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Abstract

Background: How and why animals lose eyesight during adaptation to the dark and food-limited cave
environment has puzzled biologists since the time of Darwin. More recently, several different adaptive hypotheses
have been proposed to explain eye degeneration based on studies in the teleost Astyanax mexicanus, which
consists of blind cave-dwelling (cavefish) and sighted surface-dwelling (surface fish) forms. One of these
hypotheses is that eye regression is the result of indirect selection for constructive characters that are negatively
linked to eye development through the pleiotropic effects of Sonic Hedgehog (SHH) signaling. However,
subsequent genetic analyses suggested that other mechanisms also contribute to eye regression in Astyanax
cavefish. Here, we introduce a new approach to this problem by investigating the phenotypic and genetic
relationships between a suite of non-visual constructive traits and eye regression.

Results: Using quantitative genetic analysis of crosses between surface fish, the Pachon cavefish population and
their hybrid progeny, we show that the adaptive vibration attraction behavior (VAB) and its sensory receptors,
superficial neuromasts (SN) specifically found within the cavefish eye orbit (EO), are genetically correlated with
reduced eye size. The quantitative trait loci (QTL) for these three traits form two clusters of congruent or
overlapping QTL on Astyanax linkage groups (LG) 2 and 17, but not at the shh locus on LG 13. Ablation of EO SN
in cavefish demonstrated a major role for these sensory receptors in VAB expression. Furthermore, experimental
induction of eye regression in surface fish via shh overexpression showed that the absence of eyes was insufficient
to promote the appearance of VAB or EO SN.

Conclusions: We conclude that natural selection for the enhancement of VAB and EO SN indirectly promotes eye
regression in the Pachon cavefish population through an antagonistic relationship involving genetic linkage or
pleiotropy among the genetic factors underlying these traits. This study demonstrates a trade-off between the
evolution of a non-visual sensory system and eye regression during the adaptive evolution of Astyanax to the cave
environment.

Keywords: animal behavior, regressive evolution, constructive evolution, neuromast, hedgehog, tradeoff, quantita-
tive trait locus, eye, QTL cluster, adaptation

Background

The dark and nutrient poor cave environment exerts sub-
stantial pressure upon cave-dwelling animals. Perhaps as
a consequence of these limited resources, cave-adapted
animals from most major phyla exhibit a remarkable
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convergence in morphological and physiological changes
related to cave life, including features that are both con-
structive (the lengthening of legs, fins and antennae, the
appearance of novel behaviors, and elaboration of non-
visual sensory systems) and regressive (the reduction or
loss of vision and pigmentation) [1,2]. Although these
changes have been studied in a diverse set of cave ani-
mals, the genetic and evolutionary mechanisms responsi-
ble for them remain poorly understood.
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Although natural selection is probably involved in the
evolution of constructive cave adapted phenotypes [3],
the evolutionary forces driving regressive changes are less
certain. Darwin suggested that eye degeneration - one of
the most conspicuous traits found in cave animals -
evolved due to disuse [4]. This idea was refined by others
to implicate neutral mutation and genetic drift as a con-
sequence of relaxed selection for vision in the cave envir-
onment [5,6]. The neutral hypothesis was favored until
recently when the results of new genetic and develop-
mental studies supported the adaptive evolution of eye
regression in cave animals. Three competing hypotheses
have been proposed for the adaptive evolution of eye
regression: (1) direct natural selection against eyes to
conserve energy in the resource poor cave environment
[7]; (2) indirect selection against eyes to open sufficient
space for the elaboration of constructive characters
[2,8-10]; and (3) indirect selection against eyes due to the
enhancement of traits that are negatively linked to optic
development by antagonistic pleiotropy [11,12]. Distin-
guishing among these hypotheses has been difficult since
the genetic basis of eye reduction is unknown in cave-
dwelling animals.

The teleost Astyanax mexicanus is an excellent model
organism for studying the evolution of traits associated
with cave life, including eye regression [5,13-16]. Within
the past few million years, at least five independent colo-
nizations by two different migrational waves of eyed sur-
face fish have established 29 geographically isolated
Astyanax cavefish populations in northeastern Mexico
[17-20]. After subsequent radiation underground, the
founder cavefish populations became isolated in separate
caves and evolved eye regression, reduced pigmentation
or albinism, enhanced sensory systems and behavioral
changes associated with cave life [5,11,12,21-32]. Despite
this isolation, Astyanax surface fish and cavefish are
interfertile in the laboratory, allowing the evolution of
constructive and regressive traits to be studied by genetic
analysis.

Previous studies reported that eye degeneration in
Astyanax is triggered by lens apoptosis and dysfunction
due to expanded sonic hedgehog (shh) gene expression
along the embryonic midline [25,26]. Additionally, shh
hyper expression was shown to increase jaw width and
taste bud number, and to mediate the expansion of the
forebrain and hypothalamus [11,22]. In a recent study,
Elipot et al. found that sh/ modifies the hypothalamic
serotonergic network and increases foraging efficiency in
cavefish by shifting behavior from fighting to foraging
[32]. These experiments support the hypothesis that eye
regression in Astyanax has evolved at least in part as a
result of indirect selection against eyes in favor of
increased feeding efficiency through pleiotropy of the shh
genes. However, recent genetic studies have discovered 8
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to 12 quantitative trait loci (QTL) involved in eye reduc-
tion in Astyanax cavefish [5,7,33], but none that are
linked to either the shhA or shhB genes, suggesting that
upstream modulators of the SHH signaling system and/
or other genetic factor(s) may be important in eye regres-
sion (for review, see ref. [3]).

In the present study, we launch an alternative approach
to address the evolutionary mechanisms involved in eye
degeneration. Assuming a positive relationship between
visual decay and the evolution of constructive changes in
other sensory systems - as has been proposed by many
previous investigators [2,8,10,34,35] - we investigated the
genetic basis of a constructive trait, the vibration attraction
behavior (VAB), to evaluate its possible relationship to eye
degeneration. VAB is the swimming of cavefish toward an
oscillating object, a behavior that has evolved repeatedly in
different Astyanax cavefish populations [27,36,37] and
which may be present in Amblyopsid cavefish as well
[38,39]. VAB is mediated by an increase in the number
and size of cranial superficial neuromasts (SN) in cavefish
[27]. Although VAB is usually absent in surface fish, a
small proportion of those raised in the laboratory can
show a weak form of VAB. In wild populations of surface
fish, VAB is presumably deleterious since it may be easily
detectable by predators [40]. In contrast, VAB is adaptive
in cavefish since it increases foraging in an environment
devoid of light with sparse food and no macroscopic pre-
dators [27,40].

Here we report the results of genetic analyses of VAB,
SN enhancement and eye size. Using this approach, we
discovered that the QTL underlying VAB, a specific class
of SN located within the cavefish eye orbit (EO), and
reduced eyes form two distinct clusters of overlapping
QTL that together explain a significant portion of the
genetic variation underlying these traits. By ablation of EO
SN, we discovered that these sensory receptors contribute
to VAB. Moreover, by shh overexpression, we also showed
that induction of eye degeneration in surface fish did not
induce VAB or increase EO SN, suggesting that these
traits are part of an antagonistic system impacting eye for-
mation that is independent of SHH signaling, and that the
extra space opened by eye regression is insufficient to pro-
mote the appearance of these constructive traits. There-
fore, we propose that the adaptive evolution of VAB and
EO SN enhancement has contributed to eye degeneration
in Astyanax cavefish.

Results

A small number of genetic factors control VAB and

SN number

To determine the phenotypic and genetic relationship
among eye size, VAB and SN enhancement, we first esti-
mated the number of genetic factors that control these
traits. We crossed a female Texas surface fish with a
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male Pachdn cavefish and raised about 130 F; individuals.
One pair of these F; progeny was crossed to generate 384
F, individuals for phenotypic and genetic analysis. We
then measured the degree of VAB, SN number and size
at suborbital bone 3 (SO-3 SN) [41], SN number within
the eye orbit (EO) and overall eye size in each individual.
The distribution of VAB and SN scores among the Py, F;
and F, generations suggests that all four traits are herita-
ble and controlled by one or more genetic factors (Figure
1A-D). Classic Castle-Wright estimates of the effective
number of loci for VAB, SO-3 SN number and diameter,
and EO SN number were 2.0 + 1.0, 3.9 + 1.2, 0.2 £ 0.1
and 20.9 + 22.1, respectively (mean + standard error of
the mean, s.e.m.). However, because the F, individuals
from this cross did not recapitulate the entire distribution
of cavefish VAB phenotypes (Figure 1A), we crossed
another pair of F; progeny from the same P, to generate
an additional F, family. We used marker-assisted selec-
tion to choose three pairs of F, individuals from this
family that were hetero- or homozygous for cavefish
alleles at two putative VAB and three SO-3 SN QTL loci
(see Methods). We then crossed these F, in order to gen-
erate 91 F3 individuals that recovered the entire cavefish
VAB phenotype, although the distributions for SO-3 and
EO SN remain somewhat restricted (Figure 1A-D). In
combination with the original 384 F,, these additional F3
were included to increase our ability to detect correla-
tions and QTL for the VAB, SN and eye size phenotypes.

VAB and eye size are strongly correlated with EO SN

but not SO-3 SN

Since SN are the sensory receptors that facilitate VAB
[27], we expected the number of SN to be strongly cor-
related with the level of VAB in our hybrid families. In
a previous study using cavefish, surface fish and their F;
progeny, we found a significant positive correlation
between VAB and the number of SN at SO-3, which are
located in the cranial region immediately ventral to the
EO [27]. However, in the present study using both F,
and Fj3 hybrids, we found that the correlation between
these two traits was not significant (r = 0.13, P = 0.052;
Figure 1G), although the correlation between VAB and
SN diameter at SO-3 was significant (r = 0.14, P =
0.044; Figure 1H). This new result suggests that the
number of SN at SO-3 may not be the most important
parameter determining VAB. After further examination
of SN within the cranial regions of surface fish and
cavefish, we found that SN are located in the EO in
cavefish (yellow dotted line in the bottom of Figure 1N)
and in F, and F3 hybrids with reduced eyes, but not in
surface fish (yellow arrow in the bottom of Figure 1L,
M: F3; Figure 1K: surface fish). In contrast to the results
for SO-3 SN, we found that the number of EO SN was
positively correlated with VAB (r = 0.29, P < 0.001;
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Figure 1F) and negatively correlated with eye size (r =
-0.44, P < 0.001; Figure 1J), and that eye size was also
negatively correlated with VAB (r = -0.26, P < 0.001;
Figure 1I). These results suggest that VAB may be
mediated by an increase in EO SN and that both traits
are negatively correlated with eye size.

Genetic linkage mapping and QTL analysis

To determine the number and position of the genetic loci
controlling VAB, SN number and eye size, we first con-
structed a genetic linkage map of the Astyanax genome
from 246 markers genotyped among 384 F, individuals.
Most of the markers represent randomly-distributed
microsatellite polymorphisms, but we also included 28
markers representing candidate genes for SN develop-
ment, behavioral variation and other previously mapped
traits (for example, ngnl, eyal, nrg2, the Sht serotonin
receptors, the mao serotonin enzyme, the sert serotonin
transporter, shh, pax6 and oca2) [7,23,42]. Our linkage
map recovered 27 linkage groups (LG) spanning 1,513
cM (Figure 2). Since Astyanax have 25 haploid chromo-
somes [43], this map likely covers the entire genome.
Our map is comparable to a previously published Astya-
nax genetic map [23] constructed from a cross between a
Mexican surface fish and Pachén cavefish. Small discre-
pancies in marker order and inter-marker distance
between this previous map and ours are likely due to the
use of different surface fish populations.

Using this linkage map, we performed three types of QTL
scans: (1) classic interval mapping with a single-QTL model
treating the F, and F3 separately, as well as combining these
F, and F; datasets; (2) a modified single-QTL analysis using
both F, and F3 but accounting for kinship among these
generations in QTLRel [44]; and (3) multiple QTL mapping
with both F, and F; as implemented by the function stepwi-
seqtl in R/qtl [45,46]. By comparing the results of the first
and second analyses (Additional file 1, the left and right col-
umn), we assessed the consistency of our QTL scans as well
as the potential noise caused by using multiple generations.
If the results were similar and relatively unaffected by kin-
ship (see variance components in Additional file 2), we
then applied the multiple QTL scan in stepwiseqtl since our
Castle-Wright estimates suggest that a minimum of two or
more loci control most traits (see above). We analyzed six
traits using the classic and modified single-QTL models
(VAB, SO-3 SN number, SO-3 SN diameter, EO SN num-
ber, eye size/SL and, as a control, albinism). We found simi-
lar results for all traits except SO-3 SN number and
diameter (Additional file 1D, E). These two traits exhibited
large variance components due to kinship and we thus
dropped them from further analysis. The variance compo-
nents of the remaining traits were small (Additional file 2).
Using stepwiseqtl with both F, and F3 to analyze albinism
and eye size, we were able to detect two previously-reported
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Figure 1 Genetic analysis of VAB, SN and eye regression. (A-E) Histograms showing (A) VAB level (square-rooted number of approaches, or
NOA), (B) SO-3 SN number, (C) EO SN number, (D) SO-3 SN diameter, and (E) eye diameter in surface fish, cavefish and their F; progeny (upper
frames), and the F, and F3 generations (lower frames). The F; and F, phenotypes are intermediate between surface fish and cavefish, and the
sum of F, and F3 phenotypes covered most of the range of phenotypes for each trait between surface fish and cavefish, although the
distributions of SO-3 and EO SN numbers remain somewhat restricted towards the surface fish phenotype. (F-G) Regression analysis showing the
relationships between VAB and (F) EO SN number, (G) SO-3 SN number, (H) SO-3 SN diameter, and (1) eye diameter/SL. (J) The relationship of SN
number at EO and eye diameter/SL. EO SN number and SO-3 SN diameter were both positively correlated with VAB level, which was negatively
correlated with eye size. EO SN number was also negatively correlated with eye size. Linear regression lines are shown in red. (K-N) Bright field
images (upper) and DASPEI-stained neuromasts (lower) compared among (K) surface fish, (L-M) two examples of F5 hybrids, and (N) cavefish.
Scale bar in (N) is equal to 1.0 mm. In K-N, circles outlined by white dashed lines indicate the edges of the eye, red dashed lines indicate the
lines of suborbital canal neuromasts in the head lateral line, the areas enclosed by the blue dotted lines indicate the approximate outline of the
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Figure 2 Astyanax mexicanus genetic linkage map from a Texas surface fish x Pachon cavefish cross. The names of the genomic markers
are indicated at the right of each linkage group. LG ids for this cross are shown at the top with LG ids corresponding to the numbering scheme
of Protas et al. [23] made from the F2 progeny of Mexican surface fish x Pachon cavefish cross shown in parentheses. NA indicates that there is
no homologous linkage group in Protas et al. [23]. The bars denote Bayesian credible intervals with probability coverage as 0.95. New genes
placed on the map in this study were the 5-hydroxytryptamine (serotonin) receptors (5ht1A, 5ht2A, 5ht2B, 5ht2C, 5ht2C_like), dopamine receptor
D1 (drd1), eyes absent homolog 1 (eyal), monoamine oxidase (mao); melanin-concentrating hormone receptor 2 (mchr2), neurogenin 1 (ngn'),
neuregulin 2 (nrg2); pro-melanin concentrating hormone (pmch); profilin 2 (pfn2); serotonin transporter (sert); tyrosine hydroxylase 1 and 2 (th,
th2); and tryptophan hydroxylase 2 (tph2). Other genes (cryaa, hsp90a, igfbp5, mclr, mc2r, mchir, oca2, paxé, shhA, shroom?2, tfe3) were
genotyped and mapped as in previous studies [7,22,34].
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QTL for albinism at the oca2 gene locus on LG1 [23]
(Table 1, Additional file 1F, G) and for eye size on LG 2
[33]. We conclude that we can safely drop relatedness for
the remaining traits and, therefore, show the results for
multiple QTL mapping using the combined F, and F3
datasets.

Two QTL for cavefish VAB at 35 Hz but not other
frequencies

We initially surveyed QTL for VAB at different vibration
stimuli. As reported previously, cavefish show the stron-
gest VAB at 35 Hz and intermediate-levels at 10 and
50 Hz; additionally, some surface fish show an intermedi-
ate-level of VAB at a broad range between 5 and 35 Hz
[27,40]. By performing an abbreviated QTL scan using
the single-QTL model, we detected two significant QTL
for VAB, but only with the 35 Hz stimulus (Figure 3A).
This indicates that cavefish VAB at 35 Hz has a genetic
basis. The same VAB QTL were revealed using stepwi-
seqtl mapping below.

Two QTL clusters control VAB, EO SN number and eye size

By performing stepwiseqtl, we detected nine QTL: two each
for VAB and EO SN number on LG 2 and 17, and five for
eye size on LGs 2, 4, 6, 16, and 17 (Figure 3, Table 1). The
QTL for VAB and EO SN number were relatively consis-
tent across all types of analyses, allowing for some variation
since single-QTL models are not designed to detect QTL
for complex traits. The eye size QTL on LG 2 and 17 were
also consistent among analyses, but the eye QTL on LG 4,
6 and 16 were not evident in the single-QTL scans (Addi-
tional file 1B, left column). Although this result may be
expected since eye size is genetically complex in Astyanax
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[33], these three QTL will need to be confirmed in future
analyses. We did not detect significant epistasis among any
of these QTL (Figure 3, Table 1). For each phenotype, the
sum of detected QTL accounted for 19.8%, 18.5% and
40.1% of the total phenotypic variance in VAB, EO SN
number and eye size, respectively (Table 1). Although the
QTL for these three traits were found on five different link-
age groups distributed throughout the Astyanax genome,
the Bayesian credible intervals for six VAB, EO SN and eye
size QTL formed congruent or overlapping clusters on
LGs 2 and 17 (1 cM overlap at the 47 ¢cM position in LG 2,
and 5 ¢cM overlap at the 3 to 8 ¢cM position of LG 17;
Figures 2 and 3B, C). Particularly noteworthy, the credible
intervals for the two most significant eye size QTL overlap
with the two QTL for VAB and EO SN number (Figure
3B, C). The observed number of QTL clusters for these
three traits is significantly higher than expected by
under a Poisson distribution (X* = 98.2, df = 3, P = 3.8 x
107%") [47]. Since alleles located within short genomic
regions are generally inherited together as a unit, these
QTL clusters support the physical correlations we found
for VAB, EO SN number and eye size (Figure 1F, [, J).
Further examination of these overlapping QTL sup-
ports the hypothesis that VAB is enhanced by expanding
the number of SN within the EO at the cost of eyes. We
found that the cavefish alleles at each QTL shift the
VAB, SN and eye size phenotypes in the direction
expected given the distribution of these phenotypes
between the surface fish and cavefish Py; when VAB
level was high there were more SN and smaller eyes
than when VAB level was low or absent (Table 1; see
insets of Figure 3B, C; and Additional file 3). None of
the 28 candidate genes were associated with any of the

Table 1 A summary of the location and effect size of significant QTLs for six traits

Trait N Linkage Group Position LOD PVE Effect size and direction
VAB 227 Total: 19.79 VNOA (0 to 7.68)
2 510 385 6.52 +1.11

17 4.0 5.69 9.81 +1.22

EO SN number 253 Total: 18.54 SN number (0 to 10)
2 750 5.74 898 +2.02

17 8.0 3.84 5.89 +1.51

Eye diameter/SL 350 Total: 40.13 Eye-size/SL (0.0558 to 0.1382)
2 289 1022 8.62 -0.0128

4 484 493 4.01 +0.0068

40 544 444 -0.0065

16 54.0 783 6.50 -0.0078

17 80 946 7.94 -0.0111

Albinism 254 Albino (0) - Pigmented (1)
1 16.0 5591 63.71 -0.86

N is the number of F, and F3 individuals used, LOD is the log of odds ratio, and PVE is the percentage of phenotypic variance explained. The summed PVE of all
QTL are shown at the top row of each trait (at Total:). Effect size and direction (positive and negative) of QTL refers to the magnitude of shift between
homozygotes of surface fish alleles and cavefish alleles. The numbers in parentheses indicate the ranges of phenotypes. Three QTL for eye diameter/SL at LG 4, 6

and 16 require further analyses to be confirmed (see Results).
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Figure 3 QTL mapping of VAB, SN number and size, and eye size. (A) LOD scores computed with single-QTL model genome-scan are
plotted against the distance across each linkage group (LG). Red solid lines indicate LOD scores for VAB-level at 35 Hz vibration stimulus, yellow
dotted lines for VAB at 50 Hz stimulus, and lime green dotted lines for VAB at 10 Hz stimulus. Significant VAB QTL were detected at LG2 and 17
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denote Bayesian credible intervals with probability coverage as 0.95 for each significant QTL. Insets with gray background show effect plots of
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heterozygote, and Cf/Cf, cavefish homozygote. Horizontal dotted lines are genome-wide significant thresholds (P < 0.05) calculated from the
single-QTL model (see Methods).
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9 QTL. As reported previously [7,33], the shhA locus
was not located in or near any of the eye size QTL (see
at LG13 of Figure 2). In addition, alphaA crsytallin
(cryaa) and shroom2, which were located within eye
QTL in a previous study [3], did not map to an eye size
QTL in the present analysis. The significant clustering
of VAB, EO SN and eye size QTL on LG 2 and 17 sup-
ports the conclusion that the genetic factors responsible
for VAB and EO SN enhancement are also responsible
for eye regression, either as a result of genetic hitchhik-
ing or pleiotropy.

The EO SN are major receptors for VAB

The results of the quantitative genetic analyses suggest
that VAB and EO SN number are phenotypically and
genetically linked to eye size in Astyanax cavefish.
These results raise the intriguing possibility that VAB is
facilitated by an increase in EO SN in cavefish. To test
this hypothesis, we compared the level of VAB among
cavefish whose area of EO or SO-3 SN were ablated.
Following EO SN ablation, cavefish showed a significant
decrease in VAB (paired t-test: tg = 3.66; P = 0.005;
Figure 4A, D; ablated areas in the EO region are shown
in Figure 4B; EO SN numbers before ablation are shown
in Figure 4C). In contrast, cavefish showed only a minor
reduction in VAB following ablation of SO-3 SN, which
was not significant (paired t-test: tg = 0.68; P = 0.524;
Figure 4D). Although the EO SN ablation included a
part of the SO-3 region, as well as some canal neuro-
masts (Figure 4B), EO SN were consistently removed,
whereas SO-3 ablation removed more SN than the total
number of EO SN (number of ablated SN in the EO SN
ablation: 38.5 + 7.8; in the SO-3 SN ablation: 98.0
27.1; mean * s.e.m.; t;5 = -2.45, P = 0.027). Thus, even
though cavefish have fewer EO SN than SO-3 SN, these
ablation experiments provide strong evidence that SN in
the EO area are the main sensory receptors responsible
for VAB.

shh-mediated eye degeneration is insufficient to facilitate
VAB and EO SN

Although the genes that increase VAB and EO SN may
drive eye regression through genetic hitchhiking or pleio-
tropy (see also Figure 11, J), it is still possible that reduced
eye size alone may increase VAB. To test this alternative
possibility, we further compared the level of VAB among
surface fish with experimentally regressed eyes following
shhA overexpression [26]. In addition to eye size,
expanded shh expression is also known to increase jaw
width and taste bud number in cavefish [11], suggesting
that this pathway could potentially alter SN number or
VAB. Following shhA mRNA overexpression, eye dia-
meter varied considerably among surface fish (horizontal
axis on Figure 5A-D), but was not associated with a

Page 8 of 15

significant increase in VAB (r = -0.12, P = 0.53), EO SN
(r = 0.00, P = 1.00), or SO-3 SN (r = 0.20, P = 0.29)
(Figure 5B-D). These results suggest that shi-induced
eye regression is insufficient to increase EO SN and VAB
and that the molecular pathway decreasing eye size con-
comitantly with VAB and EO SN enhancement is parallel
to the SHH pathway. We conclude that the same or clo-
sely linked genetic factors responsible for the enhance-
ment of EO SN and VAB are also responsible for the
reduction in eye size (Figure 6).

Discussion

We have shown that eye regression in Astyanax cavefish is
phenotypically and genetically correlated with the evolu-
tion of VAB, an adaptive trait controlling feeding efficiency
[27], as well as the enhancement of its sensory receptors,
SN specifically localized within the EO. Genetic mapping
studies revealed clusters of congruent or overlapping QTL
on LG 2 and 17 that control eye size, VAB and the num-
ber of EO SN. In addition, we have also demonstrated a
significant role of the EO SN in VAB, and that the open
space created by shh-induced eye degeneration is insuffi-
cient to promote VAB or SN enhancement. This experi-
mental result further highlights the importance of the
genetic linkage between eye loss and the VAB sensory sys-
tem. Our results support the hypothesis that selection for
an adaptive behavior and its underlying sensory receptors
are enhanced in cavefish at the expense of eyes. To our
knowledge, this is the first study to report phenotypic and
genetic relationships between a regressive phenotype, an
adaptive behavior and the sensory system responsible for
this behavior.

We have discovered a significant genetic correlation
between VAB and EO SN number but not between VAB
and SO-3 SN number and size. This result was surprising
in light of our previous studies, which found that removal
of SO-3 SN reduced (but did not eliminate) VAB [27]. A
possible explanation for this discrepancy is that the physi-
cal SN ablation method used in our previous study did not
discriminate effectively between EO SN and SO-3 SN,
which are present in adjacent regions in the cavefish cra-
nium, or that the actual contribution of SO-3 SN to VAB
is minor compared to that of EO SN. Our current ablation
study supports either explanation by showing that EO SN
are the major VAB receptors, whereas SO-3 SN, despite
their larger number, have only a minor role in VAB
(Figures 1 and 4). Although our EO SN ablation experi-
ment also ablated some SO-3 SN and canal neuromasts,
we conclude that the latter receptors play a minor role in
VAB for two reasons. First, in the SO-3 SN ablation
experiment, more SN were ablated than EO SN. Yet,
despite the loss of more SN in SO-3, the level of VAB was
not attenuated significantly (Figure 4). In contrast, deleting
a much smaller population of EO SN resulted in a
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Figure 4 Effects of bilateral SN ablation on VAB in cavefish. (A) Comparison of DASPEI-stained EO SN and SO-3 SN in the ablated areas. The
SN present before but absent after ablation within the two ablated regions (outlined by dashed white lines) are pseudo-colored in red. The red
dashes indicate the line of suborbital canal neuromasts in the head lateral line and the areas enclosed by the blue dashed lines indicate the SO-
3 region; the areas between the suborbital canal lateral line (red dashes) and dashed yellow lines represent the region containing EO SN. Scale
bar in (lower panel of A) is 1.0 mm. (B) Schematic drawing of the ablated areas of 10 cavefish in the EO SN ablation experiment. Each
experiment was color-coded. The snout is shown at the left. The ablated area included both the EO region and a part of the SO-3 region. The
suborbital canal lateral line is indicated with red line. (C) The EO SN number of cavefish prior to ablation of EO or SO-3 SN. There was no
difference in EO SN number between these two groups (£ = -0.54, P = 0.614; n = 10 for EO SN ablation; n = 7 for SO-3 SN ablation). (D) VAB in
cavefish before SN ablation and four to six days after SN ablation. Values are means + s.e.m. **: P < 0.01. n.s.: not significant. Number of cavefish
used were: n = 10 for EQ, n = 7 for SO-3. Rod vibration at 35 Hz was used to measure VAB.

dramatic and statistically significant reduction in VAB
(Figure 4). Second, in several former studies, the involve-
ment of canal neuromasts in VAB was excluded through
three observations: (1) selective SN ablation was enough
to decrease VAB even while maintaining canal neuromasts
[27], (2) cavefish VAB was tuned to the frequency at the

peak sensitivity of SN but not of canal neuromasts [27],
and (3) the selective interference with canal neuromasts
failed to attenuate the response [37]. So what makes EO
SN necessary for VAB? It is possible that there are struc-
tural or neural circuitry differences between the two popu-
lations of EO and SO-3 SN that may account for our
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results, or that the EO SN are better positioned above the
eye socket to detect fluctuations in water due to the bul-
ging shape of the adipose tissue plug that fills the eye
orbits of cavefish [5] or bulging eye balls of F, and F3
hybrids [48]. However, since the level of VAB did not drop
to zero in our EO SN ablation, it seems likely that other
SN contribute to VAB as well, possibly including SN at
SO-3 and on the dorsal trunk [27].

Our present investigation has also clarified the differ-
ence between the strong type of VAB observed in cave-
fish (10+ approaches towards a vibrating object) and the
weaker form previously detected in a small proportion
of surface fish raised in the laboratory (> 4 approaches)
[27,40]. Cavefish VAB peaks at 35 Hz, whereas surface
fish VAB shows a continuous low activity from 5 to 35

Hz [27,40]. In this study, VAB showed two genetic com-
ponents detectable at 35 Hz, but none at 10 or 50 Hz,
suggesting that the weak form of surface fish VAB
appears without a major genomic change and could be
accomplished through environmental effects and/or
developmental plasticity. Considering that at least three
cavefish populations (Pachén, Los Sabinos and Piedras
cavefish) exhibit a strong form of VAB [27,49], VAB
may, therefore, represent a broadly distributed evolu-
tionary trait in cavefish. The elaboration of SN at a new
site, the EO, could have been a key factor in the evolu-
tion of VAB during adaptation to subterranean habitats
[10,40]. Determining the mechanisms underlying EO SN
development and VAB among independently evolved
cave populations [50,51] could open a path to
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Figure 6 Schematic diagram showing correlations among four
traits examined in this study. Yellow and green dots represent EO
SN and SO-3 SN, respectively. Red arrows indicate significant
positive correlations (denoted by “+"), shown in this study and
previous studies [27]. The statistics of positive correlation between
EO SN and SO-3 SN were r = 0.24, P < 0.001, n = 247. Black arrows
with dotted lines indicate significant negative correlations (denoted
by “-") determined in the present study.

understanding the origins of neurological and behavioral
novelty during evolution.

The major conclusions of this study are that EO SN
number is strongly correlated with both VAB and eye size,
and that all three traits are controlled by QTL on LGs 2
and 17 with congruent or overlapping Bayesian credible
intervals. These results suggest that the gene loci responsi-
ble for VAB, EO SN number and eye-size may be subject
to possible physical linkage and genetic hitchhiking or
may in fact be the same genes with pleiotropic effects. The
existence of QTL clusters could facilitate rapid adaptation
to environmental changes by concurrently fixing multiple
beneficial traits. Previous QTL analyses have also shown
tight linkages and overlapping QTL for several other cave-
fish traits, including eye size, lens size, taste bud number,
tooth number, melanophore number and chemical sense
ability [7,33]. This observation suggests that adaptation to
cave life in Astyanax is the result of tradeoffs among many
phenotypic traits, possibly through functional shifts within
pluripotent neural crest cells which contribute to most of
the above traits through developmental processes [52].
However, one must note that widespread clustering of
QTL does not necessarily entail a phenotypic tradeoff. In a
previous scan of QTL in Astyanax, Protas et al. reported
the overlap of six QTL for eye size and melanophore num-
ber (MelE), yet the phenotypic correlation between these
traits is only r = -0.05 [7,33].

The present investigation provides a clear example of
a tradeoff between constructive traits (VAB and EO SN)
and a regressive trait (eye size) in parallel to the SHH-
signaling pathway. The short genomic distance between
the QTL for eye regression, EO SN and VAB [11] could
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be a key factor in promoting the rapid adaptation of
Astyanax to a novel environment. In other rapidly evol-
ving animals, such as African cichlids and three-spined
sticklebacks, QTL clusters have also been shown to con-
trol groups of potentially advantageous traits, including
sex determination and body color, and body shape and
plate number [53,54].

Conclusions

We have discovered a significant genetic correlation
among eye size, VAB and EO SN number. Our results,
therefore, support the hypothesis that eye loss has
evolved in Astyanax cavefish as a result of indirect
selection against eyes due to a trade-off between two
constructive traits, VAB and EO SN enhancement,
based either on genetic hitchhiking or pleiotropy. There
has been a long-standing debate on the neutrality or
benefit of eye regression in cave animals [1,2,4,34,35].
Since cave-adapted arthropods exhibit reduced eyes and
elongated sensory antennae [1,2,8], the loss of eyes as a
result of selection for increased tactile sensitivity is an
attractive general hypothesis for the convergent evolu-
tion of eye regression in cave fauna.

Methods

Biological materials and crosses

Astyanax mexicanus surface fish used in this study were
laboratory raised descendants of original collections
made in Balmorhea Springs State Park, Texas, and cave-
fish were laboratory raised descendants of original collec-
tions from Cueva de El Pachdn (Pachén cavefish) in
Tamaulipas, Mexico. We generated all hybrid progeny
from an original mating between one pair of cavefish and
surface fish [11,41,55,56]. One pair of F; hybrids from
this cross was mated to generate 384 F, individuals for
phenotypic and genetic analysis, while another pair of F;
hybrids was crossed to generate a second group of about
200 F, progeny. These F1 hybrids were randomly
selected. We genotyped this second set of hybrids at mar-
kers 017a, 215d, 145a, 204d and 218e, which are near
potential VAB (017a and 215d) and SN (145a, 204d and
218e) loci identified by a preliminary QTL scan using
384 F, individuals. To overcome a reduced rate of spawn-
ing in this group, we chose three pairs of F, progeny that
were either homozygous or heterozygous for the cavefish
alleles at the marker loci and crossed them to generate
91 F3 progeny. Although these hybrids exhibited a
reduced rate of spawning, there was no noticeable differ-
ence in their survivability. Hybrids were fed living Arte-
mia larvae and were maintained individually in 500 ml
tanks or in groups of approximately 10 in 3 L tanks. We
phenotyped each hybrid once for SN number and eye
size and two or three times for VAB when they were one
to two years old. Because of the limitations of tank size
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[57], hybrids of different ages approximate the same stan-
dard length (approximately 3 cm) and there is no positive
relationship between age and SN number at either SO-3
or the EO (Additional file 4). Additionally, the results of
our QTL scans did not differ when including age as a
covariate (data not shown). The animal procedures used
in this study were approved by the University of Mary-
land Animal Care and Use Committee and conform to
NIH guidelines.

Marker genotyping

We isolated genomic DNA from fin-clips using the
DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA)
or the quick extraction protocol [58]. We genotyped fish
for 226 genome-wide polymorphic microsatellite loci
described previously [23] and for polymorphisms within
or near 20 candidate genes for SN number and beha-
vioral variation. We successfully genotyped 93,208
(95.6%) of these microsatellite markers among 382 F,
and 11,375 (95.5%) of 125 selected microsatellite markers
among 91 F;. Candidate gene homologues were identified
in the fugu, medaka, stickleback, tetraodon and zebrafish
genomes. Degenerate primers were designed to match
the most conserved amino acid regions using CODEHOP
[59] or SCPrimer [60]. We performed degenerate PCR on
genomic DNA extracted from the fin-clips of P, surface
fish and Pachén cavefish using Takara LA Taq DNA
polymerase (Clontech, Mountain View, CA, USA) and
the following touch-down program: 1 cycle at 94°C for
90 sec; 3 cycles each at 94°C for 20 sec, 63°C for 20 sec
and 68°C for 2.5 minutes; 3 cycles each at 94°C for
20 sec, 61°C for 20 sec and 68°C for 2.5 minutes; 3 cycles
each at 94°C for 20 sec, 59°C for 20 sec and 68°C for
2.5 minutes; 30 cycles at 94°C for 20 sec, 57°C for 20 sec
and 68°C for 2.5 minutes; and finally 1 cycle at 72°C for
4 minutes, followed by a 4°C incubation. PCR fragments
were characterized by either direct sequencing with the
same degenerate primer used for PCR or by conventional
sequencing after sub-cloning into the pCRII plasmid
using the TOPO TA Cloning Kit (Invitrogen, Grand
Island, NY, USA). The homology of each candidate gene
fragment was confirmed by blastn. After sequencing each
candidate gene region in surface fish and Pachén cave-
fish, the sequences were extended with primers designed
from known sequences using the GenomeWalker™ Uni-
versal Kit (Clontech), and aligned using either Vector
NTI (version 7, InforMax, Bethesda, MD, USA) or
Sequencher™ (version 5, Gene Codes Corp., Ann Arbor,
MI, USA) software to identify microsatellite and single
nucleotide polymorphisms (SNPs). Microsatellite poly-
morphisms were genotyped as described by Protas et al.
[23] after designing primers in Primer3Plus [61]. SNPs
were genotyped by either Tagman® (Roche Applied
Science, Indianapolis, IN, USA) or HybProbe (Roche
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Applied Science) technology. Primers and fluorescent
probes were designed using Primer Express (version 3.0,
Applied Biosystems, Carlsbad, CA, USA) or LightCycler®
Probe Design Software 2.0 (Roche Applied Science),
respectively. The primer and probe sequences for these
candidate genes are provided in Additional file 5.

Vibration attraction behavior

We assayed VAB as described previously [27,49]. Briefly,
four or five days before the beginning of an assay, indivi-
duals were acclimated in a cylindrical assay chamber
(Pyrex 325 ml glass dish, 10 cm diameter x 5 cm high,
Corning, Corning, NY, USA) filled with conditioned water
(pH 6.8; conductivity approximately 600 pS). During the
assays, vibration stimuli were created using a 7.5 mm-dia-
meter glass rod vibrating at 35 Hz using a Leader LG1301
function generator (Leader Instruments Corp., Cypress,
CA, USA) with an audio speaker (Pro Speakers, Apple,
Cupertino, CA, USA). The number of approaches (NOA)
to the vibrating rod was video recorded during a three-
minute period under infrared illumination (880 nm wave
length, BL41192-880 black light, Advanced Illumination,
Rochester, VT, USA), and counted using Image] 1.42q
software (NIH, Bethesda, MD, USA).

Eye measurements

Eye size was determined from photographs of each fish
by digitally measuring the diameter of each eyeball
along its rostral-caudal axis using Image]. We standar-
dized these measurements by dividing them by each
fish’s standard length (SL), the length of the body from
the tip of the snout to the base of the caudal fin.

Neuromast vital staining

Neuromasts were vital stained as described previously
[27,49]. Briefly, fish were immersed in 25 pug/ml 2-(4-
(dimethylamino)styryl)-N-ethylpyridinium iodide (DAS-
PEL; Invitrogen, Eugene, OR, USA) [62] dissolved in
conditioned water for one hour, followed by immersion
in ice-cold 66.7 pg/ml Ethyl 3-aminobenzoate methane-
sulfonate salt (MS222, Sigma) in conditioned water. The
specimens were viewed under a fluorescence microscope
(Axioskop 2 equipped with 2.5x Plan-Neofluar lens with
a numerical aperture of 0.075 and a FITC filter set; Zeiss,
Gottingen, Germany); we then photographed the fish
with a Zeiss Axiocam CCD camera. Neuromasts were
quantified on images of DASPEI-stained fish using Ima-
ge] software. SN were counted both in the epidermis
over the cranial third suborbital (SO-3) bone [41] and
within the orbit epidermis dorsal to the line of the subor-
bital canal neuromasts (indicated by red dashed line in
Figure 1L-N). To determine SN size, the long diameter of
the 10 largest SN in the same area was measured and
averaged.
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Linkage and QTL mapping

Following marker genotyping, we used MapManager
QTXb20 [63] software to construct an initial linkage map
of the SNP and microsatellite markers using 384 F, fish
with complete genotype data and the Kosambi map func-
tion. We then used the program R/qtl [45] to identify sta-
tistically unlikely events, such as double crossovers in
adjacent intervals or single crossovers in a small interval
under maximum likelihood estimation [64], to refine mar-
ker order and to estimate inter-marker distances.

We performed QTL mapping using two strategies: (1)
multiple interval mapping via the function stepwiseqt! in
R/qtl [45]; and (2) single-QTL model mapping accounting
for relatedness in the program QTLRel [44]. All loga-
rithms of the odds (LOD) significant thresholds were
determined following 2,000 permutation tests after single-
QTL model mapping with scanone implemented in R/qtl
or scanOne in QTLRel. The 95% Bayesian credible inter-
vals for QTL positions, which are analogous to 95% confi-
dence intervals, were obtained using R/qtl. For multiple
QTL mapping, we first calculated genotype probabilities
for any missing genotype using the calc.genoprob function
before performing the forward/backward model selection
function implemented in stepwiseqtl. Following model
selection, we chose the model with the maximum pena-
lized LOD score generated from 1,200 permutation tests
[65]. For QTLRel mapping, we first generated pedigree
charts for the F, and F3 hybrid families and then calcu-
lated condensed identity coefficients and estimated var-
iance components with the cic function. We used these
variance components when scanning the genome for QTL
using the scanOne function (see Additional file 2). The
genome-wide significant thresholds (P < 0.05) for this lat-
ter analysis were calculated from 2,000 permutation tests.

SN microablation

SN were ablated by a modification of our previous method
[27]. Prior to ablation, we measured VAB and counted
neuromasts stained with DASPEIL Only cavefish showing a
high VAB level (more than 16 NOA) were selected for SN
ablation. SN were ablated by applying Vetbond non-toxic
tissue adhesive (3M, St. Paul, MN, USA) either to the EO
or the SO-3 region using a micro nylon loop, a traditional
embryological tool [58]. After application of tissue adhe-
sive to one side, cavefish were exposed to air for 10 sec-
onds, and tissue adhesive was then applied to the same
area on the opposite side, followed by a second cycle of
air-drying. The treated fish were placed in a 10 cm-dia-
meter cylindrical chamber containing conditioned water at
room temperature. Within a day of active swimming the
tissue adhesive usually peeled off the body, resulting in a
void in the underlying field of SN. After four to six days of
acclimation/recovery, SN ablated fish were subjected to
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the VAB assay followed immediately by staining for one
hour with 25 pg/ml DASPEL

shh overexpression

Overexpression was carried out by injecting zebrafish
shhA mRNA (20 to 80 pg) into two to four cell stage
embryos as described previously [26]. Capped shhA
mRNA was synthesized from the pSP64T plasmid using
the mMESSAGE mMACHINE® SP6 Kit (Life Technolo-
gies, Grand Island, NY, USA).

Statistics

Correlation studies were conducted using IBM SPSS
20.0.0 software (IBM, Somers, NY, USA). Castle-Wright
estimates were performed according to Lynch and
Walsh [66]. Significance of QTL clustering was per-
formed using a goodness-of-fit [47]. We divided the
1,500 cM Astyanax genome into 50 bins of 30 ¢cM each
and counted the number of bins with 0, 1, 2 and 3
QTL. We then compared this observed distribution to
that expected from a Poisson distribution where the
average number of QTL expected per bin is 0.18 (9
QTL divided by 50 bins of 30 cM each).

Additional material

Additional file 1: LOD scores from single-QTL mapping analyses
with or without accounting for relatedness among the F, and Fs.
(A-F) LOD scores computed with classic single-QTL interval mapping
using the F, dataset (blue lines), F3 dataset (green lines), or F, + F5
combined dataset (red lines) in R/qtl (left column) and QTLRel (right
column). In QTLRel, condense identity coefficients were calculated to
adjust background variation according to kinship among the F, and Fs
generations. This analyses found (A) two QTL by the classic scan with the
F, and the F5 dataset (left column), or one QTL (right column) for VAB,
(B) five QTL with the F, and the F5 dataset (left at LG 2, 9, 17 and 23), or
three QTL (right at LG2 and 17) for eye-size, (C) one QTL for EO SN
number in both, no significant QTL for either (D) SO-3 SN number or (E)
SO-3 SN diameter, and (F) one QTL for albinism in the both methods. (G)
The LOD score from multiple QTL mapping of albinism also identified a
single QTL at the oca2 locus, as described previously [23]. The horizontal
lines indicate genome-wide significance of P < 0.05 based on 2,000
permutation tests.

Additional file 2: Variance Components calculated in QTLRel
software. The phenotypes of VAB, Eye size, EO SN number and albinism
exhibited small variance components for both the additive and the
dominance genetic matrixes, whereas SO-3 SN number and SO-3 SN
diameter exhibited large variance components at the dominance genetic
matrix. AA: additive genetic matrix; DD: dominance genetic matrix; and
EE: the residual matrix.

Additional file 3: Scatterplots of phenotypic values against each
genotype at the two cluster loci. Scatterplots of phenotypic values of
VAB (top row), eye size/SL (middle row) and EO SN number (bottom
row) were shown at the marker position of 17b (left column, VAB and
EO SN number), 222d (left column, eye size), and 17a (right column, all
three traits) at linkage group 2 and 17. Blue dots and bars: F, generation,
Green dots and bars: F3 generation. Bars indicate mean + s.e.m. Sf/Sf,
surface fish homozygote; Sf/Cf, heterozygote; and Cf/Cf, cavefish
homozygote. The cavefish alleles at each QTL cluster shift the
distributions of VAB, SN and eye size phenotypes in the direction toward
higher VAB level, more EO SN and smaller eyes.
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Additional file 4: Phenotypic distributions between approximately
one- and two-year-old fish used in current study. The boxplot of
phenotypic distributions were compared between approximately one-
and two-year-old F; fish. The increased VAB levels in two-year-old fish
(top) was not associated with the increases of EO (middle; no significant
difference: n.s; The Mann-Whitney non-parametric test was applied since
phenotypic values were not normally distributed), or SO-3 SN number
(bottom; significantly decreased in two-year-old fish). N were indicated in
the boxes.

Additional file 5: Candidate gene primer and probe sets used in
this study. Primers for the microsatellite markers were designed to
amplify 150 to 350 base-pair genomic fragments containing length
polymorphisms between surface fish and cavefish. Primers and
fluorescent probes for Tagman and HybProbe genotyping methods were
designed to detect single nucleotide polymorphisms between these two
morphs.

Abbreviations

DASPEI: 2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide; EO: eye orbit;
LG: linkage groups; LOD: logarithms of the odds; MelE: melanophore
number above the eye; NOA: number of approaches; QTL: quantitative trait
locus; s.e.m.: standard error of the mean; shh: sonic hedgehog; SL: standard
length of fish; SN: superficial neuromast; SNPs: single nucleotide
polymorphisms; SO-3: suborbital bone 3; VAB: vibration attraction behavior.
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