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Storage protein synthesis is dependent on available nitrogen in the seed, which may be controlled by amino acid import via
specific transporters. To analyze their rate-limiting role for seed protein synthesis, a Vicia faba amino acid permease, VIAAP1,
has been ectopically expressed in pea (Pisum sativum) and Vicia narbonensis seeds under the control of the legumin B4 promoter.
In mature seeds, starch is unchanged but total nitrogen is 10% to 25% higher, which affects mainly globulin, vicilin, and
legumin, rather than albumin synthesis. Transgenic seeds in vitro take up more ['*C]-glutamine, indicating increased sink
strength for amino acids. In addition, more [“C]is partitioned into proteins. Levels of total free amino acids in growing seeds
are unchanged but with a shift toward higher relative abundance of asparagine, aspartate, glutamine, and glutamate. Hexoses
are decreased, whereas metabolites of glycolysis and the tricarboxylic acid cycle are unchanged or slightly lower.
Phosphoenolpyruvate carboxylase activity and the phosphoenolpyruvate carboxylase-to-pyruvate kinase ratios are higher in
seeds of one and three lines, indicating increased anaplerotic fluxes. Increases of individual seed size by 20% to 30% and of
vegetative biomass indicate growth responses probably due to improved nitrogen status. However, seed yield per plant was
not altered. Root application of [*’N] ammonia results in significantly higher label in transgenic seeds, as well as in stems and
pods, and indicates stimulation of nitrogen root uptake. In summary, VEFAAP1 expression increases seed sink strength for
nitrogen, improves plant nitrogen status, and leads to higher seed protein. We conclude that seed protein synthesis is nitrogen

limited and that seed uptake activity for nitrogen is rate limiting for storage protein synthesis.

Legume seeds are a major source of plant-derived
proteins and economically important for worldwide
feed and food. Vicia and pea (Pisum sativum) seeds
contain globulin storage proteins, hexameric legu-
mins, and trimeric vicilins/convicilins, which together
account for the majority of seed protein. The remain-
der consists of albumins, including lectins, lipoxy-
genases, proteinase inhibitors, late embryogenesis
abundant proteins, and many other soluble proteins
(Casey et al.,, 1993). Storage protein accumulation in
legumes occurs in the embryo during maturation. Gln
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and/or Asn are translocated through the phloem
(Miflin and Lea, 1977) and are symplastically unloaded
into the seed coat where they are metabolized and re-
constructed (Rochat and Boutin, 1991; Lanfermeijer
et al,, 1992). Mainly Gln, Ala, and Thr are released
from the pea seed coat (Lanfermeijer et al., 1992) and,
at maturation, Asn is also unloaded (Rochat and
Boutin, 1991). Efflux of amino acids (and Suc) from
pea seed coats is passive with linear kinetics, probably
mediated by nonselective pores (DeJong et al., 1996,
1997). Amino acid uptake into soybean (Glycine max)
and pea embryos is partially passive, especially during
the early stages (Bennett and Spanswick, 1983; DeJong
et al., 1997). A saturable system, attributed to H*-
amino acid cotransport, becomes important later on.
The saturable system is induced by nitrogen star-
vation, indicating control by assimilate availability
(Bennett and Spanswick, 1983; Lanfermeijer et al.,
1990).

Storage parenchyma cells of the cotyledons import
Asn and GIn (Miflin and Lea, 1977). The synthesis of
other amino acids requires carbon skeletons, which are
formed in the cytosol via the anaplerotic pathway of
phosphoenolpyruvate (PEP) carboxylase (Turpin and
Weger, 1990). PEP carboxylase has been investigated in
seeds of pea, soybean, wheat (Triticum aestivum), and
Vicia (Hedley et al., 1975; Flinn, 1985; Smith et al., 1989;
Gonzalez et al., 1998, Golombek et al., 1999). The
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Figure 1. A, Vector construct (LeB4 promoter/VfAAP1/pGA482) for transformation of V. narbonensis. B, Vector constructs for
pea transformation. Cotransformation has been applied with the selection marker (pCAMBIA3300) and the VfAAP1 (LeB4

promoter/VfAAP1/pZP200) on different plasmids.

enzyme refixes HCO;" liberated by respiration and,
together with PEP, yields oxalacetate that can either be
converted into Asp or into malate and other inter-
mediates of the citric acid cycle. PEP carboxylase can
control the anaplerotic carbon flow and potentially
improves seed carbon economy (Rolletschek et al.,
2004).

Storage protein synthesis is regulated at different
levels. The most important are availability and par-
titioning of assimilates and nitrogen compounds and
the genetic properties of cultivars. Increased storage
protein content in maize (Zea mays) kernels is associ-
ated with a higher capacity to deliver Asn by nitrate
reductase and Asn synthase (Lohaus et al.,, 1998).
Within the seeds, nutrients like sugars and nitrogen
confer regulatory control on storage activities (Weber
et al., 1997, 1998a, 2005; Borisjuk et al., 2004). Storage
protein accumulation in pea depends strongly on
nitrogen availability in the seed (Lhuillier-Soundélé
et al., 1999; Golombek et al., 2001; Miranda et al., 2001;
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Salon et al., 2001). Also, in maize and barley (Hordeum
vulgare), endosperm-specific synthesis of storage pro-
teins is under nutritional control and dependent on
nitrogen availability (Balconi et al., 1991; Miiller and
Knudsen, 1993). Therefore, nitrogen uptake and par-
titioning activities could be important in regulating
storage protein synthesis, and maturing legume em-
bryos develop high-sink strength for nitrogenous
assimilates. Because its uptake from the soil, as well
as nitrogen fixation, decreases during seed filling, the
high demand can potentially induce nitrogen remobi-
lization and premature senescence (Salon et al., 2001).
At maturation, 60% to 85% of plant nitrogen has been
relocated in the seeds (Peoples and Gifford, 1990). The
ability of the embryo to attract and import amino acids
can be due to high storage protein synthesis, i.e. high
demand, or to active uptake via membrane-localized
transporters. An 11S and 7S globulin null mutant of
soybean strongly accumulates amino acids in the
seeds (Takahashi et al., 2003), suggesting efficient
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uptake of amino acids independent of globulin bio-
synthesis.

Plant amino acid transporters of the amino acid
permease (AAP) subfarmly are integral membrane
proteins and catalyze H"-coupled amino acid uptake.
AAPs are encoded by multigene families with eight
members known from Arabidopsis (Arabidopsis thali-
ana), all with low selectivity with respect to amino
acid side chains when expressed in yeast (Saccharo-
myces cerevisiae). Differential expression in various cell
types indicates that AAPs are required for specific
functions with putative roles in phloem uptake and
interorgan transport (Okumoto et al., 2002). AtAAP1
is expressed seed-specifically and may control storage
protein synthesis (Hirner et al, 1998). Two AAP
isoforms have been described in pea. PsAAP1 is
strongly expressed in vegetative organs and embry-
onic transfer cells, whereas PsAAP?2 transcripts could
not be detected (Tegeder et al., 2000). Seven AAP
isoforms are known from Vicia faba. VEAAP1, orthol-
ogous to PsAAP2, is expressed in embryonic storage
parenchyma cells at early maturation but not in
transfer cells. Transcripts of VIAAP4, the ortholog to
PsAAP1, could not be detected. VIAAP3 is expressed
in different sink organs, but only to low levels in
seeds (Miranda et al., 2001). Four other isoforms
(VIAAP2, VfAAPa, VfAAPb, and VfAAPc) differ
substantially by expression pattern (Montamat et al.,
1999).

Much work has been concentrated on the molecular
characterization of AAPs (Montamat et al.,, 1999;
Tegeder et al., 2000; Miranda et al., 2001, Okumoto
et al., 2002). However, there is a lack of knowledge as
to how far amino acid transport activity in the seed can
be rate limiting for storage protein accumulation and
what the physiological and biochemical consequences
of increased seed sink strength are for nitrogen.
To answer these questions, the well-characterized
VfAAP1 (Miranda et al., 2001) has been ectopically
expressed in maturing embryos of Vicia narbonensis
and pea followed by a characterization of transgenic
seeds.

RESULTS
V. narbonensis Seeds Expressing VIAAP1

A full-length cDNA of the V. faba AAP (VfAAPI;
Miranda et al., 2001) was fused to the legumin B4
promoter (LeB4), which confers seed-specific expres-
sion (Baumlein et al., 1992). The cDNA construct was
cloned into pGA 482 (An et al., 1987; Fig. 1A) and in-
troduced into V. narbonensis using an Agrobacterium-
mediated protocol (Pickardt et al., 1991). A total of
15 F, lines were regenerated. To obtain stable lines, the
plants were allowed to self-pollinate and PCR-positive
plants were further propagated. Seeds from 3 indepen-
dent transgenic lines (AAP-10, AAP-12, and AAP-21)
of the F, to F, generation were chosen for further
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analysis. The expression of VIAAP1 was checked by
northern analysis using embryos of lines AAP-10,
AAP-12, and AAP-21 at 24, 32, and 39 d after polli-
nation (DAP; Fig. 2A). VIAAP1 mRNA levels in-
creased strongly from 24 to 39 DAP reflecting the
activity profile of the LeB4 promoter. The line AAP-12
showed the strongest expression. In the wild-type
control, only a faint band was visible with no differ-
ences during development. This signal probably cor-
responds to the V. narbonensis endogenous amino acid
transporter.

To analyze whether the transgenic seeds have an
altered composition, we analyzed dry mature embryos
for the concentrations of total carbon and nitrogen,
globulins, albumins, and starch. Compared to wild-
type seeds, the VfAAPI-expressing lines contained
10% to 25% more total nitrogen on a per gram basis
(Fig. 2B). Total carbon was not different (Fig. 2C).
Storage protein composition was also analyzed after
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Figure 2. Characterlzatlon of transgenic V. narbonensis embryos
expressing VIAAP1. A, Northern gel-blot analysis of seeds from lines
AAP-10, AAP-12, AAP-21, and the untransformed wild type at 24, 32,
and 39 DAP. B, Percentage of total nitrogen in mature dry embryos. C,
Percentage of total carbon in mature dry embryos. D, Extractable
globulins in dry embryos. E, Extractable albumins in mature dry
embryos. F, Starch in mature dry embryos. G, Dry weight per mature
seed; n = 50. The data are presented as means * sb of four to six
individual seeds per line. Asterisk, Significant differences according to
Student’s t test, P < 0.05.
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Table 1. Levels of free sugars in mature dry embryos of V. narbonensis expressing VIAAP1 and the

wild type
25 DAP; means = sp; n = 4 to 6.

Sugars® AAP-10 AAP-12 AAP-21 Wild Type
Suc 116 = 10 146 = 20 154 + 28 155 = 42
Glc 0.048 = 0.025 0.082 = 0.08 0.036 = 0.017 0.071 = 0.07
Fru 0.083 = 0.07 0.07 = 0.04 0.017 = 0.016 0.121 = 0.07
Rha 15+ 3 205 21 =5 26 £ 6
Gal 71 8+2 9+ 1 9+ 2
Raffinose 23 £ 2 312 31 =2 27 6
Stachyose 63 * 4 83 7 83 = 4 69 = 13
Verbascose 36 =3 40 = 4 43 =10 35+9

“Millimoles per gram fresh weight.

extraction of dry embryo powder with aqueous buf-
fers. Total globulins, containing the major 7S and 115
storage proteins, were significantly increased by ap-
proximately 30% in the transgenic lines as compared
to the wild type (Fig. 2D). The albumins, which in-
clude the sum of water-soluble storage and nonstorage
proteins, increased by about 15% in seeds of AAP-10
but were not different in seeds of AAP-12 and AAP-21
(Fig. 2E). Starch content was not significantly altered,
although mean values were slightly lower (Fig. 2F).
Soluble sugars in dry seeds also were not altered
(Table I). Remarkably, the seeds from all lines had
increased individual dry weights by 20% to 30% (Fig.
2G). Yield-related parameters were determined using
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Figure 3. Yield-related parameters. A set of 10 mature plants each of
AAP-12 and wild type has been analyzed. A, Individual mature seed
weight. B, Seeds per pod. C, Seed number per plant. D, Seed yield per
plant. E, Total biomass above ground. F, Vegetative biomass. The data
are presented as means = sp of 10 plants each of AAP-12 and wild type.
Asterisk, Significant differences according to Student’s t test, P < 0.05.
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a set of 10 mature plants of line AAP-12. As men-
tioned, individual seed weight was increased by
approximately 20% (Fig. 3A). Values of seeds per plant
and seeds per pod showed a trend toward lower
levels, although not significantly (P > 0.05; Fig. 3, B
and C). Also, seed yield per plant was not significantly
changed (Fig. 3D; there is some trend toward higher
levels). Interestingly the AAP-12 plants had a higher
total and vegetative biomass (Fig. 3, E and F). Given
the fact that the seed biomass was not altered, the
harvest index was lower for AAP-12, 0.35 compared to
0.42 for the control (harvest index = ratio of grain yield
to above-ground biomass).

In summary, the ectopic expression of VfAAP1 in V.
narbonensis characteristically changed seed composi-
tion and concentration, leading to increased seed
nitrogen and seed protein content on a per gram basis
as well as of individual seed dry weight. Taken
together, these 2 effects indicate that, on the individual
seed basis, the crude protein content is increased by as
much as 40% to 50%.

Globulin Synthesis Is Stimulated in AAP1-Expressing
V. narbonensis Seeds

To analyze the effect of VIAAP1 expression on
globulin synthesis, we performed northern analysis
on growing seeds (30 DAP) of lines AAP-10 and AAP-
12. In wild-type seeds (Fig. 4A, top, lanes 1 and 2), only
a faint band is visible, whereas in AAP-10 and AAP-12
seeds (Fig. 4A, top, lanes 3-5 and lanes 6-8, respec-
tively), VIAAP1 is highly expressed. The same blot
was rehybridized with a legumin B probe (Wobus
et al., 1986), which revealed increased transcript levels
in the transgenic seeds (Fig. 4A, middle). Legumins
and vicilins of mature seeds of all three AAP lines
were analyzed by a radial immunodiffusion tech-
nique. Compared to wild-type seeds, the legumin
and vicilin concentration is significantly higher for
all 3 lines (P < 0.03; Fig. 4B), whereas the vicilin-to-
legumin ratio is not significantly altered. Taken to-
gether, the results indicate that VfAAP1 expression
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Figure 4. Effect of VIAAP1 expression on vicilin/legumin synthesis. A,
Northern analysis; VIAAP1 expression in growing seeds (30 DAP) in
lines AAP-10, AAP-12, and wild type (top), legumin B expression
(middle), RNA ethidium bromide stain (bottom). B, Concentration of
vicilin (gray columns) and legumin (white columns) determined by
radial immunodiffusion assay. The data are presented as means * sp of

five experiments. Significant differences according to Student’s t test,
P < 0.05.

stimulates the synthesis of globulins, especially vici-
lins and legumins.

Pea Seeds Expressing VIAAP1

The LeB4-VfAAP1 fusion gene was cloned into the
binary vector PZP 200 and introduced into pea. A
cotransformation method was applied, with the se-
lection marker gene (bar gene) on a second vector
(pCAMBIA 3300; Fig. 1B). Integration of the trans-
genes was checked by PCR in the F; generation of
a total of 21 independent transformants. The efficiency
of VEIAAP1 cotransformation was 38%. The F; plants
were allowed to self-pollinate and 10 to 20 of the F,;
seedlings of each cotransformed line were again tested
by PCR. Using segregation analysis for both genes
(VEAAP1 and bar), the noncoupled single insert lines
were determined. From all progeny of a single insert
line, with the out-segregated bar gene, the homozy-
gous state of VIAAP1 was tested in the next genera-
tion. Thus, application of cotransformation of both the
bar gene and VfAAP1 allowed the selection of trans-
genic plants without the resistance (bar) gene. The
homozygous line 14/10 having a single insert was
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chosen for further analysis. As a control, we used line
14/3 derived from the same heterozygous parents but
with out-segregated VfIAAP1.

For both lines 14/10 (containing the VIAAP1 trans-
gene) and 14/3 (with out-segregated transgenes),
VfAAP1 expression was analyzed by northern analy-
sis using embryos at approximately 28 DAP. VIAAP1
mRNA levels were detectable at high levels in em-
bryos of line 14/10 (Fig. 5A, lanes 1-3) and not in line
14/3 (Fig. 5A, lanes 4 and 5). To analyze whether
transgenic seeds have an altered composition, we
analyzed dry mature embryos for the concentration
of total carbon and nitrogen, globulins, albumins, and
starch. Seeds of line 14/10 have 20% more total
nitrogen (Fig. 5B). Total carbon was increased signif-
icantly by approximately 4% (Fig. 5C). Total globulins
were significantly increased by 43% in the 14/10 seeds
as compared to 14/3 (Fig. 5D). Albumins and starch
were not different (Fig. 5, E and F). Seed weight of
14/10 was slightly, but significantly, higher by approx-
imately 5% (Fig. 5G). Seeds of a second transgenic pea
line (line 18) containing two copies of VfAAP1 also
have significantly increased nitrogen and globulin
content (data not shown).

The results show that expression of VFAAP1 in pea
embryos also increased both seed nitrogen concentra-
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Figure 5. Characterization of transgenic pea embryos expressing
VfAAP1. A, Northern gel-blot analysis of seeds from transgenic line
14/10 (lanes 1-3) and the control 14/3 (lanes 4 and 5) at 28 DAP. B,
Percentage of total nitrogen in dry embryos. C, Percentage of total
carbon in dry embryos. D, Extractable globulins in dry embryos. E,
Extractable albumins in dry embryos. F, Starch in dry embryos. G, Dry
weight per seed; n = 50. The data are presented as means = sp of four
to six individual seeds per line. Asterisk, Significant differences
according to Student’s t test, P < 0.05.
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Figure 6. Uptake and partitioning of ['*C]GlIn by isolated embryos of V.
narbonensis expressing VAAP1. Isolated embryos of the V. narbonen-
sis lines AAP-12 and wild type at 28 DAP were pulse labeled for 6 h
with ['*C]GIn and processed subsequently. A, Content of ['“C] label
(dpm) per embryo. B, Partitioning of ['*C] label into the starch, protein,
and soluble fraction given as a percentage of uptake. The data are
presented as means * sp of four to six individual seeds per line.
Asterisk, Significant differences according to Student’s t test, P < 0.05.

tion, especially globulins, as well as individual seed
dry weight similar to the VfAAPI-expressing V. nar-
bonensis plants (Fig. 2).

AAP1-Expressing Seeds Take Up More Amino Acids

To analyze the uptake and incorporation of amino
acids, seeds of the V. narbonensis line AAP-12 (28 DAP)
and the wild type were pulse labeled for 6 h with
[**C]GIn. Transgenic embryos took up approximately
50% more ['*C] label on a per gram basis compared to
the wild type (Fig. 6A), indicating that the engineered
AAP-12 seeds have a higher rate of amino acid import.
To further assess the fate of the [14C] label, we analyzed
the partitioning into fractions of starch, protein, and
soluble compounds. [C] 1abel from GIn was incorpo-
rated into starch only in very low amounts, with no
significant difference between AAP-12 and wild-type
embryos. Remarkably, AAP-12 embryos partitioned
4-fold more label into the protein fraction. In wild-
type seeds, significantly higher levels of the label ap-
peared in the soluble fraction (Fig. 6B).

Our data suggest that the VIAAP1 is physiologically
active in maturing AAP-12 embryos and most proba-
bly increases amino acid uptake rates. In addition,
a higher rate of label from GIn is incorporated into the
protein fraction.

Mature V. narbonensis seeds expressing VfAAP1
are generally increased in seed weight (Figs. 2G and
5G), but otherwise have no seed phenotype (Fig. 7).
This indicates higher sink strength of the VfAAP1-
expressing seeds. We analyzed the accumulation of
assimilates in growing embryos and total nitrogen
and carbon accumulation throughout development.
During the final stages, both nitrogen and carbon con-
tent of VfAAP1l-expressing cotyledons was signifi-
cantly increased on a per embryo level. Differences
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appeared after approximately 23 DAP, with increasing
rates up to 40 DAP relative to wild-type seeds (data
not shown), indicating that VIAAP1 expression leads
to increased uptake rates of assimilate into seeds.

Amino Acid Pools in Growing Seeds

Single amino acids were measured in embryos of
AAP-10, AAP-12, AAP-21, and wild-type seeds at 23
to 25 DAP. There were no significant changes in the
overall pool of free amino acids in seeds of either of the
lines (Table II). Smaller, but not significant, increases
were observed for Ala and Glu. Comparing the
relative levels of the major free amino acids in seeds
of the line with the strongest phenotype, AAP-12, and
the wild type, from 21 to 25 DAP, again did not show
changes in overall levels. However, the relative
amounts are different from 25 up to 31 DAP. There
was a relative increase of GIn and Asn, whereas Arg
was relatively decreased compared to the wild type

(Fig. 8).

Enzymes and Profiles of Intermediary Metabolites

Because seeds import mainly amides, which have
a high nitrogen-to-carbon ratio, the biosynthesis of
other amino acids requires the provision of carbon
skeletons from glycolytic and tricarboxylic acid cycle
products. To analyze changes within the carbon me-
tabolite pattern within VfAAP1-expressing V. narbo-
nensis seeds, steady-state levels were measured for
Suc, Glc, and Fru for key intermediates of glycolysis
and the tricarboxylic acid cycle as well as for ATP and
ADP at 23 to 25 DAP (Table III). In general, there were
only minor changes within the levels of intermediary
metabolites between transgenic and wild-type seed,
less than 2-fold. The largest differences occurred in the

M

AAP12 AAP10

1cm

wildtype ®

Figure 7. Phenotype of mature dry seeds overexpressing VIAAP1 (AAP-
12, AAP-10) and the wild type.
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Table Il. Steady-state levels of free amino acids in growing embryos of V. narbonensis expressing
VIAAPT and the wild type

25 DAP; means = sp; n = 4 to 6.

Amino Acids® AAP-10 AAP-12 AAP-21 Wild Type
Asp 3.53 £ 0.42 3.1 £1.23 3.29 + 0.37 3.32 = 0.33
Glu 7.33 = 1.38 7.9 1.4 8.4 = 1.39 6.84 = 1.22
Ser 9 £ 211 10.14 = 0.86 11.5 £ 1.95 109 = 2.1
Asn 5.66 £ 2.18 8.06 £ 2.56 5.8 £0.93 5.66 = 1.72
Gly 0.89 + 0.27 0.67 * 0.32 0.7 £ 0.28 0.64 = 0.13
Gin 1.02 = 0.61 2.4 +1.09 1.53 = 0.8 1.88 = 1.2
His 0.15 *+ 0.03 0.21 * 0.05 0.2 * 0.06 0.18 = 0.05
Thr 2.37 £0.27 1.95 = 0.62 2.14 = 0.26 2+04
Ala 5.1 + 1.03 12 +25 9.41 = 5.5 7.85 + 4.3
Arg 25.05 = 9.6 29.06 = 3.8 28.1 = 2.07 29.7 £ 7.2
Tyr 0.43 + 0.26 0.35 £ 0.1 0.58 + 0.22 0.69 = 0.21
Val 1.67 = 0.18 1.54 = 0.17 1.74 = 0.27 1.64 = 0.31
Met 0.03 + 0.001 0.039 = 0.009 0.043 + 0.011 0.033 = 0.012
lle 0.48 = 0.1 0.59 £ 0.15 0.59 = 0.12 0.54 £ 0.22
Leu 0.54 = 0.1 0.61 * 0.15 0.64 = 0.14 0.53 = 0.19
Lys 0.11 + 0.068 0.042 = 0.022 0.193 + 0.05 0.07 = 0.03
Phe 0.17 = 0.05 0.25 = 0.03 0.23 = 0.1 0.21 = 0.12
Total amino acids 63.53 = 6.3 78.1 = 7.6 75.1 = 3.9 72.68 = 10.1

“Micromoles per gram fresh weight.

AAP-12 seeds, the line with the strongest phenotype.
The general trends were as follows. Levels of free
hexoses were lower, whereas the pool of hexose
phosphates and nucleotide sugars was not strongly
influenced. Pool sizes of the C2/C3 metabolites of the
lower glycolysis, PEP to acetyl-CoA, were unchanged,
but pyruvate was decreased in seeds of AAP-12
and AAP-21. Intermediates of the tricarboxylic acid
cycle were either unchanged (malate and succinate)
or decreased (citrate and iso-citrate in AAP-12 and
AAP-21 seeds). Shikimate and chorismate were not
affected. There was a trend toward higher ATP-to-
ADP ratios.

In addition, we measured enzymes related to carbon
metabolism (Suc synthase, ADP Glc pyrophosphory-
lase, PEP carboxylase, PEP phosphatase, Glc-6-P de-
hydrogenase, pyruvate kinase, and citrate synthase, as
well as Asp aminotransferase) in growing embryos of
all 3 transgenic lines and the wild type (Table IV).
Again, only minor differences could be detected. ADP-
Glc pyrophosphorylase activity was significantly
lower in all 3 lines, Suc synthase and Glc-6-P de-
hydrogenase were lower in AAP-21 seeds, and pyru-
vate kinase and citrate synthase were lower in AAP-10
and AAP-12 seeds. PEP carboxylase was higher in
AAP-21 seeds.

Dry Matter and Nitrogen Accumulation on the
Whole-Plant Level

Dry weight as well as total nitrogen distribution has
been measured at 33 DAP (first flower) in leaves,
stems, pods, and seeds of AAP-12 plants. Leaves and
stems of AAP-12 plants have higher dry matter
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content, whereas for pods and seeds there was no
difference (Fig. 9A). At 33 DAP, leaves and stems of
AAP-12 absolutely contained more nitrogen than
wild-type plants (Fig. 9B). Thus, at 33 DAP, the AAP-
12 plants have a higher vegetative biomass and
a higher absolute nitrogen content. This preferentially
concerns leaves and stems. However, the nitrogen
concentration is not different.

Uptake and Allocation of [°N] Applied to Roots

Six millimolars of [15N]—NH4 (in 200 mL water) were
applied to the roots of AAP-12 and wild-type plants at
29 DAP. Four days later, the plants were harvested and
the [°N] label was measured in the different organs.
Label uptake was 100% higher for the AAP-12 plants.
The stems, pods, and, most pronounced, seeds of
AAP-12 contained absolutely more label compared to
the wild type (Fig. 9C). In AAP-12 plants, 71% of the
label taken up was present in the seeds compared to
64% in the wild type. The concentration of label was
higher in seeds and pods of AAP-12, but was not
different in leaves and stems (Fig. 9D). The results
indicate that AAP-12 plants take up more nitrogen,
which at 33 DAP is partitioned into seeds and vege-
tative organs.

DISCUSSION

VfAAP1 Expression Increased Amino Acid Uptake
into Seeds

Seed storage protein synthesis is dependent on the
available nitrogen in the seed. Thus, protein accumu-
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lation could be controlled by the capacity of the seed
itself to import amino acids via specific transporters.
Previous results showed that in V. faba seeds, sink
strength for nitrogen is acquired during matura-
tion and is associated with amino acid transport
(Golombek et al., 2001). VfAAP1 functions as an
uptake system for amino acids at the level of the stor-
age parenchyma (Miranda et al., 2001). Thus, uptake
activity via AAPs into the parenchyma cells could
control storage protein accumulation and thus provide
a rate-limiting function. To test this assumption, ec-
topic expression of VfAAP1 in pea and V. narbonensis
has been performed. The used LeB4 promoter targeted
transgene expression to the storage parenchyma cells
of the embryo from the early-to-late maturation stage
when endogenous storage proteins are synthesized.
VfAAP1-expressing Vicia seeds in vitro take up more
["'C]GIn (Fig. 6A), indicating increased seed sink
strength for amino acids. The label derived from Gln
is mainly incorporated into proteins rather than starch.
At 28 DAP, the AAP-12 embryos incorporated approx-
imately 4-fold more label into protein, which indicates
that storage protein synthesis is stimulated. In both
mature transgenic pea and V. narbonensis seeds, total
nitrogen is increased by 10% to 25% at the per gram
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level. The levels of free amino acids in dry seeds are
low, <3% of total nitrogen content (data not shown).
Therefore, total nitrogen directly reflects protein
content (Rolletschek et al., 2002). We conclude that
VfAAP1 expression increased amino acid uptake into
growing seeds, resulting in higher storage protein
content.

Improving Seed Nitrogen Uptake Stimulates
Globulin Synthesis

In both transgenic pea and Vicia seeds, the protein
increase affects globulins rather than albumins (Figs.
2 and 5). The stimulation occurs probably on a tran-
scriptional level and comprises the 2 major classes
of globulins, 7S vicilins and 11S legumins (Fig. 4).
This is in contrast to AGP-antisense seeds, where in-
creased nitrogen is mainly due to higher albumin levels
(Rolletschek et al., 2002). The AGP-antisense seeds
have significantly lower starch and, because the relative
cell volume occupied by starch is decreased, the cyto-
plasmic compartment in which protein synthesis oc-
curs is larger. In cold-acclimatized Arabidopsis leaves,
a shift toward increased cytoplasmic volumes also leads
to increased protein content (Strand et al.,, 1999). In
VA AP1-expressing seeds, starch is not affected. Stim-
ulation of globulin biosynthesis may be caused by
increased expression of storage protein genes due to
nutritional effects. Accordingly, feeding Gln to V. faba
seeds in vitro increased both vicilin (Miranda et al.,
2001) and legumin B mRNA (Weber et al., 1998b), and
a promoter controlling a barley hordein gene was
shown to be activated by nitrogen assimilates (Miiller
and Knudsen, 1993). Although steady-state levels of
free amino acids are unchanged in VfAAP-expressing
seeds, this does not exclude an increase within specific
compartments. Alternatively, stimulation of globulin
synthesis could be due to increased levels of only one
or a few amino acids. The AAP1 seeds are character-
ized by a shift toward a higher relative abundance of
Asn and GIn (Fig. 8). Another possibility could be that
higher influx rates due to VIAAP1 expression triggers
globulin synthesis.

Our analysis revealed that the amino acid pool does
not increase dramatically in the AAP seeds. Based on
this, we can deduce that VFAAP1 overexpression does
not cause accumulation of amino acids; rather, im-
ported nitrogen is readily incorporated into proteins.
However, when storage protein synthesis is affected,
seeds indeed accumulate amino acids as has been
shown for a soybean mutant defective in 7S and 115
globulin synthesis (Takahashi et al., 2003). Seeds there-
fore possess an uptake mechanism to actively import
amino acids, which are subsequently incorporated
into storage proteins. In the AAP1 seeds, the higher
uptake of nitrogen is readily translated into higher
globulin concentration. This confirms earlier findings
that seed storage protein synthesis is a function of
available nitrogen (Barratt, 1982; Balconi et al., 1991;
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Table Ill. Steady-state levels of free sugars and metabolites in growing embryos of

V. narbonensis expressing VfAAP1 and the wild type

23 to 25 DAP; means * sp; bold values indicate significant differences according to Student’s ¢ test of
normalized (log-transformed) data; P < 0.05; n = 5to 7.

Sugars and Metabolites AAP-10 AAP-12 AAP-21 wild Type
Suc? 106.7 = 5.4 946 7.9 109.3 = 10.9 105.3 = 7.05
Glc* 3.66 = 1.57 4.57 = 1.13 2.92 + 0.58 7.58 = 1.06
Fru® 2.85 * 1.03 4.74 £ 0.83 3.85 = 1.45 5.47 = 1.31
ATP® 240 + 13 183 £ 12 206 = 25 194 £ 14
ADP” 88 + 8 57 = 11 65+ 9 74 * 8.4
ATP/ADP 2.73 3.21 3.17 2.62
Glc-6-P¢ 480 = 61 325 £ 14 371 £ 52 393 = 92
Glc-1-P¢ 121 £ 21 98 £ 9.4 9 *9 113 £ 14
Fru-6-P¢ 109 = 11 57 £ 6.9 69 = 11 75 * 8.2
Fru-1, 6-bisP* 103 = 35 107 £ 34 104 + 34 71 =18
3-PGA® 117 = 28 75 £10.3 77 £53 634 *+76
UDP-Glc* 54 =12 43 =10 85 = 38 64 = 16
ADP-Glc* 123 = 13 54 * 36 68 = 11 64 = 18
PEP© 148 £ 59 74 =19 155 £ 57 129 £ 52
Pyruvate® 804 + 321 500 £ 117 558 = 104 834 = 155
Acetyl-CoA® 123 = 32 114 £9.7 131 £12 150 £ 20
Malate® 180 * 26 198 = 58 188 * 49 211 £ 23
Citrate® 361 * 56 262 = 19 280 = 14 356 = 42
Iso-citrate® 219 = 56 174 = 8.5 161 = 3.3 270 = 60
Succinate® 358 * 67 440 = 57 407 = 71 399 *= 39
Shikimate® 737 =128 658 = 30 644 = 160 678 = 125
Chorismate® 244 * 69 169 = 31 175 * 41 160 = 21

“Micromoles per gram fresh weight.

PNanomoles per gram fresh weight.

“Relative units.

Lhuillier-Soundélé et al., 1999). It further suggests
that nitrogen import into the seed is a rate-limiting
step.

Seed Expression of VfAAP1 Does Not Significantly
Affect Metabolite Levels

Assuming that preferentially Asn/GIn are taken up
into the seed, which have a high nitrogen-to-carbon
ratio, there is a need for carbon skeletons in order to
synthesize other amino acids. This must be met by
increased provision of keto acids and by an increased
carbon flux via PEP carboxylase into tricarboxylic acid
cycle intermediates (Turpin and Weger, 1990). There-
fore, in the AAP seeds, anaplerotic fluxes must be
increased. Accordingly, PEP carboxylase activity was
found to be higher (however, only significant for AAP-
21 seeds; Table II) and, moreover, the PEP carboxylase-
to-pyruvate kinase ratios are higher for all 3 AAP lines,
indicating increased flux into the Glu/Asp family
(Rontein et al.,, 2002). Glu and Asp are relatively
increased in AAP-12 seeds (Fig. 6). Such changes can
be expected when anaplerotic fluxes are increased
(Rontein et al., 2002). Flux analysis with Brassica
embryos shows that 25% to 30% of total carbon flux
is directed into protein and that mitochondrial carbon
metabolism is oriented primarily to amino acid syn-
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thesis (Schwender et al.,, 2004). The pool sizes of
metabolites in the AAP seeds, at 23 to 25 DAP, are
not much different from the wild type (Table III). The
largest differences are observed for the strongest
line, AAP-12. These have been summarized in a path-
way scheme for better clarity (Fig. 10). Free hexoses
are lower, whereas the pool sizes of the C2/C3
metabolites of glycolysis and that of the tricarbox-
ylic acid cycle are either unchanged or show a trend
toward slightly lower levels, however, without
clear consistency between the 3 AAP lines (Table III;
Fig. 10).

The AAP seeds resemble somewhat the PPC seeds,
which express a Corynebacterium PEP carboxylase
and have increased anaplerotic fluxes (Rolletschek
et al., 2004). However, the PPC seeds are characterized
by a clear shift in the ratio of phosphorylated-to-
nonphosphorylated products and increased tricarbox-
ylic acid cycle products due to the expression of
the unregulated bacterial PEP carboxylase. Similar
changes in metabolite profiles are not observed in
the AAP seeds (Table III) and cannot be expected
because increased levels of organic acids would down-
regulate the endogenous PEP carboxylase by a feed-
back mechanism (Golombek et al., 1999). However, at
least from the higher protein synthesis in the AAP
seeds, we must expect an increased anaplerotic flux.
From the fact that PPC seeds have higher protein
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Table IV. Maximum catalytic activity of enzymes measured in growing embryos of

VIAAP1-expressing seeds and the wild type

28 DAP; means * sp; bold values indicate significant differences according to Student’s t test of
normalized (log-transformed) data; P < 0.05; n = 5to 7.

Enzymes AAP-10 APP-12 APP-21 Wild Type

ADP Glc pyrophosphorylase 0.32 £ 0.06 0.44 =0.04 0.33 =0.03 0.49 = 0.01
Suc synthase® 2.77 £ 0.03 26 *0.19 238 *+0.24 3.28=*0.75
PEP carboxylase 0.65 £0.02 0.67 =0.07 0.74 =0.04 0.64 +0.15
PEP phosphatase 0.4 = 0.01 0.4 = 0.1 0.4+ 0.1 0.4 = 0.01
Asp-Aminotransferase 16.2 = 0.4 17.3 0.8 17.4 = 0.5 17.1 =09
Glc-6-P dehydrogenase 0.29 £ 0.043 0.3 = 0.057 0.25 *0.024 0.31 = 0.018
Pyruvate kinase 1.25 £ 014 143 £0.24 1.78 £0.25 1.69 = 0.15
Citrate synthase 0.26 * 0.024 0.29 = 0.015 0.29 = 0.04 0.32 = 0.023

2Micromoles per gram fresh weight min~".

content, we concluded that provision of carbon accept-
ors is generally rate limiting for protein synthesis
(Rolletschek et al., 2004). This suggests that, in the
AAP seeds, which have an increased demand, the
availability of keto acids may also become limiting. At
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Figure 9. Dry matter distribution between organs and allocation of
["*N] tracer in plants of line AAP-12 and wild type. Labeling has been
done at 29 DAP (first flower). Plants were held in soil. [">N]-NH,CI (200
mL of 6 mm) was applied onto the pots to the root system at 29 DAP (first
flower). Four days after application, all plant organs were harvested,
dried at 60°C, and analyzed. A, Biomass (dry weight). B, Total nitrogen.
C, Total content of ['°N] label in different organs. D, Concentration of
['°N] label in different organs. Asterisk, Significant differences accord-
ing to Student’s t test, P < 0.05, n = 5.
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least some of the tricarboxylic acid cycle products are
lower as citrate and iso-citrate in AAP-12 and AAP-21
seeds.

Seed Expression of VfIAAP1 Leads to Growth Responses

Both the PPC seeds with higher anaplerotic fluxes as
well as the AAP seeds with increased amino acid
import are characterized by higher protein accumu-
lation. This suggests a coregulation with respect to
nitrogen and carbon import into the seed and a mutual
dependence of nitrogen uptake and carbon fluxes.
Interestingly, VfAAP1-expressing Vicia and pea seeds
are 20% to 30% larger. Thus, on the per seed level, not
only the protein, but also the total carbon content and
starch, are increased, indicating that higher seed sink
strength for nitrogen also causes higher influx of
carbon. How this is achieved is unclear at the moment
and will be analyzed in the future by [C]- and [°N]-
labeling studies.

It is known that the level of sink demand can feed
back through translocation and assimilation rates
(Peoples and Gifford, 1990). Whole-plant growth
depends on both source supply and sink demand
(Minchin et al., 2002). Enhancing sink strength can
increase utilization of photosynthesis products and
may enhance photosynthetic output and growth
(Paul and Foyer, 2001). Accordingly, AAP plants
have an increased vegetative and seed biomass, at
least under greenhouse conditions (Figs. 3 and 9). In
rice and wheat plants overexpressing a modified
ADP-Glc pyrophosphorylase, increased seed growth
is directly associated with an overall increase of
plant growth (Smidansky et al., 2002a, 2002b), but
with no change in the harvest index (Sinclair et al.,
2004). For AAP plants, however, it is difficult to
speculate on yield-related parameters unless field
trials have been performed. At least under green-
house conditions the harvest index is lower for the
AAP-12 line (Fig. 3).
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Figure 10. Schematic view of the pro-
posed pathway of carbohydrates and
amino acids in growing embryos. Suc
imported into seeds is cleaved by Suc
synthase or invertase. Hexose phosphates
are either metabolized in the glycolytic
pathway to pyruvate and/or imported as
Glc-6-P into the amyloplasts toward starch
synthesis. It is proposed that Asn and GIn
are taken up from the apoplast. PEP car-
boxylase catalyzes the conversion of PEP
and CO, to oxaloacetate. 2-Oxo-glutarate
and oxalacetate are used as the main
carbon acceptors for amino acid biosyn-
thesis. Changes in carbohydrate metabo-
lites, amino acids, and enzymes are
indicated by color code for embryos of
the line AAP-12. Values, which are de-
creased in transgenic embryos compared
to the wild type, appear in red. Metabo-
lites, which are increased, are shown in
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Seed protein accumulation is not only controlled by
seed sink strength but also by nitrogen acquisition,
assimilation, and partitioning within the plant. Maize
cultivars with higher seed protein content assimilate
more nitrogen in the leaves (Lohaus et al., 1998;
Lohaus and Moellers, 2000). Leaf-specific antisense
inhibition of StAAP1 in potato reduces amino acid
levels in tubers (Koch et al, 2003), showing that
phloem loading and long-distance transport deter-
mine nitrogen content in sink tissues.

Expressing VfAAP1 apparently brings about
a higher capacity for amino acid uptake into seeds.
However, how far this increased capacity can be
realized, e.g. translated into higher seed protein,
depends on other factors like nitrogen uptake from
the soil, nitrogen fixation and allocation, as well as
remobilization from vegetative tissues. Application of
[°N]-labeled ammonia to the roots of AAP-12 plants
at 29 DAP shows significantly higher label accumula-
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tion in AAP-12 seeds compared to the wild type.
Nitrogen stored in vegetative organs during early-
to-mid-development can become available to the seed
at late stages via remobilization. This indicates that
the higher demand of nitrogen in the transgenic
seeds could be covered by altered allocation and/or
by stimulation of nitrogen uptake via the roots,
probably via whole-plant signaling of nitrogen de-
mand (Gansel et al., 2001). Studies with Arabidopsis
(Lejay et al., 1999) have shown that the nitrogen status
of the whole plant can control uptake of mineral
nitrogen via long-distance signaling (Tillard et al.,
1998).

In conclusion, VfAAP1 overexpression in pea and
Vicia seeds increased amino acid uptake and led to
higher protein content and individual seed size. Thus,
seed protein synthesis is nitrogen limited and amino
acid transport activity into storage parenchyma cells of
the cotyledons is rate limiting.
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MATERIALS AND METHODS
Plant Material

Vicia narbonensis and pea (Pisum sativum) plants were grown in 2-L pots in
growth chambers under a light/dark regime of 16-h light (20°C) and 8-h dark
(18°C). Plants were fertilized once a week with nitrate and ammonium to keep
nonlimiting nitrogen conditions. For the isolation of embryos, pods were
tagged according to days after pollination, collected in the middle of the light
phase, and processed further. For metabolite measurements and enzyme
assays, seeds were harvested and embryos were immediately isolated and
snap frozen in liquid nitrogen.

Plant Transformation

The Vicia faba amino acid transporter VFAAP1 (Miranda et al., 2001) was
cloned under the control of the LeB4 promoter (Baumlein et al., 1992) into
pGA 482 (An et al., 1987) as seen in Figure 1A. Transformation of V. narbonensis
via Agrobacterium-mediated gene transfer was done according to Pickardt
et al. (1991).

Transformation of pea cv Eiffel was performed after Schroeder et al. (1993)
and modified as described in Giersberg et al. (2004). The LeB4 promoter-
VfAAP1 fusion was cloned into PZP200 (Hajdukiewicz et al., 1994) as seen in
Figure 1B. A cotransformation procedure was applied for pea with the
selection marker (bar gene) on a second vector, PCAMBIA3300, as shown in
Figure 1B.

RNA Isolation and Hybridization Techniques

Nucleic acids were isolated and northern hybridization was performed as
described in Heim et al. (1993). The VIAAP1 cDNA fragment was used as
a probe after labeling with *P-dCTP as described in Miranda et al. (2001).

Extraction and Determination of Starch, Protein,
Total Carbon, and Nitrogen

After ethanol extraction, the starch-containing insoluble material was
solubilized in 1 N KOH for 1 h at 95°C and neutralized with 5 N HCL. Starch
was hydrolyzed with amyloglucosidase and determined enzymatically. To
determine albumin and globulin fractions of extractable proteins, powdered
samples were extracted in acetate buffer (50 mm acetate, 1 mm KCl, 10% [v/V]
dimethyl sulfoxide, 0.5% [v/v] butanol; pH 4.5) and, subsequently, in
phosphate buffer (100 mm KH,PO,, 100 mm Na,HPO,, 500 mm KCI; pH 7).
Proteins were measured with bovine serum albumin as standard. Relative
content of total carbon and nitrogen in dried, powdered samples of cotyledons
was measured using an elemental analyzer (Vario EL; Elementaranalysensys-
teme, Hanau, Germany). Legumin/vicilin concentrations were determined by
a radial immunodiffusion technique (Mancini et al., 1965). Antibodies as well
as purified legumin and vicilin protein fractions used for standardization
were kindly provided by R. Manteuffel (Institut fir Pflanzengenetik und
Kulturpflanzenforschung, Gatersleben, Germany).

Extraction and Determination of Metabolic Intermediates

Frozen plant material was weighed, homogenized by mortar and pestle,
and extracted with trichloroacetic acid. Soluble sugars and free amino acids
were measured as described in Rolletschek et al. (2002). Adenine nucleotides
were determined after derivatization by HPLC, following the procedure of
Haink and Deussen (2003) and modified as follows: 20 uL extract were
incubated with 100 uL chloroacetaldehyde and 880 uL buffer (62 mwm citrate,
76 mm KH,PO,, pH 5.5) at 80°C for 40 min. Derivatized samples were
immediately cooled to 4°C until analysis. Chromatographic separation within
4 min and fluorescence detection was done as described by Haink and
Deussen (2003). Glycolysis and citrate cycle intermediates were measured by
ion chromatography-electrospray ionization-mass spectrometry, as described
previously (Rolletschek et al., 2004). Chromatographic conditions were
modified as follows. A binary gradient at a constant flow rate of 0.5 mL/
min was applied using 100 mm sodium hydroxide (eluent B) and distilled
water (eluent A). The gradient was produced by the linear concentration
changes; these were initiated with 20% B, raised to 34% B during the first
7 min, 70% B in the next 7 min, and 100% B in the final 1 min. After holding at
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100% B for 4 min, levels were returned to 20% B over a 2-min period and
equilibrated for 10 min.

[*C]- and [*N]-Labeling Experiments

Free amino acid uptake of developing seeds was monitored in vitro by
incubating intact seeds of 28 DAP in a solution containing 100 mm Suc, 5 mm
GIn, 5 mm Asn, and 10 mm MES buffer, pH 7.8. Ten seeds were incubated in
40 mL nutrient solution containing 40 uL [U-C]GIn (Amersham-Buchler,
Braunschweig, Germany). After 6 h of incubation, embryos were dissected
and homogenized in 2 mL ethanol and fractionated as described in Roll-
etschek et al. (2002). Label uptake was measured by liquid scintillation
counting (Rotiszint, Roth, Germany).

Two hundred milliliters of 6 mm ["N]-NH,Cl (Chemotrade, Leipzig,
Germany) were applied to the roots of AAP-12 plants at 29 DAP. Sampling
of all seeds was done 4 d later. Samples were dried for 2 d at 60°C and ground
to pass through a 0.5-mm sieve. For the determination of atomic percent of
5N, the remaining solution of NH,Cl following titration (Kjeldahl nitrogen
analysis) was evaporated. The remaining solution was adjusted to a nitrogen
concentration of approximately 500 ug/mL and the enrichment of ['°N] was
determined by emission spectrometry (Isonitromat 5200; Statron, Fiirsten-
walde, Germany; see also Gotz and Herzog, 2000).

Enzyme Assays

Cotyledons (approximately 28 DAP) were homogenized on ice in 5
volumes of buffer (100 mm MOPS, pH 7.4, 10 mm MgCl,, 1 mm EDTA, 1 mm
EGTA, 2 mm dithiothreitol, and 1 mm phenylmethylsulfonyl fluoride) together
with 100 mg polyvinylpolypyrrolidone. Homogenates were centrifuged for
10 min at 4°C and 10,000g, and supernatants were snap frozen in N, in
100-uL aliquots. Enzyme activities were measured as described in Dey and
Harborne (1990).

Statistics

Statistical analysis was done using either a Student’s f test or a Mann-
Whitney Rank Sum Test, using Sigma Stat software (Jandel Scientific, Erkrath,
Germany).
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