
Analyses
Wedetermined the population size of the bacteriophage by adding 30 ml of chloroform to a
1ml subsample of each chemostat (to remove bacteria) and plating 100 ml of the purified
subsample of bacteriophage with 300 ml of an overnight culture of bacteria in 3ml of soft
agar. We counted the number of plaques (spots cleared of bacteria by the bacteriophage)
after 24 h. Because the bacteriophage were well mixed before plating, each plaque was
presumed to result from a single viral particle. A lawn of ancestral bacteria (B0) was used to
determine the total size of the bacteriophage population and a lawn of resistant bacteria
(B1) was used to calculate the number of host-range mutants (T71) in the bacteriophage
population.

We determined the population size of the bacteria by plating 100ml of a subsample
(without chloroform treatment) and counting the number of bacterial colonies present
after 24 h of incubation. To determine the size of the B1 population, we plated the bacteria
with an equal volume of ancestral bacteriophage.

To investigate local adaptation in the bacteriophage through time, we isolated two to
three colonies of B1 from the same day (day 9, 13 and 19) from each treatment during each
run of the experiment. For each adaptation assay, overnight cultures of the colonies were
grown up in 1mgml21 glucose media. We plated replicate samples of T71 from each time
point on a lawn of sympatric (from the same chemostat) and allopatric (from a different
chemostat, but at the same productivity level) B1 from the overnight culture. We used the
‘efficiency of plating’ (the number of plaques on each host) as a measure of bacteriophage
infectivity.

We calculated adaptation as the ratio of the number of plaques formed by the
numerically dominant bacteriophage on the dominant sympatric host to the number of
plaques formed on the allopatric host. Ratios of the number of plaques formed on the
bacterial isolates from each replicate run of the experiment were averaged to give a mean
ratio for each run. Only one replicate run of the experiment was used in assays of the
closed/high productivity community due to contamination. There were often no plaques
on allopatric hosts, therefore we coded the data by adding one to both the numerator and
the denominator to allow calculation of a ratio. A value above one indicates local
adaptation and a number below one indicates local maladaptation (that is, the number of
plaques was higher on the allopatric host than on the sympatric host). All ratios were log-
transformed before analysis.

Variation in adaptation was assessed by calculating the coefficient of variation of the
adaptation ratios. Significance was tested using an F-test, with a sequential Bonferroni
correction for five pairwise comparisons25. Inspecting the data in detail showed that the
reversed pattern for the open and closed intermediate productivity communities was
driven by one of the two replicate runs of the experiment. Thus, we did not include data
from the intermediate productivity communities in the analyses.
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Hedgehog (Hh) proteins are responsible for critical signalling
events during development1 but their evolutionary roles remain
to be determined. Here we show that hh gene expression at the
embryonic midline controls eye degeneration in blind cavefish.
We use the teleost Astyanax mexicanus, a single species with an
eyed surface-dwelling form (surface fish) and many blind cave
forms (cavefish)2, to study the evolution of eye degeneration.
Small eye primordia are formed during cavefish embryogenesis,
which later arrest in development, degenerate and sink into the
orbits. Eye degeneration is caused by apoptosis of the embryonic
lens, and transplanting a surface fish embryonic lens into a
cavefish optic cup can restore a complete eye3–5. Here we show
that sonic hedgehog (shh) and tiggy-winkle hedgehog (twhh) gene
expression is expanded along the anterior embryonic midline in
several different cavefish populations. The expansion of hh
signalling results in hyperactivation of downstream genes, lens
apoptosis and arrested eye growth and development. These
features can be mimicked in surface fish by twhh and/or shh
overexpression, supporting the role of hh signalling in the
evolution of cavefish eye regression.

Cave animals often lose their eyesight during evolution in
perpetual darkness (Fig. 1a, b), but the evolutionary and develop-
mental mechanisms underlying these dramatic phenotypes are
unknown6. Over the last 10,000 yr, at least four different Astyanax
cavefish populations may have evolved various degrees of eye
degeneration independently7–10. In addition to blindness, cavefish
show other regressive and constructive morphological features,
including loss of melanin pigment, modifications in the orbital
skeleton and increases in jaw size, maxillary teeth and taste buds2,10.
We previously reported that pax6 expression is downregulated in
the presumptive optic fields in several cavefish populations,
suggesting that upstream regulators of pax6 may control eye
degeneration11.

To detect early changes in eye development, optic morphogenesis
and gene expression patterns were compared in cavefish and surface
fish embryos. The results showed that the optic vesicle is reduced in
size (Fig. 1c, d) and the ventral sector of the optic cup is lost (Fig. 1e, f)
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in cavefish embryos. Vertebrate optic primordia are patterned by
reciprocal transcriptional repression between the transcription
factors Pax2, which is expressed in the optic stalk, and Pax6,
which is expressed in the optic cup12,13. In situ hybridization showed
that pax2a expression is expanded in the cavefish optic vesicle and
optic cup (Fig. 1c, d, g, h). Changes in the optic primordium were
confirmed by examining vax1, which is also expressed in the optic
stalk14,15. Similar to pax2a, vax1 expression was expanded in the
cavefish optic cup (Fig. 1i, j), suggesting that upregulation of these
genes modifies the eye primordia.

Hh proteins emanating from the anterior embryonic midline
control the expression of pax2, vax1 and pax6 in vertebrate optic
primordia13–17. Comparisons of hh gene expression in surface fish
and cavefish embryos revealed several highly reproducible changes
along the anterior midline. At the neural plate stage, shh and twhh
expression was expanded in the cavefish prechordal plate relative to
non-overlapping pax2a expression at the future midbrain–hind-
brain boundary18 and dlx3b expression at the border of the neural
plate19 (Fig. 2a–d, i–j). The cavefish shh-expressing domain is about
ten cells wide at its greatest lateral extent, whereas it is only about six
cells wide in surface fish (n ¼ 6). During optic vesicle formation,
shh expression extended further anterior and dorsal in cavefish,
curling around the rostrum (Fig. 2e–h). To confirm hh expansion,
we also examined the expression patterns of hh downstream target
genes. The results showed that ptc2 (Fig. 2k, l), which encodes a

shh receptor20,21, and nkx2.1a (Fig. 2m, n), which encodes an
hh-regulated transcription factor22, were also expanded along the
cavefish midline. The significance of hh expansion in eye loss was
established in two ways. First, two additional cavefish populations

Figure 1 Changes in surface fish (left column) and cavefish (right column) eyes and optic

primordia. a, b, Adults. c, d, pax2a expression (arrowheads) in optic vesicles (ov).

e, f, Optic cup (oc) morphology showing loss of ventral sector (arrowhead) in cavefish.

g–j, pax2a (g, h) and vax1 (i, j) expression in optic vesicles. Shown are dorsal (c, d) and

lateral (a, b, e–j) views with anterior on left. Scale bars: 0.5 cm (a), 250mm (c) and

150mm (e); same magnification in a and b, c and d and e–j.

Figure 2 hh and hh-related gene expression in fish embryos. (Surface fish: a, c, e, f, i, k,

m; cavefish: b, d, g, h, j, l, n–p.) a–j, shh (a–h) and twhh (i, j) expression relative to dlx3b

and/or pax2a expression in early tailbud (a–d, i, j) and 10-somite (e–h) embryos.

k–n, ptc2 (k, l) and nkx2.1a (m, n) expression relative to pax2a and pax6 expression

respectively in early tailbud embryos. o–q, shh (blue) expression relative to dlx3b (red),

pax2a (blue) and pax6 (red) expression in early tailbud-stage Chica (o) and Los Sabinos (p)

cavefish embryos and surface fish (sf), F1 (f1) and cavefish (cf) embryos (q). Shown are

dorsal (a, b, i–q), lateral with anterior on left (c, d, f, h) and rostral (e, g) views. Scale bars,

250mm; same magnification in a–p.
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were examined and these also exhibited expansion of shh expression
at the embryonic midline (Fig. 2o, p). Second, shh expression was
examined in the progeny of a cross between surface fish and
cavefish. The F1 embryos, which have uniformly small eyes relative
to surface fish2,23, showed a midline shh domain intermediate in
width between surface fish and cavefish (Fig. 2q).
To test the possibility that eye degeneration is caused by increased

Hh signalling, we overexpressed hh by injecting twhh and/or shh
messenger RNA into surface fish embryos16. As a result, shh and
nkx2.1a expression were expanded at the anterior midline and pax6
expression was contracted in the presumptive optic regions of the
injected embryos (Fig. 3a–c; data not shown). Subsequently, smaller
optic vesicles (Fig. 3f) with expanded pax2a (data not shown) and
vax1 (Fig. 3d, e) expression and ventrally reduced optic cups

(Fig. 3g) were observed. The affected features usually occurred
unilaterally, probably becausemRNAwas injected on one side of the
bilateral embryonic axis. However, the unilateral changes were
observed in a proportion of embryos that paralleled those in
which shh was expanded on only one side of the anterior midline.
By the larval stage, 78% (n ¼ 50) of these embryos exhibited a
ventrally diminished retina and a small or undetectable lens
(Fig. 3h). Adults that developed from these embryos were missing
an eye (Fig. 3i) and did not respond to light focused on the affected
orbit. Shh overexpression had no detectable effects on body pig-
mentation, the orbital skeleton, jaw width or maxillary tooth
number, although there was a small increase in taste bud number
on the lips (6%, n ¼ 30). Similar effects were observed following
injection of shh/twhh or shh mRNA. The results indicate that hh
overexpression can phenocopy cavefish eye degeneration.

To determine the effects of reducing Hh activity, cavefish
embryos were treated with cyclopamine, an inhibitor of the Hh
signalling pathway24. Cyclopamine-treated embryos showed larger
optic vesicles with diminished pax2a (data not shown) and vax1
domains (Fig. 3j, k). Later in development, the lens was 30% larger
than in controls (n ¼ 38), supporting a partial restoration of eye
development. However, eye development was not completely
restored in cyclopamine-treated cavefish embryos, probably due to
the late requirement for shh and twhh expression in the developing
retina25,26.

Further experiments were conducted to determine the effects of
increased midline signalling on lens and eye development. First,
43% (n ¼ 42) of the shh mRNA-injected embryos assayed by
TdT-mediated dUTP nick end labelling assay (TUNEL)3 exhibited
apoptosis in one or both lens vesicles (Fig. 4a, b). Second, eye
development was arrested in 36% (n ¼ 25) of the cases in which a

Figure 3 hh control of eye formation. a–i, Effects of twhh and shh (a–c, f–i) or shh (e)

mRNA injection in surface fish embryos. a–c, Early tailbud (a) and 10-somite (b, c)

embryos with expanded shh (blue) and asymmetric pax6 expression (a, red).

d, e, Expanded vax1 expression in the optic vesicle (ov) of an hh mRNA-injected embryo

(e) compared to a control (d). f, g, Unilateral reduction of optic vesicle (f, pax6 staining) at

the 18-somite stage and optic cup (g) at the hatching stage in hh mRNA-injected

embryos. h, i, Ventral eye reduction (h, arrowhead) and eye loss in a blind cavefish

phenocopy (i) after hh mRNA injection. j, k, vax1 expression in cyclopamine-treated (k)

and control (j) cavefish embryos. Shown are dorsal (a, f), lateral with anterior on left

(c–e, h–k) and rostral (b, g) views. Scale bars: 200mm (a), 250mm (b, d), 150mm (g),

100mm (h) and 0.5 cm (i); same magnification in b and c, d–f, and j and k.

Figure 4 Effects of shh overexpression on surface fish lens development. a, b, TUNEL-

positive apoptotic lens (red) in a shh mRNA-injected embryo (b) but not in a control (a).

c, d, Inhibition of eye growth after lens transplantation from shh mRNA-injected embryo

into the optic cup of a normal embryo. e, f, Restoration of eye growth after transplantation

of a lens from a normal embryo into the affected optic cup of a shh mRNA-injected

embryo. Arrowheads: transplantation side. Shown are dorsal (c, e) and lateral (a, b, d, f)

views. Scale bars: 150mm (a) and 100mm (c, e); same magnification in a and b, c and d,

and e and f.
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lens was transplanted from a shh mRNA-injected surface fish
embryo into the optic cup of a normal surface fish embryo
(Fig. 4c, d). In contrast, eye development was not affected by lens
transplantation from a normal surface fish embryo into the optic
cup of another normal surface fish embryo (data not shown,
n ¼ 118). Third, eye development was partially or completely
restored in 35% of the cases (n ¼ 17) in which a normal lens was
transplanted into the arrested eye of a shh mRNA-injected surface
fish embryo (Fig. 4e, f). The results suggest that shh overexpression
inhibits eye growth and development by inducing lens apoptosis.

We conclude that eye degeneration is mediated by expanded
midline signalling in cavefish embryos. Accordingly, a small increase
in Hh signalling at the embryonic midline is amplified by the
induction of lens apoptosis to elicit a large negative effect on eye
growth and development. Thus, shh and twhh could represent two
of the four to six genes estimated to be involved in cavefish eye loss23,
although it is possible that upstream regulatory genes rather than hh
genes themselves may be mutated during cavefish evolution. The
latter hypothesis would explain coordinated changes in expression
of the two hh paralogues.

Eye regression in cave animals has been attributed to loss-of-
function mutations in eye genes, which may accumulate without
penalty under conditions of relaxed selection for eyesight6,23. The
control of eye degeneration by a gain of function in hh or related
midline-signalling genes in Astyanax cavefish raises the alternative
possibility that eye regression could be driven by natural selection
for an adaptive trait(s). Understanding the adaptive significance of
enhanced Hh signalling is expected to provide key insights into the
mechanisms controlling the evolution of blind cavefish. A

Methods
Biological materials and procedures
A. mexicanus embryos were obtained as described previously3–5,10,11. All experiments were
conducted with Pachón cavefish unless otherwise indicated.

Probes and in situ hybridization
Antisense RNA probes were generated from complete surface fish shh and pax6
complementary DNAs, a partial twhh cDNA and pax2a, dlx3b, vax1, ptc2 and nkx2.1a
DNAs amplified from surface fish RNA by polymerase chain reaction (PCR) with reverse
transcription. The twhh probe, which contains the 5 0 UTR and part of the amino-terminal
coding sequence of the mRNA, showed a different expression pattern than shh in
developing fin buds and is therefore considered to be gene specific. The following oligo
primers were used in PCR reactions: pax2a CAGCCTTTCCATCTATCTCCAG (forward)
and CCGTAAACTCTCCACACTACCC (reverse), dlx3b GCCGGGATCCAARGAYTCN
CCNACNYTNCC (forward) and GCCGGAATTCGARTTRCANGCCATNGARTC
(reverse), vax1 GCTCCATMCGRGARARATCAT (forward) and TTYTTCCTGCCTTT
CCT (reverse), ptc2 GTGTCTMTKTATGGAAAATCTTGG (forward) and
TGACCTTACTCCTSTTTCGG (reverse) and nkx2.1a CTSCCRBCYTACCARGASRS
(forward) and GCSGASAGGTAYTTYTGYTG (reverse). Two-colour in situ
hybridizations11 were done using digoxygenin-(blue) and fluorescein-(red) labelled RNA
probes with the colour developed using NBT/BCIP or Fast Red respectively.

hh up- and downregulation
Constructs to produce mRNAs were made by inserting the full-length surface fish shh
cDNA into the pSP64T plasmid. In some experiments we injected zebrafish shh and twhh
mRNAs (1:1) made from pT7TS plasmids. The blastomeres of embryos at the 1–4-cell
stage were injected with 0.4 ng nl21 (2 nl total volume) hh mRNA or control green
fluorescent protein mRNA. Embryos were treated with 20–100 mM cyclopamine (5mM
stock solution in 95% ethanol; Toronto Research Chemicals) from 30% epiboly to
hatching.
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The highly ordered wiring of retinal ganglion cell (RGC) neurons
in the eye to their synaptic targets in the superior colliculus of the
midbrain has long served as the dominant experimental system
for the analysis of topographic neural maps1–3. Here we describe a
quantitative model for the development of one arm of this map—
the wiring of the nasal–temporal axis of the retina to the caudal–
rostral axis of the superior colliculus. The model is based on
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