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Downstream DNA Sequences Are Required To Activate a 
Gene Expressed in the Root Cortex of Embryos 
and Seedlings 
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We showed previously that a gene, designated AX92, which is expressed at an early stage of cortex differentiation in 
the root apex of oilseed rape seedlings, is also expressed in embryos. To compare AX92 gene regulation during embryo- 
genesis and postembryonic growth, we constructed a chimeric gene consisting of AX92 5'and 3' untranslated and flanking 
regions fused with a P-glucuronidase protein coding region. We showed that the chimeric gene is active in both develop- 
ing cortex cells in the root apical meristems of transgenic oilseed rape seedlings and in cortex cells at the root end 
of embryonic axes. To determine whether the AX92 gene is regulated by a common mechanism in embryos and seed- 
lings, we analyzed the expression of modified chimeric genes. We showed that the AX92 chimeric gene is regulated 
combinatorially and that DNA sequences located 3' of the protein coding region are necessary for its activation in the 
root cortex of both embryos and seedlings. Our results suggest that common regulatory sequences are required to acti- 
vate the gene in the embryonic and postembryonic root cortex. 

INTRODUCTION 

In seed plants, the differentiation of the primary tissue and 
organ systems is initiated at an early stage of embryonic de- 
velopment and continues postembryonically (Steeves and 
Sussex, 1989). These processes, however, are interrupted dur- 
ing mid and late embryogeny as the seed matures and enters 
a period of metabolic quiescence (Dure, 1975; Crouch, 1987; 
Goldberg et al., 1989). This unique mode of development raises 
a question about the mechanisms by which higher plants have 
accommodated this interruption of tissue and organ formation. 
Are the processes involved in tissue differentiation during em- 
bryogenesis and postembryonic growth regulated by a 
common mechanism? Because similar differentiation events 
occur in both embryonic and postembryonic tissues, a gene 
or gene family expressed in a developing tissue may be ac- 
tive in early embryogeny and in postembryonic growth but not 
during seed maturation or desiccation. The mechanisms by 
which the discontinuous expression of a gene may be regu- 
lated are unknown. A simple view is that there may be one 
set of regulatory signals and cis-acting elements that activate 
the gene during embryogenesis and a distinct set that oper- 
ates postembryonically. Alternatively, the same signals and 
elements may function at both stages. 
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To begin addressing questions about these regulatory mech- 
anisms, we previously identified an mRNA, designated AX92, 
that is prevalent in the root cortex of oilseed rape (Brassica 
napus) seedlings and mature plants, although it is also detected 
at low levels in all vegetative organs of the plant (Harada et 
al., 1988; Dietrich et al., 1989). The cortex is the region of the 
root and stem that lies between the epidermis and the vascu- 
lar cylinder and is composed of ground tissue. Localization 
studies showed that AX92 mRNA is present in the cortex ini- 
tials or the immediate derivatives of these cells, indicating that 
the gene is expressed early during formation of the cortex in 
the apical meristem of a postembryonic root (Dietrich et al., 
1989). AX92 mRNA is also present in torpedo stage embryos 
when the embryonic axis elongates at maximal rates, but it 
is not detected during the later stages of embryogeny. The 
mRNA's relatively low prevalence has precluded determina- 
tion of the time course of its accumulation during early 
embryogeny and its location within an embryo (Harada et al., 
1988). 

In this study, we used an AX92 gene as a paradigm to 
study gene regulation during embryogeny and postgermina- 
tive growth in differentiating cortex cells. Using a chimeric 
gene containing the 5' and 3' flanking and untranslated re- 
gions of an AX92 gene fused with the protein coding region 
of a gene encoding p-glucuronidase (GUS), we showed that 
GUS activity was localized in the cortex of seedling roots and 
elongating embryonic axes. Thus, the AX92 chimeric gene is 
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expressed during both embryogenesis and postembryonic 
grcwth. Although this gene is active at an early stage of cortex 
differentiation in postembryonic root apical meristems, it is not 
activated until well after the time when the cortex is specified 
during the heart stage of embryogenesis. Because our results 
indicated that thisAX92 gene is activated during both embryo- 
genesis and postembryonic growth, we asked further whether 
the same cis-acting elements regulate its spatial activation at 
both stages of development. Our analyses showed that the 
gene is regulated combinatorially and that DNA sequences 
downstream of the protein coding region are required to acti- 
vate the gene in the embryonic axis and seedling root. The 
results are consistent with the possibility that the gene is 
regulated by a common mechanism during both stages of 
development. 

RESULTS 

The Activity of an AX92 Chimeric Gene Qualitatively 
Reflects the Expression of Endogenous AX92 Genes in 
Postgerminative Growth 

We analyzed the organization of AX92 genes to begin study- 
ing their regulation during embryogenesis and postembryonic 
growth. The hybridization of nuclear DNA gel blots with an AX92 
cDNA clone as well as the characterization of genomic clones 
containing AX92 genes indicated that there were at least four 
genes in the haploid oilseed rape genome that could be 
grouped into two subfamilies based upon their nucleotide 
sequence similarities (R. A. Dietrich and J. J. Harada, unpub- 
lished results). We focused on one AX92 gene, AX92-9, shown 
diagrammatically in Figure 1, to determine whether the same 
AX92 gene was active during both embryogenesis and postem- 
bryonic growth. AX92-9 was selected because its nucleotide 
sequence is identical to that of a full length AX92 cDNA clone 
isolated from a seedling library, indicating that the gene is ex- 
pressed during postgerminative growth (R. A. Dietrich, J. Z. 
Zhang, and J. J. Harada, unpublished results). 

To monitor the activity of theAX92 gene in embryos and seed- 
lings, we fused 2.4 kb of AX92-9 5’flanking and untranslated 
regions and 3.0 kb of theAX92-9 3‘region, including the entire 
300 bp of 3‘ untranslated sequence, with the protein coding 
region of a gene encoding GUS (see Methods). The result- 
ing chimeric gene, designated -24OOAXIGUSIAX, is shown 
schematically in Figure 1. The -2400AXIGUSIAX gene was 
transferred into oilseed rape plants using a transformation vec- 
tor derived from the Ti plasmid of Agrobacferium fumefaciens 
(Radke et al., 1988, 1992; McBride and Summerfelt, 1990). 
Twelve transgenic plants that each contained one to four cop- 
ies of the transgene were chosen for further study (data not 
shown). 

Severa1 results indicated that expression of the -24OOAXI 
GUSIAX gene parallels that of the endogenous AX92 genes 
in transgenic oilseed rape plants. First, as shown in Figure 
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Figure 1. Diagrammatic Representation of the AX92 Gene and AX92 
Chimeric Genes. 

Representative restriction sites in the nuclear DNAfragments containing 
the AX92-9 gene are shown. The open boxes represent the 5’ and 3’ 
untranslated region of the AX92-9 gene as determined by primer ex- 
tension and nucleotide sequence analyses, and the shaded box 
indicates the protein coding region of the gene. The -24OOAXIGUSIAX 
chimeric gene was constructed by introducing Ncol and EcoRl restric- 
tion sites near the translational initiation and termination codons of 
AX92-9, respectively, and replacing the AX92 protein coding sequence 
with a 1.9-kb Ncol-EcoRI fragment containing the GUS protein coding 
sequence (solid boxes; see Methods). The 5’deletion constructs with 
960, 600,300, and 180 bp of AX92 5’flanking sequence were gener- 
ated using the restriction sites shown flanking the AX92-9 gene. The 
-24OOAXIGUSINOS gene was constructed by replacing the AX92 3’ 
region from -24OOAXIGUSIAX with a 0.3-kb EcoRI-Pstl fragment con- 
taining the NOS 3’untranslated and flanking regions (Depicker et al., 
1982). B, BamHI; E, EcoRI; H, Hindlll; Pv, Pvull; N, Ncol; Ns, Nsil. 

2, GUS activity was detected in seedlings grown for 3 days 
after the start of imbibition (DAI) from each of the 12 plants. 
Second, primer extension analyses revealed that mRNAs en- 
coded by the transgene and the endogenousAX92 gene share 
identical S’ends, suggesting that transcription of the chimeric 
gene was initiated from the AX92 promoter (data not shown). 
Third, the time course of GUS activity in transgenic seedlings, 
shown in Figure 3, was similar to that of AX92 mRNA accumu- 
lation in postgerminative growth (Haradaet al., 1988). Although 
GUS activity in seedlings from different transgenic lines grown 
for 3 DAI varied quantitatively (Figure 2), the temporal patterns 
during postgerminative growth in four other transgenic lines 
tested were identical (data not shown). 

Finally, gene products encoded by the -24OOAXIGUSIAX 
gene and the endogenous genes were distributed similarly 



Cortex Gene Activation 1373 

in seedlings. Figure 4A shows a representative transgenic seed- 
ling grown for 2 DAI that was stained histochemically for GUS 
activity. Consistent with the distribution of AX92 mRNA (Dietrich 
et al., 1989), GUS activity was detected only in the a i s  of seed- 
lings at 2 DAI; within the axis, the activity was highest in 
the root apex, excluding the root cap, and at the junction of the 
hypocotyl and root. No significant qualitative variation in 
the spatial distribution of GUS activity was observed in seed- 
lings from any of the 12 independently derived transgenic lines. 
Sections through root tips, such as those illustrated in Figures 
4B and 4C, showed that GUS activity was detected consis- 
tently in the cortex, including the cortex cell initials or cells 
immediately derived from the initials in the promeristematic 
region, and not in the epidermis or root cap. This pattern was 
similar to the distribution of AX92 mRNA in the root apical 
meristem (Dietrich et al., 1989). Additionally, very light staining 
of procambial cells was observed occasionally in some sec- 
tions (data not shown). At 4 DAI, GUS activity was present in 
roots, but the activity was also detected in the lower half of 
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Figure 2. GUS Activities in Transgenic Embryos and Seedlings Con- 
taining AX92 Chimeric Genes. 

GUS activity was measured in extracts prepared from embryos har- 
vested at 22 to 25 DPA (triangles) and from seedlings at 3 DAI (circles). 
Each symbol represents GUS activity in one independently transformed 
plant line containing an AX92 chimeric gene. Activities in seedlings 
were determined by assaying one extract per transgenic plant. For 
embryos, two to three separate extracts were prepared for each line, 
with the average GUS activity value shown. 5'deletions are listed by 
the size of AX92 5'flanking region in the construct. AGN, -240OAXI 
GUSINOS MU, 4-methyl umbelliferone. 
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Figure 3. Time Course of AX92 Chimeric Gene Activation during Post- 
germinative Growth. 

GUS activity was measured in extracts prepared from dry seeds and 
seedlings grown for 1 to 6 DAI from transgenic plant lines containing 
either the -2400AXIGUSIAX (filled circles), -300AXIGUSIAX (open 
circles), -7BOAXIGUSIAX(squares), or -24OOAXIGUSINOS (triangles) 
gene. To compare the time courses, the data are presented as per- 
centage of maximum GUS activity because the actual values varied 
greatly between lines. 

the hypocotyl (Figure 4D). The photomicrographs of hypocotyl 
sections from seedlings at 4 DAI hybridized in situ with an AX92 
antisense probe, shown in Figures 4E and 4F, verified that the 
endogenous mRNA was similarly localized. Together, these 
results suggest that the cis-acting DNA sequences that quali- 
tatively regulate AX92 gene activity in seedlings are located 
within the flanking andlor untranslated regions present in the 
-24OOAXIGUSAX gene. 

We showed previously that AX92 mRNA is detected in all 
organs of the mature plant, although at lower levels than that 
present in roots (Dietrich et al., 1989). Consistent with this re- 
sult, we found that GUS activity was detected in the margins 
of the young leaves of transgenic plants containing the AX92 
chimeric gene (data not shown). Thus, AX92 gene activity is 
not limited to the cortex; the gene may also be active in the 
ground tissue in other plant organs. 

Activation of the AX92 Chimeric Gene during 
Embryogeny 

BecauseAX92 is encoded by a gene family, we asked whether 
the same chimeric gene was active during embryogeny. GUS 
activity was quantified in pools of TI embryos harvested at 23 
days postanthesis (DPA), the stage at which AX92 mRNA is 
present at maximal levels during embryogeny (Harada et al., 
1988), from each of 12 transgenic plants containing the 
-24OOAXIGUSIAX gene. As shown in Figure 2, the results 
indicated that theAX92 promoter which was active in postger- 
mination was also active during embryogenesis. 
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Figure 4. Localization of GUS Activity and Endogenous AX92 mRNA in Seedlings and Embryos Containing the AX92 Chimeric Genes.
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To localize AX92 gene activity, we isolated embryos at 23 
DPA and stained them histochemically. Figures 4G, 4H, and 
41 show that, similar to seedlings, GUS activity was detected 
in the axes of the embryos, predominantly in the cortex at the 
root end of the axis and also in files of procambial cells. The 
embryonic cortex was stained consistently in all transgenic 
lines. Thus, the -24OOAXIGUSIAX gene contains the DNA se- 
quences that promote its activation in the cortex during 
embryogenesis as well as postembryonic growth. 

Because the AX92 gene was activated at an early stage of 
cortex differentiation in the apex of postembryonic roots (Fig- 
ure 46), we asked when the gene was first activated during 
embryogenesis. GUS activity was monitored in embryos start- 
ing at the early heart stage at 12 DPA and continuing through 
to dry seeds. Figure 5A shows that GUS activity was first de- 
tected in quantitative assays at 18 to 20 DPA, and Figure 58 
shows that this activity in situ was limited to the root end of 
the embryonic axis. The activity continued to increase until 
about 28 to 30 DPA when the activity reached a plateau (Fig- 
ure 5A). Because the GUS enzyme is thought to be stable in 
plant tissues (Jefferson et al., 1987), the leveling off of GUS 
activity in mid and late embryogeny may indicate that accumu- 
lation of the chimeric mRNA begins to decrease by -28 DPA. 
Similar time courses were obtained with two other transgenic 
lines that were analyzed (data not shown). These results indi- 
cate that AX92 gene activity is detected initially in torpedo stage 
embryos, well past the time when the cortex is first distin- 
guished morphologically in the embryonic axis (Tykarska, 1979). 

Effects of Deletions in AX92 5' Flanking Regions on 
Expression of the Chimeric Gene 

Having shown that the same AX92 gene is active in the root 
cortex during embryogenesis and postgerminative growth, we 

next asked whether the same cis-acting elements regulate the 
gene at both stages of development. To begin localizing these 
regulatory elements, derivatives of the -2400AXIGUSIAXgene 
that contain 960, 600,300, and 180 bp of AX92 5'flanking re- 
gion, shown diagrammatically in Figure 1, were transferred 
into oilseed rape plants. 

Gene Activation during Embryogeny 

The effects of the deletions on AX92 gene activity were as- 
sessed by measuring GUS activities in extracts of embryos 
collected at 23 DPA. As shown in Figure 2, GUS activity was 
detected in embryos containing each of the deletion constructs. 
In general, the activities decreased in proportion to the length 
of the 5'flanking region, although there was substantial varia- 
tion in activities measured among the 10 to 12 independently 
derived plants containing a given construct. 

The removal of 5'flanking regions affected quantitative lev- 
els of AX92 chimeric gene activity, yet the deletions had limited 
effects on the temporal and spatial expression patterns. Fig- 
ure 5 shows that, aside from the differences in GUS specific 
activities, the activity time courses during embryogeny were 
virtually identical for plants containing the -24OOAXIGUS/AX, 
-3OOAXIGUSIAX, and - 18OAX/GUS/AX genes. Furthermore, 
all of these transgenic embryos with detectable GUS activity 
showed staining patterns that were virtually identical to that 
shown for an embryo containing the -24OOAXIGUSIAX gene 
in Figure 6A. For example, Figure 6 6  shows a representative 
embryo containing the -18OAXIGUSIAX gene in which GUS 
activity was detected exclusively in the root end of the em- 
bryonic axis. These results were verified by showing that GUS 
activity was consistently higher in extracts of axes dissected 
from embryos containing each of the deletion constructs that 
were harvested at 22 to 25 DPA than in cotyledon extracts (data 

Figure 4. (continued). 

GUS activity was localized histochemically in seedlings and embryos containing the -2400AXIGUSIAXgene. AX92 mRNA was localized in hypocotyls 
from seedlings at 4 DAI using in situ hybridization protocols. 
(A) Seedling at 2 DAI. The blue precipitate shows that GUS activity is localized primarily in the root although not in the root cap. Bar = 1 mm. 
(B) Longitudinal section through the root tip of a seedling at 2 DAI. GUS activity is localized in the cortex including cortex cells in the promeristematic 
region. The arrow shows the relative location of the cross-section shown in (C). Bar = 100 pm. 
(C) Cross-section of a root tip from a seedling at 2 DAI shows that GUS activity is localized primarily in the cortex. The halo surrounding the 
epidermis is the glue used to attach the section to the vibratome. Bar = 50 pm. 
(D) Seedling at 3 DAI. GUS activity is detected in both the root tip excluding the root cap (located to the left of the hypocotyl) and the lower 
portion of the hypocotyl. The two arrows delimit the approximate region of the hypocotyl shown in (E) and (F). Bar = 1 mm. 
(E) Light-field photomicrograph of a hypocotyl section from a seedling at 4 DAI used for in situ hybridization analysis. Bar = 200 pm. 
(F) Dark-field micrograph of the section in (E) hybridized with an AX92 antisense-strand RNA probe labeled with 13%]. The silver grains (white 
dots) indicate that AX92 mRNA is localized in the basal half of the hypocotyl. No hybridization was detected in a similar section hybridized with 
an AX92 sense-strand RNA probe (data not shown). 
(O) Embryo at 23 DPA. GUS activity is highest in the root end of the embryonic axis. Staining at the margins of the cotyledons was not observed 
consistently. Bar = 1 mm. 
(H) Longitudinal section through the axis of an embryo at 23 DPA. GUS activity is localized in the embryonic cortex and in files of procambial 
cells. Bar = 200 pm. 
(I) Longitudinal section through the tip of the embryonic axis at 23 DPA. GUS activity is detected in the embryonic cortical cells in the promeristematic 
region and in procambial cells slightly back from the tip (indicated by arrowheads). Bar = 100 pm. 
a, axis; c, embryonic or mature cortex; ct, cotyledon; e, epidermis; h, hypocotyl; r, root; rc, embryonic root cap; v, developing vascular cylinder. 
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Figure 5. Time Course of AX92 Chimeric Gene Activity during
Embryogeny.

(A) Quantitation of GUS activity in embryos containing -2400AX/
GUSIAX, -300AX/GUSIAX, -180AX/GUS/AX,ar\d -240QAX/GUS/NOS
(AGN) genes between 12 DPA (early heart stage) and 60 DPA (mature
seed). For these experiments, T2 embryos from T, plants homozygous
for the transgenes were used to maximize the detection of GUS activity.
(B) Histochemical localization of GUS activity in embryos containing
the -2400AX/GUS/AX gene at different stages of embryogeny. Num-
bers indicate days postanthesis.
MU, 4-methyl umbelliferone.

not shown). Thus, at this level of resolution, sequences up-
stream of position -180 in the AX92 upstream region do not
appear to be necessary to activate the gene in the embryonic
axis.

Gene Activation during Postgermination

We analyzed transgenic seedlings containing the deletion
constructs to compare the effects of the 5' deletions on AX92

gene activity during postembryonic growth. As with embryos,
GUS activity in seedlings containing the deletion constructs
generally increased with increasing length of the 5' flanking
region (Figure 2). Furthermore, Figure 3 shows that the time
courses of GUS activity were similar for seedlings containing
the -2400AX/GUS/AX, -300AX/GUSIAX, and -180AX/GUSIAX
constructs. We showed that GUS activity was distributed
similarly in all transgenic seedings at 2 DAI that possessed
detectable activity, regardless of the length of the 5' flanking
region. Figures 6D and 6E show that representative seedlings
with a -24004X/GUSMXanda -180AXIGUS/AXgene, respec-
tively, stained similarly, although with different intensities.
Although GUS activity was not detectable in root cross-sections
from seedlings with the -180AXIGUSIAX gene, Figure 6H
shows that GUS activity was limited to the cortex in a root
cross-section from a seedling with a -300AX/GUSIAX gene,
a pattern qualitatively identical to that of seedlings with a
-2400AX/GUSIAX gene (Figure 6G). Similar to embryos, 180
bp of AX92 5' flanking sequences appear to be sufficient to
direct the correct qualitative activity of the chimeric gene in
seedlings at 2 DAI.

By contrast, sequences further upstream of position -180
were necessary for the proper regulation of the gene in seed-
lings at 3 DAI. The -2400AX/GUSIAXgene (Figure 6J) as well
as the endogenous AX92 genes (Figure 4F) are expressed in
seedlings at 3 DAI in the basal region of the hypocotyl in addi-
tion to the root. However, GUS activity was not detected in the
basal hypocotyl in seedlings containing the -960AXIGUSIAX
gene even though the activity remained conspicuous in the
root, as shown by the staining of a representative seedling in
Figure 6K. Identical results were obtained with seedlings con-
taining chimeric genes with 600,300, and 180 bp of 5' flanking
region (data not shown). Whereas all of the gene constructs
including those containing only 180 bp of 5' flanking region
were expressed in embryonic axes and seedling roots, only
the -2400AX/GUS/AX gene was expressed at detectable lev-
els in the basal hypocotyl of seedlings at 3 DAI. As shown in
Figures 7A and 7B, the histochemical results were verified by
quantifying GUS activities in cotyledon, hypocotyl, and root
extracts of seedlings containing each of the deletion deriva-
tives. Only seedlings containing the -2400AXIGUS/AX gene
at 3 DAI showed a significant increase in GUS activity in
hypocotyl extracts. Together, the results indicate that DNA se-
quences downstream of -180 and/or in 3' regions of the gene
are sufficient to direct expression in embryonic axes and seed-
ling roots, whereas those upstream of -960 are required for
activation in seedling hypocotyls.

Modification of the 3' Regions of the AX92 Chimeric
Gene Results in Striking Changes in Gene Activation
Patterns

To determine whether sequences downstream of the AX92 pro-
tein coding region play a role in regulating its activity, we
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modified the -2400AXlGUSlAXconstruct by replacing the 3.0 
kb of AX92 3' untranslated and flanking regions with the 
corresponding regions from the nopaline synthase (NOS) 
gene (Depicker et al., 1982) and designated the construct 
-24OOAXIGUSINOS (Figure 1). Analyses of 12 transgenic 
plants containing one to three copies of this gene indicated that 
the 3' modification affected the quantitative and qualitative ex- 
pression of the chimeric gene during both embryogenesis and 
postgerminative growth. 

Gene Activation during Embryogeny 

GUS activities in embryos at 23 DPA containing the -24OOAXl 
GUSINOS gene were, on average, only slightly reduced rela- 
tive to those with the -24OOAXIGUSIAX gene (Figure 2), and 
the qualitative time courses of GUS activity were similar (Fig- 
ure 5). The spatial distribution of GUS activity in embryos, 
however, was altered dramatically. In contrast to chimeric genes 
containing AX92 3' regions (Figures 6A and 6B), Figure 6C 
shows that GUS activity in embryos containing the 
-2400AXIGUSINOSgene was not detected in the axes of em- 
bryos at 23 DPA, but rather, was occasionally observed at low 
levels in the cotyledons after prolonged staining. Quantitative 
assays showed that GUS activity was, on average, threefold 
higher in cotyledon extracts of 22 to 25 DPA embryos contain- 
ing the -24OOAXIGUSINOS gene than in axis extracts (data 
not shown). By comparison, GUS activity was approximately 
sixfold higher in the axes of embryos with -24OOAXIGUSIAX 
genes than in cotyledons. Detection of GUS activity in 
cotyledons of embryos with the -24OOAXIGUSINOSgene prob- 
ably resulted from prolonged staining of the embryos as the 
activities in these organs were comparable in embryos con- 
taining the two different constructs. The 3' untranslated andlor 
flanking regions appear to contain DNA sequences required 
for the activation of the AX92 gene in the embryonic axis. 

Gene Activation during Postgermination 

We analyzed seedlings containing the -24OOAXIGUSINOS 
gene to determine whether the 3'end modification also affects 
AX92 gene activity during postgermination. GUS activities 
were only slightly depressed in seedlings containing the 
-24OOAXIGUSINOS gene relative to those with the -24OOAXl 
GUSIAX gene. However, consistent with the results obtained 
with embryos, GUS activity was not detected histochemically 
in the roots of seedlings at 2 DAI, including the cortex (Figures 
6F and 61). Figure 6L shows that the GUS activity present in 
seedlings at 3 DAI was localized primarily in the lower hypocotyl 
and was not detected in the root. As shown in Figures 7A and 
78, a significant increase in GUS activity was observed only 
in hypocotyl extracts of seedlings grown for 3 DAI containing 
the -24OOAXIGUSINOS gene. The absence of detectable GUS 
activity in roots was further indicated by the delay in the acti- 

vation of the -24OOAXIGUSINOS gene during postgerminative 
growth until the gene was activated in the hypocotyl at 3 DAI 
(Figure 3). 

Thus, replacement of the AX92 3' regions with the NOS ter- 
minator resulted in adramatic change in the spatial distribution 
of GUS activity both in embryos and seedlings. In general, 
the effect was specific for the root; GUS activities in cotyledons 
and hypocotys were not affected significantly. The results sug- 
gest that theAX92 3'region contains DNA sequences that are 
required for enhanced expression of the gene in the embryonic 
axis and the seedling root. 

DISCUSSION 

The Same AX92 Gene 1s Activated in Both 
Embryogenesis and Postembryonic Growth 

We used a chimeric AX92 gene to study the expression of 
genes in differentiating cortex cells during embryogenesis and 
postembryonic growth. Because AX92 is encoded by a small 
gene family, we first asked whether the same gene was acti- 
vated during the two stages of the life cycle. A GUS reporter 
gene was used to provide the sensitivity needed to monitor 
AX92 gene activity in embryos. Our previous results showed 
that AX92 genes are regulated primarily at the transcriptional 
leve1 (Comai and Harada, 1990). 

The temporal and spatial expression of the chimeric gene 
parallels the accumulation of AX92 mRNA during postgermina- 
tive growth (Figures 3 and 4). The results suggest that the 
activity of the chimeric gene reflects AX92 gene expression 
and that sequences located within the 2.4-kb AX92 5' region 
andIor the 3.0-kb AX92 3'region present in -24OOAXIGUSIAX 
are responsible for the qualitative regulation of the gene in 
seedlings. In determining whether the same AX92 gene is ac- 
tivated during embryogenesis, we showed that GUS activity 
is detected in embryos, specifically in the embryonic cortex 
in the root end of the axis and perhaps in other tissues (Fig- 
ure 4). Thus, the same AX92 gene is active transcriptionally 
in both embryos and seedlings. Other experiments showing 
that all four AX92 genes hybridize at a high criterion with 
mRNAs isolated both from seedlings grown for 3 DAI and from 
embryos at 23 DPA suggest that each gene is expressed at 
both stages (data not shown). A homolog of AX92 mRNA has 
also been detected in carrot somatic embryos, although its 
spatial expression pattern is not known (Aleith and Richter, 
1990). 

We note that GUS activity is detected in other organs of plants 
containing the -240OAXIGUSIAXgene. This result is consistent 
with our previous findings that AX92 mRNA is present in all 
vegetative organs of mature plants including leaves (Dietrich 
et al., 1989). Thus, AX92 genes are not expressed exclusively 
in the cortex, but they may be active in a subset of ground 
tissues. 
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Figure 6. Localization of GUS Activity in Transgenic B. napus Embryos and Seedlings.
The blue precipitate shows the location of GUS activity.
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Figure 7. AX92 Gene Activity in Cotyledons, Hypocotyls, and Roots 
of Transgenic Seedlings at 2 and 3 DAI. 

GUS activity was measured in seedling extracts prepared from hand- 
dissected cotyledons, hypocotyls, and roots from five independently 
derived plant lines containing the -24OOAX/GUS/AX, -96OAXIGUSIAX, 
or -2400AXIGUSINOS (AGN) genes and in three lines containing the 
- 6OOAX/GUS/AX, -3oaAX/GUSIAX, or - IBOAXIGUSIAX genes. To nor- 
malize for quantitative variations, GUS activity was divided by the activity 
present in dry seeds from the same lhe. The average normalized ac- 
tivities and standard errors are shown. 
(A) Seedlings at 2 DAI. 
(E) Seedlings at 3 DAI. 

The AX92 Gene 1s Activated Late in Embryo 
Development 

Because the expression of AX92 genes correlates with the 
differentiation of cortex cells in the apical meristems o1 

postembryonic roots (Figure 4; Dietrich et al., 1989), we asked 
whether activation of the gene coincided with the morpholog- 
ical specification of the embryonic cortex. The cortex initial 
cells of oilseed rape embryos can be identified in a globular 
stage embryo at m7 DPA, and the organization of the embryonic 
cortex is clearly distinguished in heart stage embryos by 4 1  
to 12 DPA (Tykarska, 1976, 1979, 1980). Our previous studies 
showed only that AX92 mRNA is present in embryos by 18 DPA, 
the earliest stage studied (Harada et al., 1988). 

In this study, we showed that activation of theAX92chimeric 
gene was not detected until 18 to 20 DPA in torpedo stage 
embryos, well after the time when the embryonic cortex 
is first organized in an early heart stage embryo (Figure 
5; Tykarska, 1979). Ultrastructural studies of embryos from 
Capsella bursa-pastoris and Arabidopsis thaliana have gener- 
ally been interpreted to indicate that cortex differentiation is 
initiated during the transition from the globular to the heart 
stage (Schulz and Jensen, 1968; Mansfield and Briarty, 1991). 
For example, in heart stage embryos, the cells of the embryonic 
cortex and procambium are more vacuolated than those of 
the protoderm, and plastids in the protoderm and cortex are 
more highly differentiated than those in the procambium. Thus, 
AX92 gene activation is not coupled to the specification df cor- 
tex cells during embryogenesis. Other probes are needed to 
further compare cortex cells present in heart stage embryos 
and in the promeristematic regions of postembryonic roots. 

Combinatorial Regulation of AX92 Gene Activity 

As summarized in Table 1, we have shown that a combination 
of cis-acting DNA sequences in the 5' and 3' flanking and/or 
untranslated regions influenceAX92 gene activity in embryos 
and seedlings. In particular, two regions appear to affect the 
gene's spatial activation. 

DNA sequences needed to activate the AX92 gene in the 
seedling hypocotyl at 3 DAI are located between positions 
-2400 and -960 in the AX92 5' flanking region (Table 1; 
Figures 6 and 7). Chimeric gene expression was observed in 
seedlings with either of the two constructs containing this re- 
gion, -24OOAX/GUSIAX and -2400AXIGUS/NOS, but not in 
seedlings with constructs in which this region was absent 
(Figures 4,6, and 7). Other sequences that appear to influence 

Figure 6. (continued). 

(A) to (C) Embryos at 23 DPA. GUS activity is observed in the rod end of the axis in embryos containing the -24OOAX/GUS/AX(A) and -7BOAXIGUSIAX 
(e) genes. In embryos with the -24OOAXIGUSINOS gene (C), GUS activity is detected in the cotyledons after prolonged incubation. Bars = 500 pm. 
(D) to (F) Seedlings at 2 DAI. In seedlings containing the -24OOAXIGUSIAX (D) and -7BOAXIGUSIAX genes (E), GUS activity is detected in the 
root. No activity is detected in seedlings containing the -24OOAXIGUSINOS gene (F). Bars = 1 mm. 
(G) to (I) Cross-section of root tips from seedlings at 2 DAI. In sections from seedlings containing the -2400AXIGUSIAX (G) and -300AXIGUSIAX 
(H) genes, GUS activity is limited to the cortex cells. No activity is detected in sections from seedlings with the -24OOAXIGUSINOS gene (I). 
Bars = 50 pm. 
(J) to (L) Seedlings at 3 DAI. In seedlings containing the -24OOAXIGUSIAX gene (J), GUS activity is observed in the root (root tip is located 
to the left of the hypocotyl) and lower hypocotyl. In seedlings with the -96OAXIGUSIAX gene (K), GUS activity is detected in the root (tip is located 
to the right of the hypocotyl) but not the hypocotyl, and in seedlings containing the -24OOAXIGUSINOS gene (L), GUS activity is detected in 
the hypocotyl but not in the root (tip is located to the left of the hypocotyl). Bars = 1 mm. 
a, axis; c, cortex; ct, cotyledon; e, epidermis; h, hypocotyl; r, root; v, developing vascular cylinder. 
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Table 1. Summary of AX92 Chimeric Gene Activity 
~ 

GUS Activity Prevalent in: 

Embryonic Seedling Seedling 
Construct Axes Roots Hypocotyls 

- 2400AXIGUSlAX + + + 
-960, -600, -300, 

and -1SOAXIGUSIAX + - 

- 24OOAXlGUSlNOS - + 
+ 
- 

Because the -2400AXIGUSIAX construct contains 3' un- 
translated regions from the AX92 gene, it is currently unclear 
whether the regulatory sequences downstream of the protein 
coding region affect gene activity at the transcriptional or post- 
transcriptional level. The 3' untranslated region has been shown 
to modulate gene expression post-transcriptionally by affect- 
ing mRNA stability or the rate of translation (Ch'ng et al., 1990; 
Jackson and Standart, 1990; Munroe and Jacobson, 1990). 
Transcriptional enhancers have been identified in the 3'flank- 
ing regions of animal and plant genes (Choi and Engel, 1986; 
Fischer and Maniatis, 1986; Dean et al., 1989). 

Regulation of the AX92 Gene during Embryogenesis 
and expression in the hypocotyl have been described (Bustos et 

al., 1991). 
Growth 

Severa1 results support a surprising finding of this study- 
that DNA sequences located 3' of the AX92 protein coding 
region appear to be necessary to activate the AX92 gene in 
the cortex of the embryonic axis and the root apex. First, ex- 
pression of the -1BOAXIGUSIAXgene in the roots of embryos 
and seedlings indicates that sequences upstream of position 
-180 in the AX92 5' flanking region are not required to acti- 
vate the gene (Table 1; Figures 6 and 7). Rather, the upstream 
region appears to contain sequences that influence the quan- 
titative level of AX92 gene activity as well as its activity in other 
organs (Table 1; Figures 4 and 6). 

Second, the activity of the -2400AXIGUSINOS gene, which 
includes the entire 2400 bp of AX92 5' flanking and untrans- 
lated regions but not the AX92 3' region, is severely reduced 
in embryonic axes and seedling roots (Table 1; Figures 6 and 
7). GUS activities in axes of embryos and seedlings contain- 
ing the -2400AXIGUSINOS gene are, on average, 2% of the 
activity measured in those with the -24OOAX/GUS/AX gene. 
It is unlikely that the NOS 3' region represses chimeric gene 
expression in roots because this terminator has been used 
in other GUS chimeric genes expressed in this organ (Ohl et 
al., 1990; Yamamoto et al., 1991). Furthermore, the 3'end modi- 
fication did not change the transcription start site; the S'ends 
of mRNAs encoded by the -24OOAXIGUSINOS, -24OOAXl 
GUSIAX, -300AXIGUS/AX, and endogenous AX92 genes are 
identical (data not shown). 

Third, the reduced expression of the -24OOAXIGUSINOS 
gene in roots does not result from a modification of the 3'end 
that renders the gene nonfunctional. Normalized GUS activi- 
ties in embryonic cotyledons at 23 DPA and in hypocotyls of 
seedlings at 3 DAI were comparable to those present in plants 
containing the -24OOAXIGUSIAX gene (Figure 7).  The sim- 
plest model consistent with these results is that the DNA 
sequences responsible for root cortex expression are located 
in the 300 bp of AX92 3' untranslated region andlor the 3'flank- 
ing region. At present, we cannot eliminate the possibility that 
other cis-acting elements between -180 and the translational 
initiation codon are necessary but not sufficient to activate the 
gene in roots (Figure 1). 

In lower vascular plants, there is neither a distinct end toem- 
bryogenesis nora definite beginning to postembryonic growth 
(Steeves and Sussex, 1989). By contrast, relative to tissue and 
organ formation, the sporophytic life cycle of a higher plant 
is interrupted during the stages of embryogeny that lead to 
the production of a quiescent seed. As a consequence, the 
differentiation of the primary tissue and organ systems of a 
seed plant is a discontinuous process that is initiated during 
embryogenesis, interrupted during seed maturation and desic- 
cation, and reinitiated during and following germination. We 
have asked whether a gene expressed primarily in the root 
cortex of embryos and seedhngs is regulated by identical mech- 
anisms during embryogenesis and postembryonic growth. Our 
results show that a modification of the 3 untranslated and flank- 
ing region affects the activation of the AX92 chimeric gene in 
the root cortex of both embryos and seedlings. Although ad- 
ditional studies are needed to more precisely define the 
elements involved in regulating AX92 gene activity, our results 
suggest that the same DNA sequences may control AX92 gene 
activation during embryogenesis and postembryonic growth. 

METHODS 

Plant Material 

Oilseed rape (Brassica napus cv Westar) was used in the plant trans- 
formation experiments. B. napus (rapid cycling population, CRGC 5) 
was the source of material for in situ hybridization experiments. Plants 
were grown in the greenhouse under standard conditions. Embryos 
were staged according to morphological criteria (Harada et al., 1988). 

lsolation of AX92 Genes 

Genomic clones containing AX92 genes were isolated from a library 
of oilsesd rape nuclear DNA using an AX92 cDNA clone (Harada et 
al., 1988; Comai et al., 1992). Twenty genomic clones corresponding 
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to four AX92 genes were identified and characterized. Nuclear DNA 
gel blot experiments suggest that the four genes represent all of the 
AX92 genes in the oilseed rape genome. 

Nucleic Acid Sequencing 

Nucleotide sequences were determined by the dideoxynucleotide chain 
termination method using double-stranded plasmid templates (Sanger 
et al., 1977; Chen and Seeburg, 1985). 

Chimeric Gene Construction 

Restriction sites were introduced into the AX92-9 gene using oligonu- 
cleotide-directed in vitro mutagenesis (Amersham Corp.). An Ncol 
restriction site was created at the translation start codon using the 22- 
base oligonucleotide 5'-GAAGCCAlGG'TTTGTTTTGAAG-3' to change 
the base located 2 bases upstream of the translational initiation codon 
from A to C'. An EcoRl restriction site was generated using the 24-base 
oligonucleotide 5'-TTAGCACTGAAT'TTCAGGAGGAAC-3' to change 
two adjacent bases from CT to A'A' located 9 and 10 bases upstrsam 
from the translation stop codon. Mutations were confirmed by nucleo- 
tide sequence analysis. 

The 3.0-kb EcoRI-Pstl fragment from the 3'end of the mutated AX92-9 
gene and the 5.4-kb Ncol-Pstl fragment containing 2.4-kb of AX92-9 
5'region and vector DNA were ligated with the 1.9-kb Ncol-EcoRI frag- 
ment from pRAJ275 containing the p-glucuronidase (GUS) protein 
coding sequence (Jefferson, 1987). The nucleotide sequences of the 
junctions between AX92 and GUS regions were checked to ensure 
that changes had not been introduced in the cloning procedures. The 
5' deletion series was made from the -24OOAX/GUS/AX gene using 
the restriction sites in theAX92 5'flanking sequence shown in Figure 
1. The -24OOAX/GUS/NOS (NOS; nopaline synthase) construct was 
made by replacing the 3.0-kb EcoRI-Pstl AX92 3fragment with a0.3-kb 
EcoRI-Pstl fragment from pMON316 (Sanders et al., 1987), which con- 
tains the NOS termination sequence (Depicker et al., 1982). The gene 
constructs were transferred into the binary T-DNA vector pCGN1557 
and mobilized into Agrobacterium fumefaciens strain EHAlOl (Hood 
et al., 1986; McBride and Summerfelt, 1990). 

Plant Transformation 

Oilseed rape was transformed following the protocol of Radke et al. 
(1988) with modifications (1992). 

Analysis of Transgenic Plants 

Each transgenic plant used in this study contained one to four copies 
of the transgene, at least one of which was not rearranged detectably 
as determined by DNA gel blot hybridization experiments. T1 embryos 
were harvested from selfed primary transformants and staged as de- 
scribed previously (Harada et al., 1988). Seeds were germinated on 
moist filter paper in Petri dishes in the dark at 25OC. For most fluoro- 
metric assays, extracts from 20 pooled siblings of TI embryos or 
seedlings were analyzed. Where T2 embryos were used, they were 
obtained from selfed T1 plants, which showed no segregation of the 
transgene in their progeny. For the experiment shown in Figure 5,40 

to 70 T2 embryos were pooled to obtain sufficient material from early 
heart to early torpedo stage embryos. 

GUS Activity Assays 

Chimeric gene expression was measured in two ways. Histochemical 
assays were done on embryos and seedlings to determine the spatial 
distribution of GUS activity in the plant, and fluorometric assays were 
done on tissue extracts to quantify activities (Jefferson, 1987). 

For the fluorometric assays, embryos, seeds, or whole seedlings, 
in all cases with the seed coat removed, were pooled, homogenized 
in GUS extraction buffer (50 mM NaPO.,, pH 7.0, 10 mM DTT, 1.0 mM 
EDTA, 0.1% Sarkosyl, 0.1% Triton X-lOO), and centrifuged for 10 min 
in a microcentrifuge. An aliquot of the supernatant was assayed for 
GUS activity in the extraction buffer containing 1 mM 4-methyl umbel- 
liferyl p-o-glucuronide and methanol added to a final concentration 
of 20% (v/v). The reactions were incubated at 37OC, aliquots were re- 
moved after 10, 36, and 72 min, and diluted 130 in 0.2 M Na2C03. 
Fluorescence was measured on a minifluorometer (model No. TKO 
100; Hoefer, San Francisco, CA) (excitation wavelength = 365 nm, pho- 
todetector wavelength = 460 nm). Protein content was determined 
using a protein assay kit (BCA; Pierce Chemical Co.). To reduce inter- 
ference in the protein assay caused by DTT in the GUS extraction buffer, 
samples were preincubated with an equal volume of 0.1 M iodoaceta- 
mide in 0.1 mM Tris buffer, pH 8, for 20 min at 37°C (Hill and Straka, 
1988). BSA was used as the standard. 

GUS activity was detected histochemically by submerging embryos 
or seedlings in GUS histochemical buffer (100 mM NaPO,, 0.5 mM 
K3[Fe(CN,)], 0.5 mM b[Fe(CN6)], 10 mM EDTA, 1 mg/mL 5-bromo-4- 
chloro-34ndoyl glucuronide (X-gluc), 20% methanol (v/v)) in vacuo for 
10 min, followed by incubation at 37OC until color developed (1 to 16 
hr). Tissue sections of fresh plant material were obtained using avibra- 
tome (Technical Products International, St. Louis, MO). Sections 100 
to 200 pm thick were stained for GUS activity, fixed with 10% forma- 
lin/5% acetic acid/50% ethanol, and mounted on microscope slides. 
Photomicroscopy was done on a dissecting photomicroscope (model 
No. MC-63; Zeiss, Oberkochen, Federal Republic of Germany) and 
a photomicroscope (Labophot; Nikon, Garden City, NY) using color 
film (Kodacolor Gold 100; Kodak). 

Methanol was added to histochemical and fluorometric GUS assays 
to reduce background caused by endogenous GUS activity in the plant 
material (Kosugi et al., 1990). 

In Situ Hybridization 

Experiments were done as described in Dietrich et al. (1989). 
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