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Abstract

Glutamine synthetase (GS) plays a central role in plant nitrogen metabolism. Plant GS occurs as a

number of isoenzymes present in either the cytosol (GS1) or chloroplast/plastid (GS2). There are

several reports of improved performance in transgenic plants overexpressing GS1 transgenes

driven by the constitutive CaMV35S promoter. Improvement has been attributed to the GS1

transgene product functioning to enhance re-assimilation of NH4
+ released by photorespiration or

protein degradation. In this paper, alfalfa and tobacco transformants expressing a soybean gene

driven by a photosynthetic cell-specific promoter have been compared to transformants with the

same transgene driven by the stronger CaMV35S promoter. The two classes of alfalfa and tobacco

transformants showed differences in the level of GS1 transcript and GS1 protein accumulation, but

the difference in the total GS activity was small. The discrepancy in the transgene expression level

and GS activity has been attributed to posttranslational regulation at the level of holoprotein

stability. Both classes of transformants exhibited similar level of improvement in soluble protein

and in the rates of photosynthesis and photorespiration. The data supports the hypothesis that GS1

made in the mesophyll cells is involved in the re-assimilation of NH4
+ released via

photorespiration and/or protein degradation.
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1. Introduction

Alfalfa (Medicago sativa) is one of the most widely grown forage crop. Although closely

associated with dairy production, many other livestock industries rely extensively on alfalfa

as an important source of nutrition, and as such merits efforts to improve yields [1, 2]. A

factor limiting crop yields and plant growth is the availability of the macronutrient nitrogen

(N). Plants primarily acquire N from the soil in the form of nitrate (NO3
−) which is

sequentially reduced to ammonium (NH4
+) in the leaves by the enzymes, nitrate reductase

and nitrite reductase. Alfalfa and other legumes can also form symbiotic relationships with

nitrogen fixing bacteria that reduce atmospheric dinitrogen (N2) to NH4
+ in exchange for

carbon (C) and energy [3]. While primary metabolism plays an important role in N nutrition,

NH4
+ can also be released by various secondary metabolic reactions within the plant such as

photorespiration, protein turnover and synthesis of phenylpropanoids [3, 4].

The NH4
+ taken up or released by the above processes is assimilated by glutamine

synthetase (GS; EC 6.3.1.2), which catalyzes the ATP dependent condensation of NH4
+ and

glutamate (Glu) to yield glutamine (Gln). This is the first step in the incorporation of

inorganic N into an organic N compound usable by plants. Glutamine synthetase is,

therefore, the key enzyme of N assimilation [5]. Based on electron microscopic

observations, plant GS, was originally thought to be an octamer, however, more recently GS

has been shown to be decameric [6] with a native molecular weight of 440 kDa. Glutamine

synthetase occurs as a number of isoenzyme forms and is present in either the cytosol (GS1)

or chloroplast/plastid (GS2). GS1 isoforms are usually encoded by multigene families [7, 8].

Most of the terrestrial plants have single genes encoding GS2 [9]. However, some species

may have multiple genes for GS2 [7, 10]. The two isoforms are differentially expressed and

regulated throughout the growth and developmental stages in a plant’s life cycle [4, 7, 8].

Both GS isoforms play important roles in N metabolism. The predominant isoform in the

leaves is GS2, which functions in the assimilation of NH4
+ released from the reduction of

NO3
− and the re-assimilation of photorespiratory NH4

+ [9, 11]. Cytosolic glutamine

synthetase is expressed primarily in the roots and nodules. In the roots, GS1 functions to

assimilate NH4
+ directly taken up from the soil or produced from the reduction of NO3

−,

while in the nodules, GS1 assimilates NH4
+ produced by N2 fixation [12, 13, 14]. In

addition, GS1 plays an important role in the remobilization of N during senescence,

herbicide treatments, bacterial infections, and water stress [8, 15, 16]. The exclusive location

of GS1 in the vasculature of shoots and leaves, also suggests that GS1 may be involved in

the synthesis of Gln for transport [8, 17]. While there is ample evidence for transcriptional

regulation of GS genes, there is also evidence for regulation at the level of transcript

stability and translation initiation [18], posttranslational modification of the protein [19, 20,

21] and at the level of enzyme stability [22].

The coincidence of the positions of the QTLs for yield components and the genes for

cytosolic GS in maize, rice, wheat and Arabidopsis genomes suggest that GS1 may represent

a key component of nitrogen use efficiency and yield [23, 24, 25, 26]. This has prompted us

and others in the field, to make attempts to alter GS1 activity in plants with the purpose of

enhancing nitrogen use efficiency and plant performance [27, 28, 29, 30]. Some of these

transformants showed an increase in GS1 polypeptide and GS activity and an improvement
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in plant growth. For example, Lotus japonicus transformants with an alfalfa GS1 gene

(MsGS100) driven by the constitutive cauliflower mosaic virus (CaMV35S) promoter

exhibited an increase in total protein and chlorophyll content, as well as an increase in total

amino acid content in the leaves and stems [27]. Due to the significant increase in the level

of Asn/Asp in the stem of the transformants, the authors attributed the increase in plant

growth seen in the L. japonicus transformants to improved transport of assimilated NH4
+.

Other authors, however, have attributed improved performance in GS1 overexpressing plants

to the presence of GS1 in the photosynthetic cells, functioning to enhance re-assimilation of

NH4
+ released during photorespiration and/or senescence [28, 29, 31]. The levels of NH4

+

released during photorespiration are very high and re-assimilation of this NH4
+ is crucial for

nitrogen-use efficiency [32, 33]. Moreover, as the leaves age, the roles of the two GS

isoforms switch and GS1 becomes the predominant isoform which functions in the

remobilization of N during senescence [8, 15, 34]. With the high levels of NH4
+ produced in

the leaf during these processes, increased levels of GS1 in the mesophyll cells may improve

plant performance by re-assimilating NH4
+ that may normally be lost.

The objective of this paper is to determine how alfalfa will respond to mesophyll-specific

overexpression in comparison to constitutive overexpression of GS1. We have also included

tobacco in this study to determine how alfalfa compares to tobacco with regards to

overexpression of GS1. We have used the soybean GS1 (Gmglnβ1) gene as the transgene and

since previous studies showed that the 3’UTR of the Gmglnβ1 gene plays a key role in

regulating both transcript stability and translation initiation [18], we have used the Gmglnβ1

gene without its 3’UTR as the GS1 transgene. By taking a molecular, biochemical and

physiological approach in the analysis of the two classes of transformants, this study casts

light on how post-translational regulatory events affect the expression of the GS1 transgene

and its eventual repercussions on physiolgoical parameters.

2. Materials and Methods

2.1. Gene constructs

Standard procedures were used for all recombinant DNA manipulations [35]. The alfalfa

RUB promoter was isolated from a pGEM-T Easy vector (Promega, Milwaukee, WI) as a 5’

Xba I and 3’ Bam HI fragment [36] and directionally cloned into the pBI101 vector

(Clontech BD Biosciences, San Jose, CA; NCBI accession no. U12639) in front of the E.

coli GUS coding region (uidA) producing the RUB-uidA-NOS3’ gene construct. Cloning

and isolation of the Glycine max (soybean) Gmglnβ1 cDNA (NCBI accession no.

AF301590) has been previously reported [37]. Since previous studies showed that the

3’UTR of the Gmglnβ1 gene plays a key role in regulating both transcript stability and

translation initiation [18], we used the Gmglnβ1 gene without its 3’UTR in our gene

constructs. Removal of a 254 bp fragment containing most of the 3’ UTR from Gmglnβ1

was as previously described [18]. The Gmglnβ1 cDNA without its 3’ UTR was released as a

5’ Cla I and 3’ Sst I fragment (1121 bp) and directionally cloned into the binary vector

pBI101, replacing the uidA gene between the alfalfa RUB promoter and the NOS 3’

terminator to produce the RUB-Gmglnβ1-NOS3’ construct.
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The RUB-Gmglnβ1-NOS3’ and CaMV35S-Gmglnβ1-NOS3’ gene constructs were used in

the transformation of alfalfa (Medicago sativa cv. Regen-SY) and tobacco (Nicotiana

tabaccum var. Xanthi nc) as previously described [18]. The gene constructs were mobilized

from E. coli (strain XL1-blue) into Agrobacterium tumefaciens receptor strain LBA4404. An

Agrobacterium strain with the 35S-uidA-NOS3 was kindly provided by Dr. John Kemp

(New Mexico State University).

2.2. Plant material

The RUB-Gmglnβ1 and 35S-Gmglnβ1 transgenic plants were selected on media containing

Kanamycin [25 µg/ml]. The insertion of the transgene was confirmed by performing PCR on

the genomic DNA using primers specific for the Gmglnβ1 gene and NPTII gene (selectable

marker in the TDNA construct). All transformants and control plants have an identical

background since all transformations were performed on the same clonal material, except for

the presence and position of the transgene in the genome. Independent transgenic lines were

selected from several independent primary transformants. Clonal material was regenerated

via tissue culture and maintained under greenhouse conditions. The plants were watered

alternately with water and 0.5 × N free Hoagland solution and were fed 5 mM ammonium

nitrate twice a week.

Plant tissue used for analysis was harvested generally at the same time of the day and used

for RNA, protein, and enzyme activity analysis. For analysis of net photosynthetic rates,

chlorophyll content and protein content, plants were transferred to fresh soil and grown with

no nitrogen for 14 days. Experiments described in this paper were each performed three

times and only results from representative experiments are shown here.

2.3. RNA analysis

Total RNA was isolated from leaves by LiCl precipitation, fractionated in 1.35% agarose/

formaldehyde gels and blotted onto nitrocellulose. Filters were pre-hybridized overnight

followed by hybridization to32P-labeled DNA probes for 20–24h in hybridization buffer

(50% formamide, 5× SSC, 5× Denhardt’s solution, 50 mM sodium phosphate (pH 7.0), 0.1

% SDS, 0.1 mg ml−1 denatured salmon sperm DNA). The32P-labeled DNA probes were

prepared from plasmid inserts by random primer extension using the Prime-a-Gene system

(Promega, Milwaukee, WI). Following hybridization, the filters were washed at 54° C, three

times with 2× SSC, 0.5% SDS (w/v), followed by two washes with 0.5× SSC, 0.5% (w/v)

SDS for 20 min each and exposed to X-ray film. The hybridization signals were digitized by

scanner and quantified using KODAK 1D analysis software (Kodak Scientific Imaging

Systems, Rochester, NY).

2.4. Protein extraction and GS enzyme activity assay

All procedures were carried out at 4°C. The different tissues were ground in liquid nitrogen

with 15% (w/w) insoluble polyvinylpolypyrolidone and homogenized with two (roots and

stems of alfalfa and leaves of tobacco) or five (leaves of alfalfa) volumes of cold extraction

buffer: 50 mM Tris–HCl pH 8.0, 20% glycerol (v/v), 5% ethylene glycol (v/v), 1 mM

MgCl2, 1 mM DTT, 1 mM EDTA and a protease inhibitors cocktail (Roche Applied

Science, Indianapolis, IN). The homogenate was centrifuged for 15 min at 20,000g and
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desalted in Sephadex G25 columns against desalting buffer [62.5 mM Tris–HCl pH 6.8,

20% glycerol (v/v), 5% ethylene glycol (v/v), 1 mM DTT, 1 mM EDTA, and protease

inhibitors]. Protein concentration was measured by the Bradford protein assay (Bio-Rad,

Hercules, CA) using bovine serum albumin as the protein standard. The activity of GS was

measured spectrophotometrically at 500 ηm by the transferase assay [38]. Transferase units

were calculated from a standard curve of γ-glutamyl hydroxamate. Activity values are

reported as µmol of γ-glutamyl hydroxamate produced min−1 mg−1 protein at 30°C. The GS

activity data are averages of at least three independent experiments.

2.5. Polyacrylamide gel electrophoresis (PAGE)

Two different PAGE systems were utilized: SDS–PAGE using 12% acrylamide (w/v) mini-

gels and a non-denaturing (native) PAGE performed in 7.5% acrylamide (w/v) slab gels, in

which the pH of the resolving gel was 8.15. The amount of protein loaded per lane was 5 µg

for denaturing gels and 25 µg for the non-denatured protein samples. Denatured proteins

were fractionated at 100 V for 2 h. For the native gels the proteins were fractionated at 145

V for 16 h at 4°C.

2.6. Immunodetection of GS

For immunoblot analysis, proteins fractionated on acrylamide gels were electroblotted onto

nitrocellulose. Glutamine synthetase was detected using an anti-GS antibody raised in

rabbits against a recombinant soybean Gmglnβ1 protein expressed in E. coli using a

glutathione-S-transferase expression system (GE Healthcare, Piscataway, NJ). The

antibodies were made monospecific for GS (GS1 and GS2) by affinity adsorption to purified

plant GS protein. Protein bands on gels which were immunoreactive with the GS antibodies

were visualized with an alkaline phosphatase-linked secondary antibody using nitroblue

tetrazolium and 5-bromo-4-chloro-3-indoyl-phosphate as substrates. The immunoreactive

bands were quantified with the KODAK 1D image analysis software (Kodak Scientific

Imaging Systems, Rochester, NY). Experiments were repeated at least three times. Only

representative experiments are presented.

2.7. Gas Exchange (Net Photosynthesis) measurements

Measurements of net photosynthetic rates (Pnet) on the most recent fully expanded trifoliate

leaves of alfalfa and on the second or third leaf of tobacco were performed with an infrared

gas analyzer-based photosynthesis system (LI-6400, Li-Cor Inc., Lincoln, Nebraska) using a

Li-Cor 6400-05 conifer chamber with an external light source and a Li-Cor 6400-02B LED

light source. A photo flux of ~1300 µmols m−2 s−1 (alfalfa) and 1000 µmols m−2 s−1

(tobacco) was maintained. The Pnet measurements were taken at ambient CO2 (flow rate of

400 µmol s−1 and internal CO2 of 400 µmol mol−1) and at low CO2 (flow rate of 40 µmol

s−1 and internal CO2 of 40 µmol mol−1) conditions. Leaf areas of alfalfa trifoliates were

measured using a Li-Cor LI3000 portable area meter (Li-Cor Inc., Lincoln, Nebraska).

Three measurements were done on each of the 4–5 replicates of the controls and the

transformants and average values of net photosynthesis per leaf area ± SE for each set of

plants are presented. Experiments were repeated at least three times.
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2.8. Chlorophyll and protein content

Leaf tissue from alfalfa and tobacco were rapidly weighed (~100 mg) and ground to a

powder in liquid nitrogen. Tissue was homogenized in 100% acetone (1 ml) and centrifuged

at 10,000 × g. Supernatant was transferred and the insoluble pellets were re-extracted with

100% acetone (1 ml). Acetone extracts were kept at 4° and minimum light exposure was

maintained. Chlorophyll a and b content was measured spectrophotometrically (chl a: 664

nm; chl b: 647 nm) and concentrations of total chlorophyll content were calculated using

equations derived from predetermined extinction coefficients [39]. Experiments were

repeated three times on replicates and average values (mg g−1 FW−1) ± SE are presented.

For protein content determination, 5 leaflets of alfalfa and 5 leaf discs of tobacco, controls

and transformants, were freeze dried for two days in a lyophilizer (Virtis, Gardiner, NY) and

tissue was measured for dry weights. Total soluble protein was extracted and concentrations

calculated as described above in the section on protein extraction and GS activity assay.

Experiments were done in replicate and were repeated at least 3 times. Average values ±SE

are presented as mg protein g−1 DW−1.

2.9. Histochemical localization of GUS activity

Histochemical localization of GUS activity was performed using 5-bromo-3 indolyl β-

DGluronic acid (X-Gluc) as a chromogenic substrate. Hand sections were placed directly

into reaction mixture consisting of 1 mM X-Gluc dissolved in 50 mM sodium phosphate

buffer (pH 7.0) and allowed to incubate in the dark for 12 h at 37°C. Stained tissue was

rinsed with water and incubated in 70% ethanol to remove chlorophyll. Stained tissue was

mounted on glass slides and covered with 50% glycerol. Pictures of leaf tissue were taken at

40× magnification using a Zeiss Axiophot Photomicroscope (Carl Zeiss, Germany).

3. Results

3.1. RuBisco promoter is active in the photosynthetic cells while the CaMV35S promoter is
active in the mesophyll cells and the vascular bundles of both the leaves and the stem

The major objective of this paper is to determine how alfalfa plants will respond to

mesophyll-specific overexpression in comparison to constitutive overexpression of GS1. To

accomplish overexpression of GS1 in a mesophyll specific manner, we used the RuBisco

SSU (RUB) promoter from alfalfa [36]. This promoter, along with the cauliflower mosaic

virus 35S (CaMV35S) constitutive promoter, was placed in front of the GUS (uidA) coding

region (Fig. 1A). The two constructs were introduced into alfalfa via an Agrobacterium

tumefaciens mediated plant transformation. Hand sections of leaf and stem tissue from

several RUB- and CaMV35S-GUS transformants were histochemically stained for GUS

activity to test the site of promoter function in alfalfa. Representative pictures of the stained

leaf and stem sections are shown in Fig. 1B. The RUB-GUS alfalfa transformants showed

GUS activity primarily in the palisade layers and at lower levels in the spongy mesophyll.

Leaf tissue of CaMV35S-GUS alfalfa transformants showed GUS staining in the palisade

layers and spongy mesophyll as well as in the vasculature. Both sets of transformants

showed no GUS activity in the epidermis or parenchyma cells below the vasculature. The

leaves from the CaMV35S-GUS transformants showed much higher level of GUS staining
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in the mesophyll cells compared to the RUB-GUS transformants. The stems of the RUB-

GUS transformants showed GUS staining in the outer cortical cells, while the CaMV35S-

GUS transformants showed heavy staining in both the cortical cells and the vasculature.

Overall, the results showed stronger expression of the GUS reporter gene in different tissues

of the CaMV35S-GUS transformants, including the leaf mesophyll, stem cortical cells and

the vascular bundles. The alfalfa RUB promoter, however, showed weaker strength

compared to the CaMV35S promoter and conferred only mesophyllspecific expression in

the leaves, and cortex-specific expression in the stem. Thus driving GS1 gene with the RUB

promoter would only target GS1 overexpression in the photosynthetic cells.

3.2. Alfalfa transformants with the two different GS1 gene constructs: CaMV35S-Gmglnβ1

and RUB-Gmglnβ1 were identified for further analysis

Once the site of promoter function was confirmed, GS1 gene constructs were produced by

replacing the GUS coding region from the constructs by a cDNA encoding for a soybean

GS1 (Gmglnβ1) cDNA. Since our initial studies have shown that the 3’UTR of the Gmglnβ1

gene plays a key role in regulating transcript stability and translation initiation, we used the

gene without its 3’UTR in our gene constructs [18]. The gene devoid of sequences

determining posttranscriptional regulation was engineered behind the RUB promoter and the

CaMV35S promoter (Fig. 2A). These constructs were introduced into alfalfa via A.

tumefaciens mediated plant transformation. Putative RUB- and CaMV35S-Gmglnβ1 alfalfa

transformants were selected by their ability to grow and root on selection media containing

Kanamycin, and further identified by PCR using primer sets specific for the NPTII gene. All

the putative transformants (14) tested positive for the NPTII gene and after initial

examination of the transformants by western blot analysis for GS (data not shown), three

independent transformants representing each construct were randomly selected and

propagated clonally for further analysis.

3.3. The CaMV35S-Gmglnβ1 transformants showed much higher level of transgene
transcript accumulation in the leaves compared to the levels in the leaves of the RUB-
Gmglnβ1 transformants

To determine how the two promoters (CaMV35S and RUB) affect the accumulation of the

transgene transcript, total leaf RNA isolated from the control plants and the two sets of

transformants was subjected to northern blot analysis using the Gmglnβ1 coding region,

alfalfa GS2 gene and the actin gene as probes. The actin probe was used to determine RNA

loads. The hybridization signals obtained with the different probes were digitized using a

scanner and quantified using a Kodak 1D image analysis software. Several clones of the two

classes of independent transformants were analyzed and only a representative blot is shown

here (Fig. 2B). The values of hybridization signals corresponding to Gmglnβ1 and MsGS2

were standardized against the hybridization signals of actin (Fig. 2C).

The Gmglnβ1 coding region probe showed low level of hybridization to RNA from control

plants probably representing the hybridization signal to the endogenous GS1 transcript since

the coding region of the different GS1 genes share very high sequence similarity. The

hybridization signal with the Gmglnβ1 gene was considerably higher for the transformants

compared to the control plants, the signal being much higher in two of the CaMV35S-
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Gmglnβ1 transformants (#12 and #14) compared to the RUB-Gmglnβ1 transformants (Fig.

2B, C). The CaMV35S-Gmglnβ1 transformant #9 showed hybridization signal lower than

seen with all the other transformants and this probably can be ascribed to position effect.

The blots were also hybridized with cDNA of alfalfa GS2 to determine if expression of the

GS1 transgene had any effect on the expression of the endogenous GS2 gene. The level of

GS2 transcript accumulation did not show any difference between the two sets of

transformants and the control plants (Fig. 2). Similarly, the expression of the GS1 transgene

did not affect the steady state level of the endogenous GS1 gene transcript (data not shown).

The results suggest that the steady level of the Gmglnβ1 transcript was 3-fold higher in the

CaMV35S-Gmglnβ1 transformants compared to the RUB-Gmglnβ1 transformants, probably

indicative of both promoter strength and the ubiquitous expression pattern of the CaMV35S

promoter compared to the mesophyll-specific expression of the RUB promoter (Fig. 1B).

3.4. The CaMV35S-Gmglnβ1 transformants showed many fold higher level accumulation of
the transgene protein in the leaves compared to the level in the leaves of the RUB-
Gmglnβ1 transformants

To determine whether RUB- and CaMV35S-Gmglnβ1 alfalfa transformants were

accumulating GS1 polypeptide corresponding to the transgene transcript level, the total

soluble protein from the leaves of the same alfalfa controls and promoter-Gmglnβ1

transformants used for RNA analysis, was subjected to SDS-PAGE followed by western

analysis using antibodies raised against GS1 polypeptide. As seen in a representative blot in

Fig. 3A, two immunoreactive bands were observed in the protein extracts from the leaves of

control plants and the transformants when subjected to SDS-PAGE with the slower

migrating band corresponding to GS2 and the faster migrating band corresponding to GS1.

While no differences were observed in the level of GS2 polypeptide accumulation between

the controls and the transformants, a substantial increase in the accumulation of GS1

polypeptide was seen in both sets of transformants. As with Gmglnβ1 transcript

accumulation, except for the transformant #9, the CaMV35S-Gmglnβ1 transformants

accumulated higher levels of GS1 polypeptides than the RUB-Gmglnβ1 transformants. The

increase in the GS1 polypeptide level in the leaves of the transformants compared to control

plants can be attributed to the transgene product.

3.5. The transgene product assembles into novel holoprotein(s) in the leaves of both the
CaMV35S-Gmglnβ1 and the RUB-Gmglnβ1 transformants

While SDS-PAGE followed by western analysis showed higher level of GS1 polypeptide

accumulation in the leaf tissues of the transformants compared to the control plants (Figure

3A, B), it did not distinguish between the endogenous GS1 polypeptide and the transgene

product. To differentiate between the endogenous GS1 polypeptide and the transgene

polypeptide, the same protein extract used for SDS-PAGE was subjected to native gel

electrophoresis followed by western blot analysis (Fig. 3C). Non-denaturing (native) gel

electrophoresis, besides determining if the transgene GS1 polypeptides assemble into a

holoprotein, can also differentiate between the holoproteins made of the endogenous GS

polypeptides and those made of the transgene product based on their migration pattern on

native gels. Moreover, heteromeric holoprotein formed of endogenous and transgene

polypeptides can also be identified.

Seger et al. Page 8

Plant Sci. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



As seen in Fig. 3C, the native gel immunoblot showed two immunoreactive bands in the

controls corresponding to the endogenous GS enzymes: GS1 (MsGS1) and GS2 (MsGS2).

GS2 corresponds with the broad, more lightly immunostained and slower migrating band

and GS1 corresponds with the more distinct and faster migrating band. The alfalfa GS2

holoprotein shows lower affinity for the GS1 antibody and thus the western blot does not

reflect the actual abundance of GS2 and GS1 proteins. A novel immunoreactive band

(GmGS1) migrating faster than the endogenous GS1 holoprotein was seen only in the

transformants, the level being higher in the CaMV35S-Gmglnβ1 transformants except

transformant #9. This novel immunoreactive band, most likely represents a holoprotein

which contains the Gmglnβ1 polypeptide. While the RUB-Gmglnβ1 transformants still

maintained the distinct endogenous GS1 holoprotein band (MsGS1), though at lower level

compared to control, the CaMV35S-Gmglnβ1 transformants did not. This is clearly seen in

sample #9 (lane 6, Fig. 3C) and in the close up picture of the immunoblot of the three

samples (Fig. 3D). In the CaMV35S-Gmglnβ1 transformants, the novel immunoreactive

band appears more diffused represented with an asterick in Fig. 3D. This broad banding

pattern seen in the CaMV35S-Gmglnβ1 transformants could be attributed to the higher level

accumulation of the holoproteins corresponding to the transgene product. The absence of the

band corresponding to the endogenous MsGS1 band in the 35S transformants (Fig. 3C and

D), suggests the possible mixing of the endogenous GS1 and Gmglnβ1 gene product. The

native gel also showed a faster migrating immunoreactive band (Fig. 3D, a) in all the lanes

probably representing the turnover product of the endogenous GS holoprotein and an

additional band (Fig. 3D, b) in the CaMV35S-Gmglnβ1 transformants probably representing

the turnover product of the holoprotein made of the transgene product. Since the CaMV35S-

promoter is active in both the mesophyll cells and the vasculature, while the RUB promoter

functions only in the mesophyll cells, the mixing of endogenous and the transgene

polypeptide in the CaMV35S-Gmglnβ1 transformants and not in the RUB-Gmglnβ1

transformants, points to the normal location of GS1 in the vasculature of alfalfa leaves. The

results suggest that the CaMV35S-Gmglnβ1 transformants accumulate the major amount of

transgene GS1 holoprotein in the mesophyll cells as in the case of the RUB-Gmglnβ1

transformants, but also accumulate some amount of GS1 heteromers containing the

transgene product in the vasculature.

3.6. The two classes of transformants show higher level of GS activity in the leaves
compared to control but not at a level corresponding to the increase in polypeptide or
transcript level

The stability of GS holoprotein has been shown to be regulated by the occupancy of the

substrate at its active site [22] and as such, just the assembly of a holoprotein is not always

reflective of its enzymatic activity. GS activity (the total amount resulting from both the GS2

and GS1 activities) was measured on the same extracts that were used for western analysis

and as seen in Fig. 3E, the transformants showed higher GS activity compared to the

controls but the increase did not show a direct correspondence with the increase in the GS1

protein levels. The CaMV35S-Gmglnβ1 transformants, while showing a ~ 3-fold higher

level of GS1 protein accumulation showed only a slight increase in activity over the RUB-

Gmglnβ1 transformants. The CaMV35S-Gmglnβ1 transformant #9, showed a lower level of

activity compared to transformants #12 and #14, in keeping with the low level of expression
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of the transgene, however, the level of activity is not directly proportional to the amount of

GS1 protein made. The data suggest that there is an increase in GS1 activity in the mesophyll

cells in the leaves of the transformants when compared to control plants and the CaMV35S-

Gmglnβ1 (transformants #12 and #14) have higher activity compared to the RUB-Gmglnβ1

transformants. The CaMV35S-Gmglnβ1 transformants, in addition, probably also show

increased activity in the vasculature of the leaves.

3.7. Only the CaMV35S-Gmglnβ1 transformants showed increased GS activity in the stem
and roots

The CaMV35S promoter is known to be expressed in a constitutive manner and the RUB

promoter in a photosynthetic cell-specific manner. Localization of GUS activity in the stems

of CaMV35S-GUS and RUB-GUS transformants, showed intense staining in the cortex in

both classes of transformants but in addition, the CaMV35S transformants also showed

strong staining in the vascular bundles (Fig. 1B). To determine if promoter function in the

stem and roots translates into GS activity, the leaves, stem and roots of control plants and

the two classes of transformants were assayed for GS activity. As seen in Fig. 4, while the

leaves of the RUBGmglnβ1 plants showed about a 30% increase in GS activity, the GS

activity in the stem and roots was the same as in control plants. The CaMV35S-Gmglnβ1

transformants, on the other hand, showed higher level of GS activity in all the organs, leaves

(~44%), stem (~40%) and the roots (~33%) compared to control plants. Because both the

RUB and CaMV35S promoters are functional in the cortical cells of the stem (Fig. 1B), the

absence of any increase in GS activity in the stem of the RUB-Gmglnβ1 transformants but

an increase in the CaMV35S-Gmglnβ1 transformants, would suggest that GS1 protein made

in the stem cortical cells is probably not stable but the GS1 made in the vasculature of the

stem is stable. This was confirmed by subjecting stem protein from control plants and the

two classes of transformants to native gel electrophoresis followed by western blot analysis.

Stem protein extracts from the same plants as those used for analysis of leaf proteins, was

subjected to SDS-PAGE and native gel electrophoresis followed by western blot analysis

using the GS antibodies. As seen in Fig. 5, GS1 is the major isoform in the stem and GS2 is

the minor isoform. While the GS2 isoform was maintained at the same level in the stem of

both the controls and transformants, only the stem proteins from the CaMV35S-Gmglnβ1

transformants showed a considerable increase in the level of the GS1 protein compared to

the controls. The immunoreactive profile of the stem proteins subjected to native gel

electrophoresis showed the same profile for both the controls and the RUB-Gmglnβ1

transformants while the CaMV35S-Gmglnβ1 transformants showed a broad immunoreactive

band, probably representing multiple holoproteins made up of the endogenous and transgene

GS1 polypeptides. Since the RUB promoter is functional in the cortical cells of the stem, the

absence of a novel GS holoprotein in the stem of RUB-Gmglnβ1 transformants would

suggest the GS1 transgene product does not accumulate as a holoprotein in the cortical cells

of the stem. The presence of the novel GS holoprotein in the stem of the CaMV35S-

Gmglnβ1 transformants suggests that the transgene product and the endogenous GS1

polypeptides assemble into holoproteins in the vasculature of the stem where they are stable.

Furthermore, we also conclude that while the CaMV35S-Gmglnβ1 transformants have
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increased GS1 activity in the leaves, stem and roots, only the leaves of the RUB-Gmglnβ1

transformants have increased GS1 activity (Fig. 4).

3.8. CaMV35S- and RUB- Gmglnβ1 tobacco transformants showed similar trends in the
expression pattern of Gmglnβ1

Since there are several reports dealing with the constitutive overexpression of GS1 in

tobacco, we also undertook to compare the physiological outcome of mesophyll-specific

overexpression of GS1 to constitutive overexpression of GS1 in tobacco. Thus tobacco

transformants overexpressing Gmglnβ1 in a mesophyll-specific and constitutive manner

were produced, using the same constructs as in Fig. 2A. The site of both CaMV35S and the

RUB promoter function in tobacco was confirmed by localizing GUS activity in tobacco

transformants containing the same constructs as in Fig. 1A (data not shown).

Northern blot analysis, using the Gmglnβ1 gene as a probe, was performed on total RNA

extracted from the leaves of tobacco controls and promoter-Gmglnβ1 transformants (Fig.

6A). Transcript accumulation of Gmglnβ1 in both sets of tobacco transformants were

analogous to the trend seen in the alfalfa transformants, again with the CaMV35S-Gmglnβ1

tobacco transformants accumulating higher level of Gmglnβ1 transcript compared to the

RUB-Gmglnβ1 transformants. Slight cross hybridization of the endogenous GS1 RNA to the

Gmglnβ1 probe was seen in the controls.

Total soluble protein from the leaves of the same tobacco controls and promoter-Gmglnβ1

transformants used in the analysis of Gmglnβ1 transcript accumulation was extracted and

analyzed for GS activity and GS proteins. Leaf protein extract was subjected to SDS-PAGE

and native gel electrophoresis followed by western blot analysis using antibodies specific to

GS. The level of GS1 polypeptide accumulation in the CaMV35S- and RUB-Gmglnβ1

tobacco transformants was substantially higher than the levels of GS1 polypeptide in the

control plants (Fig. 6B). In contrast to what is seen in alfalfa controls, no GS1 polypeptide

was detectable in the tobacco controls. There was no difference between tobacco controls

and the Gmglnβ1 transformants in the level of GS2 protein accumulation.

The pattern of accumulation of GS holoproteins followed the same pattern as the GS

polypeptides (Fig. 6B). The highest levels of GS1 holoenzyme accumulation was in the

CaMV35S-Gmglnβ1 tobacco transformants. The leaves of tobacco controls did not show a

discernible immunoreactive band that could be ascribed to an endogenous GS1 holoprotein.

The immunoreactive band corresponding to the Gmglnβ1 transgene product was distinct and

defined in both classes of transformants. The Gmglnβ1 tobacco transformants did not show a

diffused broad band corresponding to heteromers formed between the transgene product and

the endogenous GS1 polypeptide as seen in the alfalfa CaMV35S-Gmglnβ1 transformants.

GS2 also appeared as a more defined and distinct band. The nature of the immunoreactive

band migrating slower than the major GS2 oligomer is not known. We rule out the

possibility that it represents an oligomer of the unprocessed GS2 polypeptide since an

immunoreactive band corresponding to the GS2 precursor was not seen on SDS-PAGE. The

band could represent a decameric oligomer of GS2 [6]. The level of GS2 holoenzyme

accumulation was not affected in the two sets of transformants.
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Leaf protein extracts were assayed for GS activity and the average values ±SE are shown in

Fig. 6C. Both sets of transformants showed an increase in GS activity when compared to

controls. While CaMV35S-Gmglnβ1 tobacco transformants had significantly higher level of

Gmglnβ1 transcript, GS1 polypeptide and GmGS1 oligomers in the leaves than the RUB-

Gmglnβ1 tobacco transformants, the level of GS activity was the same as in the leaves of the

RUBGmglnβ1 transformants. This was also seen in the alfalfa transformants and may be

attributed to regulation at the level of enzyme stability or metabolite availability.

3.9. Physiological analysis of the two sets of alfalfa and tobacco transformants

The alfalfa and tobacco transformed with the RUB- and CaMV35S-Gmglnβ1 constructs

were analyzed for chlorophyll content, net photosynthetic rates and protein content to assess

the effect of increased GS1 on plant performance. Clones of independent alfalfa

transformants (RUB-Gmglnβ1 #1 and #3; CaMV35S-Gmglnβ1 #12 and #14) produced via

tissue culture were transferred to soil and allowed to grow under greenhouse conditions. In

the case of tobacco, independent transformants were selfed and seeds were used to produce

an F1 generation for both classes of transformants. The F1 seeds were grown in soil under

greenhouse conditions (7–8 weeks) for physiological studies. Net photosynthetic rates were

measured under ambient and low CO2 conditions, followed by harvesting of leaf tissue that

was used for measuring chlorophyll and protein content in both alfalfa and tobacco plants.

Under ambient CO2 conditions (400 µmol mol−1 CO2), both RUB-Gmglnβ1 and CaMV35S-

Gmglnβ1 alfalfa transformants showed an increase in net photosynthetic rates (8% and 6%,

respectively) when compared to controls (Fig. 7A). The tobacco RUB- and CaMV

35SGmglnβ1 transformants also showed a larger increase in net photosynthetic rates (38%

and 19%, respectively) compared to control plants. To determine the photorespiratory

capacity of the transformants, we measured net photosynthesis under low CO2 levels (40

µmol mol−1 CO2), which is conducive to photorespiratory conditions. Under these

conditions, the RUB-Gmglnβ1 alfalfa and tobacco transformants showed the lowest levels of

net photosynthesis when compared to controls (approximately a 28% and 23% drop,

respectively) while CaMV35S-Gmglnβ1 alfalfa and tobacco transformants showed only a

8% and 18% drop in net photosynthetic rates respectively (Fig. 7B). A drop in net

photosynthesis is attributable to the CO2 released during photorespiration. Under ambient

CO2 conditions, the alfalfa plants in general showed higher rates of net photosynthesis

compared to tobacco and similarly under low CO2, the alfalfa plants showed a larger drop in

net photosynthesis compared to tobacco.

As seen in Fig. 7C, the chlorophyll content showed no dramatic increase in the alfalfa RUB-

and CaMV35S-Gmglnβ1 transformants (0.45 and 5%, respectively), while the tobacco

transformants showed a 6% (RUB-Gmglnβ1) and 12% (CaMV35S-Gmglnβ1) increase over

control. Total soluble protein concentrations, extracted from lyophilized leaf tissue of RUB-

and CaMV35S-Gmglnβ1 alfalfa and tobacco transformants, were measured and plotted as

mg g−1 DW−1 (Fig. 7D). The RUB- and CaMV35S-Gmglnβ1 alfalfa transformants showed

approximately a 14% and 16% increase, respectively, in soluble protein concentrations when

compared to controls. Both sets of tobacco transformants showed a considerably higher

increase in soluble protein (57%) when compared to controls. The alfalfa plants showed
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higher level of protein and chlorophyll content per unit tissue dry weight compared to

tobacco.

While no sytematic analysis of plant performance was done, in general, both sets of

transformants appeared bigger only in the young stages. The 35S-Gmglnβ1 alfalfa

transformants showed some signs of premature senescence.

4. Discussion

Genetic approaches have identified the co-localization of QTLs for GS1 and QTLs for yield

parameters in several plant species [23, 24, 25, 26], and since GS plays such a central role in

N assimilation, it is logical to postulate that enhanced GS activity would lead to improved

plant performance. However, the results obtained with the overexpression of GS1 genes in

different plants has not been consistent [27, 28, 29, 37, 40, 42, 41, 42, 43, 44]. This

inconsistency can be attributed to the posttranscriptional regulatory attributes of the GS1

transgene [18], the source of N and the plant species. In cases where constitutive

overexpression of GS1 has been associated with improvement in plant performance, it has

been suggested that overexpression of GS1 in the leaves may provide an additional or

alternative route for re-assimilation of NH4
+ released from photorespiration [27, 28, 29].

However, constitutive overexpression of GS1 does not unambiguously prove that the

improved performance of the plant is due to the increased reassimilation of photorespiratory

NH4
+ [27, 28, 29], since increased GS1 activity in other organs could affect other functions

that have a role in promoting plant performance like improvement in N transport in the

vasculature. In this paper, we have used the RUB promoter to drive the GS1 gene to ensure

that the transgene is expressed only in the cells where photorespiratory NH4
+ is produced.

Thus any response in plant performance to the photosynthetic cell-specific expression of the

GS1 transgene could be ascribed to improved re-assimilation of photorespiratory NH4
+. We,

however, cannot rule out the possibility of protein degradation as a source of NH4
+ for

assimilation by the transgene product in the mesophyll cells. The CaMV35S-Gmglnβ1

transformants are included in this study to compare the effects of constitutive expression of

Gmglnβ1 to the photosynthetic cell-specific exression of Gmglnβ1 We have also compared

the performance of the alfalfa transformants with tobacco transformants expressing GS1 in a

mesophyll-specific manner, since there are several reports of improved performance in

tobacco resulting from the constitutive overexpression of GS1 [28, 29, 42].

Comparison of the site of GUS localization in the two classes of transformants: 35S-uidA

and RUB-uidA, clearly showed that RUB-promoter activity is specifically restricted to the

palisade cells and some spongy mesophyll in the leaves, in contrast to the CaMV35S

promoter, whose activity extends to both the mesophyll and the vasculature (Fig. 1B).

Moreover, based on the intensity of GUS activity, the CaMV35S promoter appeared to have

more activity in the leaf mesophyll cells compared to the RUB promoter. The RUB

promoter showed transcriptional activity in the cortical cells of the stem while the

CaMV35S promoter, besides showing activity in the cortical cells, also showed intense

activity in the vasculature of the stem. In earlier studies, we had shown that CaMV35S

promoter is also functional only in the vasculature of the roots [37]. Since GS1 is known to

be regulated at steps beyond transcription [18, 22], localization of promoter function and
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strength is not always indicative of the site and level of accumulation of the GS1 protein. In

our earlier studies, we had determined that the 3’UTR of the Gmglnβ1 gene has a role in

posttranscriptional regulation [18], and as such, we have in this study, eliminated any

constraints in expression at the level of transcript turnover or translation initiation by

removing the 3’UTR from the Gmglnβ1 gene [18]. However, the expression of the Gmglnβ1

could still be regulated by posttranslational modification and/or at the level of holoprotein

assembly and/or protein turnover, which is partly regulated by the availability of the

substrate [22].

Native gel electrophoresis of proteins extracted from the leaves of control alfalfa plants

followed by western analysis with GS antibodies, showed the presence of immunoreactive

bands representing the endogenous GS2 and GS1 holoproteins. Besides the two endogenous

immunoreactive protein bands on native gels, the RUB-Gmglnβ1 transformants showed an

additional faster migrating immunoreactive band. Since the band representing the

endogenous GS1 is maintained in the RUB-Gmglnβ1 transformants, we postulate that this

novel immunoreactive band in these transformants represents the holoprotein made

exclusively of the transgene product. The band corresponding to the endogenous GS1 is not

seen in the CaMV35SGmglnβ1 transformants. However, the band comigrating with the

novel holoprotein in the RUBGmglnβ1 transformants, appeared more diffused in the

CaMV35S-Gmglnβ1 transformants, probably representing holoproteins made of different

combinations of the endogenous GS1 polypeptide and the transgene product. The absence of

the band corresponding with the endogenous GS1 holoprotein in the CaMV35S-Gmglnβ1

transformants strongly suggest that some of the transgene product combines with the

endogenous GS1 polypeptide to form heteromeric holoprotein, implying that some of the

transgene GS1 polypeptides are being made in the same cells where the endogenous GS1 is

being made. Since the CaMV35S promoter is highly active in the vasculature (Fig. 1B), and

GS1 in the leaves is normally made in the vasculature [7, 17], we would conclude that the

endogenous and transgene GS1 subunits mix together to form heteromeric holoproteins in

the vasculature. It is important to point out that even though the CaMV35S-Gmglnβ1

transformants showed 3-fold higher level of GS1 protein than the RUB-Gmglnβ1

transformants, the enzyme transferase activity showed only a small increase. The

discrepancy between the protein content and enzyme activity can be attributed to differences

in the kinetic properties of the different holoproteins and probably to some kind

posttranslational regulation [19, 20]. The presence of the novel lower molecular weight GS

immunoreactive protein band in the 35S-Gmglnβ1 transformants and not in the RUB-

Gmglnβ1 transformants is indicative of higher holoprotein turnover in the former, suggesting

that there is also regulation at the level GS holoprotein stability [22]. Any holoprotein made

in excess of the substrate is probably disassembled and eventually turned over.

While the RUB promoter is active in the cortical cells of the stem, no GS holoprotein made

of the transgene polypeptide accumulates in the stem. The stem of these transformants also

do not exhibit any increase in GS activity when compared to control plants. In contrast, the

CaMV35S-Gmglnβ1 transformants show a broad immunoreactive band, probably

representing the different holoproteins made of different combinations of the endogenous

and transgene GS1 polypeptides in the vasculature. Moreover, the stem of CaMV35S-
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Gmglnβ1 transformants also exhibit higher level of GS activity compared to control plants.

Taken together, the results suggest that in the stem, GS1 holoprotein made in the vasculature

is stable and active while the GS1 holoprotein made in the cortical cells is unstable.

It is interesting to point out that both the tobacco and alfalfa transformants with the

RUBGmglnβ1 exhibited an improvement in certain physiolgical parameters, measured as

total protein content and rates of photosynthesis when compared to control plants. This

report of improved performance in the transformants overexpressing the GS1 transgene only

in the cells involved in photorespiration would strongly support the idea that expression of

GS1 in the mesophyll cells provides an alternate route to GS2 for the assimilation of

photorespiratory NH4
+. The photorespiratory NH4

+ produced by the lysine decarboxylase in

the mitochondria is either assimilated by a mitochondrial targeted GS2 [9] or has to enter the

chloroplast via the cytoplasm to be assimilated by the chloroplastic located GS2. The forced

expression of GS1 in the cytoplasm of the photorespiratory cells may give the NH4
+

produced during photorespiration an alternate and more accessible avenue for re-

assimilation, resulting in less NH4
+ lost en route to the chloroplast. Elevated

photorespiratory rates in the transformants compared to control plants would suggest that

GS may be critical in linking photosynthesis with photorespiration as suggested in earlier

studies [11, 28]. Moreover, the increased GS1 activity in the mesophyll cells could also be

involved in the re-assimilation of NH4
+ produced by catabolic pathways associated with

senescence. Overall, the tobacco transformants exhibited better performance compared to

the alfalfa transformants, emphasizing the differences in response to GS overexpression

attributable to the different plant models.

It is interesting to note that the CaMV35S-Gmglnβ1 transformants, in spite of exhibiting

higher levels of transgene expression, showed less or the same level of response in

performance as the RUB-Gmglnβ1 transformants. The comparable performance of the

CaMV35S-Gmglnβ1 transformants to the RUB-Gmglnβ1 transformants, would suggest that

the improvement in plant performance in both sets of transformants is solely due to

increased GS1 activity in the leaf mesophyll cells. The higher level expression of the

transgene in the mesophyll cells of the CaMV35S-Gmglnβ1 transformants as evidenced by

transcript and protein level, does not translate directly into a corresponding increase in

overall GS actvity (Fig. 3D). Moreover, since the GS catalyzed reaction involves ATP

consumption, the uncontrolled GS activity, as may occur when the GS1 gene is driven by the

strong constitutive CaMV35S promoter, could deplete the cells of ATP and C skeletons.

Therefore, using the RUB promoter, as shown here, may avoid negative effects of

overexpressing Gmglnβ1 in a constitutive manner and at very high levels as the RUB

promoter drives expression only in the mesophyll cells, is light inducible and is a weaker

promoter than the 35S promoter. The mesophyll cells being the site of C fixation, ATP

synthesis and production of photorespiratory NH4
+, is the ideal site for increased GS activity

with regards to availability of substrate and energy. Thus increased GS activity in the

mesophyll at optimal level, does not affect the C/N ratio or the energy status of the plant and

is yet able to re-assimilate NH4
+ released during photorespiration and/or protein turnover.

The higher level improvement in performance of plants transformed with CaMV35S-GS1

gene constructs in earlier studies [27, 28, 29, 30, 43], compared to the performance of
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CaMV35SGmglnβ1 transformants in this study can probably be ascribed to the gene

construct in this study, being devoid of its 3’UTR. We had previously shown that the

Gmglnβ1 gene is regulated by its 3’UTR at the level of transcript stability and translation,

the process being mediated by the N or the C/N status of the cells [18]. In the absence of the

regulatory 3’UTR, the Gmglnβ1 driven by the CaMV35S promoter probably loses that

control and functions in an unregulated manner resulting in the depletion of ATP and

substrates required for the normal growth of the plant.

Our results suggest that even modest increases in GS1 activity in the leaf mesophyll cells of

both alfalfa and tobacco has some beneficial effect on plant performance. It will be

interesting to see if higher increases in GS1 activity would have a more profound effect on

plant growth. However, because of the multistep regulation of GS, it is a difficult endeavor

to increase GS activity at will by just manipulating the promoter driving the GS transgene.

Moreover, even our efforts to curtail posttranscriptional regulation by removing the 3’UTR

of the GS1 gene, failed. GS function is regulated by the C/N ratio and since it works in

conjunction with other key enzymes involved in C metabolism, our efforts to increase GS

activity in a predictable manner may involve manipulating levels of other key enzymes

along with GS.
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Fig. 1.
Localization of RUB- and CaMV35S- promoter function in leaves and stem of alfalfa. (A)

Maps of gene constructs used to produce the RUB-uidA-NOS and CaMV35S-uidA-NOS

alfalfa transformants. The pertinent restriction enzyme sites used for cloning purposes is

shown. (B) Analysis of GUS expression in leaf and stem sections of RUB-uidA-NOS and

35S-uidA-NOS alfalfa transformants. Location of GUS activity is indicated by blue

precipitate. V, vasculature; M, mesophyll cells; C, cortical cells.
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Fig. 2.
Analysis of GS transcript in the leaves of alfalfa transformants.

(A) Gene constructs used to produce the RUB-Gmglnβ1 and CaMV35S-Gmglnβ1 alfalfa

transformants. Positions of relevant restriction enzyme sites is indicated. (B) Northern blot

analysis of leaf RNA (10 µg) extracted from green house grown alfalfa control plants,

RUBGmglnβ1 and CaMV35S-Gmglnβ1 alfalfa transformants. The blot was probed with 32P-

labeled fragments of the soybean GS1 transgene (Gmglnβ1), alfalfa GS2 (MsGS2), and Actin

Seger et al. Page 21

Plant Sci. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



genes. (C) Autoradiographs were quantified using a KODAK 1D image analysis software.

Band intensities of Gmglnβ1 and MsGS2 standardized to Actin band intensity is plotted.
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Fig. 3.
Analysis of GS polypeptide, holoenzyme and GS activity in the leaves of RUB-Gmglnβ1

and CaMV35S-Gmglnβ1 alfalfa transformants. (A) Five µg of protein from leaf extracts of

alfalfa control plants and independent transformants with the RUB-Gmglnβ1 and

CaMV35SGmglnβ1 gene constructs was subjected to SDS PAGE followed by western blot

analysis using anti-GS antibodies. Immunoreactive bands corresponding to GS1 (39–40 kd)

and GS2 (42–43 kd) polypeptides are shown. (B) Band intensities of the GS1 band from

panel A is plotted. (C) Twenty five µg of of leaf extracts from the same plants as in panel A

were subjected to native gel electrophoresis followed by western blot analysis using anti-GS

antibodies. Immunoreactive bands corresponding to the endogenous GS2 (MsGS2) and GS1

(MsGS1) and the transgene product (GmGS1) are designated. (D) Close-up of a

immunoreactive native gel profile of leaf protein from control, RUB-Gmglnβ1 (#1) and

CaMV35S-Gmglnβ1 (#12) transformants showing the bands corresponding to the
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endogenous MsGS2 and MsGS1, and the transgene product GmGS1. Asterisk represents the

broad immunoreactive band probably representing a mixture of heteromers made of the

endogenous GS1 and the transgene product. Bands a and b represent the turnover products of

the MsGS and GmGS1 holoproteins respectively. (E) GS activity was measured in the leaf

protein samples used for western analysis in panel A. Average values ±SE of three

experiments were plotted as µmol γ-glutamyl hydroxamate produced per minute per mg of

protein at 30° C.
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Fig. 4.
GS activity measurements in the leaf, stem and root samples of control, RUB-Gmglnβ1 and

CaMV35S-Gmglnβ1 alfalfa transformants. Protein samples isolated from the leaves, stem

and roots of control plants and several clonally propagated RUB-Gmglnβ1 (#1 and #3) and

CAMV35S-Gmglnβ1 (#12 and #14), were assayed for GS activity by transferase reaction.

Values represent the average ±SE.
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Fig. 5.
Analysis of GS polypeptides and holoproteins in the stem of RUB-Gmglnβ1 and CaMV35S-

Gmglnβ1 alfalfa transformants. Five µg (denatured) or 25 µg (non-denatured) protein from

stem extracts of alfalfa control plants and independent transformants with the RUBGmglnβ1

and CaMV35S-Gmglnβ1 gene constructs (same as used in Fig. 3) were subjected to either

SDS PAGE or native gel electrophoresis followed by western blot analysis using anti-GS

antibodies. Immunoreactive bands corresponding to GS1 (39–40 kd) and GS2 (42–43 kd)

polypeptides, and native GS bands corresponding to the endogenous GS1 (MsGS1) and the

transgene product (Gmglnβ1) are designated.
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Fig. 6.
Analysis of transcript and protein corresponding to the Gmglnβ1 transgene in tobacco

transformants. Tobacco RUB-Gmglnβ1 and CaMV35S-Gmglnβ1 transformants were

produced using the same constructs shown in Fig. 2A. (A) Northern blot analysis of leaf

RNA (10 µg) extracted from green house grown tobacco control plants and the two classes

of Gmglnβ1 transformants. Transcript was detected using a probe for the soybean GS1

transgene (Gmglnβ1) and EtBr stained ribosomal rRNA is shown to confirm equal loading.

(B) Total soluble protein extracted from the same leaf tissue was fractionated by SDS- and
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native-PAGE (5 µg and 25 µg, respectively) followed by western blot analysis using anti-GS

antibodies. Immunoreactive bands corresponding to GS1 (39–40 kD) and GS2 (42–43 kD)

polypeptides and the native GS bands corresponding to the endogenous GS2 (NtGS2) and

the transgene product (GmGS1) are designated. (C) Transferase assay was performed on the

same protein extracts as in panel B. Average values for GS activity were plotted as µmol γ-

glutamyl hydroxamate produced per minute per mg of protein at 30° C. Experiments were

repeated at least three times.
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Fig. 7.
Net photosynthesis, total protein content, and chlorophyll content measurements in the

leaves of two classes of alfalfa and tobacco transformants. Net photosynthesis measurements

(µmol CO2 m−2 s−1) taken under (A) ambient CO2 (Ci = 400 µmol mol−1) and (B) low CO2

(Ci = 40 µmol mol−1) conditions using the Li-Cor LI 6400. (C) Total chlorophyll content

(mg g−1 FW−1) and (D) total protein content (mg g−1 DW−1) was measured

Seger et al. Page 29

Plant Sci. Author manuscript; available in PMC 2014 July 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



spectrophometrically as described in materials and methods. Average values ± SE are

presented.
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