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Spatial regulation of engrailed expression
in the Drosophila embryo

Michael P. Weir,! Bruce A. Edgar,2 Thomas Kornberg,! and Gerold Schubiger®

IDepartment of Biochemistry and Biophysics, University of California, San Francisco, California 94143; 2Department of
Genetics and 3Department of Zoology, University of Washington, Seattle, Washington 98195 USA

Novel patterns of engrailed RNA were observed in early Drosophila embryos injected with cycloheximide, an
inhibitor of protein synthesis. From these patterns, we infer that there are several superimposed systems of
spatial regulation which in combination localize engrailed expression in the embryo. Activation of engrailed
transcription progresses with an anterior-to-posterior polarity. Superimposed are systems of negative regulation
that repress expression in the anterior 30% of the embryo and in the interbands between stripes. We suggest
that products of known segmentation genes are the repressors that suppress engrailed expression in interbands.
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The subdivision of the Drosophila embryo into a linear
series of segments depends upon several classes of genes.
The combined activities of the coordinate, gap, pair-rule,
segment-polarity, and homeotic genes together specify
the location, size, and identity of the individual meta-
meres. Without the function of these segmentation and
homeotic genes, segments do not form properly, are of
abnormal size, or do not follow the developmental
pathway characteristic of their location (reviewed by
Akam 1987).

The genes that generate the segmental pattern are ex-
pressed in regions which correspond to their respective
domains of function. Thus, for example, the engrailed
gene, which is required for the development of the poste-
rior compartments of segments, is expressed in all poste-
rior compartment cells. In embryos at the cellular blas-
toderm stage, in which the posterior compartment pri-
mordia are arranged as a single-cell-wide band in each
segment, the engrailed gene is expressed in a reiterated
series of single-cell-wide stripes, one stripe per meta-
mere (DiNardo et al. 1985; Fjose et al. 1985; Kornberg et
al. 1985).

Because they are expressed in segmental intervals,
products of the engrailed and other segmentation genes
may be considered as molecular markers of segments.
Probing how these genes are spatially regulated therefore
offers an experimental approach to understanding the
mechanisms involved in segmentation. To date, such
studies have included several strategies. (1) Genetic
studies have indicated that mutations in segmentation
genes disrupt the expression patterns of other segmenta-
tion genes, suggesting that a hierarchical network of
gene—gene interactions plays a role in their patterning
{Carroll and Scott 1986; Harding et al. 1986; Howard and

Ingham 1986; Jackle et al. 1986; Macdonald et al. 1986;
DiNardo and O’Farrell 1987; Perrimon and Mahowald
1987). (2) Transformation studies using portions of the
fushi tarazu (ftz) gene promoter have identified DNA se-
quences required for spatially regulated expression
(Hiromi et al. 1985; Hiromi and Gehring 1987). {3} De-
scriptions of the expression patterns of genes such as ftz,
paired (prd), engrailed, and gooseberry have indicated
that segmentation evolves through a series of stages
which progressively define smaller intervals, the seg-
ment interval being the mature one (Weir and Kornberg
1985; Kilchherr et al. 1986; Baumgartner et al. 1987). (4)
Complementing these studies, we have described an-
other approach that uses inhibitors of RNA (a-amanitin)
and protein (cycloheximide) synthesis to block meta-
bolic functions involved in the pattern formation pro-
cess.

We first examined the effects of inhibitors on the ex-
pression of the pair-rule gene, fushi tarazu. We found
that ftz RNA has a short half-life, an observation that is
consistent with the rapid evolution of ftz expression
patterns. The processes that pattern ftz RNA are sensi-
tive to inhibition of protein synthesis, and the different
responses that were observed in different parts of the
embryo suggested the involvement of at least two sepa-
rate and identifiable systems of regulation. One system
inhibits expression of ftz in the polar regions of the em-
bryo, and a second inhibits ftz expression in the regions
between its seven stripes (Edgar et al. 1986b).

To test whether similar mechanisms regulate the ex-
pression of other segmentation genes, we have extended
this analysis to the engrailed gene. Novel patterns of en-
grailed transcription observed in the presence of cyclo-
heximide indicate the existence of several superimposed
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systems of spatial regulation. Furthermore, they suggest
how the combined functions of known segmentation
genes generate the patterns of engrailed expression.

Results
Normal engrailed expression patterns

Drosophila embryogenesis begins with a series of 13
rapid and nearly synchronous nuclear divisions. During
the 9th nuclear cycle, the nuclei migrate to the pe-
riphery of the embryo, and in the 14th cycle, the rapid
divisions pause for 60~90 min, the nuclei elongate, and
cell membranes separate the nuclei into individual cells
(Rabinowitz 1941; Foe and Alberts 1983).

Transcripts from the engrailed gene have been de-
tected by in situ hybridization in embryos about 20—30

Table 1. Frequencies of engrailed RNA patterns in
cycloheximide-treated and control embryos

Minutes AED, 22°C

en 180 min 190 min 210 min 235 min
Type pattern (%] (%) (%) (%)
Control A 100 40 0
B 0 12 24
C 0 16 29
D 0 32 46
(n) (23) (25) {41)
Cyh (60 min) A 6 5 3 0
E 83 48 21 0
F 11 43 55 9
G 0 5 21 91
(n) (18) (21) (33 (56)
Cyh (90 min) A 7
H 41
I 33
I 19
(n) (27)

Control embryos were fixed at the times indicated; experi-
mental embryos (Cyh, 60 or 90 min) were injected at the times
indicated and fixed either 60 or 90 min later. The continuous
ranges of the control and experimental RNA patterns were
classified into 10 discrete groups (Fig. 6A-]) as follows. (A} No
signal; (B) one-stripe, pronounced expression in stripe 2 (Fig.
1a); {C) intermediate pattern, pronounced expression in two or
more of stripes 1-8 and 12 (Fig. 1b); (D) complete or nearly
complete pattern, pronounced expression in additional stripes
besides stripes 1-8 and 12 (Fig. lc); (E) anterior-dorsal expres-
sion alone (Fig. 3a); (F) intermediate pattern, pronounced ex-
pression in stripe fusions 0 + 1 and 2 + 3, and expression in
anterior—dorsal and/or more posterior locations (Fig. 3b,c); (G)
complete or nearly complete pattern, pronounced expression in
seven stripe fusions (Fig. 3d,e and 4a); H, I, and ] are equivalent
to D, E, and F, respectively, except for the presence of consider-
ably more interband expression (Fig. 5a—c, respectively). Fre-
quencies of these patterns are presented in Table 1 as per-
centages of the total number of scored embryos (parentheses).
Each embryo for the 180-, 210-, and 235-min timepoints was
scored after reconstruction of 3—10 randomly chosen sections;
for the 190-min time point, which was a separate experiment,
1-2 sections were scored for each embryo.

engrailed RNA localization

Figure 1. engrailed transcripts in uninjected embryos. Frozen
sections of cycle 14 embryos were hybridized with an engrailed
cDNA probe. ([3H] RNA probe). Embryos are oriented anterior
left, dorsal up. (a—c) Intermediate patterns in the development
of the 14-stripe array.

min after the beginning of nuclear cycle 14 (Weir and
Kornberg 1985; Table 1; Fig. 1). They are initially con-
centrated in a single stripe 1-2 cells wide (stripe 2 in
parasegment 2; Martinez-Arias and Lawrence 1985), ap-
proximately 60% from the posterior pole. For the subse-
quent 4050 min, engrailed expression increases quan-
titatively and changes in pattern. Additional stripes of
engrailed RNA appear with an overall anterior-to-poste-
rior and ventral-to-dorsal order. Violating this general
order of appearance, some of the stripes in the more pos-
terior even-numbered parasegments form before those in
more anterior odd-numbered ones (Fig. 1; Weir and
Kornberg 1985). By the commencement of gastrulation,
an array of 14 stripes has evolved.

During this developmental period of rapid changes in
the pattern of engrailed expression, engrailed transcripts
turn over rapidly. Northern analysis of RNA isolated
from embryos that had been injected with a-amanitin,
an inhibitor of transcription initiation, indicated a half-
life of 6—9 min for engrailed mRNA (Fig. 2A). This un-
usually small value is similar to those of fushi tarazu
(ftz) (Edgar et al. 1986b), even-skipped, hairy, runt,
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Figure 2. (A) Turnover of engrailed RNA in the embryo measured by a-amanitin injection. The rate of turnover of engrailed RNA
was determined as described previously {Edgar et al. 1986b] by blocking transcription with a-amanitin and measuring by Northern
analysis the amount of engrailed RNA that remained at increasing time intervals after injection. Embryos were injected at 230 min
after egg deposition {AED; mid cycle 14) {arrow). The vertical number on the gel indicates min AED for uninjected embryos. The
horizontal numbers immediately following indicate the times of incubation after injection at this time. Densitometry of the gel was
used for the graph which indicates that the 2.7-kb engrailed RNA is short-lived with a half-life of 6—9 min. The same blot was
hybridized with a probe for ribosomal protein 49 mRNA (rp49). Unlike the engrailed transcripts, rp49 mRNA was stable after injec-
tion of a-amanitin (not shown). {B) Accumulation of engrailed RNA after injection of cycloheximide. Cycloheximide was injected at
cycles 12 (130 min AED), early 14 (190 min AED), and late 14 (250 min AED} (arrows). RNA was measured by Northern analysis at 30,
60, and 110 min postinjection. (Upper gel) 12-hr and {lower gel) 2-hr exposures of the Northern blot are illustrated with lanes marked
as in A. engrailed RNA (2.7 kb) accumulated in uninjected control embryos (dotted line) and after injection of cycloheximide at the
different times (solid lines). The lower horizontal axis indicates nuclear cycles (with slashes at the midpoints of mitosis). G indicates

the onset of gastrulation.

Kriippel, and hunchback (B.A. Edgar and G. Schubiger,
unpubl.], genes whose patterns of expression also change
rapidly during pre-gastrula development.

Effects of cycloheximide

Injection of cycloheximide into precellular Drosophila
embryos arrests protein synthesis rapidly and blocks nu-
clear cycling in the subsequent G, phase (Zalokar and
Erk 1976; Edgar and Schubiger 1986). As with other cell
types, the presence of cycloheximide also stabilizes
mRNAs ({Lindquist et al. 1982). Quantities of engrailed
RNA increased significantly in the presence of cyclo-
heximide {Fig. 2B). Accumulation of engrailed RNA was
most pronounced when cycloheximide was adminis-
tered late in cycle 14.

To determine whether the spatial pattern of engrailed
transcripts was altered in the presence of cycloheximide,
injected embryos were subjected to in situ hybridization.
Embryos in nuclear cycles 8, 10, 12, 13, and three stages
within cycle 14, were injected with the drug. After 60 or
90 min of incubation, embryos were fixed, sectioned,
and hybridized with an engrailed cDNA probe. Unin-
jected control embryos were processed in parallel and
were fixed as the experimental embryos were injected.

Embryos injected during cycles 8, 10, 12, and 13 and
incubated for 60 min did not have detectable engrailed
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transcripts. Injection during cycle 14 resulted in an array
of patterns of engrailed expression not characteristic of
normal embryos (Figs. 3—5). engrailed RNA was ob-
served in regions where it is not normally detected—be-
tween stripes, and in the anterior third of the embryo
(70-100% egg length, EL, measured from the posterior
end). In addition, appearance of the more posterior
stripes (which characterize the maturation of normal en-
grailed expression) was blocked. The type of novel pat-
tern was a function of both the time of injection, and the
time of incubation after injection.

The patterns ot engrailed expression in embryos incu-
bated for 60 or 90 min after cycloheximide injection
were similar. However, with 60 min of incubation, high
levels of extra engrailed expression were observed only
in every other interband, whereas with 90 min of incu-
bation, high levels were observed in all the interbands
(see below). We describe first the 60-min patterns.

Cycloheximide-induced patterns after 60 min of
incubation

Embryos injected early in cycle 14 {approximately 180
min after egg deposition, AED) and incubated for 60 min
expressed the engrailed gene in a broad anterior-dorsal
patch between approximately 75% and 95% EL (Fig. 3a).
Control embryos 180 min AED had no detectable en-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on June 8, 2011 - Published by Cold Spring Harbor Laboratory Press

Figure 3. engrailed transcripts in cycloheximide-injected em-
bryos incubated for 60 min. (a—e| are examples from the range
of novel patterns of engrailed expression after injection of cy-
cloheximide during cycle 14, and incubation for 60 min. We
infer from Table 1 that a—e were injected at progressively later
times. Sections are oriented anterior left, dorsal up (¢ is a
grazing section). Compared to uninjected control embryos (Fig.
1), extra engrailed expression was observed in the anterior-
dorsal region (arrows: a,b), stripe 0 (arrowheads: c—e), and in the
interbands between stripes 0+1, 2+3 etc. (brackets: e} (see
Fig. 4).

grailed RNA; control embryos 60 min older had an array
of 14 reiterated stripes from 10% to 70% EL (Figs. la—c
and 6; Table 1).

Injections later in cycle 14 resulted in a range of
striped engrailed patterns with progressively more ex-
pression in the posterior portions of the embryo (Figs.
3b-e and 6; Table 1). Patterns observed after injection
during mid cycle 14 (210 min AED) had two prominent
bands of expression centered at 70% and 60% EL. In ad-
dition, engrailed RNA was localized in these embryos in
the anterior-dorsal region and/or weakly in more poste-
rior stripes (Fig. 3b,c). The extent of maturation of
striped expression toward the posterior pole of the em-
bryo was significantly less than in uninjected controls of
the same age (60 min after the time of injection). Com-
parison with the expression in older embryos that had
formed a cephalic furrow (see Fig. 4), indicates that in
these younger cycloheximide-treated embryos, the
second of the two prominent bands (at 60% EL) encom-
passes the sites of stripes 2 and 3 as well as the inter-
vening regions. The prominent band that is more ante-
rior (at 70% EL) corresponds to a portion of the embryo
that encompasses stripe 1, as well as adjacent regions
that include what are here referred to as stripe 0 and the
0-1 interband. Although RNA localized in the anterior-
dorsal patch and stripe 0 has not been observed in
normal embryos, expression of engrailed protein has
been detected at these sites with the more sensitive
assay made possible by antibodies directed against the
engrailed protein. These sites stain very weakly in cycle
14 embryos (T. Karr, M. Weir, and T. Kornberg, unpubl.},
and only become prominent during germ-band elonga-
tion (DiNardo et al. 1985). Comparison with fate maps
of embryos suggests that the anterior-dorsal patch is in
the presumptive clypeolabral region, and stripe O is in
the antennal region {Campos-Ortega and Hartenstein
1985).

Embryos injected late in cycle 14 just before gastrula-
tion (approximately 235 min AED) differed from those
injected during mid cycle 14 (210 min AED) in that they
lacked the anterior-dorsal patch of expression and had
banded expression that extended further toward the pos-
terior end {Fig. 3c—e). Stripes corresponding to stripe
numbers 0+1 and 2+3 and their respective interbands
were present, as were five additional paired stripes (cor-
responding to numbers 4+5, 6+ 7,..., 12+ 13). A narrow
stripe (corresponding to number 14} near the posterior
pole was also prominent (Fig. 3e}. Thus, the progressive
anterior-posterior appearance of stripes of engrailed ex-

engrailed RNA localization

pression became increasingly less sensitive to the pres-
ence of cycloheximide as embryos matured (Fig. 6; Table
1).
The broad stripes in injected embryos can be described
as the result of ectopic expression in the interband re-
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Figure 4. engrailed expression in gastrulated
embryos. (a) engrailed RNA in a frozen sec-
tion of a gastrulated embryo injected with cy-
cloheximide and incubated for 60 min. {b) An
optical section of an uninjected gastrulated
embryo stained with a monoclonal antibody
against the engrailed protein. Arrows in a and
b point to equivalent stripes in the posterior
part of the cephalic furrow: The alternating
pattern in b implies that the identity of this
stripe is stripe 2 (parasegment 2). Hence, the
pairing of stripes in (a) is 0+1, 2+3 etc.
(brackets).
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i ¢ 8 b

gions, between pairs of stripes. The level of expression in
the interband regions was graded, with progressively
higher levels in dorsal and posterior regions of the em-
bryo. Interband expression was relatively lower in em-
bryos injected during mid or late cycle 14, resulting in
apparent splitting of the broad bands (Figs. 3c—e and 4a).
Such splitting was often asymmetrical, with a broader
region of expression in the posterior part of each fused
stripe (Fig. 3¢,d).

Expression after 90 min of incubation with
cycloheximide

To evaluate whether the time of incubation post injec-
tion affected the observed patterns of engrailed expres-
sion, in a separate experiment, embryos injected at mid
cycle 14 (approximately 190 min AED) were incubated
for either 60 or 90 min. The patterns observed after ei-
ther 60 min or 90 min of incubation were similar {Table
1). Both the progression of expression from the anterior
to the posterior portions of the embryo and the quantity
of engrailed RNA in the anterior portion of the embryo
were dependent on the time of injection and were inde-
pendent of the time of incubation (Fig. 6). Anterior-
dorsal expression was only observed after injection into
early or mid cycle 14 embryos, but not in late cycle 14

Figure 5. engrailed expression 90 min after cycloheximide in-
jection. {a—c) Examples of the patterns of engrailed expression
after incubation with cycloheximide for 90 min. We infer from
the frequencies of these patterns (Table 1) that a—c were in-
jected at progressively later times {see Fig. 6). Note the almost
uniform expression in all the interbands. (a) Grazing frontal
section showing anterior dorsal expression. {b) Sagittal section
with an intermediate pattern. (c) Approximately frontal; the an-
terior-most signal is in the region of stripe 0.
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CONTROL CYH, 60 min

embryos (Fig. 5a,b). Expression in the region of stripe 0
was pronounced with injections in mid and late cycle
14, but was not observed in embryos injected early in
cycle 14 (Fig. 5b,c).

The patterns of engrailed expression after 90 min of
incubation differed from those after 60 min of incuba-
tion in one significant aspect: In addition to expression
in the interbands posterior to the even-numbered
stripes, high levels of expression were also observed in
the interbands posterior to the odd-numbered stripes.
Thus, 90 min after administration of cycloheximide, en-
grailed expression was virtually uniform in the mid por-
tion of the embryo (Figs. 5 and 6).

Discussion

Injection of cycloheximide into precellular Drosophila
embryos altered the expression of the engrailed gene in
three fundamental ways: The anterior-to-posterior pro-
cess of transcription activation was arrested, and tran-
scription was activated abnormally in the anterior third
of the embryo and in the interband regions. Since these
three effects can be distinguished both by the regions
affected, and by the developmental times during which
they were elicited, we suggest that three separate
systems of regulation are involved in generating the
normal patterns of engrailed expression. The first
system induces expression with a generally anterior-to-
posterior temporal sequence, the second suppresses ex-
pression anterior to the region of the future cephalic
furrow, and the third suppresses expression in the inter-
bands.

Some of these effects are similar to the responses to
cycloheximide of the systems that regulate the ftz gene
(Edgar et al. 1986b). The presence of cycloheximide
alters patterns of transcription of the ftz gene by permit-
ting expression in the interband regions and by arresting
the processes that normally limit expression to the
middle portion of the embryo. Hence, the mechanisms
that generate the striped ftz and engrailed patterns are
similar in that they both involve cycloheximide-sensi-
tive suppression of gene activity in the interbands and
polar regions of the embryo. The responses to cyclohexi-
mide differed, however, in that unlike ftz, the engrailed

engrailed RNA localization

CYH, 90 min

Figure 6. Schematic representation of
normal and drug-induced engrailed RNA pat-
terns. (A-D) The normal progression in en-
grailed expression that occurs in cycle 14
{Weir and Kornberg 1985). (E-G) The range of
engrailed patterns at 60 min after injection of
cycloheximide; (H-J) patterns after 90 min.
Arrows indicate the temporal relationship be-
tween these patterns (see Table 1). Patterns
E~J were derived from serial reconstruction of
over 20 embryos. Approximately uniform ex-
pression is illustrated schematically in J; note
that expression was often slightly reduced in
narrow stripes one to two cells wide, spaced
at two segment intervals.

gene is activated in an anterior-to-posterior progression
during cycle 14, and this activation also requires new
protein synthesis. Indeed, Northern analysis of RNA
isolated from embryos injected with cycloheximide re-
vealed significant accumulation of engrailed RNA only
during late cycle 14, whereas ftz RNA accumulates with
earlier injections in cycles 12, and early 14 (cf., Fig. 2
with Fig. 1 in Edgar et al. 1986b).

Formally, the effects observed following administra-
tion of cycloheximide indicate a sensitivity to per-
turbing cellular metabolism, and correlating such effects
with a requirement for specific regulatory proteins can
only be hypothetical. However, given the many interac-
tions that have been observed between the segmentation
genes and the apparent cross-regulatory network that
patterns their expression (reviewed in Akam 1987), we
suggest here an interpretation of our results which as-
sumes that the effects of cycloheximide on engrailed ex-
pression are primarily a consequence of inhibiting the
synthesis of the protein products of other segmentation
genes. This model accounts for the effects both of cyclo-
heximide and of mutations in other segmentation genes
on the regulation of engrailed expression.

Consider the differential regulation of engrailed ex-
pression during the formation of bands and interbands in
a cycle 14 embryo. Since in the presence of cyclohexi-
mide additional expression was observed in the inter-
band regions, we suggest that the drug inhibits the syn-
thesis of repressors that normally function in these re-
gions, and that the formation of engrailed stripes
normally depends upon the negative regulation con-
ferred by these repressors. In the presence of cyclohexi-
mide, the negative regulation is lost, presumably be-
cause the repressors are short-lived and, in the absence
of protein synthesis, are no longer replenished.

This indication that engrailed is negatively regulated
is in contrast to results of genetic studies which suggest
that engrailed is under positive control by a number of
pair-rule genes. Embryos mutant in ftz or odd-paired
(opa) lack engrailed stripes in even-numbered paraseg-
ments; mutants in paired (prd) lack stripes in odd-num-
bered parasegments; even-skipped (eve) mutants lack
both even and odd stripes, although only odd stripes are
removed in weaker eve mutants (Harding et al. 1986;
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Howard and Ingham 1986; MacDonald et al. 1986; DiN-
ardo and O’Farrell 1987; Ingham et al. 1988). These phe-
notypes have led to proposals that these pair-rule genes
are positive regulators of engrailed, and in particular,
that ftz and opa are positive regulators in the even-num-
bered engrailed stripes, and prd and eve in the odd ones
(Ingham et al. 1988). This idea is consistent with the
known spatial expression of these genes (see Fig. 7b).

How can these indications of both positive and nega-
tive control of engrailed be reconciled? One possibility
is that the formation of engrailed stripes requires posi-
tive regulation by pair-rule genes, whereas the mainte-
nance of striped expression depends upon negative regu-
lation in the engrailed interbands. An alternative possi-
bility is that the formation of engrailed stripes is indeed
controlled by repressors that act at interband locations,
and that pair-rule genes confer positive regulation by in-
activating these repressors at the sites where engrailed
stripes ultimately form. This inactivation could for ex-
ample operate by shutting down the synthesis {by tran-
scriptional repression), or modifying the action (by an-
tirepression) of the putative repressor proteins.

The known spatial expression of the positive regu-
lators ftz and eve suggests that they define the anterior
borders of the engrailed stripes (Lawrence et al. 1987,
see Fig. 7b). Similarly, although not yet directly tested, it
is likely that prd and opa define the posterior borders of
the engrailed stripes (Ingham et al. 1988). If the direct
regulators of engrailed are in fact negative, then the
same borders could be defined by repressors expressed
on the opposite sides of each border. This idea is illus-
trated by the hypothetical repressors R1—R4 in Figure
7b. To account for the positive regulation of engrailed
exerted by eve, prd, ftz, and opa (A-D, Fig. 7b), it is pos-
sible that they regulate engrailed indirectly by nega-
tively regulating R1-Rd4, respectively (Fig. 7c).

What might be the identities of these hypothetical re-
pressors of engrailed? In principle, they could be the

engrailed RNA localization

products of other pair-rule genes and hence have dif-
ferent identities in every other engrailed interband as il-
lustrated in Figure 7b. Alternatively, they could be
coded by segment-polarity genes and have the same
identities in corresponding cell rows of each interband
(e.g., R1 and R3 could be the same repressor). Loss-of-
function mutants in the segmentation genes encoding
repressors of engrailed would be expected to have extra
expression of engrailed in parts of the interband. Thus
far, this has been observed for example in mutants of the
pair-rule gene, odd-skipped, and the segment-polarity
gene, naked. Mutants of odd-skipped have extra expres-
sion of engrailed protein in the cell row immediately be-
hind the even-numbered engrailed stripes (DiNardo and
O’Farrell 1987). Mutants of naked have extra expression
of engrailed RNA in the cell row immediately behind
both the even- and odd-numbered engrailed stripes
(Martinez-Arias et al. 1988), and we have confirmed that
the expression of engrailed protein is also in broader
stripes than normal (unpubl.). Hence, these two genes
are candidates for negative regulators of engrailed.

A notable feature of the effects of cycloheximide on
engrailed expression is the differential transcript accu-
mulation in the interbands in the odd- and even-num-
bered parasegments. With incubation for 60 min after
cycloheximide injection, pronounced extra expression
was observed only in even-numbered parasegment inter-
bands, whereas with 90 min of incubation, expression
occurred in even- and odd-numbered parasegments (Fig.
7d). Consequently, we suggest that there are either dif-
ferent repressors in alternate interbands (Fig. 7b), or
higher levels of the same repressors in the odd-paraseg-
ment interbands relative to the even-parasegment inter-
bands. The latter possibility could arise because dif-
ferent pair-rule genes regulate the repressors in alternate
engrailed interbands.

An overall conclusion from this study is that the one-
segmental striped pattern of engrailed appears to be de-

Figure 7. A model for the spatial regulation of engrailed. (a) The normal pattern of engrailed expression is shown schematically as a
repeating sequence of one expressing cell (dark box) separated by three nonexpressing cells (lightly shaded boxes). Also indicated are
the positions of postulated repression systems which function in the nonexpressing cells: repression system 1 in the even-numbered
parasegments and repression system 2 in the odd-numbered parasegments. (b) Repression systems 1 and 2 are postulated to be the
result of the combined action of repressors R1-R4 which delimit the anterior and posterior borders of each engrailed stripe. The same
borders are defined from the opposite side by positive regulators A-D. From their patterns of expression (Kilchherr et al. 1986;
Lawrence et al. 1987) and/or mutant phenotypes (Ingham and Martinez-Arias 1986), the regulators A—D may be the products of the
even-skipped (eve), odd-paired (opa), fushi tarazu (ftz), and paired (prd) genes, respectively (Ingham et al. 1988). The patterns of A, B,
and C are simplified schematic representations of the patterns of eve, prd, and ftz at approximately mid cycle 14, with only regions of
strong expression indicated. In general, as embryos mature, the stripes become progressively narrower, and in the cases of eve and prd,
extra stripes appear in the interbands later in cycle 14 {Kilchherr et al. 1986; MacDonald et al. 1986). Since opa has not been cloned, its
assignment as gene D is based solely on mutant phenotypes, and its suggested pattern of expression is hypothetical (DiNardo and
O'Farrell 1987; Ingham and Martinez-Arias 1986; Ingham et al. 1988). The hypothetical repressors R1-R4 could be the products of
pair-rule or segment-polarity genes. Candidates for these genes are odd-skipped and naked (see text). {c) The positive regulation of
engrailed by genes A-D could either be direct or indirect. If indirect, we postulate that A—D inactivate R1-R4, respectively, which in
turn, directly repress engrailed, as illustrated. (d) Regions of engrailed expression {dark) and lack of expression (lightly shaded) are
altered in embryos injected with cycloheximide and in mutant embryos. Extra interband expression of engrailed after treatment with
cycloheximide is shown schematically in the first two lines: in the even-numbered interbands after 60 min of treatment, and in both
even- and odd-numbered interbands after 90 min of treatment. Repression systems 1 and 2 have different sensitivities to cyclohexi-
mide. Known effects in embryos mutant for A, B, C, or D {lower two lines) can be accounted for by assuming either that A-D are
direct positive regulators of engrailed, or by assuming that they are indirect regulators as shown in c. In the latter case, mutation in A
(eve), for example, results in the derepression of R1 which is therefore expressed at and represses odd-numbered engrailed stripes.
Similar arguments hold for mutants in B-D.
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rived from two systems of negative regulation, each
with two segmental periodicity, and 180 degrees out of
phase with each other (repressions 1 and 2, Fig. 7a). This
may reflect a more general developmental principle,
namely that patterns with small units of spatial infor-
mation can be defined by the out-of-phase superimposi-
tion of systems patterned in longer wavelengths.

Experimental procedures

Embryo injection

Injections were performed as described previously (Edgar and
Schubiger 1986; Edgar et al. 1986a,b). Eggs were collected from
3- to 10-day-old adults {‘Sevenlen’ strain), and 10 min collec-
tions were obtained after 1 hr precollection on fresh cornmeal
food, followed by a 30-min and two 10-min precollections on
agar plates supplemented with baker’s yeast and glacial acetic
acid. Embryos were staged by their morphology prior to injec-
tion (Edgar and Schubiger 1986; Edgar et al. 1986a). Cyclohexi-
mide and o-amanitin were prepared in 5 mm KCl, 0.1 mm
NaPO, (pH 6.5}, and were injected at 1 mg/ml (cycloheximide)
or 0.4 mg/ml (a-amanitin). These were diluted about 50-fold
upon injection, assuming even diffusion throughout the egg
(Foe and Alberts 1983).

In situ hybridization

At appropriate times after injection, embryos were embedded in
a monolayer in OCT embedding compound {Miles) as described
previously (Edgar et al. 1986b), and 8-um sections were pre-
pared. In situ hybridization was with 35S- or 3H-labeled DNA or
RNA probes prepared according to Komberg et al. (1985} and
Jorgensen and Garber (1987}]. The DNA probe was a 1.4-kb en-
grailed cDNA (Poole et al. 1985) in pUC mp8, and the RNA
probe was transcribed from a 1.2-kb R1 Xho fragment of a 2.4-
kb engrailed cDNA {Poole et al. 1985) cloned in T7-2. Autoradi-
ography was for 20-30 days for 35S probes and 30-60 days for
3H probes.

RNA blots

RNA isolation and preparation of Northemn blots was as de-
scribed in Edgar et al. (1986b). Actually, the same blots from
this previous study were reused here, probing with an antisense
RNA probe made from a 553-bp Sal-Xho engrailed cDNA frag-
ment in T7-1 (Poole et al. 1985). Each lane of the Northem blots
in Figure 2 represents the total RNA extracted from 60 em-
bryos. Several film exposures were analyzed by scanning densi-
tometry, and values in the linear range of the film were used for
the graphs in Figure 2.
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