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Dorsal-Ventral Signaling in the 
Drosophila Eye 

Venizelos Papayannopoulos, Andrew Tomlinson, 
Vladislav M. Panin, Cordelia Rauskolb, Kenneth D. Irvine* 

The development of the Drosophila eye has served as a model system for 
investigations of tissue patterning and cell-cell communication; however, early 
eye development has not been well understood. The results presented here 
indicate that specialized cells are established along the dorsal-ventral midline 
of the developing eye by Notch-mediated signaling between dorsal and ventral 
cells, and that Notch activation at the midline plays an essential role both in 
promoting the growth of the eye primordia and in regulating eye patterning. 
These observations imply that the developmental homology between Dro- 
sophila wings and vertebrate limbs extends to Drosophila eyes. 

Patterning and growth of the Drosophila ecules that regulate wing development. The 
wing depend on signaling between cells in Ji-inge (fi~g) gene regulates signaling between 
different compartments (I, 2). This signaling dorsal and veiltral cells (3). Fringe protein 
establishes specialized cells along compaiT- (FNG) is produced by dorsal cells and inhib- 
ment boundaries, which in tuin secrete mol- its cells' responsiveness to the Notch ligand 
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been detected in the eye (6, 7). Another dis- 
tinguishing feature of eye development is a 
wave of differentiation, marked by the mor- 
phogenetic furrow, that sweeps across the 
disc (7). Behind the morphogenetic furrow 
cells are recruited into photoreceptor-contain- 
ing clusters, the ommatidia (8). Photoreceptor 
clusters are asymmetrical, and cells in dorsal 
and in ventral ommatidia are arranged in 
distinct chiral shapes. The two forms meet at 
the D-V midline, termed the equator. Omma- 
tidial chirality is thought to be influenced by 
signals associated with the progression of the 
morphogenetic furrow (9), and by signals 
emanating either from equatorial cells or 
from cells at the dorsal and ventral periphery 
of the eye disc (10-13). 

During early eye development, fng is ex- 
pressed by ventral cells (Fig. 1A). This ex- 
pression appears to be complementary to that 
of the dorsally expressed gene mirror (rnrr) 
(Fig. 1B) (12). During early to mid-third 
instar, additional expression of fng appears in 
the posterior of the eye disc (Fig. 1C). This 
line of posterior fng expression is just in front 
of the morphogenetic furrow and moves 
across the eye ahead of the furrow (Fig. ID). 

In the wing disc, DL and SER induce each 
other's expression, and so become up-regu- 
lated along the D-V border where they can 
productively signal (2, 5). DL and SER are 
also preferentially expressed along the D-V 
midline during early eye development (Fig. 1, 
E and F). SER expression is, like fng expres- 
sion, complementary to that of rnrr, whereas 
DL expression partially overlaps that of rnrr. 
The spatial relations among fng, SER, and 
DL expression in the eye are thus similar to 
that in the wing, although their expression is 
inverted with respect to the D-V axis. 

The four-jointed Vj? gene is expressed in 
a gradient during early eye development (Fig. 
2A) (14, 15), with a peak of expression along 
the D-V midline, and so together with SER 
and DL serves as a molecular marker of 
midline cell fate. Ubiquitous expression of 
FNG during early eye development, generat- 
ed by placing fng under the control of an 
eyeless enhancer, eliminated detectable ex- 
pression of SER and DL along the midline 
(Fig. 2, B and C). Conversely, misexpression 
of FNG in clones of cells, generated by use of 
the Flip-out system (16, 1 9 ,  can result in 
ectopic expression of SER and fj that is 
centered along novel borders of FNG expres- 
sion in the dorsal eye (Fig. 2, D and E). 
Ectopic SER and fi expression can also be 
detected along the borders of fng mutant 
clones in the ventral eye (Fig. 2, F and G). 
These observations show that FNG expres- 
sion borders play an essential and instructive 
role in establishing a distinct group of cells 
along the D-V midline of the developing eye. 

Animals with reduced fig activity have 
small eyes (Fig. 1H). Moreover, ubir;.iitousfig 

expression also results in a dramatic loss of eye can induce SER expression in ventral, FNG- 
tissue (Fig. 11). Tissue loss is detectable in the expressing cells, but not in dorsal cells (Fig. 
developing imaginal disc, before the morpho- 3A). FNG alone can induce SER expression 
genetic furrow moves across the eye (Fig. 2, B in dorsal cells, but only near the D-V midline 
and C). Moreover, eye loss is observed when 
fig is &topically expressed during early devel- 
opment (eyeless-Gal4 UAS-fig), but not when 
fig is ectopically expressed behind the furrow 
(GMR-Gal4 UAS-fig). These observations in- 
dicate that a FNG expression border is required 
for eye growth specifically during early eye 
development. 

Clones of cells ectopically expressing DL 

Fig. 1. Expression of fng, SER, and DL (37). (A to  
F) Eye imaginal discs. In all figures, these are 
oriented with ventral down and anterior left. (C 
to  I) Heads, with eye tissue bracketed. (A) Early 
third instar; fng expression is ventral. (B) Early 
third instar; fng (blue) and mrr-lad (brown) 
expression appear complementary. (C) Mid- 
third instar; fng is expressed ventrally and in 
front of the furrow. (D) Late third instar; fng is 
expressed in front of the furrow (arrowhead) 
and in the ocellar region (arrow). Bar: 50 F m  in 
(A), (C), and (D); 25 F m  in (B). (E) Early third 
instar; SER (red) and mrr-lad (green) are com- 
plementary. (F) Mid-third instar; DL (purple) 
and mrr-lacZ (green) are partially overlapping 
at the D-V midline. (G) Wild type. (H) fngS2/ 
fng.I3 (3). Arrow points to  ocellar region, in 
whlch tissue loss occurs. (I) eyeless-Gal4 UAS- 
fng27, 2g°C. Most eye tissue is lost. To view 
each expression pattern presented in (E) and (F) 
separately, see supplementary Web material 
for Fig. 1 at www.sciencemag.org/feature/data/ 
982658.shl. 

Fig. 2. Influence of fng on D-V midline forma- 
tion (32). Early- to  mid-third instar eye discs. 
White arrows point t o  clones that induce al- 
tered expression, white arrowheads point t o  
clones without effect. (A) Wild-type f j  expres- 
sion. (Band C) UAS-fng ey-Cal4. The eye region 
(right) is reduced compared t o  the antenna1 
region (left, asterisk), and D-V midline expres- 
sion of DL (B) and SER (C) is absent. (D and E) 
Discs in which clones of cells ectopically ex- 
pressing FNG have been induced, marked by 
coexpression of green fluorescent protein (GFP, 
green), and stained (red) for expression of f j  (D) 
and SER (E). In contrast to  the wing (5), in the 
eye SER is induced along both sides of ectopic 
fng expression borders, as evidenced by red 
staining in (E) (arrow). (D-I) The expression of 
f j  alone; (E-1) the expression of SER alone. (F 
and C) Discs with fng mutant clones, marked 
by the absence of MYC staining (green), and 
stained for expression of f j  (F) and SER (G). 
(F-I) The expression of f j  alone; (C-1) the 
expression of SER alone. 
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(Fig. 2E). When FNG and DL are co-mis- 
expressed, SER expression can be induced in 
dorsal cells even when the clones are far from 
the D-V midline (Fig. 3B). Clones of cells 
ectopically expressing SER are able to induce 
increased expression of DL in dorsal cells, 
but not in ventral, FNG-expressing cells (Fig. 
3C). However, if SER is ectopically ex- 
pressed in fng mutant animals, then it can 
induce DL expression in ventral cells (Fig. 
3D). These observations show that FNG dif- 
ferentially modulates the action of Notch li- 
gands in the eye just as it does in the wing. 

The ability of SER and DL to induce each 
other's expression indicates that their expres- 
sion is a marker of Notch activation in the eye. 
SER and DL expression are also induced by a 
constitutively activated form of Notch (Fig. 3, E 
and G) (5, 16), as i s f j  (Fig. 3F). Because all 
three genes expressed with respect to the D-V 
midline in the early eye respond to Notch acti- 
vation, local activation of Notch appears to be 
sufficient to svecifv D-V midline cell fate. 

the D-V midline is the focus of Notch acti- 
vation required for growth. The restricted 
expression of Notch ligands (Fig. l), of genes 
that respond to Notch activation (Dl, Ser, and 
fj), and of a synthetic marker of Notch acti- 
vation (21) indicate that Notch is specifically 
active at the midline when it is required for 
growth. Moreover, the midline corresponds 
to a fng expression border, which is essential 
for growth and modulates Notch signaling 
during early eye development. Because local 
activation of Notch has long-range effects on 
growth andfj  expression, we infer that Notch 
induces the expression of a diffusible growth 
factor at the midline. The lack of obvious 

. < 

Moreover, SER expression appears reduced in I 
early third instar eye discs when Notch function 
is decreased with a conditional allele and is lost 
from Notch mutant clones (Fig. 3H). Thus, 
Notch function is also necessary for normal 
D-V midline cell fate. 

Analysis of loss-of-function mutants of 
Notch and its ligands, as well as ectopic 
expression studies, indicate that Notch acti- 
vation also regulates eye growth. Ectopic ac- 
tivation of Notch can induce overgrowths that 
are evident in the eye imaginal disc (Fig. 3E). 
Conversely, reduction of Notch or Dl func- 
tion during early larval development, through 
the use of temperature-sensitive mutations, 
reduces the size of the eye (18). Ser mutant 
animals also have small eyes (19). Although 
local elimination of Notch signaling by pro- 
duction of clones of cells mutant for Ser or 
fng does not lead to obvious reductions in eye 
size (20), several observations indicate that 

Fig. 3. Regulation and consequences of Notch 
signaling. Early t o  mid-third instar eye discs. 
Clones of cells ectopically expressing (Flip-out) 
DL, SER, FNC, or constitutively activated Notch 
(N*) are marked by coexpression of CFP 
(green). (A) Dl induces SER (red) in ventral cells, 
but not in dorsal cells. (9) Coexpression of Dl 
and fng can induce SER in dorsal cells. (C) Ser 
induces DL (purple) in dorsal cells but not in 
ventral cells (not shown). (D) In f n c ~ ~ ~ l f n g ' ~  
mutant animals, Ser can induce DL in ventral 
cells. (C-1 and D-I) The expression of DL alone. 
(E to  G) Activated Notch can induce expression 
of SER (E), f j  (F), and DL (C) in both dorsal and 
ventral cells. Enlargement of the dorsal half of 
the disc is apparent in (E). (C-1) The expression 
of DL alone. (H) A Notchsse' mutant clone 
(marked by the absence of MYC, arrow) lacking 
SER expression. (H-1) The expression of SER 
alone. To view the target gene expression pat- 
terns for (A), (B), (E), and (F) separately, as well 
as the induction of f j  expression by ectopic SER, 
see supplementary Web material for Fig. 3. 

E 

effect of mutant clones on eye growth may 
thus be explained by the nonautonomous, 
early, and transient requirement of Notch sig- 
naling at the midline for growth, as it is 
difficult to generate large clones of mutant 
tissue at early stages of development. 

As the D-V midline has been implicated 
in influencing ommatidial chirality later in 
eye development, we examined the effect of 
Notch activation on chirality. fng mutant 
clone borders within the ventral eye can be 
associated with reversals of ommatidial 
chirality (Fig. 4A), whereas mutant clones 
that cross the D-V midline disrupt the normal 
equator. Bar expression distinguishes the 
chiral forms of ommatidia in the developing 
eye disc (22). Reorientations of ommatidia 
are revealed by altered Bar expression along 
the equatorial sides of clones with ectopic 
Notch activation (Fig. 4, C to E). Within cells 
in which Notch is activated, Bar staining is 

Fig. 4. Influence of Notch on chirality. Dorsal is 
up. Blue and red arrows identify the two chiral 
shapes of ommatidia (77). (A) Ventral section 
through a right eye, a fng mutant clone is 
marked by the absence of pigment. Normal 
chirality here is blue, reversals of chirality ap- 
pear to  be induced by both edges of the clone 
and can be nonautonomous. (B) Section 
through a left eye, including the normal equa: 
tor (black line). The location of cells ectopically 
expressing Dl can be inferred from the inhibi- 
tion of photoreceptor differentiation. Normal 
chirality in ventral cells here is red, reversals of 
chirality appear equatorial t o  the clone. (C to  E) 
Late third instar to  pre-pupal eye discs, stained 
for expression of Bar (red). A scale bar for these 
panels (25 km) is at the bottom of (C). The 
rows of Bar-expressing cells in the dorsal and 
ventral halves of the eye point toward the 
equator (yellow line). Ommatidia with altered 
chirality (outlined in purple) are visible along 
the equatorial sides of clones (marked by co- 
expression of CFP, green) ectopically express- 
ing activated Notch (C), Ser (D), or Dl (E). To 
view (A) and (0) without the superimposed 
chirality arrows, as well as the influence of 
ectopic SER on chirality, see supplementary 
Web material for Fig. 4. 
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repressed: as expected, because Notch activa- 
tion inhibits photoreceptor differentiation 
(23).  Similarly, in the eyes of adult flies in 
which clones of cells ectopically expressing 
SER or DL have been induced, scars of tissue 
lacking ommatidia occur. Reversals of om- 
matidial chirality occur along the equatorial 
sides of these Notch signaling-induced scars 
(Fig. 4B). Although these observations show 
that Notch activation influences ommatidial 
chirality, the absence of D-V midline expres- 
sion of SER or DL behind the morphogenetic 
furrow, together with the inhibition of photo- 
receptor development associated with Notch 
activation behind the furrow, indicate that 
this influence must be indirect. The equato- 
rial bias in the influence of ectopic Notch 
activation implies that the equator is the nor- 
mal source of a Notch-dependent, chirality- 
determining signal ( I  I ) .  

D-V signaling in the eye shares many 
similarities with D-V signaling in the wing 
(2) .  In both cases an initial asymmetry is set 
up by Wingless expression. They then go 
through a distinct intermediate step. as in the 
wing Wingless represses the expression of a 
positive regulator of jzg. Apterous (3 ,  24),  
whereas in the eye Wingless promotes the 
expression of mi.? (13),  which encodes a neg- 
ative regulator of fng (25). They then share a 
FNG-SER-DL-Notch signaling cassette to ef- 
fect signaling between dorsal and ventral 
cells and establish Notch activation along the 
D-V midline. Local activation of Notch leads 
to production of diffusible, long-range sig- 
nals that direct growth and patterning, which 
in the wing include Wingless, but in the eye 
remain unknown. At least one downstream 
target of D-V midline signaling is also con- 
sellred, a s f j  is also expressed in the wing (14, 
I j ) ,  and its expression there is indirectly 
influenced by Notch (26). 

fig-related genes appear to play analogous 
roles in D-V signaling during the development 
of vertebrate limbs (27). This conservation, to- 
gether with conservation of other molecules 
involved in D-V patterning (2, 28), and the 
similar deployment of Hedgehog- and Decap- 
entaplegic-related proteins to pattern the anteri- 
or-posteiior axes of Drosophila and vertebrate 
limbs, led to the suggestion that a conlmon 
ancestor used these signaling cassettes to con- 
trol patterning and growth in some appendage 
or tissue (28). Notably, Decapentaplegic and 
Hedgehog signaling are also required for the 
growth and patterning of the developing eye 
along its anterior-posterior axis (29). Thus: 
three disparate structuses, Drosoplzila wings, 
Drosophila eyes, and vertebrate limbs, use the 
same signaling pathways along both anterior- 
posterior and D-V axes to effect pattenllng and 
growth. Although a role for D-V signaling in 
vertebrate eye development has not yet been 
described, genes that specify eye fate in Dro- 
sophila and vertebrates are homologous (30). 

The similarity behireen the molecular mecha- 
nisms that control eye and appendage develop- 
ment may reflect their descent from a conxnon 
ancestral organ. Alternatively. the entire pat- 
terning system inay have been co-opted by one 
of these organs from the other. In either case, 
the similarity seeins beyond coincidence, and 
our results imply an evolutionarily relationship 
between eyes and appendages. 
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The Evolution of 
Agriculture in Ants 
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Cultivation of fungi for food by fungus-growing ants (Attini: Formicidae) orig- 
inated about 50 million years ago. The subsequent evolutionary history of this 
agricultural symbiosis was inferred from phylogenetic and population-genetic 
patterns of 553 cultivars isolated from gardens of "primitive" fungus-growing 
ants. These patterns indicate that fungus-growing ants succeeded at domes- 
ticating multiple cultivars, that the ants are capable of switching to novel 
cultivars, that single ant species farm a diversity of cultivars, and that cultivars 
are shared occasionally between distantly related ant species, probably by 
lateral transfer between ant colonies. 

Fungus farming by ants of the tribe Attini oiig- ers and their fungal cultivars has acquired an 
inated in the early Tertiary ( I ,  2 )  and thus astonishing complexity, involving secretion of 
predates human agricultuse by about 50 million antibiotic "herbicides" to control weed molds 
years (3).  During its extensive evolutionary his- and elaborate manuring regimes that maximize 
tory, this symbiosis between "attine" ant farm- fungal harvests (4,  5). Of the over 200 known 

2034 25 SEPTEMBER 1998 VOL 281 SCIENCE www.sciencemag.org 




