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Abstract Aspartate aminotransferase (AAT) is a key
enzyme in the synthesis of amino acids. It plays an impor-
tant role in regulating carbon and nitrogen metabolism in
almost all organisms. In this study, we over-expressed in
rice separately all three AAT genes from rice (OsAAT1»3)
and one AAT gene from Escherichia coli (EcAAT). Over-
expression was driven by the CaMV 35S promoter and
constructs were introduced into rice by Agrobacterium tum-
efaciens-mediated transformation. Compared with control
plants, the transformants showed signiWcantly increased
leaf AAT activity and greater seed amino acid and protein
contents. No other phenotypic changes were observed. The
total leaf AAT activities in plants over-expressing OsAAT1,
OsAAT2, and EcAAT were 26.6, 23.6, and 19.6 A
min¡1 mg¡1 FW (A: units of activity, deWned as increase of
absorbency per min per mg; FW: fresh weight), which were
signiWcantly higher than that in the wild-type control
(17.7 A min¡1 mg¡1 FW). The amino acid content in seeds
of transgenic plants over-expressing OsAAT1, OsAAT2, and
EcAAT was 119.36, 115.36, and 113.72 mg g¡1, respec-
tively, which were 16.1, 12.0, and 5.4% higher, respec-
tively, than that in the control plants. The transgenic plants
over-expressing OsAAT1, OsAAT2, and EcAAT had signiW-
cantly higher protein contents (increased 22.2, 21.1, and
11.1%, respectively) than wild-type plants. No signiWcant
changes were found in leaf AAT activity, seed amino acid

content or protein content in OsAAT3 over-expressed
plants. The expression patterns of the three OsAAT genes
and their diVerent functions are also discussed.

Introduction

Nitrogen is an expensive and growth-limiting nutritional
element in plants. Aspartate aminotransferase (EC 2.6.1.1;
AAT) is an important enzyme involved in carbon and nitro-
gen metabolism. AAT catalyzes the reversible transfer of
the amino group from aspartate to �-ketoglutarate, yielding
oxaloacetate and glutamate (Givan 1980). In plants, AATs
have been reported to play an important role in a number of
physiological processes, such as recycling of carbon
skeletons during ammonia assimilation in roots (Ryan and
Fottrell 1974), providing amide precursors for biosynthesis
of major nitrogen transport molecules such as asparagine
and ureides (Rawstone et al. 1980), recruiting asparagine
nitrogen during grain Wlling (Gordon et al. 1978), partici-
pating in intercellular carbon shuttles in C4 plants (Hatch
and Osmond 1973), providing precursors for the biosynthe-
sis of the aspartate-derived amino acids (Bryan 1980), and
participating in the malate/aspartate shuttle, which moves
reducing equivalents across the organelle membrane
(Heber and Heldt 1981).

Unlike bacteria, which have only one AAT isoenzyme
(Gelfand and Rudo 1977; Rudman and Meister 1953),
plants have multiple AAT isozymes, which are located in
diVerent subcellular compartments such as cytosol, mito-
chondria, plastids, and glyoxysomes. For example, at least
Wve genes are known to encode AATs in Arabidopsis thali-
ana (Coruzzi and Last 2000; Coruzzi 2003; Wilkie et al.
1995). Three OsAAT genes were identiWed in rice (Oryza
sativa): OsAAT1, OsAAT2, and OsAAT3; these genes
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encode chloroplastic, cytoplasmic, and mitochondrial AAT
isoenzymes, respectively (Song et al. 1996).

Amino acid content determines the nutritional quality of
crop plants used in the diet of humans and animals. An
increase in the content of amino acids in animal feed
sources, especially in rice grains, would eliminate the need
for supplementation of amino acids. Using genetic engi-
neering to increase amino acid content in plants is an attrac-
tive and practical technology. Shaul and Galili (1992)
reported using such an approach to accumulate threonine in
tobacco. Falco et al. (1995) increased lysine content in
transgenic canola and soybean seeds. On the basis of AAT
functions, a straightforward strategy for engineering nitro-
gen assimilation has been proposed to improve the amino
acid content in plants (Murooka et al. 2002).

Rice is one of the most widely grown crops and a main
staple food for about half the world’s population. It also
provides an important protein source for humans. The nutri-
tional quality of rice grain is important to all rice consum-
ers, especially where it is the population’s main staple
(Wang et al. 2005). Similar to other cereals, rice seed pro-
teins are deWcient in some amino acids (Chavan and Duggal
1978). Thus, increasing the amino acid content of the rice
grain to develop high nutritional varieties is an important
objective in breeding for grain quality. In the present study,
we over-expressed in rice all three AAT genes from rice
(OsAAT1»3) and one AAT gene from Escherichia coli
(EcAAT). The transgenic plants showed a signiWcant
increase in leaf AAT activity and grain amino acid content
compared with that in the control plants.

Materials and methods

Constructs and transformation

The coding sequence of the bacterial AAT gene was ampli-
Wed using E. coli DNA as a template with primers EcA-
ATsF/EcAATsR according to the sequence reported by
Joachim et al. (1994) (GenBank accession number
X03629). The PCR product was cleaved with KpnI and
XbaI, and ligated into the pCAMBIA1301S vector. The hpt-
II selectable marker and AAT coding regions were cloned in
opposite orientations, both driven by CaMV 35S promoter.

The coding sequences of OsAAT1 and OsAAT2 were
ampliWed using rice genomic DNA as the template with the
primers OsAAT1sF/OsAAT1sR and OsAAT2sF/OsA-
AT2sR (Table 1), respectively. The primers were designed
according to the rice sequence, with SalI/SalI and SalI/
SacII sites added to the primers for gene reconstruction. For
OsAAT3, a full-length cDNA clone (EI#76-O14) was found
in the Minghui 63 normalized cDNA library of our labora-
tory (http://www.redb.ncpgr.cn) (Chu et al. 2003). The

clone was digested with BamHI and KpnI. The three rice
AAT gene fragments (named OsAAT1, OsAAT2, and OsA-
AT3) were then ligated into the pCAMBIA 1301S vector.
Standard molecular techniques (Sambrook and Russell
2001) were used for DNA manipulation. The constructs
were transformed into the japonica rice cultivar Zhonghua
11 by an Agrobacterium tumefaciens-mediated transforma-
tion method (Hiei et al. 1994).

Plant growth and treatment

For hydroponic culture, both AAT transgenic plant seeds
and wild-type Zhonghua 11 plant seeds were geminated
and sown in sand. Young seedlings at the two-leaf stage
were transferred to Yoshida culture solution (Yoshida et al.
1976), refreshed once in 7 days.

For Weld experiments in 2005 and 2006, germinated
seeds of the wild-type Zhonghua 11 and T1 and T2 trans-
genic lines (containing positive and corresponding negative
lines) were sown in a seedbed and transferred to the experi-
mental Weld in Huazhong Agricultural University, Wuhan,
China. Field management including irrigation, weeding and
pesticide spraying followed the normal agricultural prac-
tices. At maturity, all the plants were harvested, dried, and
stored in a refrigerator for further use.

For further analysis, three independent T1 transgenic
lines over-expressing OsAAT1, OsAAT2, OsAAT3, and
EcAAT with a single copy transgene (named OsAAT1-OX,
OsAAT2-OX, OsAAT3-OX, and EcAAT-OX, respectively)
were planted in the Weld, following a randomized complete
block design with three replications. Each block included
Wve genotypes (four transgenic lines and one wild type) and
was divided into Wve plots accordingly. Germinated seeds
of wild-type Zhonghua 11 and the four transgenic lines
were sown in a seedbed and transferred to the Weld, with 30
plants per genotype planted in a plot containing three rows
of 10 plants each with a spacing of 25 cm between rows
and 20 cm between plants within a row. At maturity, eight
plants from the middle of each subplot were harvested
(above-ground plant parts) and dried. Then amino acid con-
tent of the seeds was determined.

To conWrm the measurements of amino acid contents of
the T1 families, T2 lines were Weld-planted and harvested
again in 2006 in Wuhan. For this experiment, three positive
transgenic lines and three corresponding negative trans-
genic lines were planted for comparison.

Northern and Southern blot analysis

Total RNA was extracted from the leaves of 20-day-old
seedlings using TRIzol reagent (Invitrogen, Karlsruhe, Ger-
many) according to the manufacturer’s instructions. Then
15 �g of total RNA was used for northern blot analysis.
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After extraction from T0 transgenic plants (Murray and
Thompson 1980), genomic DNA (4 �g) was digested with
HindIII and transferred to a Hybond N+ nylon membrane
(Amersham, Buckinghamshire, UK) for Southern blot
analysis. Hybridizations were performed using 32P-labeled
partial cDNA fragments of each AAT gene and the �-glucu-
ronidase (GUS) gene as probes and standard procedures
(Sambrook and Russell 2001).

qRT-PCR analysis

The expression pattern of the AAT gene family was ana-
lyzed by qRT-PCR. Twelve tissues were harvested from
wild-type (WT) Zhonghua 11 plants (Fig. 2). Leaves from
transgenic plants at the three-leaf stage were also harvested
for further analysis. RNA was isolated using TRIzol
reagent according to the manufacturer’s instructions (Invit-
rogen, Gaithersburg, MD, USA). The RNA samples were
treated with RNase-free DNase I (Invitrogen) to remove
any residual genomic DNA in the preparation. Total RNA
(3 �g) was used for Wrst-strand cDNA synthesis with
SuperScript II reverse transcriptase (Invitrogen) and oligo
dT (Promega, Madison, WI, USA), and the product was
diluted to a Wnal volume of 80 �l. Primers for qRT-PCR
were designed using Primer Express 2.0 software (Applied
Biosystems, Foster City, CA, USA) as shown in Table 1. A
total volume of 25 �l solution containing 1 �l of the synthe-
sized cDNA, 1 �l of 10 �M of each primer, and 12.5 �l of
the SYBR Green PCR master mix (Applied Biosystems)

was used for each real-time PCR reaction. For HotStarTaq
DNA polymerase activation, the Applied Biosystems 7500
Real-Time PCR System was programmed as follows: 50°C
for 2 min; 95°C for 10 min; 40 cycles of 95°C for 30 s;
60°C for 30 s; and 72°C for 1 min. The data collection was
carried out during the extension step (72°C for 1 min). As
an internal control for calibration of relative gene expres-
sion level, expression of the rice gene Actin1 (accession
number X16280) was monitored using the primers
ACTINF and ACTINR (Table 1). The relative quantities of
the transcripts were calculated using the standard curve
method.

Metabolite analysis

For soluble protein analysis, Xag leaves (5 g) were homoge-
nized by grinding fresh leaves on ice with 5 ml extraction
buVer [5 mM sodium glutamate, 10 mM Trizma (pH 7.5),
10 mM MgSO4, 1 mM dithiothreitol, 10% (v/v) glycerol,
and 0.05% (v/v) Triton X-100] followed by centrifugation
at 12,000g for 20 min at 4°C (Melo et al. 2003). The solu-
ble protein concentration of the 100-fold diluted superna-
tant was measured by the Bradford (1976) protein assay
with the use of Coomassie Plus Protein Assay Reagent
(Pierce, Rockford, IL, USA). Bovine serum albumin was
used as the protein standard.

For assessment of total AAT enzyme activities, a colori-
metric assay was employed based on the ability of AAT to
convert D,L-aspartic acid to �-ketoglutaric acid (Wu et al.

Table 1 Primers used in PCR or qRT-PCR

Gene name Primer pair Primer sequences (5�–3�) Product 
size (bp)

Function

OsAAT1 OsAAT1sF ATTAAACCACGTGATGGGTGT 4,227 To obtain full-length genomic DNA of OsAAT1

OsAAT1sR GATTAACCACAATAGCAGTGACCT

OsAAT1tF ACACCTGAAGTCGCAAAC 95 For qRT-PCR

OsAAT1tR GCAACTATCCTAGCACCAT

OsAAT2 OsAAT2sF GCGAGAAACAGCTATCCACGTCA 4,588 To obtain full-length genomic DNA of OsAAT2

OsAAT2sR AATCCTCAGAACACTGCTGCGGA

OsAAT2tF AGGAGTTACCGCTACTATGA 167 For qRT-PCR

OsAAT2tR AACTGCCTGATCTGTTCC

OsAAT3 OsAAT3tF TGCGAACAGCACTCAAAG 208 For qRT-PCR

OsAAT3tR TTAGCCAGATAGGCAACAT

EcAAT EcAATsF CTTCCAGAGCAATCTCACGT 1,285 To obtain full-length genomic DNA of EcAAT

EcAATsR GGAGCCATGTTATCTGGTGT

EcAATtF TATCGACCCTACGCTGGAAC 503 For qRT-PCR

EcAATtR TCAGGCCACTGAAGGAGAAC

GUS GUSF TGATTGATGAAACTGCTGCTG 555 Positive or negative check

GUSR ACATATCCAGCCATGCACACT

Actin ACTINF TGGCATCTCTCAGCACATTCC 55 For qRT-PCR

ACTINR TGCACAATGGATGGGTCAGA
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1998). Fresh leaves (200 mg FW ml¡1 buVer; FW: fresh
weight) were ground with an extraction buVer consisting of
20 mM K+-phosphate buVer (pH 7.4), 5 mM DTT, 10 mM
antipain, and 1 mM PMSF. All extraction and puriWcation
steps were performed at 4°C. The homogenate was centri-
fuged at 12,000g for 20 min at 4°C and 20 �l of the super-
natant was removed and mixed with 100 �l of GOT
solution (Wu et al. 1998). The samples were incubated at
37°C for 1 h with occasional mixing and 100 �l of 2,4-dini-
trophenylhydrazine solution (0.2 mg l¡1 with HCl added to
help dissolve the 2,4-dinitrophenylhydrazine) and 20 �l of
aniline–citric acid solution [aniline (500 ml l¡1) and citric
acid (500 g l¡1)] were added to the samples which placed at
37°C for another 20 min. Finally, 1 ml of 0.4 M NaOH was
added to adjust the pH (>7.0) and absorbance was mea-
sured at 520 nm using a spectrophotometer.

For free NO3
¡ and NH4

+ analysis, Xag leaves were
ground with cold extraction buVer [10 mM imidazole,
50 mM Tris–HCl (pH 7.0) and 0.5% (w/v) �-mercap-
toethanol] and the homogenates were then centrifuged at
12,000g for 20 min at 4°C (Oliveira et al. 2002). Free NO3

¡

in the supernatant was determined by the Griess method
(Walther et al. 1999); the absorbance at 540 nm was deter-
mined and NO3

¡ contents were calculated from a standard
curve of KNO3. Free NH4

+ in the supernatant was deter-
mined by the Berthelot color reaction method (Gordon
et al. 1978); the absorbance at 480 nm was determined
using a spectrophotometer and NH4

+ contents were calcu-
lated from a standard curve of NH4NO3.

For analysis of total amino acids, about 100 mg samples
of ground seed powder were dissolved in 10 ml 4 M HCl at
115°C for 12 h resolution. The samples were then Wltered to
remove insoluble material and water was added to a Wnal
volume of 25 ml per sample and mixed well. Next, aliquots
(1 ml) of each sample were evaporated and the dried mate-
rials were re-dissolved in 1 ml of 0.02 M HCl. Aliquots
(20 �l) were injected into an automatic amino acid analyzer
and Wnal readings were collected from the analyzer for fur-
ther analysis using a software L-8800 ASM (L-8800, Hit-
achi Instruments Engineering, Tokyo, Japan). All steps
were performed according to the manufacturer’s instruc-
tions (Hitachi Instruments Engineering). Glutamine (Gln)
and asparagine (Asn) were hydrolyzed to glutamate (Glu)
and aspartate (Asp) under acidic conditions so the Wnal con-
tent of glutamate was exactly the sum of the glutamine and
glutamate contents and the Wnal content of aspartate was
exactly the sum of the aspartate and asparagine contents.
Tryptophan could not be measured by this method, so only
17 amino acids contents were shown in the results.

For seed protein content analysis, about 100 mg of
ground seed powder and 100 mg catalyst
(K2SO4:CuSO4:Se in a ratio of 100:10:1) were homoge-
nized in 1 ml H2O and 2 ml 98% H2SO4 at room tempera-

ture for 15 h then incubated at 380°C for 5 h. The solution
was diluted to 2,500 ml and 5 ml was loaded into a Seg-
mented Flow Analyzer (Futura, Alliance Instruments, Frép-
illon, France) and NH4

+ content was determined by the
Berthelot color reaction method (Gordon et al. 1978). The
protein content in the samples was calculated according to
the NH4

+ content (Sotelo et al. 1990). Each line was mea-
sured with three replicates.

Results

Generation and identiWcation of AAT transgenic rice

The four constructs, containing OsAAT1, OsAAT2, OsA-
AT3, or EcAAT driven by the CaMV 35S promoter, were
introduced into Zhonghua 11 by Agrobacterium-mediated
transformation (Lin and Zhang 2005). Over 600 transgenic
plants were generated (>100 plants per construct). T0 plants
were examined by PCR with primers located in the GUS
gene. PCR results suggested that about 90% of the plants
had integrated the construct.

Southern blot hybridization was performed using a GUS-
speciWc fragment as a probe to examine the copy number of
the transgene in the transformants (PCR primers, GUSF,
and GUSR are listed in Table 1). The results showed that
»30% of the transformants examined had a single copy of
the transgene which was similar to the ratios in previous
reports (Garg et al. 2002; Wu et al. 2003; Xiao et al. 2007).
The hybridization pattern of each transgenic plant was
unique, suggesting that these plants were derived from
independent transformation events.

For each construct, 30 positive transformants were ana-
lyzed by RNA gel blot analysis in order to check the trans-
gene expression level. Gene-speciWc probes for each AAT
gene were used (Fig. 1). The number transformants over-
expressing OsAAT1, OsAAT2, OsAAT3, and EcAAT were 7,
8, 25, and 6, respectively.

Expression pattern of AAT genes

The expression pattern of OsAAT1, OsAAT2, and OsAAT3
genes were analyzed by RT-PCR analysis in various WT
rice tissues at diVerent developmental stages. The results
showed that all three genes were expressed in all tissues at
the diVerent developmental stages examined. The expres-
sion of OsAAT1 and OsAAT2 was higher than that of OsA-
AT3 in all tissues examined (Fig. 2).

qRT-PCR was also performed to check whether the
enhanced expression of exogenous EcAAT had any eVect
on expression of the three endogenous OsAATs. The
results showed that the expression levels of OsAAT1 and
OsAAT2 were increased in EcAAT-OX (transgenic rice
123



Theor Appl Genet
over-expressing EcAAT), but the expression level of OsA-
AT3 was decreased in EcAAT-OX (Fig. 3). We also
checked whether over-expression of any of the OsAAT
genes aVected expression of the endogenous OsAAT genes.
qRT-PCR results showed that, except for the increased
expression level of the endogenous OsAAT1 in OsAAT2-
OX transformants, over-expression of the OsAAT genes did
not have any eVect on expression of the endogenous OsAAT
genes (Fig. 3).

Accumulation of amino acids and protein in seeds 
of AAT transgenic rice

The total amino acid content was examined in the T1 fami-
lies over-expressing the diVerent AAT genes. In the seeds of

the OsAAT1-OX, OsAAT2-OX, and EcAAT-OX T1 fami-
lies, the total amino acid content was 166.80, 153.80, and
171.56 mg g¡1, respectively. These values are signiWcantly
higher (P < 0.01) than that in WT plants (124.48 mg g¡1)
(Fig. 4a). However, no signiWcant diVerence in total amino
acid content between OsAAT3-OX (129.36 mg g¡1) and
WT plants was found.

To conWrm this result for the T1 generation, T2 lines
with (positive) and without (negative) the constructs were
identiWed by PCR using the GUSF/GUSR primers and
were measured for individual amino acid content. In the
positive T2 seeds of OsAAT1-OX and OsAAT2-OX, the
content of each of the 17 amino acids, except for Glu in
OsAAT1-OX and Cys in OsAAT2-OX, was signiWcantly
increased (ranging from 10.3 to 39.1%) compared with
negative plants. The total amino acid content in T2 seeds
positive for OsAAT1-OX, OsAAT2-OX, and EcAAT-OX
was 119.36, 115.36, and 113.72 mg g¡1, respectively.
These values are signiWcantly higher than that in the corre-
sponding negative transgenic T2 seeds (102.84, 103.00,
and 107.92 mg g¡1, respectively). The total amino acid
content increased 16.1% in OsAAT1-OX (P < 0.01), 12.0%
in OsAAT2-OX (P < 0.01), and 5.4% in EcAAT-OX
(P < 0.05) (Table 2; Fig. 4b). No signiWcant diVerence was
found for amino acid content between OsAAT3-OX and
the corresponding negative plants.

The seed protein contents in T2 seeds positive for OsA-
AT1-OX, OsAAT2-OX, and EcAAT-OX were 71.06, 74.56,
and 71.00 mg g¡1, respectively. These values are signiW-
cantly higher than that of the corresponding transgenic neg-
ative T2 seeds (58.18, 61.57, and 63.88 mg g¡1,
respectively). The seed protein content increased 22.2% in
OsAAT1-OX (P < 0.01), 21.1% in OsAAT2-OX (P < 0.01),
and 11.1% in EcAAT-OX (P < 0.05) (Table 2). No signiW-
cant diVerence was found in seed protein content between
OsAAT3-OX positive and negative plants.

Increase of AAT activities in leaves of AAT transgenic rice

T1 families of the four AAT over-expressing plants and WT
plants were harvested 6 weeks after germination for mea-
surement of total AAT activities in leaves. The enzymatic
activities in OsAAT1-OX (26.6 A min¡1 mg¡1 FW; A: units
of activity, deWned as increase of absorbency per min per mg;
FW: fresh weight), OsAAT2-OX (23.6 A min¡1 mg¡1 FW)
and EcAAT-OX (19.6 A min¡1 mg¡1 FW) transgenic homo-
zygotes were signiWcantly higher (P < 0.05) than that in WT
(17.7 A min¡1 mg¡1 FW). In keeping with the results of the
amino acid content analysis, the total leaf AAT activity
(19.1 A min¡1 mg¡1 FW) for OsAAT3-OX showed no sig-
niWcant diVerence compared with WT (Fig. 5). Both the bio-
mass and the seed production of AAT over-expressors and
WT were not signiWcantly diVerent (data not shown).

Fig. 1 Northern blot analysis of OsAAT1, OsAAT2, OsAAT3 and EcA-
AT mRNA transcriptional levels in diVerent independent primary
transgenic plants and wild-type plants (WT). The Wrst lane in each gel
is WT

Fig. 2 qRT-PCR analysis of the three OsAAT genes in 12 tissues. Tis-
sues: 1, callus at 14 days after subculture; 2–6, spike at 0.5, 1, 2, 3 and
5 cm; 7, sheath when young panicle was at secondary branch primor-
dial diVerentiation stage; 8, stem at 5 days before heading; 9, leaves at
two-tiller stage; 10, leaves at 4–5-cm panicle stage; 11, roots at seed-
ling stage with two tillers; 12, roots at 4–5-cm young panicle stage
123
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To evaluate the eVects of over-expression of AAT genes
on nitrogen assimilation, we also analyzed the concentra-
tion of soluble proteins, free NO3

¡, and free NH4
+ in the

leaves of AAT over-expressing T2 plants grown in the Weld.
Leaf NO3

¡ concentration in OsAAT1-OX, OsAAT2-OX,
and EcAAT-OX plants showed an increase of 35.2, 31.3,
and 11.0%, respectively, compared with WT (Fig. 6a).
However, no change was found for the leaf NO3

¡ concen-
tration in the OsAAT3-OX plants. In addition, no signiWcant
diVerence was found for free NH4

+ concentrations (Fig. 6b)
and soluble protein (Fig. 6c) in leaves between any of the
four transgenic plants and WT.

Discussion

Aspartate aminotransferase, a key enzyme involved in
nitrogen and carbon metabolism, catalyzes the reversible
transamination reaction between aspartate and �-ketoglu-
tarate to form oxaloacetate and glutamate. In plants, AAT
usually exists as multiple isoenzymes and plays an impor-

tant role in numerous metabolic processes. Three isoen-
zymes of AAT in rice are localized in the chloroplast
(OsAAT1), cytosol (OsAAT2) and mitochondrion (OsA-
AT3), respectively. Whether these diVerent isoenzymes
serve diVerent metabolic roles in plant growth or have func-
tional redundancy is unknown. One approach to examining
the role of these isozymes is the creation and evaluation of
transgenic lines in which each individual gene is over-
expressed or knocked out.

In mammals, it has been suggested that transcription of
the cytosolic and mitochondrial isozymes of AAT is coor-
dinately regulated (Setoyama et al. 1990). In transformed
tobacco plants, over-expression of cAspAT (located in cyto-
sol) may induce transcription of endogenous mAspAT
(located in mitochondrion) (Sentoku et al. 2000). At the
same time, some reports have shown that the antisense
expression of AAT-P2 (plastidial AspAT of Lotus cornicul-
atus) in transgenic L. corniculatus did not change the
expression of another AspAT (Mett et al. 1996). In this
study, we found enhanced expression of the bacterial
EcAAT gene can induce expression of endogenous OsAAT1

Fig. 3 qRT-PCR analysis of AAT expression levels in pairs of independent transformants a OsAAT1, b OsAAT2, c OsAAT3, and d EcAAT
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and OsAAT2, but suppresses expression of OsAAT3, whose
protein is localized to the mitochondria. Interestingly, over-
expression of any one of the three OsAAT genes had no
eVect on expression of the endogenous copies of the other
two OsAAT genes except for the expression of OsAAT1,
which was up-regulated in OsAAT2-OX. DiVerences in
expression patterns of the OsAAT genes and in the subcellu-
lar localization of the AAT isoenzymes suggest distinct
functional roles in plant metabolism.

Murooka et al. (2002) reported that the contents of sev-
eral free amino acids in seeds of Arabidopsis were
increased by the introduction of the AAT5 gene from soy-
bean. Miesak and Coruzzi (2002) observed reduced root
length and dramatic decreases in aspartate and asparagine
content in leaves of an Arabidopsis AAT mutant. In another
case, a signiWcant increase in the accumulation of some
amino acids was observed in ferredoxin-dependent glutamate

synthase (Fd-GOGAT, a key enzyme in nitrogen metabo-
lism) antisense plants (Ferrario et al. 2000). These results
suggest that altering the expression of genes encoding
enzymes involved in nitrogen metabolism will result in
modiWcation of the nitrogen metabolism cycle which can
alter the accumulation of amino acids.

Rice is one of the most important crops in the world. It
provides a staple food for more than half of the world popu-
lation. Thus, improving the nutritional quality of the rice
grain should be a useful strategy for improving nutritional
status, especially for the poor. In this study, the total amino
acid content of the rice grain was increased by 16.1% in
OsAAT1-OX (P < 0.01) and by 12.0% in OsAAT2-OX
(P < 0.01) transgenics. The contents of all 17 amino acids,
except for Glu in OsAAT1-OX and Cys in OsAAT2-OX,
were signiWcantly increased (from 10.3 to 39.1%) com-
pared with that of negative controls, indicating that over-
expression of these genes could provide an eVective means
for increasing the nutritional quality of the rice grain. How-
ever, our results diVer from those observed in Arabidopsis
where transgenics exhibited 10–50-fold increases in free
asparagine and glutamine and 2–4-fold increases in free
alanine and glycine while free aspartate, glutamate, tyro-
sine, valine, isoleucine and phenylalanine levels were
reduced from 20 to 90% compared to control plants
(Murooka et al. 2002). In addition, Murooka et al. (2002)
did not report any changes in the total amino acid content of
transgenic seeds.

Analysis of free NO3
¡ and NH4

+ concentrations in AAT
over-expressed plant leaves showed an increase of free
NO3

¡ level but not NH4
+. An increased level of leaf free

NO3
¡ was also observed in the transgenic rice over-

expressing a glutamine synthetase (GS) gene encoding a
key enzyme in nitrogen metabolism (Cai et al. 2008). The
increased AAT or GS activity may have a feedback eVect
on accelerating the NO3

¡ absorption in plants and bears
further investigation.

Our results show that over-expressing OsAAT1 (encod-
ing chloroplastic AAT) and OsAAT2 (encoding cytoplas-
mic AAT) increases AAT activity in leaves and amino acid
content in seeds, but no signiWcant changes were found
when OsAAT3 (encoding mitochondrial AAT) was over-
expressed. Our failure to see these eVects in OsAAT3 over-
expressors is unlikely to be due to positional eVects of the
transgene because we see the same failure in seven other
independent transformants with elevated levels of OsAAT3
transcripts (data not shown). The much higher expression
level of the endogenous OsAAT1 and OsAAT2 compared
with OsAAT3 in WT plants may suggest the important
function of these two members in transfer of the amino
group in rice plant (Fig. 3). As reported in wheat, changes
in chloroplast and cytosol AAT enzymatic activity have a
signiWcant impact on AAT activity, whereas changes in

Fig. 4 Increased amino acid content of seeds in OsAAT1, OsAAT2,
and EcAAT over-expressed plants. a Seed amino acid content in T1
family members OsAAT1-OX, OsAAT2-OX, OsAAT3-OX, and EcA-
AT-OX plants and wild-type plants. b Seed amino acid content in pos-
itive and negative T2 family members OsAAT1-OX, OsAAT2-OX,
OsAAT3-OX, and EcAAT-OX plants. Values are mean § SD from
three independent transgenic lines
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mitochondrial AAT activity do not have any dramatic
impact (Marcin and Andrzej 2004). This diVerence could
partially be explained by diVerences in the structure and
activity of these isoenzymes (Karcicio and Izbirak 2003).
The expression level of OsAAT3 in OsAAT3-OX was much
lower than that of OsAAT1 and OsAAT2 in OsAAT1-OX
and OsAAT2-OX, respectively. This might be due to diVer-
ence in the cloning of the three genes. The OsAAT3 used
for transformation was derived from cDNA sequence in
which all introns were removed while both OsAAT1 and
OsAAT2 used for transformation were derived from geno-
mic sequences. The absence of introns might have some
negative eVect on the transcription of the OsAAT3 trans-
gene.

To determine the individual AAT isozyme functions in
vivo, we also constructed three vectors to inhibit expression
of OsAAT genes one at a time. Unfortunately, after con-
struction of the vectors, the transformed plants were not
available because nearly all callus cells had died at the
diVerentiation stage. At the same time, we searched the rice
mutant database but found no mutant lines for these three
genes. The mutant lines are probably unavailable because
AAT plays a very important role in plant growth and devel-
opment. If each isoenzyme has a speciWc metabolic role,
absence of any one of the three might be lethal for rice.

The metabolic engineering method, which involves
modiWcation of key enzymes involved in metabolism, pro-
vides a strategy for improving amino acid production in
plants. Better results may be obtained with cooperative reg-
ulation of some key enzymes in the nitrogen metabolism
pathway within the same transgenic plant. We are currently
crossing these individual OsAAT over-expressors to
develop transgenic plants that over-express all three genes
with a view to looking for additive or synergistic eVects on
seed amino acid content and nitrogen metabolism. We are
also crossing recently generated transgenic plants that
over-express glutamine synthetase, glutamate synthase, or

glutamate dehydrogenase to assess the impact of these
transformants on nitrogen use eYciency.
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