
 

Development vs. behavior: 
a role for neural adaptation in evolution? 
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ABSTRACT  We examine the evolution of sensory organ patterning in the lateral line system of fish. 
Based on recent studies of how this system develops in zebrafish, and on comparative analyses 
between zebrafish and tuna, we argue that the evolution of lateral line patterns is mostly determined 
by variations in the underlying developmental processes, independent of any selective pressure. 
Yet the development of major developmental innovations is so directly linked to their exploita-
tion that it is hard not to think of them as selected for, i.e., adaptive. We propose that adaptation 
resides mostly in how the nervous system adjusts to new morphologies to make them functional, 
i.e., that species are neurally adapted to whatever morphology is provided to them by their own 
developmental program. We show that recent data on behavioral differences between cave forms 
(blind) and surface forms (eyed)  of the mexican fish Astyanax fasciatus support this view, and we 
propose that this species might provide a unique opportunity to assess the nature of adaptation 
and of selection in animal evolution. 
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Developmental genetics and evolution

A major question in accounting for evolution and speciation, is 
to understand how changes in patterns and forms are generated 
through mutation. This question has been much clarified over the 
past 30 years, with the advent of developmental genetics pio-
neered by Ed Lewis (1978), and it is now clear that the evolution 
of morphologies is a direct result of the evolution of development. 
As a result of this work, major aspects of morphological evolution 
can now be explained in terms of the underlying genetic changes. 
For example, the reason why some animals have two legs, while 
others have 4, 6, 8, 10, 100 or 1,000, has been largely clarified 
as being the result of changes in the function or expression of 
homeobox genes.

It is usually assumed that evolution is driven mostly by natural 
selection, i.e., selection of the fittest. But, is it more advantageous 
to have one pair of legs, or ten, or one hundred, or none? Clearly 
the question makes no sense, as we know of animals who thrive 
with each of those body plans. Yet all species appear by and large 
to have developed morphologies that are wonderfully adapted to 
their way of life, and each morphological novelty seems specifi-
cally tuned to subserve a distinct function, suggesting that natural 
selection has indeed been a major driving force in the evolution of 
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forms. Here we explore the relation between evolution of pattern 
and evolution of function, based on the case of a sensory system 
specific to fish and amphibians, the mechanosensory lateral line 
system.

In most vertebrates, mechanosensory organs of various types are 
randomly distributed over the body surface, unlike in insects, where 
sensory bristles are often arranged in reproducible, species-specific 
patterns, facilitating the genetic analysis of pattern formation and 
pattern evolution (Simpson and Marcellini, 2006). In the lateral line 
system of fish, however, individual mechanosensory organs form 
specific patterns much as in invertebrates, allowing for a detailed 
analysis of pattern formation and evolution.

Function and development of the lateral line system 
in fish

The mechanosensory lateral line system functions as a distrib-
uted, local flow-sensitive device that allows the animal to perceive 
changes in its surrounding world, a sense that has been nick-named 
“touch-at-a-distance” (Dijkgraaf, 1963). It is implicated in many 
aspects of fish behavior such as prey detection, predator avoid-
ance, schooling, rheotaxis, courtship, and many more, depending 
on the species (Montgomery et al., 1995). 
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The elementary unit of this system, the neuromast, comprises 
a core of mechanosensory cells very similar to the hair cells of the 
vertebrate inner ear, surrounded by various types of non-sensory 
support cells. Neuromasts develop during embryogenesis and 
throughout larval life to achieve their final pattern at the onset of 
adulthood (juvenile stage). They remain superficial throughout life, 
or sometimes become embedded in sub-epidermal canals. The 
neuromasts on the body (posterior lateral line, PLL) are arranged 
in patterns that vary widely across teleost species (Webb, 1989), 
although one frequent pattern is an arched line running along the 
side of the fish, dorsal to the horizontal myoseptum (Fig. 1). 

The embryonic development of the PLL depends on the formation 
of an embryonic primordium that moves all the way from the otic 
region to the posterior tip of the body, as first shown in amphibians 
by Harrison (1904) and Stone (1933). During its migration the pri-
mordium deposits groups of cells, the prospective neuromasts, in 
its wake. A similar process of long-range, collective cell migration 
also takes place in the zebrafish, Danio rerio (Metcalfe, 1989). The 
molecular bases of this process have been extensively studied 
over the last decade in the zebrafish Danio rerio (rev. in Ghysen 
and Dambly-Chaudière, 2007, Ma and Raible, 2009, Chitnis et 
al., 2012). The various developmental operations that mediate 
the larval development of the zebrafish PLL, from the embryonic 
pattern (one line of 7 neuromasts), to the juvenile pattern of four 
lines totaling about 50 neuromasts, have also been identified, 
although their molecular mechanisms are still largely unknown. 
Briefly, the transition from embryonic to juvenile patterns includes 
(1) the formation of additional primordia that also move along the 
antero-posterior axis during early larval life  (Ledent, 2002, Sapède 
et al., 2002, Nuñez et al., 2009); (2) the migration of differentiated 
neuromasts along the dorso-ventral axis (Sapède et al., 2002), 
and (3) the formation of intercalary neuromasts in between the 
neuromasts deposited by the migrating primordia (Grant et  al., 
2005, Lopez-Schier and Hudspeth, 2005). Once the juvenile pat-
tern is formed, a subset of superficial neuromasts may become 
embedded in sub-epidermal canals (Wada et al., 2014). A final 
step of amplification, whereby each superficial neuromast of the 
juvenile gives rise to a cluster of neuromasts, takes place during 
adult life (Ledent, 2002, Wada et al., 2013).

Comparative analysis of lateral line development

Previous analyses of lateral line evolution have concentrated 
on comparative descriptions of adult patterns, or more rarely of 
larval patterns (e.g., Webb, 1989, Northcutt, 1990). This approach 
revealed a large diversity of pattern variations, and was used to 
infer putative ancestral patterns. Its strictly descriptive nature, 

however, could yield no information on the mechanisms whereby 
the underlying developmental processes changed or diversified 
during evolution, to generate such diverse patterns.

Our improved understanding of the generative mechanisms 
involved in Danio PLL development has made it possible to in-
vestigate the nature of the developmental changes that underly 
variations in the juvenile/adult pattern. A case in point is the very 
large difference between the juvenile pattern in the Atlantic blue-
fin tuna (Thunnus thynnus), which comprises a single arched line 
slightly dorsal to the horizontal myoseptum (Fig. 2A), and in the 
zebrafish with its four lines of neuromasts extending at various 
dorso-ventral levels (Fig. 2D). Danio and Thunnus belong respec-
tively to the Ostariophysii and the Acanthopterygii superorders of 
teleost fishes, which diverged around 290 Myrs ago (Steinke et al., 
2006, Hurley et al., 2007), and are therefore as distantly related 
as any two teleosts can be. 

	 Even though the juvenile pattern of PLL in Thunnus is 
dramatically different from that in Danio, and in spite of the widely 
different environments they live in, the embryonic patterns are 
indistinguishable between the two species (Fig. 2B, C), and re-
sult from identical processes of cell migration and cell deposition 
(Ghysen et al., 2010). The developmental operations involved in 
the transformation of the embryonic into the juvenile pattern during 
larval life are also the same in Danio and in Thunnus, with only 
one noticeable exception: although in both species there is migra-
tion of differentiated neuromasts along the dorso-ventral axis, this 
migration happens to be ventralwards in Danio, but dorsalwards in 
Thunnus (Ghysen et al., 2012). This small difference has profound 
consequences on the further development of the system, as the 
presence of dorsally migrated neuromasts in Thunnus constrains 
the path of the secondary primordium, resulting in a single line of 
primary and secondary neuromasts, whereas in Danio,  the ventral 
migration of early neuromasts generates a ventral line, coexisting 
with a new lateral line formed by the secondary primordium (Fig. 
3).

A second small difference, extrinsic to PLL development, is the Fig. 1. Codfish. Drawing by H. L. Todd (Brown Goode, 1884).

Fig. 2. The juvenile patterns of Thunnus thynnus (blue-fin tuna, A) and 
of Danio rerio (zebrafish, D) are derived from nearly identical embryonic 
patterns (B,C) respectively. Scale bars, 1 mm.
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position of the dorsal fin. In both Danio and Thunnus, the dorsal 
primordium stops its migration at the anterior edge of the dorsal 
fin. Because this fin is duplicated in acanthopterygians (Mabee et 
al., 2002), the very anterior position of the anteriormost dorsal fin 
of Thunnus (Fig. 3) limits the extent of its dorsal line so drastically 
that this line had not been noticed so far. Altogether, these two 
differences, one intrinsic to PLL development and the other related 
to other aspects of larval development, are entirely sufficient to 
account for the huge difference between the juvenile patterns found 
in Danio and in Thunnus.

We conclude that the same developmental mechanisms - mi-
gration of the embryonic primordium, formation and migration of 
additional primordia, migration of differentiated neuromasts, and 
formation of intercalary neuromasts - are highly conserved between 
zebrafish and blue-fin tuna, although they end up producing very 
different morphologies. The formation of diverse adult PLL patterns 
appears, therefore, not to be the effect of diverse mechanisms, but 
of the diverse use of the same few developmental mechanisms. 
Based on the example of Danio and Thunnus, it seems easy to 
imagine how the same conserved mechanisms could possibly 
generate any PLL pattern (Ghysen et al., 2014). Needless to 
say, we have to know more about the molecular bases of these 
mechanisms to determine to what extent they have been truly 
conserved, and also, to pinpoint the origin of the small changes 
in their deployment that result in large differences in final patterns.

Adaptation vs. exploration

The finding that small differences acting during or shortly after 
embryogenesis may cause major changes in adult morphologies 
is of course not limited to the PLL, raising the question of  whether 
there is any adaptive value in such changes, or whether they just 
reflect small differences in developmental processes, independent 
of any selective pressure. This question is notoriously difficult to 
answer, as it is not possible to rewind the entire process of specia-
tion and examine it at leisure (Gould, 1989). Further, all species 
appear by and large to have developed morphologies that are 
wonderfully adapted to their way of life, suggesting that natural 

selection has indeed been a major driving force in the evolution 
of morphologies. 	

The “Just so stories” of Kipling illustrate how easy it is to “explain” 
the peculiarities of animal shapes and patterns, the problem being, 
of course, that the relevance of such a posteriori explanations is 
very difficult to evaluate in any objective way (Gould and Lewontin, 
1979). Hypotheses aimed at “explaining” this or that morphology as 
a response to some selective pressure are notoriously impossible 
to demonstrate, and the description of a possible “selective pres-
sure” is often considered almost as valuable as the demonstration 
that it actually played a role in the process of speciation!

Looking at morphologies from the point of view of the underly-
ing developmental processes suggests, however, an alternative 
framework. Developmental changes are unavoidable consequences 
of random mutation. Thus any species is bound to continuously 
explore variant morphologies. It has been convincingly argued 
that the molecular basis of morphological variation may most often 
arise through alterations in the control regions of specific genes, 
resulting in changes in their patterns of expression, and ultimately 
in changes in the deployment of downstream elements (Carroll et 
al., 2008). Although we do not know the molecular basis for the 
small difference between the PLL of Danio and Thunnus, it seems 
plausible that a change in signaling pathways downstream of neu-
romast differentiation genes may cause a reversal of the direction 
of movement through the epidermis, from ventralwards in Danio 
to dorsalwards in Thunnus. 

The question, then, is to know whether this change is adaptive, 
i.e., a response to selective pressure, or exploratory, i.e. the result 
of unselected but unavoidable variation. We argue that adaptive 
explanations for the similarity between Danio and Thunnus em-
bryos, and for the difference between the juvenile patterns, are 
difficult to envision, for two reasons that we will examine in turn in 
the following paragraphs.

Adaptive patterns?

Even though the embryonic PLL of Danio and of Thunnus are 
indistinguishable, the response to PLL stimulation differs completely 
between the two species. In Danio the stimulation of the PLL in-
duces the so-called escape reaction: a C-turn followed by a forward 
acceleration of the body (Weihs, 1973). In tuna, PLL stimulation 
triggers a strike reaction: a forward movement accompanied by jaw 
opening (unpublished observations). In yet another species, the 
hunting archer fish, escape and strike reactions co-exist, and share 
a common network of pre-motor (reticulospinal) neurons (Wöhl and 
Schuster, 2007). Thus it appears that conserved motor modules 
may be differentially activated in different species, in response to 
similar stimuli, thereby mediating different behaviours. More gen-
erally, the conservation of PLL patterns in early larvae of different 
species living in different environments (Pichon and Ghysen, 2004), 
and reacting to its stimulation with different behavioral responses, 
suggests that the pattern of the embryonic PLL is dictated by the 
way it develops, rather than shaped by selective pressure.

As concerns the juvenile/adult pattern, the Thunnus pattern is 
common to fishes that live in the open ocean and to fishes that 
live in shallow freshwaters much as Danio does (Nelson, 1994), to 
predators as well as to plant-eaters, etc. This makes it unlikely that 
the dramatic difference in the environments and life styles of Danio 
and of Thunnus has played a major role in shaping their respective 

Fig. 3. Migration of lateral line primordia (white arrows) and of differ-
entiated neuromasts (black arrows). Opposite directions of neuromast 
migration along the dorso-ventral axis, and varying positions of the dorsal 
fin, account for the difference between the four-lined pattern of the zebraf-
ish, and the single line of tuna.
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juvenile PLL patterns. Along the same line, at least one study on 
a monophyletic group of Antarctic fishes (Notothenoids) has led 
to the conclusion that ‘‘differences in lateral line structures, even 
large ones, do not necessarily have consequences for function’’ 
(Montgomery et al., 1994, 1995). If different PLL morphologies may 
underly similar behaviors, whereas common morphologies underly 
species-specific differences in behavior, then we can reasonably 
conclude that specific changes in PLL pattern may not  be identifi-
ably linked to specific selective pressures. 

Adaptation - to what?

These observations suggest that there is no clear relationship 
between the patterning of sensory elements, and the way their 
information is handled to generate an “appropriate” response. 
Whereas the embryonic PLL pattern appears to be dictated by 
the way it develops, the behavioral response that it elicits seems 
rather adaptive, as the difference between the responses of Da-
nio and Thunnus early larvae corresponds well to the different 
conditions they encounter (Ghysen et al., 2014). The ‘‘escape’’ 
reaction of Danio may be very useful if lots of hiding places are at 
close reach, as in the shallow, slow-flowing, well-vegetated waters 
where zebrafish live (Engeszer et al., 2007, Spence et al., 2008). 
A similar escape response would possibly be not so useful in open 
water, because if the predator misses the first time because of an 
‘‘escape reaction’’, it is very unlikely to miss a second time. On 
the other hand, the ‘‘strike’’ reaction of Thunnus may make all the 
difference for a larva that has to eat on its first day of larval life, 
because its yolk sac is exhausted on the next day, contrary to Danio 
larvae that do not need to eat before 3 or 4 days after hatching - a 
time when both species have developed a fully functional visual 
system. Obviously those are no more than plausible speculations, 
or “Kipling-esque” explanations, yet the fact is that  identical PLL 
patterns trigger different, and appropriate, behavioral responses 
in early larvae of Danio and Thunnus.

Bearing in mind the appropriateness of behavioural differences 
between the two types of larvae, we propose that, in the case of the 
embryonic PLL, behavioral differences (motor outputs to lateral line 
inputs) reside in neural adaptations (how brain circuits utilize lateral 
line sensory information) rather than in morphological adaptations 
of the sensory pattern. Thus adaptation would reside mostly in 
neural adjustment to make the best use of sensory systems that 
are patterned, not by adaptive, but by developmental constraints. 
More generally, we propose that organisms neurally adapt to 
whatever tools they are provided with by their own development, 
and use them as best as they can, thereby giving the impression 
that such tools were actually selected for (Ghysen et al. 2014).

Neural adaptation

The concept of neural adaptation provides an interesting alter-
native to the usual view that variations of pattern and forms are 
necessarily adaptive, and were actually selected for. This hypoth-
esis implies that selection may shape neural circuitry more easily 
than it does sensory patterns or morphologies. There may be 
good reasons for this prevalence of neural adaptation in evolution.

First, the nervous system is par excellence the organ that 
epitomizes plasticity. Synaptic plasticity, neuronal plasticity, and 
circuit plasticity, are intrinsic components of the workings of the 

nervous system. This prevalence of plasticity implies that the 
nervous system is remarkably able to respond to changes and to 
novelties. Plasticity is, by definition, a response of the individual to 
altered environmental conditions, but it seems likely that behavioral 
responses achieved through plastic rearrangement in one individual, 
can easily be implemented or reinforced  genetically, and therefore 
become inheritable. Indeed the idea that plasticity-generated varia-
tion may become genetically fixed was proposed one century ago 
by Baldwin (“orthoplasy”), and updated as “genetic assimilation” by 
Waddington 70 years ago. This concept (“genetic accomodation”, 
West-Eberhard, 2003) has become a major theme in discussions 
of the origin of evolutionary change (e.g., Crispo, 2007, Badyaev, 
2009, Sznajder et al., 2012).

A second reason why the nervous system may be particularly 
amenable to “inheritable plasticity” is  that  the level of cell speci-
fication is much higher than in any other tissue. Neuronal cell type 
specification is a prevalent feature of the central nervous system, 
where it relies on at least three different sets of genes acting in 
a combinatorial way: antero-posterior specification through the 
homeotic genes, dorso-ventral specification through the action of 
ventralizing genes, and neuronal subtype specification through the 
bHLH genes. This 3-dimensional specification effectively isolates 
small subsets of neurons from each other and from the system at 
large, making it possible to introduce changes in each subset with-
out disturbing the function of the other subsets, thereby facilitating 
the evolution of adaptive behaviors (Brunet and Ghysen, 1999).

The idea that neural adaptation may play an important role in 
evolution and speciation is, therefore, consistent with prominent 
features of the central nervous system. Neural adaptation could 
work in (at least) two ways: it could provide animals with different 
behavioral answers to similar sensory inputs, but it could also be 
the basis for the remarkable match between morphologies and 
functions, by fostering behavioral variations that make the best 
use of morphological novelties. The difficulty, however, is to go 
beyond the argument of plausibility, and to seek how the validity 
of this proposal could be experimentally tested. 

Basically, the question amounts to defining the origin of changes 
in behavior that accompany the development of new morpholo-
gies, and to assess whether morphological changes have intrinsic 
adaptive value, or whether selection acts primarily on behavioral 
adaptation. How the central nervous system evolves to produce 
behavioral changes remains largely unknown, however: in contrast 
to physiology and morphology, our understanding of how behavior 
evolves is still limited to the effect of changes in the peripheral 
nervous system (Cande et al., 2013). Identifying both the under-
lying genetic changes, and the resultant physiological changes, 
that lead to behavioral divergence is obviously a daunting task. In 
spite of some progress made recently in this direction in the case 
of the courtship behavior of drosophilid flies, which shows marked 
changes between closely related species (Cande et al., 2012, 2014), 
we are still very far from a working knowledge of the genetics of 
behavioral traits, and even more so, of their evolution. 	

An additional problem in assessing the nature and direction of 
selection and adaptation is, obviously, the considerable length of 
these processes: the formation of new patterns and of new species 
takes place over periods on the order of millions of years, making 
it impractical to study such processes over one scientist’s lifetime. 
We may, however, come back to the particular case of the lateral 
line system for a possible approach to the question of the relative 
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importance of selection, of adaptation, and of morphological in-
novation, in speciation.

To see or not to see: the case of the blind cavefish, 
Astyanax

A dramatic case of evolution is presented by the cavefish vari-
ant of the Mexican river fish, Astyanax mexicanus. The cave vari-
ants differ sufficiently from the surface form to have initially been 
considered  a distinct genus, Anoptichthys. One major difference 
between the cave and the surface forms is the lack of eyes, and of 
pigmentation.  Based on QTL analysis, there seems to have been 
natural selection for eye loss, although melanophore loss seems 
mostly due to genetic drift rather than to selection (Protas et al., 
2007). The question, then, is to determine what was the adaptive 
value of eye loss in the cave forms. Plausible selective schemes 
have been proposed, based primarily on energetic considerations: 
it would cost a lot to develop an eye when there is no more use 
of it, and thus selection would have favored the disappearance 
of eye development (or of pigmentation). This handy explanation 
lacks experimental support, however, as is the case for most of 
these a posteriori interpretations.

Some of the fishes that fell into caves (or wandered in and were 
unable to find their way out) necessarily survived, since they gave 
rise to the present cave populations. These fishes, and their prog-
eny, presumably adapted to their new environment rather quickly, 
least the small surviving populations be quickly swept away. One 
may therefore expect that darkness-raised fish would somehow 
improve their survival rate in these new (and harsh) conditions over 
a few generations. If this is the case, then assessing the nature of 
these early changes may be experimentally feasible, and would 
give clear indication as to whether the basis for adaptive change 
is neural, or other. 

The differences between surface and cave forms of Astyanax 
have been carefully studied over the past few years by W. Jeffery, 
T. Burt de Perera, and collaborators. They found that, besides the 
obvious morphological differences, important behavioral differences 
are also present between surface and cave forms. Surface fish 
tend to shoal but cave ones do not (Gregson and Burt de Perera, 
2007). Further, the time devoted to inactivity (sleeping) is reduced 
in eyeless fish (Duboué et al., 2011), as is intra-specific aggressivity 
(Burchards et al., 1985). The feeding posture also differs between 
the two forms, and the cave form has evolved a new behavior 
dubbed VAB for Vibration Attraction Behavior (Yoshizawa et al., 
2010). Not all of these differences have been studied in detail, yet 
the analysis of three of them has led to interesting results that are 
highly relevant to the present context.

Orientational strategy in eyed and blind Astyanax

Among the remarkable behavioral features of the cave fish is 
their ability to recognize small textural changes in their surroundings 
(Hassan, 1989), or to build and memorize extensive 3D-maps of 
their environment (Burt de Perera, 2014a). These achievements 
are based mostly or exclusively on information provided by the 
lateral line system, an information that is exclusively short-range, 
in striking contrast to visual information. In an attempt to determine 
to what extent the orientational strategy of fish is determined by 
the sensory modalities that they rely upon, or by “some underlying 

neural constraint”, Sutherland et al. (2009) have examined to what 
extent the difference in sensory modalities between eyed and blind 
forms of Astyanax affect the way they orient through space. Using 
a simple T-maze with local landmarks differentiating the two arms, 
they found that both forms rely on the landmarks to find their goal, 
as opposed to using an egocentric mechanism such as “turn left, 
or right”. Thus the blind form has learned to weave the short-range 
imaging of the landmarks into their internal long-range representa-
tion of their environment, as efficiently as the eyed form uses its 
long-range vision of the landmarks. 

There is a difference between the two forms, however: unex-
pectedly, the seeing form shows an initial egocentric response 
which is later corrected by the visual cues, whereas the blind form 
shows no such initial bias. Thus, consistency between egocentric 
and landmark-based orientation may be more important for the 
blind fish than for the eyed form; yet the major difference between 
short-range (lateral line) and long-range (visual) sensory systems 
seems to have little impact on the role of landmark-based orientation 
strategies in this species. As the authors suggest, this conclusion 
is consistent with the idea that behavior is more constrained by 
its neural basis, than by sensory inputs.

Sutherland et al. also noted that, in spite of increased trajectory 
length when presented with conflicting egocentric and landmark 
cues, the blind fish showed no increase in the time needed to 
reach the rewarded end of the maze, suggesting that the fish 
swam faster. This is consistent with the observation that cave fish 
swim faster upon being faced with new landmarks (Teyke, 1988). 
Because blind fish identify new objects as distortions of the flow 
field generated by their own swimming and detected by their lateral 
line system, an increase in this flow field due to faster swimming will 
improve their analytical capabilities. Faster swimming is therefore a 
behavioral response that is likely to improve the detection of novel 
landmark features (Burt de Perera, 2014b). Thus cave fish have 
developed a new behaviour to improve the sensory capabilities of 
their lateral-line system, independent of any change in the sensory 
system itself, and they take advantage of this new behaviour both 
to identify new landmarks, to assess changes in the pattern of 
known landmarks, and to build long-distance spatial maps of their 
surroundings (Burt de Perera, 2014a).

Feeding postures in surface vs. cave fish, and their 
genetic bases

There is a marked difference in feeding posture between eyed 
and blind populations, with surface fish having a steeper angle 
than blind fish when feeding in complete darkness (Kowalko et 
al., 2013). Using two independently derived blind populations, the 
authors generated F2 hybrids to determine whether there is a cor-
relation between feeding posture and various potentially relevant 
aspects of fish morphology such as jaw angle and width, number 
of maxillary teeth, number of taste buds, or orbit size, depth of 
head and body, all of which were found to differ between surface 
and at least some of the cave forms. They observed no significant 
correlation between any of these anatomical features, and feeding 
angle, among the F2 segregants. The authors propose that the 
convergent change in feeding posture in diverse cave populations 
likely evolved through changes in the nervous system itself. Since 
cave fish are better at finding food in the dark than surface fish, 
selection seems to have acted directly on neural circuitry to improve 
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adaptation to the special conditions of cave life.
In the same experiment, the authors also performed QTL mapping 

which indicated that the convergent behavioral change in feeding 
posture has been achieved through at least partially independent 
mechanisms in the two cave populations, suggesting that cave 
fish have used whatever combination of alleles was available to 
them to shape their nervous system in a way that best fits their 
changed environment. 

Eye loss and the vibration attraction behavior (VAB)

A third behavioral novelty observed in cave populations of Asty-
anax is a new prey-detection behavior that was nicknamed VAB 
for Vibration Attraction Behavior (Yoshizawa et al., 2010). These 
authors later found that the VAB phenotype is largely mediated by 
the additional neuromasts that form within the skin patch that covers 
the abortive eye (Yoshizawa et al., 2013). The extreme reduction 
in eye size in the cave forms is accompanied by an expansion of 
surrounding skin tissue, and by a corresponding expansion of the 
supra- and infra-orbital sections of the anterior lateral line system 
(Teyke, 1990). Interestingly, a VAB phenotype can occasion-
ally be observed in surface populations, although in a very small 
proportion of the fish, and with  lesser sensitivity. The question, 
then, is: what exactly happened to surface fish when plunged in 
complete darkness? Assuming some of them survived because 
they were fortunate enough to have some level of VAB behaviour, 
what evolved first: an increased capability to use this response for 
feeding, or an increased sensory input to amplify this response? 

Assessing whether the remarkable development of VAB in blind 
fish precedes, or follows, the development of eyelid-neuromasts, 
might give us a clue to the essential question of what are the earli-
est steps of adaptation: morphological, or neural? This question 
could (and should) of course be examined in Astyanax, through 
surgical removal of the eye over a few generations - although this 
is a rather work-intensive and physiologically intrusive approach. 
Maybe a better way would be to make constitutively eyeless (ey) 
mutants, if at all feasible.

Eye loss and central connectivity

Eye loss in Astyanax is not mediated by any major alteration in 
eye forming genes such as eyeless, but rather, is achieved through 
a number of seemingly independent eye-degenerating processes 
(Wilkens and Strecker, 2003, Jeffery, 2009), in particular lens 
degeneration and retinal degeneration, as already suggested by 
earlier genetic studies (Sadoglu, 1975). Different cave populations 
have reached eye reduction through partially different genetic 
changes, such that a cross between independently derived cave 
populations usually yields hybrids with larger eyes than the parental 
forms and partially restored vision (Borowsky, 2008). These results 
are entirely consistent with the results of QTL analyses reported 
above, and strongly suggest that eye disappearance has been 
independently achieved in different cases through the selection 
of particular subsets of alleles among the species’ polymorphism. 
What, then, could be the selective pressure that led independent 
cave populations to achieve eye loss through various means? 
Besides the possibility that eye loss improves survival through its 
indirect effect on eyelid neuromasts, another effect of blindness 
is that the massive reduction in eyes is most likely accompanied 

by a decrease in the eye projection to the optic tectum. This 
would allow some of the processing capability of the tectum to be 
diverted to the analysis of lateral line information. This would be 
similar to the process whereby part of the visual cortex is diverted 
to the analysis of somatosensory information, in congenitally blind 
humans (Sadato et al., 1996). 

It is known that the primary projection of lateral line organs 
extends along the hindbrain, where second-order neurons project 
to several more anterior regions of the CNS, most prominently to a 
midbrain structure called torus semicircularis, homologous to the 
inferior colliculus of mammals. The torus itself projects massively 
to deep layers of the midbrain tectum, the major target of the eye 
projection. It has been reported in zebrafish, that the massive 
projection from torus to tectum found in all adult fishes is preceded 
early in larval life by the projection of a very small number of 
second-order neurons, directly from the hindbrain to deep layers 
of the tectum (Fame et al., 2006). It might be interesting to see to 
what extent the size of this early projection, and the dynamics of 
the later torus-tectum projection, differ in blind and eyed Astyanax. 

If there is a change in the early or late representation of lateral 
line information in the tectum of blind fish, it might be illuminating 
to see if, and how quickly, blinding either surface Astyanax or ze-
brafish, leads to a change in this connectivity pattern. Of course, 
this would be neural adaptation to loss of a sense, yet it may give 
precious insights about how the nervous system copes with new 
environments - and, eventually, with new morphologies.

Conclusion: assessing the dynamics of neural evolution

We have argued that Astyanax may provide an excellent 
system to determine the relative importance of morphological 
and behavioral changes during the earliest steps of adaptation 
to new life conditions. A reasonable alternative might be to use 
the zebrafish, for which powerful genetic and molecular tools are 
available. Although some work has been done on raising embryos 
and early larvae in complete darkness (e.g. Bilotta, 2000), there 
is no published work on raising fish in complete darkness for long 
periods. Of course raising zebrafish under complete darkness, yet 
feeding them and caring for them properly, is very cumbersome. 
The obvious alternative would be to generate an eyeless line and 
use it for the purpose of evaluating to what extent, and how quickly, 
would a blind form adapt to its new phenotype.

More generally it seems that, with all we know about devel-
opmental genetics, it should be possible to challenge a given, 
genetically amenable species, with a morphological innovation, 
possibly based on features observed in related species, and see 
how quickly, and through which mechanism, these modified ani-
mals will adjust to this novelty to make it functional, and integrate 
it in their behavioral repertoire. Once we know that, then it may 
become possible to be more accurate in assigning relative roles 
to the processes of developmental innovation, of natural selection, 
and of adaptation, in evolution.
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