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Soybean (Glycine max L. Merr.) contains two related and abundant proteins, VSPa and VSPB, that have been called
vegetative storage proteins (VSP) based on their pattern of accumulation, degradation, tissue localization, and other
characteristics. To determine whether these proteins play a critical role in sequestering N and other nutrients during early
plant development, a VspA antisense gene construct was used to create transgenic plants in which VSP expression was
suppressed in leaves, flowers, and seed pods. Total VSP was reduced at least 50-fold due to a 100-fold reduction in VSP«
and a 10-fold reduction in VSP. Transgenic lines were grown in replicated yield trials in the field in Nebraska during the
summer of 1999 and seed harvested from the lines was analyzed for yield, protein, oil, and amino acid composition. No
significant difference (e = 0.05) was found between down-regulated lines and controls for any of the traits tested. Young
leaves of antisense plants grown in the greenhouse contained around 3% less soluble leaf protein than controls at the time
of flowering. However, total leaf N did not vary. Withdrawing N from plants during seed fill did not alter final seed protein
content of antisense lines compared with controls. These results indicate that the VSPs play little if any direct role in overall
plant productivity under typical growth conditions. The lack of VSPs in antisense plants might be partially compensated for
by increases in other proteins and/or non-protein N. The results also suggest that the VSPs could be genetically engineered

or replaced without deleterious effects.

Large quantities of C, N, and other nutrients are
mobilized from mature organs to younger organs
during plant development. This recycling of material
from older source tissues conserves assimilates and
can contribute substantially to the nutrient require-
ments of sink tissues, such as developing leaves and
seeds (Feller and Keist, 1986). Amino acids that are
derived from the turnover of proteins are important
components of the translocation pool. Although most
proteins are eventually broken down in senescent
tissue, the majority of these have important meta-
bolic functions, and their amino acids are salvaged
only after the proteins are no longer needed. On the
other hand, some proteins have characteristics that
suggest they have a primary, if not exclusive, role in
nutrient reserve storage. The best studied examples
are the storage proteins that accumulate specifically
in developing seeds (Derbyshire et al., 1976).

Storage proteins have also been identified in veg-
etative tissues. Soybeans (Glycine max L. Merr.) con-
tain two abundant and well-characterized proteins
that have been called vegetative storage proteins

! This research was supported in part by a grant from The North
Central Soybean Research Program. This is journal series paper no.
13,115 from the Nebraska Agriculture Research Division.

2 Present address: Plant Transformation Facility, University of
Missouri, Columbia, MO 65211.

* Corresponding author; e-mail pstaswickl@unl.edu; fax
402-472-7904.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.010638.

(VSP) based on a number of factors (for review, see
Staswick, 1994). VSPa and VSP are glycoproteins of
around 27 kD (Wittenbach, 1983) that are derived
from the genes VspA and VspB, respectively. The
proteins are about 80% identical in amino acid se-
quence. They are not related to the seed-specific re-
serves (Staswick, 1988), but like other storage pro-
teins they accumulate in vacuoles to relatively high
level (Franceschi et al., 1983).

VSPa/ B are synthesized abundantly in sink organs
and are preferentially degraded when these organs
transition to sources. For example, VSPa and VSPf
comprise 10% to 15% of the total soluble protein in
young leaves and seed pod walls, but are only about
1% of the protein in these organs when they are
mature. VSP constitutes about 45% of the protein that
is degraded in seed pods during seed development
(Staswick, 1989), thus contributing substantially to
the amino acid pool available for translocation to
maturing seeds. The preferential breakdown of VSPs
in a source-dependent manner before the general
turnover of other proteins has suggested they have
an important role in the temporary storage of amino
N. The cellular localization of VSPs in leaf paraveinal
mesophyll, tissue thought to play an important role
in temporary nutrient storage (Franceschi et al., 1983;
Franceschi and Giaquinta, 1983), also supports the
idea that VSPs are temporary storage reserves. A
striking feature of the soybean VSPa and VSPS is
their dramatic over-accumulation in mature leaves
when developing sink tissues, such as seed pods, are
removed. In this case VSPs can accumulate to as
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much as 50% of leaf protein, whereas total protein
level remains constant (Wittenbach, 1983). This ex-
traordinary abundance of VSP in sink-deprived
plants suggests that the VSPs sequester unused
amino acids that would ordinarily be translocated to
developing seeds. Vsp gene expression also correlates
with the availability of N provided to the plant
(Staswick et al., 1991). Taken together, these findings
suggest that VSPs serve as transient reserves that can
buffer the availability of N and perhaps other nutri-
ent elements. The presence of similar proteins in
several distantly related wild perennial soybeans
strengthens the case for an important metabolic func-
tion (Staswick, 1997).

Despite the many indications that soybean VSP«
and VSPB are important storage reserves, the evi-
dence for this is entirely correlative. It has not been
possible to test VSP function directly in soybean be-
cause null lines are not known to exist. This investi-
gation was designed to test whether VSP«a and VSPS
play a critical role in soybean development and plant
productivity by examining the effect of nearly elim-
inating the expression of the soybean VspA and VspB
genes in transgenic plants. If VSPs serve as important
storage reserves, then decreasing VSPa and VSPf
accumulation in vegetative tissues might be expected
to alter seed development and/or seed protein accu-
mulation. It is also possible that these VSPs have
another biological function. The protein sequences
are about 45% identical to a tomato acid phosphatase
(Williamson and Colwell, 1991) and acid phospha-
tase activity has been reported for the purified soy-
bean proteins (DeWald et al., 1992). If VSPa and
VSPB play an important catalytic role, then an aber-
rant phenotype might also be observed in vegetative
tissues. Contrary to these expectations, the near elim-
ination of VSPa and VSPB in vegetative tissues had
no detectable effect on plants grown in the green-
house or in the field.

RESULTS

Vsp Genes Are Efficiently Down-Regulated by an
Antisense Construct

The first 578 nucleotides of cDNA pVSPA were
used in antisense orientation under the direction of
the cauliflower mosaic virus 35S promoter to obtain
plants that were down-regulated for Vsp gene ex-
pression. Five of the seven independently trans-
formed lines that were characterized exhibited de-
creased level of VSP in the T, generation when
soluble proteins or RNA from seed pods was ana-
lyzed (not shown). Down-regulation was followed in
the next generation, and an example of the results
from T, progeny of one down-regulated line (157-1)
is shown in Figure 1. As expected, the VspA cDNA
probe used for Southern-blot hybridization detected
the endogenous VspA and VspB genes in all plant
samples. T, individuals 1 and 7 lacked the transgene,
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Figure 1. Segregation of VSP down-regulation in progeny of trans-
genic line 157-1. DNA, total RNA, and soluble protein were ex-
tracted from expanding leaves taken from nodes 5 or 6. Individuals
from the 157-1 T, generation are shown in lanes 1 through 7 and
non-transformed Asgrow 3237 is in the last lane. A, Xbal-digested
genomic DNA hybridized with VspA cDNA insert. The bands labeled
VspA and VspB correspond to the endogenous genes of size 9 and 5
kb, respectively. Anti-A, transgene insert. B, RNA-blot hybridization
with VspA probe. C, Immunodetection of VSP after SDS-PAGE. « and
B, VSP bands.

whereas individuals 2 through 6 contained a single
band corresponding to the VspA antisense insert (Fig.
1A). Subsequent analysis of T, progeny showed that
T, plant 5 was homozygous for the transgene,
whereas progeny 2, 3, 4, and 6 were hemizygous (not
shown). These results indicate a single locus insert in
the original transformant. Consistent with the
genomic composition, T, individuals 2 through 6 had
greatly reduced levels of Vsp mRNA (Fig. 1B) and
protein (Fig. 1C), whereas 1 and 7 contained levels of
each that were similar to the non-transformed parent.

Homozygous lines for four of the seven original
transformants were identified and subjected to more
detailed study. The amount of VSP in young leaves
was analyzed by SDS-PAGE as shown in Figure 2.
Compared with the non-transformed parental line,
157-1 contained essentially no detectable VSP protein
(Fig. 2A). On the other hand, transformant 158-2
showed essentially no down-regulation for the two
VSP polypeptides, thus serving as a control line that
had undergone the transformation process. Lines
157-3 and 158-1 were intermediate in VSP level.
These results were confirmed with VSP antisera by
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Figure 2. Analysis of protein composition in young expanding leaves
of VSP antisense plants. Soluble protein was isolated from non-
transformed Asgrow 3237 and homozygous transformed lines 157-1,
157-3, 158-1, and 158-2. The position of molecular mass markers in
kilodaltons and the VSPa and VSPB bands is indicated to the right
and left, respectively. A, SDS-PAGE. B, Western blot with VSP
antisera.

western-blot analysis. Only faint bands correspond-
ing to the two VSP polypeptides were detected in line
157-1, and lines 157-3 and 158-1 were intermediate in
staining intensity (Fig. 2B). Quantitative estimates of
VSP levels relative to wild type were determined by
comparing a dilution series of the protein extract
from the Asgrow 3237 control with those of 157-1,
157-3, and 158-1 on western blots. VSP« in 157-1 was
reduced about 100-fold and VSPB about 10-fold rel-
ative to the non-transformed control (not shown).
Although the efficiency of VSPB down-regulation
was less than that for VSPe, the normal level of VSPS
in young leaves is at least 10-fold below that of VSPa.
Therefore, total VSP reduction in 157-1 was >50-fold.
In 157-3 and 158-1, VSPa and VSPB were each re-
duced by about 50%.

To determine whether the antisense construct was
effective in other plant tissues we examined flowers
and seed pods, organs in which VSPs normally accu-
mulate to high level. Figure 3 shows that down-
regulation in seed pods and flowers of lines 157-1
and 158-1 was consistent with that found in young
leaves. This indicated that the VspA antisense con-
struct was effective in VSP suppression throughout
the development of vegetative portions of the plant.
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To further examine the efficacy of the construct in
down-regulation, field-grown plants were depodded
for 5 to 6 weeks. This treatment stimulates VSP ac-
cumulation of up to 50% of soluble protein in leaves.
Leaves of 157-1 and 158-1 retained high chlorophyll
levels, and leaves remained on plants for an extended
period of time, similar to the depodded control line.
Protein analysis of mature leaves from these plants
by SDS-PAGE revealed the same pattern of VSP ac-
cumulation as seen in other plant parts. In depodded
non-transformed plants both VSPa and VSPB accu-
mulated to very high levels, whereas both polypep-
tides were markedly reduced in line 157-1 and inter-
mediate in 158-1 (Fig. 3). These results demonstrate
that the single locus antisense transgene insertion in
line 157-1 was an efficient suppressor of Vsp gene
expression, even under conditions where Vsp mRNA
normally accumulates to as much as 16% of total
mRNA (Staswick, 1989).

VSP Down-Regulation Lowers Leaf Soluble Protein
Content but Not Total N

Total soluble protein in expanding leaves har-
vested from greenhouse-grown plants at the time of
flowering was quantified by the modified Lowery
assay. For this experiment, a second down-regulated
line (168-5) showing a strong reduction in leaf VSP
levels similar to that of 157-1 was included. Results
summarized in Table I show that down-regulated
lines 157-1 and 168-5 had mean extractable protein
levels of 73.8 and 72.8 ug/mg fresh weight, respec-

Flowers Pods Leaf Depod
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Figure 3. Protein composition of flowers, seed pods, and mature
leaves of depodded plants. VSP bands are marked as « and B. LX,
Lipoxygenase; LS, Rubisco large subunit.
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Table 1. Soluble protein in young leaves of transgenic and control
plants

*and **, Means with one asterisk or two asterisks indicate signif-
icantly different (P = 0.05).

Line Protein

ng mg fresh wt™'?

Controls
3237 75.5* £ 0.4
158-2 75.9* £ 0.4
Down-regulated
157-1 73.8%* = 0.4
168-5 72.8%* £ 0.5

2 Mean * SE (n = 16).

tively. This is 2.3% and 3.6% lower than the non-
transformed control (As3237). The ANOVA test indi-
cated significance at the 0.05 level between the down-
regulated lines and the controls, whereas there was
no significant difference between the two down-
regulated lines or between As3237 and the transfor-
mant not showing reduced VSP level (158-2). In con-
trast to soluble protein however, there was no
significant difference in total leaf N levels in either
field-grown or greenhouse-grown plants (not shown).

Although total leaf protein was decreased around
3% in antisense plants, this is somewhat less than
would be expected from the nearly complete removal
of VSPs, which comprise 6% to 15% of soluble protein
in expanding leaves (Wittenbach, 1983). One possible
reason for the discrepancy might be a compensatory
increase in other proteins. Some members of the
abundant lipoxygenase gene family (LOX, about 90
kD; Fig. 2) are regulated similarly to VSPa and VSPS
and thus might serve as temporary storage reserves
(Tranbarger et al., 1991; Grimes et al., 1992). Analysis
of the results from SDS-PAGE did not reveal a
marked change in the relative abundance of specific
proteins that could be visualized from young leaves
(Fig. 2). An apparent minor elevation in the intensity
of a doublet band just above the 31-kD marker was
not consistently observed in repeated analyses. Com-
pensation for VSP loss in expanding leaves might
also occur by a minor increase in a number of other
proteins, a result not detectable in this assay. On the
other hand, LOX proteins did appear to be reproduc-
ibly increased in flowers, pods, and mature leaves
from depodded plants of line 157-1 compared with
the control (Fig. 3, compare lanes 1 and 3). In the
depodded sample of line 158-1, substantially more
Rubisco large subunit (approximately 50 kD) was
present than in the control or line 157-1. Rubisco is
normally lost from the soluble extract of depodded
plants but the decline can vary somewhat in its tim-
ing. Therefore, the difference seen for this intermedi-
ate down-regulated line is probably not attributable
to the antisense expression. Consistent with this, lev-
els of Rubisco did not differ substantially between
the control and the strongly down-regulated line
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157-1. These results suggest that loss of VSPs is par-
tially compensated for by an increase in LOX in some
tissues and possibly by minor elevation of a number
of other proteins.

VSP Down-Regulation Does Not Influence Seed
Yield or Protein Composition

Down-regulated lines were grown in the field
along with controls during the summer of 1999. Spe-
cific phenotypic measurements were not taken dur-
ing the growing season, but no obvious visual differ-
ences in plant growth or development were
observed. Transgenic plants grown in the greenhouse
also did not exhibit any unusual characteristics. The
seed yield of field plots for antisense plants was
determined and compared with controls. The results
shown in Table II indicate that yield calculated on a
kilograms per hectare basis ranged from an average
of 3167 to 3974. The analysis of variance F-test indi-
cated no significant yield difference (e« = 0.05, P =
0.37) between the down-regulated lines (157-1, 157-3,
and 158-1) and either the non-transformed control
(3237) or the transformed control (158-2) that did not
exhibit noticeable down-regulation. Seed harvested
from these field-grown plants was also analyzed for
total protein and oil. Table II shows that average
protein ranged from 390 to 405 g/kg, but there was
no significant difference among these lines (a = 0.05,
P = 0.31). Seed oil content ranged from 202 to 210
g/kg. Again, down-regulated lines and the controls
did not differ significantly (a = 0.05, P = 0.15).

Although no difference in total seed protein con-
tent was observed, eliminating major vegetative pro-
teins such as VSPa and VSPB might influence overall
seed amino acid composition, because these proteins
contribute to the pool of material translocated to
developing seeds. Therefore, the amino acid compo-
sition was determined for two lines; the strongly
down-regulated 157-1 and the non-transformed con-
trol Asgrow 3237. Table IIl summarizes the values
determined for each amino acid expressed as a per-
centage of total amino acids recovered. The lack of
VSP accumulation in 157-1 had no significant effect
(a« = 0.05) on the relative proportion of any amino
acid in the harvested seeds, although the statistical P

Table Il. Seed yield, protein, and oil content of VSP transgenic
lines

Line Yield Protein Oil
kg ha~'? gkg ™®
157-1 3,424 + 225 399 * 46 202 *+ 26
157-3 3,947 + 290 402 = 29 202 + 23
158-1 3,572 £ 57 390 + 24 210 = 22
158-2 3,167 = 145 405 *+ 58 202 *+ 36
3237 3,371 = 315 402 = 25 206 = 13
*Mean * sE (n = 6 except n = 3 for 158-1). b Mean =+ sE

(n = 4).
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Table Ill. Seed amino acid composition in transgenic and control
plants
Amino Acid Transgenic 157-1 Control 3237

A

Asp 11.52 £2 11.52 =0
Thr 397 £2 393 4
Ser 440 £6 436 £ 14
Glu 18.15 = 1 1835 *=6
Pro 4.76 £ 1 4.82 =3
Gly 4.39 =1 435 =1
Ala 440 =0 4.38 =2
Cys 1.85 1 1.81 =0
Val 5.05 £5 5.01 £6
Met 1.54 =1 1.50 =1
Ile 4.70 = 4 471 6
Leu 7.97 =3 7.95 =1
Tyr 3.75 %0 3.72 £ 1
Phe 525+ 2 5.25 %1
His 282 =0 2.83 =2
Lys 6.86 £ 1 6.82 £ 4
Arg 749 £5 7.58 £7
Trp 1.12 =7 1.11 =7

a Percent total amino acids. Mean = SE (n = 2).

values for Tyr, Cys, and Glu (0.051, 0.079, and 0.086,
respectively) approached significance at this level.
Together these results indicate that dramatically de-
creasing the expression of Vsp genes throughout the
soybean plant had no detectable effect on the traits of
primary interest for soybean production.

One possible explanation for the lack of effect on
seed yield or protein content could be that adequate
levels of nutrients were available from the soil in the
field throughout plant development, decreasing the
dependence on nutrients accumulated and stored
away earlier. To test whether VSPs are an important
storage reservoir under less optimal nutrient condi-
tions, plants were grown in sand in the greenhouse
and supplied with N in a complete nutrient solution
until flowering. N was then withdrawn from one-half
of the plants by watering with the same solution
lacking N, whereas the other one-half continued re-
ceiving N throughout seed maturation. The hypoth-
esis was that plants not receiving N during seed
development would be more dependent on previ-
ously assimilated N. Within 2 to 3 weeks of N with-
drawal, plants showed strong symptoms of N chlo-
rosis, whereas plants provided N maintained a
normal dark green color until seed maturation. Seed
protein was determined from a sample of the total
seed of five individual plants for each treatment. The
results summarized in Table IV show that, as ex-
pected, withdrawal of N at the time of flowering
significantly decreased final seed protein level in
both the non-transformed control and the down-
regulated line 157-1. However, there was no signifi-
cant difference in seed protein level between the
control and 157-1 for the +N or —N treatment. This
indicates that accumulating N in VSPs as a reserve
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during vegetative growth does not influence seed
protein level, even under N limitation during seed
development.

DISCUSSION

The results presented here demonstrate the effi-
cient down-regulation of soybean Vsp genes. Nota-
bly, the antisense strategy was very effective even
though these are abundantly expressed genes. VspA
was chosen for the antisense construct because the
protein from this gene is typically more highly accu-
mulated than that of VspB. However, the similarity in
gene sequence resulted in down-regulation of both
Vsp genes by the single antisense construct, albeit
less efficiently for VspB. Vsp transcripts can amount
to as much as 16% of the mRNA in depodded plants
(Staswick, 1989), yet even after this treatment accu-
mulation of VSP was strongly suppressed in line
157-1. One other strongly down-regulated line
(168-5) was also grown in the field and analyzed in
the same manner as the lines reported here. Its level
of down-regulation was similar to 157-1 but it was
not included in the reported data because analysis of
individual field-grown plants revealed that it was
still segregating for VSP down-regulation at that
time. However, yield and seed composition data
from the pooled, harvested seed of 168-5 was consis-
tent with that found for the other lines evaluated
here. The hypothesis that accumulation of VSPs dur-
ing vegetative growth would increase seed protein
accumulation if N was subsequently limiting during
seed development was also not shown to be true.

Given the hypothesized role of VSPs as an impor-
tant source of mobilized nutrients for developing
plant organs, our results are surprising. Evidence
indicates these VSPs are evolutionarily conserved at
least in some plants. In addition to soybean, they
occur in several perennial Glycine species (Staswick,
1997) and in certain other legumes that have leaf
paraveinal mesophyll tissue (Klauer et al., 1996). Re-
lated proteins have also been characterized in Arabi-
dopsis (Berger et al., 1995) and in the seed pods of

Table IV. Total protein seed protein in transgenic plants grown
under different N treatments

* and **, Means with one asterisk or two asterisks indicate signif-
icantly different (P = 0.05).

Treatment Protein
% dry wt*
Minus N
157-1 33.7%
3237 33.4%
Plus N
157-1 37.3%*
3237 39.1%*

2 Mean = S (n = 5).
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common bean (Zhong et al., 1997). Thus there is
reason to think the VSPs have an important role in
plant biology.

Our findings cannot completely rule out the possi-
bility that VSPs are indeed storage reserves that con-
tribute to nutrient flux under some unusual environ-
mental condition. However, we have demonstrated
that under typical growth conditions VSPs are not
essential for maximal seed production or seed pro-
tein accumulation. It appears that VSP loss is par-
tially compensated for by increase in other proteins;
LOX in particular, but perhaps other proteins as well.
Additionally, non-protein forms of N apparently
help maintain total leaf N to similar levels in the
absence of VSPs.

Soybean VSPs might be involved in a presently
unknown role, such as ameliorating a biotic or abiotic
stress not encountered in this study. Our results sug-
gest that any enzymatic activity attributable to the
soybean VSPs is not essential, since we observed no
deleterious effect on plant growth and development.
Although related to acid phosphatases, there is pres-
ently no direct evidence for a functional role being
associated with this activity. The reported specific
activity of VSPa and VSPB is low (DeWald et al.,
1992; Staswick et al., 1994), and it was recently noted
that VSPa and VSPf lack a nucleophilic Asp residue
that is proposed to have catalytic function (Penheiter,
1998) and that is present in other members of this
acid phosphatase gene family. Interestingly, soy-
beans contain another VSP-like gene that is expressed
exclusively in soybean root nodules (Penheiter et al.,
1997). In contrast to VSPa and VSPB the nodule
protein is relatively low in abundance, exhibits a high
acid phosphatase specific activity, and has the nu-
cleophilic Asp. This suggests that the function of the
nodule acid phosphatase is chiefly enzymatic and not
as a reserve protein. Taken together these findings
suggest that the enzymatic activity associated with
VSPa and VSPB may be a remnant of an earlier gene
function, as has been shown for a number of storage
proteins (Van Damme et al., 2000).

It was previously suggested that the VSPs might be
engineered for altered amino acid composition as a
means to modify the amino acid pool that is translo-
cated to developing seeds during seed development
(Staswick, 1988). This could be useful in tandem with
seed protein genes that are engineered for altered
amino acid composition to improve seed nutritional
content. The fact that VSPs were essentially elimi-
nated in this study without negative consequences to
plant productivity suggests that genetically engi-
neered VSPs would not compromise an essential
metabolic function. Furthermore, although their ab-
sence was not deleterious, VSPs with an altered
amino acid composition may still influence the avail-
ability of specific amino acids when these VSP genes
are expressed at high level.
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MATERIALS AND METHODS

Vector Construction, Plant Transformation, and
Analysis of Gene Expression

A 0.6-kb ¢cDNA fragment extending from the 5’ end to
the BamHI site of pVSPA (Staswick, 1988) was fused in
antisense orientation with the enhanced cauliflower mosaic
virus 35S promoter at the BamHI site in the vector pRTL2
(Carrington and Freed, 1990). The resulting 1.5-kb Poull
fragment containing the antisense cassette was excised and
used to replace the GUS cassette of binary vector pPTN101
by blunt end ligation into the EcoRI-HindlIIl sites. The
resulting vector, pVARTN-6, was mobilized into the
Agrobacterium strain EHA105 (Hood et al., 1993) by tripa-
rental mating (Ditta et al., 1980). Soybean (Glycine max L.
Merr.) genotype Asgrow 3237 was transformed by an
Agrobacterium-mediated cotyledonary node transformation
system utilizing the bar gene as a selectable marker coupled
with glufosinate as a selective agent (Zhang et al., 1999).

Transgene integration in putative transformants was
verified by Southern-blot hybridization as previously de-
scribed (Zhang et al.,, 1999) with a probe generated by
excising the 0.6-kb Xbal-BamHI VspA fragment from the
vector pVARTN-6 or from the full-length cDNA insert
from pVSPA. T, progeny from primary (T,) transformants
were grown in a greenhouse and allowed to self. T, plants
that were homozygous for the transgene were identified by
screening T,-derived T, progeny for the selectable marker
in the greenhouse with a leaf paint assay (Zhang et al.,
1999). The herbicide Liberty (100 mg/L) was painted onto
the upper surface of a primary or first trifoliate leaf of
young seedlings using a cotton swab. At least seven T,
progeny were assayed for each T; plant. The herbicide
tolerance segregation patterns were evaluated 5 d after
leaf-painting.

The down-regulation of VSP genes in transgenic soybean
was analyzed by SDS-PAGE and western blots. Total sol-
uble protein was isolated from the various tissues in ex-
traction buffer (40 mm Tris-HCl, pH 7.5, 10 mm EDTA, 5
mu dithiothreitol, 0.01 mM phenylmethylsulfonylfluoride,
and 1% polyvinlypolypyrolidone). Protein concentration
was determined with a Bio-Rad DC Protein Assay (Her-
cules, CA), and proteins were electorophoresed on 12%
polyacrylamide gels as described previously (Staswick,
1989) and stained with Coomassie Brilliant Blue R. Alter-
nately, proteins were electrophoretically transferred onto
nitrocellulose membranes and then developed with poly-
clonal antisera raised in rabbits against VSPa/ (Staswick,
1989). Northern-blot hybridization was performed as de-
scribed earlier using 20 ug of total RNA obtained from
young leaf tissue for each sample (Zhang et al., 1998).

Soluble leaf protein levels were determined from ex-
panding leaves of 16 greenhouse-grown plants for each line
at the time of flowering. One centimeter discs were
punched from leaves 2 to 3 cm in length, avoiding the
midrib. Discs were weighed, ground in extraction buffer in
a mortar and protein was quantified as described above.
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Plant Growth and Trait Analysis

T, or T; seed derived from homozygous T, lines was
grown for trait analysis in a field nursery located on the
East Campus of the University of Nebraska-Lincoln during
the summer of 1999. The herbicide leaf paint assay was
applied to field-grown plants to confirm homozygosity of
the transgene in the lines tested. Homozygosity for VSP
down-regulation was also verified by SDS-PAGE analysis
of individual plants grown from seed harvested from the
field-grown material. Field-grown leaves, immature seed
pods, and flowers were harvested and frozen at —80°C for
subsequent analysis by SDS-PAGE. The experimental de-
sign for analysis of yield performance was a randomized
complete block with six replications for all lines except
158-1, for which seed was only available for three replica-
tions. The experimental units (field plots) were single rows
1.52 m long, spaced 0.76 m apart. The test was bordered by
soybean cultivars of the same maturity and growth type.

Mature plants were gathered from each plot and bulk-
threshed. The weight of harvested seed was adjusted to the
standard 13% seed moisture content and converted to ki-
lograms per hectare units of yield. The yield, protein, oil,
and amino acid data were subjected to an analysis of
variance F-test to determine if yield differences among
lines were significant (a« = 0.05). Total protein and oil
content of dry seed was determined by the Soil Plant
Analytical Laboratory (University of Nebraska, Lincoln)
from 150 g of dry powdered seed for each of four replicate
field plots for each line (three replicates for 158-1). Amino
acid composition was determined from 70 g of powdered
seed from each of two field replicate plots for each line by
the Experiment Station Chemical Laboratories (University
of Missouri, Columbia). The amide group of Asn and GIn
was hydrolyzed during the assay and values for these
amino acids are included in the total for Asp and Glu,
respectively.

Plants were also grown in a greenhouse at 25°C during
the winter of 2001 with supplemental light giving a 14-h
day/10-h night cycle. Plants were grown individually in
25-cm plastic pots in washed sand to limit nodulation.
Nutrients were supplied daily with or without N from a
solution described previously (Staswick et al., 1991). After
germination plants were watered with 250 mL of one-half-
strength nutrient solution with 2.5 mm NH,NO; for 2
weeks. The N source was then increased to 5 mm for 4
weeks, and then the daily volume was increased to 400
mL/pot until flowering. Additional water was provided as
needed to maintain moisture level. After flowering, one-
half of the pots were watered with the same nutrient solu-
tion and the remainder with nutrient solution lacking N.
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