiple hormonal, developmental and
environmental factors; therefore, more extensive
research needs to be conducted in order to understand
in detail the role that GS1 plays in branching in these
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transgenic lines. In contrast to the winter experiment,
where we observed higher overall seed yields in the
transformants under optimal N conditions, in the
spring experiment, the transgenic plants had signifi-
cantly lower number of seeds under both N levels
(Table 3). This is a surprising and unexpected result
and points to the complexity of the interaction between
climatic conditions and plant growth and develop-
ment, especially in relation to N metabolism. How-
ever, despite these differences in grain number
observed between transgenic and controls plants in
both winter and spring experiments, there was no
significant difference in the amino acid concentration
between the seeds of transgenics and control plants
grown under optimal N conditions (Online
resource 3). The impact of the seasonal component
was again evident as seen in terms of a significant
difference between the protein and individual amino
acid levels in the seeds obtained from the null
segregant plants grown in the winter or spring in the
greenhouse (Online resource 3 and 4).

Overall, this study suggests that it is possible to
enhance biomass production in sorghum through the
overexpression of GInl gene under certain conditions.
A significant increase in the biomass and yield was
obtained in the transformants during the winter
months in the greenhouse and that too under optimal
N levels. However, in the spring experiment, while
there was a small but significant increase in the
biomass and tillering in the transformants, their seed
yields were lower than the null segregant controls.
This indicates that growth and development depend on
complex interactions among GS activity, N availabil-
ity and environmental conditions. Thus, more exten-
sive research is necessary to obtain higher biomass or
yield in plants and to improve their NUE by the
overexpression of Glnl genes. Further work is needed
to investigate the use of gene stacking strategies that
involve the insertion of Glnl genes in conjunction
with one or more genes responsible for N uptake and
utilization and the use of tissue-specific promoters. For
instance, Katayama et al. (2009) showed that overex-
pression of a high-affinity nitrate transporter gene in
rice resulted in enhanced vegetative growth of the
plants. Thus, it will be interesting to examine the
effects of expressing such transporter genes and
nitrate/nitrite reductase genes along with the Ginl
gene. In conclusion, our results highlight the com-
plexity of relationships among N availability, GS

@ Springer

activity and environmental factors with regards to
their role in growth and development and suggest the
need for better understanding of additional control
points before transgenic technology can be used to
improve NUE of crop plants.
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