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We studied the expression of the four genes encoding 2 s  albumin seed storage proteins (at2Sl to at2S4) in 
Arabidopsis thaliana. All four genes followed similar temporal profiles throughout development, but at2S2 and at2S3 
were expressed at significantly higher levels than at2S1 or at2S4. In situ hybridization showed that at2S2 to at2S4 
mRNAs were present throughout the embryo, whereas at2Sl was expressed at levels similar to at2S2 and at2S3 in 
the embryo axis but at only insignificant levels in the cotyledons. The different members of the gene family are, 
thus, likely to be regulated by different combinations of cis-acting elements, but it cannot be ruled out that post- 
transcriptional factors play a role. We studied the effect of enlarging the gene family by introducing an extra, nearly 
identical gene driven by the promoter of at2Sl. The data were consistent with a model in which the expression of 
at2S2 to at2S4 is not affected by that of at2S1, and in which, at least at low copy numbers of the introduced gene, 
there is no limit on the overall amount of RNA that the at2S gene family can produce. 

INTRODUCTION 

A number of plant proteins are encoded by gene families 
ranging in size from a few genes to more than 100. It is 
unclear whether there are functional reasons for maintain- 
ing multiple genes encoding some proteins whereas other 
gene products required in similar quantities are produced 
from single genes. The presence of such gene families 
raises severa1 fundamental questions. Do the individual 
genes play different roles in different developmental con- 
texts? Are their levels of expression similar? Are the 
members of a gene family, or subfamily, coordinately reg- 
ulated? If so, what might be the effect of introducing more 
genes driven by the same promoter? These questions 
have been addressed most extensively in plants using the 
rbcS genes, which encode the small subunit of ribulose 
bisphosphate carboxylase. lnitial studies (Tobin, 1978) 
demonstrated that rbcS genes, aside from being ex- 
pressed in specific tissues, are regulated by light in a 
process mediated by phytochrome. As more genes were 
cloned, however, it became clear that individual members 
of rbcS gene families, while encoding proteins of almost 
identical amino acid sequences, respond differently to light 
of different qualities or other developmental stimuli (re- 
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viewed by Dean et al., 1989). Assuming that these differ- 
ences are functionally important, other solutions have been 
found in species closely related to those studied because 
analogous genes are not always present; Nicotiana plum- 
baginifolia has only two rbcS genes (Poulson et al., 1986). 
Similar observations have been made for genes encoding 
another light-regulated, photosynthetic protein, the chlo- 
rophyll a/b-binding protein (Sheen and Bogorad, 1986; 
Sullivan et al., 1989). 

Another group of plant proteins often encoded by mul- 
tigene families is the seed storage proteins. These genes 
are also expressed in a specific pattern, being transcribed 
in developing embryos and/or endosperm at specific 
stages of development (Okamuro and Goldberg, 1989). 
On the basis of solubility and size, different classes of 
storage proteins have been defined (Higgins, 1984); indi- 
vidual species may express more than one of these 
classes, which may be expressed at different stages of 
development (Walling et al., 1986). Each class may be 
encoded by occasionally one (Goldberg et al., 1983) but 
often more genes, ranging from a few (Krebbers et al., 
1988) to 15 to 20 (Josefson et al., 1987; Scofield and 
Crouch, 1987), to more than 1 O0 in the case of the maize 
prolamins. At present, less is known about differences in 
patterns of expression of individual storage protein gene 
family members than other gene families. In this work, the 
expression of all four members of the gene family encoding 
the 2s albumins of Arabidopsis thaliana has been studied. 
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2S albumins are small, water-soluble proteins consisting
of 9-kD and 3-kD chains linked by disulfide bridges, and
are found in the seeds of a variety of plants (Youle and
Huang, 1981). The first 2S albumin clones were obtained
from Brassica napus (Crouch et al., 1983), and further
work showed that the napins are encoded by a large gene
family of 12 to 19 genes (Josefson et al., 1987; Scofield
and Crouch, 1987). In contrast, the closely related crucifer
Arabidopsis has only four 2S albumin genes. It was rea-
soned that this system offered an opportunity to examine
in detail expression of all the members of a seed storage
protein gene family. The four genes are located in tandem
over a 10-kb genomic region. Previous work has shown
that at least one of the four genes is expressed. In this
work it is demonstrated that all four genes are expressed,
but at quantitatively different levels. In situ hybridizations
with gene-specific probes show that the genes differ in the
cell types in which they are expressed. Finally, transgenic
Arabidopsis plants are used to show that the introduction
of an "extra" member of the gene family has little or no
effect on the expression of the original members.

RESULTS

DAP); and seedpods that were just beginning to turn yellow
and in which seeds were visible, stage E (10 or more DAP).
These stage definitions are necessarily arbitrary divisions
of a continuum and may not be applicable to all varieties
of Arabidopsis. Up to 50 individual pods were used for
each extraction.

Initially, the four gene-specific probes were used in an
RNA gel blot against RNA isolated from the five stages as
well as from leaves, as shown in Figure 2. All four probes
gave signals in seed RNA from stages C to E, but the
signals varied in intensity. No expression was detected in
leaves (slot L) or flowers (data not shown). To quantitate
the relative expression of the four genes throughout de-
velopment, RNA from each stage was applied to slot blots,
and the filters were hybridized with in vitro synthesized
labeled RNA from the four probes. No expression of any
of the genes was detected in either stage A or stage B.
RNA from all four genes was detected in increasing
amounts through stages C, D, and E, as illustrated in
Figure 3. In dried seed, RNA levels dropped again (data
not shown). The relative amounts of RNA derived from
each gene were not identical. The mRNAs from genes 2
and 3 were always present at statistically significant (Fried-
man classification test; Friedman, 1937) greater amounts

Gene-Specific Probes for the at2S Genes

To follow the expression of the four Arabidopsis 2S albu-
min genes individually, gene-specific probes were made
by subcloning fragments from the 3' ends of the four
genes into vectors allowing in vitro RNA synthesis from
both strands. To verify that the probes were specific during
RNA-RNA as well as DNA-DNA hybridizations, unlabeled
sense strand RNA was made from each probe and hybrid-
ized with labeled antisense RNA. Figure 1 shows that even
when an excess of unlabeled sense strand RNA is applied
to the filter, hybridization is gene specific. It was further
verified that the probes did not hybridize to other regions
of the genes (data not shown).

All Four at2S Genes Are Expressed in a Temporally
Regulated Fashion

To determine whether all four genes are expressed and to
compare their expression throughout development, RNA
was prepared from seedpods in different stages of devel-
opment. Five stages of seedpod maturation were defined.
Stage A consists of flowers; it is not possible to differen-
tiate pollinated and unpollinated flowers. Seedpods of less
than 5 mm long were defined as being in stage B (approx-
imately 2 days to 4 days after pollination, DAP); those of
5 mm to 10 mm as stage C (4 DAP to 6 DAP); those
longer than 10 mm, but still green, stage D (7 DAP to 9

I pFG1
1 2 2 3 3 4 4

I pFG2
1 1 2 3 3 4 4

pFG3
1 1 2 2 3

1 1 2 2 3 3 4
Figure 1. Four Gene-Specific af2S Probes.
Each of four filters was loaded pairwise with 10 ng and 1 ng of
unlabeled sense strand RNA made from the four af2S probes
(labeled 1 to 4 under the filter), except that the 10-ng aliquot was
omitted for the homologous probe for each filter. The filters were
then hybridized with the antisense strand, 3ZP-labeled riboprobe
indicated to the right of each filter. See Methods for the hybridi-
zation conditions.
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Figure 2. RNA Gel Blot Analysis of Total Arabidopsis Seed RNA
Using af2S Gene-Specific Probes.

Total RNA from leaves (L), developing seedpods of stages B, C,
D, and E, and desiccating seeds (DS) was separated on a dena-
turing gel and blotted, and the resulting filters were hybridized
with riboprobes specific for the gene indicated to the right of each
autoradiograph. The numbers on the left show the position of
RNA size markers, indicated in kilobases.

than those from genes 1 or 4. With minor variations, the
ratios of the steady-state levels of mRNA from each gene
relative to the others remained approximately constant
throughout development (gene 2 > gene 3 > gene 1 >
gene 4), even as the total amount of mRNA rose. Very
similar results were obtained when two other A. thaliana
lines, Columbia and K85, were tested (data not shown).
These results demonstrated that all four Arabidopsis 2S
albumin genes were expressed and followed similar tem-
poral profiles. However, there were significant differences
in their levels of expression.

The Four at2S Genes Are Differently Expressed in
Different Tissues

The slot-blot techniques used in the experiments allowed
careful quantitation, but because of the amount of tissue
needed to isolate sufficient quantities of RNA, it was
necessary to pool seedpods; thus, one cannot be certain
that the time course obtained was accurate. This problem
can be overcome in part using in situ hybridization tech-
niques in which single seeds can be examined, albeit not
in a quantitative fashion. This technique also allows study
of the tissue and cell type specificity of expression. A
single inflorescence was labeled on each of 10 individual
plants, and the flowers developing on that inflorescence
were followed day by day. The day of pollination was
defined as the day the stigma extruded from the corolla.
Newly pollinated flowers were labeled for 2 weeks so that
at the end of that period, flowers and seedpods of varying,
defined ages could be isolated. Preference was given to
those inflorescences that produced new flowers on the
most regular basis so that sections could be made wher-
ever possible on pods from the same inflorescence.

Because of the difficulty in obtaining histological sections
from tissues with a high water content, only sections from
pods older than 6 days (the end of stage C) could be
analyzed. As expected, Figure 4 shows that genes at2S2
and af2S3 were expressed strongly in all tissues. The level
of expression was already high at day 7, and remained
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Figure 3. Quantitative Analysis of the at2S Genes Throughout
Development.
Total seedpod RNA from the indicated stages was analyzed using
slot-blot analysis with the four gene-specific probes. The figures
at the top of each bar indicate the percentage of total 2S albumin
RNA represented by that gene at that stage.
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Figure 4. In Situ Analysis of at2S Gene Expression.

Rows 1 through 4 show cross-sections of A. thaliana embryos hybridized with probes specific for messages derived from genes af2S1,
at2S2, at2S3, and af2S4, respectively. The embryos depicted in the first column are 7 days old; the age increases by 1 day per column.
The "a" indicates the embryo axis; the "c" the cotyledon. The scale bar represents 100 ^m; the enlargement is 80-fold. The white grains
represent hybridization of the gene-specific probe with mRNA. The light color observed in some sections around the seed coat is an
artifact of the use of dark-field microscopy.

high at least through day 11, falling off thereafter as the
seed ripened. RNA from af2S2 appeared to be present at
least 1 day longer than that of the other three genes.
Similarly, af2S4 was expressed in all tissues and, as pre-
dicted by the slot-blot analysis, the level of expression
appeared to be less than that of at2S2 or af2S3. (The
probes were adjusted to approximately the same specific
activity.) In contrast, af2S1 showed a markedly different
pattern of expression. It was expressed in the embryo axis
at levels which, within the quantitative sensitivity of the
technique, appeared similar to the level of expression of
a?2S2 or a?2S3. However, it appeared to be expressed at
only very low levels, if at all, in the cotyledons. In this case,
it appears that the slot blots (Figure 3) gave a misleading

picture; the apparent overall low level of expression was
caused by a difference in expression pattern rather than
low levels of expression throughout the embryo, as for
af2S4. One can conclude that af2S1 is differentially regu-
lated with regard to tissue specificity relative to the other
three genes and that the four genes do not follow exactly
the same temporal expression profile.

Analysis of a(2S Expression in Transgenic Arabidopsis
Plants Carrying Modified 2S Albumin Genes

We were interested to determine the effect, if any, of
introducing another gene driven by one of the af2S gene



promoters. Two questions were asked: Would the relative 
levels of expression of the four endogenous genes be 
altered? What would be the effect on the total pool of 2s 
albumin encoding mRNA? The answers to these questions 
were approached using a series of transgenic plants into 
which three different modified at2S1 genes were intro- 
duced. All three modifications were made in the region 
encoding the large subunit. Thus, the modified genes had 
the same 3' end as the endogenous genes, and the same 
probe used to detect mRNA from af2S1 itself (pFG1) would 
detect mRNA from the introduced genes. For one of the 
three modifications (expressed in the series of plants des- 
ignated A20), a separate probe was available complemen- 
tary to the modified region. This probe could be used 
specifically to detect expression of the introduced gene. 
The copy number of the introduced gene was usually one, 
except as noted in the figure legends (data not shown). 

Total seedpod RNA was prepared from 35 independent 
transformants and used for slot-blot analysis. Because the 
leve1 of expression of the four genes relative to each other 
was constant throughout development, no attempt was 
made to isolate RNA from specific stages; therefore, the 
variations in total amount of 2s albumin RNA detected are 
not significant. Figures 5A to 5C show data for 18 of the 
35 individual plants tested. As in the wild-type plants, 
mRNAs complementary to at2S2 and at2S3 were the mOSt 
abundant, whereas at2S4 made the smallest contribution 
to the 25 albumin message pool. (Note that if the total 
amount of mRNA were higher, one would expect the 
individual contributions to be slightly lower.) The percent- 
age of 2s albumin mRNA complementary to pFG1 was 
significantly increased in all of the transgenic plants, as 
would be expected if pFG1 detects mRNA produced both 
by the endogenous at2Sl and the introduced gene. No 
correlation was observed with the copy number of the 
introduced gene; this is presumably lost in the normal 
variation in expression of such genes (Jones et al., 1985; 
De Almeida et al., 1989). In plant series A20, a fifth probe 
was used to detect mRNA complementary to the intro- 
duced gene (Figure 5C). In the six plants tested in this 
way, the percentage of 2s albumin mRNA derived from 
the introduced gene ranged from 6% to 21%. The ratio of 
mRNA from the introduced gene to mRNA complementary 
to pFG1 (i.e., both the introduced gene and endogenous 
at2S1) was in severa1 cases higher than one would expect, 
suggesting that the mRNA levels for the introduced gene 
may be overestimated in these experiments. This finding 
may be related to technical difficulties in accurately deter- 
mining the concentration of the unlabeled RNA used as a 
standard (see Methods). Overall, the results were consist- 
ent with a model in which the expression levels of the four 
endogenous genes relative to each other are unchanged. 

Because of variations in individual RNA preparations 
and the normal variation in expression levels of introduced 
genes in transgenic plants (Jones et al., 1985), it was 
difficult to determine whether the total amount of 2s 
albumin mRNA was increased in transgenic plants simply 
by adding up the absolute amounts of RNA. Instead, the 
ratio of the total mRNA contributed by at2S2, at2S3, and 
at2S4 to that contributed by at2S1 and, in transgenic 
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Figure 5. Quantitative Analysis of at2S Gene Expression in Trans- 
genic Plants. 

(A) Total seedpod RNA from individual transgenic plants (indicated 
by the numbers under each group of graphs) was analyzed as in 
Figure 3. Labels are as in Figure 3, except that the probe specific 
for at2Sl detects mRNA from both the endogenous and intro- 
duced gene(s), which are regulated by the promoter of at2S1. The 
copy number of the introduced gene was 1, with the exception of 
A21 -7 (2 copies) and A21 -5 (3 copies). 
(B) As in (A), except that data for different individual plants are 
shown. The copy number of the introduced gene was 1, with the 
exception of A27-5 (1 or 2 copies) and A27-3 (not determined). 
(C) As in (A),  except that data for another set of individual plants 
are shown. In this case the solid bar represents RNA produced 
by the introduced gene only. The copy number of the introduced 
gene was 1, with the exceptions of A20-1, A20-2, and A20-7 (2 
copies) and A20-4 (3 copies). 
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plants, the introduced gene, were plotted as shown in 
Figure 5. The dashed line represents a linear regression of 
data derived from three separate quantitation experiments 
using mRNA from different stages of maturation in wild- 
type plants, and the solid line represents similar data 
derived from 35 individual transgenic plants. The slope of 
the line representing wild-type plants is 5.62 (k0.67; cor- 
relation coefficient 0.95), whereas that of transgenic plants 
is 3.1 6 (k0.36; correlation coefficient 0.84). The difference 
in these slopes is statistically significant (Student’s t test, 
40 df, P = 0.01). indicating that the ratio of mRNA from 
genes at2S2 to at2S4 to that complementary to pFGl has 
changed. 

A change in this ratio could be brought about either by 
an increase in the relative steady-state level of mRNA 
complementary to pFG1 (i.e., mRNA from at2Sl and the 
introduced gene) relative to the sum of the mRNA from 
at2S2 to at2S4, a decrease in the latter relative to the 
former, or some combination of the two. All three of these 
models could be consistent with an increase, a decrease, 
or no change in the total amount of 2s albumin mRNA. 
Because of variations between individual transgenic plants 
and individual RNA preparations, it is very difficult to 
compare absolute amounts of RNA. It was hoped that by 
pooling the data from the large numbers of plants analyzed 
in these experiments, some of these factors would be 
mitigated and allow an approximation. Table 1 presents 
the average amount of RNA complementary to each of the 
genes in all of the wild-type and transgenic plants analyzed. 
Remarkably, the values for at2S2 to at2S4 were very 
similar in wild-type and transgenic plants, whereas that for 
at2S1 increased by 93% in transgenic plants. These results 
are consistent with the interpretation that the total amount 
of mRNA produced by genes regulated by the af2S1 
promoter has increased in transgenic plants and that the 
expression of genes at2S2 to at2S4 is not affected. 

DISCUSSION 

In this work the A. thaliana 25 albumin genes were used 
as a model to study interrelationships among all the mem- 
bers of a seed storage protein multigene family. Quantita- 
tive analysis of RNA levels and in situ analysis using gene- 
specific probes demonstrated that the four closely linked 
at2S genes are not regulated in similar ways, indicating 
that, like more complex gene families studied in other 
species, the Arabidopsis at2S gene family, while encoding 
very similar proteins, expresses them at different levels in 
different tissues. 

The initial quantitative analysis of steady-state RNA 
levels throughout development demonstrated that all four 
at2S genes were expressed. All four RNAs appeared to 
increase in level after similar temporal profiles so that at 
any given stage the relative contribution of each of the 

genes to the total at2S RNA pool was the same, within 
the precision possible with the techniques used. In situ 
analysis, in which individual seeds can be examined, sug- 
gested that this picture is oversimplified; RNA correspond- 
ing to at2S2 persisted a day longer than that of the others. 
at2S2 and at2S3 contributed the bulk of the mRNA (40% 
to 55% and 35% to 45%, respectively), whereas at2S1 
and at2S4 provided the remainder, usually from 5% to 
10% each. In most RNA preparations, at2S1 mRNA was 
present in equal or greater quantities than mRNA from 
at2S4. This dichotomy of relative expression levels is 
similar to that observed in other gene families. For exam- 
ple, gene SSU301 of the eight-member petunia rbcS gene 
family gives 47% of the total rbcS mRNA, whereas five 
other genes provide the remainder (Dean et al., 1985). In 
the leaves of tomato, rbcS 38 and 3C together provide 
60% of rbcS mRNA; three other genes provide the re- 
mainder (Sugita and Gruissem, 1987). 

In addition to quantitative differences, individual mem- 
bers of gene families may follow different developmental 
patterns. The in situ hybridization results (Figure 4) dem- 
onstrated that tissue specificity differed among the four 
genes. In particular, whereas at2S2 to af2S4 were ex- 
pressed throughout the embryo, at2S1 was expressed 
only in the embryo axis and not in the cotyledons at least 
after day 6 post-pollination. (Analysis at earlier timepoints 
was not possible in these experiments, but the slot-blot 
analysis suggested that little or no 2s albumin expression 
took place before stage C, 4 DAP to 6 DAP.) The differ- 
ences in tissue specificity and expression levels suggested 
that the four genes, although highly homologous in their 
protein coding regions, differ in their cis-acting regulatory 
elements. Comparison of the 5’-flanking sequences of the 
four genes (Krebbers et al., 1988) shows significant ho- 
mologies up to about -21 O (relative to the initiation codon), 
but the functional significance of the differences found in 

Table 1. RNA Levels in Wild-Type and Transgenic Plants 

Plant at2S1 at2S2 at2S3 at2S4 
~ ~ 

pg specific RNA/wg total seed RNA 
Wild-type 89 369 255 69 
Transformed 172 361 248 54 

The mean levels of RNA corresponding to each gene in wild-type 
and transformed Arabidopsis plants are shown. In transgenic 
plants, the amount in column 1 includes RNA from both at2Sl 
and introduced genes under the regulation of the promoter of 
at2S1. The data for the wild-type plants are derived from nine 
different RNA preparations from seedpods of pooled plant. Each 
determination was repeated three times. The data for transformed 
plants are derived from single RNA preparations from 35 individual 
transformants. In these cases, each determination was done once. 
The difference between the two values in column 1 is statistically 
significant (Student’s t test, 42 df, P = 0.01). 
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this region and the mapping of cis-acting elements located 
further upstream await molecular analysis of the regions 
using deletion studies and DNA-protein binding studies. 
The evolutionary advantage of having a gene expressed 
only in the embryo axis while two other genes are already 
highly expressed there as well as in the cotyledons is not 
clear. 

Similar results are observed in some, but not all, other 
plant gene families. In petunia the relative level of expres- 
sion of the eight rbcS genes does not vary significantly in 
the different organs in which these genes are expressed 
(Dean et al., 1985). Similar results have been reported in 
pea (Fluhr et al., 1986), but in this case individual genes 
responded differently to light quality. In tomato both light 
response and organ distribution differ between rbcS genes 
(Sugita and Gruissem, 1987); comparable results have 
been reported for the chlorophyll a/b binding protein genes 
in maize (Sheen and Bogorad, 1986; Sullivan et al., 1989). 

Three of 1 O members of the Kunitz trypsin inhibitor (KTi) 
genes of soybean (Jofuku and Goldberg, 1989; Perez- 
Grau and Goldberg, 1989) have also been examined. The 
KTi3 gene was the most abundant form found in seeds. 
All three genes were also expressed in other tissues, but 
KTi3 differed from KTi1 and KTi2 in its organ distribution. 
As in the present study, it was concluded that different 
members of the gene family have different combinations 
of cis-acting control elements. The KTi genes differ from 
the 2s albumin genes in their expression at significant 
levels in tissues other than seeds. Both RNA gel blot 
analysis (Figure 2 and Krebbers et al., 1988) and expres- 
sion of reporter genes using the at2S1 promoter in trans- 
genic plants (De Clercq et al., 1990) suggest that, with the 
possible exception of an extremely low level of expression 
in leaves, the 2s albumins are expressed exclusively in 
seeds. Similarly, the two isozymes of sucrose synthase 
have been observed to be expressed in different tissues 
of the developing maize kernel (Heinlein and Starlinger, 
1989); sucrose synthase 1 is expressed only in the endo- 
sperm, whereas form 2 is expressed throughout the ker- 
nel, with expression levels depending on the cell type and 
developmental stage. Whether such differences are 
achieved through the use of different cis-acting elements 
or the addition of specific elements for each tissue or cell 
type is not yet understood. Harada et al. (1989) studied 
the 15-member soybean p-conglycinin gene family, and 
showed that it produces two classes of mRNA whose 
differential accumulation depends at least in part on post- 
transcriptional effects. Ladin et al. (1 987) reported that the 
closely related genes encoding the three subunits of p- 
conglycinin are differentially regulated, being differently 
distributed between soybean cotyledons and axis. These 
differences were at least in part post-translational, the p 
subunit being synthesized but degraded in the soybean 
embryo axis. 

There is widespread interest in the expression of seed 
storage protein genes, some of them modified, in trans- 

genic plants. It is not clear how, if at all, such introduced 
genes will interact with endogenous storage protein genes. 
If all genes of this class compete for the same trans-acting 
factors, one can envision that there will be a limit to the 
total amount of seed storage protein encoding mRNA that 
can be made. It is probable, given the complex patterns of 
differential expression observed in different systems, that 
individual genes interact with a variety of such factors, and 
so far there is no evidence that these factors may be 
limiting. The small 2s albumin gene family and the availa- 
bility of gene-specific probes make it a promising system 
to approach this question. In an initial attempt to do so, 
the steady-state mRNA levels of all four genes, plus an 
introduced gene regulated by the at2S1 promoter, were 
studied. Figure 6 shows that the ratio of the mRNA pro- 
duced by at2S2 to at2S4 to that produced by the at2S1 
promoter (both the endogenous and introduced genes) 
changed. This means that the level of the latter increased, 
the former decreased, or both. To differentiate among 
these possibilities requires looking at absolute versus rel- 
ative RNA levels, but excludes a model in which there is 
an absolute limit (at the level observed in wild-type plants) 
on the amount of RNA that at2S1 can produce and in 
which this limit is independent of the expression of the 
other three. (In such a model, the slopes would be identi- 
cal .) 

Because of variations between individual transgenic 
plants and RNA preparations, the comparison of absolute 
RNA levels is difficult, and such results should be regarded 
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Figure 6. Comparison of Relative Expression Levels of Different 
Genes in Wild-Type and Transgenic Plants. 

Linear regressions of the expression levels of genes driven by the 
at2S1 promoter versus the sum of the levels of at2S2, at2S3, and 
at2S4 in wild-type and transgenic Arabidopsis plants. Open 
squares, wild-type plants; filled triangles, transgenic plants. See 
text for determination of slopes. 
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with caution. With this in mind, the data of Table 1,  which 
contains average values of a large number of plants, 
suggest that the leve1 of at2S2 to at2S4 RNA remains 
approximately constant (relative to wild-type plants) in 
transgenic plants carrying “extra” genes driven by the 
promoter of at2S1, whereas the total amount of RNA from 
genes regulated by the at2S1 promoter is increased. This 
observation is consistent with a model in which at2S1 is 
expressed independently of the other three genes and in 
which there is no overall limitation on the amount of 2s 
albumin RNA that can be produced, or at least that this 
limitation has not yet been reached at the copy numbers 
of introduced genes in these experiments. It is not clear 
whether the result would be the same if 10 or 20 genes 
were introduced. 

It would be more difficult to draw conclusions from the 
magnitude of the average increase in at2S1 promoter- 
produced mRNA. In principle, if the introduced gene were 
expressed independently of its endogenous homolog, a 
plant with one copy of the introduced gene would have a 
100°/~ increase in RNA produced by at2S1 promoters. This 
is approximately what is observed in the limited data 
presented here, but in some cases the copy number of the 
introduced gene was greater than one. In any case, the 
situation is far more complex; levels of gene expression 
are likely to be influenced not only by local cis-acting 
elements but also by chromosomal environment, activity 
of nearby genes, etc. Analysis of such questions would 
require the ability to insert genes at a known location, in 
this case preferably adjacent to the Arabidopsis at2S locus, 
at which all four genes are present in a tandem array 
(Krebbers et al., 1988). 

METHODS 

Construction of Gene-Specific Probes 

Four fragments from the 3’ ends of genes at2S1, at2S2, at2S3, 
and at2S4 were cloned into pGEMl (Promega Biotec). The clones 
contained the following fragments (numbers refer to coordinants 
of the sequences for each of the genes in the EMBL data bank): 
pFGl, Fokl (1404)-Hindlll (1548); pFG2, Fokl (850)-Hpal (943); 
pFG3, Hinfl (707)-Hindlll (just beyond end of sequenced region); 
pFG4, Sau3al (973)-Hpal (1 041). pEK9 contains sequences ho- 
mologous to the modified region of one of the introduced genes, 
and no at2Sl sequences, in the same vector. Recombinant DNA 
techniques were carried out as described (Maniatis et al., 1982). 

The specificity of the probes under RNA-RNA hybridization 
conditions was verified using slot blots (Williams and Mason, 
1985). One nanogram and 1 O ng of sense strand unlabeled RNA 
of each probe (only 1 ng of the homologous probe) were applied 
to four separate filters, and each filter was hybridized with labeled 
antisense riboprobes (Melton et al., 1984). All hybridizations were 
carried out in 50% formamide, 5 x SSPE, 5x  Denhardt’s solution, 
and 0.1 mg/mL sonicated herring sperm DNA at 65°C overnight. 

The filters were washed at 65OC in three 15-min steps in 0.1% 
SDS and decreasing salt concentrations (5x, 2x,  and 0.1X 
SSPE). To avoid cross-hybridization between the probes, it was 
necessary to purify the labeled probes on a 12% denaturing 
polyacrylamide gel (Maniatis et al., 1982). After autoradiography 
the bands corresponding to full-size RNA were cut from the gel 
and eluted for 4 hr at 65OC in 500 mM NH,OAc, 10 mM MgOAc, 
1 mM EDTA, and 0.1% SDS. 

Plant Material 

The Arabidopsis line C24 (Valvekens et al., 1988) was used for 
most of the quantitative analysis, the in situ analysis, and plant 
transformation experiments. Quantitative analysis was also car- 
ried out using the Columbia and K85 (Peleman et al., 1989) lines. 
Plants were grown under greenhouse conditions. 

RNA Isolation, RNA Gel Blot, and Slot-Blot Analysis 

Total RNA from seedpods (Beachy et al., 1985) or other tissues 
(Dean et al., 1985) was separated on 1.2% formaldehyde-agarose 
gels (Thomas, 1980), using an RNA ladder (Bethesda Research 
Laboratories) as size marker, and transferred to nylon membranes 
(Hybond N, Amersham, Amersham, United Kingdom). Hybridiza- 
tions with the four gene-specific riboprobes were carried out as 
for the slot blots. 

The amount of RNA corresponding to each gene was deter- 
mined using slot blots. Standard curves were generated by hy- 
bridization of the antisense probes to a dilution series of the 
corresponding sense strand RNA. Each sample was adjusted to 
a total of 1 pg of RNA using total tobacco leaf RNA. For each of 
the four probes, a filter was made carrying the appropriate stand- 
ard curve dilution series and hybridized together with a filter 
containing 1 sg of total denatured RNA from each of the prepa- 
rations. After hybridization and autoradiography, each portion of 
filter corresponding to a slot was cut out and counted in a 
scintillation counter using scintillation fluid (Packard, Groningen, 
The Netherlands). Standard curves resulting from linear regression 
always yielded coefficients of correlation of 0.98 or better. Al- 
though the probes were usually of approximately the same activ- 
ity, note that the standard curves are defined for each probe 
individually, and, thus, the data are not dependent on the specific 
activity of the probes. Each RNA preparation was examined at 
least three times, using different probe preparations and filters. 
The standard deviations were less than 20% of the mean values. 
Although RNA from transgenic plants was usually analyzed twice, 
it was occasionally analyzed only once if material was limiting. 

In Situ Hybridizations 

35S-labeled riboprobes were prepared as described for the 32P- 
riboprobes, using 3 - U T P  (1 160 Ci/mmol, Amersham). The spe- 
cific activity was 8.6 x 10’ dpm/pg. Arabidopsis thaliana seedpods 
were harvested and fixed for 2 hr in 1% glutaraldehyde in 0.05 M 
cacodylate buffer, pH 7. The tissue was then embedded in para- 
plast (Chadwick and McGinnis, 1987). Sections of 10 p m  were 
made with a Microtome 2050 Supercut (Reichert-Jung, Nussloch, 
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Federal Republic of Germany) and pretreated according to Cox 
et al. (1984). Hybridization of the probes to the slides was per- 
formed essentially as described by Barker et al. (1988). Duplicate 
sections were hybridized with the four gene-specific probes. 
Autoradiography and developing were as described by Angerer 
and Angerer (1981). 

Transgenic Plants 

The transgenic plants used in this study carried chimeric genes in 
which a portion of the region encoding the large subunit was 
replaced by sequences designed to alter the amino acid compo- 
sition of the protein or to encode a biological peptide. The 5’- and 
3’-flanking sequences, as well as the rpajority of the coding 
sequence, were, thus, identical to the endogenous at2Sl gene. 
The constructions were all analogous to those described by 
Vandekerckhove et al. (1989), and the plant vectors and transfor- 
mation techniques were identical to those described by Vandek- 
erckhove et al. (1989). Data concerning the expression of the 
modified proteins will be published elsewhere (A. DeClercq. M. 
Vandewiele, J. Van Damme, P. Guerche, M. Van Montagu, J. 
Vandekerckhove, and E. Krebbers, manuscript submitted). 
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