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SUMMARY

During segmentation of the Drosophila embryo, even
skippedis required to activate engrailed stripes and to

homeodomain is sufficient to recognize those target genes.
When Drosophila Even skipped was replaced by its

organize odd-numbered parasegments. A 16 kb transgene
containing the even skippedcoding region can rescue
normal engrailedexpression, as well as all other aspects of
segmentation, in even skippednull mutants. To better
understand its mechanism of action, we functionally
dissected the Even-skipped protein in the context of this
transgene. We found that Even-skipped utilizes two
repressor domains to carry out its function. Each of these
domains can function autonomously in embryos when
fused with the Gal4 DNA-binding domain. A chimeric
protein consisting only of the Engrailed repressor domain
and the Even-skipped homeodomain, but not the
homeodomain alone, was able to restore function,
indicating that the repression of target genes is sufficient
for even skippedunction at the blastoderm stage, while the

homologs from other species, including a mouse homolog,
they could provide substantial function, indicating that
these proteins can recognize similar target sites and also
provide repressor activity. Using this rescue system, we
show that broad, early even skippedstripes are sufficient
for activation of both odd- and even-numberedengrailed
stripes. Furthermore, these ‘unrefined’ stripes organize
odd-numbered parasegments in a dose-dependent manner,
while the refined, late stripes, which coincide cell-for-cell
with parasegment boundaries, are required to ensure the
stability of the boundaries.

Key words:even skippedcengrailed Parasegment boundari&sx,
Repressor, Segmentation, Homeodomain, Protein evolution

INTRODUCTION repressor domains in other proteins (reviewed by Hanna-Rose
and Hansen, 1996). Further analysis indicated that this Eve
The even skippediene éve encodes a homeodomain (HD) repressor domain can function in vitro by interacting with TBP
transcription factor required duridgrosophilasegmentation (Austin and Biggin, 1995; Um et al., 1995), and that the Eve
for activation of engrailed (en) (Harding et al.,, 1986; N-terminal region can negatively regulate this activity (Li and
Macdonald et al., 1986) and for proper organization of oddManley, 1999). In embryos, ubiquitous expression of Eve led
numbered parasegments (DiNardo and O’Farrell, 1987; Frasth rapid repression of some target genes, indicating that Eve is
et al.,, 1988; Fujioka et al., 1995; Manoukian and Krausea direct repressor of those genes (Manoukian and Krause,
1992). It is activated in response to upstream gap genes inl892). Subsequently, a second repressor domain that is active
striped pattern that is subsequently refined into narrow stripés embryos was identified, and was shown to interact with the
that coincide cell-for-cell with the odd-numbered parasegmertorepressor Groucho (Gro) (Kobayashi et al.,, 2001). In
boundaries (Lawrence et al., 1987). This refinement involvesontrast, the first repressor domain was shown to be Gro-
auto-activation, in that early, broad stripes are needed fadependent (Jimenez et al., 1997). Recerilypsophila
activate the refined, late stripe pattern (Goto et al.,, 198%trophin was identified as a corepressor that interacts
Harding et al., 1989). Somewhat paradoxically, transcriptioriunctionally with Eve through the Gro-independent repressor
assays in cultured cells showed that Eve can act as dommain (Zhang et al., 2002).

transcriptional repressor (Han and Manley, 1993; Jaynes andDetailed analysis afveregulatory regions identified specific
O’Farrell, 1988). This analysis identified an alanine/proline-elements responsible for each aspect of its expression pattern,
rich repressor domain, similar in sequence composition tmcluding individual elements for early stripes, as well as a
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single element for the refined, late stripes (Fujioka et al., 1992000) and in the silk worlBombyx mor{Xu et al., 1997)eve
Goto et al., 1989; Harding et al., 1989; Sackerson et al., 19993. expressed in stripes. In the short germ band insect
Null mutations forevecan be completely rescued by a 16 kbSchistocerca american@rasshopper) theve homologue is
transgene, including the Eve coding region (Fujioka et alexpressed in a single domain of posterior mesoderm, and in
1999). identified neurons that are homologous to those expreseiag
The initially identifiedeveallele was a hypomorph with a in Drosophila(Patel et al., 1992; Patel et al., 1994). Expression
pair-rule phenotype for which the gene was named (NUssleipatterns have also been examinedXanopus laevigRuiz i
Volhard and Wieschaus, 1980). Howevere function is  Altaba and Melton, 1989) and in the zebrafi3anio rerio
required for the expression of both odd- and even-numieered (Joly et al., 1993; Sordino et al., 1996; Thaeron et al., 2000).
stripes, which are activated by distinct mechanisms (DiNard@hese, along with recent studies of expression in amphioxus,
and O’Farrell, 1987; Howard and Ingham, 1986). The oddBranchiostoma floridae suggest that a role in specifying
numbered stripes requipaired (prd) in addition toeve while  certain neuronal cell fates, and possibly an analogous role in
the even-numbered stripes requine fushi tarazu(ftz), and  other tissues, is retained throughout bilaterian animals (Ferrier
odd paired How does Eve do this? Previous data suggesteet al., 2001).
that the role okvein the activation obnmight be at least in In the work reported here, we utilized the ability to
part indirect. Early Eve stripes repreggd at a high functionally replace the endogenagegene with a transgene
concentration, andsloppy paired (slp) a repressor oken  to address three related issues. First, we analyzed the domains
(Cadigan et al.,, 1994; Grossniklaus et al., 1992), at a lowf Eve that are required for its function in early development,
concentration, producing one cell row that has an activator, band found that repression of specific target genes is both
not a repressor @n (Fujioka et al., 1995). These cells activatenecessary and sufficient during segmentation. Second, we
the odd-numbereenstripes. For the even-numbeustripes, replacedDrosophila Eve with its homologues from several
Eve represses another repressambdd-skippedodd), atthe  species, and showed that both recognition of target sites and
anterior edges oftz stripes to again create one cell row thatrepression activity are conserved. Third, we showed that the
has an activator, but not a repressoemfFujioka et al., 1995; broad, early stripes of Eve establish parasegment spacing and
Manoukian and Krause, 1992). &vehypomorphic mutants, organization, while the late, refined stripes have a distinct role
both sets ofen stripes are expressed, but the spacing i$n the maintenance of parasegment boundaries.
abnormal. The odd-numbered parasegments are narrower than
the even-numbered ones, and are deleted at late embryonic
stages (Frasch et al., 1988), apparently through a combinatidATERIALS AND METHODS
of regulative processes (Pazdera et al., 1998; Hughes and
Krause, 2001). Construction of plasmids
Eve is also expressed Drosophilaat later developmental Wild-type eve genomic DNA, from —6.4 kb to +9.2 kb (EGN92)
stages. It is expressed (Frasch et al., 1987) and required (frijioka et al., 1999), or from —6.4 kb to +8.6 kb (EGN86), was cloned
specific lineages within the dorsal mesoderm (Su et al., 1998)0 & modified pCaSpeR vector (Glass protein binding sites were
and the nervous system (Doe et al., 1988; Landgraf et a|_serted to intensify the eye color of transformants, as described

: : -nfeviously) (Fujioka et al., 1999). The +8.6 kb end point was chosen
1999), and is expressed in the proctodeum and anal plate rlﬁ cause it gave stronger expression in RP2 and a/pCC neurons than

ﬂ:raSChlet als 1987).hEve h?morLOgS frpm Sive':[alfomi.r SPECIKR +8.4 kb end point that was used previous_ly I(EGN84).(Fujioka et
ave also been shown 10 have Important Tunclions 13 1999), the +8.6 kb end point showed a similar rescuing potency
development. InCaenorhabditis eleganshe eveorthologue g the +9.2 kb end point, and, for ease of subcloning, the shorter
(vab-7) is expressed in posterior epidermal cells, muscles angbnstruct was preferable. For deletion of the stripes 4+6 element, the
neuronal precursors, and was shown to be required foegion from +4.8 kbXhd site) to +5.7 kb $pH site) was removed
posterior patterning (Ahringer, 1996). In the bedilbolium from EGN92. For deletion of the late stripes, the region from —6.4 kb
castaneumeve is expressed in a double-segmental patterio —4.8 kb was removed from EGN84 and from EGN92.

(Brown et al., 1997; Patel et al., 1994), and ablation of the !N protein deletion constructs, a single copy of a FLAG tag
protein (Tc-Eve) resulted in a pair-rule phenotype (Schroder éfcluding an initiator ATG) followed by aNhd site was inserted in

al., 1999). Mice and humans contain texerelated genes. In ront of the normal initiator ATG. All modified protein coding regions

h 1i tivated in th imiti treak d hi hexceptAC (Gro interaction domain deletion, see below) were inserted
e mouseEvxlis activated in the primitive streak, and hig just downstream of the Flag tag using Mied site. The N-terminal

levels of expression are localized to the region that will giveieleted proteinfN) starts at aa 61 (Gly). For the R domain deletion
rise to extraembryonic and ventral mesoderm, suggestindr), aa 167 (Ala) to 237 (His) were removed. At the new junction,
involvement of Evx1 in dorsoventral specification of two amino acids (Ser, Arg) were inserted because of the cloning site.
mesodermal cells (Bastian and Gruss, 1990; Dush and MartilheAC lines were described previously (Kobayashi et al., 2001), and
1992).Evxlis also expressed in the tail bud and the centraflo notinclude the FLAG tag. Clear homology ambmgsophilaEve,
nervous system, where its function in specific neurons has beégrEve (flour beetle), and Sa-Eve (grasshopper) extends beyond the
established (Moran-Rivard et al., 2001). At later stageg2 HD (which is aa 70-130), so that aa 61 (Gly) to 166 (Pro) were
is expressed in the proctodeal region, as well as in the Iimb%‘glyggd{ﬁetgen'&?gr’:]‘q?r']'?]é”t;h;z Ztgg%szgav\%ﬂﬁgg girt]r?;riféirtream
Z?ghafgges?n shown to be required for digit formation (Herauor downstream with the Eve H domain. Deletion of the Ala stretch,

. . aa 167-177, generated thARconstruct. All modified proteins were
In some organisms where thg funcuonseméhomologues_ expressed from the EGN86 construct, excé®@, which was
have not been tested, expression patterns are suggestivee@bressed from EGN84.

functions in segmentation (reviewed by Davis and Patel, 2002). For expression of Gal4 fusion proteins, the Gal4 DNA binding
For example, in the spideCupiennius sale(Damen et al., domain followed by an HA-tag was fused to either the Eve R+C
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region (aa 140Y—C terminus), the R domain (aa 140Y-239H), or th Table 1. Efficiencies of adult rescue ofvenull mutants by
C domain (aa 238M—C terminus) followed by the3' untranslated evetransgenes

region, from nt +13068sUl) to +1521 Kpnl). The eve5' promoter
region from nt —275 (Sfil) to +11 followed by a 38 bp multicloning

Lines rescued by % rescued Single copy % rescued

sequence aneveDNA from nt +91 to +99 was inserted upstream of 2 copies (%) per line rescue per line

the ATG. The yeasBAL4translational initiation signal was changed :’V\;:/qr type 1‘:1/;2(()1(()78)%) ;39((112-3?(%) ?)//?10 17 (31-33)

to that ofevein order to boost expression. These constructs wer'™ 0 -

driven by the elements faveearly stripes 1 and 5, from +6.6 kb 13%3 (92%) 24 (11-30) 11713 14 (5-25)
(0%) 0

(Stu) to +8.2 kb Clal). For the reporter transgene, the elements 1 ani 8/16 (50%) 17 (10-36) ND

5 region, from +6.6 kbStu) to +8.0 kb Plel) and the stripes 4+6 arc 0/4 (0%) 0

element, from +4.5 kbBanHl) to +5.2 kb (Csp45 1), were cloned H 0/8 (0%) 0

upstream of théacZ coding region and thevepromoter region from  H-En 3/8 (38%) 26 (8-48) ND

nt —275 Sfi) to +166, and the Gal4 UAS sequence from pUASTEn-H 2/2 (100%) 35 (32-38) ND

(Brand and Perrimon, 1993) was inserted between these elemeypjiq type 2 2/3 (67%) 32 (31-33) ND

(about 1 kb upstream of the promoter). Further details of constructioip|ate 6/9 (67%) 11 (2-23) ND

are available on request (also see diagram in Fig. 2).

The rescuing capabilities ef/etransgenes listed in the first column were
Drosophila strains determined as described in Materials and Methods. The ‘wild type’ lines
The Drosophilamutants used in this study weB#(2R)eve eveR13 carry the EGN86 construct with the wild-typeecoding region. The ‘t-WT’
(a.k.a.evé), andevé (a.k.a.evdP19). These mutations were balanced !ines carry the EGN86 construct with a FLAG-taggedcoding region (see
over marked balancer chromosomes to allow identification of mutarMaterials and Methods). The ‘wild type 2 lines carry the EGN92 construct

b Th ducti f 1 ic fli . IWith the wild-typeevecoding region. Theflate’ lines carry thevegenomic
embryos. € production or transgenic flies was as previous region from —4.8 kb to either +8.4 kb or +9.2 kb with the wild-type
described (Fujioka et al., 2000).

coding region. All other lines are like t-WT except for the indicated

. alterations to the Eve coding region (see Materials and Methods and text for
Analysis of embryos details). The second and fourth columns show the number of lines rescued (at
In situ hybridization to whole-mount embryos was performed adeast 1% of the total number of adults eclosing) over the total number
described previously (Tautz and Pfeifle, 1989) using digoxigeninanalyzed, with the corresponding percentage in parentheses. The average
labeled antisense mMRNA, and visualized by the alkaline phosphatasPercentage of rescued flies per line is shown in the third column (rescued by
NBT/BCIP reaction (Roche). For double staining, in situ two copies of the transgene) and th_e fifth column (rescu_ed by one copy of the
hybridization was followed by antibody staining (Mullen and transgene; ND means not done), with the range shown in parentheses. All

! . adult flies eclosing over a period of 10 days were counted from at least two
DiNardo, 1995) with polyclonaki-Eve (Frasch et al., 1987) at s for each line (see Materials and Methods for additional details). The

1:10,000 dilution, or witta-En monoclonal 4D9 (Patel et al., 1989) eynected percentage for complete rescue is 33% (homozygous balancer flies
(obtained from the Developmental Studies Hybridoma Bank) at 1:1do not survive).

dilution. The staining was visualized using the HRP-DAB reaction
Staining witha-FLAG monoclonal M5 (Sigma), used at 1:100, and
a-Eve monoclonal 2B8 (Patel et al., 1994), used at 1:10, waglthough the percentage of rescued flies was slightly lower than
visualized using HRP-DAB enhanced by nickel (Patel, 1994). with the normal protein (Table 1). Based on previous studies
Survival rates of rescued transgenic lines were determined by sequence comparison with other species, for this study Eve
counting the progeny from a cross Df(2R)evewith evet™3 each was divided into 4 domains: an N-terminal region (N); the HD

balanced oveBM63a Cy and either carrying the transgene onehie g . . .
mutant chromosome or homozygous for the transgene on the thiQi_')’ which includes a conserved flanking region (see Materials

chromosome. For transgenes that could not be recombined into20d Methods); a repressor domain identified in transient assays

Df(2R)evebackground, the correspondiageti3self-cross was used. N culturedDrosophilacells (R) (Han and Manley, 1993); and

Rescued adult flies, eith@f(2R)evéeveil3 or evétl¥evéil3 were  the remaining C terminus (C), which includes a Gro interaction

identified by their wild-type (noy) wing phenotype. All of the domain (Kobayashi et al.,, 2001). Protein expression was

progeny from two vials were counted for each transgenic line, wittmonitored by staining embryos with-FLAG and a-Eve

the cross done in opposite directions. In order to assess single-coftibodies.

rescue, homozygous transgenic lines in eift(2R)eveor aneve™™3 At most insertion sites, the rescue transgene expressing

s o Bty s pesigen i the i-ype precin or th agged - lenihproten (-

. T ' ) , Fig. and Table required two copies for efficient

lines was done in Bf(2R)evebackground unless otherwise indicated. rescue (Fujioka et al., 1999) (Table 1). In contrast, when the N
terminus was deletedA), most lines showed single-copy
rescue (Table 1, 11/13 lines rescued, versus 6/20 lines rescued

RESULTS by a single wild-type copy), indicating that the activity of Eve

) . o was increased. Consistent with this conclusion, the spacing of
Repression and targeting are sufficient for  eve En stripes showed that odd-numbered parasegments were
segmentation function slightly expanded relative to even-numbered ones (2-copy

The ability of a transgene to completely resewenull mutants  rescue, Fig. 1B), a phenotype similar to that caused by an extra
allowed us to analyze functional domains of the Eve protein ioopy of the wild-type rescue transgene (Kobayashi et al.,
embryos. We established transgenic lines expressing various01).

modified Eve proteins, each driven by the complete When the entire R domain was removAR (deletion of 70
regulatory region (6.4 kb to +8.6 kb). In order to monitor theaa), the transgene could no longer rescue adult flies (Table 1).
expression levels of modified proteins, a FLAG-tag was addet@ihe en pattern showed severely narrowed odd-numbered
to the N terminus of each protein. FLAG-tagged wild-typeparasegments, with partial loss of odd-numbezadstripes
protein rescued the lethality ofve mutants effectively, (Fig. 1C). Thus, the R domain is necessary for function in the
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embryo. The R domain contains an Ala/Pro-rich region that isepression activity, but that considerable activity remains when
similar to motifs found in other transcriptional repressors. Wét is removed.
tested whether an Ala stretch within this region is required for The C terminus interacts with Gro, and was previously
function. Deletion of these 11 consecutive alanineBAA)R shown to be required for full Eve function (Kobayashi et al.,
decreased the percentage of lines that were rescued to ad2001). When the Gro interaction domain was removed, a
viability (Table 1), and in most lines where rescue did occumhiypomorphic phenotype resulted that was somewhat less
the efficiency of rescue was less than that of most wild-typsevere than when the R domain was removed (Fig. 1D compare
rescued lines (Table 1). The lines that did not rescue gaweith C). When either R or the Gro interaction domain was
equally narrowed odd-numbered parasegments throughout themoved, although there was no rescue of viable adults (Table
embryo (data not shown), indicating reduced Eve functionl) (Kobayashi et al., 2001), the protein retained some function,
These data suggest that the alanine stretch contributes liecause the rescued embryonic phenotypes (Fig. 1C,D) were
similar to those of hypomorphic (pair-ruleyealleles (Fig. 1E:

Fig. 1. Functional dissectior = LFKRY most or allenstripes present, but odd-numbered parasegments
of Eve, and functional resci 1 HD[—— | severely narrowed) rather than null mutants (loss ofall

by Eve homologues. At the |N51 H 167 R 237 C -

top is a diagram of
DrosophilaEve protein
domains (for details see
Material and Methods). The¢
HD and Gro interaction
domain (LFKPY) are
indicated. Flag-tagged
modified Eve proteins were
expressed using theve
rescue construct (from —6.4
kb to +8.6 kb) in Df(2R)eve
mutant background. Patter
of expression ofnmRNA
were monitored by in situ
hybridization. (A) Rescue b
tagged, wild-type Eve; note
the equally spaceenstripes
(B) The same construct wit
the N domain removed\);
note that the spacing eh
stripes is similar to wild
type, although odd-
numbered parasegments a
slightly wider than even-
numbered ones, indicating
increased activity. (C) The

stripes in the trunk region). In order to test whether Eve activity
was entirely dependent on these two repressor domains, we
deleted both the R and C domains. No expressianaefas
restored, showing that little, if any, Eve activity remains
without these repressor domains (Table 1 and data not shown).
These data also suggest that the Eve HD by itself has no
detectable rescuing activity. Although we established a number
of transgenic lines expressing only the Eve HD (and flanking
region, Table 1)a-FLAG antibody staining showed that they
expressed only low levels of protein at the blastoderm stage,
in contrast to each of the other rescue transgenes, and, as
expected, there was no rescuesnktripes (data not shown).
Engrailed (En) is a well-characterized transcriptional
repressor, and the N terminus of the protein contains two
repressor domains, one Gro-dependent and the other Gro-
independent (Tolkunova et al.,, 1998). Although the En
domains function similarly to those of Eve, they have little
sequence similarity. In particular, the Gro interaction domains
appear to have evolved independently, since they show
similarity to two distinct families of Gro interacting proteins
(Kobayashi et al., 2001; Smith and Jaynes, 1996). In order to
test whether a generic repressor function, acting in conjunction
with the targeting activity provided by the Eve HD, can
substitute for normal Eve function during segmentation, we
same construct with the R established transgenic lines expressing En-Eve fusion proteins
domain removedAR); odd- . in a normakvepattern. We tested both the En N terminus fused
numbered parasegments a flour ' upstream of the Eve HD (En-H), and the same two regions in
severely narrowed and son  paayie reverse order (H-En). Three out of 8 H-En and 2 out of 2 En-
odd-numbered stripes are H lines rescuecevenull flies to adulthood (Table 1), and
missing, indicating a sever restored normally spaceen stripes (Fig. 1F and data not
but not complete, loss of shown), while the other lines showed the hypomorvie
activity. (D) LFKPY-deleted - henotype of narrowed odd-numbered parasegments (data not
Eve (AC) (Kobayashi etal.,  hopper P yP a P 9 \ .
2001); the odd-numbered shown). The range of pheno_types, which is also seen yw;h W|IQ—
parasegments are narrowe type Eve protein (Table 1), is presumably due to variations in
as inevé mutants (E) at a expression caused by chromosomal position effects. These data
semi-permissive temperatu suggest that the Eve HD and conserved flanking region is
(18°C), indicating a partial sufficient for targeting the protein to the correct set of target
loss of activity. (F) A genes during segmentation, and that in addition to this targeting
chimera of the Eve HD and En repressor domains (H-En);dioth  activity, repressor function is both necessary and sufficient to

stripes and parasegment spacing are rescued. (G) Tc-Eve (flour carry out the early blastoderm functions of Eve.
beetle); allenstripes are restored, but odd-numbered parasegments

are Sllght'y narrowed. (H) Sa-Eve (grasshopper)araﬂtripes are Eve homo'ogues can function in Segmentation

restored, but odd-numbered parasegments are narrower. (I) Mouse Eve homologues have been isolated from several species. The
Evx1;enstripes are restored, but spacing is abnormal, due to a g p :

combination of increased protein stability and variations in sequences show a high degree of conservation within the HD,
expression among the early stripes (Evx1 stripes 4, 5, and 6 are  and also have recognizable similarity at the C terminus. We
weak, and the corresponding parasegments, 7, 9 and 11, are tested whether the homologues retain repressor activity and the

narrowed, see text). ability to recognize similar target sites by expressing Flag-



tagged versions of them iDrosophila embryos
mutant for endogenouseve function. The
homologues from Caenorhabditis (Vab-7),
Schistocerca(Sa-Eve), Tribolium (Tc-Eve), an
mouse (Evx1l) were expressed in ame null
background in the normal pattern, using the re
construct. Protein expression was monitored L
o-Flag antibodies. Vab-7 showed almost
expression at early blastoderm, although it

clearly expressed later in the nervous sys
proctodeum, and anal plate ring. Furthermore,
1 out of 4 lines showed detectable expression i
mesoderm. These data suggest that Vab-
unstable at blastoderm and probably also in
mesoderm. Reflecting the lack of accumulatio
early stripes, Vab-7 did not rescaea stripes (dat
not shown). Both Sa-Eve and Tc-Eve w
expressed at apparently normal levels, and in .
of 4 lines each, both orthologues restoredea
stripes (Fig. 1G,H). However, no rescue
adulthood was observed in either case. Cons
with the relative evolutionary distance, Tc-I
showed better rescue of odd-numbered parase(
spacing (as well as rescuing even-numb
parasegments).  Obtaining transgenic |
expressing Evxl was difficult, and the il
established had reduced viability, indicating

expression of Evx1 has dominant effects. Althc
2 out of 4 lines showed relatively weak expres
in early stripes 4, 5 and 6, all lines were abl
restore the normal lehstripes (Fig. 11 and data r
shown). (The slightly abnormal patterns of E
expression are probably due to chromosc
position effects at the site of transgene inser
which are likely due to the selection of sites
reduce overall expression levels during

establishment of the transgenic lines.) Evx1 le
were maintained much longer than normal (dat:
shown), suggesting that the protein is abnorn
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responder transgene

A eve stripe element coordinates
,thout +8.0 kb -ﬁfGar‘;ﬁ.Z --LS:EE —_
wi {51 Fose{arefeel ==
repressor

repressor patterns

B 2 E |
Gal4- J - 3
Eve-RC ‘
Ga F ~3
Gad- [ r
Eve-C ;
D G
Gal4- !
Eve-R gy f

Fig. 2. Eve repressor domains function autonomously in embryos.

(A-D) Expression patterns of a responder transgene (diagrammed at the top
right) driven by the stripes 4+6, 1 and 5 enhancers and containing a Gal4-UAS
sequence, visualized by in situ hybridizationl&mZ mRNA). (E-G) Expression
patterns of the Gal4 fusion proteins indicated on the left, which contain Eve
repressor regions, driven by the stripe 1 and 5 enhancers. The patterns in E and
G were visualized by staining with polycloraEve antiserum, and that in F

with monoclonal antibody 2B8, which specifically recognizes the Eve C
terminus (see text), all iDf(2R)eveembryos. (A) The responder transgene

alone, expressed in the patterrewéstripes 1, 4, 5 and 6. Note that stripe 5 is
slightly stronger than stripes 4 and 6. (B) The responder repressed by Gal4-Eve-
RC, present in the stripe 1 and 5 regions, as shown in E (one copy of each
transgene). Note that stripe 1 is dramatically reduced, while stripe 5 is slightly
reduced relative to A. (C) The responder repressed by Gal4-Eve-C. Note that
stripe 1 is strongly reduced, although not as much as in B, while stripe 5 is
again slightly reduced. (D) The responder repressed by Gal4-Eve-R. Note that
stripe 1 is clearly reduced, while stripe 5 may also be reduced.

stable. Where Evx1l was expressed at approximately normedrrying an artificial target transgene, which contained a Gal4
levels (or possibly higher due to the increased protein stability)JAS target site and lacZ reporter gene along with the stripes
odd-numbered parasegments were as wide or wider than evel*6, 1 and 5 enhancer elements (see Materials and Methods
numbered ones, whereas where Evx1l was expressed at léov details). Thus the reporter is expressed in stripes 1, 4, 5 and
levels, odd-numbered parasegments were narrower, and tBewhile the repressors are expressed only in stripes 1 and 5.
correspondingnstripes were broadened (e.g. in the regions oEach of the Gal4-repressor domain fusion proteins was
evestripes 4, 5 and 6 in Fig. 11). These data indicate that thesxpressed as expected (Fig. 2E-G), as determined by staining
Eve homologues provide nornalefunction in segmentation, with polyclonala-Eve antiserum, or with monoclonatEve
a function that requires not only that they recognize appropriatntibody 2B8 (for those containing the C terminus of Eve), in
target genes, but also that they act as transcriptional repress@Df(2R)evebackground. This antibody recognizes the Eve
Evx1l rescuing activity may be relatively low, with the homologues from grasshopper afdbolium, as well as
increased protein stability able to partially compensate for arustacean species (Duman-Scheel and Patel, 1999), but fails
reduced activity. to recognize the Gro interaction domain-deleBdsophila
protein, or proteins without the C terminus (data not shown),
Eve repressor domains are functionally autonomous suggesting that 2B8 recognizes an epitope within the conserved
In order to test whether individual Eve repressor domains hav@ terminus (LKPYK in Drosophila and Tribolium, and
the ability to repress target genes in embryos, we constructéFQPYK in Schistocerca Target gene expression was
Gal4 fusion protein-expressing transgenes. The Gal4 DNfnonitored by in situ hybridization.
binding protein was fused with either the R repressor domain, When homozygous Gal4-Eve-RC-expressing lines were
or the C domain, or both together, downstream ofahe crossed to homozygous responder lines, so that all progeny
promoter driven by the enhancer elements for stripes 1 and &ntained one copy of each transgene, stripe 1 expression was
Lines carrying these transgenes were each crossed with lingtsongly repressed, while stripe 5 was more weakly repressed,
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Fig. 3. Early evestripes set parasegment spacir
and activaten, while the late stripes ensure
maintenance aénexpression and repression of
slp. (A,B,D,J) Expression patternswg (blue)
and En (orange), visualized by in situ
hybridization and monoclonal (4D&}En
staining. (C,G,H) Expression pattern of Eve,
visualized by polyclonak-Eve staining.

(I) Expression pattern a@n(blue) and Eve
(orange), visualized by in situ hybridization anc
polyclonala-Eve staining. (K,L) Expression
pattern ofslp, visualized by in situ hybridization.
(A) An evenull mutant rescued by two copies o
the wild-type rescue transgene (from —6.4 kb t
+9.2 kb); bothwvgand En are expressed normal

A G
2 " ‘ ’ : ,
copy -
rescue ‘?" l ‘ ‘ \\

B 4 (‘ H -
1copy = . a‘@" s ‘!, Alate
rescue .“ by E Eve

' ]

C <

A46 |
Eve ‘-,, Alate

en

and parasegments are equally spaced. (B3v&n
null mutant rescued by a single copy of the sar
wild-type rescue transgene; note that the odd- A46
numbered parasegments are severely narrowe

wgand En stripes are expressed, but there are wg
if any nonen'wg-expressing cells in odd- + En
numbered parasegments). (C) Early Eve stripe
expression from a transgene that lacks the ear
stripe 4+6 enhancefd6). (D) The embryonic
phenotype of aevenull mutant rescued b446;

note that parasegments 7 and 11 (marked by t
are severely narrowed, althoughstripes 7 and

11 are expressed, at least at early stages (by t
stage in this embryo, stripe 11 has almost fade
(E) Wild-type adult fly with normal segmentatio

(F) The adult phenotype of avenull mutant
rescued by\d6; note that there are two fewer
abdominal segments. (G) Normal Eve express

in Df(2R)everescued by two copies of the wild-
type rescue transgene. On the right is a magnitied
view of the boxed region; note that the anterior (left) edge is sharply defined, with the anterior-most cell usually etterésghest level.

(H) Eve expression from two copies of a transgene that lacks the late elAragg)t (n aDf(2R)evebackground; note that there is residual
expression from early stripes, but that the high level expression at the anterior edge of each early stripe is missight @netmeagnified

view of the boxed region; note that the anterior edge is less sharply defined than in G, that the stripe appears br@adiee antbtior-most

cell row is not usually the highest expressing. The embryo in H is actually over-stained relative to that in G, as sudigestad that the

stripes appear narrower in G, owing to a lack of detection of the low level expression in the posterior of each strigdai¢)réseued

phenotype early in gastrulation: odd-numbegadtripes are activated normally (marked by dots); note the regular parasegment spacing (except
for parasegment 3, which is slightly narrower due to weaker than normal expression of early Eve stripe 3 in this liné&jaté)rékeued

phenotype during germ band extension: odd-numbemsttipes are either narrowed or lost (marked by dots), and worsiipes are

expanded posteriorly. (K) Expression patterslpf(indistinguishable from wild type) in avenull mutant rescued by the wild-type rescue
transgene. (L) Expression patterrstfin aAlate-rescue@venull; note that in even-numbered parasegmesijtss expanded posteriorly (into

the regions of odd-numbered stripes, marked by dots).

W.T.

A46

relative to lines carrying one copy of the target gene alongolhard et al., 1984). We analyzed embryos that carried a
(compare Fig. 2B with A). The Gal4-Eve-C fusion protein wassingle copy of the rescue transgene ireaenull background,
able to repress the target gene effectively (particularly stripe &nd found that while alén stripes are expressed, the odd-
Fig. 2C), while Gal4-Eve-R showed somewhat weakenumbered parasegments are narrowed, as shown by Engrailed
repression activity (Fig. 2D). Two copies of Gal4-Eve-R wergEn) andwingless(wg) expression (compare Fig. 3B with A).
able to repress the target gene to a similar degree as one cdpys indicates that a low concentration of Eve is sufficient for
of Gal4-Eve-C (data not shown), indicating that the R domaiestablishing all en stripes, while proper spacing of
also has autonomous repressor activity in vivo, but is perhaggrasegments requires a higher concentration (see also Hughes
less potent than the C-terminal Gro interaction domain. and Krause, 2001). Eve expression normally occurs in two

. ) o phases, regulated by differasis-acting elements (Goto et al.,
Early eve stripes establish parasegment spacing in 1989; Harding et al., 1989). In the first (early) phase, each
a dose-dependent manner stripe is broad, and protein concentration appears to be highest
Rescue ofvenull mutants to adulthood requires two copiesin the middle of each stripe. In the second (late) phase, each
of the transgene at most insertion sites, while a pair-rulstripe is narrow, with sharply defined anterior edges that
hypomorphic phenotype results with a single copy, showingorrespond to the anterior borders of subseggrexpression
that eve function in early embryogenesis is strongly dose-(Lawrence et al., 1987). We asked whether these two phases of
dependent (Fujioka et al., 1999; Fujioka et al., 1995; Nussleirevestripe expression have distinguishable functions. In order
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to distinguish their functions, we first removed the early stripéunctionally replace the endogenagegene with a transgenic
4+6 element from the entire rescue construct, which weaker®py to evaluate the relative contribution of these and other
expression specifically in early stripes 4 and 6 (Fig. 3C). Thdomains to the function of Eve in this process. We found that
low concentration of Eve in these early stripes resulted ineither repressor domain is sufficient to properly organize the
narrowed parasegments 7 and 11 (Fig. 3D). Surprisingly, th@dd-numbered parasegments, although all (or neostjripes
transgene was able to partially resceee null mutants, can be restored by either one alone (Fig. 1C,D). However, the
producing viable adults with fewer segments in the abdomerelative width of the odd-numbered parasegments is reduced,
(compare Fig. 3F and E). Because the late stripes are undarthat they are unstable, and are deleted at later developmental
(indirect) control of the early stripes (Fujioka et al., 1995), latestages. This gives rise to the pair-rule phenotype that earned
stripes 4 and 6 were often weaker than normal, and sometimegen skippeds name (the even-numbered abdominal denticle
patchy and incomplete (Fig. 3C and data not shown). Howevearands are in odd-numbered parasegments) (Nisslein-Volhard
the abnormal spacing of parasegments is unlikely to be causadd Wieschaus, 1980).

primarily by the changes in late expression, since the late The Gro-independent repressor domain was defined
stripes also showed the same shifts in position as thareviously in repression assays in cultured cells (Han and
correspondingen stripes, suggesting that the shifted positionsManley, 1993), based on transient transfections with artificial
of both lateeveandenare due to reduced levels of early Evereporter genes. Later, this region was shown to interact
expression (see also Fujioka et al., 1995). Thus, these daihysically with the TATA-box binding protein TBP, and to
suggest that odd-numbered parasegment spacing reflecgpress transcription in vitro (Um et al., 1995). Recently, a

primarily the activity of Eve in early stripes. similar region was shown to interact physically with the human

) ) - Atrophin homologue, which acts as a corepressor (Zhang et al.,
Late eve stripes are required to stabilize 2002). A phosphorylation-dependent function of down-
parasegment boundaries regulating the repressor activity of this region in vitro was

To test the function of late Eve stripes, the late element wasscribed to the N-terminal domain of Eve (Li and Manley,
deleted from the wild-type rescue construct. Six out of 9 line§999). Consistent with this result, we found that deletion of the
carrying this transgeneAlate) rescueceve null mutants to N terminus caused an increase in Eve activity in vivo (Table 1,
adulthood, a similar percentage as with the wild-type rescugnd Fig. 1B). One possible explanation for this effect is that
transgene. However, the percentage of individuals rescued ftire deleted protein is more stable than wild-type Eve, since
each line was on average lower than with the wild-type resclEST sequences are deleted, although antibody staining
construct (Table 1). As expected, the normally strong Evagainst the Flag-tagged proteins indicated only a minor, if any,
expression in the anterior-most cell rows of odd-numberethcrease in protein levels. When both repressor domains were
parasegments never appeared in these rescued lines (comparaoved, neither the Eve HD alone (with conserved flanking
Fig. 3H with G). Analysis oénexpression showed that even- regions) nor the HD with the N terminus were able to provide
numbereden stripes were rescued effectively, while odd- any significant functional activity in segmentation.
numberecdenstripes were expressed initially (Fig. 3I), but then The histone deacetylase Rpd3 was previously shown to
became weak and incomplete (Fig. 3J). The indfeépacing affect eve function (Mannervik and Levine, 1999). Rpd3
was not significantly affected, although odd-numberednutant embryos, although the expression patteeveis not
parasegments became slightly narrower at later stageshanged, even-numbered stripes are very weak or missing
suggesting thaten stripes were being repressed from theowing to a lack of repression ofld However, odd-numbered
anterior. These lines were analyzed further to identify the causm stripes are expressed with only minor alterations. This is in
of the fading ofen stripes. To activaten, early Eve stripes contrast to the relative effects on odd- versus even-numbered
must repress repressorseant includingslp, in odd-numbered enstripes when thevedose is reduced (Fig. 3B compared with
parasegments (Fujioka et al., 1995) (see also Raj et al., 2008)), or in hypomorphic mutants (Fig. 1E), suggesting Byad3
In the Alate lines,slp was repressed at the blastoderm stagenay affect the repression ofld more than that alp andprd.
(data not shown), allowing odd-numberexistripes to come The Rpd3 effect similarly contrasts with the effects of
on. However, slp expression expanded posteriorly asremoving either of the Eve repressor domains (Fig. 1C,D),
gastrulation proceeded (compare Fig. 3L with K), into the cellsuggesting thaRpd3 specificity cannot be explained by a
where late Eve is normally expressed. Therefore, the functicselective effect on one of the Eve corepressors (see also
of the late Eve stripes is primarily to maintain repressiasippf Kobayashi et al., 2001). This is true despite the fact that Rpd3
(and possibly otheen repressors) in order to keep odd- has been shown to mediate Gro repressor activity (Chen et al.,
numbereden stripes from being repressed shortly after theirl999). Therefore, the apparent specificity of actioRpé3
initial activation. during segmentation is not easily explained solely through an
effect on Eve activity. Conceivably, Rpd3 might affect the
target specificity of the Eve HD, perhaps through selective

DISCUSSION effects on chromatin structure at different target sites. Another
o o _ ) possibility is that it might affect the activities of other pair-rule
The transcriptional activity of Eve in segmentation gene products in addition to Eve. For example, it has been

Previous studies showed that Eve has two distinct represssinown that Slp interacts with Gro in vitro (Kobayashi et al.,
domains, one dependent on the corepressor Gro and the otB801). IfRpd3reducesslp activity, then the effect dRpd3on
Gro-independent. Paradoxically, a primary function of Eve irEve repressor function might be partially antagonized at the
this process is to allow activation ef stripes in both even- odd-numbered parasegment boundaries by its effesltpon

and odd-numbered parasegments. We used our ability toBoth of the repressor domains of Eve have autonomous
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activity, since they can repress an artificial target gene in vivparasegments were well organized (Fig. 1G), reflecting the
when fused with the Gal4 DNA-binding domain. Transgeneselatively close evolutionary distance. Tc-Eve is expressed in
expressing such fusion proteins with either domain alone adripes in the beetle, and has been shown to have a role in
capable of repressing transgenes containing a UAS target sgegmentation in that organism. In contrast, Sa-Eve is not
for binding by Gal4 (Fig. 2). However, maximal repressionnormally expressed in stripes, and, correspondingly, provides
activity requires both repressor domains, consistent with tha less complete rescue than does Tc-Eve. Nonetheless, Sa-Eve
fact that Eve requires both domains for full function inis capable of rescuing all of then stripes, with the
segmentation. parasegments being better organized thavémypomorphic
Repression of our Gal4 binding site-containing transgene byutants (Fig. 1H).
the Eve-Gal4 fusion proteins showed a consistently stronger Evx1, the mouse homologue that is expressed in early
effect on stripe 1 than on stripe 5. Although the stripe 5 elemendevelopment, was able to provide a very significant rescuing
in our reporter is further away from the Gal4 binding sites andctivity in Drosophila(Fig. 11). This suggests that it not only
is also less well repressed than the stripe 1 element, thecognizes endogenous Eve target sites, but that it also has
apparent specificity of repression is probably not due to @anscriptional repressor function, since we have shown that
distance effect. We infer this from the fact that a similar stripeéhis function is required for any such rescue. Although Evx1
preference was seen when Gal4 binding sites were insertagparently acts as a repressobimsophilaembryos, it may
upstream of the same stripe elements, this time closer to théso exhibit other activities in other contexts (Jones et al.,
stripe 5 region (M. F., G. L. Y. and J. B. J., unpublishedl992).
observations). The stronger repression activity on stripe 1 Interestingly, the Gro interaction motif of Eve (LFKPY),
expression may be due to the earlier activity of the stripe [bcated at the C terminus, is conserved in the flour beetle
enhancer, relative to that of stripe 5. Since these elements giigibolium) and the grasshoppesdhistocercp and appears to
also used to drive the expression of the repressors, the earlir recognized by the monoclonal antibody 2B8 (Patel et al.,
activity of the stripe 1 element causes earlier accumulation df994). Without this motif, Eve is no longer recognized by the
the repressors in the stripe 1 region, which may result in mommtibody, which recognizes the Eve homologues in other
effective repression. Alternatively, the Eve repressor domainarthropods, including crustaceans (Duman-Scheel and Patel,
may have some functional specificity that allows them to work999). This suggests that the motif is functionally conserved
more effectively on the stripe 1 enhancer. and that interaction with Gro homologues is thus likely to be
A chimeric protein consisting of the Eve HD (including thea conserved feature of Eve function. The repressor activity of
conserved flanking regions) and a heterologous repressBrvxl may also reflect, at least in part, a conserved interaction,
domain from the En protein is able to fully rescue segmentatiosince the C terminus also shows sequence similarity to the Gro
(Table 1 and Fig. 1F), while the HD region alone shows ninteraction domain of Eve.
activity. This suggests that repression of its direct target genesin Drosophilg the concentration of Eve within each early
is sufficient for the function of Eve as a segmentation genestripe forms a gradient, and this graded distribution has
and that the HD region is sufficient to recognize those targehorphogenic activity, crucial to the repression of different

genes. target genes in different cell rows (Fujioka et al., 1995). A
) o graded pattern of mouse Evx1 expression is also seen in the
Functional similarities of Eve homologues primitive streak, and has been suggested to play a role in

Eve homologues have been studied in several species. \&pecifying cell fates (Dush and Martin, 1992). Thus, the action
were interested to know whether there is functionabf Eve as a morphogen to subdivide embryonic domains may
conservation in the recognition of specific target sites as welle a conserved aspect of function.

as in transcriptional activity, and if so, whether these aspects Eve homologues share common features in their expression
of conservation extend to mammals. The strongegpatterns, which include the posterior region of embryos and
conservation is found in the HD and the immediate flankingpecific cells during neurogenesis. Dmosophila posterior
sequences, with recognizable homology also in the C-terminakpression is seen in the proctodeum, and later in the anal
region. We analyzed the ability of several homologues tplate ring. However, the function of this posterior expression
function in earlyDrosophiladevelopment. Expression of each has not been established. In the nervous system, Sa-Eve is
protein was driven by the complefgrosophila regulatory  expressed in identified neurons that are homologous to those
region, and their ability to rescue the phenotype\anull expressing Eve irosophila (Patel et al., 1992), and this
mutants was assessed. This provides a sensitive assay ¢onserved expression pattern is also seen in crustaceans
function, since proteins with reduced activities give a range dDuman-Scheel and Patel, 1999). In bbtlesophila(Doe et
distinctive hypomorphic phenotypes (Fig. 1 and Fig. 3) (seal., 1988; Landgraf et al., 1999) a@denorhabditifEsmaeili

also Fujioka et al.,, 1999; Kobayashi et al., 2001). Theet al., 2002), Eve has been shown to be important for correct
Caenorhabditis orthologue Vab-7 (Ahringer, 1996) was  neuronal fate specification, particularly in terms of axonal path
expressed at very low levels at the blastoderm stagéinding. The functional importance of mouse Evxl in the
presumably due to protein instability, so that its activity coulddeveloping central nervous system has recently been
not be determined. Homologues from the flour beetle (Tc-Evegstablished genetically by showing that EHvx1l mutant
(Brown et al., 1997), grasshopper (Sa-Eve) (Patel et al., 19928mbryos, a majority of VO interneurons fail to extend
and mouse (Evx1l) (Bastian and Gruss, 1990; Dush amtbmmissural axons (Moran-Rivard et al., 2001). It will be
Martin, 1992) did, however, provide varying degrees ofinteresting to determine whether the mechanisms connecting
rescuing activity, paralleling their evolutionary relatedness td&cve function to axonal guidance are analogous between
Drosophila Tc-Eve rescued all of then stripes, and vertebrates and invertebrates.
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The importance of eve stripe refinement suggested that the early stripes, acting as morphogenic
In the complete absence @fefunction,enis not expressed in gradients, set independently the anterior margins of both late
the trunk region, and there is little evidence of segmentation aveand odd-numberedn stripes, which coincide because of
the end of embryogenesis. In hypomorpéie mutants, the their similar regulation by repressors (includisig) and the
odd-numberecen stripes are expressed at posteriorly shiftecactivatorprd (Fujioka et al., 1995). We tested these models by
positions, so that the odd-numbered parasegments are tmamoving lateeve stripe expression while retaining normal
narrow, and are deleted at later embryonic stages. [Aarly stripes. Ineve null embryos rescued by a transgene
contribution to the narrowing of odd-numbered parasegmentieleted for the late expression element, although there is
may also come from an anterior shift of even-numbened variable partial refinement under the influenceusit, which
stripes (see Hughes and Krause, 2001).] The positions of thepresses each early stripe from the posterior, the well-refined,
odd-numbered parasegment boundaries, which are the anteriate stripes never appear (Fig. 3H). In these embryos, odd-
edges of odd-numberegh stripes, are foreshadowed by the numbereden stripes form normally (Fig. 31). However, they
anterior borders of refined, lateve stripe expression, are variably lost during germband extension, coincident with
prompting the suggestion that the late stripes are the moesm expansion ofslp expression (Fig. 3J,L). Nonetheless,
important functional aspects of expression (Lawrence et alwithout refined, latesve stripes, many embryos are able to
1987), with the early, broad stripes serving only to help activatsurvive to fertile adulthood (Table 1). Thus, it appears that the
the late stripes. However, a previous modekwé function initial expression pattern @nand the overall organization of
parasegments are determined primarily by the broad, early

Fig. 4.Model of Eve stripes. The late, refined stripes are required to maintain the

ion i early eve ; X
;‘Z%rgsei?;:igrACtE;l;‘Eve m\¥i— ty: pattern ofslp, and to prevent partial repressionesfshortly

after it is activated. The expansionstyh is probably sufficient

to explain the loss oén, since ectopislp expression causes

repression of thesen stripes (Cadigan et al., 1994). The

hypothesis that early stripes position odd-numberestripes
= in a concentration-dependent manner is also supported by the
phenotype of embryos rescued by a transgene missing the
stripe 4+6 element, which have severely reduced levels of early
stripes 4 and 6, and activate odd-numbeesitripes in those
regions at posteriorly shifted positions (Fig. 3D). A model of
these functions of early and lateeexpression is presented in

activity establishesn wild type
expression in the proper
positions. Reduction of Ev
concentration or activity in
the syncytial blastoderm
(top half of figure; a
gradient of both wild-type
and reducee@veactivity is
diagrammed) reduces
repression of at least two

prd
sip
en

PS: even # even #

key target genesjpand --— anterior posterior - Fig. 4
ggd' Concentration- late eve The prevalence of repression as a mechanism of early
pendent effects at the activity: d . . :
anterior edge of each Eve eye_lopmental regulation among p_a!r-rule z_ind gap genes is
stripe include expandeutd sip -_ strlkmg.. In the case.of Eve, this activity prowdes not only for
andslp expression (lighter en the activation oenwith the appropriate spacing between cell
colored bars) (see also without rows, but also for the maintenanceenfexpression in the face
Fujioka et al., 1995; late eve: of opposing repressive activities. One of these opposing
Kobayashi et al., 2001). Pi gy * activities is that ofslp, which apparently helps to set the
activates botlenandwg, en . -_ anterior boundary of both late Eve agnlexpression (Fujioka

while slprepressesn Thus

slp (and possibly otheznrepressors that are repressed by Eve) can
effectively subdivide therd domain intowg- anden-expressing cells
(enandeverepressvg). The border betweesip andenbecomes the
parasegment boundary, and the overall width of the parasegment is

et al., 1995). Thus, spatially localized repressors may have
advantages over activators in making and maintaining cell fate
decisions, where mutually exclusive patterns of transcription
factor expression help to establish and reinforce those

largely determined by the location of this border. A dotted line decisions. Such mutually exclusive patterns can be directly
indicates the shifted position of the parasegment boundary when ~ established and reinforced by repressors acting to repress each
earlyeveactivity is reduced. The net effect of reducing eaxlg others expression in adjacent domains, while activators can do

activity is to reduce the width of the odd-numbered parasegments, this only indirectly.

and to sometimes expand the odd-numberestripes, sincerd

sometimes expands more than dslpsThere may also be effects at We thank Manfred Frasch and the Developmental Studies
the posterior border of each eaglyestripe, but these appear to be  Hybridoma Bank at the University of lowa for antibodies against Eve
relatively minor. For exampléiz stripe 4 expression does not and En, respectively, and Julie Ahringer and Peter Gruss for plasmids.
appreciably expand or shift in the absencewvafstripe 4 (Fujioka et We also thank Yukiko Emi-Sarker for excellent technical assistance.
al., 1995), although there may be an anterior shift of ors&ipes This work was supported by NIH (GM50231) and NSF (0110856)
in the absence @ve(see also Hughes and Krause, 2001). PS, awards to J. B. J.

parasegment$] indicates repression of target genes. Late Eve

expression is required to mainta&nexpression. The absence of late

eveactivity (bottom half of figure) results in the expansioslpf REFERENCES

expression, and the concomitant losgéxpression, beginning

with the anterior of eachnstripe. The continued presence of Eve  Ahringer, J. (1996). Posterior patterning by tBaenorhabditis elegans even-
just posterior t@lpis thus necessary to prevent ‘encroachment’ of ~ Skippedhomologvab-7. Genes Devi0, 1120-1130.
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