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Abstract

Assimilation of nitrate and ammonium are vital procedures for plant development and growth. From these primary
paths of inorganic nitrogen assimilation, this metabolism integrates diverse paths for biosynthesis of macro-
molecules, such as amino acids and nucleotides, and the central intermediate metabolism, like carbon metabolism
and photorespiration. This paper reports research performed in the CitEST (Citrus Expressed Sequence Tag) data-
base for the main genes involved in nitrogen metabolism and those previously described in other organisms. The re-
sults show that a complete cluster of genes involved in the assimilation of nitrogen and the metabolisms of glutamine,
glutamate, aspartate and asparagine can be found in the CitEST data. The main enzymes found were nitrate
reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate synthetase (GOGAT), glutamate
dehydrogenase (GDH), aspartate aminotransferase (AspAT) and asparagine synthetase (AS). The different en-
zymes involved in this metabolism have been shown to be highly conserved among the Citrus and Poncirus species.

This work serves as a guide for future functional analysis of these enzymes in citrus.
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Introduction

Nitrate (NO5) and ammonium (NH,") are the main
resources of inorganic nitrogen (N,) absorbed by the roots
of higher plants. Assimilation of inorganic nitrogen present
within the atmosphere into carbon skeletons is fundamen-
tally important to plant productivity, biomass production
and, especially, cultivation income. Nitrogen deficiency in
plants is considered to cause a decrease in photosynthetic
structural compounds, like chlorophyll and ribulose
bisphosphate carboxylase (rubisco), which leads to a reduc-
tion in photosynthetic capacity and carboxylation effi-
ciency (Delgado et al., 1994). Nitrogen is used to form
glutamine, a precursor of many amino acids, like nucleic
acids, alkaloids and polysaccharides, as well as secondary
metabolites like polyamines (Bagh ef al., 2004).

Nitrate corresponds to the dominant nitrogen source
available for plants, since ammonium is quickly nitrated by
bacteria in soil. Only when nitrification conditions are un-
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favorable, like in acidified soils or due to the lack of aera-
tion, can NH, " be the main available form.

Nitrate may be processed by both root and leaf cells.
It is used by higher plants in various processes, including
absorption, vacuole storage, xylem transport, reduction and
incorporation into organic forms. Since most plants per-
form nitrate vacuole storage and tolerate high ion concen-
trations, it is reasonable to assume that nitrate has an impor-
tant function as an osmotic agent (Lasa et al., 2002).

The carbon and nitrogen assimilation metabolic sys-
tems are interconnected; nitrogen assimilation requires car-
bohydrates to produce energy and to provide carbon
skeletons. While nitrate may accumulate in vacuoles, am-
monium ions are toxic and have to be rapidly assimilated
into organic compounds (Chaillou et al., 1994). Conse-
quently, ammonium assimilation requires the availability
of carbon skeletons and promotes carbon flow in the TCA
cycle (Turpin et al., 1988).

Inorganic nitrogen is assimilated and organically in-
corporated into glutamine, glutamate, asparagine and as-
partate, which constitute important nitrogen carriers inside
the plant. These primary amino acids are the main com-
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pounds of the total free amino acid pool in many plants,
which are utilized for the synthesis of other amides, like
ureides, other amino acids and amines.

All inorganic nitrogen is first reduced to NH," before
it is incorporated into organic forms. NO; reduction to
NH," is mediated by two key enzymes, nitrate reductase
(NR) and nitrite reductase (NiR). NR catalyzes the reduc-
tion of two electrons for the conversion of nitrate into ni-
trite, as explained in Table 1 and Figure 1. NiR turns nitrite
into ammonium through a reduction of six electrons and the
ammonium is then converted to glutamine, which is essen-
tial for amino acid synthesis via the glutamine synthetase
(GS) and glutamate synthetase (GOGAT) system. This
metabolic system is regulated at different levels by many
factors, including nitrogen source and light, in order to ad-
just nitrate assimilation to the plant’s needs. Nitrate acts as
an elicitor inducing the transcription of nitrate transporters
and NR/NiR genes (Hoff et al., 1994; Forde, 2000) and reg-
ulating their expression together with light (Bouton et al.,
2002).

In Arabidopsis, ammonium originates from nitrate re-
duction, direct absorption, photorespiration, dinitrogen fixa-
tion (N,) or deamination of nitrogenous compounds, such as
asparagine. Ammonium can be metabolized into glutamate
(glutamic acid) through glutamate dehydrogenase (GDH) or
into glutamine through GS/GOGAT (Pierleoni et al., 2001).

In the GS/GOGAT pathway, ammonium is assimi-
lated into organic molecules primarily by the combined cat-
alytic action of two enzymes: glutamine synthetase (GS,
L-glutamate:ammonia-ligase; EC 6.3.1.2) and glutamate
synthase (GOGAT, L-glutamate:ferredoxinoxidoreduc-
tase; EC 1.4.7.1) (Lea and Miflin, 2003).

Table 1 - Enzymes and biochemical reactions for plant nitrogen
assimilation (Lam ef al., 1996).

Enzyme Reaction

NR NO; + NAD(P)H + H' + 2¢" = NO, + NAD(P) +
H,O

NiR NO2 + Fd (red) + SH' + 6¢" = NH," + Fd (ox)+
2H,0

GS1/GS2 glutamate + NH," + ATP = glutamine + ADP + Pi

Fd-GOGAT glutamine + 2-oxoglutarate + 2 Fd (red) = 2 gluta-
mate + 2 Fd (ox)

NADH-GOGAT  glutamine + 2-oxoglutarate + 2 NADH = 2 gluta-
mate + NAD

GDH glutamate + H,O + NAD/NADP = NH," + 2-oxo-
glutarate + NADH/NADPH

AspAT glutamate + oxaloacetate = aspartate +
2-oxoglutarate

AS glutamine + aspartate + ATP = asparagine + glu-

tamate + AMP + PPi

Abbreviations: GS1, cytoplasmic glutamine synthetase; GS2, chloro-
plastic glutamine synthetase; Fd-GOGAT, ferredoxin-dependent gluta-
mate synthase; NADH-GOGAT, NADH-dependent glutamate synthase;
GDH, glutamate dehydrogenase; AspAT, aspartate aminotransferase; AS,
asparagine synthetase; Fd, ferredoxin; Pi, inorganic phosphate; PPi, pyro-
phosphate.
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Most leaf cells of higher plants possess two GS
isoforms: one is cytosolic (GS1) and the other is located in
the chloroplast stroma (GS2) (Santos ef al., 2004). The GS
isoenzymes are located in specific organs and cells, which
suggests that there is no functional overlap in plant metabo-
lism (Pereira et al., 1992). It has been suggested that GS2
plays a role in the assimilation of ammonium produced by
nitrate reduction and/or photorespiration. While in young
blossoms, the GS1 cytosolic isoform is located in the phloem
accompanying cells (Carvalho et al., 1992; Pereira et al.,
1992) and is likely to be involved in nitrogen remobilization
and amide synthesis during senescence (Bauer et al., 1997).

In the chloroplast of mesophyll cells of higher plants,
a specific GS isoform (GS2) and a ferredoxin-dependent
GOGAT (Fd-GOGAT) are responsible for most of the ni-
trogen assimilation. The GS/GOGAT pathway transfers
ammonium to glutamate to form glutamine in an ATP-
dependent reaction; the fixed nitrogen is then transferred to
a carbon skeleton in the form of 2-oxoglutarate, an organic
acid, for the biosynthesis of two glutamate molecules (Gal-
vez et al., 1999).
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Figure 1 - The role of enzymes and metabolic pathways in nitrogen me-
tabolism (AraCyc): A) Nitrate assimilation pathway and biosynthesis of
glutamine; B) Ammonium assimilation cycle and biosynthesis of gluta-
mate; C) Glutamate degradation; D) Biosynthesis of asparagine and
biosynthesis and degradation of aspartate.
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Although the GS/GOGAT metabolic pathway is the
main route of nitrogen assimilation in higher plants, these
plants possess the ability to use alternative routes, such as
the reversible amination of 2-oxoglutarate to produce glu-
tamate by GDH (Lasa et al., 2002).

GDH  (L-glutamate:NAD+-oxidoreductase; EC
1.4.1.2) catalyzes the amination of 2-oxoglutarate and the
deamination of glutamate and its activity depends on spe-
cific environmental conditions (Melo-Oliveira et al.,
1996). However, an increase in GDH activity was observed
in plants under excessive ammonium stress, which indi-
cates that the enzyme may be involved in the process of
plant detoxification (Lauriére and Daussant, 1983). Lea and
Miflin (2003) suggested that GDH is not essential for gluta-
mate formation; however, it has an important function as a
catabolic derivative, which ensures that nitrogen metabo-
lism does not affect mitochondrial function in a negative
way, aside from allowing synthesis and transport of nitro-
gen-rich compounds during remobilization.

Asparagine functions in the transport and storage of
nitrogen, in addition to being an essential compound of
many proteins required for normal plant development
(Sieciechowicz ef al., 1988). Asparagine is synthesized by
the enzyme asparagine synthetase (AS; EC 6.3.5.4), which
is encoded by a variable number of AS genes, depending on
the species in question. Most of the plants studied contain a
single copy of the AS gene, while the leguminous encode
two copies and Arabidopsis thaliana and Helianthus
annuus have three copies, although the expression of one
copy has not been detected (Lam ef al., 1996). The activity
of the AS gene is regulated by light, carbon concentration
and nitrogen availability (Herrera-Rodriguez et al., 2004).

In summary, NR is responsible for nitrate reduction,
which enters the roots producing nitrite in the cytosol and is
then transported to the chloroplasts, where it is reduced to
ammonia by NiR. The ammonia produced is then fixed into
amino acids, glutamine and glutamate, through
GS/GOGAT, which serve as substrates for transamination
reactions and for the synthesis of other amino acids essen-
tial to protein production (Camargos, 2002).

The purpose of this work is to verify whether the
seven key enzymes of the nitrogen metabolism (GS,
GOGAT, GDH, AspAT, AS, NR and NiR) were among the
deposited EST sequences in CitEST (CITrus Expressed Se-
quence Tag). For identified sequences, we searched for ge-
netic variations and checked whether that variation was
related to conditions like plant species, presence of diseases
and the tissue origin of the respective mRNA.

Material and Methods
CitEST database search

Library construction and description of tools used to
perform this search are explained in an introductory paper
to this issue. For this study, different citrus species, like Cit-
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rus spp., Poncirus spp. and Fortunella spp., were submitted
to different conditions, like pathogens (Xanthomonas sp.,
Xylella sp., Phytophthora sp., Guignardia, CiLV, CTV)
and stress conditions (hydric and aluminium toxicity) in or-
der to verify the plant response. We also collected samples
of different developmental stages in order to determine
whether and how these conditions affected citrus plant de-
velopment. Samples were collected from different tissues,
such as leaves, bark, flowers, fruits, roots and seeds. For
more details, see the first paper of this special issue.

Enzyme selection

The main enzymes and biochemical reactions in-
volved in nitrogen metabolism of the dominant organic
forms are listed in Table 1. An investigation was made into
the CitEST database to search for the main genes involved
in nitrogen metabolism previously described in other or-
ganisms, as identified through the metabolic pathway of ni-
trogen assimilation (www.genome.jp/kegg/pathway/map)
and enzyme descriptions (Www.expasy.org/enzyme).

Similarity analysis in CitEST

The different sequences for each enzyme found in the
CitEST database were aligned in order to verify the level of
similarity, and whether different conditions (such as type of
tissue, development stage, disease presence and others)
were capable of altering their sequence. The sequences
were aligned using CLUSTALX v.1.81 software (Thomp-
son et al., 1997) and the generated alignment was used to
construct dendrograms in the MEGA version 2.1 software
(Kumar et al., 2004), through the Distance Method, the
grouping algorithm Neighbor-Joining and the nucleotide
replacement model Kimura 2-P.

Similarity analysis with NCBI

Consensus sequences of each aligned enzyme were
used to provide a comparison with EST sequences of the
same enzyme in other plants in order to verify the degree of
similarity between the EST sequences. The alignments and
dendrograms were generated as described above. Nucleo-
tide sequences were compared to sequences from GenBank
(accessed through NCBI - National Center for Biotechnol-
ogy Information) using the BLAST software (Altschul et
al., 1997). In order to ensure a more accurate similarity
analysis, software in PERL (Practical Extraction and Re-
porting Language) was used.

Results and Discussion

Searched enzymes

A complete set of genes involved in nitrogen assimi-
lation and glutamine, glutamate, aspartate and asparagine
metabolism were found in the CitEST database. The main
enzymes involved in the nitrate and ammonia assimilation
pathways were found in Citrus (Table 1). These enzymes
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are crucial to inorganic nitrogen assimilation and the syn-
thesis of the main amino acid carriers of nitrogen in plants,
like glutamine, glutamate, asparagine and aspartate.

Plant metabolic pathways involving these enzymes
are shown as a schematic in Figure 1, where the complete
primary metabolism of nitrogen associated with other met-
abolic routes can be observed as it occurs in plants.

The sequences deposited in the CitEST database that
are homologous to the studied enzymes are shown in Table
2. Both isoforms of the GOGAT enzyme were found:
NADH-GOGAT and Fd-GOGAT; however, it was not pos-
sible to differentiate the plastidic and cytoplasmic isoforms
of glutamine synthetase: GS1 or GS2. Different libraries
from different species, tissues, treatments and cultivation
conditions were generated. It was observed that libraries
from Citrus sinensis, followed by Citrus reticulata and
Poncirus trifoliata were predominant. Probably, regardless
of the biological condition analyzed, this predominance of
sequences from these species resulted from the experimen-
tal design that generated these specific libraries. However,
sequences from root libraries were very poor when com-
pared with other tissues.

A total of 361 sequences were found related to the
seven studied enzymes. C. sinensis (CS) was the citrus spe-
cies with the highest number of sequences related to the en-
zymes (200 reads), followed by C. reticulata (96 reads) and
P. trifoliata (59 reads). C. limon had the lowest number of
sequences, only 3, deposited in the database. Sequences for
all seven enzymes were present in C. sinensis, while C.
limon only had entries for AspAT (Table 2). Citrus leaf was
the tissue with the highest number of sequences (224
reads), followed by fruit tissue (121 reads), bark tissue (13
reads) and then root, which was represented by only 3 se-
quences. Healthy plants and developing plants were repre-
sented by 124 sequences each, followed by sick plants with
104 sequences and stressed plants with only 3. GS was the
enzyme with the highest number of sequences on CitEST
(166 reads), followed by Fd-GOGAT (89 reads) and
AspAT (50 reads). NADH-GOGAT had only 2 sequences
deposited on CitEST. Leaf tissues had all seven enzymes
and AspAT was the only enzyme present in all tissues.
NADH-GOGAT was detected in leaf tissues but not in fruit
tissues. Bark tissues had sequences for GS, Fd-GOGAT,
GDH and AspAT enzymes. In root tissues, only AspAT
was detected. Healthy and sick plants had all seven en-
zymes, but each condition had a different number of reads.
The same occurred for the stages of plant development.
Stressed plants showed only the AspAT enzyme. Sick
plants had a lower number of reads for NR, GDH and
AspAT than healthy plants, suggesting lower expression
levels. Sick plants had a higher number of reads for Fd-
GOGAT than healthy plants. This was the only enzyme that
showed a higher level of expression in sick plants than in
healthy plants.
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A complete nitrogen metabolism pathway in citrus
was evident. The different enzymes involved in this metab-
olism appeared to be conserved between the different spe-
cies of Citrus. The enzymes GS, GOGAT, GDH, AspAT
and AS, which are responsible for the biosynthesis of gluta-
mine, glutamate, aspartate and aspargine, were detected in
different libraries. In addition, the NR and NiR enzymes
were detected in different libraries. They are responsible
for nitrate reduction and the absorption of nitrogen to am-
monia that is then incorporated into an organic form. Al-
though the main enzymes involved in nitrogen metabolism
were found among different libraries, no single species or
analyzed conditions had all seven enzymes studied. It is
most likely that these enzymes were not expressed in the
analyzed conditions or possibly that the libraries were not
sufficiently screened.

Root libraries would have been the primary focus of
the nitrogen assimilation analysis here, yet they contributed
very little to this work due to the fact that they are so scarce.
On the other hand, the leaf and fruit libraries were more
abundant.

The first stage in the nitrate assimilation pathway is
the reduction of nitrate to nitrite. The reaction is catalyzed
by the NR (EC 1.9.6.1) enzyme, a complex metalloenzyme
that forms homodimers and homotetramers. Many forms of
plant NRs use NADH as a reducing agent, although some of
them are bispecific and use both NADPH and NADH. NR
and nitrate reduction are located in the cytosol of cells
which is spread over all plant organs (Campbell, 1999). In
many species, its distribution depends on environmental
conditions. Transcription is regulated by nitrate availability
in roots and leaves. Other transcription regulating factors
are nitrogen supply, sucrose, circadian rhythm, light and
cytocynin. CO, and O, concentrations also contribute to
NR activity regulation (Campbell, 1999). In citrus, NR was
detected in leaf and fruit tissues and is probably mainly ex-
pressed in leaves. It was not detected in bark and root tis-
sues. In addition, this enzyme’s expression is reduced in
sick plants.

After the nitrate reduction, the following step of the
nitrate assimilation pathway is the reduction of nitrite to
ammonia. That reaction is catalyzed by NiR (EC 1.7.2.2) in
the chloroplasts and root cells as well as in the aerial parts.
Six electrons are transferred in this reaction, as opposed to
the two electrons required for nitrate reduction. The source
of electrons for nitrite reduction is reduced ferredoxin
(Fdx-red), which is produced in chloroplasts as well as in
plastids of non-photosynthesizing tissues and in roots. NiR
is a nuclear-encoded protein with an N-terminal peptide
that is believed to generate the mature enzyme (Wray,
1993). The nitrate’s reduction capacity in the chloroplast is
considerably higher than it is in the cytosol, partly because
the enzyme has a high affinity for nitrite. This is relevant
due to the fact that nitrite may intoxicate the plant cell,
causing chlorosis when accumulated in the plant. In order
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to prevent nitrite toxicity, the cells must contain enough
NiR to reduce all nitrate produced by NR. Nir is regulated
transcriptionally, usually in coordination with NR. Because
nitrite is toxic, cells must contain enough NiR to reduce all
the nitrite produced by NR. Thus, plantas maintain an ex-
cess of NiR activity whenever NR is present by inducing
NiR expression in response to light and nitrate. If NiR con-
centrations are diminished, either by mutation or antisense
expression, plantas accumulate nitrite and display
chlorosis. In wild-type plantas, the regulatory mechanisms
that control NR activity are thought to assist in preventing
nitrite accumulation (Crawford ef al., 2001). This enzyme
was observed in leaf and fruit tissues and probably has the
same expression level in both. It was also observed in both
healthy and sick plants, so its expression apparently was not
affected by changes in plant health. This was not observed
in root or bark tissue.

Following uptake, inorganic nitrogen is first reduced
to ammonia before it is incorporated into the amino acids
glutamine and glutamate. Ammonium assimilation usually
occurs in the roots, whereas nitrate assimilation can occur
in both roots and leaves, depending on species and environ-
mental conditions. Transport to the leaves occurs via the
xylem, whereas redistribution from the leaves to other ni-
trogen-requiring organs occurs predominantly in the form
of amino acids via the phloem. This redistribution is essen-
tial for supplying tissues that do not participate in nitrogen
assimilation (Williams and Miller, 2001). A high propor-
tion of amino acids arriving in the mature leaves is cycled
from the xylem into the phloem for redistribution to nitro-
gen sinks. When assimilation occurs predominantly in the
shoot, cycling of amino acids is essential to cover the de-
mands of the roots. According to the same authors, excess
amino acids in the root can move from the phloem to the xy-
lem for recycling. Nitrogen can also be transported across
the plasma membrane of certain cells in other forms, such
as small peptides and purine and pyrimidine bases and their
derivatives (Williams and Miller, 2001).

The main enzymes involved in ammonium assimila-
tion are GS, GOGAT and GDH. Each of these enzymes oc-
curs in multiple isoenzymatic forms encoded by distinct
genes. The individual isoenzymes of GS, GOGAT and
GDH have been proposed to play roles in three major am-
monia assimilation processes: primary nitrogen assimila-
tion, re-assimilation of photorespiratory ammonia and
re-assimilation of recycled nitrogen (Lam ef al., 1996).

Biochemical studies have revealed the existence of
multiple isoforms for each of these enzymes. Molecular
studies have also demonstrated that each enzyme is en-
coded by a gene family, wherein individual members en-
code distinct isoenzymes that are differentially regulated
by environmental stimuli, metabolic control, developmen-
tal control and tissue/cell-type specificity. More recently,
molecular studies have also shown that the genes involved
in nitrogen assimilation and metabolism are not constitu-
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tively expressed “housekeeping genes,” but are carefully
regulated by factors such as light, metabolites and cell type
(Lam et al., 1996).

Two classes of GS (EC 6.3.1.2) isoenzymes that are
located in the cytosol (GS1, EC 6.3.1.2) or chloroplast
(GS2, EC 6.3.1.2) have been identified (Lam et al., 1996).
The distinct physiological roles of GS1 and GS2 have been
implicated by their organ-specific distributions. In citrus,
GS was observed in leaf, bark and fruit tissues, all of which
are photosynthetic tissues. But the GS sequences identified
on the CitEST database were mainly found in leaves, which
means that these sequences probably belong to the GS2
form. For instance, because GS2 is the predominant
isoenzyme in leaves, it has been proposed to function in pri-
mary assimilation of ammonia reduced from nitrate in chlo-
roplasts and/or in the re-assimilation of photorespiratory
ammonia. The GS2 form is primarily expressed in the
mesophyll cells of leaves, where photorespiratory ammo-
nia is released. The analysis of barley mutants deficient in
GS2 showed that the main role of this enzyme is in the
re-assimilation of ammonia from photorespiration and that
GS2 gene expression is tightly regulated by light (Zozaya-
Hinchliffe et al., 2005). GS2 mRNA accumulation has been
reported to be higher in leaves of plants cultivated under
photorespiratory conditions, which is consistent with the
proposed function of the re-assimilation of photorespira-
tory ammonia (Miflin, 1974). Studies in barley (Hordeum
vulgare) also revealed that chloroplastic GS2 is expressed
predominantly in leaf mesophyll cells, where photores-
piration occurs, whereas cytosolic GS1 is expressed exclu-
sively in phloem (Edwards et al., 1990). However, in citrus,
no GS sequence was found in root libraries, probably be-
cause few root libraries were available. So, it is probable
that the GS1 form was not present among the obtained se-
quences. Because cytosolic GS1 is predominant in roots, it
has been proposed to function in root nitrogen assimilation,
although root GS2 has also been implicated in this process.
The finding that cytosolic GS1 is the predominant GS
isoenzyme expressed during senescence in different plant
species suggests that this GS form plays a role in the mobi-
lization of nitrogen for translocation and storage (Lam et
al., 1996). It was also verified that plant condition, such as
health, sickness, or development stage did not affect the ex-
pression level of GS.

In higher plants, there are two distinct forms of
GOGAT that use NADH (NADH-GOGAT; E.C.1.4.1.14)
or ferredoxin (Fd-GOGAT; E.C.1.4.7.1) as an electron car-
rier (Lam et al., 1996). NADH-GOGAT is located primar-
ily in plastids of non-photosynthetic tissues such as roots
(Suzuki and Gadal, 1984). In root nodules of legumes,
NADH-GOGAT is involved in the assimilation of nitrogen
fixed by Rhizobium (Anderson et al., 1989). It has been hy-
pothesized that NADH-GOGAT catalyzes the rate-limiting
step of ammonia assimilation in these root nodules (Gre-
gerson et al., 1993). In non-leguminous plants, NADH-
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GOGAT may function in the primary assimilation or re-
assimilation of ammonia released during amino acid catab-
olism (Miflin and Lea, 1977). This enzyme was poorly ex-
pressed in citrus and apparently its expression did not differ
in healthy and sick plants. It was only observed in leaves,
despite the fact that its main role is in roots.

Contrary to NADH-GOGAT, Fd-GOGAT is located
primarily in the leaf chloroplast, where light leads to an in-
crease in Fd-GOGAT protein and activity (Lea et al.,
1990). These findings suggested that the physiological
role(s) of FAd-GOGAT is related to light-inducible pro-
cesses in leaves, such as photosynthesis and photorespi-
ration. Fd-GOGAT may also play a smaller role in non-
photosynthetic tissues, because some Fd-GOGAT activity
is associated with roots (Suzuki ez al., 1982). In citrus, this
enzyme was highly expressed in leaves and fruit tissues and
its expression was affected by plant condition. Develop-
mental stage was important for this enzyme’s expression,
because young tissues showed a high number of reads,
probably because these tissues have higher levels of photo-
synthesis and photorespiration activity, which agrees with
the findings that this isoenzyme is uniquely found in
photosynthetic organisms. The libraries of CitEST also
showed that the activity of this enzyme was higher in sick
plants. This is most likely due to the higher quantities of or-
ganic compounds that act directly as supplies for the plant
and indirectly for the pathogen. In another way, the same
organic compounds can be also used by the plants to fight
the pathogen.

Two major forms of GDH have been reported: an
NADH-dependent form (NADH-GDH; E.C.1.4.1.2) found
in the mitochondria and an NADPH-dependent form
(NADPH-GDH; E.C.1.4.1.4) located in the chloroplast
(Day et al., 1988). The GDH enzyme is abundant in several
plant organs (Cammaerts and Jacobs, 1985). These studies
suggest that GDH may play a specific or unique role in as-
similating ammonia or catabolizing glutamate during these
processes. In the citrus database, this enzyme was found in
leaves, fruits and bark, but it was not possible to differenti-
ate between the two enzyme forms. Sick plants have de-
creased expression and stressed plants did not express it,
which agrees with the findings that the GDH isoenzymatic
profile can be influenced by dark stress, natural senescence
or fruit ripening (Srivastava and Singh-Rana, 1987).

Following the assimilation of ammonia into glutamine
and glutamate, these two amino acids act as important nitro-
gen donors in many cellular reactions, including the
biosynthesis of aspartate and asparagine. Aspartate contrib-
utes to the malate-aspartate shuttle that allows the transfer of
reducing equivalents from the mitochondria and chloroplast
into the cytoplasm. Asparagine is thought to be an important
compound for transport and storage of nitrogen resources be-
cause of its relative stability and high nitrogen-to-carbon ra-
tio. Asparagine is a major nitrogen-transport compound in
both legumes and non-leguminous plants.
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Biochemical studies with Pisum sativum showed that
AspAT (E.C.2.6.1.1) can exist as distinct isoenzymes. In
citrus, this was the only enzyme found in the four analyzed
tissues, leaf, fruit, bark and root, with high activity levels in
healthy plants at different developmental stages. The activ-
ities of various AspAT isoenzymes have been found in dif-
ferent tissues and different subcellular locations, such as
the cytosol, mitochondria, chloroplasts, glyoxysomes or
peroxisomes (Lam ef al., 1996). The subcellular com-
partmentalization of the AspAT isoenzymes suggest that
the different forms of AspAT might serve distinct roles in
plant metabolism. It is also important to note that individual
AspAT isoenzymes respond differently to environmental
conditions and metabolic status, such as light treatment or
nitrogen starvation, which suggests that they serve distinct
roles (Lam et al., 1996). It was observed in citrus that sick
and stressed plants had highly reduced expression of
AspAT. In the C3 plant Arabidopsis, the entire gene family
of AspAT isoenzymes has been characterized (Schultz and
Coruzzi, 1995) and five different AspAT cDNA clones
[ASP1-4 and ASPS5 (formally AATI)] were obtained, in-
cluding those encoding the mitochondrial, plastidic, pero-
xisomal and cytosolic forms. Even though two of the five
ASP genes encode cytosolic forms of AspAT (4SP2 and
ASP4), only ASP?2 is expressed at high levels, especially in
roots (Schultz and Coruzzi, 1995), and this is probably the
AspAT form found in citrus root. The ASP/ and ASP3
genes, which encode a mitochondrial and a peroxisomal
form of AspAT, respectively, are each expressed at rela-
tively high levels in all organs examined (Schultz and
Coruzzi, 1995) and are probably the forms present in the
other citrus tissues.

Despite the fact that asparagine was the first amino
acid discovered and isolated in asparagus, the mechanism
of asparagine biosynthesis in plants was elucidated only re-
cently. The glutamine-dependent AS enzyme (E.C.6.3.5.4)
is now generally accepted as the major route for asparagine
biosynthesis in plants (Richards and Schuster, 1992). How-
ever, ammonia is also a possible AS substrate, particularly
in the case of maize roots (Oaks and Ross, 1984). In some
cases, asparagine is believed to act as an ammonia detoxifi-
cation product produced when plants encounter high con-
centrations of ammonia. In citrus, this enzyme was found in
leaves and fruits, with high expression levels in the latter.

The hypothesis that asparagine serves to transport ni-
trogen in plants is supported by high levels of AS activity
detected in nitrogen-fixing root nodules and in cotyledons
of germinating seedlings (Lam et al., 1996). This is in
agreement with our findings that developmental stages
with young tissues have high expression levels of AS. The
first two cDNA clones encoding plant AS (4S/ and A4S2)
were obtained from a pea library and both AS/ and A4S2
genes are expressed in leaves as well as in roots. Subse-
quently, studies of AS cDNA clones isolated from
Arabidopsis and asparagus have shown that AS genes in
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these plants are expressed primarily in the leaves or the har-
vested spears, respectively. Moreover, studies of these AS
cDNA clones, together with previous biochemical data,
have suggested that asparagine metabolism is regulated by
the carbon/nitrogen status of a plant (Lam et al., 1996). The
levels of asparagine and AS activity are also controlled by
environmental and metabolic signals, such as the presence
of pathogens. This can explain the reduced AS activity in
sick plants. Both the asparagine content in phloem exudates
and AS activity were induced when light-grown plants
were dark-adapted (Urquhart and Joy, 1982). The first
striking observation of AS gene expression in pea and
Arabidopsis was the high level of AS mRNA in dark-grown
or dark-adapted plants (Tsai and Coruzzi, 1990). In
CitEST, AS was found in leaves and developing fruits.

In contrast to the plants that have two AS genes, sun-
flower (Helianthus annuus) has three AS (EC 6.3.5.4)-cod-
ing genes, HAS1, HASI.1 and HAS?2, that are regulated by
light, carbon and nitrogen availability (Herrera-Rodriguez
et al., 2004). Thus, in sunflower, asparagine that is needed
to sustain growth under normal conditions of light and suf-
ficient carbon can be supplied by HAS2, which is active in
those conditions and gives rise to basal levels of asparagine.
Limiting carbon or nitrogen excess activates the special-
ized genes HASI and HAS1.1 to alleviate those situations
by transforming glutamine to asparagine, a very stable ni-
trogen carrier with a more favorable nitrogen-to-carbon ra-
tio. Moreover, all three AS genes are induced by ammo-
nium excess in the roots, which might help to assimilate
this potentially toxic compound into harmless asparagine.
The last two situations result in remarkable increases in en-
dogenous asparagine. Finally, nitrogen starvation activates
HAS? for asparagine synthesis, which might improve nitro-
gen distribution in the plant (Herrera-Rodriguez et al.,
2004).

Similarity analysis in CitEST and with NCBI

Similarity analysis of AspAT nucleotide sequences in
the CitEST database revealed significant differences be-
tween the analyzed citrus species (Figure 2). However, it
was found that there was similarity between the enzymes of
different tissues between healthy and sick tissues and espe-
cially between different stages of development and matura-
tion. The same was observed for the other analyzed
enzymes: NR, NiR, GS, Fd-GOGAT, NADH-GOGAT,
GDH and AS (data not shown).

Because some dissimilarities were observed be-
tween the aligned sequences from CitEST, a comparative
analysis of the consensus sequence of the selected en-
zymes in citrus with other plants in the NCBI database
was performed. It was verified that the studied enzymes
were aligned with dicotyledonous plants, as occurred for
GS, which showed greatest similarity to Gossypium and
Glycine (Figure 3). This also occurred with the other
studied enzymes that showed more similarity with cotton
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Figure 2 - Dendrogram of ASPaT originating from different species of cit-
ric plants, tissues, developmental stages, healthy or infected by pathogens.
The first letters and numbers refer to species and variety: CS, Citrus
sinensis; CR, Citrus reticulata; PT, Poncirus trifoliata; LT, Citrus latifolia;
CL, Citrus limonia; CG, Citrus aurantifolia. For more details on the variet-
ies, see CitEST (http://citest.centrodecitricultura.br/ in CitEST/Nomen-
clature). The following number and letter refer to tissue type: C, cDNA; 1,
leaf; 2, bark; 3, fruit; 4, root. The next three numbers refer to plant condi-
tion: Stages of development, 700, 701, 702, 703, 704, 705; Stressed plants,
501; Healthy plants, 001, 002, 003, 100; Sick plants, the remaining num-
bers. For more details, see CitEST as described above. Sequences were not
grouped according to a particular condition. It was not possible to observe
grouping preference by species, tissue, developmental stage or
sick/healthy condition.

(Gossypium hirsutum), peach (Prunus persica) and apple
(Malus domestica) than monocotyledons like rice (Oryza
sativa), corn (Zea mays) and wheat (Triticum aestivum)
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Figure 3 - Homology of the consensus sequence of citrus GS with se-
quences of GS from other plants obtained from the NCBI database. The
greatest similarity is among citrus, Gossypium and Glycine. Accession
numbers of used sequences are Triticum aestivum DQ:124214, Malus
domestica DY:256358, Zea mays X:65931, Prunus persica DY:654284,
Gossypium hirsutum DT:050486 and Glycine max S:46515.

(data not shown), supporting the idea that the nitrogen
assimilation mechanism is conserved among plant spe-
cies.

No significant differences were detected among the
sequences of the different enzymes studied here. The align-
ments were not able to differentiate enzymes in the studied
conditions. Enzymes from healthy plants were grouped
with enzymes from diseased plants. In addition, enzymes
from different species of citrus, from different stages of de-
velopment and from different tissues were also grouped.
Despite the fact that expression levels were altered in some
cases, citrus plants contained the main enzymes involved in
nitrogen metabolism. We believe that is because the mech-
anism of nitrogen assimilation is highly conserved among
plants and that the differences found in DNA sequences
were not related to differences in expression level. Most
likely, the enzyme sequences have many differences that
were related to natural diversity, because the Citrus genus
is known to have great genetic diversity. The different ex-
pression levels pertaining to health, disease, tissue type or
developmental stage are due to the influences that these
conditions have over the transcription of these genes.
Studies into the quantitative expression of each enzyme us-
ing quantitative real time PCR can be a useful tool for de-
veloping a better understanding of whether some particular
condition can affect the metabolism of nitrogen assimila-
tion.

Despite the great effort expended in sequencing the
ESTs, with approximately 8 x 10° sequences so far, no sig-
nificant difference was found in nitrogen metabolism
among the studied sequences. However, the nitrogen as-
similation pathway in citrus plants could be further de-
picted if the number of root libraries is improved. This
notion is consistent with the idea that there is a need to
maintain efforts in sequencing in order to achieve a more
complete understanding.
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