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Abstract
Mol​e​cules of the hedge​hog (hh) fam​ily are in ​volved in the spec​i​fi​ca​tion and pat​tern ​-
ing of eyes in ver ​te​brates and in ​ver ​te​brates. These or ​gans, though, are of very dif ​fer ​-
ent sizes, rais ​ing the ques ​tion of how Hh mol​e​cules op​er ​ate at such dif ​fer ​ent scales.
In this pa​per we dis ​cuss the strate​gies used by Hh to con ​trol the de​vel​op​ment of the
two eye types in Drosophila: the large com​pound eye and the small ocel​lus. We first
de​scribe the dis ​tinct ways in which these two eyes de​velop and the ev ​i​dence for the
key role played by Hh in both; then we con ​sider the po​ten ​tial for vari​a​tion in the​
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range of ac​tion of a “typ ​i​cal” mor ​phogen and mea​sure this range (“char ​ac​ter ​is ​tic
length”) for Hh in dif ​fer ​ent or ​gans, in ​clud ​ing the com​pound eye and the ocel​lus. Fi​-
nally, we de​scribe how dif ​fer ​ent feed ​back mech ​a​nisms are used to ex ​tend the Hh
range of ac​tion to pat​tern the large and even the small eye. In the ocel​lus, the ba​sic
Hh sig​nal​ing path ​way adds to its dy​nam​ics the at​ten ​u​a​tion of its re​cep ​tor as cell dif ​-
fer ​en ​ti​ate. This sole reg ​u​la​tory change can re​sult in the de​cod ​ing of the Hh gra​di​ent
by re​ceiv ​ing cells as a wave of con ​stant speed. There​fore, in the fly ocel​lus, the Hh
mor ​phogen adds to its spa​tial pat​tern ​ing role a novel one: pat​tern ​ing along a time axis.

In ​sects typ ​i​cally har ​bor two eye types. Two large com​pound eyes
(CE), lo ​cated lat​er ​ally, and three small eyes, called ocelli (OC), on the
dor ​sal me​dial head—the so-called ocel​lar com​plex (Fig. 1A). CEs are
the main vi​sual or ​gans, re​spon​si​ble for color and mo ​tion vi​sion and the
de​tec​tion of po​lar ​ized light. OC might have dif ​fer ​ent func​tions in dif ​-
fer ​ent in ​sect species, but they have been gen ​er ​ally in ​volved in the de​-
tec​tion of fast changes in light in ​ten ​sity, such as those pro ​duced by
loom​ing ob​jects, to trig ​ger a fast es ​cape re​flex, or help ​ing in the de​tec​-
tion of the hori​zon dur ​ing flight (Krapp, 2009). CEs and OC are of very
dif ​fer ​ent sizes. In Drosophila, each CE com​prises about 16,000 cells
(of which 6400 are pho​tore​cep ​tors (“PR”) cells), while each of the
three OC is formed by about 80 cells (with 40 PRs each). How ​ever, and
de​spite their very dif ​fer ​ent size and struc​ture (the CE is formed by
many small unit eyes, called om​ma​tidia, while each CO is a sin​gle
retina), their ge​netic makeup is very sim​i​lar (Blanco, Pauli, Seimiya,
Udolph, & Gehring, 2010; Brockmann, Dominguez-Cejudo, Amore, &
Casares, 2011; Friedrich, 2006).

Both eyes types de​rive from two bi​lat​eral head pri​mor ​dia (also
called “eye-an ​ten ​nal imag ​i​nal discs”; Fig. 1B; Haynie & Bryant, 1986)
which fuse dur ​ing the fly's meta​mor ​pho​sis to give rise to most of the
fly head, in ​clud ​ing its ma​jor sen​sory or ​gans (in ad ​di​tion to the CEs and
OC, the an ​tenna and the max ​il​lary palps (the ol​fac​tory and gus ​ta​tory
or ​gans, re​spec​tively) also de​rive from the same pri​mordium). The eye-
an ​ten ​nal disc is a mono ​layer ep ​ithe​lium, and in it, each or ​gan has its
own Hh source (Fig. 1B). Specif ​i​cally, prior to the dif ​fer ​en ​ti​a​tion on​set,
Hh is ex ​pressed along the dis ​c's mar ​gin in two re​gions: pos ​te​rior, for
the CE (Borod & Heberlein, 1998; Bras-Pereira, Bessa, & Casares, ​
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Fig. 1. (A) Dor​sal view of Za​pri​onus cer ​cus (NHMUK010579619) head show ​ing the vi​-
sual or ​gans typ ​i​cal of a fly: the large lat​eral com​pound eyes (CEs) and the three dor ​sal
ocelli, arranged in a tri​an ​gle—the ocel​lar com​plex (OCX). The an ​ten ​nae (“a”) de​velop in ​
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the frontal head. (B) The head pri​mordium or “eye imag ​i​nal disc” of a Hh:GFP
Drosophila melanogaster larva. The ex ​pres ​sion of GFP-tagged Hh is dri​ven from a BAC
that re​ca​pit​u​lates en ​doge​nous hh ex ​pres ​sion. The prospec​tive an ​tenna, CE and OCX re​-
gions are marked. The pri​mordium has been stained for Hh (GFP, green), the pho​tore​cep ​-
tor marker Elav (blue) and the Notch lig ​and Delta (Dl), which is used here to out​line the
dif ​fer ​ent disc’s re​gions. The two ar ​row ​heads mark the po​si​tion of the dif ​fer ​en ​ti​a​tion
wave-front (the so-called “mor ​pho​genetic fur ​row,” or MF). (C,C′) Be​fore the on​set of PR
dif ​fer ​en ​ti​a​tion, Hh pro ​duced at the pos ​te​rior mar ​gin sig​nals across a do​main 30–40 μm
wide, when the width of the pri​mordium is about 60 μm. Hh sig​nal​ing read ​out is CiA (the
ac​ti​va​tor form of cu ​bi​tus in ​ter ​rup​tus, ci). The disc has been coun ​ter ​stained with rho ​-
damine phal​loidin (“actin”) to out​line the tis ​sue. CiA and actin sig​nals (C) or only CiA
(C′) are shown. (D) Ini​ti​a​tion of PR dif ​fer ​en ​ti​a​tion de​pends on Hh pro ​duced at the pri​-
mordium’s pos ​te​rior mar ​gin. Once dif ​fer ​en ​ti​a​tion starts (D′), PRs (in ​verted co ​mas) ex ​-
press Hh them​selves, caus ​ing a pos ​i​tive feed ​back that dri​ves the move​ment of the dif ​fer ​-
en ​ti​a​tion wave across the pri​mordium. Only when the CE dif ​fer ​en ​ti​a​tion is mid ​way the
dif ​fer ​en ​ti​a​tion of the OCX re​gion starts. (E) Schematic rep ​re​sen​ta​tion of the Hh feed ​for ​-
ward sig​nal​ing. In the retina pre​cur ​sor cells Hh binds to Ptc, block ​ing its re​press ​ing ac​-
tion on the path ​way. As a con ​se​quence, CiA ac​cu ​mu ​lates and ac​ti​vates the ex ​pres ​sion of
tar ​get genes. Among these tar ​gets is Ptc it​self. In the CE the nu​clear fac​tor dachs ​hund
(Dac) is re​quired for full path ​way ac​ti​va​tion (Bras-Pereira et al., 2016). Down​stream of
the sig​nal​ing the pho​tore​cep ​tor dif ​fer ​en ​ti​a​tion path ​way (“PR”) is ac​ti​vated. With time,
this path ​way is ex ​pressed and the PR cells dif ​fer ​en ​ti​ate. As part of this dif ​fer ​en ​ti​a​tion
pro ​gram, PR cells ac​ti​vate the ex ​pres ​sion of Hh through a retina-spe​cific en ​hancer, bar3.
The tran ​si​tion from pre​cur ​sor cells to PRs hap ​pens as cells con ​strict tran ​siently (MF).
The di​rec​tion of dif ​fer ​en ​ti​a​tion is marked with a red ar ​row (in B, D′ ). See text for ref ​er ​-
ences.

2006; Dominguez & Hafen, 1997) and dor ​sal, for the OC (Aguilar-
Hidalgo et al., 2013; Blanco, Seimiya, Pauli, Reichert, & Gehring,
2009; Dominguez-Cejudo & Casares, 2015; Royet & Finkelstein, 1996).

This early Hh ex ​pres ​sion is nec​es ​sary for the on​set of retina dif ​fer ​-
en ​ti​a​tion in both eyes (Dominguez & Hafen, 1997; Ma, Zhou, Beachy,
& Moses, 1993; Royet & Finkelstein, 1996). Be​yond flies, the role of
Hh-fam​ily mor ​phogens in retina de​vel​op​ment is con ​served in ver ​te​-
brates (Neumann & Nuesslein-Volhard, 2000), which also ex ​hibit a
huge range of eye sizes in dif ​fer ​ent species. There​fore, the two
Drosophila Hh-con ​trolled eyes, with sim​i​lar ge​net​ics but very dif ​fer ​ent
size, rep ​re​sent an ex ​cel​lent sys ​tem to ex ​plore how the Hh pat​tern ​ing
mech ​a​nisms cope with these spa​tial scale dif ​fer ​ences.
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The on​set of retina dif ​fer ​en ​ti​a​tion in the CE hap ​pens af ​ter the
tran ​si​tion from the sec​ond to the third (and last) lar ​val in ​star (L3). At
this point, the width of the retina prog ​en ​i​tor field is about 60 μm (Fig.
1C). The dif ​fer ​en ​ti​a​tion of the OC starts later, in mid-L3, and the width
of the ocel​lar field is also about 50 μm (Garcia-Morales et al., 2019).
There​fore, and with a cell di​am​e​ter of 4–5 μm, the Hh sig​nal​ing sources
have a field of 10–15 cell wide ahead of them at the on​set of dif ​fer ​en ​ti​-
a​tion.

We have mea​sured the char ​ac​ter ​is ​tic length of the Hh gra​di​ent (the
length from the source at which the gra​di​ent reaches 1/e of its max ​i​mal
am​pli​tude and which gives an in ​tu ​itive idea of the gra​di​en ​t's range), us ​-
ing a trans ​genic BAC that dri​ves ex ​pres ​sion of a GFP-tagged Hh within
its nor ​mal ex ​pres ​sion do​mains and at func​tional lev ​els (Chen, Huang,
Hatori, & Kornberg, 2017). The Hh's char ​ac​ter ​is ​tic length is about con ​-
stant in dif ​fer ​ent or ​gans (11–14 μm; Fig. 2). The range of ac​tion of the
sig​nal​ing path ​way in re​ceiv ​ing cells of the CE, mon ​i​tored by the ac​cu ​-
mu ​la​tion of the ac​ti​va​tor form of the Gli TF ci, CiA (Alexandre,
Jacinto, & Ingham, 1996; Dominguez, Brunner, Hafen, & Basler,
1996), is about 30–40 μm (Fig. 1C). These ranges are def ​i​nitely too
short to ex ​plain a Hh-me​di​ated dif ​fer ​en ​ti​a​tion of the CE, with a fi​nal
width of more than 200 μm (Vollmer et al., 2016).

In Drosophila, the adult CE com​prises about 16,000 cells, but
some fly species (in ​clud ​ing com​mon species such as house flies, hov​er ​-
flies or horse flies) har ​bor eyes sev​eral times larger (in cell num​ber). It
is the vig ​or ​ous pro ​lif ​er ​a​tion of the eye's prog ​en ​i​tor cells that dri​ves the
growth of the CE (re​viewed in Amore & Casares, 2010; Casares &
Almudi, 2016). Hh pro ​duced from the pos ​te​rior cen ​ter trig ​gers the ex ​-
pres ​sion of ato (trans ​form​ing the prog ​en ​i​tors into retina pre​cur ​sors) and ​

2. THE RANGE OF HH ACTION IS SMALL AND
CONSTANT IN DIFFERENT ORGANS

3. A HH- ​DRIVEN POSITIVE FEEDBACK LOOP
INDUCES A DIFFERENTIATION WAVE ACROSS
THE DEVELOPING CE
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Fig. 2. Char ​ac​ter ​is ​tic length of the Hh gra​di​ent. (A) Ex ​pres ​sion of GFP:Hh in dif ​fer ​ent
or ​gans (left col​umn) and its quan ​ti​ta​tive dis ​tri​b​u​tion (right). This dis ​tri​b​u​tion fits an ex ​-
po​nen ​tial gra​di​ent. The char ​ac​ter ​is ​tic length is sim​i​lar in the three or ​gans shown, in ​clud ​-
ing the com​pound eye (CE) and ocel​lus (OC) and about 12–15 μm.

the en ​su​ing dif ​fer ​en ​ti​a​tion of the first PR cells of the retina
(Dominguez, 1999). These PRs (and some ac​ces ​sory cells) clus ​ter in
reg ​u​lar cel​lu ​lar ar ​rays, the fu ​ture om​ma​tidia. Within each om​ma​tid ​ium, ​
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of the eight PRs cells (R1–8), all but R8 ex ​press Hh (Rogers et al.,
2005). There​fore, with each new row of om​ma​tidia that is added to the
retina, the front of the Hh source moves for ​ward, re​cruit​ing fur ​ther
prog ​en ​i​tors into dif ​fer ​en ​ti​at​ing om​ma​tidia, so that the mov ​ing dif ​fer ​en ​-
ti​at​ing wave sweeps across the pri​mordium un​til no fur ​ther prog ​en ​i​tors
are left and the eye reaches its fi​nal size (Fig. 1D and E; Fried et al.,
2016; Treisman, 2013). There​fore, the pos ​i​tive feed ​back loop “Hh re​-
cruits PRs that pro ​duce more Hh” makes the dif ​fer ​en ​ti​a​tion wave-front
move for ​ward. At the wave-front, cells tran ​siently con ​strict, gen ​er ​at​ing
a char ​ac​ter ​is ​tic “fur ​row” (the so-called “mor ​pho​genetic fur ​row,” or
“MF,” as it is as ​so​ci​ated to the ini​ti​a​tion of cell dif ​fer ​en ​ti​a​tion and as ​-
sem​bly into om​ma​tidia). The reg ​u​la​tory mech ​a​nism en ​abling the pos ​i​-
tive feed ​back has been elu ​ci​dated. A hh CE-spe​cific en ​hancer (hh​bar3)
is ac​ti​vated in R1–7 PRs (Pauli, Seimiya, Blanco, & Gehring, 2005;
Rogers et al., 2005) (by EGF sig​nal​ing, with the Ets tran ​scrip ​tion fac​tor
Pointed (Pnt) (Rogers et al., 2005) and the Six2 tran ​scrip ​tion fac​tor
Sine-oculis (So) (Pauli et al., 2005) di​rectly bind ​ing and ac​ti​vat​ing this
en ​hancer) (Fig. 1E). In mu ​tants in which the hh​bar3 en ​hancer is
deleted, only the pos ​te​rior hh source con ​tributes to retino ​gen ​e​sis and, in
the ab ​sence of the self-prop ​a​gat​ing wave, the mu ​tant eye is only a sixth
of the nor ​mal one (Rogers et al., 2005).

A Hh-dri​ven wave as a mech ​a​nism to pat​tern a large or ​gan is also
used dur ​ing the pat​tern ​ing of the retina in ver ​te​brates (Viets, Eldred, &
Johnston, 2016). But in prin ​ci​ple, there are al​ter ​na​tive strate​gies for a
mor ​phogen to pat​tern a large or ​gan. For ex ​am​ple, in the case of the
neural tube in am​niotes, dorso-ven ​tral (DV) pat​tern ​ing oc​curs in two
phases: first, Shh (aided by an ​tipar ​al​lel sig​nal​ing gra​di​ents of Wnt and
BMP mol​e​cules) es ​tab ​lishes a num​ber of ad ​ja​cent do​mains along the
DV axis within its range of ac​tion, and then, once the pat​tern has been
es ​tab ​lished, the or ​gan grows and the pat​tern scales to sizes be​yond
Shh's range (re​viewed in Kicheva & Briscoe, 2015). How ​ever, we note
that these two pat​tern ​ing mech ​a​nisms dif ​fer sub​stan​tially: while pat​-
tern ​ing and growth of the neural tube rep ​re​sent two func​tion ​ally dis ​-
tinct phases in time, in the retina pat​tern ​ing and growth oc​cur si​mul​ta ​-
ne​ously. The pat​tern ​ing role of Hh in the neural tube is es ​sen​tially spa​-
tial, while in the retina it is tem​po​ral. In this lat​ter, the po​lar ​ized ex ​pres ​-
sion of Hh links the paced re​cruit​ment of PRs to space, so that suc​ces
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sive re​cruit​ment steps in time are also suc​ces ​sive in space, gen ​er ​at​ing a
wave.

The Hh-dri​ven wave not only al​lows for pat​tern ​ing a larger or ​gan,
but can also in ​flu ​ence the fi​nal or ​gan's size (Fried et al., 2016). For ex ​-
am​ple, in ​creas ​ing the ve​loc​ity of the wave (rel​a​tive to the growth rate
of the prog ​en ​i​tors) may re​sult in a smaller CE, as the wave would ex ​-
haust the prog ​en ​i​tor pool faster. The reg ​u​la​tion of the ve​loc​ity of wave
move​ment is con ​trolled by Hh sig​nal​ing (Fu & Baker, 2003;
Greenwood & Struhl, 1999) and can be mod ​u​lated by genes reg ​u​lat​ing
the in ​ten ​sity of Hh sig​nal​ing (Baker, Bhattacharya, & Firth, 2009; Bras-
Pereira et al., 2016; Zhang et al., 2006). Also, the move​ment of the
wave in ​volves a num​ber of processes (tis ​sue fur ​row ​ing, cell cy ​cle syn​-
chro ​niza​tion, proneural gene ac​ti​va​tion, etc.), mostly me​di​ated by Hh-
reg ​u​lated gene ex ​pres ​sion, that might sug​gest the need for a mech ​a​nism
co ​or ​di​nat​ing them all. How ​ever, this may not be nec​es ​sary. The Hh-dri​-
ven wave is built in a way that is “bio ​chem​i​cally cou ​pled.” That is, by
mak ​ing the pro ​duc​tion of Hh de​pen ​dent upon PR dif ​fer ​en ​ti​a​tion, which
is it​self Hh de​pen ​dent, the ve​loc​ity of dif ​fer ​en ​ti​a​tion is ex ​actly the time
that Hh-re​ceiv ​ing cells take to dif ​fer ​en ​ti​ate and re-ini​ti​ate Hh pro ​duc​-
tion. For ex ​am​ple, in dachs ​hund (dac) mu ​tant cells Hh sig​nal​ing is
weak​ened (Bras-Pereira et al., 2016), and this re​sults in the global
slow ​ing down of the dif ​fer ​en ​ti​a​tion wave, not in a de​syn​chro ​niza​tion of
the in ​di​vid ​ual processes. This fact might al​low the sys ​tem to eas ​ily ac​-
com​mo ​date vari​a​tions in bio ​chem​i​cal rates, like those pro ​duced, for ex ​-
am​ple, by tem​per ​a​ture fluc​tu ​a​tions, with​out af ​fect​ing the process sig​-
nif ​i​cantly.

The three ocelli are the small eyes. Af​ter the OC com​plex re​gion
has been spec​i​fied, a process in which Hh also plays a ma​jor role
(Dominguez-Cejudo & Casares, 2015; Royet & Finkelstein, 1996), Hh
is ex ​pressed in a small do​main (Fig. 3A). From this do​main, Hh in ​-
duces the ex ​pres ​sion of reti​nal de​ter ​mi​na​tion genes (Eya and its part​ner
So/​Six2) in two retina-com​pe​tence do​mains: one pos ​te​rior (p) and an ​-
other an ​te​rior (a) which will give rise to one pos ​te​rior ocel​lus (pOC)
and half of the an ​te​rior ocel​lus (aOC), re​spec​tively (the left and right​

4. HH SETS THE STAGE FOR OCELLUS
DEVELOPMENT
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Fig. 3. Hh ex ​pres ​sion and the dif ​fer ​en ​ti​a​tion of the ocel​lus. (A) The ocel​lar re​gion of the
head pri​mordium has one Hh-pro ​duc​ing do​main (green) that sig​nals to two ad ​ja​cent do​-
mains. These do​mains, which up​reg ​u​late the ex ​pres ​sion of the Hh re​cep ​tor Ptc will give
rise to the pos ​te​rior ocel​lus (pOC) and half of the an ​te​rior ocel​lus (aOC). The two head
pri​mor ​dia fuse dur ​ing meta​mor ​pho​sis to give rise to two pOC and one aOC, that re​sults
from the merg ​ing of the left and right halves (B). (B) View from the top of the ocel​lar re​-
gion. The lenses are vis ​i​ble. Un​der ​neath these lenses lie the reti​nas. When Hh is over ​pro ​-
duced in the OC pri​mor ​dia, the size of the re​sult​ing OCs is dra​mat​i​cally in ​creased (B′,
“OC > Hh”). (C) The dif ​fer ​en ​ti​a​tion of the ocel​lar reti​nas pro ​ceeds as a wave, with the
dif ​fer ​en ​ti​a​tion of the aOC lag ​ging be​hind the pOC. Upon re​ceiv ​ing the Hh sig​nal, OC
pri​mordium cells (white cir ​cles) ac​ti​vate the ex ​pres ​sion of proneural genes (cyan cir ​cles)
to then dif ​fer ​en ​ti​ate (cyan co ​mas). This dif ​fer ​en ​ti​a​tion pro​ceeds as a wave, start​ing close
to the Hh source (green) and mov ​ing away pro ​gres ​sively. (D) A non-lin ​early de​cay ​ing
sig​nal across the OC pri​mordium is trans ​formed into a dif ​fer ​en ​ti​a​tion wave of con ​stant​
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speed. De​gree of colo ​cal​iza​tion of the flu ​o​res ​cently tagged forms of Hh (Hh:GFP, green)
and Ptc (Ptc:RFP, red) in the pOC (co-stained for Eya, which marks the ex ​tent of the
retina com​pe​tent re​gion, E). Most of Ptc is colo ​cal​ized with Hh (rep ​re​sented in yel​low)
and the ra​tio of Ptc bound to Hh (“Ptc_​Coloc,” yel​low) to to ​tal Ptc (“Ptc_0,5,” red) is
about con ​stant across all the com​pe​tence do​main (E′,E″). In (E″) the Ptc and Ptc:Hh sig​-
nal is shown.

parts of the fly body de​rive from paired imag ​i​nal discs. The two half
aOCs meet at the head mid ​line to form the an ​te​rior sin​gle ocel​lus when
the two discs fuse dur ​ing meta​mor ​pho​sis) (Aguilar-Hidalgo, Casares, &
Lemos, 2018; Aguilar-Hidalgo et al., 2013; Blanco et al., 2009). The
aOC do​main is smaller and its dif ​fer ​en ​ti​a​tion starts later than the pOC.
Since both an ​te​rior and pos ​te​rior OC de​pend on Hh for their de​vel​op​-
ment (and the aOC read ​ily re​sponds to in ​creased Hh sig​nal​ing by in ​-
creas ​ing dra​mat​i​cally its size (Fig. 3A and B)) sig​nal​ing dif ​fer ​ences
must ex ​ist, ei​ther in the quan ​tity or the qual​ity of the sig​nal it​self or in
the “per ​cep ​tion” of the sig​nal be​tween the an ​te​rior and pos ​te​rior OCs
that ac​count for this dif ​fer ​ent re​sponse. In fact, only the aOC ex ​presses
the Six3 tran ​scrip ​tion fac​tor op​tix (Dominguez-Cejudo & Casares,
2015) in ​di​cat​ing that, al​though very sim​i​lar in mor ​phol​ogy, the ge​netic
makeup of both ocelli is dis ​tinct (Dominguez-Cejudo & Casares, 2015;
Maynard-Smith & Sondhi, 1960). Still, it is not clear how this dif ​fer ​-
ence trans ​lates into dif ​fer ​en ​tial Hh sig​nal​ing.

Once the two ocel​lar do​mains have been ge​net​i​cally de​fined, Hh
has the task of con ​trol​ling the dif ​fer ​en ​ti​a​tion of these small reti​nas. The
pOC is about 50 μm across (10–12 cells), and gives rise to a to ​tal of
about 80 cells, of which 40 are pho​tore​cep ​tor neu ​rons. In con ​trast with
the CE, that com​prises PR cells of sev​eral types, all OC PRs ex ​press
rhodopsin 2 and there​fore are likely of a sin​gle type (Mismer, Michael,
Laverty, & Rubin, 1988). Ocel​lar PR dif ​fer ​en ​ti​a​tion has been de​scribed
in de​tail and shown to pro ​ceed as a wave of con ​stant speed (Garcia-
Morales et al., 2019; Fig. 3C). The first PRs to dif ​fer ​en ​ti​ate are those
close to the Hh source and then dif ​fer ​en ​ti​a​tion pro ​ceeds se​quen ​tially
far ​ther away. This is rem​i​nis ​cent of the CE dif ​fer ​en ​ti​a​tion wave. An ob​-
vi​ous dri​ving mech ​a​nism for this wave would be, again, that OC PRs ​

5. THE OCELLUS, THE SMALL EYE, IS PERHAPS
STILL TOO LARGE FOR HH
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ex ​pressed Hh as they dif ​fer ​en ​ti​ate, but this is not the case (Garcia-
Morales et al., 2019). An​other op​tion is that the sig​nal​ing gra​di​ent is
ca​pa​ble of con ​trol​ling the wave with​out self-prop ​a​ga​tion. How ​ever, the
typ ​i​cal char ​ac​ter ​is ​tic length of the Hh gra​di​ent at this time point is
about 15 μm (Fig. 2), that is, three to four cells. This means that the
cells closer to the source would be much more ex ​posed to the sig​nal
than cells a bit far ​ther apart. If the prob ​a​bil​ity of a cell to dif ​fer ​en ​ti​ate is
pro ​por ​tional to the level of (ac​cu ​mu ​lated) Hh sig​nal​ing (Dessaud et al.,
2007), this would re​sult in a non-lin ​ear pat​tern of dif ​fer ​en ​ti​a​tion—in
con ​trast to what is ob​served (Fig. 3D and Garcia-Morales et al., 2019).
In ad ​di​tion, with very sharp gra​di​ents, the ef ​fec​tive range of ac​tion of
the sig​nal​ing gra​di​ent may be too short even to in ​duce dif ​fer ​en ​ti​a​tion
across the whole width of the ocel​lus. Are there ways for a Hh gra​di​ent
to sig​nal far ​ther away?

At this point we will in ​tro ​duce the math ​e​mat​i​cal de​scrip ​tion of a
gra​di​ent to ex ​plore mech ​a​nisms that may ex ​tend its reach. To sim​plify
the equa​tions, we will re​place Hh, the lig ​and, by “u,” and its re​cep ​tor
(mainly rep ​re​sent​ing Ptc) by “v” (Box 1). In a typ ​i​cal mor ​phogen gra​di​-
ent, the mor ​phogen u is pro ​duced and se​creted at a spe​cific do​main
(“source”) from which it spreads across the re​ceiv ​ing cells (that ex ​press
the mor ​phogen re​cep ​tor, v), via dif ​fu ​sion or other forms of pas ​sive or
ac​tive trans ​port (at a rate D ). The mor ​phogen also de​cays at a con ​stant
(k ) rate. This scheme is of ​ten called syn​the​sis-dif ​fu ​sion-degra​da​tion
(SDD; Wartlick, Kicheva, & Gonzalez-Gaitan, 2009). The​o​ret​i​cal
analy ​sis of this sce​nario (re​viewed in Box 1) shows that, at steady state,
the gra​di​ent has an ex ​po​nen ​tially de​cay ​ing pro ​file in which its char ​ac​-
ter ​is ​tic length (“λ”) is pro ​por ​tional to (the square root of) the ra​tio be​-
tween the ef ​fec​tive dif ​fu ​sion D  and degra​da​tion con ​stant k  of the mor ​-
phogen (as in Eq. 9). In Fig. 2 we show that the ex ​per ​i​men ​tally de​ter ​-
mined Hh gra​di​ents in dif ​fer ​ent or ​gans of the de​vel​op​ing fly fit well the
ex ​po​nen ​tial pro ​file pre​dicted by the SSD model.

To gen ​er ​ate a Hh-dri​ven dif ​fer ​en ​ti​a​tion wave, the sim​plest so​lu ​tion
would be to cou ​ple cell dif ​fer ​en ​ti​a​tion to the in ​crease in the char ​ac​ter ​is ​-
tic length λ that the gra​di​ent ex ​pe​ri​ences as it evolves to ​ward the steady
state. Us ​ing ex ​per ​i​men ​tally de​ter ​mined val​ues for D  and k  (Fried et​

6. STRETCHING AND LINEARIZING A GRADIENT
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Box 1. Syn ​the​sis-dif​fu ​sion-degra ​da​tion the​ory of mor​phogen
gra ​di​ents.
How mor ​pho​genetic mol​e​cules ad ​just to es ​tab ​lish gra​di​ents of dif ​fer ​ent length to
drive pat​tern ​ing of tis ​sues of dif ​fer ​ent sizes is still not well un​der ​stood. Here, we
re​view the fea​tures that shape a mor ​phogen gra​di​ent in the con ​text of the syn​the​-
sis-dif ​fu ​sion-degra​da​tion sce​nario (SDD) (Rogers & Schier, 2011; Wartlick et al.,
2009), where a given mol​e​cule is pro ​duced at one spe​cific re​gion of the sys ​tem,
spreads and gets de​graded at a con ​stant rate. The Re​ac​tion-Dif​fu ​sion par ​tial dif ​fer ​-
en ​tial equa​tions that de​scribe the dy​nam​ics of the sys ​tem can be de​rived based on
mass ac​tion ki​net​ics with the gen ​eral form:

(1)

The dif ​fu ​sion term is sim​ply de​rived from Fick's sec​ond law, where D  rep ​re​-
sents an ef​fec​tive dif ​fu ​sion con ​stant. The degra​da​tion term is de​fined as a sim​ple
lin ​ear de​pen ​dence on the mor ​phogen con ​cen ​tra​tion with rate k . Eq. (1) has a
steady state so​lu ​tion u (x) where the sec​ond spa​tial de​riv ​a​tive of u is pro ​por ​tional
to it​self.

(2)

Since ex ​po​nen ​tial func​tions have the unique prop ​erty of their de​riv ​a​tives be​ing
pro ​por ​tional to the func​tion it​self, a gen ​eral so​lu ​tion for u takes the form:

(3)

The bound​ary con ​di​tions are used to de​ter ​mine the in ​te​gra​tion con ​stants A and
B. Since we are in ​ter ​ested in a typ ​i​cal mor ​phogen gra​di​ent that is be​ing con ​tin ​u​-
ously pro​duced at one edge of the sys ​tem, the first bound​ary con ​di​tion is de​fined
as u (0) = u .

(4)

On the other hand, if the di​men ​sions of the sys ​tem are suf​fi​ciently large com​-
pared to the char ​ac​ter ​is ​tic length λ of the ex ​po​nen ​tial, we can de​fine the con ​cen ​tra​-
tion of the mor ​phogen as zero at the op​po​site edge of the sys ​tem (u (L) = 0).
There​fore,

(5)

Since the sec​ond term of Eq. (5) in ​creases when x in ​creases (i.e., we move
away from the mor ​phogen source), B has to be zero. This way, A = u  and the so​lu
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tion has the form a sin​gle ex ​po​nen ​tial:

(6)

To study the ex ​plicit de​pen ​dence of the char ​ac​ter ​is ​tic length λ on the pa​ra​me​-
ters of the re​ac​tion, we take the sec​ond de​riv ​a​tive of Eq. (6):

(7)

This ex ​pres ​sion is then sub​sti​tuted into the steady state so​lu ​tion in Eq. (2)

(8)

There​fore, λ de​pends di​rectly on the dif ​fu ​sion and degra​da​tion of the mor ​-
phogen as

(9)

The pre​vi​ous equa​tion rep ​re​sents the an ​a​lyt​i​cal so​lu ​tion to the syn​the​sis-dif ​fu ​-
sion-degra​da​tion (SDD) in ​ter ​ac​tion scheme, and shows that the dis ​tance that the
mor ​phogen trav ​els re​sults from the bal​ance be​tween its ef ​fec​tive dif ​fu ​sion co ​ef ​fi​-
cient and its degra​da​tion rate.

al., 2016) and solv​ing Eq. (1) nu​mer ​i​cally, the time-evo ​lu ​tion of the
gra​di​ent shows that the dy​nam​ics of λ is fast (lines in Fig. 4A) and the
steady state is reached in about 30 min (dots in Fig. 4A). This dy​nam​ics
is much faster than the ac​tual OC dif ​fer ​en ​ti​a​tion, which oc​curs in the
or ​der of days (Garcia-Morales et al., 2019), in ​di​cat​ing that cou ​pling be​-
tween dif ​fu ​sion/​degra​da​tion and cell dif ​fer ​en ​ti​a​tion is un​likely as a
wave-gen ​er ​at​ing mech ​a​nism.

An​other strat​egy would be to mod ​ify di​rectly some of the three ma​-
jor pa​ra​me​ters of the SDD: the rates of mor ​phogen syn​the​sis, dif ​fu ​sion
and degra​da​tion. The con ​cen ​tra​tion of lig ​and cal​cu ​lated by SDD with
mea​sured D  and k  (Fried et al., 2016), and am​pli​tude at the source
“u ” for Hh (Garcia-Morales et al., 2019), falls be​low 10% of its max ​i​-
mal value well be​fore the 50 μm width of the ocel​lus. If we use this
10% as an ar ​bi​trary min ​i​mum for an ef ​fec​tive Hh sig​nal​ing, can
changes in syn​the​sis, dif ​fu ​sion or degra​da​tion dur ​ing OC dif ​fer ​en ​ti​a​tion
make the gra​di​ent reach far ​ther? In Fig. 4B we show that, to reach the​
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Fig. 4. Dy​nam​ics of Hh gra​di​ent for ​ma​tion. (A) Time evo ​lu ​tion of the gra​di​ent pro ​file in
the SDD ap ​proach (re​viewed in Box 1) us ​ing val​ues of the ef ​fec​tive dif ​fu ​sion
(D  = 118 μm  × h ) and ef ​fec​tive degra​da​tion (k  = 3,6 h ) ob​tained from Fried et al.
(2016). Each line cor ​re​sponds to the pro​file every 5 min. The steady state pro ​file pre​-
dicted for these pa​ra​me​ter val​ues is plot​ted as dots. (B–D) Changes in the steady state
pro ​file when dif ​fer ​ent pa​ra​me​ters are mod ​i​fied to ob​tain an amount of u at the end of the
re​gion of at least a 10% value of the am​pli​tude at the source: (B) rate of pro ​duc​tion, (C)
ef ​fec​tive dif ​fu ​sion or (D) ef ​fec​tive degra​da​tion. Other pa​ra​me​ters are cho ​sen to fit the ex ​-
per ​i​men ​tal gra​di​ents mea​sured in Fig. 2.

end of the ocel​lus with con ​cen ​tra​tions of mor ​phogen above 10%, the
con ​cen ​tra​tion of Hh at the source should in ​crease at least five times.
This is a large in ​crease. And even if this was the strat​egy used in other
or ​gans, the mea​sured trend in the ocel​lus is the op​po​site, with Hh max ​i​-
mal am​pli​tude de​creas ​ing over de​vel​op​men ​tal time (Garcia-Morales et
al., 2019).

u
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Mod​u​la​tion of the dif ​fu ​sion and/​or degra​da​tion rates is yet an ​other
pos ​si​bil​ity. In fact, it has been shown that changes in the com​po​si​tion
of the ex ​tra​cel​lu ​lar ma​trix pro ​teo ​gly ​cans, or in the mor ​phogen degra​da​-
tion rates dur ​ing de​vel​op​ment af ​fect the sig​nal​ing gra​di​ent of Hh, Wg/​
Wnt-1 or Dpp/​BMP-2 (Akiyama et al., 2008; Neto, Aguilar-Hidalgo, &
Casares, 2016; Rogers & Schier, 2011; Wartlick et al., 2009, 2011). We
ex ​plored the im​pact of these vari​a​tions (Fig. 4C and D): ob​tain ​ing Hh
con ​cen ​tra​tions above 10% max ​i​mal across the whole ocel​lus re​quires
vari​a​tions in k  or D  of at least three times. These are again large
changes in rate con ​stants.

So far, we have not made ex ​plicit a ma​jor bio ​chem​i​cal step that
shapes mor ​phogen gra​di​ents: the in ​ter ​ac​tion of the lig ​and with its re​-
cep ​tor. This step has been shown to be of key rel​e​vance in the es ​tab ​-
lish ​ment of the Hh gra​di​ent, as the in ​ter ​ac​tion with its re​cep ​tor Ptc re​-
stricts Hh's mo ​bil​ity and avail​abil​ity (Briscoe, Chen, Jessell, & Struhl,
2001; Chen & Struhl, 1996). In Box 2, we ex ​pand the the​o​ret​i​cal analy ​-
sis of the SDD model by in ​clud ​ing the bind ​ing/​un​bind ​ing of u and v
and the clear ​ance/​in ​ac​ti​va​tion of the lig ​and:re​cep ​tor com​plex uv (by,
for ex ​am​ple, en ​do​cy ​to ​sis), and shown schemat​i​cally in Fig. 5A.

Af​ter mak ​ing some ba​sic as ​sump​tions, the sys ​tem of equa​tions can
be re​duced and solved an ​a​lyt​i​cally, and the re​sult​ing mor ​phogen pro ​file
is again an ex ​po​nen ​tially de​cay ​ing gra​di​ent (Eq. 24). Now, the char ​ac​-
ter ​is ​tic length de​pends on the pa​ra​me​ters de​scrib ​ing the lig ​and:re​cep ​tor
in ​ter ​ac​tion and, more im​por ​tantly, on the rel​a​tive amounts of re​cep ​tors
avail​able for bind ​ing (Eq. 24). Fig. 5B shows the steady state so​lu ​tion
of Eq. (23) for dif ​fer ​ent re​cep ​tor con ​cen ​tra​tions v , keep ​ing all other
vari​ables un​changed. If the con ​cen ​tra​tion of free re​cep ​tor is re​duced,
the length of the gra​di​ent in ​creases sig​nif ​i​cantly (Fig. 5B).

For in ​stance, a sim​ple sce​nario of re​duced free re​cep ​tor is il​lus ​trated
(Fig. 5C–E) us ​ing nu​mer ​i​cal sim​u​la​tions for the in ​ter ​ac​tions be​tween
lig ​and and re​cep ​tor in a spa​tial sys ​tem. In the ab ​sence of sat​u​ra​tion
(Fig. 5C), the gra​di​ent is short and reaches a steady state in just 5 hours.
How ​ever, when the amount of avail​able re​cep ​tor is lim​ited by a strong
and sta​ble in ​ter ​ac​tion with the lig ​and (Fig. 5D), the gra​di​ent moves fur ​-
ther away from the source. This sat​u​ra​tion ef ​fect is best ob​served in
Fig. 5E, that shows that the ma​jor ​ity of re​cep ​tors are bound to u form​-
ing a com​plex uv, al​low ​ing the fur ​ther spread of the lig ​and u.
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Box 2. Syn ​the​sis-dif​fu ​sion-degra ​da​tion-clear​ance the​ory of
mor​phogen gra ​di​ents.
The in ​ter ​ac​tion of the dif ​fu ​sive lig ​and with its re​cep ​tor can also af ​fect the shape
and reach of a mor ​phogen gra​di​ent. This sys ​tem can be also de​scribed in terms of
par ​tial dif ​fer ​en ​tial equa​tions based on mass ac​tion ki​net​ics:

(10)

(11)

(12)

where u, v and uv re​fer to the con ​cen ​tra​tion of lig ​and, re​cep ​tor and lig ​and-re​cep ​tor
com​plex. Con​stants k  and k  cor ​re​spond to the affin ​ity and dis ​so​ci​a​tion rates of
the in ​ter ​ac​tion be​tween lig ​and and re​cep ​tor. Sim​i​larly, D , D  and D  are the dif ​fu ​-
sion con ​stants, and k , k  and k  are the clear ​ance rate con ​stants of u, v and uv. The
con ​di​tion for the con ​ser​va​tion of mass of the mor ​phogen is:

(13)

and the de​riv ​a​tive of the last ex ​pres ​sion is sim​ply:

(14)

The change of u  is now writ​ten in terms of the change of the two forms of u:

(15)

As a first ap ​prox ​i​ma​tion, we will as ​sume that the ki​net​ics of bind ​ing and dis ​-
so​ci​a​tion are fast (nor ​mally in the or ​der of sec​onds) com​pared to the dif ​fu ​sion and
degra​da​tion rates of the mor ​phogen (nor ​mally in the or ​der of min ​utes). This al​lows
us to sep​a​rate the two time scales and as ​sume that there is a lo ​cal equi​lib ​rium at all
times be​tween u and uv. In this con ​di​tion, the ra​tio be​tween the two forms of the
lig ​and at equi​lib ​rium is sim​ply:

on off

u v uv

u v uv

total
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(16)

where k  is de​fined as the dis ​so​ci​a​tion con ​stant of the in ​ter ​ac​tion be​tween lig ​and
and its re​cep ​tor. Us ​ing this ap ​prox ​i​ma​tion into Eq. (14) we ob​tain:

(17)

If we as ​sume that only a small amount of the to ​tal re​cep ​tors in the sys ​tem is
bound to a lig ​and, the con ​cen ​tra​tion of v can be set as con ​stant (v(x,t) = v ), and
there​fore, it can be taken out of the de​riv ​a​tive.

(18)

Next, we as ​sume that the dif ​fu ​sion of the re​cep ​tor v and the lig ​and-re​cep ​tor
com​plex uv are much slower than the dif ​fu ​sion rate of the free lig ​and u (there​fore,
D  = D  = 0). Tak​ing this into ac​count, and sub​sti​tut​ing Eq. (18) into Eq. (15), we
ob​tain:

(19)

and re​ar ​rang ​ing terms be​comes:

(20)

Due to simil​i​tude with Eq. (1), we de​fine the ef ​fec​tive dif ​fu ​sion and degra​da​-
tion rate con ​stants as:

(21)

(22)

d

0

v uv
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There​fore, Eq. (20) can be rewrit​ten sim​ply as:

(23)

which can be solved an ​a​lyt​i​cally fol​low ​ing the same strat​egy as Eq. (1) with
the same so​lu ​tion (Eq. 6). The char ​ac​ter ​is ​tic length of the ex ​po​nen ​tial pro ​file is
given by Eq. (9), so sub​sti​tut​ing the ex ​pres ​sions for ef ​fec​tive dif ​fu ​sion and degra​-
da​tion rates (Eqs. 21 and 22), we ob​tain

(24)

This equa​tion shows that now the av ​er ​age dis ​tance trav ​eled by a mor ​phogen
lig ​and in ​creases when the con ​cen ​tra​tion of its re​cep ​tor de​creases.

To an ​a​lyze whether this re​cep ​tor sat​u​ra​tion is seen in vivo, we mea​-
sured the colo ​cal​iza​tion of Hh and Ptc in the ocelli, in lar ​vae ex ​press ​ing
flu ​o​res ​cently tagged Hh (GFP:Hh) and Ptc (RFP:Ptc) at en ​doge​nous
lev ​els (Chen et al., 2017). The re​sults in Fig. 3E show that a large frac​-
tion of Ptc colo ​cal​izes with Hh. More im​por ​tantly, this per ​cent​age is
main ​tained all along the gra​di​ent (i.e., in both high and low Hh con ​cen ​-
tra​tions), sug​gest​ing that in ​deed the re​cep ​tor Ptc is sat​u​rated through ​out
the tis ​sue. An​other im​por ​tant ob​ser​va​tion is that now the pre​dicted dy​-
nam​ics of the gra​di​ent spread ​ing in much slower and closer to the tim​-
ing of ocel​lar dif ​fer ​en ​ti​a​tion (about 50 h).

A side ef ​fect of the re​cep ​tor sat​u​ra​tion is that the gra​di​ent changes
from ex ​po​nen ​tial to a more lin ​ear pro ​file (Fig. 5D). This change is con ​-
sis​tent with ex ​per ​i​men ​tal ob​ser​va​tions in the Drosophila ocelli (Garcia-
Morales et al., 2019), where the Hh pro ​file be​comes more lin ​ear as dif ​-
fer ​en ​ti​a​tion takes place.

The same ef ​fec​tive re​duc​tion of avail​able free re​cep ​tor can be
achieved if the rate of re​cep ​tor tran ​scrip ​tion is much slower rel​a​tive to
the clear ​ance rate of the bound re​cep ​tor, which can be safely as ​sumed
to be the case. This sce​nario was sim​u​lated in Fig. 5F–H, where we
com​pare the pro ​file dy​nam​ics when the tran ​scrip ​tion and clear ​ance
rates are of the same scale (Fig. 5F) with when the pro ​duc​tion is slower
(sim​i​lar equi​lib ​rium con ​cen ​tra​tion of v: Fig. 5G). In the lat​ter, again the
gra​di​ent ex ​tends far ​ther and be​comes more lin ​ear. The pro ​gres ​sive re
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Fig. 5. Re​duc​tion in the con ​cen ​tra​tion of re​cep ​tor ex ​tends the char ​ac​ter ​is ​tic length of the
gra​di​ent. (A) Scheme of the in ​ter ​ac​tion be​tween lig ​and (u) and re​cep ​tor (v) mol​e​cules,
with the ac​tive com​plex uv be​ing in ​ter ​nal​ized and cleared. (B) The​o​ret​i​cal pre​dic​tion of
the changes in the gra​di​ent with the value of re​cep ​tor v . (C–E) Com​par ​i​son of gra​di​ent
dy​nam​ics in con ​di​tions of (C) no re​cep ​tor sat​u​ra​tion and (D) re​cep ​tor sat​u​ra​tion. (E) Ra​-
tio of bound uv ver ​sus un​bound v in con ​di​tions of re​cep ​tor sat​u​ra​tion. (F–H) Com​par ​i​son
of gra​di​ent dy​nam​ics in con ​di​tions of fast (F) and slow (G) rate of v pro ​duc​tion. (H) Spa​-
tial pro ​file of free re​cep ​tor v at dif ​fer ​ent time points in con ​di​tions of slow rate of pro ​duc​-
tion.
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duc​tion of free re​cep ​tor is clearly shown in Fig. 5H as the lig ​and
spreads in space. Com​par ​i​son be​tween the lines that il​lus ​trate the gra​di​-
ent at dif ​fer ​ent time points (Fig. 5D and G), shows that the pro ​file
keeps ad ​vanc​ing at a pro ​gres ​sively de​creas ​ing speed. There​fore, the
same 10% thresh ​old for the mor ​phogen con ​cen ​tra​tion used above
would be even ​tu ​ally reached if the sim​u​la​tion were al​lowed to run for a
longer time.

It has re​cently been shown that, in ​deed, as the ocel​lar pre​cur ​sor
cells dif ​fer ​en ​ti​ate as PRs, the Ptc re​cep ​tor is tran ​scrip ​tion ​ally re​pressed
(Garcia-Morales et al., 2019). Cells clos ​est to the source are the first to
dif ​fer ​en ​ti​ate and to down​reg ​u​late Ptc. As a con ​se​quence, these PRs
cells no longer bind and con ​sume Hh, and so the free mor ​phogen trav ​-
els fur ​ther, trig ​ger ​ing dif ​fer ​en ​ti​a​tion in ad ​ja​cent cells, with the process
prop ​a​gat​ing away from the source. To il​lus ​trate the ef ​fect of this feed ​-
back re​pres ​sion of the re​cep ​tor v, we de​fine a set of cou ​pled par ​tial dif ​-
fer ​en ​tial equa​tions for lig ​and u, re​cep ​tor v and lig ​and:re​cep ​tor com​plex
uv, where the ex ​pres ​sion of v is mod ​u​lated by the ac​tive uv com​plex
fol​low ​ing a Hill func​tion.

Again, only free u is al​lowed to dis ​perse and is de​graded at a rate k .
In ad ​di​tion, u binds v and the uv com​plex is cleared with a con ​stant k .
A scheme show ​ing these in ​ter ​ac​tions is shown in Fig. 6A. Nu​mer ​i​cal
so​lu ​tion of the equa​tions ei​ther in the ab ​sence (Fig. 6B) or in the pres ​-
ence (Fig. 6C) of the neg ​a​tive feed ​back is shown for dif ​fer ​ent time
points.

The in ​tro ​duc​tion of the feed ​back pro ​duces three ma​jor changes in
the gra​di​ent dy​nam​ics: its char ​ac​ter ​is ​tic length is longer (i.e., the gra​di​-
ent stretches far ​ther); the steady state is reached more slowly due to the
dy​namic cou ​pling be​tween dif ​fer ​en ​ti​a​tion time (that re​presses v) and
the gra​di​ent ex ​pan ​sion; and the shape of the gra​di​ent is changed—no
longer ex ​po​nen ​tial but ap ​proach ​ing lin ​ear ​ity. A more com​plete two-di​-
men ​sional model has been pre​sented in Garcia-Morales et al. (2019).

7. WHEN A NEGATIVE FEEDBACK “LOG
TRANSFORMS” THE GRADIENT

u

uv
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Fig. 6. Feed​back loop in the con ​cen ​tra​tion of re​cep ​tor shapes the gra​di​ent dy ​nam​ics. (A)
Scheme of the in ​ter ​ac​tion be​tween lig ​and and re​cep ​tor mol​e​cules, with the ac​tive com​-
plex uv be​ing in ​ter ​nal​ized and dri​ving re​pres ​sion of the pro ​duc​tion of free re​cep ​tor. (B)
Nu​mer ​i​cal sim​u​la​tions of the gra​di​ent pro ​file with no feed ​back in ​ter ​ac​tion. (C) Nu​mer ​i​-
cal sim​u​la​tions of the sys ​tem with the same pa​ra​me​ter val​ues, but in ​clud ​ing feed ​back re​-
pres ​sion of the re​cep ​tor v.

By mak ​ing the reg ​u​la​tion of Hh de​pend on PR dif ​fer ​en ​ti​a​tion, the
gra​di​ent ex ​pe​ri​ences a dy​namic change that oc​curs at the same rate as
that of cell dif ​fer ​en ​ti​a​tion. Be​cause the re​sult​ing dy​nam​ics lin ​earizes
the sig​nal​ing out​put in space, Hh-in ​duced PR dif ​fer ​en ​ti​a​tion oc​curs at a​

8. A STATIC MORPHOGEN SOURCE WITH A
DYNAMIC SIGNALING WORKS LIKE A
DEVELOPMENTAL METRONOME
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con ​stant pace. In ad ​di​tion, colo ​cal​iza​tion stud​ies sug​gest that the re​cep ​-
tor Ptc is likely sat​u​rated (Fig. 3), which can also con ​tribute to the lin ​-
eariza ​tion of the gra​di​ent, as shown in the pre​vi​ous sec​tions (Fig. 5).
This lin ​eariza ​tion is equiv ​a​lent to a math ​e​mat​i​cal “log-trans ​form.” The
mor ​phogen gra​di​ent, this time, is not used to spec​ify dif ​fer ​ent cell types
in space, as the OC reti​nas are com​posed by a sin​gle PR type all
through ​out, but to gen ​er ​ate a wave of dif ​fer ​en ​ti​a​tion (Garcia-Morales et
al., 2019). Rather than spec​i​fy ​ing space, Hh “marks a pace.” It is im​-
por ​tant to note that even though the reg ​u​la​tion of re​cep ​tor ex ​pres ​sion
oc​curs at the sin​gle-cell level, the “log-trans ​form” op​er ​a​tion emerges
across a field of cells.

But how is this sys ​tem ex ​pected to per ​form in the face of the in ​-
escapable bio ​chem​i​cal noise? One po​ten ​tial prob ​lem might arise if the
re​cep ​tor Ptc had low oc​cu ​pancy, as this would in ​crease bind ​ing noise
(Lander, 2013). How ​ever, as men ​tioned above, Ptc is likely sat​u​rated
along the whole sig​nal​ing range, which would min ​i​mize this sen​si​tiv ​ity.
Ptc sat​u​ra​tion, though, could in turn in ​crease the sen​si​tiv ​ity of the sys ​-
tem to fluc​tu ​a​tions in Hh pro ​duc​tion rate, un​less sig​nal mea​sure​ments
were car ​ried out be​fore the gra​di​ent reaches steady state (Lander,
2013). In fact, and as we men ​tioned above, the Hh gra​di​ent is not in
steady state in the OC (Garcia-Morales et al., 2019). Then, the down​-
reg ​u​la​tion of the Ptc re​cep ​tor as cells dif ​fer ​en ​ti​ate, gen ​er ​ates an in ​ter ​nal
bio ​chem​i​cal clock that, when linked to the dy​namic Hh gra​di​ent, re​sults
in an in ​creased re​sis​tance to fluc​tu ​a​tions in Hh con ​cen ​tra​tion (Garcia-
Morales et al., 2019).

The pat​tern ​ing of the small eyes of flies is con ​trolled by a dy​-
namic (in space and time) gra​di​ent of Hh pro ​duced from a spa​tially
fixed source. We have ar ​gued above that the reach of such a gra​di​ent is
lim​ited, un​less some of its bio ​chem​i​cal con ​stants or the avail​abil​ity of
the re​cep ​tor change dra​mat​i​cally. Do these lim​i​ta​tions set a max ​i​mum
size for the ocelli? The range of sizes be​tween dif ​fer ​ent fly species is
enor ​mous, span ​ning two or ​ders of mag ​ni​tude in body length: from
0,5 mm of some Phorid flies to the 70 mm of Gau​romy​das heros. If all
these flies used a Hh gra​di​ent to con ​trol the size and pat​tern of their ​

9. INTRINSIC CONSTRAINTS TO THE VARIATION
OF OCELLAR SIZE IMPOSED BY THE GRADIENT
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ocelli sim​i​lar to the one de​scribed in Drosophila, we would ex ​pect that
the size of their ocelli would not scale per ​fectly with body size—that is,
ocelli should be dis ​pro ​por ​tion ​ally smaller in large flies when com​pared
to smaller species. This seems to be the case. In Fig. 7A the wing
length (a cor ​re​late of body size) and the ocel​lar size (mea​sured as the
length of the ma​jor axis of the el​lip ​ti​cal lens of the ocel​lus) of a small
(Drosophila melanogaster) and a large fly (Episyr ​phus baltea ​tus) are
com​pared. While Episyr ​phus wings are four times longer, its ocelli are​

Fig. 7. Ocel​lar size in dif ​fer ​ent species in re​la​tion to body size. (A) A large fly (top,
Episyr ​phus baltea ​tus) and a small fly (bot​tom, Drosophila melanogaster). The ra​tio of
their wing length is in ​di​cated (wl; the wing length is a cor ​re​late of body size). Mi​cro ​-
scopic im​ages of the adult ocelli of Episyr ​phus (A′) and Drosophila (A″) at the same
mag ​ni​fi​ca​tion. The rel​a​tive width of their pos ​te​rior ocelli (ocl) is in ​di​cated. (B, C) Ocelli
of the fly Seno ​tainia tri ​cus ​pis (NHMUK010579737) (Sar ​cophagi​dae) (B) and the wasp
Du​sona bi​col​oripes (NHMUK010579721) (Ich ​neu ​monidae) (C) at the same mag ​ni​fi​ca​-
tion, show ​ing the much larger ocelli of the wasp.
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only ~ 1,6 times the width of Drosophila’s. Of course, this limit in
ocel​lar size might be the re​sult of nat​ural se​lec​tion: above a cer ​tain size,
there might not be a se​lec​tive ad ​van ​tage in hav ​ing larger ocelli. How ​-
ever, very large ocelli are pre​sent in other in ​sect groups, such as
Odonata (drag ​on​flies and dam​selflies) and Hy​menoptera (wasps and
bees) (Berry, Stange, & Warrant, 2007; Ribi, Warrant, & Zeil, 2011)
(see also Fig. 7B and C). There​fore, it is pos ​si​ble that, in ​deed, ocel​lar
size in flies is lim​ited by the ef ​fec​tive range of Hh ac​tion, as sug​gested
pre​vi​ously (Aguilar-Hidalgo, Becerra-Alonso, Garcia-Morales, &
Casares, 2016; Aguilar-Hidalgo et al., 2013). Ocelli larger than those of
Diptera might need dif ​fer ​ent mech ​a​nisms, al​though surely based on Hh,
to be pat​terned.

In this re​view, and us ​ing as mo ​ti​va​tion the role played by Hh in
the dif ​fer ​en ​ti​a​tion of the Drosophila eyes, we have ex ​plored how a
mor ​phogen gra​di​ent can stretch it​self to pat​tern tis ​sues of dif ​fer ​ent size.
In Drosophila, when the eye is larger than a cer ​tain size, new mech ​a​-
nisms come into place to over ​come these lim​i​ta​tions. Fi​nally, we note
that PR dif ​fer ​en ​ti​a​tion in both the small and the large eyes of flies pro ​-
ceeds at a con ​stant pace, de​spite their us ​ing dif ​fer ​ent reg ​u​la​tory mech ​a​-
nisms to achieve this lin ​ear ​ity. In the case of the OC, per ​haps the func​-
tional need of gen ​er ​at​ing suf​fi​ciently large reti​nas re​sulted in the se​lec​-
tion of sub​tle changes in the reg ​u​la​tory net​work that al​lowed the ex ​ten ​-
sion of the gra​di​ent reach with​out the need of more dra​matic or
pleiotropic mod ​i​fi​ca​tions af ​fect​ing, for ex ​am​ple, the dif ​fu ​siv​ity or
degra​da​tion of the mor ​phogen it​self. Here, we pro ​pose three dif ​fer ​ent
strate​gies: sat​u​ra​tion, slow tran ​scrip ​tion (rel​a​tive to dif ​fu ​sion) or down​-
reg ​u​la​tion of the re​cep ​tor. In the par ​tic​u​lar case of the OC, we ob​serve
ex ​per ​i​men ​tal ev ​i​dence of the three, so maybe the sys ​tem uses a com​bi​-
na​tion of these strate​gies. As we have shown, this ex ​ten ​sion brings
about im​me​di​ately the lin ​eariza ​tion of the gra​di​ent which, in turn, can
be used to in ​duce dif ​fer ​en ​ti​a​tion at a con ​stant pace. The CE, be​ing
larger, re​quires the in ​tro ​duc​tion of at least one ex ​tra link within the PR
reg ​u​la​tory net​work: the pro ​duc​tion of Hh it​self by PRs. Still, a de​tailed
study of Hh dis ​tri​b​u​tion and Ptc dy​nam​ics an ​te​rior to the dif ​fer ​en ​ti​a​tion
wave in the CE is lack ​ing, so it is not yet known whether Hh sig​nal​ing ​

10. CONCLUDING REMARKS
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in the CE is fur ​ther mod ​i​fied us ​ing some of the strate​gies used in the
OC.

In any case, why should PR dif ​fer ​en ​ti​a​tion pro ​ceed at a con ​stant
pace? Re​cent stud​ies show how sig​nal trans ​duc​tion through highly non-
lin ​ear bio ​chem​i​cal path ​ways of ​ten re​sults in lin ​ear out​puts (Goentoro &
Kirschner, 2009; Nunns & Goentoro, 2018). This lin ​ear ​ity in sig​nal
trans ​duc​tion in ​creases the fi​delity of the sig​nal​ing. We sug​gest that lin ​-
ear ​ity of pat​tern ​ing processes al​lows the uni​form de​ploy ​ment of these
processes through ​out de​vel​op​ment, al​low ​ing an eas ​ier con ​trol. For ex ​-
am​ple, the con ​trol of a process whose rate varies with de​vel​op​men ​tal
time may re​quire also vary ​ing the in ​ten ​sity of the con ​trol mech ​a​nism as
time passes (that is, de​vel​op​men​tal time be​comes an ad ​di​tional vari​-
able), while a lin ​ear process may be con ​trolled even when the per ​tur ​ba​-
tion has al​ready hap ​pened. Also, a lin ​ear process is less prone to am​-
plify or at​ten ​u​ate changes in the in ​put sig​nal. Fi​nally, the cou ​pling or
co ​or ​di​na​tion be​tween de​vel​op​men ​tal processes might be fa​cil​i​tated if
these processes de​velop at con ​stant speeds.

Codes “NHMUK” are spec​i​men codes of the Nat​ural His​tory Mu​-
seum, Lon ​don (UK) col​lec​tion. The re​sults pre​sented in Figs. 1–3 were
ob​tained us ​ing meth ​ods de​scribed in Garcia-Morales et al. (2019), ex ​-
cept for colo ​cal​iza​tion stud​ies of Hh:GFP and Ptc:GFP. For this analy ​-
sis, eye-an ​ten ​nal discs of Hh:GFP/​CyO; Ptc:RFP lar ​vae (Chen et al.,
2017) were dis ​sected and stained with anti-GFP, anti-RFP and anti-Eya
(this lat​ter to la​bel the OC-com​pe​tent re​gion) as in Garcia-Morales et
al. (2019) and im​aged un​der a Zeiss LSM880 Airyscan. Im​ages were
processed with Soft​worx Suite 2.0 (Ap​plied Pre​ci​sion) and an ​a​lyzed
with Imaris (Bit​plane). Punc​tate sig​nal (“vesi​cles”) in the red and green
chan ​nels was se​lected with the func​tion “slice.” Only vesi​cles with di​-
am​e​ters equal or larger than 0,5 μm were con ​sid​ered in or ​der to min ​i​-
mize noise in ​clu ​sion. The “spots” func​tion was used to se​lect the vesi​-
cles of the de​fined di​am​e​ter and the “spots colo ​cal​ize” func​tion to iden ​-
tify those where the two sig​nals over ​lapped. The three sig​nals (green,
red and yel​low (“colo ​cal​ized”)) were rep ​re​sented in 3D with the “van ​-
tage plot” func​tion and col​lapsed into 2D for data rep ​re​sen​ta​tion us ​ing
bins of 0,05 μm. The data shown here is rep ​re​sen​ta​tive of six sam​ples.

11. MATERIALS AND METHODS
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