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Role of thyroid hormones in color diversity of male guppies:
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Abstract Male guppies display an outstanding diversi-
ty of color patterns which is formed as a result of a complex
interplay between sexual selection, predation, and other
environmental factors. The heterogeneity of the environ-
ment affects the variability of omamental traits in male
guppies through genotype—environment interaction. Thy-
roid hormones (THs) are important regulators of the ontog-
eny of fish and serve as a link between environmental
changes and phenotypic development. However, the role
of THs in the formation of a variety of color patterns in male
guppies remained poorly understood. In this work, an ex-
perimental assessment of the effect of THs on the variability
of ornamental traits in Poecilia wingei males was carried
out. The fish were reared from birth to the initial stages of
the formation of melanistic elements in males and until the
final formation of the color pattern; they were subjected to
different hormonal regimes: euthyroidism (natural TH sta-
tus), hyperthyroidism (high TH level, at a triiodo-L-
thyronine concentration of 0.15 pg/mL), and hypothyroid-
ism (TH-deficiency, at a thiourea concentration of 0.025%).
Alterations in the TH status caused changes in the timing
and rate of the development of coloration and affected the
transformation of various elements of the color pattern in
males. These changes led to an increase in phenotypic
variability and the appearance of oramental traits in the
male color patterns that were characteristic of closely related
species of Poecilia. Thus, the data obtained indicate a
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potentially important role of thyroid hormones in the diver-
sification of guppy color patterns and open up new pros-
pects for studying the role of endocrine regulatory mecha-
nisms in the adaptive evolution of poeciliid fish.
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Introduction

The color of animals is an important morphological trait
that plays a crucial role in the ecology and evolution of
many taxonomical groups. Among vertebrates, the
greatest variety of pigment patterns and chromatophore
types is characteristic of teleost fishes, which makes
them good model objects for studying the pathways
and mechanisms of the formation of color diversity.
Guppies are considered to be one of the most polymor-
phic in color groups of freshwater fish (Endler 1980,
1984). There are three species of guppies: the common
guppy (Poecilia reticulata), the Endler’s (or Cumanad)
guppy (P. wingei), and the Oropuche guppy
(P. obscura) which have some genetic and morpholog-
ical differences (Alexander and Breden 2004; Poeser
et al. 2005; Schories et al. 2009). Only male guppies
exhibit an outstanding degree of color pattern variability
which is formed owing to a rapid evolutionary response
to both sexual selection and predation, as well as a
number of other environmental factors (Endler 1995;
Houde 1997; Kemp et al. 2009; Magurran 2005;
O'Steen et al. 2002).
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The development of the color pattern in male guppies
is affected by genetic and environmental effects. The
formation of color patterns depends on the coordi-
nated expression of genes associated with sex chro-
mosomes in different types of pigment cells (Kottler
et al. 2013; (Kottler and Schartl 2018; Tripathi et al.
2008, 2009). Male coloration is genetically correlat-
ed with female preference for the trait, and most of
the elements of color patterns are inherited (Houde
1992; Brooks and Endler 2001). However, male
ornamental patterns can also be affected by various
environment-specific factors, such as food availabil-
ity (Grether et al. 1999; Kodric-Brown 1989). Envi-
ronmental factors can initiate alternative pathways
of development, affect the range of expressed trait
values, and alter the rate of their development over
time (West-Eberhard 2005; Ruell et al. 2013). Novel
traits emerging as a result of environmental influ-
ence are believed to have a far greater evolutionary
potential than those induced by mutations (Levis
and Pfennig 2016).

Thyroid hormones (THs) are important physiological
mediators of developmental plasticity and effectively
act at the interface between genes of an organism and
the environment (Lema and Kitano 2013; Lema 2020).
Environmentally induced shifts in the TH-signaling
pathway can affect phenotypic expression both directly
by altering gene expression and indirectly by modulat-
ing energy availability via changes in metabolism
(Holzer and Laudet 2015; Zak and Manzon 2019;
Lema 2014). Hormone-mediated plasticity can contrib-
ute to the emergence of novel phenotypes, and even
minor alterations in hormonal signaling can underlie
evolutionary changes (Lema 2020).

In male guppies, the formation of color patterns is
mainly determined by three types of chromatophores
(melanophores, xanthophores, and iridophores)
(Kottler et al. 2014), and most of the identified genes
involved in the development of ornamental traits are
expressed before the appearance of the color pattern
elements in the phenotype (Dick et al. 2018). THs are
known to control very different activities of pigment cell
lines during the formation of adult coloration (Saunders
et al. 2019) and affect the development of pigment
patterns in teleost fish (Clement et al. 2001;
McMenamin et al. 2014; Prazdnikov and Shkil 2019a;
Yoo et al. 2000). However, the role of THs in the
formation of a variety of color patterns in male guppies
remains poorly understood.
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In the present work, using Poecilia wingei Poeser,
Kempkes and Isbrucker, 2005 (Cyprinodontiformes,
Poeciliidae, Poeciliinae) as a case study, I investigated
the effect of alterations in TH status on the development
of elements of the color pattern in males. The results
obtained made it possible to experimentally assess the
potential contribution of THs to the variability of color
patterns in male guppies.

Materials and methods
Fish husbandry and hormonal treatment

A laboratory line of outbred P. wingei which are de-
scendants of wild fish imported from Venezuela
(Cumana region) was used as model fish. For experi-
ments, offspring taken from females giving birth on the
same day were randomly divided into three equal
groups (24 specimens per group) which were reared
under different hormonal regimes until the final forma-
tion of the adult pigment pattern: (i) the control or
euthyroid group (C-1), natural TH status; (ii) the hyper-
thyroid group (TH-1), high TH level; and (iii) the hy-
pothyroid group (Tio-1), TH deficiency. A month later,
more offspring were obtained from the same group of
females (37 specimens per each hormonal group); they
were also reared under different hormonal regimes (con-
trol (C-2), hyperthyroidism (TH-2), and hypothyroidism
(Tio-2), but only until the initial stages of the formation
of the adult melanistic elements in males (Fig. 1d).
Alterations in the TH status were induced by the tradi-
tional methods (Brown 1997; Shkil et al. 2012): hyper-
thyroid conditions were caused by the administration of
the active form of TH — triiodo-L-thyronine (T5)
(Sigma-Aldrich, China) at a final concentration of
0.15 pg/mL in aquarium water, and hypothyroid condi-
tions were caused by the administration of thiourea
(CS(NH»),) (Solins, Russia), a goitrogen suppressing
the thyroid hormone synthesis, at a final concentration
0f 0.025%. The concentrations of T3 and thiourea used
in this study were chosen on the basis of preliminary
optimization experiments (Prazdnikov 2020). A higher
concentration of thiourea (> 0.045%) drastically delays
the transition from juveniles to adults and often leads to
high mortality of fish, while a lower dosage of thiourea
(< 0.01%) does not cause distinguishable changes in
timing of ontogenetic events and adult morphology.
One-fourth of the water from each experimental
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aquarium was replaced daily. The necessary amounts of
hormone and goitrogen were administrated into the
water to maintain their predetermined concentrations
for specific periods for each experimental group. The
rest of the experimental conditions (temperature, feed-
ing frequency, aeration, stocking density of fish, light
regime, background of the bottom and side walls of the
aquarium, presence of plants) were the same for all the
groups. Found sick or injured fish were excluded from
the experiment.

Since P. wingei belongs to ovoviviparous fish, days
after birth (DAB) were used as a temporal characteristic
to compare the timing of ontogenetic events in different
hormonal groups.

Color pattern analysis

All photos of juvenile and adult fish were taken on live
specimens without the use of anesthetics to prevent any
distortion of the pigment pattern. Photos of juveniles and
enlarged areas of adult pigmentation were taken using a
Leica MS5 stereomicroscope with a Canon EOS 100D
digital camera. Photos of adult males were taken in a
narrow aquarium in the hormonal regime specific to their
group using a Canon EOS 100D camera equipped with a
macro lens. Each male was photographed from two sides.
The type of chromatophores was identified by the color of
the pigment: black, melanophores; yellow-orange,
xanthophores; and from metallic to blue/green iridescent,
iridophores. For analysis of pigment patterns, I used the
classification of color traits proposed earlier for male
guppies (Alexander and Breden 2004; Kottler et al.
2013): patches and stripes formed by various types of
pigment cells (Fig. 1f). The patches were divided accord-
ing to their shape: oblique bar, blotch (irregular shape),
spot (regular round shape) and eyespot (eye-like shape
with iridophore ring).

In the pigment pattern of males, changes in the shape,
position, and bilateral asymmetry of color elements, as
well as the occupied area on the body, were assessed.
The area of color elements on the dorsal and caudal fins
was not measured due to the impossibility of making a
correct quantitative assessment. Analysis of all digital
photographs was performed using the Fiji image pro-
cessing package (Schindelin et al. 2012) based on the
Imagel] 1.53 software (https://imagej.nih.
gov/ij/download.html). The area occupied by color
elements on the left side of the body was measured for
each male from different hormonal groups. In the

Fig. 1 Development (a—f) of color pattern in P. wingei males.
Scale: 2 mm. 1, black oblique bar; 2 and 3, anterior and posterior
black stripes; 4, ventral black lining of the caudal peduncle; 5,
anterior orange blotch; 6, posterior orange stripe; 7, blue iridescent
blotch at the base of the dorsal fin; 8, orange-black lining of the
caudal fin; 9, black pigment on the dorsal fin; 10, orange pigment
on the dorsal fin

experimental groups of fish, the asymmetry of the
color pattern elements (A;) was assessed (ratio of the
number of males with an asymmetric color element to
the total number of all males in the group). Since some
groups of fish did not follow a normal distribution,
nonparametric Kruskal-Wallis tests were conducted.
For statistical analysis of the results, the Excel 2016
software was used.
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To compare the experimental male phenotypes with
the phenotypes of closely related species of Poecilia, 1
used descriptions and photos from previously published
studies (Alexander and Breden 2004; Endler 1984;
Hughes et al. 2013; Kottler et al. 2013, 2014; Olendorf
et al. 2006; Poeser et al. 2005; Schories et al. 2009;
Tripathi et al. 2008).

Results

Development and variability of color pattern
in euthyroid males

At birth, the pigment pattern of a euthyroid male guppy
consists of clusters of melanophores on the head; on the
trunk, melanophores form dorsal and ventral pigment
lines, as well as a horizontal lateral line (Fig. 1a).
Xanthophores are widely dispersed, while iridophores
most often form small clusters in the area of the yolk sac
remnants (Fig. 1a). By day 20 after birth (DAB 20), the
juveniles developed a melanophore rhombic reticulate
pattern on the body which persists throughout the entire
ontogeny of fish and which is subsequently
superimposed with various color elements. Then, clus-
ters of iridophores appear in the region of the operculum
and the region where a color pattern element (black
oblique bar) will form in the future (Fig. 1b and
Fig. 2). The first melanophore element of the adult male

color pattern begins to develop by DAB 40 (Fig. 2). The
black oblique bar is formed from a dense cluster of
melanophores which is located over the reticulate pat-
tern and a layer of iridophores (Fig. 1c). Iridophores
precede the appearance of all melanophore and
xanthophore color elements on the body of males (Fig.
2), gradually increasing their cell population during
ontogeny towards the caudal peduncle (Fig. 1d). After
the development of four melanophore elements of the
color pattern on the fish body (black oblique bar, ante-
rior and posterior stripes, and ventral lining of the caudal
peduncle), xanthophore elements (anterior orange
blotch and posterior orange stripe) begin to form by
DAB 60 (Fig. 1e and Fig. 2). Later, the blue iridescent
blotch appears on the body at the base of the dorsal fin
(Fig. 2). Along with the development of the pigment
pattern on the body, color elements are formed on the
caudal and dorsal fin. The development of the orange-
black lining of the tail fin begins with the appearance of
melanophores, followed by the appearance of
iridophores and xanthophores (Fig. 2). The order of
development of chromatophores on the dorsal fin does
not differ from the tail fin, ending with the appearance of
an orange pigment (Fig. 2). The final formation of all
color elements of the pigment pattern is completed by
DAB 100 (Fig. 11).

Melanophores and iridophores visibly contribute to
all ornamental traits on the male body. In the composi-
tion of the reticulate pattern, melanophores are located
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Fig. 2 Order of appearance of chromatophore types in regions of
color elements in P. wingei males reared under different hormonal
regimes. Mel ret., rhombic reticulate pattern; Mel, melanophores
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(black); Ird, iridophores (blue); Xnt, xanthophores (orange). 1-10,
regions of color pattern elements (see Fig. 1); DAB, day after birth
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under or above the main layers of chromatophores that
form the color element. The second pigment cells,
iridophores, are usually located in the adult pigment
pattern at the periphery of the color element. Iridophores
also make a significant contribution to the background
coloration of the body, causing silvery-white to bluish-
violet and blue-green hues, depending on the orientation
of the reflecting platelets and combinations with mela-
nophore and xanthophore regions (Fig. 3a—¢).

Males from the two control groups (C-1 and C-2)
showed changes in the size of color elements on the
body, while the majority of specimens had the same
shape of the elements. The largest color element in terms
of occupied area on the body is the black oblique bar
which was characterized by variations (Table 1 and Fig.
3a—e). Euthyroid males are characterized by variability
in the number of orange patches and their area on the
body (Fig. 4a and Fig. 5).

Development and variability of color pattern in males
with elevated TH level

The development of pigment patterns in fish from two
hyperthyroid groups (TH-1 and TH-2) within 7 days
after birth did not differ from the control groups. The
first differences between the hormonal groups were
observed at the time of the onset of the development
of the rthombic reticulate pattern which was formed in
hyperthyroid fish earlier, by DAB 12. The timing of the
subsequent appearance of all types of chromatophores
in the color elements and the rate of development of the
adult pigment pattern are accelerated in comparison
with euthyroid males (Fig. 2).

In the TH-1 group, there were changes in the
sequence of development of the iridophore blotch
relative to the onset of the formation of melano-
phore elements, as well as anterior and posterior
xanthophore elements on the body. In the TH-1
group, there are changes in the sequence of devel-
opment of the iridophore blotch at base of the
dorsal fin relative to the onset of the formation
of melanophore elements, as well as anterior and
posterior xanthophore elements on the body (Fig.
2). At the same time, the ventral black lining of
the caudal peduncle did not develop in fish, while
the posterior black stripe developed, but its color-
ation was poorly pronounced due to the low den-
sity of melanophores. The adult pigment pattern in
males from the TH-1 group was finally formed by
DAB 50.

In the TH-2 group, there are no changes in the se-
quence of the formation of color pattern elements (Fig. 2).
Starting from the formation of anterior black stripe, there
is a slowdown in the rate of development of the pigment
pattern in males from the TH-2 group compared to the
TH-1 group (Fig. 2). The formation of the color pattern in
the TH-2 group was completed by DAB 85.

In hyperthyroid males, more pronounced chang-
es in the shape of color elements and their area
are observed than in euthyroid males (Table I,
Fig. 3f-0). The black oblique bar and anterior
black stripe are transformed into blotches or/and
spots (Fig. 3f-0), occupying different areas in the
male color patterns (Fig. 5). All these changes lead
to a significant increase in the number of melano-
phore blotches and spots (Fig. 4a) and a decrease

Fig. 3 Color pattern variability among P. wingei males reared
under different hormonal regimes. a—e, euthyroid groups (C-1,
C-2); f—j and k-o, hyperthyroid groups (TH-1 and TH-2); p—t

0 !IIQ i 34 o

and u-y, hypothyroid groups (Tio-1 and Tio-2). Scale: 2 mm; blue
arrows, ornamental traits characteristic of P. reticulata; blue ar-
rowheads, common traits for P. reticulata and P. obscura
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Fig. 4 Number of melanophore (black bars) and xanthophore (orange bars) blotches and spots on the body of P. wingei males reared under
different hormonal regimes (a); changes in the number of eyespots in the pigment pattern depending on the hormonal regime (b)

in the total area of melanistic elements on the
body of hyperthyroid males, especially from the
TH-1 group, compared to males from other hor-
monal groups (Fig. 6) (Kruskal-Wallis test for
number and area: P<0.01). Males from the two
hyperthyroid groups develop pigment patterns with
novel color elements that were not found in the
control groups of fish, in particular, with eyespots
(Fig. 3f-o and Fig. 4b).

Development and variability of color pattern in males
with TH deficiency

Fish from the two hypothyroid groups (Tio-1 and Tio-2)
exhibit a delayed onset in the development of the color
pattern elements in comparison with fish with other
hormonal regimes (Fig. 2). In the Tio-1 group, the
melanophore rhombic reticulate pattern is formed only
by DAB 40; after that, there is a further slowdown in the
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development of the color pattern (Fig. 2). When the
black and orange elements of the pattern were forming
in the posterior part of the body, the order of the appear-
ance of chromatophores changed; simultaneously with

melanophores, xanthophores appeared in the black
stripe region (Fig. 2). Orange pigment did not develop
on the dorsal fin. The final color pattern in most speci-
mens was formed by DAB 230.
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Starting from the appearance of iridophores in the
anterior black stripe region, there is an acceleration in
the rate of development of the color pattern in fish from
the Tio-2 group compared to fish from the Tio-1 group
(Fig. 2). The order of the appearance of melanophores
and xanthophores in color elements on the body did not
change (Fig. 2). Orange pigment was present on the
dorsal fin in 45% of the males from the Tio-2 group.
The adult color pattern in most males finally developed
by DAB 170.

In hypothyroid groups of fish, variability in the shape
and area of black and orange elements of the color pattern
is observed (Table 1, Fig. 3p—y and Fig. 6). Males from
the Tio-1 group had significantly more orange blotches
and spots in the pigment pattern (Fig. 4a) than males from
the euthyroid and hyperthyroid groups (Kruskal-Wallis
test: P=0.02). In both hypothyroid groups, there is a
transformation from black oblique bar to blotches and
spots of different area (Fig. 5), as well as eyespots (Fig.
3p—y and Fig. 4b). Changes in the shape, number, and
relative area of melanophore and xanthophore patches in
hypothyroid males (Table 1, Fig. 4 and Fig. 5) lead to the
appearance of color patterns distinct from fish with other
hormonal regimes (Fig. 3p—y).

Discussion

THs and variability of male ornamental traits in Poecilia
wingei

The results obtained indicate that changes in the hor-
monal status in P. wingei result in changes in the timing
and rate of development of elements of the color pattern
in males. The increased level of THs in experimental
fish caused a premature appearance and changes in the
order of development of color elements and in general
accelerated the ontogeny of the pigment pattern. At the
same time, a deficiency of hormones led to a decelera-
tion in the rate of development and a change in the order
of appearance of chromatophore lines in the color pat-
tern. These ontogenetic changes in the experimental
groups of fish led to changes in the shape, area, and
number of melanophore and xanthophore elements in
pigment patterns.

The greatest variability among hormonal groups was
in melanistic color elements. The pigment pattern of
hyper- and hypothyroid fish acquired blotches or/and
spots of different area and position on the body,

including eyespots. Alterations in the TH status caused
an increase in the frequency of asymmetry of these
melanophore patches. Depending on the hormonal re-
gime, the relative area occupied by melanistic elements
on the body was changing; e.g., it significantly de-
creased in males developing under conditions of excess
hormones until the final formation of adult color.

Variability in xanthophore elements among hormon-
al regimes was most pronounced in the shape and num-
ber of orange patches on the body, as well as in the
presence of orange pigment on the dorsal fin. Males
developing under TH deficiency until the final develop-
ment of adult pigment pattern had more orange blotches
and spots in the posterior part of the body than those
from other hormonal groups. The increase in the number
of orange patches was associated with the specifics of
the development of the adult color pattern, with the
simultaneous appearance of xanthophore and melano-
phore populations at the sites of formation of color
elements in the posterior part of the body. Differences
between hormonal groups in the relative area occupied
by xanthophore elements on the body are less pro-
nounced compared to melanophore elements (Fig.6).

Large variability in the melanistic elements of the
color pattern in males may be associated with the spe-
cific features of the regulation of melanophores in on-
togeny. The guppy is known to have at least three
temporally and genetically distinct populations of mela-
nophores: the first population differentiates during em-
bryogenesis; the second mainly differentiates after birth,
participating in the development of the reticulate pat-
tern; and the third population differentiates during pu-
berty, participating in the formation of the adult mela-
nophore pattern in males (Kottler et al. 2013). The
interrelation between the phenotypic variability of black
color elements in males and the differential expression
of genes involved in the development of melanophores
and the regulation of melanin synthesis were also con-
firmed (Dick et al. 2018). The results obtained indicate
that the melanophore population participating in the
formation of the adult color pattern in males is the most
sensitive to changes in the TH level.

The identified dependence of the population of me-
lanophores on THs in adult P. wingei was similar to the
previously described results obtained in experiments
with zebrafish (McMenamin et al. 2014; Saunders
et al. 2019) and cichlids (Prazdnikov and Shkil 2019a,
2019b). However, the reaction of another type of pig-
ment cells, xanthophores, to the hormone level was
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different from those described earlier. Interestingly,
populations of xanthophores on the body and dorsal
fin showed different responses to changes in the hor-
monal status. In general, the deficiency and excess of
THs caused a similar reaction of xanthophores on the
body, while on the dorsal fin of males reared under
hypothyroidism, a reduction in pigment cells of this type
was observed, in contrast to fish reared under other
hormonal regimes. This may indicate that THs coordi-
nate cellular behavior on the body and the fin in different
ways, which can also be associated with different chro-
matophore precursors. Moreover, it is known that pop-
ulations of chromatophore precursors on fish fins can
differ from those found on the body which are capable
of generating both xanthophores and melanophores
(Parichy and Spiewak 2015). The orange ornament on
the body of male guppies depends on the diet (the
amount of carotenoid intake) and the ability to synthe-
size pteridines in xanthophores (Grether et al. 2001,
2005; Karino and Shinjo 2004). In this regard, as shown
in my other experiments (unpublished data), males eat-
ing only food rich in carotenoids (live Artemia nauplii
and spirulina), despite their development under condi-
tions of artificial suppression of the synthesis of endog-
enous THs, had large areas on their bodies occupied by
xanthophore elements (Fig. 7a).

In the last decade, there has been growing evidence
that both short- and long-range interactions between
different types of chromatophores are required for the
formation of complex pigment patterns in fish (Eom
et al. 2015; Hamada et al. 2014; Kottler et al. 2013;
Mabhalwar et al. 2016; Patterson and Parichy 2019). In
P. wingei, iridophores contribute to all ornamental traits
in males. It is assumed that iridophores accumulate in
Jjuveniles at the sites of future black and orange patches,
whereas subtle differences in the migration of
iridophores and their differential interaction with other
types of pigment cells (melanophores and
xanthophores) can lead to variability in the color pattern
in males (Kottler et al. 2014). THs regulate the expres-
sion of pigment genes and coordinate the state of differ-
entiation or morphogenetic behavior of various chro-
matophore lineages, affecting the total number of cells
and the cascade of interactions (Eskova et al. 2020;
Guillot et al. 2016; McMenamin et al. 2014; Saunders
et al. 2019) and thereby playing an important role in
color variability. The results obtained in the current
work support the assumption that iridophores precede
the appearance of melanophore and xanthophore
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Fig. 7 Variability in color pattern in P. wingei males with altered
TH status: (a) reared under TH deficiency on a diet rich in
carotenoids (mean area of xanthophore elements on the body is
12.24+0.70 mmz); (b) reared under excess of THs; scale: 2 mm.
(¢) spot formation as a result of transformation of melanistic
element; scale: 0.5 mm; i, iridophores; m, melanophores; X,
xanthophores

elements on the body (Fig. 1b—e and Fig. 2), and alter-
ations in TH signaling cause changes in the shape of
color elements (in some specimens, with asymmetry).
As a result, instead of bars or stripes, blotches or/and
spots are most often developing in the pigment pattern
of experimental P. wingei males (Fig. 3 and Fig. 7b, ¢).

The important role of iridophores in intercellular interac-
tions and the formation of adult pigment pattern have been
demonstrated in another model species of fish (Frohnhdfer
et al. 2013; Patterson and Parichy 2013). S-iridophores in
zebrafish possessing a strong signaling capacity have been
shown to predetermine stripes and interstripe space, as well
as affect changes in the shape of pattern elements in these
sites (Fadeev et al. 2015; Krauss et al. 2014; Patterson and
Parichy 2019; Singh 2015; Watanabe and Kondo 2015).
Further exploration of this model has shown the mechanism
of how stripes become broken into spots during the forma-
tion of adult pattern in mutant zebrafish lines (Owen et al.
2020). The similarity of transformations of color elements in
two phylogenetically distant fish species indicates the com-
monality of the mechanisms of intercellular interactions and
hormonal regulation of chromatophores during the develop-
ment of adult pigment patterns.
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Alterations in TH signaling lead to phenotypic diversity
with the emergence of novel male ornamental traits

Alterations in the TH level in experimental fish led to a
change in the timing and rate of formation of the adult
pigment pattern, which can be considered as
heterochrony (sensu Miiller (2007). Heterochronic shifts
in the development of color patterns (Fig. 2) cause an
increase in phenotypic variability. The range of variabil-
ity in the ornamental patterns in males with altered hor-
monal status exceeded the natural range of pattern vari-
ability described for the natural population of P. wingei
(Alexander and Breden 2004). Some specimens of ex-
perimental fish were lacking the male-specific traits of
P. wingei (Alexander and Breden 2004; Kottler et al.
2013; Tripathi et al. 2008), such as black oblique bar,
posterior horizontal stripe, and ventral lining of the caudal
peduncle, as well as orange pigment on the dorsal fin. In
all hyper- and hypothyroid groups, there were pro-
nounced changes in the color elements of the pigment
pattern, leading to the formation of patches that differed
in shape, position, occupied area, and color. In fish with
altered hormonal status, novel combinations of color
elements appeared in the pigment pattern. As a result of
hormonally induced heterochrony, the male phenotype
acquired a number of ornamental traits which are present
in the color patterns of phylogenetically close species,
Poecilia obscura and P. reticulata (Fig. 3).

Taking into account the individual variability in the
TH responsiveness in experimental fish, it is obvious
that manipulating the TH status and increasing the sam-
ple size will make it possible to obtain a greater variety
of color patterns, especially melanistic patterns charac-
teristic of three species of male guppies.

In natural populations, male guppies exhibit complex
polymorphism in color patterns which forms as a result
of interactions between sexual selection and predation
regime (Brooks and Endler 2001; Endler 1980, 1984;
Weese et al. 2010), as well as other environmental
factors (Millar et al. 2006; Rahman et al. 2013; Ruell
et al. 2013; Schwartz and Hendry 2010). For example,
depending on the intensity of predation, the number,
size, and area of spots in the male color pattern change
(Endler 1995; Kemp et al. 2009). Color variability in
guppies can be further supported by genotype-specific
effects of variable levels of resources, the interaction of
the genotype with changing environmental conditions,
in particular, resource availability, and light intensity
(Hughes et al. 2005; Kemp et al. 2018; Kolluru 2014).

THs are important regulators of fish development
and act as molecular links between the genotype of the
organism and the environment (Lema and Kitano 2013;
Lema 2014). TH regulatory pathways act as mechanistic
links between environmental change and phenotypic
development (Lema 2020). For example, changes in
feeding conditions, temperature, and light intensity
cause alterations in the TH levels in fish (Eales et al.
1982; Karagic et al. 2018; Leiner & Mackenzie 2003),
which can affect phenotypic expression (Lema 2020). It
has been shown that plasticity in endocrine signaling
may play an important role in evolutionary changes in
different taxa of teleost fish (Kitano et al. 2010; Lema
2020; Prazdnikov and Shkil 2019a; Shkil and Smirnov
2015). The habitats of guppy populations undergo
changes of varying degree in the availability of re-
sources, lighting, predation, and parasitism (Kolluru
2014), which are likely to affect the TH dynamics. In
addition, other environmental changes associated with
anthropogenic pollution of freshwater ecosystems cause
changes in the functioning of the endocrine system
(Shenoy and Crowley 2011) and lead to variability of
ornamental traits in males (Shenoy 2012).

The experimental results obtained demonstrate how
alterations in the hormonal status during development in
P. wingei lead to the formation of phenotypic diversity
with the appearance of new ornamental traits in males.
Individual alterations in TH signaling induce an increase in
pigment pattern variability in offspring from the same
parents. Hormone-mediated plasticity can probably con-
tribute to the rapid adaptation of guppies to changing
environmental conditions, as well as to generation of novel
developmental variants. The appearance of new pigment
patterns, including those with asymmetric color elements,
can provide advantages for males and become fixed in the
population. The preference of female guppies for rare and
unfamiliar male color patterns is well known (Hughes et al.
2013; Valvo et al. 2019); moreover, the lateral asymmetry
of signaling traits gives males an advantage during court-
ship (Rezucha and Reichard 2015). Thus, THs can make a
significant contribution to the maintenance of extensive
color polymorphism in guppy populations.

Conclusions
Experimental data indicate that the development of color

patterns in P. wingei males is regulated by THs. Alterations
in the TH status cause heterochronic shifts in the
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development of pigment pattern, which lead to an increase
in phenotypic variability. The discovered similarity of the
ornamental traits of experimental fish with closely related
species of Poecilia suggests the participation of the TH-
signaling pathway in the diversification of guppy color
patterns. The emergence of new hormonal phenotypes
indicates the potentially important role of alterations in
endocrine regulation induced by the environment for the
evolutionary origin of novel traits in fish. Furthermore, the
data on the effect of THs on the variability of ornamental
traits in males open up new prospects for future studies of
the role of endocrine regulatory mechanisms in the adap-
tive evolution of guppies.
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