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Adaptive Diversity: Hormones
and Metabolism in Freshwaters
Genes underlying the evolution of morphological traits have recently been
identified in a number of model species. In the stickleback, the metabolic
adaptations to a freshwater habitat have now been linked to a well-known
hormonal system.
eus aculeatus).

t) specimens (photos courtesy of J. Kitano).
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The genetic basis of phenotypic
diversity is one of the most challenging
questions in biology and, of course,
is of particular significance during
2010, the international year of
biodiversity [1,2]. Thanks to the new
possibilities provided by comparative
genome-wide analysis and also to the
development of adequate biological
models, recent progress has been
made in this area. The genes underlying
phenotypic traits have recently been
uncovered in a number of different
plants and animal models, and this
has considerably increased our
understanding of the genomic targets
of evolution [3]. Up to now, most
of these cases were linked to
morphological traits (e.g., pelvic spine
reduction in sticklebacks, trichome
patterns in Drosophila, kernel size in
maize) or to changes in pigmentation
(albinism in cavefish, wing colour
pattern in Drosophila species) [3].
However, in this issue of Current
Biology, Kitano et al. [4] use the
stickleback model to study
a phenotype linked not
to a morphological trait but
to a physiological adaptation.
Interestingly, the signalling pathway
targeted in this adaptation is a
well-known hormonal system,
the thyroid hormone signalling
pathway, that is known to regulate
many aspects of post-embryonic
development in vertebrates, including
metabolism.

The threespine stickleback
(Gasterosteus aculeatus) is a marine
fish that lives in coastal waters. Since
the end of the last glacial period there
have been several independent events
resulting in this species becoming
isolated in freshwater habitats [5,6]
(Figure 1). These events have
been accompanied by dramatic
morphological and physiological
changes, and have led to the large
phenotypic diversity observed in this
species in the northern hemisphere.
Different populations exhibit
pronounced alteration in body size,
number and pattern of lateral plates,
development of pelvic fins, etc. The
variations within these populations
provide a unique opportunity to identify
genes implicated in natural
adaptations, even if the adaptive value
of some of these traits is still under
discussion [7]. The stickleback offers
a particularly favourable case since the
various freshwater isolates are
relatively recent (less than 10,000–
15,000 years), and thus crosses
between marine and freshwater
populations are fertile, allowing genetic
analyses to be performed. Indeed, in
recent years, quantitative trait loci
(QTL) analyses have been used to
identify specific genes linked to various
adaptations. In some cases, the
specific change at the genomic level
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Figure 2. A model for the metabolic adaptation of freshwater sticklebacks.

In the freshwater stickleback, an allele leading to reduced TSHb2 expression level was
selected. This is likely to lead to a decrease in T4 and T3 levels and thus a decrease in various
parameters directly linked to energy expenditure.
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was identified [6]. For example, the
Pitx1 gene has been linked to pelvic
spine reduction in freshwater
sticklebacks. It has been recently
demonstrated that the recurrent
deletion of a specific enhancer of Pitx1
controlling the expression of this gene
in the developing pelvic region was the
key genetic change underlying the
phenotypic trait [8]. Other genes have
been linked to armour plate reduction
(the Ectodysplasin gene [9]) or
pigmentation changes (kit ligand [10]),
even if the precise genetic change was
not identified in these cases.

But morphological changes were
not the only ones affecting marine
sticklebacks when they became
isolated in freshwaters. Indeed,
numerous less spectacular but critical
changes, in terms of survival, have also
occurred. The most obvious are
adaptations related to osmoregulation,
but other physiological or behavioural
changes, such as increased tolerance
of cold, shoaling behaviour, migration,
and metabolic response to caloric
restriction, had to occur. In their study,
Kitano et al. [4] reasoned that changes
in hormonal systems, which can finely
tune numerous physiological,
behavioural and metabolic traits, were
likely involved in the numerous parallel
changes occurring in stream-resident
populations of sticklebacks versus
their marine counterparts. Among
several hormonal systems that could
play a role in coordinating these
responses, they tested the thyroid
hormones, which are well known to
regulate several physiological
parameters in teleost fishes as well as
in mammals such as humans [11].

Their first observation was that
plasma thyroid hormone levels were
different between marine and stream-
resident populations. They observed
that T4, the precursor molecule
produced by the thyroid gland, as well
as, to a lesser extent, T3, the active
hormone most often produced by
deiodination of T4 in peripheral organs,
are present at higher levels in marine
versus freshwater fishes. Most
importantly, they determined that these
differences still occurred in laboratory-
raised populations and thus have
a genetic basis, ruling out a strong role
for the environment. Through
a transcriptomic analysis they found
that several genes in the signalling
pathway, including genes encoding
deiodinases, were expressed at
different levels in the gills of the two
populations. But, most importantly,
they noticed that in the pituitary gland
the marine stickleback population
contains a much higher level mRNA
encoded by the of TSHb2 gene, one
of the genes that directly controls T4
production in the thyroid gland. In
contrast, the other gene controlling T4
levels, TSHb1 did not show significant
differences in expression level
between the two populations. Since
they knew that the difference in the
level of T4 and T3 has a genetic basis,
they sequenced the 5’ non-coding
region of TSHb2 and found divergence
in this genomic region between the
marine and freshwater fishes. Indeed,
the genetic association between
specific single nucleotide
polymorphisms (SNPs) inside the
5’ region of TSHb2 and marine or
freshwater fishes from a number of
different localities is quite impressive.
In addition, some of these SNPs are
located in specific sites that may bind
the thyroid hormone receptors,
suggesting a possible direct link
between the feedback mechanisms
controlling T4 production and the
marine/freshwater ecotypes. Finally,
they conducted allele-specific
expression analysis in F1 hybrids to
prove that some of the expression
differences of TSHb2 are caused by the
cis-regulatory changes at the TSHb2
locus, although the precise sequence
differences resulting in low expression
have not yet been identified. All these
data thus suggest that a striking
reduction of TSHb2 expression was
selected for in freshwater fishes, which
likely leads to a decrease in T4 and T3

levels, and thus, although this is not yet
demonstrated, a reduced activity of the
thyroid hormone signalling pathway in
terms of target gene regulation.
But why could it be important to

decrease thyroid hormone signalling
in freshwater fishes? The answer is
probably linked to the pleiotropic
effects of thyroid hormones that
control metabolism and growth by
acting on most organs. In mammals,
these hormones are well known to
regulate signalling pathways linked
to metabolism and energy expenditure
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[11]. Strikingly, it is known that marine
sticklebacks have a higher metabolic
rate than freshwater fishes and Kitano
et al. [4] directly show that T4 or T3
effectively regulates various metabolic
parameters such as oxygen
consumption. Their model thus
suggests (Figure 2) that pre-existing
alleles of TSHb2 were selected in
freshwater populations and that this
led to a reduction of TSHb2 production,
a decrease of plasmatic thyroid
hormone levels, and thus a decrease
in metabolism, activity levels, growth
osmoregulation, etc. These phenotypic
traits would be strongly selected
because the amount of energy
available to the fish is much reduced in
freshwater streams relative to the
coastal marine environment. Given that
the amount of energy that each fish can
obtain is reduced, any means that
reduces its global expenditure will be
selected. Most probably, the
phenotypic plasticity exhibited by the
marine populations, which live in
coastal environments, was favorable
for the selection of this adaptative trait
in freswater fishes.

This case provides a very nice
illustration of the often unappreciated
potential of hormonal regulation to
induce pleiotropic changes during
evolution [12]. Thyroid hormones are
critical in controlling metamorphosis
and, more generally, post-embryonic
development in vertebrates, but their
role is much wider and, as discussed
above, includes the control of
metabolism [11,13]. Hormones have
been implicated in a number of diverse
traits in teleost fishes, such as the
imprinting of natal stream odour in
salmon, migration in several species,
adaptation to differences in salinity
or growth control [14,15]. Their role
in linkingenergymetabolismandactivity
level is still poorly understood in
mammals and virtually unknown inother
vertebrates [11]. It is easy to see how
such a signalling cascade can be the
target of selection at diverse levels, from
the topof thepathway, asKitanoetal. [4]
demonstrate nicely, to more
downstream levels, as shown in
amphibians [16]. Other hormonal
systems have also been implicated in
likely adaptive life history traits in which
fine tuned responses to environmental
changes are needed: ecdysone in
butterfly polyphenism [17], androgens
with respect to social interactions in
various vertebrates [18], and oxytocin in
cooperativebehaviourand reproduction
in mammals [19], among others. Thus,
our understanding of the potential of
hormonal systems to play an important
role in the origin of biodiversity is
probably only in its infancy and will
undoubtedly generate other nice
surprises in the years to come.
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Heterochromatin Replication:
Better Late Than Ever

Different heterochromatic properties appear on satellite DNA during
successive embryonic division cycles in Drosophila. One such property,
late replication, precedes HP1 recruitment, is under the control of zygotic
transcription, and helps to lengthen S phase.
Tin Tin Su

The eukaryotic genome is organized
into euchromatin and heterochromatin.
The latter can be ‘facultative’,
appearing as certain genomic regions
become transcriptionally quiescent in
differentiating cells, or ‘constitutive’,
always displaying characteristics that
distinguish heterochromatin from
euchromatin: hypercondensation,
replication late in S phase after
euchromatic sequences, and
association with specialized proteins
such as Heterochromatin Protein 1
(HP1) [1]. A meticulous analysis of
constitutive heterochromatin
formation during Drosophila
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