
ABSTRACT 

ZHANG, LEICHEN. Biotechnology-Based Strategies for Altering Nitrogen-Use-Efficiency 

in Tobacco through Manipulation of Multiple N Assimilation Pathway Genes. (Under the 

direction of Dr. Ralph E. Dewey). 

As the most critical macronutrient for plants, nitrogen is a major factor influencing 

plant growth and productivity. During the past 40 years, the amount of nitrogen (N) applied 

to crops as synthetic fertilizer has risen dramatically. Excessive use of N-based fertilizers, 

however, is threatening the environment due to water pollution from nitrate runoff, and 

derivative nitrous oxides contributing to air pollution and greenhouse gas emissions. 

Therefore, it is becoming increasingly necessary to balance the needs of the farmers who 

require nitrogen to ensure good crop productivity with the need to lower N-fertilizer usage 

for the sake of the environment. Improving the nitrogen-use-efficiency (NUE) of crops 

represents one potential avenue for accomplishing this balance. There have been numerous 

previous studies where researchers have attempted to improve the NUE efficiency of plants 

by overexpressing individual genes of the N-assimilation biosynthetic pathway, including 

nitrate reductase (NR), glutamine synthetase (GS) and glutamate synthase (GOGAT). The 

results from these studies have been largely negative, though the manipulation of GS gene 

activity has shown some promise. Complex biochemical pathways, however, tend to be 

highly regulated; thus the manipulation of a single step may be insufficient in mediating 

significant changes.  

One goal of this project was to test whether the simultaneous manipulation of 

multiple genes of the N-assimilation pathway would have a greater impact on modifying 

plant growth and metabolism than the single gene manipulations reported previously in the 



literature. Specifically, we wanted to determine whether overexpression of one or more 

combinations of the following five transgene constructs could improve the growth of burley 

tobacco plants under conditions of low N availability: tr-NR and S523D-NR (encoding two 

NR variants that are not down-regulated in the dark); GS; GOGAT; and ICDH (a cytosolic 

isocitrate dehydrogenase that provides carbon skeletons used in N assimilation). A large co-

transformation experiment was conducted using all five constructs, followed by regeneration 

on low N-containing media to test whether selection on low N could reveal a particular 

transgene or transgene combination that would better enable tobacco plants to survive and 

grow under conditions of limiting N availability. Although dozens of transgenic plants 

carrying various transgene combinations were obtained and characterized, we found no 

examples where a heritable growth advantage under conditions of low N treatment was 

conferred. 

Tobacco plants of the burley market class are unique in that they display a 

chlorophyll-deficient phenotype and are greatly impaired in their NUE. Burley tobaccos also 

accumulate far higher levels of free nitrate in their leaves than other tobacco types, a trait that 

is undesirable because high levels of nitrate are associated with the formation of carcinogenic 

compounds referred to as tobacco-specific nitrosamines (TSNAs). To determine whether 

overexpression of specific N-assimilation pathway genes could overcome the NUE 

deficiencies of burley tobaccos and/or reduce the levels of free nitrate in these plants, 

transgenic plants were generated that overexpressed the tr-NR, S523D-NR, GS, GOGAT and 

ICDH constructs. Our results suggest that overexpression of genes encoding GS, GOGAT, 

ICDH or deregulated NR enzymes does not compensate for the chlorophyll and/or N-

fertilization-associated growth defects inherent to burley varieties. However, dramatic 



reductions in nitrate accumulation were observed in plants expressing deregulated NR 

enzymes, particularly the amino acid substitution at residue 523 (S523D-NR) that prevents 

phosphorylation-mediated down-regulation of the enzyme in the dark. The results of this 

investigation reveal a viable strategy for reducing the levels of carcinogenic TSNAs in 

products that utilize burley tobaccos. 
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CHAPTER 1 

Introduction 

Nitrogen-based fertilizers are known to make major contributions toward enhancing 

plant growth and productivity (Hirel et al. 2007). The use of these chemical fertilizers has 

played in instrumental role in the tremendous increases in crop yields that have been attained 

over the past 50 years (McAllister et al. 2012). Because of the fundamental dependence that 

non-legume crops have for inorganic nitrogen, 85-90 million metric tons of nitrogenous 

fertilizers were added annually to soils worldwide by the mid-2000s (Good et al. 2004), a 

number expected to grow to as much as 240 million metric tons by 2050 (Tilman 1999).  

Despite the unquestioned success of nitrogen fertilization in agricultural productivity, 

there are growing concerns about the effects of over-use of nitrate, both for the environment 

and to human health. Excessive nitrogen inputs can lead to nitrogen leaching and 

mobilization into river systems and aquifers, promoting toxic algal blooms. Denitrification of 

nitrate in the soil also leads to the formation of nitrous oxide air pollutants. Plants grown 

under high nitrate fertilization also tend to contain high levels of nitrate in tissues that are 

consumed, which can be nutritionally undesirable. Excessive nitrate in consumed foods can 

result in human health problems, for example, through the formation of carcinogenic 

nitrosamines. It is therefore becoming increasingly necessary to balance the needs of farmers 

who require nitrogen to ensure good crop productivity, with the need to lower N-fertilizer 

usage for the sake of the environment and human health. Improving the nitrogen-use-

efficiency (NUE) of crop plants represents one potential avenue for achieving this balance. 
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NUE is defined as the yield obtained per unit of available N in the soil, which includes 

nitrogen that naturally occurs within the soil together with that supplied by nitrogen 

fertilization inputs (Hirel et al. 2011). NUE is ultimately a factor of the nitrogen uptake 

efficiency (total N accumulated in the plant/ available N in the soil) and nitrogen utilization 

efficiency (yield of the crop/ amount of N taken up by the plant). In most regions of high 

agricultural productivity, crops are being grown in environments where the nitrogen is 

maintained at optimal levels (Masclaux-Daubresse et al. 2010). If nitrogen fertilizer inputs 

are to be decreased without negatively impacting yield, plants will have to be adapted to 

enable better growth in low nitrogen environments.  

In this chapter, I will review the different molecular biology-based approaches that have 

been employed for the purpose of altering NUE in plants. 

 

1.1 Nitrogen Sources and Uptake 

Most plants obtain nitrogen from the soil in the form of nitrate. This absorbed nitrate can 

be transported into the root vacuole and stored for later use, or be directly translocated to the 

shoot to be reduced or stored in vacuoles (Beevers and Hageman 1980; Solomonson and 

Barber 1990). The root vacuole serves as a key nitrate storage pool, capable of 

accommodating a large proportion of nitrate taken up by root cells (Clarkson et al. 1986). 

The specific transporters that recognize and transport nitrate from the soil and into root cells 

play a very important role in overall plant NUE. Therefore, much effort has been directed 

toward identifying the genes that encode these nitrate transporters.  
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There are two nitrate uptake systems in plants, a high affinity transport system (HATS) 

and a low affinity transport system (LATS) (Touraine et al. 2007). Within the HATS there 

are transporters that are constitutively expressed (cHATS) and those that are NO3
-
-inducible 

(iHATS) (Crawford and Glass, 1998).  Similarly, LATS is also comprised of a constitutively 

active low affinity transporter system (cLATS) and a NO3
-
-inducible low affinity transport 

system (iLATS) (Tsay and Hsu, 2011). Nitrate transporter 1/ peptide transporter 

(NRT1/PTR) is the name given to the gene family that encodes LATS-type transporters 

(Wang et al. 2012). The NRT1/PTR gene family is very large. In Arabidopsis, for example, 

there are 53 NRT1/PTR transporter genes. As indicated by its name, some members of this 

family transport nitrate, while others have been shown to transport small peptides.  

NRT2 is the designation given to the gene family encoding transporters of the HATS 

type (Wang et al. 2012). One exception to this system of gene nomenclature, however, is the 

Arabidopsis NRT1.1 nitrate transporter (originally called Chlorate Resistant 1; Liu et al. 

1999). The AtNRT1.1 protein is a dual-affinity nitrate transporter, involved in both high and 

low affinity nitrate uptake; therefore, this transporter doesn't fall strictly within either NRT 

family. For both the NRT1/PTR and NRT2 gene families, certain members are localized to 

the root where they participate in the mobilization of nitrate either from the soil into the root, 

or simply between different root cell types, while other members are found in the aerial parts 

of the plant where they mediate the transport of translocated nitrate across cellular 

membranes for distribution into various tissue types. Although a considerable amount of 

research has been conducted to characterize the localization and specific cellular functions of 



 

4 

various members of the NRT1/PTR gene family, most molecular studies attempting to 

enhance the uptake of nitrate from the soil have focused on the HATS-type transporters.  

Because NRT2-type transporters function to uptake nitrate even when external nitrate 

concentrations are very low, they have been considered as the best candidates in attempts to 

further enhance the plant’s nitrate uptake capacity. Overexpression of a Nicotiana 

plumbaginifolia NRT2-type transporter gene (NpNRT2.1) in N. plumbaginfolia was mediated 

by fusing the gene to either the CaMV 35S or rolD promoters. Despite achieving high levels 

of transgene expression, nitrate uptake differed only marginally between transgenic plants 

and control plants, due to apparent post-translational regulation of transporter activity 

(Fraisier et al. 2000). The Arabidopsis NRT2.4 transporter localizes to the plasma membrane, 

and plays a role in the uptake of nitrate into the root (Kiba et al. 2012). The ectopic 

expression of AtNRT2.4 was able to compensate for plants defective in the uptake of nitrate 

when the primary HATS transporters AtNRT2.1 and AtNRT2.2 were rendered nonfunctional, 

but it was not reported whether AtNRT2.4 overexpression enhanced growth under low nitrate 

conditions beyond that observed in wild type plants. Overexpression the Arabidopsis 

AtNRT2.7 gene did enhance accumulation of nitrate within seeds compared to the wide type, 

however, no differences were observed on vegetative growth (Chopin et al. 2007).  

In addition to nitrate, plants can also take up nitrogen from the soil in the form of 

ammonium. In nature, average ammonium concentrations are typically 10 to 1000 times 

lower than nitrate. Ammonium uptake from the soil by plants, however, can proceed at very 

high rate (von Wiren et al. 2001). Like nitrate, specific transporters are found in plants that 

are capable of translocating ammonium. Multiple ammonium transporter (AMT) genes have 
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been identified and functionally characterized. In Arabidopsis, members of the AMT1 gene 

family that have been studied include: AtAMT1.1 (Ninnemann et al. 1994), AtAMT1.2, 

AtAMT1.3 (Gazzarrini et al., 1999), AtAMT1.4 and AtAMT1.5. These publications have 

focused on the mechanisms by which AMT genes are regulated, along with the specific 

transport properties of these ammonium transporters.  

Overall, there is a growing body of literature describing the nitrate and ammonium 

transporters involved in the uptake of nitrogen from the soil and its mobilization throughout 

the plant. The great majority of these studies have involved the functional characterization of 

individual members of the NRT1/PTR, NRT2 and AMT gene families in attempts to 

understand the role they serve within their native plant environment. Also, because the 

respective gene families are so large, the specific function and properties of many of the 

genes within each family has yet to be determined. Although our knowledge in the area of N 

transport is increasing, very few studies have been published with the objective of 

manipulating these genes for the purpose of enhancing the N uptake capacity for improving 

NUE. It therefore remains to be seen whether the optimization of this step of the N-

assimilation pathway will serve as an effective means for enhancing NUE in plants.  

 

1.2 Nitrate and Nitrite Reduction 

The primary components of the pathway through which nitrogen becomes assimilated 

into amino acids and other macromolecules are shown in Figure 1.1. Following the uptake of 

nitrate by the NRT transporters into the cells of the root (and subsequently the shoot), there is 

a two-step process required in order to reduce this highly oxidized compound into a form that 
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can be incorporated into amino acids (i.e. ammonia). In the first step, nitrate is reduced to 

nitrite (NO2
-
 ) by the enzyme of nitrate reductase (NR). Subsequently, nitrite is reduced to 

ammonia by the enzyme of nitrite reductase (NiR). Due to their central roles in primary N 

assimilation, it is not surprising that the genes encoding NR and NiR have been the subject of 

numerous transgenic plant studies by researchers attempting to enhance NUE (reviewed in 

Good et al. 2004; Brauer and Shelp, 2010; McAllister et al., 2012).  

Nitrate is reduced using NAD(P)H according to following reaction:  

NO3
- 
+ NAD(P)H + H

+ →NO2
- 
+ NAD(P)

+
 +H2O. 

The NR enzyme functions as a homodimer with each monomer organized as three 

distinct domains involved in binding to the co-factors FAD, Fe-heme and molybdenum, 

respectively (Redinbaugh and Campbell, 1985). The flow of electrons through the NR 

enzyme proceeds from NADH to FAD, then to the Fe-heme, then to molybdenum, and at last 

to nitrate. Following the first report on the purification of NR from soybean tissue (Evans and 

Nason, 1953), much effort has been devoted to the study of the NR enzymatic reaction and 

the genes that encode these enzymes. The first reported description of a plant mutant in NR 

activity occurred using Arabidopsis thaliana (Oostindi.FJ and Feenstra, 1973). Identifying 

NR mutants involved the isolation of chlorate-resistant individuals from a mutagenized 

population (NR converts chlorate to a compound toxic to plants). The identification of NR 

mutants in Arabidopsis and other plant species greatly assisted in the isolation and 

characterization of plant NR genes.  
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 By 1989, two highly homologous tobacco NR genes (Nia1 and Nia2) were isolated and 

described (Vaucheret et al., 1989). The function of Nia2 was validated by its ability to 

complement a NR-deficient mutant of N. plumbaginifolia designated E23 (Vincentz and 

Caboche, 1991). Investigations of NR genes showed that during normal growth conditions, 

NR expression is regulated at the transcriptional level by light, nitrate and circadian rhythm. 

NR enzyme activities were also shown to be highly regulated at the translational and/or post-

translational levels. Overcoming, or deregulating the transcriptional controls of endogenous 

NR genes can easily be accomplished by generating transgenic plants with NR genes under 

the control of a strong constitutive promoter (such as the 35S promoter of CaMV). The 

overexpression of the tobacco Nia2 cDNA in N. plumbaginifolia resulted in an increase in 

NR activity that was accompanied by decreases in the foliar NO3
-
 content, and increases in 

glutamine (Gln) and malate content (Quillere et al., 1994). The observed changes in nitrate 

and other N-metabolites in this and similar experiments conducted in other plant species, 

however, were modest, prompting investigators to explore ways in which the post-

translational regulatory mechanisms of NR could be overcome. 

In 1995, Nussaume et al. reported on the characteristics of a truncated tobacco Nia2 gene 

encoding a NR protein carrying a 56-amino acid deletion in the N-terminal domain. When 

this truncated NR was transformed into N. plumbaginifolia mutant E23 (using the 35S CaMV 

promoter), NR activity was complemented and the production of Gln and asparagine (Asn) 

became deregulated. The most notable characteristic of the truncated NR protein was that it 

retained activity equally well in both the light and dark, in contrast to native NR enzymes 

whose activity is reduced in the dark. Thus, the 56-amino acid mutation enabled the protein 
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to become resistant to the post-translational processes that normally down-regulate the 

enzyme during dark cycles. To determine the specific residues within the NR N-terminus that 

are necessary for dark-induced posttranslational inactivation of the protein, two small 

deletions in this region, ΔA-NR (a deletion of an acidic domain) and ΔS-NR (a deletion of a 

conversed Ser residue), were constructed and analyzed in transgenic plants (Pigaglio et al. 

1999). These results showed that the conserved acidic motif was involved in the post-

translational inactivation of NR, while the conserved Ser residue was not. Although 

expression of the truncated NR gene did not enhance growth when introduced into N. 

plumbaginifolia plants, its overexpression did lead to increases in biomass in transgenic 

potatoes (Djennane et al., 2002, 2004). 

Another significant breakthrough in our understanding of the post-translational 

regulation of NR enzymes came with the discovery that these proteins can be reversibly 

inactivated through phosphorylation. Researchers investigating the NR enzyme of spinach 

demonstrated that a conserved Ser residue (position 543 of spinach NR) becomes inactivated 

through phosphorylation at night and is subsequently reactivated through dephosphorylation 

in the day (Bachmann et al., 1996). This discovery promoted other researchers to introduce 

mutations at the comparable location in the tobacco Nia2 gene (originally identified as 

position 521, but later corrected to indicate position 523). Specifically, these researchers 

speculated that the substitution of the Ser residue at position 523 with an Asp residue would 

lead to a protein that would mimic a constitutively phosphorylated, and thus a constitutively 

inactivated enzyme (Lillo et al., 2003). Unexpectedly, the opposite result was observed and 

the S523D-NR mutant instead showed high constitutive activity that was immune to the 
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normal mechanisms of dark-associated inactivation. Overall NR activity was greatly 

increased in transgenic N. plumbaginifolia plants overexpressing the S523D-NR mutant, the 

transgenic plants were phenotypically no different that wild type plants when grown under 

optimal growth conditions, though a modest enhancement in growth was observed at low N 

fertilization (Lillo et al., 2003). Later studies using the same S523D-NR N. plumbaginifolia 

transgenic plants demonstrated that this deregulated version of tobacco NR appeared to be 

more active than the NR enzyme deregulated via truncation of the 56 N-terminal amino acids 

(Lea et al., 2006). Furthermore, overexpression of the S523D-NR construct resulted in 

lowering the free nitrate pools of N. plumbaginifolia plants by approximately one-third, 

accompanied by a four-fold increase in free amino acids, the latter being primarily 

attributable to great increases in the amide amino acids Gln and Asn.    

Unlike NR enzymes that are localized to the cytosol of plant cells, NiR proteins are 

targeted to chloroplasts in photosynthetic cells and to proplastids in nonphotosynthetic 

tissues. NiR-deficient mutants have been more difficult to obtain than NR mutants because 

there is no easy selection method like the chlorate-resistance system used to identify NR 

mutants. Overexpression of a tobacco NiR gene in Arabidopsis and N. plumbaginifolia did 

not lead to any growth or phenotypic differences (Crete et al. 1997). This is not surprising 

given that the NiR catalyzed reaction has been shown to be highly efficient in plants and is 

generally not considered rate limiting. The efficiency of this reaction in plants may be related 

to the fact that nitrite is very toxic to plant cells if allowed to accumulate.  
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1.3 Ammonium Assimilation 

As shown in Figure 1.1, ammonium derived from the reduction of nitrate is not the only 

means by which this compound is introduced into plant cells. Ammonium can be directly 

taken up from the soil, as well as be produced during photorespiration and as a byproduct of 

protein degradation. Regardless of its source, ammonium becomes assimilated through 

reactions catalyzed by the enzymes glutamine synthetase (GS) and glutamate synthase 

(GOGAT). Through the GS/GOGAT cycle, ammonium becomes incorporated into the amino 

acids Gln and Glu, which act as a gateway for the subsequent transfer of amino groups to the 

rest of the amino acids. It is widely recognized that the efficient regulation of ammonia 

assimilation and the processes by which it is incorporated and recycled into organic 

compounds are of major importance for improving plant NUE. Intensive investigation in this 

area has lead to significant progress in our understanding of GS and GOGAT genes, and the 

properties of their encoded enzymes.   

The GS enzyme catalyzes the transfer of ammonium to Glu to produce Gln (Fig. 1.1). In 

plants, GS exists as two distinct isoforms that differ according to their subcellular 

localization. One isoform, designated GS1, localizes to the cytosol, whereas the other 

isoform, termed GS2, is found within plastids (McNally et al., 1983). As the predominant 

form in the roots, GS1 is recognized as playing the greater role in terms of the assimilation of 

nitrate and ammonium taken up directly from the soil (Oaks and Hirel, 1985). The plastid-

localized GS2 enzymes are initially expressed in the early stages of plant development and 

become the predominant GS activity in the photosynthetically active leaves (Ueno, 2005). 

However, as the plant matures GS1 activity increases in mature and senescing tissues; 
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suggesting that both GS1 and GS2 are important in the processes responsible for the 

remobilization of nitrogen into the storage reserves of the seed (Habash et al., 2001). 

One of the original motivations for transgene-based manipulation of GS genes was not 

for the purpose of improving NUE, but rather as a means for obtaining herbicide tolerant 

crops. GS is the target of the broad-spectrum herbicide L-phosphinothricin (L-PPT), as well 

as the related compounds bialaphos and gluphosinate. In alfalfa, a tissue culture-derived line 

displaying resistance to L-PPT was shown to have undergone a four- to eleven-fold 

amplification of a cytosolic GS gene (Donn et al. 1984). When this alfalfa GS gene was 

overexpressed in transgenic tobacco plants, a 5-fold increase in GS activity was observed, 

along with a seven-fold decrease in free ammonia (Eckes et al., 1989). The overproduction 

the GS conferred tolerance to L-PPT, but no alterations in the free amino acid composition 

was observed.  

The GS1 gene family has been the subject of considerable research. In maize, the GS1 

gene designated Gln1-1 is detected in the cortical tissue, while the Gln1-2 gene is expressed 

mostly in the vascular tissues (Li et al. 1993). The maize Gln1-3 gene is particularly 

important during the seed development stage, as its overexpression in leaves resulted in 

increases in kernel number and yield (Martin et al. 2006). The maize Gln1-4 gene was also 

positively correlated with kernel size. In tobacco, the gene termed Gln1-3 has been the most 

studied. Tobacco Gln1-3 is expressed in nonphotosynthetic tissues, particularly in roots and 

flowers (Dubois et al. 1996) and becomes highly induced during senescence, which suggests 

that it may be involved in nitrogen remobilization (Brugiere et al. 2000). Another tobacco 

GS1 gene, Gln1-5 is expressed in the vascular tissues of stems and roots (Dubois et al. 1996), 
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as well as the phloem of green tissues (Brugiere et al. 2000). The Gln1-5 encoded GS 

enzyme in the phloem plays a major role in the regulation of proline production (Brugiere et 

al. 1999).  

Although there have been numerous reports of transgene-based studies involving the 

GS1 gene family, the results have been mixed. In some circumstances the overexpression of 

a GS1 gene was associated with enhanced biomass/yield, while other studies failed to 

observe any change in plant growth (reviewed in Good et al. 2004; Brauer and Shelp, 2010). 

Overexpression of the soybean GS1 isoform GS15 in Lotus corniculatus plants resulted in 

accelerated shoot development, along with premature senescence and flowering when the 

transgenic plants were grown in an ammonium rich medium (Vincent et al. 1997). 

Overexpression of an alfalfa GS1 gene in tobacco showed increased plant growth and 

enhanced photosynthesis when the plants were grown in a low, but not high, nitrogen 

environment (Fuentes et al. 2001). Overexpression of a pea GS1 gene in tobacco was 

associated with improved growth at both limiting and non-limiting nitrogen fertilization 

treatments (Oliveira et al. 2002). This same study also reported decreases in free ammonium 

by 6 - 7 fold and a 2-fold increase in free glutamic acid (Glu).  

GOGAT enzymes catalyze the transfer of an amino group from Gln to 2-oxoglutarate, a 

reaction that yields two molecules of Glu (Fig. 1.1). The GOGAT reaction thus represents the 

step of the N-assimilation pathway where carbon skeletons become incorporated for 

subsequent production of the other amino acids that are utilized for protein biosynthesis. 2-

oxoglurate is formed from isocitrate, a product of the TCA cycle, via the activity of isocitrate 

dehydrogenase (ICDH) enzymes. 2-oxoglurate can also be produced by the activities of 
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alanine aminotransferase (alaAT) and glutamate dehydrogenase (GDH), though in the latter 

case there would be no net gain in carbon skeletons for amino acid biosynthesis since this 

enzyme merely acts on pre-existing Glu pools.  

GOGAT in plants exists as two distinct isoforms that are distinguished not only 

according to their electron donor source (ferredoxin versus NADH), but by their subcellular 

compartmentalization as well (plastids versus cytosol). Ferredoxin-dependent GOGAT (Fd-

GOGAT) is plastid localized and is most active within photosynthetic tissues. For example, 

in young Arabidopsis leaves Fd-GOGAT accounts for 95% of the total GOGAT activity, 

compared to 5% for NADH-GOGAT (Somerville and Ogren, 1980). In contrast, NADH-

dependent GOGAT (NADH-GOGAT) is a cytosolic enzyme whose activity is predominant 

in nonphotosynthetic tissues (Harrison et al., 2000).  

Two Fd-GOGAT genes, GLU1 and GLU2, have been described in Arabidopsis 

(Coschigano et al. 1998). GLU1 expression is low in the root, abundant in leaves, and is 

regulated by light and sucrose. Studies involving tobacco plants transformed with the 

Arabidopsis GLU1 gene demonstrated that this isoform plays the major role in 

photorespiratory and primary nitrogen assimilation in the leaf (Feraud et al. 2005). Although 

the Arabidopsis GLU2 also encodes an Fd-GOGAT, its expression is relatively low in leaves 

and higher in roots, suggesting that it, along with NADH-GOGAT enzymes, plays a role in 

primary nitrogen assimilation in roots (Coschigano et al. 1998). Using a partial tobacco Fd-

GOGAT gene fragment (Zehnacker, 1992), antisense constructs were generated in order to 

down regulate the expression of Fd-GOGAT in transgenic tobacco plants. Suppression of Fd-
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GOGAT activity led to increases in foliar Gln and α-ketoglutarate (α-KG), and a decrease in 

total amino acids (Ferrario-Mery et al., 2000).  

NADH-GOGAT genes (typically abbreviated as GLT1) are expressed at much higher 

levels in the root than in leaf tissue. Analysis of an Arabidopsis glt1-T mutant (knock-out T-

DNA insertion line) showed that the mutant plants suffered significant growth defects and 

decreased capacity for Glu synthesis during conditions when photorespiration was repressed, 

confirming its importance in non-photorespiratory ammonium assimilation and Glu synthesis 

(Lancien et al. 2002). The overexpression of an alfalfa NADH-GOGAT gene in tobacco was 

correlated with increases in total C and N concentrations, and a small but significant increase 

in biomass production (Chichkova et al. 2001). Perhaps the most compelling evidence that 

NADH-GOGAT genes can be manipulated in a manner that enhances NUE comes from a 

study involving overexpression of a NADH-GOGAT gene in rice (Yamaya et al. 2002). In 

this report, significant increases in grain weight were observed, suggesting that NADH-

GOGAT enzymes play important roles with respect to organic N management, particularly in 

the remobilization of N to the seed during grain production. 

 

1.4 Other genes impacting NUE 

There are a few other examples where the successful genetic modification of N 

metabolism has been reported through the manipulation of structural genes outside of the 

canonical N-assimilation pathway, as well as putative regulatory genes. NADH-dependent 

glutamate dehydrogenase (GDH) catalyzes the reductive animation of 2-oxoglutarate in the 

synthesis of Glu. The physiological role of GDH in plants has been controversial, however, 
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with some studies suggesting that the reverse reaction predominates in vivo (as depicted in 

Fig. 1.1), serving to supply carbon skeletons for the TCA cycle as opposed functioning in the 

synthesis of Glu. Regardless of the in vivo functions of endogenous GDH enzymes, when a 

GDH gene from E. coli was overexpressed in tobacco, the transgenic plants displayed a 10%-

15% increase in biomass, averaging more leaves per plant and a higher free amino acid 

content (Ameziane et al. 2000). This increase in biomass was observed when plants were 

grown both in a controlled environment and in the field.  

Asparagine (Asn) is an amide amino acid that is typically found in high concentration in 

xylem and phloem sap, and functions as a long distance nitrogen transport compound (Pate, 

1989). When Brears et al. (1993) transformed tobacco with a pea asparagine synthetase (AS1) 

gene, not only did the Asn concentration rise as expected, but an increase in biomass was 

also observed. Furthermore, the constitutive expression of an Arabidopsis AS1 gene in 

transgenic Arabidopsis plants resulted in a 21% increase in total seed protein content (Lam et 

al., 2003). 

One of the most surprising means by which plant NUE may be enhanced is through 

overexpression of genes encoding the enzyme alanine aminotransferase (AlaAT). The AlaAT 

enzyme is responsible for the synthesis of alanine and 2-oxoglutarate from Glu and pyruvate. 

As part of an effort to increase cellular alanine levels in order to test the efficacy of Ala as a 

compatible solute, Good et al. (2007) created transgenic canola plants that overexpressed a 

barley AlaAT gene. Unexpectedly, their transgenic canola plants displayed significant yield 

improvements when grown under low, but not high N conditions. Under field conditions, the 

plants expressing the AlaAT transgene were able to maintain equivalent yields even when 



 

16 

provided 40% less N application than normal. This phenomenon was not restricted to canola, 

as this same research team subsequently demonstrated that overexpression of AlaAT in rice 

significantly increased shoot biomass (~12%) and spikelet yield under a normal N-

fertilization regime (Sharwat et al., 2008). The mechanism by which AlaAT overexpression 

leads to enhance NUE remains unclear. 

Transcription factors can serve as particularly powerful tools for altering metabolic 

pathways, as they have the potential for redirecting the transcription of a suite of genes 

involved in a given process. For the purpose of changing NUE, the Dof1 transcription factor 

of maize has shown the most promise. Overexpression Dof1 in Arabidopsis led to improved 

nitrogen assimilation, biomass production under low-nitrogen conditions, increases in amino 

acid content and enhancement of N uptake (Yanagisawa et al. 2004). When Dof1 was 

overexpressed in potato, a marked increase in free amino acids was observed, particularly in 

Gln and Glu accumulation. In a very recent study, transgenic tobacco plants were generated 

in which three separate transgenes were expressed, Dof1, GS1 and GS2. When transgenic 

tobacco plants simultaneously expressing all three transgenes were grown under low-nitrogen 

conditions, the NUE of the transgenic plants was increased and biomass production was 

enhanced (Wang et al. 2013).  

 

1.5 Conclusion 

Over the past two decades, a large number of studies have been carried out investigating 

various means by which NUE both in model plants and in crop species can be enhanced 

using the tools of molecular biology. These studies have met with mixed results. Of the 
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numerous efforts to bioengineer NUE through overexpression of N-assimilation pathway 

genes, manipulation of the GS1 step appears to hold the most promise. GOGAT may also 

serve as a viable target in maximizing N remobilization into seed storage reserves. Also, the 

recent results involving the overexpression of AlaAT in canola and rice are intriguing. 

Overall, however, we are still very limited in our understanding of the genetic and 

physiological processes that control NUE in plants. Although much progress has been made 

toward understanding of the structural genes associated with N assimilation, the mechanisms 

by which these genes and their enzyme products are regulated, particularly in response to 

cellular and environmental signals, remains weak. A greater understanding of the processes 

by which NUE is regulated in the plant will be needed in order to predictably and reliably 

enhance NUE across a broad range of crop species. 
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Fig 1.1 Nitrogen assimilation pathway in higher plants. After plants are exposed to soil 

nitrate there are several steps involved in the incorporation of N, including uptake, 

assimilation, translocation and remobilization. In the primary N-assimilation pathway, nitrate 

(NO3
-
) is converted to nitrite (NO2

-
 ), then subsequently to ammonium and glutamine, with 

the primary enzymes involved in these reactions being nitrate and nitrite reductase (NR and 

NiR, respectively), glutamine synthetase (GS) and glutamate synthase (GOGAT). NRT, 

nitrate transporters. AMT, ammonium transporters. ICDH, NADP-dependent isocitrate 

dehydrogenase. GDH, NADH-dependent glutamate dehydrogenase. AS, asparagine 

synthetase 
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CHAPTER 2 

2.1 Introduction 

As the most critical macronutrient for plants, nitrogen is a major factor influencing plant 

growth and productivity (Hirel et al., 2007). Nitrogen deficiency limits crop growth, protein 

synthesis and nitrogen recycling and remobilization. During the past 40 years, the amount of 

nitrogen (N) applied to crops as synthetic fertilizer has risen dramatically (McAllister, et al. 

2012). Because of the fundamental dependence that non-legume crops have for inorganic 

nitrogen, 85-90 million metric tons of nitrogenous fertilizers were added annually to soils 

worldwide by the mid-2000s (Good et al., 2004), a number expected to grow to as much as 

240 million metric tons by 2050 (Tilman, 1999). Adequate N input is necessary for achieving 

high yields, especially in cereals (Sinclair and Horie, 1989), but with N-based fertilizer 

applications increasing significantly, it is threatening the environment due to water pollution 

from nitrate runoff, and derivative nitrous oxides contributing to air pollution and greenhouse 

gas emissions (Cassman et al., 2003). Therefore, it is becoming increasingly necessary to 

balance the needs of the farmers who require nitrogen to ensure high levels of crop 

productivity, with the need to lower N-fertilizer usage for the sake of the environment. 

Improving the nitrogen use efficiency (NUE) of crop plants represents one potential avenue 

for accomplishing this balance. 

Most plants obtain nitrogen from the soil in the form of nitrate. After plants are exposed 

to soil nitrate, there are several steps involved in the incorporation of N, including uptake, 

assimilation, translocation and remobilization. In the primary N-assimilation pathway, nitrate 

(NO3
-
) is converted to nitrite (NO2

-
 ), then subsequently to ammonium and glutamine, with 



 

27 

the primary enzymes involved in these reactions being nitrate and nitrite reductase (NR and 

NiR, respectively), glutamine synthetase (GS) and glutamate synthase (GOGAT) (Meyer and 

Stitt, 2001).  

In plants, GS and GOGAT exist as two distinct isoforms that differ according to their 

subcellular localization. For GS, the isoform designated GS1 localizes to the cytosol, 

whereas the isoform termed GS2 is found within plastids. In addition to differences in 

localization, GOGAT isoforms are also distinguished according to their source of reducing 

power; ferredoxin-dependent GOGAT (Fd-GOGAT) is plastid localized while NADH-

dependent GOGAT (NADH-GOGAT) is a cytosolic enzyme.  

Due to their central roles in primary N assimilation, it is not surprising that the genes 

encoding NR, NiR, GS and GOGAT have been the subject of numerous transgenic plant 

studies by researchers attempting to enhance plant NUE (reviewed in Good et al. 2004; 

Brauer and Shelp, 2010; McAllister et al., 2012). In general, the results of these studies have 

shown that overexpression of NR, NiR and GOGAT genes can lead to alterations in the 

levels of various intermediates of the N-assimilation pathway, yet these changes typically 

have not resulted in increased plant growth or yield. The results of transgene-based studies 

have been mixed for the GS gene, with some groups reporting enhancement in biomass/yield 

while others failed to observed changes in plant growth (Good et al. 2004; Brauer and Shelp, 

2010).  

The vast majority of publications involving the molecular genetic manipulation of the N-

assimilation pathway have only studied the effects of altering a single gene of the pathway. 

Complex biochemical pathways, however, tend to be highly regulated and thus it is possible 



 

28 

that the manipulation of just one step may be easily overcome in the cell via an alternative 

means of pathway regulation. Alternatively, if more than one step of a given pathway is 

nearly equally rate limiting, then the impact of overexpressing a single gene of that pathway 

may fail to show a clear phenotype because another step is also limiting.  

The overall goal of this project was to test whether the simultaneous manipulation of 

multiple genes of the N assimilation pathway would have a greater impact on modifying 

plant N assimilation and growth than the single gene manipulations reported previously in 

the literature. In particular, we wanted to test whether specific combinations of the following 

transgenes could enhance the growth of tobacco plants under conditions of low N 

availability: NR, GS, GOGAT and ICDH (a cytosolic isocitrate dehydrogenase). NiR genes 

were not included because this reaction has been shown to be highly efficient in plants and is 

rarely rate limiting. Although there are no reports documenting the effects of ICDH 

overexpression in plants, because of the critical role this reaction is likely to play in 

providing the 2-oxoglurate carbon skeletons required for the production of glutamate and 

glutamine (Hodges et al., 2003), we believed that the inclusion of an ICDH gene in this study 

was warranted. For GS and GOGAT, genes encoding the cytosolic isoforms of these 

enzymes were selected (i.e. GS1 and NADH-GOGAT), due to the general consensus that 

these are the ones primarily responsible for N assimilation, and that the plastid-localized 

isoforms mainly function in leaf photorespiratory ammonium assimilation (Good et al., 2004; 

Bernard and Habash, 2009). Finally, numerous studies have shown that NR enzymes in 

plants are highly regulated at the post-translational level. Therefore, to bypass this regulatory 

control mechanism, we included two NR variants that have previously been shown to result 
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in constitutive activation of the enzyme: (1) a 56 amino acid N-terminal truncation mutant 

(tr-NR); and (2) a Ser to Asp substitution mutation at residue 523 (S523D-NR) that prevents 

the phosphorylation-mediated downregulation of the NR enzyme during night cycles (Lillo et 

al., 2003).  

To combine and express the five distinct transgene constructs included in this study (tr-

NR, S523D-NR, GS, GOGAT and ICDH) would be technically and logistically unfeasible. 

As a manageable alternative, a large co-transformation experiment was conducted with all 

five constructs simultaneously, followed by regeneration on very low N-containing media to 

test whether selection on low N could reveal a particular transgene and/or transgene 

combination that would best enable the plants to survive and grow under conditions of 

limiting N availability.  

 

2.2 Materials and Methods 

2.2.1 Plasmid constructs  

The following five genes involved in the N-assimilation pathway were cloned using 

polymerase chain reaction (PCR): S523D-NR - a tobacco Nia2 cDNA (Vaucheret et al. 1989) 

containing a Ser to Asp substitution mutation introduced at codon 523 using site-directed 

mutagenesis (Lillo et al., 2003); tr-NR - an N-terminal truncation of the Nia2 cDNA where 

codons 2 - 56 were removed by site-directed mutagenesis (Nussaume et al. 1995); GS: the 

full-length cDNA of the tobacco Gln1-3 gene (Dubois et al., 1996); GOGAT: the full-length 

cDNA of the GLT1 gene of Arabidopsis thaliana (Lancien et al. 2002); and ICDH: a full 

length cDNA of a tobacco cytosolic isocitrate dehydrogenase (GenBank accession # 77944). 
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To express the various constructs in tobacco, each cDNA was inserted individually into 

the binary vector pBI121 by replacing the GUS reporter gene within this vector with the 

respective N-assimilation pathway cDNA (Jefferson et al. 1987). This placed the constructs 

under the transcriptional control of the strong, constitutive 35S promoter of Cauliflower 

Mosaic Virus (CaMV). Plant expression vector pBI121 contains the nptII gene that enables 

selection of transformed cells using the antibiotic kanamycin. Maps of the 5 constructs are 

shown in Fig 2.1. After cloning into pBI121, the constructs were subsequently introduced 

into Agrobacterium tumefaciens strain EHA105 and grown on YEP medium (1% Bacto-

Peptone, 1% Bacto-Yeast Extract and 0.5% NaCl) supplemented with kanamycin (50mg/l) 

and rifampicin (20mg/l). 

 

2.2.2 Plant material and plant transformation 

Young tobacco leaves (cultivar Burley 21) were surface sterilized using 70% EtOH and 

10% Clorox, then rinsed twice with sterile dH2O. The sterilized leaves were cut into small 

discs and incubated in a solution containing the five Agrobacterium cultures. To help assure 

equal representation of each construct, the individual cultures were grown overnight in YEP 

medium, and adjusted to the same A600 optical density (OD) prior to pooling. Leaf explants 

exposed to the pooled Agrobacterium culture solution were placed upside down on nurse 

culture plates containing MS salts, 1x B5 vitamins, 3% sucrose, 0.8% phytoagar, 1mg/l BAP 

and 0.1 mg/l NAA, then incubated in a growth chamber for 3 days at 22-25°C using a 16/8 

light/dark cycle. Explants were subsequently transferred to one of two different nitrogen 

regimes: normal MS media (nursery plate media supplemented with 100mg/l kanamycin and 
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555.56mg/l Ticar) or “low N” media, which differs by containing only one-tenth of the N 

found in normal MS media. In standard MS media, nitrogen is supplied as 20.61 mM 

NH4NO3  + 18.79 mM KNO3. Low N media was made by supplementing MS salts minus 

nitrogen (M531 salts, containing 6.2mg/l Boric Acid, 332.2mg/l Calcium Chloride, 

0.025mg/l Cobalt Chloride6H2O, 0.025mg/l Cupric Sulfate5H2O, 37.26mg/l 

Na2EDTA2H2O, 27.8mg/l Ferrous Sulfate7H2O, 180.7mg/l Magnesium Sulfate, 16.9mg/l 

Manganese SulfateH2O, 0.25mg/l Molybdic Acid, 0.83mg/l Potassium Iodide, 170mg/l 

Monobasic Potassium Phosphate, 8.6 Zinc Sulfate7H2O) with 2.06 mM NH4NO3 + 1.88 

mM KNO3. Over a three-month period, leaf discs were transferred to new culture medium 

every week. Once shoots of sufficient size were obtained, they were transferred to a rooting 

media containing 1/2 MS salts, 1x B5 vitamins, 3% sucrose, 0.8% phytoagar, 100mg/l 

kanamycin and 555.56mg/l Ticar. Plants that had successfully rooted were transferred to soil 

and maintained in a growth chamber.  

 

2.2.3 Molecular genotyping 

Molecular genotyping was conducted to determine the complement of transgenes that 

were incorporated into each T0 plant. Approximately 100-200 mg of young leaf material was 

excised for DNA isolation using the FastDNA
®
 Kit (Qiagen

®
) followed by PCR analysis 

using primers specific for each of the five transgene constructs. The specific primer 

sequences used to distinguish each transgene genotype are shown in Table 2.1. The PCR 

reactions contained 1x Phusion
®
 HF Buffer (BioLabs

®
Inc.), 0.2 mM dNTPs (Roche Applied 

Science), 0.5μM of each primer, 1ul of genomic DNA, and 0.02 U/μl of Phusion
®
 DNA 
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polymerase (BioLabs
®

Inc.) in a total volume of 20 μl. PCR conditions were 98°C for 35s, 

followed by 35 cycles of 98°C for 10s, annealing temperature (which varied by primer pair, 

see Table 2.1) for 30s, 72°C for different extension times (which varied by the product 

length, see Table 2.1), and a final extension at 72°C for 7 min. Fidelity of the amplification 

products was checked by electrophoresis on 1.5% agarose gels.  

2.2.4 T1 seed 

To obtain T1 generation seed, all T0 tobacco plants were transferred to a greenhouse and 

grown in 8 inches pots using a sterile 50-50 peat-sand mixture. After floral bud emergence, 

each plant was self-pollinated and bagged to prevent cross-pollination. Mature seed were 

harvested approximately 3 weeks after pollination.  

 

2.2.5 T1 generation analysis 

T1 seeds were sterilized in a 50% Clorox solution and rinsed three times with dH2O. 

After suspension in 0.1% agarose slurry, the seeds were pipetted onto media containing three 

different nitrogen concentrations.  Thirty-six seeds per plate were evenly spaced onto 6 x 6 

Petri dishes. Normal MS control media contained 4.32g/l MS salts, 3% sucrose and 0.8% 

plant cell culture agar. Low N MS media contained 0.78g/l MS modified salt mixture without 

nitrogen (M531 salts) with 2.06 mM NH4NO3 + 1.88 mM KNO3, 3% sucrose and 0.8% plant 

cell culture agar. Ultra-low N media plates contained 1/30
th

 of the N found in standard MS 

media, and was made using 0.78g/l M531 salts, 0.69 mM NH4NO3 + 0.62 mM KNO3, 3% 

sucrose and 0.8% plant cell culture agar. Plates were incubated in a growth chamber at 22-

25°C (16/8 light/dark cycle).  
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2.3 Results 

Regeneration of T0 plants on regular and low nitrogen MS medium 

To test whether low nitrogen selection during the transformation process is an effective 

means of identifying constructs or construct combinations that can enhance the ability of 

tobacco plants to grow under conditions of low N availability, the five constructs shown in 

Fig. 2.1 (35S:tr-NR, 35S:S523D-NR, 35S:GS, 35S:GOGAT and 35S:ICDH) were cloned 

into a plant expression vector and transformed individually into Agrobacterium. The five 

Agrobacterium cultures were grown overnight, adjusted to the same A600 OD by dilution with 

YEP medium, then pooled. The mixture of Agrobacterium cultures was then used to co-

transform leaf discs of tobacco cultivar Burley 21. Following a three-day culturing period in 

the absence of selection, the leaf discs were transferred to culture plates containing 

kanamycin and either a low nitrogen MS medium (2.06 mM NH4NO3  + 1.88 mM KNO3) or 

standard MS medium (20.61 mM NH4NO3  + 18.79 mM KNO3). Because of the expectation 

that the frequency of recovering viable transgenic plants would be greatly reduced in the 

materials grown under the low N conditions, 10 times as many leaf discs were plated out on 

the low N-containing medium than those plated on the standard MS control medium. As 

shown in Figure 2.2, after ~7 weeks of exposure to the culture medium, numerous shoots 

were observed on all plates containing the control MS medium. In contrast, very few shoots 

were observed on plates containing low N medium, and those that did emerge grew more 

slowly than their counterparts on standard MS plates. Once shoots for either treatment 

reached sufficient size (two to three months post-agroinfection), they were transferred to 

rooting medium where the low N selection was removed. Plants that successfully rooted were 
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subsequently transferred to soil. By the end of the experiment a total of 21 control T0 

transgenic plants (normal MS media) and 43 T0 transgenic plants regenerated under low N 

selection were chosen for further analysis.  

 

Transgene frequencies among T0 plants selected on regular versus low nitrogen medium 

In the absence of low N selection, one would predict that the frequency of the different 

transgene constructs observed among the various T0 plants would be equal. However, there 

are likely to be some differences in infectivity potential among the five individual 

Agrobacterium cultures that were co-transformed, even after adjusting for equal OD prior to 

pooling. To determine the frequency of the incorporation of the five N assimilation genes in 

T0 plants in the absence of low N selection, DNA was isolated from leaf tissue of the 21 T0 

plants regenerated on normal MS media and assayed by PCR using primer pairs that were 

diagnostic for each of the five constructs represented in the co-transformation experiment 

(Fig. 2.1). As shown in Table 2.2, there appeared to be a substantial bias for T0 plants 

containing the 35S:GS construct, as over half of these plant (62%) contained this transgene. 

The second most prevalent transgene was 35S:ICDH, which was found in 6 of the 21 plants 

(28.5%). Of the 21 T0 control plants, 16 individuals possessed a single transgene construct, 

while 5 contained two separate N-assimilation pathway transgenes (Table 2.2).  

The 43 T0 plants that were regenerated on low N media were also genotyped for their 

transgene content. Similar to the control T0 plants, there was an obvious bias for the 35S:GS 

construct, as it was found in 23 of the 43 T0s (53.5%) selected under conditions of low N 

(Table 2.2). The 35S:ICDH construct was also clearly overrepresented in this population, 
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genotyping positive in 25 of the T0 individuals (58%). Of the 43 total plants, 27 assayed 

positive for a single transgene type, while 16 contained multiple transgene constructs. Nine 

out of the 16 co-transformed individuals possessed both the 35S:GS and 35S:ICDH 

transgenes, and three plants were observed that contained three separate N-assimilation 

pathway transgenes (Table 2.2).  

 

Growth of T1 plants on medium with different nitrogen levels  

To test whether the selection for T0 plants under low N resulted in a heritable 

enhancement in growth under conditions of low N availability that could be attributed to a 

given transgene or transgene combination, seed from over 20 independent T0 plants were 

germinated on the following three media: (1), standard MS; (2) low N MS (1/10
th

 of the N 

found in standard MS); and (3) ultra-low N MS (1/30
th

 of the N found in standard MS). 

Particular attention was given to testing T0 lines containing transgene combinations that were 

identified in the population of T0 plants regenerated under low N selection that were not 

observed in the absence of selection (i.e. the three lines containing three individual transgene 

constructs and certain double transgene combination plants). For T0 lines possessing a single 

transgene, one to two plates were seeded per N treatment at a density of 36 seeds per plate. 

For T0 lines containing multiple transgenes, multiple plates per treatment (at 36 seeds per 

plate) were assayed to account for the possibility that independent segregation of the 

individual transgenes would result in fewer progeny expected to contain the same transgene 

complement as the original T0 parent. Although a considerable amount of variation was 

observed among the progeny of any given line, in no case did we observe a line whose 



 

36 

growth phenotype differed substantially from that of wild type Burley 21 plants grown under 

the same conditions. A typical example is shown in Figure 2.3.  

 

2.4 Discussion 

The overall goal of this project was to test whether the simultaneous manipulation of 

multiple genes of the N assimilation pathway would have a greater impact on modifying 

plant growth than that which has been observed using single gene manipulations reported 

previously in the literature, particularly under conditions of low N availability. To do this, we 

attempted to couple the power of selection (low N media), with the ability to introduce more 

than one construct into a plant using co-transformation. Although dozens of plants were 

ultimately able to regenerate and grow during the two to three months that they were exposed 

to the low N treatment, we failed to produce convincing evidence that the overexpression of 

any given transgene or combination of transgenes enhanced the ability of the plant to grow 

under conditions of low N availability. Perhaps the most straightforward explanation of our 

results is that merely overexpressing the genes encoding NR, GS, GOGAT and ICDH, 

whether alone or in any combination, cannot in and of itself improve the NUE efficiency of 

tobacco plants. The bottlenecks and limitations in N assimilation at the level of whole plant 

physiology and growth may simply lie outside these particular enzymatic steps. Although 

this explanation may arguably be the most likely, other possibilities are discussed below. 

The ability to pyramid multiple transgenes within the same plant using a co-

transformation strategy is ultimately dependent on the frequency of co-transformation that 

occurs in a given transformation experiment. In this study, co-transformation frequencies of 
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24% for the control T0 plants (5 out of 21 plants) and 37% for the T0 plants regenerated 

under low N selection (16 out of 43 plants) were observed. These frequencies are 

considerably lower than what some other groups have reported. For example, when four 

different transgenes constructs encoding various steps of the lignin biosynthetic pathway 

were co-transformed into tobacco, 35% of the recovered plants contained a single construct, 

27% had two constructs, 19% possessed three constructs, and 19% incorporated all four (Li 

et al., 2003). Because of the relatively low frequency of co-transformation that occurred in 

our study, it is possible that certain combinations of the five N-assimilation pathway 

transgenes were never integrated within the same plant, and thus were not given the chance 

to be adequately tested for their ability to confer enhanced growth under conditions of N 

deficiency.  

Although our large-scale co-transformation experiment was designed with the intention 

that each of the five transgene constructs would become incorporated into the genome with 

equal frequency in the absence of low N selection, this clearly was not the case. Over half of 

all T0 plants recovered contained the 35S:GS construct, regardless of N treatment. The 

second most prevalent construct in the control plants, 35S:ICDH, was also very 

overrepresented in the low N treatment T0 plants. The bias for these two constructs could 

simply be due to the possibility that the individual Agrobacterium cultures harboring these 

constructs were at a more optimal growth phase for infection than the other cultures. 

Although all five cultures were diluted to the same OD at the time of transfection, these two 

cultures may have been more competent for infection at the time they were pooled. 

Alternatively, it is possible that metabolites downstream of these reactions may actually 
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enhance the efficiency of transformation per se in a manner that would give an advantage 

over cells that received other constructs. This idea may be particularly plausible for the 

35S:GS construct, as the supplementation of transformation culture medium with Gln, the 

direct product of the GS enzymatic reaction, has been shown to enhance the efficiency of 

Agrobacterium-mediated plant transformation (Zhang et al., 2013). Regardless of the reason 

for the construct bias, however, if the incorporation of certain constructs within a pool can 

“outcompete” others, then the recovery of the other constructs or combinations containing 

those constructs will be underrepresented, thus diminishing their chances of being adequately 

surveyed in the study.  

Another issue that deserves clarification when evaluating the results of this study is the 

fact that the molecular analysis of the T0 individuals was limited to genotyping for the 

presence or absence of each transgene without investigating the degree with which the 

transgene was expressed in each plant. It is common knowledge that independent transgene 

insertion events can vary greatly in their levels of expression, a phenomenon often referred to 

as “position effects”. Furthermore, transgene silencing is not uncommon, a condition that can 

render a transgene functionally inactive. Therefore, although one could be relatively safe in 

concluding that the 35S:GS and 35S:ICDH constructs, whether alone or in combination, were 

not enhancing growth under limiting N conditions, due to the large number of independent 

plants that were evaluated that contained these constructs, the same would not be true for 

transgene combinations represented only once or twice. For example, a single T0 plant was 

recovered that contained the three constructs 35S:S523D-NR, 35S:ICDH and 35S:GOGAT 

(Table 2.2). Even though the T1 progeny of this plant were evaluated on low N media and 
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found not to differ from wild type controls, one cannot conclusively say that this particular 

combination does not enhance growth because of the possibility that one or more of the 

transgenes in that particular T0 plant was either silenced or expressed at a very low level. 

Finally, it should be noted that the experiments described in this Chapter were designed 

specifically to test whether overexpression of the NR, GS, GOGAT and ICDH transgenes 

could enhance the growth of tobacco plants under conditions of very low N. They did not 

explore the possibility that one or more of these transgenes may enhance growth or alter 

NUE under conditions of high N. Furthermore, these studies were limited in that evaluation 

was only conducted at the level of small seedling growth, and not during later stages of plant 

growth and development where the mechanisms by which the plant assimilates and regulates 

N metabolite flux may differ compared to newly germinated seedlings. An investigation of 

effects of overexpression of these same five N-assimilation pathway constructs on plant 

growth and N metabolite accumulation in mature burley tobacco plants is the subject of 

Chapter 3. 
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Table 2.1 Oligonucleotide primers used for genotyping the 35S:S523D-NR, 35S:tr-NR, 35S:GS1, 35S:GOGAT and 

35S:ICDH transgenes. 

Code Construct Primer name Sequence 5' to 3' Length Product size 

Extension 

time 

Anneal 

Temperature 

1 35S:ICDH 
NtICDHGtF5 GACTTGTCCCAGGTTGGAC 19 

1232 bp 40s 61.5°C 
NOS2R3 CTGCAAGGCGATTAAGTTG 19 

2 35S:GS1 
NtGln13GtF2 

CAAACTACAGCACCAAGT

CG 
20 

668 bp 20s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

3 
35S:NADH-

GOGAT 

AtGLT1GtF3 CTGCCACCAGGAGAACTC 18 
1717 bp 52s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

4 35S:tr-NR 
Nia2E12F2 

CAAATACCGAAGCATGGT

G 
19 

2060 bp 62s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

5 
35S:S523D-

NR 

Nia2E12F2 
CAAATACCGAAGCATGGT

G 
19 

2060 bp 62s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

6 4vs5 
Nia2FlkTrcRtF1 CGAAAACAGGCAGTTCAG 18 

547 bp for 4; 

715 bp for 5 
17s 60.13°C 

Nia2FlkTrcRtR2 CACATCAGCTCCTTCGAAG 19 
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Table 2.2 Molecular genotyping of T0 plants regenerated under conditions of normal 

and low nitrogen in the culture media 

Frequency of each transgene in regular MS medium 

Transgene construct 
Number of positive 

plants 

Percentage of the 

positive plants 

35S:tr-NR 3 14.29% 

35S:S523D-NR 1 4.76% 

35S:GS1 13 61.90% 

35S:NADH-GOGAT 3 14.29% 

35S:ICDH 6 28.57% 

  

Frequency of each transgene in low nitrogen MS medium 

Transgene construct 
Number of positive 

plants 

Percentage of the 

positive plants 

tr-NR 6 13.95% 

S523D-NR 2 4.65% 

GS1 23 53.49% 

NADH-GOGAT 6 13.95% 

ICDH 25 58.14% 
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Table 2.2 continued 

Frequency of each transgene combination in regular MS medium 

Transgene construct 
Number of positive 

plants 

Percentage of the 

positive plants 

35S:tr-NR 3 14.92% 

35S:S523D-NR 0 0.00% 

35S:GS1 8 38.10% 

35S:NADH-GOGAT 1 4.76% 

35S:ICDH 4 19.05% 

35S:GS1+35S:S523D-NR 1 4.76% 

35S:GS1+35S:ICDH 2 9.52% 

35S:GS1+35S:GOGAT 2 9.52% 

  

Frequency of each transgene combination in low nitrogen MS medium 

Transgene construct 
Number of positive 

plants 

Percentage of the 

positive plants 

tr-NR 3 6.98% 

S523D-NR 1 2.33% 

GS1 10 23.26% 

NADH-GOGAT 1 2.33% 

ICDH 12 27.91% 

35S:GS1+35S:ICDH 9 20.93% 

35S:tr-NR+35S:GOGAT 2 4.65% 

35S:GS1+35S:GOGAT 1 2.33% 

35S:ICDH+35S:GOGAT 1 2.33% 

35S:GS1+35S:GOGAT+35S:ICDH 1 2.33% 

35S:GS1+35S:tr-NR+35S:ICDH 1 2.33% 

35S:GS1+35S:S523D-NR+35S:ICDH 1 2.33% 
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Figure 2.1 Maps of 35S:S523D-NR, 35S:tr-NR, 35S:GS1, 35S:NADH-GOGAT, and 

35S:ICDH constructs. 
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Figure 2.2 Regeneration of T0 plants on standard and low nitrogen MS medium. Plates 

labeled A represent leaf discs grown on low N (2.06 mM NH4NO3  + 1.88 mM KNO3) MS 

medium; plates labeled B were cultured on normal MS medium (20.61 mM NH4NO3  + 

18.79 mM KNO3). 
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Figure 2.3 Germination and growth of T1 progeny on regular and low N MS media.  

Progeny of a T0 plant containing a 35S:ICDH construct were germinated on plates 

containing normal MS (panel A) and ultra-low MS (1/30
th

 of normal N) media (panel B). 

Wild type plants germinated on the same media are shown in panels C and D, respectively. 

All plants were photographed 50 days after plating. 

A B 

C D 
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CHAPTER 3 

3.1 Introduction 

Nitrogen is one of the key nutrient factors that controls crop growth and productivity. 

Over the past 50 years, major research advancements have greatly enhanced our 

understanding of the mechanisms responsible for nitrogen transport and assimilation in 

plants. In nature, plants incorporate nitrogen from the soil primarily in the form of nitrate 

(NO3
-
 ). Following uptake by specific transporters located in root cell membranes, nitrate 

enters a specific pathway of assimilation. Initially, the nitrate is reduced to nitrite (NO2
-
 ) by 

the enzyme nitrate reductase (NR). Subsequently, nitrite is reduced to ammonia by the nitrite 

reductase (NiR) enzyme. The latter step tends to be highly efficient in plants, and as a result, 

plant cells typically contain very low levels of nitrite, a compound toxic to the cell when 

allowed to accumulate. After the reduction of nitrite to ammonia, the enzyme glutamine 

synthetase (GS) incorporates the nitrogen into the organic molecule glutamine (Gln). The GS 

enzyme works in conjunction with the enzyme glutamate synthase (GOGAT) to form the 

GS/GOGAT cycle, which functions to shuttle amino groups from Gln to glutamic acid (Glu), 

which serves as a gateway for the subsequent redistribution of the nitrogen to other amino 

acids and ultimately proteins and other nitrogen-containing macromolecules (Forde and Lea 

2007). Another important step in this process is catalyzed by isocitrate dehydrogenase 

(ICDH), the enzyme that is believed to be responsible for providing the 2-oxoglutarate 

carbon skeleton required by GOGAT to produce Glu (Hodges et al., 2003).  

Since the first isolation of chlorate-resistant mutants of Arabidopsis thaliana as a means 

of recovering plants defective in their ability to reduce nitrate (Oostinder et al., 1973), NR-
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deficient mutants have been isolated from several plant species. In tobacco (Nicotiana 

tabacum), Vaucheret et al. (1989) isolated and characterized two highly homologous tobacco 

NR genes, designated Nia1 and Nia2. Additional studies of plant NR genes and their encoded 

enzymes showed that this step of the N-assimilation pathway is highly regulated at both the 

transcriptional and post-transcriptional levels. Because of the post-translational regulatory 

mechanisms, overexpression of NR genes in transgenic plants typically leads to only modest 

increases in NR activity in the cell. However, when a truncated tobacco Nia2 gene encoding 

a NR protein carrying a 56 amino acid deletion in its N-terminal domain was expressed in a 

NR-deficient mutant of Nicotiana plumbaginifolia, it was found that much of the post-

translational control of the enzyme was abolished (Nussaume et al., 1995). Specifically, the 

56 amino acid deletion enabled the enzyme to be equally active in both the light and dark, 

compared to the wild type enzyme that becomes inactivated during dark cycles. When 

coupled with a strong constitutive promoter, expression of the truncated NR gene not only 

enhanced overall NR activity in the plant, but also deregulated production of Gln and 

asparagine (Asn) (Nussaume et al., 1995). Another distinct mutation of the tobacco NR gene 

also resulted in the elimination of post-translational regulatory controls. When a serine (Ser) 

residue at position 523 was changed to an aspartate (Asp) using site-directed mutagenesis, 

the enzyme no longer served as a substrate for the protein kinases that normally inactivate 

this enzyme during that dark via the phosphorylation of the Ser residue (Lillo et al., 2003). 

Research using the S523D mutant NR demonstrated that its overexpression could lead to 

significantly enhanced NR activity and substantial changes in N-assimilation metabolites, 

such as nitrate, ammonia, and amino acid levels in transgenic N. plumbaginifolia, 
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nonetheless, no differences in overall growth phenotype were observed when the plants were 

grown under normal conditions (Lillo et al., 2003; Lea et al., 2006). 

Ammonia (which as used in this Chapter will collectively refer to both ammonia [NH3] 

and ammonium ions [NH4
+
]) found in plant tissues is not only derived from the reduction of 

nitrate/nitrite, but can also be taken up directly from the soil. Through the GS/GOGAT cycle, 

ammonia is subsequently incorporated into amino acids. Two distinct isoforms of GS have 

been characterized in plants, one of which is a cytosolic isoenzyme (GS1) and the other one 

being plastid localized (GS2) (McNally et al., 1983). As the predominant GS isoform in the 

roots and other nonphotosynthetic tissues, GS1 plays an important role in the assimilation of 

nitrate and/or ammonia taken up from the soil (Oaks, 1985). Two studies have been 

published reporting the effects of overexpression of a cytosolic GS1 gene in tobacco. Fuentes 

et al. (2001) observed an enhancement in growth under conditions of N starvation, but not 

under optimal N fertilization, when an alfalfa GS1 gene was overexpressed in tobacco. Under 

normal growth conditions the levels of free Gln were increased by 2-fold in transgenic versus 

nontransgenic plants, and both Gln and Glu levels were increased in the transgenic lines 

under N starvation. When a pea GS1 gene was overexpressed in tobacco, increases in growth 

were reported under both N-limiting and N-non-limiting conditions (Oliveira et al., 2002). In 

this case, ectopic expression of the GS1 gene led to a 2-fold increase in Glu and a 6- to 7-fold 

decrease in ammonia. 

The GOGAT-catalyzed reaction utilizes Gln and 2-oxoglutarate to form two molecules 

of Glu. Two isoforms of GOGAT have been characterized in plants, a ferredoxin-dependent 

GOGAT (Fd-GOGAT) and a NADH-dependent GOGAT (NADH-GOGAT). Overexpression 
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of an alfalfa NADH-GOGAT gene in tobacco resulted in modest increases in total C and N 

concentrations and shoot dry weight (Chichkova et al., 2001). The 2-oxoglutarate that serves 

as the carbon skeleton substrate of GOGAT is likely provided by the ICDH-catalyzed 

oxidative decarboxylation of isocitrate. Although the role of ICDH is presumed to be 

important to the GS/GOGAT cycle, there are no reports documenting the effects of ICDH 

gene overexpression in tobacco, or any other plant.  

Within the species Nicotiana tabacum, there are several distinct market classes that are 

used for the commercial production of tobacco products. The five major classes are known as 

flue-cured, burley, oriental, dark, and cigar-type tobaccos. Combinations, or blends, of flue-

cured, burley and oriental varieties are used in the production of cigarettes, while dark 

tobaccos are primarily used in smokeless products. Of these different market types, burley 

tobaccos are unique in that they display a chlorophyll-deficient phenotype and are greatly 

impaired in their NUE (Henika, 1932; Stines and Mann, 1960; Lewis et al., 2012). As a 

result, burley tobacco plants in commercial production require a much higher level of N-

fertilization than other tobacco types to achieve acceptable yields. The two genetic loci that 

define the burley type are called yellow burley 1 (yb1) and yellow burley 2 (yb2). Although 

the specific nature of the yb1 and yb2 genes is unknown, it has been established that the 

genetic differences are manifest within the leaf, as opposed to root tissue (Crafts-Brandner et 

al., 1987a,b). Furthermore, genetic studies have determined that over a range of cured-leaf 

chemical characteristics, the yb1 and yb2 loci were found to account for the major differences 

observed between flue-cured and burley tobaccos (Legg et al., 1977). 
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In addition to being compromised in growth at what would be considered normal levels 

of N-fertilization for other tobacco classes, burley plants also accumulate far higher levels of 

free nitrate in their leaves than other tobacco types (Burton et al., 1994), a trait that is also 

attributable to the yb1 and yb2 loci (Lewis et al., 2012). This is undesirable because high 

levels of nitrate are associated with the formation of carcinogenic compounds referred to as 

tobacco-specific nitrosamines (TSNAs) (Bush et al., 2001; Lewis et al., 2012). Given that 

TSNAs are among the most potent carcinogens found in tobacco products (Hecht, 1998; 

Hecht, 2008), there is great interest in reducing their levels in burley tobaccos, as the burley 

component of the typical “American blend” cigarette is responsible for a disproportionate 

large amount of the total TSNA content found in these products.  

Since burley tobaccos show deficiencies in NUE and display a high nitrate accumulation 

phenotype compared to other tobacco types, it is possible that one or more steps of the N-

assimilation pathway may be impaired in these plants. The work reported in this chapter had 

two primary objectives: (1) determine whether overexpression of NR (deregulated), GS, 

GOGAT or ICDH genes can compensate for some of the N-fertilization-associated growth 

defects characteristic of burley tobaccos; and (2) establish whether the ectopic expression of 

any of these N-assimilation pathway genes can effectively reduce the levels of free nitrate 

that accumulates in the leaf, and thus decrease the potential for TSNA production in this 

important market class of tobaccos.  
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3.2 Materials and Methods 

3.2.1 Plant materials and growth conditions 

All of the transgenic plant materials used in this study were generated by Dr. Jianli Lu, 

the details of which will be published in a separate manuscript. Briefly, burley breeding line 

DH98-325-6#775 was transformed individually with the 35S:tr-NR, 35S:S523D-NR, 

35S:GS1, 35S:GOGAT and 35S:ICDH constructs. Several independent transgenic lines for 

each construct were assayed using semi-quantitative RT-PCR to identify the individual plants 

displaying the highest levels of transgene expression. For each high expressing line, several 

T1 plants were grown and genotyped using diagnostic primers for the cognate transgenes to 

distinguish progeny inheriting the transgene from null segregants. Progeny that assayed 

positive for possessing a given transgene were again assayed by semi-quantitative RT-PCR 

to test whether the high expression phenotype was faithfully transmitted to the next 

generation. The great majority of the high expressing T0 lines produced progeny that 

continued to express the transgene at high levels, regardless of whether the transgenes were 

homozygous or hemizygous within the progeny. Only lines that where shown to faithfully 

transmit the high expression phenotype were used in this study. Plants containing the 

35S:GS1+35S:GOGAT, 35S:GS1+35S:ICDH and 35S:GOGAT+35S:ICDH transgene 

combinations were generated by crossing high expressing T0 parents of each construct, and 

identifying T1 progeny containing both transgenes by molecular genotyping.  

The various T1 transgenic tobacco lines were grown in controlled environmental 

chambers at the North Carolina State University Phytotron. Seeds were germinated on a 2:1 

peat-sand mix. Four-week-old seedlings were transplanted to individual cells and grown 
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using a 12hr 26°C day/12hr 22°C night regime. A photosynthetic photon flux density of 1500 

μmol m
2
s

-1
 was provided by a 1:1 ratio of metal halide and high-pressure sodium lamps and 

incandescent lamps. Plants were watered once daily with DI water, and once daily with a 

nutrient solution consisting of 106.23mg/l Nitrogen, 10.41mg/l Phosphorus, 111.03mg/l 

Potassium, 54.4mg/l Calcium, 12.4mg/l Magnesium, 5mg/l Iron, 13.13mg/l Sulfur, 

0.113mg/l Manganese, 0.24mg/l Boron, 0.013mg/l Zinc, 0.005mg/l Copper, 0.00003mg/l 

Cobalt, 0.05mg/l Molybdenum and 11.04mg/l sodium.  

 

3.2.2 Molecular Genotyping  

DNA was extracted from leaf tissue of each T1 plant using the GenoGrinder (OPS 

Diagnostics) and FastDNA
®
 Kit (Qiagen

®
). The various primer pairs used to detect the 

different transgene constructs are shown in Table 3.1. The PCR reaction contained 1x 

Phusion
®
 HF Buffer (BioLabs

®
Inc.), 0.2 mM dNTPs (Roche Applied Science), 0.5μM of each 

primer, 1ul of genomic DNA, and 0.02 U/μl of Phusion
®
 DNA polymerase (BioLabs

®
Inc.) in 

a total volume of 15μl. PCR conditions were 98°C for 35s, followed by 33 cycles at 98°C for 

10s, annealing temperature (that varied by primer pair, see Table 3.1) for 30s, 72°C for 

extension (that varied in time according to product length, see Table 3.1), and a final 

extension at 72°C for 7min. PCR products were stored at 4°C. Fidelity of the amplification 

products was checked by electrophoresis on 1.5% agarose gels. Molecular genotyping was 

conducted on T1 plants until at least 24 plants per construct, or construct combination, were 

identified (including null segregants that were used as wild type controls). 
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3.2.3 Growth and maintenance of transgenic plants 

Approximately two months after planting, ~180 T1 plants were transplanted to 6” pots, 

filled with steam-sterilized river sand. The goal was to expose six plants per single construct 

(and control) genotype and eight plants per double construct genotype, to each of three N-

fertilization treatments (180 plants total). During the course of the experiment, however, 

occasional plant death and/or the observance of abnormally stunted growth phenotypes 

resulted in the loss of a few individuals from the study. 

During the first seven days after transplant to 6” pots, all plants were watered with a 

nutrient solution containing excess nitrate (19mM NO3
-
) to allow them to adjust to transplant 

shock. The 19mM N nutrient solution consisted of the following: 5mM Ca(NO3)2, 2mM 

Mg(NO3)2, 5mM KNO3, 1mM KH2PO4, 0.5mM K2SO4, 19μM H3BO3, 3.7μM MnCl2, 0.3μM 

ZnSO4, 0.13μM CuSO4, 0.05μM Na2MoO4, and 10.0μM 330 Fe-Sequestrene. After the 

seven-day adjustment period, plants from each genotypic group were divided equally into 

three groups and watered with either a very low N (0.2mM NO3
-
), a medium N (8mM NO3

-
), 

of a high N (19mM NO3
-
) nutrient solution over the course of the next 16 days. To maintain 

ionic and osmotic balance, SO4
2-

 was substituted for NO3
-
 across the low and medium 

solutions as appropriate. Therefore, the low (0.2mM NO3
-
) N nutrient consisted of 0.1mM 

Ca(NO3)2, 3mM K2SO4, 2mM MgSO4 and 4.9mM CaSO42H2O (with no Mg(NO3)2 or 

KNO3) and the medium (8mM NO3
-
) N nutrient contained 4mM Ca(NO3)2, 3mM K2SO4, 

2mM MgSO4 and 1mM CaSO42H2O (with no Mg(NO3)2 or KNO3). 

During the course of the 16 day experiment, each plant was watered three times daily: in 

the morning with 200ml of the appropriate nutrient solution, at noon with 200ml DI water, 
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and in the afternoon with 1000ml DI water to leach out the nutrients, followed by 200 ml of 

the appropriate nutrient solution. The chamber conditions were 26°C /22°C day/night, with a 

12 hour/12 hour day/night period. 

 

3.2.4 Chlorophyll assays 

At the end of the treatment period, a small leaf sample (~300 mg) was collected from a 

similar position from each plant for chlorophyll analysis. Chlorophyll assays were conducted 

according to the protocol published in the Protocol Exchange (Ni et al, 2009) using a DU® 

640 Spectrophotometer (Beckman™ Coulter). The chlorophyll a (Ca), chlorophyll b (Cb) 

and chlorophyll a+b (Ca+b) concentrations were calculated according to the following 

formulas (Arnon, 1949), where V is volume of the extract (ml) and W is fresh leaf weight 

(g).  

Ca (mg/g) = (12.7 × A663 - 2.69 × A645) × V / (1000 × W) 

Cb (mg/g) = (22.9 × A645 – 4.68 × A663) × V / (1000 × W) 

Ca+b (mg/g) = (8.02 × A663 + 20.20 × A645) × V / (1000 × W) 

 

3.2.5 Harvest and data measurements   

On day 15 of the treatment period, plants were photographed by genotype and N-

treatment, together with the appropriate wild type control plants for comparison. On day 16, 

total plant biomass measurements were taken by cutting each plant at the base and recording 

their fresh weights. Immediately after each sample was weighed, a single leaf from a similar 

position on each plant (4
th

 or 5
th

 leaf from the top) was excised, its midrib removed, and the 
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remaining lamina frozen in liquid nitrogen and stored at -80°C for amino acid analysis (see 

below). The rest of the leaves on each plant were subsequently stripped from main stem, 

placed in a paper bag, and incubated in a drying oven at 65°C for two days. These dried leaf 

samples were later used for nitrate and ammonium assays. 

 

3.2.6 Nitrate and ammonium analyses  

Dried leaves from each plant were ground to fine powder. Approximately 100mg of 

dried leaf powder from each sample was weighed, and was extracted using 10ml DI water. 

After filtrating though #4 Whatman™ filter paper, the supernatants were assayed for nitrate 

and ammonium concentrations using a multi-channel Auto-Analyzer in the Environmental 

and Agricultural Testing Service (EATS) lab in North Carolina State University. Nitrate and 

ammonium quantities were calculated according to the protocol in the Lachat Instruments 

handbook. 

 

3.2.7 Amino acid assays  

The leaf samples that had been immediately frozen in liquid nitrogen and stored at -80°C 

were dried by placing them in a freeze dryer for two days. The dried samples were then 

homogenized in liquid nitrogen to fine powder. Approximately 100 mg of dried leaves 

powder was weighed and provided to the Biomanufacturing Training and Education Center 

(BTEC) at North Carolina State University for amino acid assay measurements. Briefly, each 

sample was extracted with 1.0 mL of 80% MeOH-20% H2O and vortexed, followed by 

centrifugation at 20,000 xg. 200-uL aliquots of the clarified supernatant were chilled at -80C 
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for approximately 2 hr then lyophilized overnight. The dried material was dissolved in 200 

µL of borate buffer (pH 8.0) then diluted again 1:10 with borate buffer. Samples were 

derivatized by adding 10 µL of extracted sample to 70 µL borate buffer and 20 µL of a 

derivatization reagent. Vials were heated at 55C for 10 minutes, cooled to room temperature 

and vortexed to mix the contents. The derivatized samples were analyzed using ultra high 

performance liquid chromatography (UPLC).  

 

3.2.8 Statistical Analysis 

The PROC GLM procedure of SAS 9.1 (SAS Institute, Cary) was used to conduct an 

analysis of variance (ANOVA) and to calculate means for each of the transgenic lines across 

three different N-treatments for fresh weight, chlorophyll a, chlorophyll b, chlorophyll a+b, 

nitrate, ammonia, and free amino acid content. A Ryan-Einot-Gabriel-Welsch multiple range 

test was conducted on each dataset. 

 

3.3 Results 

To determine whether the overexpression of GS, GOGAT, ICDH or deregulated NR 

enzymes in burley tobacco plants can compensate for the N-fertilization associated growth 

deficiencies and/or help reverse the high nitrate accumulation phenotypes that are 

characteristic of this class of tobacco plants, burley line DH98-325-6#775 was transformed 

with same N-assimilation pathway transgene constructs described in Chapter 2 (for diagram, 

see Figure 2.1). To ensure that the plants tested would be expressing the respective 

transgenes at a high level, numerous independent T0 plants for each construct were assayed 
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by semi-quantitative RT-PCR to identify the highest expressing individuals. Because of 

phenomena such as transgene silencing, or cases where a weak expressing transgene and a 

high expressing transgene may have become integrated at independent loci within the same 

T0 plant, it is possible that some T0 lines that show high transgene expression can produce 

progeny that segregate for both high and low transgene expression. Therefore, semi-

quantitative RT-PCR was also conducted on numerous progeny of each selected high 

expressing T0 plant to test whether the T1 progeny that inherited the transgene(s) continued 

to express it at a high level (data not shown). All plants used in this study were taken from 

seed lots where all progeny that tested positive for the transgene (via molecular genotyping) 

continued to express the transgene at a high level. T1 plants containing two transgene 

constructs (35S:GS + 35S:GOGAT; 35S:GS + 35S:ICDH; and 35S:GOGAT + 35S:ICDH) 

were derived from crossing the same “stable” high expressing T0 35S:GS, 35S:GOGAT and 

35S:ICDH lines with each other.  

To examine the effects of N-assimilation pathway gene overexpression in burley plants 

grown under varying conditions of nitrate availability, a experiment was designed whereby 

six young plants for the wild type control and all single transgene genotypes (35S:tr-NR, 

35S:S523D-NR, 35S:GS, 35S:GOGAT; 35S:ICDH), and eight young plants for every dual 

transgene genotype (35S:GS + 35S:GOGAT; 35S:GS + 35S:ICDH; and 35S:GOGAT + 

35S:ICDH) would be watered with nutrient solution containing three different levels of 

nitrate (0.2 mM, 8 mM and 19 mM) for 16 days. During the execution of the experiment, a 

small number of plants died or showed stunted growth and thus were not included in the 

analysis. At the end of the 16-day treatment period, dramatic differences were observed 



 

60 

between plants exposed to different levels of nitrate. As expected, tobacco plants watered 

with media containing 0.2 mM nitrate were chlorotic and displayed the least amount of 

growth, while plants provided with 19 mM nitrate were the largest and darkest green. No 

clear differences were observed, however, in the overall growth phenotype of plants 

containing any of the transgenes or transgene combinations in comparison to the wild type 

controls. A typical example is shown in Figure 3.1, where plants containing the 35S:tr-NR 

construct are shown next to wild type control plants at all three nitrate treatment levels.  

Average fresh weight measurements of the aerial portions of all plants were taken at the 

end of the treatment period and are shown in Table 3.2 and Figure 3.2. No significant 

differences were observed between the various transgenic genotypes versus the wild type 

control for plants given the 8 mM and 19 mM nitrate treatments. At the very low nitrate 

treatment, however, the fresh weight of plants expressing the 35S:tr-NR, 35S:S523D-NR, 

35S:GS+35S:ICDH, and 35S:GOGAT+35S:GS constructs was moderately greater than the 

wild type, differences that were statistically significant according to the Ryan-Einot-Gabriel-

Welsch multiple range test. 

Burley tobacco plants show chlorophyll deficiencies, and are clearly distinguished from 

other tobacco types by their lighter green appearance (Henika, 1932; Stines and Mann, 1960). 

If any of the transgenes overexpressed in this study were capable of compensating for the yb1 

and/or yb2 mutations that characterize burley types, one might expect to have seen an 

increase in the chlorophyll content of these plants. Although no obvious differences were 

observed by visual observation between wild type controls and the various transgenic 

genotypes tested (e.g. Fig. 3.1), direct measurements of chlorophyll a, b and a+b contents 
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were taken (Table 3.2) in the event that more subtle differences were present. Similar to the 

fresh weight measurements, there was a very strong treatment effect across the entire study 

with chlorophyll content being positively correlated with increasing nitrate fertilization. No 

significant differences in chlorophyll concentrations, however, were observed between any 

transgene genotype and the wild type controls within any of the three nitrate treatments (Fig. 

3.3). 

Table 3.2 also shows the average nitrate and ammonium concentrations for the various 

genotypes at each nitrate treatment level. As shown in Fig. 3.4B, at the 0.2 mM nitrate 

treatment, all plants contained exceptionally low levels of free nitrate, and no significant 

differences were observed between any transgene genotype and the wild type controls. Under 

the 8 mM nitrate treatment, however, the levels of nitrate measured in the 35S:tr-NR plants 

were only 37% of that observed in the wild types controls (Fig. 3.4A). An even more 

dramatic decrease in nitrate was observed in plants expressing the 35S:S523D-NR construct. 

On average, plants containing this deregulated NR construct accumulated only about 5% of 

the amount of nitrate present in the control plants.  

The effect of the 35S:S523D-NR construct in reducing free nitrate pools was also very 

evident at the 19 mM nitrate treatment. At this level of N-fertilization, wild type plants 

averaged approximately 14,900 ppm nitrate, compared with ~2,000 ppm observed in the 

35S:S523D-NR plants, a near 8-fold reduction (Fig. 3.4B). Although plants carrying the 

35S:tr-NR construct also continued to show a mean reduction in nitrate phenotype in 

comparison to the wild type plants (60% of that measured in the controls), this was similar to 
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the amounts observed in plants containing the 35S:ICDH, and 35S:GS + 35S:ICDH 

constructs, and was not found to be significantly different from the wild type.  

Although ammonium ion levels did not vary as greatly as nitrate, the 35S:S523D-NR 

plants accumulated approximately twice as much of this N-assimilation pathway metabolite 

as the control plants at the 19 mM nitrate treatment level (Fig. 3.5). At the low and medium 

N treatment levels, however, no given transgenic genotype was statistically different in its 

average ammonia concentration from the wild type controls, or any other transgenic 

genotype.  

Establishing whether the overexpression of N-assimilation pathway genes could alter the 

concentrations of free amino acids was also an objective of this study. Because only minimal 

differences in nitrate and ammonium levels were observed in plants fertilized with the 0.2 

mM low nitrate media (regardless of genotype), the quantification of free amino acids was 

only conducted on the plants treated with 8 mM and 19 mM nitrate. Table 3.3 shows the 

average concentrations (µmol/g dry weight) for all 20 amino acids across each transgenic and 

control genotype grown under the medium and high nitrate conditions. The most striking 

observation in this dataset is a great increase in total free amino acids in plants harboring the 

35S:S523D-NR construct grown in 19 mM nitrate (Fig. 3.6). Tobacco plants expressing this 

construct accumulated on average 3.7 times more total free amino acids than wild type 

plants. Although virtually every amino acid was higher in the S523D-NR group versus the 

wild type at the high N treatment, levels of Gln, Asn and Arg were particularly elevated, 

showing increases of 8.5-, 5.5- and 5.3-fold respectively (Fig. 3.7). When grown using the 8 

mM nitrate nutrient solution, the levels of Gln and Asn were also significantly higher in the 
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S523D-NR group than the control plants (2- and 3.4-fold, respectively), yet the total amino 

acid concentrations in the two lines was nearly identical (Fig. 3.6), due to mean decreases in 

the levels of several other amino acids in the 35S:S523D-NR plants compared to wild type 

(Table 3.3). As a whole, the amino acid profile of plants expressing the other deregulated NR 

gene construct (35S:tr-NR) was similar to control plants, though an approximate 2-fold 

increase in Asn at the high nitrate treatment was noted (Fig. 3.7A). A marked increase in Arg 

was observed in 35S:tr-NR plants grown using 8 mM nitrate (Fig. 3.7D), but this value was 

actually less than when the same genotype when grown at 19 mM nitrate and Arg increased 

for all other genotypes in high versus medium treatments. Thus, it is possible that the reading 

at 8 mM may have been an aberration.   

Glutamine is the reaction product of the GS enzyme. Thus, it is interesting that the levels 

of Gln were not increased in plants overexpressing the GS gene (Fig. 3.7A). This is in 

contrast to the study of Fuentes et al. (2001) where a 2-fold increase in Gln was observed 

when an alfalfa GS cDNA was overexpressed in tobacco plants fertilized with a high nitrate 

solution. Likewise, the levels of Glu were not significantly increased in transgenic plants 

overexpressing the gene encoding the GOGAT enzyme that is responsible for its synthesis 

(Fig. 3.7C).  

 

3.4 Discussion 

The primary objective of this research project was to determine: (1) whether 

overexpression of N-assimilation pathway genes could complement the NUE-deficient 

phenotype of burley tobacco plants; and (2) whether their overexpression could result in a 
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reduction in the excessive levels of nitrate typically found in the leaves of these plants, a trait 

associated with the production of carcinogenic TSNAs during the curing, storage and 

processing of the leaf. Although no significant fresh weight differences were observed 

between any transgenic genotype versus the wild type controls at the 8 mM and 19 mM 

nitrate treatment levels, a modest enhancement in growth for some of the transgenic 

genotypes (35S:tr-NR, 35S:S523D-NR, 35S:GS+35S:ICDH, and 35S:GOGAT+35S:GS) was 

determined to be statistically significant when grown under 0.2 mM nitrate conditions. 

Although this is suggestive that the overexpression of the transgenes may have improved 

growth under conditions of low N availability, the results need to be interpreted cautiously. 

The design of this study was not conducive for being able to directly measure the fresh 

weight of each plant at the time the different N treatments were initiated (about nine weeks 

after planting). Although at the onset of the treatment regimes plants were purposefully 

selected that appeared to be similar in size among all the different genotypes, it is possible 

that some subtle, yet significant, differences may have been present among the genotypes that 

could have biased the fresh weight results, particularly for those given the 0.2 mM nitrate 

treatments. The differential in plant size at the beginning and end of the treatment period was 

much less than for plants given the medium and high nitrate treatments. Furthermore, even if 

a modest enhancement in growth was genuinely conferred at the low N treatment by any of 

the transgenes, or transgene combinations, if they were truly compensating for yb1 and/or 

yb2 deficiencies, the enhanced growth phenotype would have been expected to be manifest at 

the higher N treatment levels as well. Furthermore, no transgenic genotype was associated 



 

65 

with increases in chlorophyll content, which would also have been expected if one or both of 

the yb mutations had been complemented or functionally bypassed.  

Although we found no convincing evidence that overexpression of any of the N-

assimilation pathway transgenes could overcome the growth defects or chlorophyll 

deficiencies that are characteristic of burley tobaccos, overexpression of deregulated NR 

activity was clearly effective in lowering the levels of free nitrate. Overexpression of the 

deregulated NR enzyme containing the S523D amino acid substitution mutation dramatically 

reduced the levels of free nitrate in the transgenic plants versus wild type controls. At the 8 

mM nitrate treatment, the 35S:S523D-NR plants displayed only ~5% of the amount of nitrate 

as the controls, and only ~13% of the wild type when treated with 19 mM nitrate. Although 

some reduction in nitrate was also evident in plants expressing the deregulated NR enzyme 

possessing a 56 amino acid N-terminal truncation, the effects were considerably less than that 

observed with the S523D-NR mutant (37% of wild type at the 8 mM nitrate treatment; 60% 

of wild type at the 19 mM level). This is similar to the results reported by Lea et al. (2006) 

when these same constructs were overexpressed in N. plumbaginifolia. In their study, the NR 

activity state was much higher for the amino acid substitution mutant than the deletion 

mutant, and when 
15

N-NO3
-
 was fed to plants grown using hydroponics, the S523D-NR 

enzyme reduced up to 89% of the labeled nitrate during a 16 hr dark incubation period, 

compared to 47% for plants expressing the N-terminal deletion construct. In addition, 

overexpression of the S523D-NR mutant in N. plumbaginifolia led to a near 4-fold increase 

in total free amino acid content, with the most dramatic increases occurring in the levels of 
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the amide amino acids Gln and Asn; a result very similar to that observed with the 

35S:S523D-NR transgenic burley plants in our experiments (Figs. 3.6 and 3.7).   

Although there are clear similarities when the S523D-NR enzyme is overexpressed in N. 

plumbaginifolia and burley tobaccos, there are differences between the two plant systems that 

are also worth noting. Importantly, burley tobaccos accumulate far greater levels of free 

nitrate than do N. plumbaginifolia plants. In the report by Lea et al. (2006), wild type N. 

plumbaginifolia plants accumulated ~1,500 ppm nitrate in individuals watered regularly with 

15 mM KNO3
-
, compared to ~14,900 ppm nitrate for the control burley plants provided 19 

mM nitrate in our study (Fig. 3.4A). Despite the fact that burley plants have far greater pools 

of free nitrate, a higher percentage of the nitrate stores were reduced in the burley transgenics 

(~5% of wild type at the 8 mM nitrate regime and ~13% at the 19 mM nitrate treatment) than 

transgenic N. plumbaginifolia plants expressing a S523D-NR construct (~33% in plants 

watered with 15 mM KNO3
-
). Also, reductions in nitrate levels in S523D-NR N. 

plumbaginifolia plants were accompanied by a 5-fold increase in ammonia, compared to a 2-

fold increase in the burley 35S:S523D-NR transgenics (19 mM nitrate treatment; Fig. 3.5).  

Consistent with the fact that a far greater amount of nitrate became reduced in burley 

tobacco versus N. plumbaginifolia S523D-NR transgenics, the free amino acid pools 

observed were also substantially higher in the former. In the burley 35S:S523D-NR plants, 

total free amino acid content reached ~1,600 µmol/g dry weight, compared with ~450 µmol/g 

in N. plumbaginifolia plants overexpressing the deregulated S523D-NR transgene (Lea et al, 

2006). Finally, there were also several notable differences in the degree with which specific 

amino acids became elevated between the two systems. For example, in 35S:S523D-NR 
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burley plants grown at high N, the levels of free Arg increased over 5-fold compared to wild 

type, while in transgenic N. plumbaginifolia, the levels of this amino acid showed no 

increase. Conversely, Pro levels increased over 10-fold in the N. plumbaginifolia transgenics, 

yet only increased by ~2.5-fold in the 35S:S523D-NR burley individuals.   

In our study, overexpression of a cytosolic GS gene did not result in enhanced growth, or 

even in increased levels of free Gln within the 35S:GS plants. This is in contrast to the study 

by Oliveira et al. (2002) who reported a substantial increase in plant growth (fresh weight 

and dry weight) under both nitrogen-limiting and non-limiting growth conditions, as well as 

increases in free Gln in tobacco plants overexpressing a cytosolic GS1 transgene. In an 

independent study, Fuentes et al. (2001) also reported improved growth under low nitrogen 

conditions when tobacco plants were transformed with a high expressing GS1 transgene, in 

addition to increases in Glu and decreases in ammonia (Gln measurements were not 

reported). The 35S:GS transgenic burley plants generated in our study, however, did not 

show enhanced growth and displayed no changes in Gln, Glu or ammonia levels. The 

differences in the growth and N-metabolite phenotypes between our investigation and those 

observed in previous studies where cytosolic GS genes were overexpressed in tobacco plants 

may be attributed to the specific tobacco cultivars utilized. In the two cited reports, tobacco 

cultivars commonly used in laboratory-based experiments were employed, specifically 

‘Xanthi’ (Fuentes et al., 2001), an oriental type; and ‘Petite Havana SR1’ (Oliveira et al., 

2002), a cigar-type tobacco. These cultivars do not display the NUE and chlorophyll 

deficiency phenotypes characteristic of burley tobaccos. Therefore, it is possible that GS 

enzyme levels may be rate-limiting in normal tobacco plants, whereas the NUE deficiency 
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imposed by the yb1 and yb2 loci may have altered N-assimilation in a manner whereby a 

different step(s) of the pathway has become rate-limiting. In terms of N-metabolite 

accumulation, however, it is clear from our study that there are limitations in burley tobaccos 

in N flux due to the inaccessibility of the stored nitrate pools, as the overexpression of the 

deregulated 35S:S523D-NR construct resulted in significant increases in the Gln, Glu and 

ammonia metabolites.  

Similarly, in the report by Chichkova et al. (2001), overexpression of a NADH-GOGAT 

gene in transgenic tobacco plants led to a modest enhancement in shoot dry weight, a result 

that was not observed in our 35S:GOGAT transgenic burley individuals. Tobacco cultivar 

‘Xanthi’ was also used in this study, which as mentioned above, does not display the NUE 

and chlorophyll deficiencies of burley tobaccos. Potential changes in levels of the N-

metabolites Glu, Gln and ammonia were not reported in the study of Xanthi tobaccos that 

overexpressed NADH-GOGAT.  

 

3.5 Conclusion 

In the work reported here, several transgene constructs encoding enzymes of the N-

assimilation pathway were transformed into a burley tobacco breeding line and tested for 

their ability to complement (or bypass) the reduced NUE and/or increased free nitrate 

phenotypes conferred by the yb1 and/or yb2 mutations that are characteristic of this tobacco 

class. Our results suggest that overexpression of genes encoding GS, GOGAT, ICDH or 

deregulated NR enzymes does not compensate for the chlorophyll and/or N-fertilization-

associated growth defects inherent to burley varieties. However, dramatic reductions in 
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nitrate accumulation were observed in burley plants expressing deregulated NR enzymes, 

particularly in the mutant containing the amino acid substitution at residue 523 (S523D) that 

prevents the phosphorylation-mediated down-regulation of the enzyme during dark cycles. 

Because high nitrate levels in tobacco are strongly associated with TSNA formation, the 

results of this investigation reveal a viable strategy for reducing the levels of this potent class 

of carcinogens in products that utilize burley tobaccos. It will be of great interest to 

determine the degree to which the low nitrate phenotype of the 35S:S523D-NR transgenic 

plants is maintained when the plants are grown in a typical field environment, and the extent 

to which TSNA levels can be reduced through the use of these low nitrate-accumulating 

burley tobacco plants. 
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Table 3.1 Oligonucleotide primers used for genotyping the 35S:S523D-NR, 35S:tr-NR, 35S:GS, 35S:GOGAT, and 

35S:ICDH transgenes. 

Code Construct Primer name Sequence 5' to 3' Length Product size 

Extension 

time 

Anneal 

Temp 

1 35S:ICDH 
NtICDHGtF5 GACTTGTCCCAGGTTGGAC 19 

1232 bp 40s 61.5°C 
NOS2R3 CTGCAAGGCGATTAAGTTG 19 

2 35S:GS 

NtGln13GtF1 GGACCTCAGGGACCATACT 19 
225 bp 14s 60.9°C 

NtGln13GtS2R1 CTCCGCAATCCTCTCAAG 18 

NtGln13GtF2 CAAACTACAGCACCAAGTCG 20 
668 bp 20s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

3 35S:GOGAT 

AtGLT1GtR3_3HF2 CTGAGAAAGCTGACGAGACTG 21 

325 bp 14s 60.9°C 

AtGLT1GtR3 GAGTTCTCCTGGTGGCAG 18 

AtGLT1GtF3 CTGCCACCAGGAGAACTC 18 

1717 bp 52s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

4 35S:tr-NR 
Nia2E23F1 CTATTCTTATTCTGGCGGAGG 21 

256 bp 14s 61.6°C 
Nia2E34R1 CATCATTCCCATGACGTTC 19 

5 
35S:S523D-

NR 

Nia2E12F2 CAAATACCGAAGCATGGTG 19 
2060 bp 62s 61.5°C 

NOS2R3 CTGCAAGGCGATTAAGTTG 19 

6 NtActin 
NtAct7F GTAAAGTCGGACCACGTTG 19 

444 bp 14s 60.9°C 
NtAct8R CACGTTTGGATTGAGCTTC 19 
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Table 3.2 Fresh weight, chlorophyll, nitrate and ammonia measurements of plants expressing N-assimilation pathway 

genes grown under three conditions of N fertilization. 

Transgenic construct Treatment 
Fresh weight 

(g) 
Ca (mg/g) Cb (mg/g) Ca+b (mg/g) 

Nitrate Conc 

(ppm) 

Ammonia Conc 

(ppm) 

35S:GOGAT 0.2 mM 28.420 0.053 0.022 0.075 99.100 166.692 

35S:GOGAT 8 mM 107.688 0.808 0.246 1.053 1923.283 475.642 

35S:GOGAT 19 mM 132.798 0.763 0.232 0.995 15643.513 767.839 

35S:ICDH 0.2 mM 30.796 0.069 0.027 0.096 67.085 118.261 

35S:ICDH 8 mM 106.528 0.759 0.228 0.986 2257.586 269.833 

35S:ICDH 19 mM 139.472 0.794 0.237 1.031 10118.411 621.612 

35S:tr-NR 0.2 mM 43.270 0.050 0.021 0.071 59.426 119.206 

35S:tr-NR 8 mM 127.707 0.725 0.218 0.942 846.754 273.316 

35S:tr-NR 19 mM 160.602 0.838 0.255 1.093 8953.107 817.139 

35S:S523D-NR 0.2 mM 38.548 0.048 0.018 0.066 59.917 117.472 

35S:S523D-NR 8 mM 114.420 0.594 0.185 0.779 124.627 440.455 

35S:S523D-NR 19 mM 120.892 0.739 0.215 0.954 2026.337 1544.655 

35S:GS1 0.2 mM 34.953 0.037 0.015 0.052 79.219 134.696 

35S:GS1 8 mM 113.643 0.647 0.197 0.844 2391.705 386.519 

35S:GS1 19 mM 127.266 0.985 0.306 1.290 12614.557 890.905 

35S:GOGAT+35S:ICDH 0.2 mM 27.149 0.058 0.021 0.080 87.141 142.983 

35S:GOGAT+35S:ICDH 8 mM 99.742 0.704 0.208 0.913 3611.194 357.042 

35S:GOGAT+35S:ICDH 19 mM 124.743 0.789 0.242 1.031 14705.740 658.490 

35S:GS1+35S:ICDH 0.2 mM 40.719 0.034 0.015 0.049 60.047 123.746 

35S:GS1+35S:ICDH 8 mM 116.260 0.865 0.265 1.130 2292.996 466.828 

35S:GS1+35S:ICDH 19 mM 152.248 0.991 0.301 1.292 8551.976 584.655 
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Table 3.2 continued 

Transgenic construct Treatment 
Fresh weight 

(g) 
Ca (mg/g) Cb (mg/g) Ca+b (mg/g) 

Nitrate Conc 

(ppm) 

Ammonia Conc 

(ppm) 

35S:GS1+35S:GOGAT  0.2 mM  40.516 0.066 0.024 0.090 60.088 120.879 

35S:GS1+35S:GOGAT  8 mM 110.748 0.525 0.153 0.678 2217.106 358.280 

35S:GS1+35S:GOGAT  19 mM  135.066 0.838 0.254 1.091 12209.787 681.066 

Wild type 0.2 mM  28.673 0.024 0.011 0.035 75.771 128.621 

Wild type 8 mM 110.357 0.678 0.201 0.879 2295.164 328.894 

Wild type 19 mM  130.175 1.000 0.300 1.300 14918.953 798.592 
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Table 3.3 Amino acid concentration in plants expressing N-assimilation pathway genes grown in medium (8 mM) and high 

(19 mM) N treatments. 

Metabolite concentration (umol/g) 

 

GOGAT ICDH tr-NR S523D-NR 

 

8 mM 19 mM 8 mM 19 mM 8 mM 19 mM 8 mM 19 mM 

His 1.013 1.713 1.060 1.605 0.934 1.830 1.450 7.584 

Asn 7.400 11.330 2.715 14.428 7.079 33.443 13.880 98.851 

Ser 22.804 30.923 5.631 32.661 18.203 27.970 17.308 46.370 

Gln 17.624 73.545 5.325 93.425 30.583 151.395 72.416 968.148 

Arg 0.598 2.266 3.134 4.797 5.767 3.869 0.791 15.292 

Gly 1.761 19.006 0.441 32.613 2.832 11.812 1.856 48.442 

Asp 15.992 27.733 6.358 18.297 10.239 17.290 15.605 44.033 

Glu 77.295 78.855 37.214 71.596 70.556 81.072 78.470 144.897 

Thr 51.094 40.043 13.128 28.333 24.079 30.702 22.548 41.732 

Ala 22.996 22.634 6.448 25.789 16.904 23.089 10.784 40.634 

Pro 16.345 26.077 8.120 29.038 20.839 31.498 22.776 58.392 

Cys 0.115 0.055 0.148 0.302 0.135 0.096 0.077 0.090 

Lys 1.944 2.033 1.819 2.157 1.613 1.925 1.686 3.295 

Tyr 3.643 4.683 2.069 4.616 3.697 6.429 3.486 6.773 

Met 0.515 0.567 0.332 0.649 0.537 0.492 0.601 1.447 

Val 13.749 16.397 6.092 13.562 12.747 19.509 13.227 31.370 

Ile 2.179 3.928 1.038 2.601 1.450 2.192 1.395 4.594 

Leu 4.008 3.902 2.006 3.645 2.966 4.562 3.053 7.697 

Phe 4.606 6.093 1.964 6.798 4.047 5.461 3.070 8.943 

Trp 1.610 2.687 0.620 1.677 1.628 1.787 1.429 3.121 

Total 267.292 374.471 105.663 388.590 236.835 456.424 285.909 1581.703 
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Table 3.3 continued 

Metabolite concentration (umol/g) 

 

GS ICDH + GOGAT ICDH + GS GS +GOGAT WT 

 

8 mM 19 mM 8 mM 19 mM 8 mM 19 mM 8 mM 19 mM 8 mM 19 mM 

His 1.024 1.091 1.023 1.084 1.051 1.720 1.142 1.235 0.916 1.670 

Asn 3.599 10.052 5.752 11.126 5.004 14.169 5.664 14.451 4.057 17.934 

Ser 17.576 28.809 27.739 39.427 22.061 28.404 25.553 39.317 22.750 33.695 

Gln 20.609 77.103 17.748 114.385 31.543 78.435 21.015 96.806 36.651 111.772 

Arg 0.215 1.758 1.475 3.254 0.210 3.231 0.661 2.808 0.490 2.898 

Gly 1.731 23.584 3.203 35.117 2.168 12.956 2.675 32.374 4.461 27.494 

Asp 12.647 25.376 25.295 32.076 16.047 17.916 22.404 34.543 18.533 26.219 

Glu 67.637 84.602 86.646 100.478 70.452 80.262 89.831 111.776 82.841 86.255 

Thr 55.242 36.986 61.139 85.301 27.440 43.107 120.194 81.141 36.234 28.762 

Ala 10.023 21.379 19.408 31.805 12.832 17.019 12.416 24.617 11.124 28.160 

Pro 13.612 18.443 35.382 31.734 15.968 19.464 15.029 21.933 15.916 20.291 

Cys 0.145 0.110 0.095 0.094 0.071 0.280 0.059 0.097 0.041 0.154 

Lys 1.650 1.850 1.830 1.668 1.403 1.859 1.699 1.730 1.522 1.696 

Tyr 2.705 4.905 3.952 6.002 3.436 5.703 3.715 6.207 3.774 5.830 

Met 0.635 0.730 0.910 1.099 0.613 0.470 0.868 0.829 0.224 0.720 

Val 9.064 18.887 13.381 18.559 13.654 20.217 12.389 20.308 12.749 16.961 

Ile 1.701 2.148 2.427 3.240 1.481 2.669 2.960 3.324 1.549 2.367 

Leu 4.558 4.642 3.541 4.512 4.705 5.881 4.512 4.796 4.088 3.705 

Phe 3.718 5.718 5.207 9.570 5.225 4.904 5.269 8.820 4.700 6.572 

Trp 1.411 1.515 1.502 1.534 2.336 1.832 2.126 1.732 1.377 1.422 

Total 229.501 369.688 317.655 532.065 237.700 360.497 350.181 508.846 263.998 424.578 
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Figure 3.1 Wild type and tr-NR transgenic plants grown under three different nitrate 

regimes. Plants were watered for 16 days using a 19 mM (A), 8 mM (B) or 0.2 mM nitrate 

media. 
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Fig. 3.2. Fresh weights of wild type plants and 35S:tr-NR, 35S:S523D-NR, 35S:GS1, 

35S:GOGAT, 35S:ICDH, 35S:GS1+35S:GOGAT, 35S:GS1+35S:ICDH and 

35S:GOGAT+35S:ICDH transgenic lines. Values shown represent the mean ± standard 

error of 4-8 plants. Means sharing the same letter are not significantly different (P < 0.5). 
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Fig. 3.3. Chlorophyll a (A), chlorophyll b (B) and chlorophyll a+b (C) contents of wild 

type plants and 35S:tr-NR, 35S:S523D-NR, 35S:GS1, 35S:GOGAT, 35S:ICDH, 

35S:GS1+35S:GOGAT, 35S:GS1+35S:ICDH and 35S:GOGAT+35S:ICDH transgenic 

lines.  Values shown represent the mean ± standard error of 4-8 plants. Means sharing the 

same letter are not significantly different (P < 0.5). 
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Fig. 3.4. Total nitrate content in leaves of wild type plants and 35S:tr-NR, 35S:S523D-

NR, 35S:GS1, 35S:GOGAT, 35S:ICDH, 35S:GS1+35S:GOGAT, 35S:GS1+35S:ICDH 

and 35S:GOGAT+35S:ICDH transgenic lines. Averages of plants grown using the 19mM 

NO3
- 
and 8mM NO3

-
 treatments are shown in A; the 0.2mM NO3

-
 treatment is shown in B. 

Values shown represent the mean ± standard error of 4-8 plants. Means sharing the same 

letter are not significantly different (P < 0.5). 

A B 
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Fig. 3.5. Total ammonia content in leaves of wild type plants and 35S:tr-NR, 

35S:S523D-NR, 35S:GS1, 35S:GOGAT, 35S:ICDH, 35S:GS1+35S:GOGAT, 

35S:GS1+35S:ICDH and 35S:GOGAT+35S:ICDH transgenic lines. Values shown 

represent the mean ± standard error of 4-8 plants. Means sharing the same letter are not 

significantly different (P < 0.5) 
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Fig. 3.6. Total free amino acids content in leaves of wild type plants and 35S:tr-NR, 

35S:S523D-NR, 35S:GS1, 35S:GOGAT, 35S:ICDH, 35S:GS1+35S:GOGAT, 

35S:GS1+35S:ICDH and 35S:GOGAT+35S:ICDH transgenic lines. Values shown 

represent the mean ± standard error of 4-8 plants. Means sharing the same letter are not 

significantly different (P < 0.5).
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Fig. 3.7. Asn (A), Gln (B), Glu (C) and Arg (D) content in tobacco leaves of wild type 

plants and 35S:tr-NR, 35S:S523D-NR, 35S:GS1, 35S:GOGAT, 35S:ICDH, 

35S:GS1+35S:GOGAT, 35S:GS1+35S:ICDH and 35S:GOGAT+35S:ICDH transgenic 

lines. Values shown represent the mean ± standard error of 4-8 plants. Means sharing the 

same letter are not significantly different (P < 0.5). 
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