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Summary

Dorsoventral (DV) patterning is crucial for eye essential for eye development. We present evidence that loss
development in invertebrates and higher animals. DV of L or Ser function prior to initiation of pnr expression
lineage restriction is the primary event in undifferentiated  results in elimination of the entire eye, whereas after the
early eye primordia of Drosophila. In Drosophilaeye disc, onset of pnrexpression it results only in preferential loss of
a dorsal-specific GATA family transcription factor pannier  ventral half of eye. We demonstrate that dorsal eye disc
(pnr) controls Iroquois-Complex(Iro-C) genes to establish cells also become Lor Ser dependent when they are
the dorsal eye fate whereas Lobe (L), which is involved in ventralized by removal of pnror Iro-C gene function.
controlling a Notch ligand Serrate (Ser), is specifically Therefore, we propose that early state of the eye prior to
required for ventral growth. However, fate of eye disc cells DV lineage restriction is equivalent to ventral and requires
before the onset of dorsal expression of prand Iro-Cisnot L and Sergene function.

known. We show that L/Ser are expressed in entire early

eye disc before the expression of prand Iro-C is initiated

in late first instar dorsal eye margin cells. Our evidence Key words:Drosophila,Dorsoventral eye patterning, LotSerrate,
suggests that during embryogenesis pnactivity is not  pannier, Iro-C

Introduction (MF), a wave of differentiation, progresses anteriorly, resulting

Development of a field requires generation of lineage restrictioff the distinction of the AP domains. In fact, anterior and
boundary, which results in two differently determined cel|Posterior domaln_s correspond to unqllfferentlated (anterior to
populations called compartments (Garcia-Bellido et al., 1973MF) and differentiated regions (posterior to MF) of eye (Ready
Compartments are the fundamental units of patternin§t @, 1976 Wolff and Ready, 1993), rather than the
generated by localized expression of transcription factor§&ompartments of different cell lineages separated by strict
which are called selectors as they can confer the compartmeffi€age restriction boundary. Therefore, the eye disc remains at
specific properties to the group of cells in which they arénterior undifferentiated ground state until the early third larval
expressed (Curtiss et al., 2002; Mann and Carroll, 2002instar, when MF is initiated to generate the AP pattern
Activity of these selector genes generate lineage restrictiofieberlein and Moses, 1995; Lee and Treisman, 2001).
boundary and control signaling at the boundary (Blair, 199570wever, unlike the AP axis, DV lineage restriction and
Wu and Rao, 1999). Signaling between the cells of twélomain-specific gene expression of DV patterning genes takes
compartments contributes to growth and differentiation of ailace very early during the eye disc development (Baker, 1978;
undifferentiated field to its adult counterpart (Blair, 2001). ~ Cho and Choi, 1998; Dominguez and de Celis, 1998).
The development of an imaginal disc into an adult structur€onsequently, DV lineage restriction, which is secondary event
requires generation of anteroposterior (AP) and dorsoventr#) other imaginal discs becomes the first lineage restriction
(DV) lineage restrictions. In antenna, wing and leg imaginagventin eye disc and is crucial for its growth and differentiation.
discs, early-arising AP boundary is the first lineage restriction Eye disc develops into the adult compound eye, which is a
event. This is followed by DV boundary generation midwayhighly precise hexagonal array of 800 ommatidia (Ready et al.,
through the growth phase of the disc, which further subdivide$976; Wolff and Ready, 1993). Two chiral forms of these
these discs into dorsal and ventral compartments (Blair, 1996mmatidial clusters are arranged in mirror image symmetry
Blair, 2001; Diaz-Benjumea and Cohen, 1993; Garcia-Bellid@long the DV midline called equator to form dorsal and ventral
and Santamaria, 1972; Milan and Cohen, 2003; Morata arglye. Although the mirror image symmetry is generated during
Lawrence, 1975; Tabata et al., 1995). By contrast, the eye ditltird instar of development but the subdivision of eye into
does not show a strict anterior versus posterior lineagdorsal and ventral lineage territories takes place even earlier
restriction (Morata and Lawrence, 1978). AP pattern in the ey@aker, 1978; Cavodeassi et al., 1999; Cho and Choi, 1998;
disc is established dynamically as the morphogenetic furro@ominguez and de Celis, 1998; Maurel-Zaffran and Treisman,
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2000; McNeill et al., 1997; Papayannopoulos et al., 1998gene function from the dorsal eye cells can revert the dorsal
which is responsible to define the site of differentiation toeye fate to the ventral, which behaves in a similar fashion to
initiate and promote the growth of eye field. the early eye disc in terms of its sensitivity to L/Ser activity.

It has been shown thanr (Maurel-Zaffran and Treisman, We also show that earfynr expression during embryogenesis
2000) and members of Iro4meodomain genes viaraucan  has little or no functional contribution to DV patterning of eye.
(ara), caupolican (caup) (Cavodeassi et al., 1999; Gomez-Therefore, we propose that early eye disc has ventral-
Skarmeta and Modolell, 1996) andrror (mirr) (Kehl et al.,  equivalent state, even before the onset of the dorsal selector
1998; McNeill et al., 1997) are expressed in the dorsal regiogenes expression, which results in DV lineage restriction event.
of the prospective eye (Dominguez and de Celis, 1998; McNeill
et al.,, 1997)pnr and Iro-Cgenes have been shown to act a
dorsal eye fate selectors and can also specify the ommatidia
DV planar polarity (Cavodeassi et al., 1999; Maurel-Zaffran>tocks
and Treisman, 2000). pnr, one of the topmost genes known f{ock used were y w; FRT82 BRITM6EB, a null allele ofpnr
dorsal eye gene hierarchy, regulates the expression of doweitzler et al., 1996); y w h_S'glfi iroDFM3 FRT80 /TM6B (Diez
streamlro-C genes by Wingless (Wg) signaling (Heberlein etdel Corral et al., 1999y w; mirrst- 4TM6B (Choi et al., 1996)y w

. . - eyFLP (Newsome et al., 2000); y w hsFi2P (Struhl and Basler,
al., 1998; Maurel-Zaffran and Treisman, 2000). mirrcaup 1593);6AS_S§PN (Hukriede et ;L?/1997); va;F(eT42D, 12V6-3Cy 0

can repress fringef(g) and thereby restrict frépression 0 anqUASL (Chern and Choi, 2002y-GAL4 (Hazelett et al., 1998);
the ventral eye (Cho and Choi, 1998; Dominguez and de Celisy..gaL4(Calleja et al., 1996); UAS-UsfFossett et al., 2001) and
1998). These genetic interactions define a signaling pathwa}uAS-GFP.S65T/T10§B. J. Dickson, unpublished). These stocks
that contributes towards the positioning of the equator, whichre described in FlyBase (http:/flybase.bio.indiana.edu). We have
is generated at the boundary fifg-expressing and non- used GAL4/UAS system for targeted misexpression (Brand and
expressing cells. Equator is the site for activation of Notch (Nperrimon, 1993). GAL4/UAS crosses were carried out at 18°C, 25°C
signaling and is crucial for growth and differentiation of the eyednd 29°C, to sample the effect of different induction level.

(Cho and Choi, 1998; Dominguez and de Celis, 1998:

Generation of loss-of-function clones
Papayannopoulos et al., 1998). Loss-of-function clones were generated using the FLP/FRT system of
In the ventral eye, fngromotes expression of Sarthe cells g g Y

. . mitotic recombination (Xu and Rubin, 1993). To generate loss-of-
close to the DV boundary. Notch ligands Ser and Delta (DI) iRy, tion clones of Lin eye, eyFLP; FRT42 ubi-GFRmales were

turn initiates a Ser-N-Dpositive feedback loop that activates ¢rossed to FRT42DY6-3 males. For the generation of heat-shock

N signaling (Huppert, 1997; Irvine, 199%er plays dual role F p-mediated clones of hsFLF22 FRT42 ubi-GFPfemales were
in eye development. First, Seontributes to the DV boundary crossed to FRT42D,"v6-3 males. Eggs were collected for 2 hours

formation and secondI$eris required for ventral eye growth. and a single heat shock was administered for 1 hour at 37°C. All larvae
Expression of Sein the ventral eye is controlled by L, which were transferred to 25°C for recovery and further development.
encodes a novel protein containing a poly-glutamine rich To generate the loss-of-function clones of Sy w;+/+ FRT82
region. L protein shares a conserved C-terminal domain withn™*YTM6B, males were crossed to eyFLP; FRT82 ubi-GFP females.
novel insect, mouse and human proteins (Chern and Ch 0-C loss-of-function clones were generated by croshisigl P22

irdPFM3 i - I-
2002). L has also been proposed to be a component g?TSO, ir®FM3TM6Tb males with the eyFLP; FRT80, ubi-GFP

‘ . - males.
intracellular pathway that transduces N signaling in the ventral 5 ¢ pnr andiro-C genes play important roles in different developing

eye probably by interacting with other ventral specific genefe|ds during development, we wanted to generate the flies that have
such as Ser (Chel’n and Ch0|, 2002) In contrast to the reStrICtQﬁﬁy the eyes homozygous for tber or Iro-C mutation and in the
expression of pnand Iro-Cin the dorsal domairingand Ser  same mutant eye disc overexpress another gene of interest. These flies
show dynamic expression pattern during eye disc developmentere generated by using the EGlydless-GALAJAS-FLP) system

Both genes are preferentially enriched in the ventral region dfStowers and Schwarz, 1999). EGUF system has been generated by
early eye discs but are also expressed dorsally as discs devetgpibining the GAL4/UAS system (Brand and Perrimon, 1993) and

Papayannopoulos et al., 1998). Converselig expressed in treacr(‘)sr%gir:]‘zs(e')g% iit tﬁle"ejggjga Lﬁ;}%ﬁfeﬂgvﬁetgﬁzggi and
the entire eye despite is specific requirement only in thé/+ twin spot cells) are selectively eliminated ®MR>hid later

ventral.eye developmfant (Chern ¢_’:1nd Cho!, 2002): uring differentiation (Stowers and Schwarz, 1999). As the clones are
DV lineage restriction of eye is associated with onset Ofenerated earlier by ey-GAld the wild-type cells are killed later

expression of dorsal genes (Cavodeassi et al., 2000). Therefopg,GMR>hid, the discs get time to grow.

it would be important to determine the temporal relationship . .

between the expression of dorsal eye selectors and the geriégerature shift regimen

involved in ventral eye development (hereaft@er). Thiswill  Eggs were collected for the genotypeyGAL4; UAS-SéiN

provide new insights into when is the first lineage restrictiofey>SePY) from a synchronous culture for 2 hours. Each egg

event of DV boundary formation initiated during eye disccollection was divided into several batches. These independent

development. Interestingly, we found that expression afid  Patches were reared at 18°C except for a single shift to 29°C in a 12

Seris initiated earlier tha,n pnand Iro-C in the eye disc. hour time window. This single 12 hour heat shock of each sample was

. . performed during different periods of development spanning from t=0
Removal of L/Segene function during early eye developmenty;, g (after egg laying) to the late third larval instar. These

can completely eliminate the eye field, whereas later whegtyres after the 12 hour exposure to 29°C were returned to 18°C for
dorsal selector pngene expression is initiated in the dorsaline later part of development until the discs were dissected and stained
eye, removal of L/Segene function results in selective loss of or till the adult flies emerged (superscript DN indicates dominant
ventral eye fate. We also present that removal of pnr or Iro-Gegative).

aterials and methods
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Another temperature shift regimen was carried outefeGAL4;  lateral margin of the dorsal eye as previously reported (Maurel-
UAS-Ush (ey>Ush) in a similar way except the time windows oZaffran and Treisman, 2000). Interestingly, we found fimat
exposure to restrictive temperature were different (see Fig. 2A fag expressed in the dorsal peripodial cells of the eye disc
details). throughout most larval stages, but could not definitively

Immunohistochemistry ﬁ]eiﬁ;rr;ilrnset ivr\]/gglrﬁggszhrcells are in the peripodial membrane

Eye-antenna discs were stained following the standard protocol Expression of mirr. an Iro-C member. is not initiated in earl
(Singh et al., 2002). Antibodies used were mouse anti-L (1:1001)” p ' ’ y

(Chern and Choi, 2002); rabbit afitigalactosidase (1:200) (Cappel); Irst instar eye disc (Fig. 1D, arrowhead) whereas Ser is
chicken anti-GFP (1:200) (Upstate biotechnology); rabbit anti-EyeXpressed in entire disc (data not shown). In early second
(1:500) (a gift from Uwe Walldorf); rat anti-Elav (1:100); mouse instar, mirr is restricted to the dorsal eye (Fig. 157F),
22C10 (1:20); mouse anti-Wg (1:20) (Developmental Studiesvhereas Ser is also preferentially expressed in ventral with a
Hybridoma Bank). Secondary antibodies (Jackson Laboratories) wewgeaker expression in dorsal eye disc (data not shown) (Cho
goat anti-rat IgG conjugated with Cy5 (1:200); donkey anti-rabbit IgGand Choi, 1998)mirr expression stays in dorsal region of third
conjugated to Cy3 (1:250); donkey anti-mouse I9G conjugated tthstar eye disc (data not shown) (McNeill et al., 198Wjr is

FITC (1:200); or donkey anti-chicken IgG conjugated to FIpar. expressed in much broader dorsal domain in compariganmr to

expression was detected uspiyGALA>UAS-GFP, which has been o5 o controlled by secreted Wg, which acts downstream to
commonly used to deteghr expression, as seen in wing and eye discs

(Calleja et al., 2000; Pichaud and Casares, 2000). Immunofluorescetit’ (Maurel-Zaffran and Treisman, 2000). The expression of

images were analyzed by using Zeiss LSM laser confocal microscop@@ Using antibody against Ara protein was similar to mirr
(data not shown).

Results Pnr activity is not essential for DV patterning during
Lobe and Ser are expressed earlier than dorsal embryogeneis
selectors in eye We could not detect prin the early first instar eye disc (Fig.

To check how and when the DV fates are established in ey@A), despite its expression in embryo (Maurel-Zaffran and
we examined the onset of expression of dorsal eye selectdreisman, 2000). The significance of disappearancenof
genes and L/Saturing larval development. In the first instar expression between embryogenesis to late first instar larva is
eye disc, L is expressed ubiquitously, whengasexpression not yet clear. We performed a functional test to determine
is not seen (Fig. 1A; arrows, A Expression of pnhas been whetherpnr is active in the eye primordium in the embryo.
seen in the embryonic eye primordia (Maurel-Zaffran andVe misexpressedJ-shaped (Ush) using ey-GAL4during
Treisman, 2000). But in the early first instar eye d@w, embryonic development to blogkr transcriptional activity.
expression was shut off or downregulated to undetectable levélsh, which is normally not expressed in eye (Maurel-Zaffran
In late first- or early second-instar disc, pexpression is and Treisman, 2000; Fossett et al., 2001), encodes a zinc-finger
initiated in a small group of cells in the dorsal eye close to itprotein that dimerizes with Pnr and acts as a negative regulator
anterior tip (Fig. 1B, arrow; B’ whereas L is expressed in of pnr transcriptional activity (Haenlin et al., 1997). The aim
entire disc. This suggests that phas a very dynamic was to determine if pninas any role in DV patterning of eye
expression during eye development. during embryogenesis. We used temperature-shift approach in
In late second instar, pnr expression extends to the dorstree different conditions as shown in Fig. 2A. First, we
margin of eye (Fig. 1C,E'In third instar disc, pnis expressed maintained the cultures at 29°C all along the development,
in a wedge of cells on the dorsal margin of the eye, whereaswhich served as control and resulted in no eye (Fig. 2B,C) to
expression does not change (data not shown). Furthermogesmall eye phenotype (Fig. 2D) in almost 80% (51/64) of the
expression of pnis restricted only to the group of cells in the adult flies scored, also seen by Fossett et al. (Fossett et al.,

Fig. 1.Expression of L in the
larval eye disc is initiated
earlier than pnr antfo-C
genes. All eye discs in this a

subsequent figures are orien _

anterior towards the right an

dorsal towards the top. Eye :

disc of first- (A,A] arrows),

early second- (B,B'arrow), .

and late second- (C,dhstar

larvae stained for prigreen),

L (red) and Elav (blue). '
Expression of pnr (green, F

dorsal margin. Expression ol . .
(red) and mirr (green) in first

(D,D', arrowhead), early second- (B,Bhd mid-second- (FFinstar eye disc, respectively. misrexpressed in a broader domain in the dorsal
eye as compared with tipar. Individual channels of the images are also shéwiMagnifications of the images are same.

1

arrow) begins in late first- to
early second-instar disc (B)B
in a small group of cells at th
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Lobe mutations suppress ventral eye development

As L andSerare expressed in eye disc earlier than dorsal eye
genes, we checked for the role lofand Ser during various
29°C T T v T s B-D stages of eye developmentmutant shows a selective loss of

ventral eye (Fig. 3A) (Chern and Choi, 2002). We generated
0 ——E loss-of-function clones of in the eye during different time
18°C windows using [€¥6-3 (hereafterL-), a null allele of L (Chern

and Choi, 2002). These phenotypes can be broadly divided into
—=8—F-G two groups. First, ey-FL®as used (Newsome et al., 2000) to
generate loss-of-function clones oéxclusively in the eye (Xu
and Rubin, 1993). These clones showed asymmetric response
in the dorsal and the ventral eye. Loss-of-function clonés of
in the dorsal eye did not affect the ommatidial development
(Fig. 3B, arrow, B but the ventral eye disc clones inhibited
the ommatidial development (Fig. 3B, arrowhead, B’) and
corresponding phenotypes were also observed in adult eye
(Fig. 3C). In the adult eye, presence of ommatidia in the wild-
type twin spot cells (t/L*) for a ventral (E/L-) clone
suggested that Is required for the ventral eye development
(Fig. 3C, arrow). We checked the fate of the cells in the loss-
of-function clones of L by staining the eye discs with antibody
against Pax6 homolog protein Eyeless (Ey). Ey marks the
undifferentiated cells anterior to the morphogenetic furrow in
the third instar disc (Halder et al., 1998). We found that in the
ventral clones where the eye fate is blocked, ectopic Ey
induction was seen behind the MF (Fig. 3Dddrowhead).
This suggested that in the absencelLofiene function the
ventral eye cells remain undifferentiated. As expected, dorsal
eye clones where retinal differentiation was not blocked, did
Fig. 2. Pnr is not essential for DV patterning of eye during not show any ectopic Ey induction (data not shown).
embryogeneis. Uslvas misexpressed in eye by@@L4; UAS-Ush Second, loss-of-function clones lofyenerated in the eye of
(ey>Ush) and cultures were shifted to 29°C during different stages Qiarly first instar larva using the heat shock FLP source (Struhl
Sg‘ég'o(%ms_% (éAy)eT(;;ii e\;fef?eresr;;{r?:gI]E:C')::’\/\?Vtgeg]rpl_er(%tlﬂre% ng‘\i/'t('?en;‘) and Basler, 1993) could completely eliminate the eye fate,
and Ey (’green). (B-D) Cultures maintained at 29°C throdghout whereas Fhe ant.ennal qevelopm_ent in the same disc was not
development served as controls and resulted in elimination of entireCOMPromised (Fig. 3E,E'We obtained more consistent results
eye field (B) in eye disc and (C) in adult eye. (D) Some weaker ~ With heat-shock FLP because of controlled induction of FLP
phenotypes of very small eye marked by Elav-positive cells were ~ during short time windows. Clones wiglyFLPwere probably
also observed. (E) Maintenance at 18°C during embryonic induced stochastically during any time from embryogenesis
development and then shift to 29°C for subsequent development alsonwards, which might cause more variable phenotypes. Earlier
resulted in complete elimination of eye field. (F,G) When cultures it has been shown that loss-of-function lotan selectively
were shifted to 29°C during embryonic development to bjwok eliminate the ventral eye fate (Chern and Choi, 2002) but the
activity and later allowed to develop at 18°C, they did not show any remova| of entire eye within the early loss-of-function clones
eye suppression phenotype (F) in the eye disc and (G) in adult eye., 55 5 syrprise. It suggested that very early during development
entire eye may be ventral in fate. Alternatively, it can also be
2001). Second, the cultures were maintained at 18°C uniihterpreted that loss-of-function clones of L results in partial
embryonic development was over and then shifted to 29°C fdoss of Ser, which is also under the control fofg
the subsequent development to block gme activity after (Papayannopoulos et al., 1998). In this case, loss of Ser may
embryonic development is over. It resulted in elimination ofprevent the correct establishment of the DV organizing center
the eye field (Fig. 2E) without affecting the antennaland hence affecting the growth of the entire disc. But this
development as seen in the control experiment. Third, wpossibility can be ruled out as it has been shownLtinatitant
blocked pnr activity during embryonic development by clones cause little effect on Ser expression near the DV border,
maintaining the culture at 29°C and then shifting it back talthough it results in strong reduction ®érin other ventral
18°C for the subsequent part of development and interestinghggion (Chern and Choi, 2002). Furthermore, we did not see
we found very subtle or no effect on eye development (Fighe similar phenotypes of loss of entire eye or selective
2F,G). We also removed the pfunction during early first reduction of ventral eye when we generated loss-of-function
instar of larval development and then shifted the cultures baakones of fng alone in different time windows. frig
to 18°C, which also resulted in a normal eye (data not shownpreferentially expressed in ventral domain of early eye disc and
The results from these experiments further confirm our earliéts loss-of-function clones showed ommatidial polarity defects
conclusions that eye disc development during embryogeneqi€ho and Choi, 1998; Papayannopoulos et al., 1998) rather
to early first instar of larval development is not sensitive to théhan complete elimination of ventral eye. On the contrary, loss-
loss of pnrgene function. of-function clones of fngienerated ectopic equator (Cho and
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Fig. 3.Loss of function ot
suppresses ventral eye
development. (A) Imutant disc
showing loss of ventral eye
pattern. Loss-of-function clone
of L were marked by absence «
GFP (green) in the eye disc (B
and by absence of whigene
expression in adult eye (C). Ey
discs were stained for 22C10 ¢
Elav. Clone in the dorsal eye
shows no effect on eye fate in
disc (B,B' arrow). Ventral clone
caused suppression of eye fate
seen by absence of 22C10 in ¢
(B,B', arrowhead) and in adult
(C, arrow). (D,Dj Ventral loss-
of-function clone of Llalso
showed ectopic induction of Ey
where eye fate is blocked
(arrowhead). (E,B'Early loss-of-function clone of showed complete elimination of eye fate as evident by absence of Elav (red). Note that eye
field (EYE) is highly reduced, whereas antennal (AN) development was not affected.

Choi, 1998) and in rare cases (14/159) 5-10% of adult fliedevelopment was not at all affected in these discs (Fig. 4B). In
scored showed enlargement rather than loss of the ventral eye same 12- to 72-hour time window, some extremely small
pattern (A.S. and K.-W.C., unpublished). These results suggesye discs with a few photoreceptors were also seen (Fig. 4D).
that Ser function in the early eye disc is independenfraf ~ Misexpression of SEN at 72-96 hours of development caused
regulation. Because all the phenotypes$ngfloss-of-function  significant reduction in frequency of no-eye phenotype from
clones are manifested in terms of effect on polarity suggest thaear 100% to 60% (Fig. 4A) along with an increase in
fng functions after the early DV lineage restriction isfrequency of selective eye suppression in the ventral eye from

established in the eye. near 0 to ~40%; (Fig. 4A,E). During 96-168 hours of
. . . development, concomitant with the presencprofexpressing
Ser is required for early eye field development dorsal cells, there is a sharp increase in frequency of eyes

Seris known to be the downstream target of genes which affeshowing preferential loss of ventral eye pattern (Fig. 4A,F)
ventral eye development, such as frfgvine, 1999; when compared with no-eye phenotypes. We found that
Papayannopoulos et al., 1998) danfChern and Choi, 2002). removal of L/Segene function during early eye development
SePN, a dominant-negative allele encoding a truncated forncan completely abolish the entire eye field, whereas later
of Ser, is capable of antagonizing wild-tyer functions during development these eye inhibition phenotypes become
(Hukriede et al., 1997). It consists of extracellular domain butestricted to only the ventral eye. These time-dependent effects
lacks the transmembrane domain of SerPSevas used to of SePN further substantiated our view that the fate of early
generate loss-of-function phenotypeS#r(Chern and Choi, eye disc prior to the emergence of puells is most probably
2002; Hukriede et al., 1997; Kumar and Moses, 2001). We useentral equivalent.
the temperature-dependent expression of the GAL4 enhancer )
trap (Brand and Perrimon, 1993), to determine thd-0ss-of-function of dorsal selectors change dorsal
phenocritical period of SBN overexpression (ey>Se¥) inthe  eye fate to early ventral-equivalent state
eye (Kumar and Moses, 2001). The rationale was to check theck of sensitivity of dorsal cells to L/Skxd us to check for
period when the Sefunction is crucial for DV eye field the role of dorsal selectors in early DV patterning of eye. We
development. Basically, the phenotypes scored in the eye digenerated loss-of-function clones of pimr the eye using
can be grossly classified into three major categories gsrV*6 a null allele generated by a deletion of all but nine
summarized in Fig. 4A. First category showed complet@amino acids of the coding region (Heitzler et al., 1996). As
elimination of eye field to a very small eye. Second categorgreviously described (Maurel-Zaffran and Treisman, 2000),
included the eye discs with preferential elimination of thdoss-of-function clones of pnr changed the dorsal eye fate to
ventral eye pattern. The third category comprised the disagentral, which resulted in dorsal eye enlargements or ectopic
where there were two antennal fields also seen by Kumar aege caused by generation of new boundary of phe
Moses (Kumar and Moses, 2001). These discs were alsxpressing- and non-expressing cells (data not shown)
accompanied by the suppression of eye field. The split of thiMaurel-Zaffran and Treisman, 2000). Loss-of-function clones
two antennal fields along with suppression of eye suggests thaftpnr in the ventral eye had no effect as pexpressed only
Seralso plays a role in patterning of antennal field. in the dorsal eye (Maurel-Zaffran and Treisman, 2000).

In the early time window of 12-72 hours of development, We have seen that before the onset of dorsal selector gene
misexpression of SBN caused complete elimination of the eye function, the entire eye disc is sensitive to L/&etivity. We
field (Fig. 4B,C). These discs had a few Ey-expressingvanted to check if the eye disc ventralized by eliminating the
undifferentiated cells of anterior eye, whereas the antenndbrsal selector gene function again becomes sensitive to
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Fig. 4. Loss of Segene function can abolish the eye fate.

(A) Graphical presentation of eye phenotypes generated by targeted

misexpression ofy-GAL4; UAS-SéN (ey>SePN) along the time

course of temperature shifts for the samples collected at every 12

T e R T hours of interval until the late third instar. Effect of dominant-
) negativeSer(SePN) was scored for its effect on eye fate in the discs

+’:_';;3"“ and phenotypes observed were classified into three main categories:
small eye complete loss of eye fate (blue); loss of ventral eye pattern (purple)
Loss of and generation of two antennal fields (yellow). For each time

" ventral window, at least 20 discs were scored. (B,D,E,G) Eye discs were

Ant stained with Elav (red) and with Ey (green) and Wg (blue).

60 v \< split Misexpression of ey>SBN for 12-72 hours resulted in complete

o
=

elimination of eye disc (B), adult eye (C) and eye disc with a few

photoreceptors (D) (shown in blue in A). For 96-108 hours,

L ey>SePN resulted in preferential loss of ventral eye in disc (E) and

adult (F) (shown in purple in A). It has been suggested that loss of

A / Serusing the same ey>3¥} caused the homeotic transformation of
™~

&=
=

the antenna to the eye fate (Kumar and Moses, 2001¢ycSePN
— primarily showed suppression of the eye field and also occasionally
/' (3/35) results in the generation of two antenna fields (shown in
yellow in A). This may be due to ‘splitting’ of the antenna field, as
/ evident from the mirror image duplication of Wg expression in the

Percentage of various phenotypes of ey=Ser2V

]

(P

u B T s B D p— e SR S R H
A 1224 36 48 60 72 84 96 108 120 132 144 156 l68 ventral sector of antenna disc (AN).

Time in hours

ey>SerDN

ventral, which is sensitive to levels bfgene function. We
used the EGUF system (Stowers and Schwarz, 1999) to
generate eye disc where all the cells other than those mutant
for pnrwere ablated using GMR>hid. The rationale of using
this approach is that GMRie kills the cells later during eye
differentiation, therefore these mosaic eye discs could grow.
Eye disc mutant for pnrgene function showed dorsal
overgrowths in disc (Fig. 5C) and in adult eyes (Fig. 5D,
Table 1). By contrast, whenL was overexpressed
continuously in eye usingy-GAL4driver (ey>L), pnrmutant
discs resulted in very small eye (Fig. 5E,F, arrow and
arrowhead; Table 1). The small eye phenotype was different
from either of the two controls used; ey=dlone causes
ventral-specific eye loss (Fig. 5A,B), whereas EGUF clones
of pnrresults in dorsally enlarged eye (Fig. 5C,D). Therefore,
L/Ser acitivity as seen in early eye disc. Interestingly, wethese results suggest that small eye phenotype was generated
found that if Llevels are increased continuously above thébecause of suppression of eye by overexpression of L on
wild-type levels by using ey-GAL{fey>L), it selectively both dorsal (which has changed to ventral) and ventral eye
eliminates the ventral eye pattern (Fig. 5A,B arrows; Table Inargins. Furthermore, we also analysed the fate of cells
(J. J. Chern, PhD Thesis, Baylor College of Medicine, 2003)eft in the small eyes generated by EGUF clones and
This suggests that optimum levels bfare required for overexpression of by sectioning the adult eyes. The polarity
ventral eye growth and development. We used this propergf most of the ommatidia left in these eyes was dorsal along
of L as an assay system to check if the eye discs whemith a few ventral or with a polarity defect (data not shown).
mutated for dorsal selector gene function can revert back Me also checked the sensitivity of the pmutant discs to Ser

e lring DN AN

EYE

Table 1. Summary of phenotypes shown by EGUF clones pifir and Iro-C

Genotypes Wild type controls (no EGUF) EGUFpnr-clones EGUF Iro-C-clones
Wild type controls (no Wild-type eye Dorsal eye enlargements Dorsal eye enlargements
GAL4/UAS)
UAS-L; ey-GAL4 (ey>L)  Twenty percent of flies show ventral Nearly 20% of the flies show small eye Nearly 20% of the flies show small eye due to
eye-specific reduction* due to reduction of eye on both dorsal reduction of eye on both dorsal and ventral
and ventral eye margins eye margins
ey-GAL4; UAS-S&N Fifty percent of flies show complete Ninety-nine percent of flies show Ninety-nine percent of flies show complete loss
(ey>SePN) at 25°C loss of eye to very small eye complete loss of eye of eye

Percentages have been calculated based on eye disc and adult eye phenotypes independently and results presented are averages of both. Minimum sample <
for each experiment was 20 imaginal discs and 100 adult flies.
*There is low penetrance in ey-GAL4; UA®thenotype in eye.
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Fig. 5. Loss-of-function of pnt ~] ~1 = ~1 e
and Iro-Cchanges dorsal eye : : : EGUF pnr EGL FP”" ,

sensitivity to ventral.

(A,B) Overexpression of by
ey>L causes selective ventra
eye suppression in disc (A,
arrow) and adult (B, arrow).
Loss-of-function clones of pn
were generated in eye using
EGUF approach, which
resulted in dorsal eye ey>L; EGUF pnr y ey=>8SerON: EGUF _
enlargement (C) in disc and - & pnr
(D) in adult. In the ventralize« ) (T
disc with EGUF pnr clones ir
dorsal when l(ey>L) was
overexpressed resulted in sn
eye because of suppression
eye fate on both dorsal and
ventral margin of (E) disc
(arrows) and in (F) adult eye — -
(arrowhead). Misexpression . KEI RS EGUF iro” b ey>SerPN; EGUF
SePN (ey> SePN) in the ; EY iro
ventralized disc with EGUF EY

pnr clones completely :
abolished the entire eye fate
(G) in disc and in (H) adult
eye. Loss-of-function clones
Iro-C show dorsal eye
enlargement in (1) disc.

(J) EGUF Iro-Cclones in eye
disc also result in dorsal eye enlargements. (K,L) In the ventralized eye disc mutant for Iro-C, overexpressio(KdfaeyeseSePN (L)
results in suppression of eye on both DV margins and complete removal of the eye fate, respectively.

activity. Misexpression of SBN continuously during Discussion
development in the sanp@r mutant discs at 25°C completely We have addressed a basic question of how patterning and
abolished the eye fate in nearly 99% of discs (Fig. 5H, Tablgrowth of early eye primordium are regulated. Our results
1), and corresponding phenotypes were also seen in tipeovide an important insight into the role of genes controlling
unhatched pupae that were dissected out to check theientral eye growth. Previously, L/Severe thought to be
phenotypes (data not shown). These results suggest thatjuired for ventral eye growth after the DV lineage restriction
removal of pnr gene function in the eye disc changes thBoundary was established, which corresponds to the onset of
dorsal eye fate to ventral, which makes the entire disexpression of dorsal eye selectors. Our results clearly suggest
sensitive to ey>lor SePN as observed in early eye disc.  thatL/Serare required much earlier for the growth of the entire
Loss-of-function clones of Iro-C mutation were generated irearly eye disc, even before the DV patterning is established. In
the eye using i3, a deficiency for all three members, i.e. contrast to the function of dorsal selector genes in eye
ara, caupandmirr (Diez del Corral et al., 1999). These clonespatterning,L and Serhave been shown to play a distinct role
also showed enlargement in the dorsal eye (Fig. 5lih controlling ventral-specific growth of eye disc.
(Cavodeassi et al., 1999), a phenotype similar to that seen in . )
thepnr loss-of-function clones, whereas in the ventral eye theréemporal requirement of genes controlling ventral
was no effect of these clones (data not shown) (Cavodeassiee development
al., 1999). Eye discs mutant fwo-C gene function generated It has been shown that loss-of-function phenotypdsmfSer
by EGUF approach resulted in enlarged disc (Fig. 5J), as seare restricted to the ventral eye (Chern and Choi, 2002). We
in loss-of-function clones in Fig. 5I. Overexpressionlof checked the spatial as well as temporal requirement of these
(ey>L) in eye disc with Iro-CEGUF clones resulted in small genes in the ventral eye pattern formation. We found that extent
eyes with suppression of the eye on both dorsal and ventral loss of ventral eye pattern in loss-of-function clonds/8ér
margins (Fig. 5K, Table 1), but the phenotypes were not agmried along the temporal scale. During early eye disc
severe as seen in pnr. Misexpression oPS¥ar Iro-C mutant  development, prior to onset of pexpression in dorsal eye,
eye discs completely abolished the eye fate (Fig. 5L). Thegemoval of L or Sefunction resulted in complete elimination
results suggest that when the eye fate changes from dorsaldibthe eye field, whereas later when dorsal eye selector genes
ventral in response to removing dorsal selector gene functiostarts expressing the eye suppression phenotype becomes
the eye fate reverts back from the dorsal to its default ventraéstricted only to the ventral eye (Figs 2-5). Therefore, DV
state. Therefore, the entire eye disc respond¢Seractivity  lineage border in the eye can also be interpreted as the border
in a similar fashion to that seen in the early eye disc before thmtween the cells sensitive and insensitive tolil$ergene
onset of expression of dorsal eye selector genes. function.
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i Gsci-olimlt DV P—A Second, change of dorsal eye fate to ventral upon removal of
Early RO DL ; dorsal selectors. It has been observed that the mutants, which
State expression  establishment affect ventral eye development, show two major phenotypes

in eye: either there is no or very small eye, or there is a
preferential loss of ventral eye based on the time they affect
Equator their function but none of the mutants for dorsal eye selectors
show phenotypes of loss of only dorsal eye. Conversely,

Early @3€) W' (i3¢) Er) -
AT > Tats > T loss-of-function clones of pnr or Iro-Causes dorsal eye
Ist Instar ,l, T (- ], 2nd Instar L enlargement or ectopic eye formation rather than loss of only
e, N \ dorsal eye clonal tissue (Fig. 4) (Maurel-Zaffran and
. 3rd Instar Treisman, 2000; Cavodeassi et al., 1999). This phenotype is
Y & probably due to generation of ectopic boundary pof-
Nd"é’}e Small'é'j?'e with a Loss of expressing and non-expressing cells (rather than absence of
few ommatidia  ventral eye pnr), which could be important for promoting eye growth

(Maurel-zaffran and Treisman, 2000). Overexpression of Ush
Fig. 6.Larval eye primordia arise from an initial state comprising a or Fog proteins in eye discs results in losspof activity,
group of cells that require L/Stmction for growth and causing complete elimination of eye development (Fossett et
maintenance. Removal of L/Ser function in these initial cells can  g].| 2001). By removingnr activity at different time points
completely eliminate eye..‘Durlng late flrst.lnstar of development, theye found thapnr activity in embryo and early first instar is
pnrt cells emerge and initiate the expression of downstream Iro-C \{;Ot essential for eye disc development (Fig. 2). Later, pnr

genes, which results in DV specification of eye. Establishment of D . : ) s
lineage in eye restricts the L/Seguirement to the ventral cells only. ecomes essential for DV patterning consistent with its strong

pnr-and Iro-C cells become independentldSerrequirement. expression in dorsal margin of eye disc after early first instar
Therefore, the initial state prior to DV specification is probably stage.

equivalent to ventral eye in nature.
Dorsal selectors and Lobe/Ser affect the eye

development at two different tiers

Initial state of eye is ventral equivalent In contrast to enlargements or ectopic eyes induced by loss-of-
The eye antennal disc has the most complex origin in thiinction clones of dorsal selectors (Cavodeassi et al., 1999;
embryo. The eye disc is initiated from a small group of ~7Maurel-Zaffran and Treisman, 2000), the loss-of-function
precursor cells on each side contributed by six different heatlones of Lor Seralways resulted in the elimination of the eye
segments of the embryo (Jurgens and Hartenstein, 19933te. L/Ser are primarily required for the maintenance and
These embryonic precursors do not physically separate froevelopment of ventral or ventral-equivalent state of the eye,
the surrounding larval primordia and are therefore difficult tovhereas dorsal genes establish the DV border. This suggests
discern morphologically. that dorsal genes and L/Ser, although involved in a common

Once the cells for the eye-antennal disc are committed, thegeal of generation of DV lineage in eye, probably affect eye
discs proliferate and undergo differentiation into an adult eyejevelopment at two different tiers.
which requires generation of DV lineage restriction in eye. Fng, another essential component of DV patterning in eye,
There are possibly three different ways by which genesis dé expressed preferentially in the ventral domain of early eye
DV lineage in the eye can be explained. Early first instar larvalisc and is required for restriction of N signaling to the DV
eye disc may initiate either from only dorsal, only ventral oborder (Cho and Choi, 1998; Dominguez and de Celis, 1998;
from both DV lineages. Based on our results from studies dPapayannopoulos et al., 1998). Although is known to act
expression patterns (Fig. 1) and analysis of mutant phenotypepstream of San the wing and eye discs (Irvine, 1999), there
(Figs 2-5), we propose that larval eye primordium initiallyis also an apparent difference between the two genes. Unlike
comprises only the ventral-equivalent state (Fig. 6) rather thao/'Ser, the main function of frgeems to affect DV ommatidial
well-defined DV or dorsal states alone. We have referred thgolarity but not the growth (Cho and Choi, 1998; Dominguez
initial state of eye as ventral equivalent state because, at tliad de Celis, 1998; Papayannopoulos et al., 1998). This
stage, dorsal and ventral identity is not yet generated. DSuggests that fngay be selectively required for DV patterning
lineage restriction is established later after the onset of prafter dorsal selectors initiate domain specification. This may be
expression. The cells of the initial ventral-equivalent state arthe reason why phenotypes of loss-of-function clonefmgf
similar to the ventral eye cells that are generated after Ddre different from those of and Serin the eye. It has been
specification. The similarity is in terms of their requirement ofobserved that the pattern of fagpression is not altered In
L/Ser for growth and maintenance, and the absence of thmutants, and vice versa, supporting the independent functions
dorsal selector expression. How dorsal lineage is initiated iaf these two genes in controlling DV border formation and
the early eye disc is not yet clear. Once the DV lineaggrowth of ventral domain (data not shown).
restriction is established, N signaling is initiated at the equator, _ )
a border between dorsal and ventral compartments. Activatidriinctional conservation of dorsal selector Pnr
of N signaling promotes proliferation, which is followed by The function of Pnr in organizing the DV pattern from an
differentiation of eye disc into adult compound eye. initial ventral-equivalent state raises an interesting question

Our ventral-equivalent state model is supported by tw@f whether similar patterning processes occur in other
observations. First, presence of Ser and L expression in tleveloping tissues and organs. Interestingly, Pnr is expressed
dorsal and ventral eye disc of the early first instar larvan a broad dorsal domain in early embryos, but later refined
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in a longitudinal dorsal domain extending along the thoracic and Morata, G. (2000). Generation of medial and lateral dorsal body
and abdominal segments. During this stage, Pnr has andomains by th@anniergene of Drosophila. Developmeh7, 3971-3980.
instructive and selector-like function, determining theCavodeassi, ., Diez del Corral, R., Campuzano, S. and Dominguez, M.

. . . . (1999). Compartments and organising boundaries in the Dros@yeildahe
identity of the medial dorsal structures (Calleja et al., 2000). role of the homeodomain Iroquois proteiBevelopment26, 4933-4942.

It has been shown that loss of m@iiminates the dorsomedial cavodeassi, F., Modolell, J. and Campuzano, $2000). The Iroquois
pattern in the larval cuticle whereas the dorsolateral patternhomeobox genes function as dorsal selectors inOitesophila head.
extends dorsally without cell loss (Herranz and MorataghDe"e'gpgnenlj76&9_21}‘(19\,2\/9(2002) L obemediates Noteh sianaling ¢

H H : : ern, J. J. an ol, K. . . Lobemeadiates Notch signaling to
2001)'. This SUQQEStS that DV pattern in the Iarvgl cuﬁlcle : control domain-specific growth in tHerosophilaeye disc. Development
established with the onset of Pnr expression in the 129 4005-4013.

dorsomedial domain, and ventral may be the initial fate o€ho, K. 0. and Choi, K. W.(1998). Fringe is essential for mirror symmetry
epidermal cells. and morphogenesis in tiosophilaeye.Nature 396, 272-276.

; imilariti Choi, K. W., Mozer, B. and Benzer, S(1996). Independent determination of
The Compound eye of Drosophlmares some similarities symmetry and polarity in thBrosophilaeye.Proc. Natl. Acad. Sci. USA

with the vertebrate eye (Hartenstein and Reh, 2002). Like g3 5737.5741.

Drosophila, in higher vertebrates dorsal eye genes (e.g. Bm@drtiss, J., Halder, G. and Mlodzik, M. (2002). Selector and signalling
and Thx5) also act as ‘dorsal selectors’ and restrict the molecules cooperate in organ patterniNgt. Cell Biol.4, E48-E51.
expression of genes involved in ventral eye development (e_B!az—Benjumea, F. J. and Cohen, S. M1993). Interaction between dorsal

A : and ventral cells in the imaginal disc directs wing development in
Vax and Pax2) to the ventral eye (Koshiba-Takeuchi et al., Drosophila. Cell 75, 741-752.

2000;_ Peters and Cepko, 2002). These DV expressigle; del Corral, R., Aroca, P., Gomez-Skarmeta, J.L., Cavodeassi, F. and
domains correspond to developmental compartments (PetersModolell, J. (1999). The Iroquois homeodomain proteins are required to
2002) and thereby generate DV lineage restrictions in a way specify body wall identity iDrosophila. Genes De.3, 1754-1761.
similar to Drosophilaeye. Furthermore, conservation is alsoPominguez, M. and de Celis, J. F(1998). A dorsal/ventral boundary

. . established by Notch controls growth and polarity in Biesophila eye.
seen at the level of genes and probably their functions. Fory . re396. 276-278.

example,Ser has a vertebrate homolog Jagthe loss of puffy, J. B., Harrison, D. A. and Perrimon, N. (1998). Identifying loci
function of which shows a strong eye reduction phenotype required for follicular patterning using directed mosaisvelopment 25,
(Xue et al., 1999). Other dorsal eye genes, sugnaand Fozsigtat-2§71'i'evosian S. G., Gajewski, K., Zhang, Q., Orkin, S. H. and
Iro-C, are also highly (_:onservehlo—c genes are involved in Schulz, R. A.(2001). The F’riené of G’ATA’proteirgmlé U-shaped, FOG-1, and
neural development in vertebrates (Gomez-Skarmeta androg.2 function as negative regulators of blood, heart, and eye development
Modolell, 2002). There is conservation even in the eye in Drosophila.Proc. Natl. Acad. Sci. US®8, 7342-7347.

patterning mechanism because the wave of neurogenesisGarcia-Bellido, A., Ripoll, P. and Morata, G. (1973). Developmental

the vertebrate eye is analogous to the morphogenetic furrowcompartmentalisation of the wing disk of Drosophila. Nat. New Bi¢h,
51-253.

in the fly eye (H0|t and Harris, 1993, Neuman_n andGarcia—BeIIido, A. and Santamaria, P(1972). Developmental analysis of the
Nuesslein-Volhard, 2000; Peters, 2002). Therefore, it would wing disc in the mutaréngrailedof Drosophila melanogasteGenetics'2,

be interesting to see whether the DV lineage in the vertebrates7-104. _
eye also develops from a ventral-equivalent initial state. It hagomez-Skarmeta, J. L. and Modolell, J(1996). araucarand caupolican

: + i+, provide a link between compartment subdivisions and patterning of sensory
been observed that DV patterning regulates the connect|V|tyOrgans and veins in trosophila wing. Genes Deg0, 2935-2945,

of retinal ganglion cells to their targets In brain (Petersgomez-skarmeta, J. L. and Modolell, J(2002). Iroquoisgenes: genomic
2002). Therefore, the study of DV patterning in vertebrate eye organization and function in vertebrate neural development. Curr. Opin.
holds immense potential. Genet. Dev12, 403-408.
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