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Abstract—The study of the effect of thyroid hormones on the development of the pigment pattern, including
the expression of sexual dichromatism, contributes to our understanding of the role of endocrine signaling in
the evolution of cichlid fishes, one of the most diverse groups of teleosts. This work shows the effect of
reduced thyroid hormone signaling on the development of reversed sexual dichromatism in Amatitlania nigro-
fasciata, a Neotropical cichlid in which females, unlike males, have carotenoid coloration. In hypothyroid
fishes, there was a slowdown in the rate of metamorphic transformations of the pigment pattern and an
increase in phenotypic variability. The adult pattern based on carotenoids began to develop in females only
after the completion of treatment of thiourea, which suppresses the synthesis of endogenous thyroid hor-
mones. The data obtained indicate a potentially important role of thyroid hormone-mediated developmental
plasticity in the diversification of carotenoid coloration in Neotropical cichlids.
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INTRODUCTION

Cichlids (Cichlidae) are characterized by an out-
standing variety of pigment patterns among teleosts
(Teleostei), which is due to the important role of this
morphological trait in the adaptation and speciation of
this large group of fishes (Salzburger, 2009; Maan and
Sefc, 2013; Ronco et al., 2021).

Carotenoid pigments are responsible for many of
the yellow, orange, and red hues in the integument of
teleosts and are stored in xanthophores and erythro-
phores (Sefc et al., 2014). Among Neotropical cichlid
groups, there are species with reversed sexual dichro-
matism, in which females have carotenoid-based col-
oration that males lack (Tobler, 2007). An outstanding
representative of such species are the females of the
convict cichlid, Amatitlania nigrofasciata (Günther,
1867), which have xanthophore (yellow-orange)
patches in the pigment pattern, the color of which is
mainly due to carotenoids (Brown et al., 2013; Prazd-
nikov, 2022). The melanistic pattern due to black-
brown melanophores in A. nigrofasciata of both sexes
consists of eight postcranial vertical bars and a spot on
the operculum and usually has little variability (Říčan
et al., 2005; Prazdnikov, 2020). Carotenoid coloration
in females of A. nigrofasciata can perform a signaling
function and vary depending on the environment
(Beeching et al., 1998; Anderson et al., 2016; Earley
et al., 2020).

Thyroid hormones (THs) are important signaling
molecules that regulate many ontogenetic processes
and act as a link between the environment and pheno-
typic development in teleosts (Deal and Volkoff, 2020;
Lema, 2020). TH signaling coordinates a wide range
of morphological development processes, including
metamorphosis, mainly due to the binding of the most
active THs, triiodothyronine, to nuclear receptors,
which leads to changes in gene transcription in differ-
ent tissues (Blanton and Specker, 2007; Campinho,
2019; Vancamp et al., 2019). THs can affect the devel-
opment of chromatophores both directly and indi-
rectly by affecting the cascade of intercellular interac-
tions, thereby generating different adult pigment pat-
terns in fishes (Saunders et al., 2019; Parichy and
Liang, 2021). For example, in hypothyroid Danio
rerio, an excess of melanophores develops since their
proliferation is not limited, and vice versa, there is a
lack of differentiated xanthophores due to a failure of
these cells to accumulate the carotenoids necessary for
the formation of yellow-orange color, which leads to a
change in the melanistic pattern (McMenamin et al.,
2014; Saunders et al., 2019).

A similar mechanism is seen in Andinoacara rivula-
tus with reduced TH signaling as adult pigmentation
develops, the melanophore population increases and
the number of xanthophores decrease dramatically
(Prazdnikov and Shkil, 2019a). It was previously
shown that TH-deficiency in A. nigrofasciata during
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Fig. 1. Development of pigment pattern in Amatitlania nigrofasciata: (a) embryo; (b) early larva; (c) late larva; (d) juvenile; (e)
adult female. I LS and II LS, larval stripes; 1–7, adult melanistic element (vertical bars); anterior (a) and posterior (p) bars; ( )
region of the body used to quantify the relative area of melanophore and xanthophore elements. Scale bars: 1 mm.
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development leads to an increase in the number of
melanistic pattern elements and the absence of sexual
dichromatism (Prazdnikov and Shkil, 2019b). How-
ever, the formation of carotenoid coloration in females
of A. nigrofasciata after the suppression of endogenous
THs synthesis is canceled poorly understood. Due to
the fact that carotenoid coloration may depend on
hormonal changes in the melanistic pattern in female
Neotropical cichlids (Prazdnikov, 2022), the study of
issues related to the effect of THs on the expression of
sexual dichromatism contributes to our understanding
of the role of endocrine signaling in the evolution of
the pigment pattern in cichlid fishes. Here, I investi-
gated the development of carotenoid coloration in
A. nigrofasciata females reared under hypothyroid
conditions to the formation of the definitive melanis-
tic pigment pattern.

MATERIALS AND METHODS
The clutch of fertilized eggs, obtained as a result of

the natural spawning of a pair of A. nigrofasciata, was
divided into two equal groups (80 eggs per group), the
embryonic and post-embryonic development of
which up to the late larval stage took place under the
same conditions. Then the fish were reared in different
hormonal regimes: i) euthyroid (control group—natu-
ral TH status); and ii) hypothyroid (TH-deficiency).
The hypothyroid condition was induced by adding a
goitrogen—thiourea (CS(NH2)2) (concentration in
water, 0.035%). Thiourea has proven itself in numer-
ous works as a compound that inhibits the synthesis of
THs in fish and causes a steady state of hypothyroid-
ism (Blanton and Specker, 2007). The fish were
treated with goitrogen until the final formation of the
adult melanistic pattern. The concentration thiourea
and the stage of initiation of treatment used in this
study were chosen on the basis of preliminary optimi-
zation experiments (Prazdnikov and Shkil, 2019b). A
higher concentration of thiourea (≥0.04%) strongly
retarded development, including metamorphic trans-
formations, until the formation of the adult pattern
JOURNAL OF ICHTHYOLOGY  Vol. 63  No. 6  2023
stopped, while a lower concentration of thiourea
(≤0.01%) did not contribute to noticeable changes in
ontogeny and pigment pattern. A 0.035% concentra-
tion of thiourea in water always decreased triiodothy-
ronine levels approximately twofold in the hypothyroid
group of fish compared to the euthyroid group. One-half
of the water from the experimental aquarium was
replaced every three days with the addition of thiourea to
a predetermined concentration. The rest of the experi-
mental conditions were the same for both groups.

Five stages were distinguished in the development
of A. nigrofasciata: (i) embryo (fertilization—hatch-
ing); (ii) early larva (hatching—complete yolk absorp-
tion); (iii) late larva (foraging onset—pelvic fin forma-
tion); (iv) juvenile—up to the appearance of sexual
dimorphism, and (v) adult fish (Fig. 1). I used days
postfertilization (dpf) as a temporal characteristic to
compare the timing of ontogenetic events between
hormonal groups.

To describe pigment patterning, I used live speci-
mens. Fish were photographed with a Canon EOS
100D digital camera, individuals in the early stages of
development—under a Leica MS5 stereomicroscope,
and adults—directly in the aquarium. The standard
length of fish (SL) was measured with an accuracy of
0.1 mm. Pictures of females were taken after the first
spawning in each experimental group. This period was
considered the end of the formation of carotenoid col-
oration. The type of chromatophores was identified by
the color of the pigment. For the melanistic pattern
elements, I used the classification proposed earlier for
Neotropical cichlids (Říčan et al., 2005), according to
which additional vertical bars, depending on the loca-
tion, were designated as anterior (a) and posterior (p).

In the pigment pattern of females, changes in the
number of melanistic elements, as well as the occupied
area of xanthophore (yellow-orange) patches on the
body, were assessed. Due to the fact that the main
population of xanthophores is located in the ventral
part of the body of females, a quantitative assessment
of the relative area of melanophore and xanthophore
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Fig. 2. The sequence of ontogenetic events in pigment patterning (a) and formation of carotenoid pigmentation (b–e) in Amatit-
lania nigrofasciata females reared under different hormonal regimes: (b, c) control group; (d, e) hypothyroid group. D, dorsal fin;
Mel, melanophores; Xnt, xanthophores; form., formation of all regions; compl., completion of the pattern development; dpf,

days postfertilization; ( ) larval–juvenile transition period. See Fig. 1 for other designations. Scale bars: 5 mm.
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elements within a specific region was carried out
(Fig. 1e), which was determined in the course of pre-
vious studies (Brown et al., 2013; Prazdnikov, 2022).
Analysis of female pigment pattern elements was per-
formed using the Fiji image processing package and
ImageJ 1.8.0 software (Schindelin et al., 2012). Since
some groups of fish did not follow a normal distribution,
nonparametric Mann–Whitney U-tests were conducted.

RESULTS

In the control group of A. nigrofasciata, sites of
melanophore vertical bars began to form from the late
larval stage (Fig. 1c). During the larval-juvenile tran-
sition, accompanied by the change of larval elements
of the pigment pattern to adult elements, the forma-
tion of all regions of the bars occurred, which was
completed by 40 dpf (Fig. 1d). The melanistic pigment
JO
pattern on the body, consisting of eight postcranial
bars, finally developed by the end of the juvenile stage,
by 95 dpf. There were no differences between individ-
uals in the number of bars. Xanthophore patches on
the dorsal fin and ventral part of the body began to
appear by 124 dpf (Figs. 2a, 2b). The formation of
reversed sexual dichromatism in most individuals was
completed by 190 dpf (Fig. 2c). The females from the
control group were characterized by interindividual
variability in the area occupied by melanophore (coef-
ficient of variation 21.18%) and xanthophore (37.51%)
elements on the ventral part of the body, as well as in
the total area of xanthophore patches on the body
(24.10%).

In the hypothyroid group, a slowdown in the rate of
larval-juvenile transition was observed (Fig. 2a). The
formation of all regions of the vertical bars was com-
pleted by 90 dpf. The melanistic pattern finally devel-
URNAL OF ICHTHYOLOGY  Vol. 63  No. 6  2023
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Table 1. The frequency of occurrence (FO) of vertical bars on the body of Amatitlania nigrofasciata females reared under
different hormonal regimes and their standard length (SL)

n—number of fish; for SL, the mean value, standard deviation, and (in brackets) the limits of variation are given.

Number of bars

Group

control (n = 25) hypothyroid (n = 18)

FO, % SL, mm FO, % SL, mm

8 100 46.9 ± 6.6 (38.3–58.4) 11.1 45.4 ± 4.9 (40.5–50.3)

9 0 66.6 41.7 ± 3.0 (38.1–47.1)

10 0 22.3 42.4 ± 2.4 (38.8–45.5)
oped by 180 dpf. The pattern included eight to ten
postcranial melanophore bars and patches (Table 1).
In fish, the following variants of bar splitting were

observed in percentage terms: 1 (12.50%), 3a (31.25%),

5 (31.25%), 1 and 3a (6.25%), 3a and 5 (18.75%). The
vertical bars were often fused to each other in the cen-
tral part of the body (Fig. 2d). The first clusters of xan-
thophores on the dorsal fin and ventral part of the
body appeared in most females 60 days after the com-
pletion of thiourea treatment by 240 dpf (Fig. 2a).
Xanthophore patches are usually developed in the
interbar space and rarely spread to the region occupied
by the melanophore bars. The formation of reversed
sexual dichromatism in hypothyroid A. nigrofasciata
was completed by 290 dpf (Fig. 2e). In hypothyroid
females, the interindividual variability in the area
occupied by the analyzed elements of the pattern was
higher than in euthyroid females from the control
group; the coefficient of variation for melanophore
and xanthophore elements in the ventral part was
23.01 and 47.08%, respectively, and for the total area
of xanthophore patches on the body, 50.51%.

Between the two hormonal groups of females, sta-
tistically significant differences were found in the area
of melanophore and xanthophore elements in the ven-
tral part of the body (Mann–Whitney U test p < 0.01)
(Fig. 3a), as well as in the total area occupied by xan-
thophore patches on the body (Mann–Whitney U test
p < 0.01) (Fig. 3b).

DISCUSSION

The results obtained show that reduced TH signal-
ing in A. nigrofasciata led to a slowdown in the rate of
metamorphic transformations of the larval pigment
pattern into the adult, which, in turn, affected the for-
mation of reversed sexual dichromatism (Fig. 2). In
the pigment patterns of females, xanthophore ele-
ments began to develop only after the completion of
treatment of thiourea, which suppresses the synthesis
of endogenous THs. It has previously been shown that
hypothyroidism completely suppresses the develop-
ment of the adult lineage of xanthophores in A. nigro-
fasciata (Prazdnikov and Shkil, 2019b). These data
suggest that thyroid hormones may be directly
JOURNAL OF ICHTHYOLOGY  Vol. 63  No. 6  2023
involved in regulating the cell population of xantho-
phores in cichlid fishes, probably controlling the state
of terminal differentiation and accumulation of carot-
enoids during the formation of adult patterns similar
to that of Danio rerio (Saunders et al., 2019).

The formation of melanistic vertical bars in cichlids
is associated with extensive dorsal and ventral migra-
tion of undifferentiated melanophores in the skin, fol-
lowed by an increase in density as a result of prolifera-
tion and melanin synthesis relative to the interbar
space (Říčan et al., 2005; Hendrick et al., 2019; Liang
et al., 2020). Changes in the migration of melano-
phores and their proliferation lead to the merging or
splitting of the forming regions of the bars, which in
turn causes variability in the number of bars and their
position on the body in the adult pattern. An increase
in the number of bars in the pattern of hypothyroid
A. nigrofasciata was most often associated with the

splitting of bars 3a and 5. These vertical bars, along
with bars 2 and 4, show variation in development and
are responsible for much of the diversity of melanistic
patterns in Neotropical cichlids (Říčan et al., 2005,
2016). The global control of pigment cell behavior
during pattern formation involves not only THs, but
also other hormonal systems connected through the
hypothalamic-pituitary pathways (Eskova et al., 2020;
Bertolesi and McFarlane, 2021). In this regard, it can
be assumed that THs may be involved in the regulation
of melanophores through the separation of signaling
pathways with other hormones and joint influence on
the activity and distribution of these pigment cells.

Expansion of the xanthophore population during
the development of carotenoid coloration in A. nigro-
fasciata females seems to be limited to previously
formed melanistic elements on the body, as has been
shown for hyperthyroid females of this species (Prazd-
nikov, 2022). The statistically significant differences in
the area occupied by xanthophore patches on the body
between hormonal groups may be associated with an
increase in the number of melanistic elements in the
pigment pattern of hypothyroid females. Alterations in
TH status in A. nigrofasciata lead to an increase in the
variability of carotenoid coloration, which can be
associated both with the direct hormonal effects on
xanthophores and with an indirect effect through a
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Fig. 3. Relative areas of xanthophore ( ) and melanophore ( ) pattern elements on the ventral part of the body (a) and total area
of xanthophore patches on the body (b) of Amatitlania nigrofasciata females reared under different hormonal regimes: C, control
group (25 specimens); Tio, hypothyroid group (18 specimens). The box plots show the interquartile range, from 25th and 75th
percentile, crosses represent sample means, and the horizontal line crossing the box represents the median values. Whiskers in
the box plots denote minimum to maximum values. The circle represents the outlier outside the whiskers. Females were analyzed
using a Mann–Whitney U test (** p < 0.01). Shown are the interquartile range (25–75%), (—) – median, (×) – mean, ( ) –
minimum and maximum values, (○) – outlier; **differences are significant at p < 0.01.
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cascade of intercellular interactions and other hor-
monal systems necessary for the formation of the adult
pigment pattern. Changes in the specific of interac-
tions between pigment cells, in particular between
melanophores and xanthophores, as well as irido-
phores, affect changes in the pattern elements and can
play an important role in the evolution of teleost pig-
mentation (Patterson and Parichy, 2019; Salis et al.,
2019; Parichy, 2021). The data obtained so far on the
development of chromatophores in different cichlid
species (Roberts et al., 2017; Hendrick et al., 2019;
Liang et al., 2020; Prazdnikov, 2022) indicate both
common mechanisms in intercellular interactions
similar to other taxonomic groups of fish and distinct
mechanisms with a completely different dynamic.
Due to the great diversity of pigment patterns in cich-
lids and their developmental variants, the study of the
mechanisms of interaction between pigment cells and
endocrine axes in this group of fishes requires further
experimental studies.

It is assumed that changes in the relative times of
development (heterochrony) and places of chromato-
phore differentiation (heterotopy) may play an
important role in the diversification of pigment pat-
terns in Neotropical cichlids (Prazdnikov and Shkil
2019a, 2019b), Danio species (Parichy and Liang,
2021), and guppy species (Prazdnikov, 2021). TH-
JO
induced heterochrony influenced the extent of carot-
enoid coloration in hyperthyroid females of A. nigro-
fasciata and led to the appearance of phenotypes sim-
ilar to other Neotropical cichlid species with reversed
sexual dichromatism (Prazdnikov, 2022). The absence
or decrease in the area occupied by xanthophore
patches in the pigment pattern of hypothyroid females
of A. nigrofasciata is similar to the phenotypic changes
in natural populations of females from the genus Ama-
titlania, in which, depending on the reproductive sta-
tus, as well as increased behavioral interactions with
predators and heterospecific competitors, carotenoid
coloration can significantly decrease up to its com-
plete absence during the care of offspring (Anderson
et al., 2015; Robart and Sinervo, 2018). Taking into
account that THs, having a pleiotropic effect, allow
teleosts to carry out integrated adaptive phenotypic
responses to environmental changes (Lema, 2020), it
can be assumed that the TH signaling pathway is
involved in the re-allocation of carotenoids between
the skin and internal organs.

Hormone-mediated plasticity may contribute to
the emergence of novel phenotypes and underlie evo-
lutionary changes in different taxonomic groups of
teleosts. For example, alterations in TH signaling have
played an important role in the postglacial adaptive
radiation of sticklebacks, Gasterosteus (Kitano et al.,
URNAL OF ICHTHYOLOGY  Vol. 63  No. 6  2023
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2010), the morphological diversification of large Afri-
can barbs, Labeobarbus (Smirnov et al., 2012) and
pupfishes, Cyprinodon (Lema, 2020), and in the adap-
tive divergence of the visual system of Midas cichlids,
Amphilophus (Karagic et al., 2022).

The results of this work, together with previously
obtained data on the effect of THs on the formation of
coloration in cichlid fishes (Prazdnikov and Shkil,
2019a, 2019b; Prazdnikov, 2022), suggest that hor-
mone-mediated plasticity promotes the emergence of
novel developmental variants with the appearance of
very different phenotypes and may play an important
role in the evolution of the pigment pattern in Neo-
tropical cichlids.
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