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Abstract: Glutamine synthetase (GS) plays a fundamental
role in nitrogen metabolism in higher plants. Three BnGS
genes have first been isolated: one gene encoding plastid
GS (BnGS2) and two encoding cytosolic GS (BnGS1-1 and
BnGS1-2) in ramie. Based on a sequence analysis and
phylogenetic study, three BnGS sequences were classified
into three distinct sub-families. The phylogenetic analysis
showed that BnGS2 and BnGS1-2 were closely related
to those of legumes, alfalfa (Medicago sativa), soybean
(Glycine max) and bean (Phaseolus vulgaris). The BnGS
gene expression patternsrevealed that each gene exhibited
similar organ specificity, but distinct transcript intensity
during different vegetative processes. The relatively
abundant expression of BnGS1-1 and BnGS2 at specific
organs during different vegetative processes indicates that
they have critical roles in nitrogen uptake and assimilation
relating to forage and growth characteristics. The BnGS1-2
mRNA levels were remarkably upregulated in the
phloem, xylem and stems during the fiber development
stage, suggesting a correlation with fiber development.
Therefore, the non-overlapping transcript intensity of
BnGS genes in different tissues regulates ramie growth
and development during different vegetative processes.
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1 Introduction

The mineral nutrient nitrogen is essential for plant growth
and development and is a major limiting factor in plant
productivity and crop yield. Nitrogen is involved in the
production of organic compounds, such as proteins,
nucleic acids, chloroplasts, and hormones. All forms of
nitrogen should be converted into ammonium, which is
the only inorganic N-compound that can be used directly
as a precursor for the biosynthesis of organic nitrogen
products and is then converted into an amide residue
that is necessary for primary assimilation in nitrogen
utilization. Glutamine synthetase (GS) occupies the central
position in nitrogen assimilation and metabolism, which
are closely regulated by the development period, organ-
specific cues and exogenous factors such as illumination,
nitrogen resources, salinity, CO, concentration, water and
temperature [1-6]. In addition, regulation also exists in
GS isoform synthesis processes including transcription,
mRNA stability, polypeptide synthesis, targeting for
subcellular localization, assembly of a subunit into an
active enzyme, post-translational modification of the
enzyme and protein turnover [7]. Fully understanding
the biochemical functions and molecular mechanism
of glutamine synthetase is essential for studying the
modulation of nitrogen assimilation and metabolism, for
screening the germplasm and for breeding new cultivars
with higher nitrogen-utilization efficiency.

The primitive functions in nitrogen assimilation and
metabolism of higher plants are carried out by two distinct
isoforms: a chloroplastic form (GS2) encoded by one gene
for most plants, and a cytosolic form (GS1) encoded by 3 to
5 genes, depending on the species [8]. GS2 mainly exists in
leaves and correlates with the re-assimilation and metabolism
of ammonium from photosynthesis and photorespiration.
The GS1 isoform shows spatiotemporal specificity of
expression and displays different and non-redundant roles
in nitrogen metabolism throughout the entire developmental
period of higher plants [9]. Studies of the mRNA expression
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and protein profiles have demonstrated that all of the GS
sub-families in wheat are differentially expressed in the
leaves, peduncle, glumes and roots [7]. Genetic studies in
rice [10-12], maize [8,13] and wheat [14] have demonstrated
the colocalization of QTLs for GS protein or activity with
QTLs in the mapped GS genes that are related to agronomic
traits. In higher plants, GS influences and determines the
growth and developmental periods of plants, such as the
period of grain development and filling in rice [15], wheat
[7] and maize [16]; the senescence process in wheat [7]; and
the vegetative process in rice and barley [9,17]. In addition,
GS1 activity regulates the accumulation of proline to prevent
stress-induced damage, which restricts plant growth and
productivity [18, 19].

Ramie (Boehmeria nivea L. Gaud), commonly known
as “China grass”, is a hardy perennial herbaceous plant of
the Urticaceae family. More than 90% of all ramie plants
are grown in China. Ramie is world-famous for its excellent
fiber properties, such as high tensile strength, excellent
thermal conductivity, coolness, ventilation, moisture
absorption and antibacterial properties, and the best
ramie fibers are used for textiles [20]. In addition, many
studies have demonstrated that ramie could be used as an
ingredient in forage proteins due to its equal nutritional
value with alfalfa (Medicago sativa), high protein and
amino acid levels, reasonable nutrition composition and
high biomass [21,22]. In addition, ramie exhibits special
growth characteristics, including a rapid growth rate of
4-6 cm per day during the vegetative stage. However, to
date, there has been no report investigating the nitrogen
metabolism pathway in ramie, and none of the genes
involved in the nitrogen metabolism pathway have been
identified. In addition, the molecular mechanisms of ramie
growth and development and of its forage characteristics
remain unknown. Therefore, the focus of our work was
to isolate and characterize the members of the ramie
glutamine synthetase (BnGS) gene family. Based on the
sequence characteristics and expression patterns of the
BnGS genes, we developed an understanding of ramie
forage characterization at the molecular level and a model
for the roles of specific members of the BnGS gene family
during ramie vegetative processes.

2 Methods

2.1 Plant materials

The elite ramie cultivar “Zhongzhu No. 1” was grown at
the experimental field of the Institute of Bast Fiber Crops,
Chinese Academy of Agricultural Sciences, Changsha,
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China. To isolate BnGS genes, samples of tissues including
leaves, roots, stems, and stem shoots, were obtained from
10-day-old seedlings; 30-day-old plants, which have a
vigorous vegetative growth; and 60-day-old plants, whose
fiber is approximately ripe. The sampled tissues were
immediately frozen in liquid nitrogen and stored at -80°C for
RNA isolation. The total RNA was equally pooled from the
four tissue types during three periods of cDNA synthesis. To
analyze the BnGS gene expression patterns, different tissues
of three replicates, including leaves, roots, stems, stem
phloem and stem xylem, were individually collected during
three different vegetative processes: the seedling emergence
stage (10-day-old seedlings), the fiber development stage
(30-day-old plants), and the mature stage (60-day-old
plants). The sampled tissues were immediately frozen in
liquid nitrogen and stored at -80°C until use.

2.2 RNA isolation and cDNA synthesis

The total RNA was isolated from the tested samples
using a Plant RNA Kit (Omega, USA), and cDNA was
then synthesized using the PrimeScript™ RT Reagent
Kit with gDNA Eraser (TaKaRa, Japan) according to the
manufacturer’s instructions. Triple-diluted cDNA was
used for the following analyses.

2.2.1 Screening of potential BnGS genes from the
transcriptome unigenes

In our previous work, the transcriptome sequencing of ramie
“Zhongzhu No. 1” was performed at the Beijing Genomics
Institute (BGI)-Shenzhen, Shenzhen, China (http://www.
genomics.cn/index.php), using the HiSeq™ 2000 platform
based on Illumina paired-end sequencing [23]. Therefore,
GIn1;1 and GIn2 (GenBank Accession No. AF419608 and
S69727, respectively) were used to screen the identified target
unigenes of BnGS genes from the transcriptome sequencing
unigenes through the software blast2.2.17-ia32-win under
the Linux operating system. The target unigenes were then
further identified by NCBI BLASTn analysis.

2.2.2 Molecular cloning of the BnGS genes
The three pairs of primer sets in the flanking region

of the BnGS genes were designed to clone the Open
Reading Frame (ORF) region of BnGS genes using

Primer 5.0: GS11, 5-TCTGACTCCAAATCGTICTCTIC3
and 5-GTTCAAACCGTCAACAAACAATC3;
GS12, 5’-ATGTCGCTCCTCTCAGATCTC-3 and
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5’-ATCTATGGCTTCCAGAGGATG-3’; and GS2,
5-GAGGGAAGTTAGGAGAAAATG-3, and
5-TATGTTCGGATTGGTTCT-3. The 30-pL PCR amplification
reaction systems contained 3.0 pL of 10X Buffer, 1.5 pL of 2.5
mmol/L dNTP, 2 uL of each primer pair (10 pmol/L), 1.5 U of
Pfu DNA polymerase (TIANGEN, China), 1 pug of cDNA, and
ddH,0 to the final volume. The PCR amplification products
were separated by agarose gel electrophoresis and extracted
with a Gel Extraction Kit (Omega, USA). The extracted target
DNA was ligated into the pMD18-T vector (TTANGEN, China)
and transformed into Escherichia coli DH50 competent
cells. The recombinants were identified through blue-white
color selection, and five independent positive clones were
sequenced by Sangon Biotech. (Shanghai, China).

2.3 Sequence analysis and phylogenetic tree
construction

The deduced BnGS subunit sequences were obtained
through ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/
gorf.html), and the higher plant GS isoforms that were used
in the phylogenetic tree construction were collected from
the NCBI GenBank database. The sequences were analyzed
with MEGA 5.05 software and aligned with ClustalW. The
phylogenetic tree was obtained with Neighbor-Joining
methods, and a bootstrap analysis with 100 replicates
was performed to assess the statistical reliability of each
branch. The PROSITE software (http:/prosite.expasy.org)
was used to predict the protein motif features. The SMART
program (http://smart.embl-heidelberg.de/) was used to
predict the protein conservative domain. The ChloroP 1.1
program (http://www.cbs.dtu.dk/services/ChloroP/) was
used to predict the chloroplast transit peptide.

2.4 Quantitative real-time PCR (qRT-PCR)
analysis

The BnGS genes expression patterns were evaluated by
quantitative real-time PCR (qRT-PCR). qRT-PCR for 18S-
rRNA was performed in parallel as the reference gene to
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for normalizing the BnGS cDNA levels in the initial non-
uniform samples [24]. The gRT-PCR reaction systems
and thermal protocols were performed with the 2X
SsoAdvanced SYBR Green Supermix (Bio-Rad, USA) in an
iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad,
USA) following the manufacturer’s recommendations.
Briefly, the reaction systems contained 2 pL of diluted
cDNA, 10 pL of 2X SsoAdvanced SYBR Green Supermix
and 0.4 mmol/L of each qRT-PCR primer pair. Matching
primer pairs were designed for each gene according to
Primer 5.0 software, and they are shown in Tab. 1. The
gRT-PCR thermal protocols were as follows: 30 sec at 95°C,
followed by 40 cycles of 5 sec at 95°C and 30 sec at 57°C.
The melting curve of the PCR products was generated from
65 to 95°C in 0.5°C increments with 8 sec/step. The relative
expression levels of the BnGS genes were analyzed using
Lepta-1.0 software with normalization using the reference
gene 18S-rRNA. In addition, typically, a 10-fold serial
dilution (10%-107) of vectors containing BnGS genes and
18S-rRNA was performed to generate the standard curves,
respectively. Each sample was tested in triplicate. The
linear equations were obtained according to the serial C,
value and the parallel log value of the dilution fold. The
PCR efficiency was calculated by inserting the slope (s)
value into the equation “PCR efficiency = (104/9)”,

3 Results

3.1 ldentification and analysis of the BnGS
genes

A total of three BnGS genes were cloned from the ramie
cultivar “Zhongzhu No. 1” through PCR amplification and
sequencing at Sangon Biotech (Shanghai, China) and
were named BnGSI-1, BnGS1-2 and BnGS2, GenBank ID
KJ940966, KJ940967 and KJ940968 respectively (Fig. 1 and
Tab. 2). The isolated cytosolic BnGS genes BnGSI-1 and
BnGS1-2 showed an ORF of 1071 bp encoding a 356-amino-
acid polypeptide, and BnGS2 encoded a 430-amino-acid

Table 1 Matching primer pairs of the BnGS genes and 18S-rRNA in the qRT-PCR analysis.

Primer name Sequences (5°-3°)

Number of bases Tm (°C)

Amplification products (bp)

GS1-1-QF ACAAACGACACAATGCTGC 19
GS1-1-QR TTCCGCTGATGTTGACTCC 19
GS1-2-QF GTGGGCTGCTCGTTACATTC 20
GS1-2-QR CCTGGATTGGCTTAGGATCA 20
GS2-QF CATCACTCCTTTCACTGACAAGA 23
GS2-QR TCGATTTGCTTCGAACATCA 20
18S-QF TGACGGAGAATTAGGGTTCGA 21
185-QR CCGTGTCAGGATTGGGTAATTT 22

57 250
57

57 80
57

57 80
57

57 100
57
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Figure 1 PCR amplification results for the BnGS genes. M: 100-bp Marker

Table 2 Details of the BnGS genes. The Mw and pl values were estimated using the web-based system at http://ca.expasy.org/tools/pi_tool.
html. 2 The genes have not been released, ® The mature peptide was estimated with a transit peptide that was 45 residues long.

Name Accession number? Length (bp) ORF length (bp) Number of AA Mw (kDa) pl
BnGS1-1 K)940966 1205 1071 356 39.10 5.64
BnGS1-2 K)940967 1073 1071 356 39.19 5.60
BnGS2 K)940968 1340 1293 430 47.36 6.77
Mature peptide® 1158 385 42.48 5.68

subunit transit peptide with 45 residues for transferring
the subunit into the chloroplast (the nucleotide sequence
of the BnGS genes were shown at supplemental data). The
polypeptide Mw and pI were identical within the cytosolic
and mature plastid BnGS subunits (39.10 to 42.48 KDa Mw
and 5.60 to 5.68 pl) (Tab. 2).

Comparison of the nucleotide and amino acid
sequences showed that the BnGS genes had identities
ranging from 77.25% to 91.57% at the protein level and from
71.15% to 79.37% at the nucleotide level (Tab. 3). In addition,
the sequence alignments indicate that the residues Asp-56,
Cys-92, His-249, and Glu-297 are conserved in the cytosolic
and plastid BnGS isoforms and that positions 303 and
368 of BnGS2 were conserved cysteine residues (Fig. 2).
The sequences and structural predictions demonstrate

that all of the BnGS sequence contained beta-Grasp and
catalytic conservative domains that belonged to the GIn-
synt domain, and that they are analogous to other plant GS
isoforms. The BnGS polypeptides also contained glutamine
synthetase signature 1 and an ATP-binding region (Fig. 3).

3.1.1 Phylogenetic analysis of the BnGS genes

The multi-sequence alignment analysis was carried out
to examine the phylogenetic relationship between the
glutamine synthetase of ramie and that of other higher
plant species. A representative consequence that was
produced from MEGA software analysis is shown in Fig. 4.
Three ramie BnGS isoforms were grouped into three

Table 3 Comparison between the BnGS genes amino acid and nucleotide sequences using the EMBOSS Needle global alignment tool

(http://www.ebi.ac.uk/emboss/align).

Amino acid identity (%)

BnGS1-1 BnGS1-2 BnGS2
Nucleotide identity (%) BnGS1-1 91.57 78.65
BnGS1-2 79.37 77.25

BnGS2 71.52 71.15
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Figure 2 ClustalW multiple alignment of the BnGS amino acid sequences. The printing and shading of the multiple alignment was perfor-
med with BoxShade 3.21 at http://www.ch.embnet.org/software/BOX_form.html. The red dots indicate the start sites of mature BnGS2
sequence. The two black arrows indicate the two cysteine residues that are conserved in BnGS2. The residues that are conserved across
all of the BnGS sequences and that are of interest are highlighted in boxes. The three red arrows indicate the residues that determine the
substrate affinity of each isoform. The two functional domains are underlined in red.

Figure 3 Identification of motifs within the BnGS isoforms using PROSITE software.
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Figure 4 Phylogenetic tree of the GS protein sequences from ramie and other higher plants. The analysis was carried out using MEGA 5.05,
and the tree was generated by the Neighbor-Joining method. The reliabilities of each branch point were assessed by bootstrap analy-

sis (100 replicates). Wheat (GS2a: AAZ30060.1, GS2b: AAZ30061.1, GS1a: AAZ30057, GS1b: AAZ30058, GS1c: AAZ30059); Rice (GS2:
CAA32462, GIn1;1: CAA32461, GIn1;2: CAA32460, Gln1;3: AAK18848); maize (GS2: CAA46724, GS1-1: CAA46719, GS1-2: CAA46720, GS1-3:
CAA46721, GS1-4: CAA46722, GS1-5: CAA46723); Rape (GS1: CAA73063.1, GS2: CAA73062.1); Barley (GS2: CAA37643, GS1-1: JX878489,
GS1-2: |X878490, GS1-3: |]X878491); Thale cress (Gln1;1: NP_198576, Gln1;2: NP_176794, GIn2: AAB20558); Bean (Gln-d: CAA31234, Gln-a:
CAA27632, Gln-b: CAA27631); Soybean (GS1-1: NP_001238531.1, GS1-2: XP_003544980.1, GS1-3: AAG24873.1, GS2: XP_003546121.1); Alfalfa
(GS1: P04078, GS2: Q9XQ94); Ryegrass (GS1-a: ACR45959, GS1-b: ACR45960); Rye (GS1-1: AFB69879, GS1r: AFB69880, GS2: AFB69878
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distinct clades, A, B, and C; one isoform represented one
clade. The phylogeny of the cytosolic BnGS isoforms was
very different: BnGS1-2 originated from dicots, whereas
BnGS1-1 was more closely related to monocots. In dicot
divergence, the ramie cytosolic BnGS12 was similar to
those of alfalfa (Medicago sativa), soybean (Glycine max),
bean (Phaseolus vulgaris). All of the plastid GS genes
could be gathered into one clade excluding cytosolic
GS. In addition, the phylogeny of GS2 isoforms rooting
showed a distinct boundary between monocots and
dicots. Additionally, the members of the BnGS2 sub-family
included alfalfa (Medicago sativa), soybean (Glycine max)
and bean (Phaseolus vulgaris).

3.2 Standard curves in qRT-PCR.

Standard curves for BnGS1-1, BnGS1-2, BnGS2, and 18S-
rRNA were obtained from analyses of the series C, values
of the 10-fold serial dilutions of vectors containing the
studied genes, and these curves are shown in Tab. 4. The
R? of the tested genes was approximately 1, at 0.9874,
0.9978, 0.9998 and 0.9899, respectively. The PCR efficiency
of the tested genes ranged from 95% to 105%. In addition,
the reference gene, with 101.66% PCR efficiency, behaved
quite similarly to the BnGS genes, with PCR efficiencies of
97.36% for BnGS1-1, 102.14% for BnGSI-2, and 101.52% for
BnGS2.

3.3 Spatial and temporal expression
patterns of the BnGS genes

The transcript levels of the ramie BnGS genes were
determined in different organs and during different
vegetative processes using qRT-PCR, and the results were
normalized to the reference gene 185-rRNA. The mRNA
transcripts of cytosolic and plastid BnGS genes were
detected in all of the studied tissues, as shown in Fig. 5.
However, the spatial and temporal expression patterns of
the BnGS genes were very distinct. BnGS2 was primarily
expressed in the leaf, and its expression patterns were
regulated by the developmental stage, with the expression
of BnGS2 being more significantly activated during the
seedling emergence and fiber development stages than

Table 4 Standard curves for the 18S-rRNA and BnGS genes.
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during the mature stage. The cytosolic BnGS genes
included two paralogous genes, BnGSI-1 and BnGSi-2,
which showed significantly different mRNA transcript
levels and which displayed tissue and development
diversity. During the seedling emergence and fiber
development stages, BnGS1-1 showed relatively higher
levels of mRNA in the leaves, roots and phloem than in
the xylem and stems. However, unlike the constitutive
expression in the phloem, the BnGSI-1 transcripts were
remarkably decreased in the leaves and roots during the
mature stage. BnGSI1-2 was abundantly expressed in the
roots, phloem, xylem and stems, with a relatively lower
expression in the leaves during the seedling emergence
stage. However, during the fiber development stage,
abundant BnGS1-2 mRNA transcripts accumulated in the
phloem, xylem and stems, at 30.87, 13.64 and 22.23 times
the levels observed during the seedling emergence stage,
respectively, and then decreased to the original levels
with plant maturation. In addition, BnGSI-1 and BnGS1-2
displayed the same expression patterns in the roots, with
high mRNA levels during the seedling emergence and
fiber development stages and decreased but still relatively
high expression levels during the mature stage.

4 Discussion

The details of the nucleotide and amino acid sequences of
the BnGS genes in ramie allow us to identify the functions
of specific BnGS isoenzymes, particularly as these details
facilitate comparison with homologs from other plant
species. The highlighted functional residues in the ramie
BnGS polypeptide sequences are also conserved in many
other plants. The highlighted functional residues of
Asp-56, Cys-92, His-249 and Glu-297 have previously been
reported to act as active sites and are involved in thermal
stability [7, 25-27]. The conserved cysteine residues at
sites 303 and 368 of BnGS2 comprise redox response sites
that are important for the activity of plastid GS [7, 28].
Unno et al. indicated that the presence of Ile at position
161 was required to produce a heat-stabile GS isozyme,
respectively [29]. Therefore, the ramie BnGS genes may
encode isoenzymes with high activity and heat stability
with specific and conserved residues in protein sequences,

Gene name Slope PCR efficiency [%] Formula R?

BnGS1-1 -3.3869 97.36 y=-3.3869x+27.542 0.9874
BnGS1-2 -3.2716 102.14 y=-3.2716 x+31.167 0.9978
BnGS2 -3.286 101.52 y=-3.286 x+ 30.76 0.9998
18S-rRNA -3.2828 101.66 y=-3.2828 x+ 24.557 0.9899
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Figure 5 Spatial and temporal expression profiling of the BnGS genes through qRT-PCR analyses. Relative expression levels were analyzed
using Lertpa-1.0 software normalizing with the reference gene 18S-rRNA. Means of individual triplicate samples are shown on the graph.
Error bars represent three standard errors. A: BnGS1-1 expression profiling; B: BnGS1-2 expression profiling; C: BnGS2 expression profiling.

subsequently  exhibiting high nitrogen-utilization
efficiency and high environmental adaptability.

In previous studies, cytosolic GS from wheat [7],
barley [9], soybean [30], and maize [29] was classified
into three sub-families, with GS2 forming anindependent
clade. Similar results were obtained in this work, in
which two cytosolic BnGS isoforms formed independent
branches, and BnGS2 formed one clade, suggesting
that BnGS genes in ramie have a different phylogenetic
relationship. Similarly, in the previous report, each
cytosolic GS from a monocot belonged to a specific
sub-family with a monophyletic property. However, the
position of cytosolic GS from dicotyledonous species
was less certain [7]. In our study, two cytosolic BnGS
isoforms had a fully discrepant evolution relationship:
BnGS12 was grouped with dicots, and BnGS1-1 was
closely related to homologs from monocots. Therefore,
if this phylogeny of ramie cytosolic BnGS phylogeny
is accurate, cytosolic BnGS from monocots and dicots

may be paralogous, and this may indicate that the
interspecies transfer of the gene from ancient monocots
to the ancestor of ramie occurred approximately 200
million years ago [31]. This observation was also made
in radish (Raphanus sativus) [32]. The entire plastid
BnGS comprised only one clade, in which the phylogeny
of plant GS2 between monocots and dicots appeared to
represent two distinct subfamilies. The separation of
cytosolic and plastid GS genesis due toa gene duplication
3500 Mya, pre-dating the divergence of monocots and
dicots at 150 Mya [31,33], and there was no exchange of
plastid GS genes during monocot and dicot evolution.
In addition, BnGS1-2 and BnGS2 were closely related
to the GS isoforms of Medicago sativa, Glycine max
and Phaseolus vulgaris, suggesting that there must be
certain common characteristics in nitrogen assimilation
and even agronomic traits in legumes that allow ramie
to possess forage characteristics and potential use as an
forage grass.
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Before using the reference gene to normalize
the interesting genes, we validated the curves and
demonstrated that the reaction efficiency was nearly
identical between the reference gene and the genes of
interest. In addition, the PCR efficiency of all of the genes
had to be between 90% and 105% [34,35]. In this study,
the correlation coefficients (R?) were approximately 1,
suggesting that the C,_value is highly correlated with the
logarithm of the initial template copy number. The PCR
efficiency was very similar between 185-rRNA and the
BnGS genes, and the amplification efficiencies (97.36%-
102.14%) met the qRT-PCR requirement, indicating that
our gRT-PCR amplification system was optimal and that
the reference gene was suitable for normalizing the BnGS
genes.

The tissue- and stage-specific expression patterns
and the execution of the non-redundant function of GS
determine the growth and development processes of
higher plants. The ramie cytosolic and plastid BnGS genes
exhibiting similar organ-specific expression patterns
displayed very different transcriptional concentrations,
suggesting that specificity in expression intensity rather
than in tissues may be a major factor controlling the extent
of participation of the product of each gene during the
vegetative process, which is different from thale cress [36],
barley [9], and scots pine [37] but is similar to sunflower
[38]. The major forms of nitrogen in the xylem sap of higher
plants are glutamine and asparagine, which is synthesized
from glutamine [39]. Therefore, the ammonium taken up
by the roots should be efficiently assimilated within the
roots by glutamine synthetase. In this study, the transcripts
of cytosolic BnGS, BnGSI-1 and BnGS1-2, were maintained
at relatively high levels in the roots throughout the entire
vegetative process, particularly during the seedling
emergence and fiber development stages. These results
strongly suggest that cytosolic BnGS genes correlate
with common functions and play an essential role in the
assimilation and transportation of ammonium absorbed
by the roots. However, BnGS1-1 and BnGS1-2 may have non-
redundant functions and localize at different positions in
roots confirmed by the different expression patterns in
other tissues of ramie. Goodall et al. demonstrated that
both HvGS1-1 and HvGS12 were present within the roots
tissue in barley [9]. HvGS11 was localized specifically to
the vascular tissue of the stele, whereas HvGS1-2 was found
throughout the roots and was particularly localized to the
cortex and pericycle cells. In rice, OsGS1;2 is localized in
the surface cells of roots and is important in the primary
assimilation of ammonium ions that are taken up by the
roots, with OsGS1;1 in the roots being unable to compensate
for the functions of 0sGS1;2 [40].
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Plants primarily acquire nitrogen from the soil in the
form of NO,, which is sequentially reduced to NH,* in
the leaves by the enzymes nitrate reductase and nitrite
reductase in the cytoplasm and plastid, respectively [41].
Artus et al. and Orea et al. demonstrated that the levels
of NH,* that were released during photorespiration were
very high and that the re-assimilation of this ammonium
in the plant leaves was crucial for the efficiency of
nitrogen use [42, 43]. In our study, BnGS2 was expressed
abundantly in the leaves, particularly during the seedling
emergence and fiber development stages. The combined
results for BnGSI-1 in the leaves and roots and BnGSI-2 in
the roots the maintenance of remarkable transcript levels
of both genes during the same stages suggests that the
non-overlapping transcriptional concentration of BnGS
genes coordinates NO; uptake and NH,* assimilation to
provide nitrogenous compounds for rapid ramie growth
during vegetative processes. In addition, these functions
are also somewhat correlated with BnGS1-2 in the phloem
and xylem, as there were relatively high levels of BnGS1-2
mRNA in these tissues during the seedling emergence
stage. In addition, BnGSI-2 transcripts significantly
increased during the fiber development stage and
noticeably decreased during the mature stage in the
phloem and xylem. These results indicate that BnGS1-2
play a central role in fiber development. Rapid fiber
elongation and plant growth require massive amounts
of nitrogen and carbon compounds. The remarkable
enhancement of BnGS activity increases the synthesis
of glutamine, which is the major amino acid for further
nitrogen metabolism, and, possibly in conjunction with
glutamate dehydrogenase (GDH), plays a major role
in controlling the translocation of organic carbon and
nitrogen metabolism to maintain normal development
in higher plants [44-46]. Moreover, in cereals, GS1 and
GDH activities represent putative key reactions that may
influence agronomic traits, such as grain yield and grain
composition, from previous quantitative genetic studies
[47]. Therefore, the functions of BnGS genes with non-
overlapping transcriptional concentrations in different
tissues regulate ramie growth and development and
may display some discrepancies and complications. To
date, only He et al. has reported the relative interactions
between GS genes and fiber development, revealing that
GhGS is significantly correlated with fiber strength but is
not directly correlated with the accumulation of cellulose
in cotton (Gossypium hirsutum L. acc 7235 and TM-1)
[48]. Therefore, the finding of roles for BnGSI-2 in ramie
fiber development is a significant finding regarding the
functions of GS in higher plants, particularly in textile
crops with long fibers. In addition, considering BnGS1-2 are
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involved in fiber and xylem development, the BnGS genes
in ramie that are correlated with vegetative processes and
forage characteristics should be further studied.
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