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ARTICLE INFO ABSTRACT

Edited by X. Carette The genes coding for Cytochrome P450 aromatase (cypl9ala and cyp19alb) and estrogen (Ey) receptors (esrl,
esr2a and esr2b) play a conserved role in ovarian differentiation and development among teleosts. Classically, the

Keywords: “gonad form” of aromatase, coded by the cyp19ala, is responsible for the ovarian differentiation in genetic fe-

Cyp19al males via ligation and activation of the Esr, which mediates the endocrine and exocrine signaling to allow or

Synteny

block the establishment of the feminine phenotype. However, in neotropical species, studies on the molecular
Sex development and endocrine processes involved in gonad differentiation as well as on the effects of sex modulators are recent
Neotropical fish and scarce. In this study, we combined in silico analysis, real-time quantitative PCR (qPCR) assay and quanti-
aromatase fication of E; plasma levels of differentiating tambaqui (Colossoma macropomum) to unveil the roles of the
paralogs cypal9ala and cypl9alb during sex differentiation. Although the synteny of each gene is very
conserved among characids, the genomic environment displays striking differences in comparison to model
teleost species, with many rearrangements in cypl9ala and cyp19alb adjacencies and transposable element
traces in both regulatory regions. The high dissimilarity (DI) of SF-1 binding motifs in cyp19ala (DI = 10.06 to
14.90 %) and cyp19alb (DI = 8.41 to 13.50 %) regulatory region, respectively, may reflect in an alternative
pathway in tambagqui. Indeed, while low transcription of cyp19ala was detected prior to sex differentiation, the
expression of cyp19alb and esr2a presented a large variation at this phase, which could be associated with sex-
specific differential expression. Histological analysis revealed that anti-estradiol treatments did not affect
gonadal sex ratios, although Fadrozole (50 mg kg™! of food) reduced E, plasma levels (p < 0,005) as well
cyp19ala transcription; and tamoxifen (200 mg kg~! of food) down regulated both cyp19ala and cyp19alb but
did not influence Ey levels. Altogether, our results bring into light new insights about the evolutionary fate of
cyp19al paralogs in neotropical fish, which may have generated uncommon roles for the gonadal and brain
forms of cyp19al genes and the unexpected lack of effect of endocrine disruptors on tambaqui sexual
differentiation.

Promoter Structure

Abbreviations: aa, amino acid(s); AhR, Aryl hydrocarbon receptor; Als, Aromatase inhibitors; AR, Androgen receptor; bp, base pair(s); cDNA, DNA complementary
to RNA; CDS, Coding DNA sequence; CRE, cAMP response element; CRX, Cone-rod homeobox protein; dNTP, deoxyribonucleoside triphosphat; DBP, D site-binding
protein binding site; EDCs, Endocrine Disrupting Chemicals; ELISA, enzyme-linked immunosorbent assay; ERE, Estrogen-response element; ERs, Estrogen receptors;
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1. Introduction

In teleosts, steroids are well known for playing key roles in sex dif-
ferentiation and reproduction. A general and classic feature of ovarian
development in teleost fish is the sex-biased synthesis of estradiol during
the critical period of ovary differentiation, as a reflection of the sex-
specific differential expression of the cyp19al. The cypI9al encodes
for Cytochrome P450 aromatase, the catalytic enzyme that aromatizes
androgens into estrogens (Devlin & Nagahama, 2002; Guiguen et al.,
2010; Rajakumar & Senthilkumaran, 2020). Furthermore, estrogens,
mainly 17p-estradiol, act as primarily transcriptional regulators of target
genes mediated by the nuclear estrogen receptors (ERs), which recog-
nize and activate gene transcription through binding to the genomic
element called the estrogen-response element (ERE) (Amenyogbe et al.,
2020). The administration of endocrine disruptor chemicals (EDCs) such
as aromatase inhibitors (Als) and Selective Estrogen Receptor Modula-
tors (SERMs), which block this E»-ER path, induces sex reversal in fish,
resulting in genetic females that are functional males (Dang & Kienzler,
2019).

Due to a second, fish-specific, whole genome duplication (3R) event
that occurred during the evolution of teleosts, the cyp19al gene was
duplicated, giving rise to the paralogs cyp19ala, mostly expressed in the
gonads, and cyp19alb, which is mostly expressed in the brain (Guiguen
et al., 2010; Diotel et al., 2010). Additionally, although both Cyp19al
proteins have similar enzymatic activity, some divergences in their gene
promoter sequences have supported their differential tissue expression
and regulation in different fish species (Lin et al., 2020). Recent studies
on teleosts using different gene editing methodologies (TALEN and
CRISPR) showed that the knockout of cypl9ala results in all-male
offspring in zebrafish (Lau et al. 2016) and tilapia (Zhang et al.,
2017). However, cypl9ala deficiency in XX medaka mutants did not
affect the ovarian development, but caused a partial ovary degeneration
and partial sexual inversion after puberty due to a failure in yolk
accumulation (Nakamoto et al., 2018). This establishes that not in all
cases the initial expression of cyp19alais important for the gonadal fate,
but it is important for the normal ovary development. In contrast,
cyp19alb-null mutants showed a normal sex ratio in zebrafish and
medaka, providing evidence that cyp19alb, is not crucial for ovarian
fate determination in these species (Yin et al., 2017, Nakamoto et al.,
2018).

While the process of sex differentiation and the role of estrogen and
Als in the gonad final phenotype are well characterized in model and
some economically important fish species, the elucidation of sex deter-
mination mechanisms and associated molecular pathways for sex dif-
ferentiation in neotropical fishes remain key areas of research
(Fernandino & Hattori, 2019). The Characiformes order is the most
speciose and diverse group of fish in the neotropics, where they inhabit a
large variety of freshwater habitats. Moreover, neotropical fish are the
basis of native finfish production in Brazil, which recently increased
steadily along with the continuous growth of the aquaculture industry in
South America. Among different farmed neotropical species, the tam-
baqui (Colossoma macropomumy), a member of the family Serrasalmidae,
outstands as the major native species in fish farming in Brazil and in
neighboring countries (Peixe, 2022). Juvenile female tambaqui appar-
ently proceeds throughout ovarian cavity formation, which marks the
ovary differentiation, in the absence of cyp19ala. Moreover, RNA seq
data of undifferentiated tambaqui showed that the expression of
cyp19alb and esr2a were higher in the trunks of putative males (Lobo
et al., 2020). To better explore this unconventional pattern, we per-
formed a phylogenomic analysis of both cyp19al paralogs and of their
coded aromatases, comparing with other teleost’s and evaluated the
expression of cypl9ala, cyp19alb and esr2a in different stages of tam-
baqui development, under normal growing conditions and treated with
Al compounds before and during sex differentiation.
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2. Materials and methods
2.1. Insilico analysis

2.1.1. Identification of cypl9ala and cyp19alb sequences in tambaqui
and other teleost

The identification of tambaqui cypI19ala and cyp19alb was done by
blast searches, using Pygocentrus nattereri CDS sequences as query,
against juvenile trunks, ovary and testis RNAseq data, and on a local
assembly of the C. macropomun genome (unpublished) in addition to the
C. macropomum genome assembly at National Center for Biotechnology
Information (NCBI; Bioproject PRJEB40318). The introns prediction,
splicing junctions and protein deduction from the genomic databases
were performed with Augustus or manually by BLASTX tool with iden-
tification of nucleotides consensus for introns 5'(GT) and 3'(AG). The
retrieved sequences were manually curated using the Unipro UGENE v.
35.1 software to construct the predicted CDS, which were subsequently
used to design species-specific primers for real-time quantitative PCR
(gPCR) and to deduce the amino acid sequences.

We further examined the cypI9al sequences from several animal
species with available sequenced genomes at NCBI and Ensembl data-
bases, using the TBLASTN algorithm. Teleost representatives include the
superorder Elopomorpha (Megalops cyprinoides, Anguilla anguilla),
Osteoglossomorpha (Sclerophages formosus, Arapaima gigas, Heterotis
niloticus, Gymnarchus niloticus, Mormyrus iriodes, Paramormyrops king-
sleyae, Brevimyrus niger, Mormyrus lacerda), Otocephala (Denticeps clu-
peoides, Coilia nasus, Limnothrissa miodon, Alosa alosa, Clupea harengus,
Chanos chanos, Danio rerio, Carassius auratus, Cyprinus carpio, Elec-
trophorus electricus, Ictalurus punctatus, Tachysurus fulvidraco, Pan-
gasianodon hypophthalmus, Ameiurus melas, Hepsetus odoe, Pygocentrus
nattereri, Astyanax mexicanus) and Eutelostei (Gasterosteus aculeatus,
Takifugu rubripes, Dicentrarchus labrax, Monopterus albus, Esox lucius,
Oreochromis niloticus, Oryzias latipes, Gadus morhua, Salmo salar,
Onchorhynchus mykiss). We also included non-teleost actinopterygian
such as Lepisosteus oculatus, Acipenser ruthenus and Erpetoichthys cala-
baricus, some tetrapods (Sarcopterygii; Latimeria chalumnae, Homo sa-
piens, Gallus gallus, Xenopus tropicalis, Anolis cariolinensis),
Chondrichthyes (Callorhinchus milii, Amblyraja radiata, Rinchodon typus)
and one Cyclostomata representative (Eptatretus burgeri). Cypl9 se-
quences found in Branchiostoma floridae (Cephalochordata) were used as
outgroup. Annotations were added to sequences from species (9) with
non-annotated databases.

2.1.2. Promoter analysis of tambaqui cyp19ala and cyp19alb

The comparative intergenic analysis of both cyp19al genes was
carried out on the entire region from the 5' flanking region to their
respective adjacent gene neighbors. We used the fishTEDB and NCBI as
databases to search for transposable elements through homology search
by BLASTn and BLASTx tools, respectively. We further searched for
putative transcription factor-binding sites in the promoter by applying
the PROMO web tool (https://alggen.lsi. upc.es/home.html), using
previous reports that have been validated TFBS from aromatase pro-
moter region (Tanaka et al., 1995, Tchoudakova et al., 2001, Chang
et al., 2005, Sridevi et al., 2012, Lin et al., 2020).

2.1.3. Phylogenetic analysis of Cyp19ala and Cyp19alb

Multiple sequence alignments were performed with MUSCLE,
included in MEGA7. Phylogenetic relationships were estimated using
maximum likelihood and Bayesian approaches. The best-fitting model
for amino acid substitution matrix (JTT + I + G4) was selected based on
the proposed model tool from IQ-Tree 2.0, which was also used to
perform the Maximum likelihood analysis to obtain the best tree. Node
support was assessed with 10,000 bootstrap pseudo replicates using the
ultrafast routine. Bayesian searches were conducted in MrBayes
v.3.1.248, with two independent runs of six simultaneous chains for
1,000,000 generations, and every 1000 generations were sampled using
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default priors.

2.1.4. Synteny analysis of cypI19ala and cyp19alb loci among teleosts

The Genomicus vertebrate server (https://www.dyogen.ens.
fr/genomicus), which is synchronized with Ensembl releases, was used
for chromosomal localization of aromatase genes and neighboring genes
that appear in conserved position between the phylogenetic represen-
tative fish species for synteny analysis. The genomic region (44 neigh-
boring genes) of cypl9ala and cypl19alb from C. macropomum were
identified and manually compared using the NCBI scaffold annotation
from other representative species.

2.2. In vivo experiments

2.2.1. Ethics statement

The authors assert that all procedures of this work comply with the
Ethical Principles of Animal Experimentation, adopted by the Brazilian
College of Animal Experimentation (COBEA), and were approved by the
local Ethics Committee on Animal Use (CEUA) — Embrapa Amazonia
Ocidental (n° 05/2018, SEI 21158.003669,/2018-77). The project has an
Authorization of Access to Genetic Heritage under register A5784B5.

2.2.2. Animals and rearing conditions

Recently-hatched tambaqui larvae were obtained from a commercial
farm (from Presidente Figueiredo, Brazil) and transported to the
Embrapa Amazonia Ocidental facilities, in Manaus. Fish were main-
tained in acclimatization for 7 days, fed crumbled fish pellets with 45 %
crude protein (CP), ad libitum, three times/day. After this period, juve-
niles were randomly distributed into nine polyethylene tanks (310 L), in
a density of 200 juveniles/tank for receiving the treatments in tripli-
cates. The temperature, oxygen, and pH of the water were measured
daily. Treatments lasted 6 weeks during which the feed (experimental
diets) was provided ad libitum four times a day.

2.2.3. Experimental diets

Fadrozole at dose of 50 mg kg™ ! and tamoxifen at dose of 200 mg
kg~ ! were dissolved in 70 % ethanol and incorporated into fish pellets
(according to Hines & Watts, 1995) for feeding sexually undifferentiated
tambaqui (2 cm of length) for 40 days, which covered the period when
the first morphological signs of sex differentiation appears (Lobo et al.,
2020). The control diet was treated with ethanol 70 %, in the same
volume: pellet weight as treatment diets. Hormone dosages were
established based on different studies showing effects of tamoxifen and
fadrozole on fish sex ratio (Afonso et al., 2001; Navarro-Martin et al.,
2009; Singh et al., 2012). All feed required for the entire treatment was
prepared in one batch. After the treatment, each fish group was trans-
ferred to and maintained in net cages up to 12 months of age, with the
exception of one replicate of the tamoxifen treatment, which was lost
due to an accident. All cages were placed in the same earth pond. During
this phase, the animals were fed fish pellets of 32 % CP at a rate of 5 % of
the tank biomass, twice a day.

2.2.4. Samplings

The first sampling was done just before the start of the treatment
(only in the control tanks; Ty, n = 5/tank), 20 and 40 days after the
beginning of treatment (at the middle and end of the treatment,
respectively; n = 9/tank). Fish were desensitized with benzocaine and
sacrificed by medullary sectioning. The trunks were snap frozen in liquid
nitrogen, and stored at —80 °C. At the last sampling, blood was collected
from the caudal vein of each fish prior to killing. The plasma was ob-
tained by centrifugation, frozen and stored at —80 °C until analysis. The
gonads were dissected, fixed in the Bouin solution for 24 hrs, and kept in
70 % ETOH for histological processing.

To characterize cyp19ala, cyp19alb and esr expression levels in non-
treated tambaqui, 5 to 15 fish were collected at hatching, and in the sizes
of 1.5, 2, 3, 4 and 6 cm of total length, covering the period of pre-

Gene 843 (2022) 146795

differentiation, and morphological differentiation of the gonads (Lobo
et al., 2020). Additionally, we collected gonads and brains of 6 sexually
immature adult tambaqui (3 males and 3 females), and 8 gonads from
sexually maturing tambaqui (5 females and 3 males) for RNA isolation
and qPCR analysis (Supplementary Fig. 1C to F).

2.2.5. Gene expression assays

Total RNA from juveniles’ trunks, brains and extracted gonads was
extracted using mortar and pestle for tissue maceration with TRIzol
reagent (Life Technologies; Carsbald, USA) in a proportion of 1 ml per
100 mg of tissue. Total RNA samples were treated with RNAse-free DNA
(RQ1 RNAse-free; Promega, Madison, USA) to remove any possible
genomic DNA residues. The concentration and integrity of the RNA were
assessed by spectrophotometry (Nanodrop 1000; Thermo Scientific) and
in agarose gel electrophoresis (1.5 %), respectively. Only samples with a
260/280 ratio between 1.8 and 2.1 were used for cDNA synthesis, which
was performed using High-Capacity cDNA Reverse Transcription Kit
(Thermo Scientific, Waltham, MA, USA), according to the manufac-
turer’s protocol. The cDNAs were used as a template to amplify and
quantify the transcript levels of cypI19ala, cyp19alb and esr2a. All gPCR
primers (Supplementary Table 1) were designed using the Integrated
DNA Technologies (IDT) tools (https://www.idtdna.com), based on
tambaqui genomic nucleotide sequences. Amplification efficiency for
each primer set was calculated from a 1:4 serial dilution of a pool of
tambaqui ovaries and testes cDNA. Melt curves were inspected to ensure
amplification of single amplicons, which were sequenced afterwards to
confirm the primers specificity of each assay. The qPCR reactions were
performed in the 7500 Fast Real-Time PCR System v2.3 (Applied Bio-
systems), in duplicates, using 2 uL of cDNA (120 ng), 1 uL of each primer
(200 nM), 12,5 pL Fast SYBR Green PCR Master Mix (Applied Bio-
systems), and nuclease-free water to a final volume of 25 pL. qPCR data
was analyzed using the 2 *2 method where the expression of the
target gene was first normalized to the f-actin (Nascimento et al., 2016)
and then calibrated to the mean of the pool of larvae (first sampling) for
the non-treated fish (i.e. differentiating juveniles and gonads of adult
tambaqui) and of the control group in the treated fish (experimental
groups).

2.2.6. Quantification of E, plasmatic concentration and histology

The circulating concentration of 17festradiol was estimated by an
enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen, Camarillo,
USA) and the samples were analyzed in duplicates. Absorbance was
measured using a microplate reader (Multiskan FC Thermo Scientific®,
Leicestershire, UK). Analyses were carried out following the manufac-
turer’s instructions, and a standard curve was run for each ELISA plate.
No dilution was needed in any assay.

For sex identification, the fixed gonads were dehydrated in
increasing concentrations of ETOH, cleared in xylene and embedded in
paraffin. The sections were cut in 3 pm and stained with haematoxylin-
eosin following conventional histological procedures. Histological slides
were used to identify the phenotypic sex of each fish, based on gonadal
structures, such as ovarian lamellae and/or the presence of oogonial
nests in females and the presence of spermatogonia and/or spermato-
genic cysts in males (Supplementary Fig. 1 A and B).

2.2.7. Statistical analysis of the data

To calculate the variation in sex ratios between treatment groups vs
control, Chi-square (X?) tests were performed. Based on AACt values,
the differences of gene expression among different time points of tam-
baqui early development as well as the differences between control and
treatments in some time points were tested by Kruskal-wallis test fol-
lowed by post hoc Dunn’s multiple comparison test, since that did not
confirm one or all of the assumptions for parametric test (normal dis-
tribution, homogeneity of variances and homoscedasticity). One-way
ANOVA was used to identify significant differences of gene expression
and E; levels between control and treated fish. All statistical analyses
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were performed in Graph Pad Prism v. 8.4.3. 3. Results
3.1. Tambagqui cyp19a genes

In the tambaqui genome, the cyp19ala (LOC118804009) is located
in the scaffold NW_023496020.1, while cyp19alb (LOC118811907) is
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Fig. 1. Characterization of the genomic sequences of Colossoma macropomum cyp19al paralogues. A) Illustrative scheme of relative positions of introns and exons of
C. macropomum cyp19ala and cyp19alb. The exons are boxed and the introns are depicted by lines. Position and length of exons are indicated by roman numerals and
cardinal numbers, respectively. The thin line shown above the graphic is a scale bar with 1000 base pairs; B) cis-regulatory elements distribution in the promoter
region of C. macropomum cyp19ala and cyp19alb. TATA-box are indicated by arrowheads. Binding sites that were predicted to be<5 % dissimilar to the matrix (DI <
5 %) are represented by solid colored lines, with the exception of the SF-1 site which is represented by dotted line (DI > 10 %). Elements that are shared by both
cyp19al copies are linked by dotted lines with its respective colour, connecting the closest elements from the ATG (start codon). Asterisks indicate elements that are
exclusively present in one of the duplicates. Transposon traces are indicated by red dotted squares. AhR: Aryl hydrocarbon receptor responsive element; AR, androgen
receptor binding site; CRE, cAMP response element; CRX, Cone-rod homeobox protein binding site; DBP, D site-binding protein binding site; ERE, estrogen response
element; Foxl2, forkhead box L2 binding site; FRA-1, Fos related antigen-1 binding site; GATA-1, GATA binding factor 1 responsive element; IRF-2, Interferon
regulatory factor 2 binding site; NF-Y, Nuclear transcription factor Y binding site; SF-1/Ad4BP, steroidogenic factor 1/Ad4-binding protein; hERE, ERE half sites; P53,
Cellular tumor antigen p53 binding site; PR, Progesterone receptor binding site; SMAD3, Mothers against decapentaplegic homolog 3 binding site; SOX9, SRY-Box
Transcription Factor 9 binding site; TCF-4E, Transcription factor 4 binding site; WT1-KS, Wilms tumor protein binding site. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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located in the scaffold NW_023494792.1. Both genes are organized into
nine exons, with 1548 and 1521 bp of CDS sequence, respectively (Id
shared = 72 %), resulting in a predicted protein of 515 and 506 amino
acids, respectively (Id shared = 66,7%) (Fig. 1a). Cypl9ala predicted aa
sequence shares, respectively, 94, 80 and 75 % of identity with Pygo-
centrus nattereri, Astyanax mexicanus and Danio rerio, whereas Cyp19alb
have the highest amino acid identity with P. nattereri (Id = 95 %), fol-
lowed by D. rerio (Id = 77,5%) and then by A. mexicanus (Id = 72,8%).

3.2. Intergenic and promoter analysis of tambaqui cyp19al genes

Tambaqui cypl9ala and cypl19alb display striking differences in
5’intergenic regions, with 8358 bp and 3248 bp, respectively. The
tambaqui cyp19ala promoter region from —3004 to —3993 bp had high
similarity (79.33 %) to the PM_Contig_11 sequence of the Periophthalmus
magnuspinnatus, classified as class II transposon, terminal inverted re-
peats (TIR) order and TC1-Mariner superfamily in FishTEDB database,
and 41.08 % of identity with TCB1 transposase from Polypterus senegalus
in the NCBI database. Similarly, tambaqui cyp19a1b 5’ intergenic region
also contains a small trace from —3155 to —3194, which is 99 % similar
to the TC1-Mariner from Anguilla japonica (Supplementary Fig. 2).

Sequence analysis upstream of the ATG start codon of tambaqui
cypl9ala and cyp19alb revealed a TBP motif as well as several potential
regulatory elements (Fig. 1b; Supplementary Fig. 3). We found putative
binding sites for nuclear transcription factor Y (NF-Y), GATA-1, Nkx2-1,
WT1-KS, cAMP response element-binding protein (CRE), SOX9, Fork-
head box L2 (FOXL2), aryl hydrocarbon receptor/nuclear transfer
responsive element (AhR/Arnt), androgen receptor (AR) and estrogen
receptor recognition half sites (hERE), in both cyp19ala and cyp19alb 5’
flanking region. Most of these predicted sites displayed next to 0 % of
dissimilarity index (DI) to the reference matrix, except for AhR and NF-Y
binding sites which displayed up to 1 % and 2 % of DI, respectively.
Moreover, these binding sites have been described in the promoter re-
gions of both cyp19ala and cyp19alb from other teleost species (Tanaka
et al., 1995, Tchoudakova et al., 2001, Chang et al., 2005, Sridevi et al.,
2012, Lin et al., 2020).

Tambaqui cypl9ala and cyp19alb promoter regions share many
putative transcription factor binding sites, but there are differences in
position and number of copies that may reflect the particularities in their
individual regulation. Among several GATA-1 putative binding sites
predicted in tambaqui cyp19ala 5 flanking region (n = 29), four are
located proximal to the transcription start site (nt —54, —285, —500,
—1112) in contrast cyp19alb that exhibited only five putative GATA-1
binding sites (nt —1428, —2103, —2355, —2363, —2918). Addition-
ally, we detected four putative AR binding sites in the tambaqui
cypl9ala promoter region (nt —458, —747, —2062, —3308) and only
one in cyp19alb (nt —1138).

A full ERE binding site (GGGTCAGCCTGACCT, nt —1204) was
manually identified in the tambaqui cyp19alb but not in the cypI19ala
promoter region, which is consistent with previous studies in fish
(Tanaka et al., 1995, Tchoudakova et al., 2001, Chang et al., 2005,
Sridevi et al.,, 2012, Lin et al., 2020). Moreover, no SF-1 response
element was predicted in the tambaqui cyp19ala promoter region with
less than 10 % of the DI. Otherwise, two SF-1 responsive elements were
predicted in the tambaqui cyp19alb promoter region with 10.36 % (nt
—777) and 8.41 % (nt —3209) of DI.

Among the less discussed transcription factors in fish, we predicted 8
putative binding sites for progesterone receptor A (PR-A), 2 for pro-
gesterone receptor B (PR-B) and 3 for SMAD3, all exclusively present in
tambaqui cypl9ala promoter region with 0 % of DI. Moreover, the
tambaqui cyp19alb promoter region contains putative binding sites for
IRF-2 (nt —79, —700, —1355, —1940, —2262), DBP (nt —91, —653), CRX
(nt —147,-389, —572), FRA-1 (nt —447, —1626) and P53 (nt —477,
—959), while same binding sites were predicted in tambaqui cyp19ala
promoter region, but in a position more distant from transcription start
site (up to 1 kb).
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3.3. Phylogenetic analysis of teleost’s Cyp19ala and Cyp19alb

A total of 86 aromatase protein sequences from 52 genomes (Sup-
plementary Fig. 4) were retrieved to assess the phylogenetic relationship
and to predict ancestral gene duplications and losses among vertebrates.
The reconstructed aromatase phylogenetic tree clustered the sequences
in three major groups of vertebrates, namely chondrichthyan, sarcop-
terygian and actinopterygian (the last comprehending non-teleosts,
basal teleosts and clupeocephala) (Fig. 2a). In both Cypl9ala and
Cyp19alb subclades, C. macropomum, together with P. nattereri, Hepsetus
odoe and A. mexicanus sequences represented the Characiformes clade
which, together with the Siluriformes and Gymnotiformes, represents
the unexplored Characiphysi group.

The single CYP19A1 of non-teleost actinopterygians, reedfish
(Erpetoichthys calabaricus), spotted gar (Lepisosteus oculatus) and the
sterlet sturgeon (Acipenser ruthenus), branched basis to the well sup-
ported actinopterygian teleost clade (bootstrap probabilities in ML/
posterior probability in Bayesian tree inference: 100/1.0), in agreement
with the phylogenetic relationships within this major group. The single
Cypl9al of basal teleosts, including European eel (Anguila anguila),
Asian arowana (Scleropages formosus) and the Amazonian pirarucu
(Arapaima gigas) grouped in a well-supported cluster at the base of the
clade composed by duplicated Cyp19al sequences from the remaining
teleosts (Clupeocephala).

In teleosts, the duplicated aromatase clade most likely resulted from
a specific third round of whole genome duplication event (TWGD) that
occurred in the lineage. Additional paralogs that were found in teleosts,
such as salmonids and carps, that independently underwent another
round (4R) of WGD, and in the non-teleost A. ruthenus, which lineage
experienced the independently 3R after their divergence from the other
ray-finned fish, are indicated. The absence of cyp19ala sequence in the
black bullhead catfish (Amerius melas) and in The Lake Tanganyika
sardine (Limnothrissa miodon; Fig. 2b), as well as cyp19alb additional
paralogs in the common carp (Cyprinus carpio) and Atlantic salmon
(Salmo salar) databases suggest gene loss in these lineages.

3.4. Synteny analysis

The order of 38 (out of 44) genes is perfectly conserved between
tambaqui’s scaffold NW_023496020.1 carrying cypl9ala and the red-
bellied piranha’s chromosome 7 (Fig. 3a). We also found that
cyp19ala from Mexican tetra surface fish (A. mexicanus) is located at an
unplaced scaffold (NW_019171364.1), even though the assembly is at
chromosome level, sharing 22 genes with the congeneric representative
species (11 in complete synteny). However, small rearrangements are
evident as part of tambaqui and red-bellied piranha’s cyp19ala 3’
neighboring genes are in synteny with Mexican tetra chromosome 18.

Compared to distant related species, the degree of rearrangements in
cyp19ala adjacencies are more evident. In zebrafish (D. rerio) chromo-
some 8, sixteen genes out of 44 were found to be conserved around the
cyp19ala, whereas thirteen neighboring genes are in 3’ adjacencies and
only three were found in 5'. In contrast, from 25 cyp19ala conservative
neighboring genes shared between japanese medaka (O. latipes) chro-
mosome 3 and red-bellied piranha chromosome 7, eighteen are in 5" and
only seven are in 3’ adjacencies. Moreover, the reversed order of usp8
from the twenty-second gene upstream to cypl9ala in red-bellied
piranha to the eighth gene downstream japanese medaka cyp19ala,
indicates local rearrangement in the cypl9ala gene environment.
Despite these particularities, the comparison of all ortholog regions
showed that the syntenic organization of the gene group gldn-cyp19ala-
tnfaip813 is highly conserved among the species analyzed.

In regard to cyp19alb neighboring genes, there is a strong synteny
conservation among red-bellied piranha chromosome 11, tambaqui
scaffold NW_023494792.1 and mexican tetra chromosome 8, despite the
duplication of some genes such as vw5a-like that varied in the number of
copies in each species (Fig. 3b). In the zebrafish chromosome 25,
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Fig. 2. Phylogenetic tree of vertebrate aromatase
amino acid sequences. A) Phylogenetic tree built
using Maximum Likelihood and Bayesian analysis
on the basis of 86 aromatase sequences from 52
species representative of Sarcopterygians, Chon-
drichthyans and Actinopterygians. The Cepha-
lochordata Branchiostoma floridae CYP19 tandem
duplicated protein sequences and the Cyclostomata
Eptatretus burgeri CYP19 were used as the outgroup.
Values on the nodes are relative to the Bootstrap of
ML (%; upper of branch or left of slash) and pos-
terior probability of BI (lower of branch or right of
slash) respectively. The red stars show the position
of the teleost-specific (Ts3R), the salmonid-specific
(Ss4R), the carp-specific (Cs4R) and sterlet (Ars3R)
whole-genome duplications (WGD) after the 1R/2R
events. The scale bar indicates the average sub-
stitutions per site; the dotted lines associate the
taxon names with the branch ends. B) Phylogenetic
tree of aromatase sequences from representative
species of Otocephala group evidencing single
aromatase Cypl9ala in Limnothrissa miodon and
single aromatase Cyp19alb in Ameiurus melas. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Synteny analysis of A) cyp19ala and B) cyp19alb neighbouring genes in C. macropomum and in different species that share the same ancestral species.
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Shaded genes correspond to genes that are not orthologous to any genes from the species used in the query (reference). The tree on the left of the display is the
phylogenetic tree of the gene shown in the middle that intersects the vertical line.

however, the vw5a-like tandem duplications lie upstream and adjacent
to cyp19alb, while these genes are distant located upstream of cyp19alb
in the characiform representatives. Additionally, the zebrafish region
features the reversed order and orientation of a block containing four-
teen genes, including the cdhr5b which is the conserved cyp19alb up-
stream adjacent gene among red-bellied piranha, tambaqui and mexican
tetra.

On the other hand, the japanese medaka chromosome 6 segment
shares only seven genes with red-bellied piranha’s cyp19alb neigh-
boring genes. The kcnclb and sergef genes are in the reverse order and
the remaining five genes form the syntenic gene group cyp19alb, ap4el,
gnb5a-myo5c, myo5ab and arpp19b are positionally conserved in all
species analyzed. Moreover, a second gldn paralog is present and is
adjacent to japanese medaka cyp19alb upstream region, which is a
conserved feature previously described by Lin et al (2020) in the single
cyp19al from basal and non-teleost fishes, as well as in cyp19ala from
Clupeocephala. Such results indicates that critical rearangements
occured in the cyp19alb cis regulatory region across teleost lineages.

3.5. Transcript level profiling of estrogen signaling cyp19ala, cyp19alb
and esr2a in tambaqui juvenile, gonads and brain.

Transcripts of cyp19ala, cyp19alb and esr2a could be detected in the
pool of larvae (12 h post-hatching) samples and it was used as the
calibrator for the expression in pre- and differentiating fish (decapitated
juveniles); ovaries, testes and brain of differentiated tambaqui (Fig. 4).
The expression of cyp19ala was marked by a slight, but significant, in-
crease in 2 cm juvenile trunks. The values remained then unchanged
until they reached 6 cm total length. However, in pre-differentiating
juveniles of 3 and 4 cm long, the expression of cypl9ala tended to

split into two groups. After the end of ovary differentiation (6 cm long)
the values gathered again. Maturing ovaries and testes presented the
highest expression of cyp19ala.

On the contrary, the expression of cyp19alb increased 10 fold from
hatched larvae to juveniles with 1.5 cm and presented a large variation
of values in fish of 3 cm, i. e. prior to morphological differentiation. After
this phase, the values decreased, but two groups could be identified at 4
and 6 cm length. The expression of cyp19alb in trunks of pre- and
differentiating tambaqui was very similar to those found in adult gonads
and male brains, and lower than in female brains.

Esr2a was overexpressed in 2 cm (pre-differentiating) fish (p <
0.005). At this stage, the expression average increased over 1200 fold,
and the individual values could be distinguished in two groups, one
whose expression was around 300 times over the hatched larvaes and
other with values above thousand times.

In the differentiated gonads, cypl9ala transcription was highest in
the testis. Among females, cyp19ala transcripts were more abundant in
maturing ovaries while esr2a was more expressed in immature ovaries.
Furthermore, in sexually immature males the expression of cyp19alb
and esr2a transcripts were higher in testis than in the brain, while in
immature females cyp19alb was more expressed in the brain than in the
ovaries. However, both cypI19ala and cyp19alb transcripts were more
abundant in the brain of immature females compared to immature
males.

3.6. Effect of EDCs fadrozole and tamoxifen on tambaqui sex
development

There was no mortality during the experiment, nor any visual effects
on the body or behavior of the fish during or after the treatments with
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Fig. 4. Expression of cyp19ala, cypl19alb and esr2a from different stages of
juvenile development and gonads of C. macropomum. Results are presented as
scatterplots of individual expression values of relative expression to the values
of the pool of 12 h post-hatched larvae (L) and the averages as lines. Gonad and
brain samples from immature fish are represented by unfilled circles and from
maturing fish by filled circles. Different letters mean different averages between
the groups. P < 0.005.

fadrozole (Fz) or tamoxifen (Tx). There was no masculinization effect in
neither treatment (n = 74 to 97 fish evaluated/treatment; Supplemen-
tary Table 2). Exposure to Fz reduced the E2 plasma concentration at the
end of the treatment (fortieth day), but after 20 days the values were
similar to the controls (Fig. 5). Exposure to Tx did not affect E2 plasma
values. In both treatments, twenty days after the beginning of EDCs

400- e Control
o m Fadrozole
2 aA 4 Tamoxifen
350+ a* =
’_E\ a# ..‘ I &
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£ 3001 a# .
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w b# L N
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End of treatment 20 days after 40 days after

Fig. 5. Concentration of 17p estradiol (E) in C. macropomum treated with
fadrozole (50 mg kg™! of food) or tamoxifen (200 mg kg™') during 40 days.
Samples were collected at the end of treatment, 20 and 40 days after the end of
the treatment. Each bar represents the mean + SD. Different letters denote
statistical differences between treatments at the same point and different
symbols show statistical differences between the collection points in the same
treatment (p < 0.05).
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administration, cypl9ala transcription was down-regulated in com-
parison to controls. Otherwise, cyp19alb transcription at day 20 was
only down-regulated by Tx and neither Tx nor Fz altered the expression
of esr2a. No further differences in gene expression were found in EDC-
treated tambaqui compared to the control group at 40 days (end) of
treatment (Fig. 6). Since no sex changes were observed, it is expected
that after some time the transcriptional levels return to normal.

4. Discussion

The role of aromatase on the sex differentiation of vertebrates has
been frequently addressed at the gonad level where estradiol, acting via
estradiol receptors, is a pivotal factor. There is a single aromatase gene
(CYP19A1) in Chondrichthyes, Sarcopterygii and non-teleost Actino-
pterygii, but some mammals as pigs, peccaries and other suiformes have
two or more genes resulting from the duplication of a common ancestor
(Conley et al., 2009). However, many teleosts exhibit two functionally
conserved aromatase genes, namely cypl9ala and cyp19alb, as a result
of the third round of whole-genome duplication (TWGD) specific to the
teleost lineage. The most recent phylogenomic study revealed a single
3R-aromatase paralog cyp19al present in basal teleosts including eels
and Asian arowana, that most likely exhibits conserved properties of the
ancestral single CYP19A1, such as the conservation of the brain-and
gonad-type responsive elements in the cypl9al promoter, in
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agreement with the main expression and role of the single cyp19al in
both brain and gonad (Lin et al., 2020). In the present study, more
aromatase sequences from the Otocephala representatives were
included in the phylogenetic analysis which displayed a tree topology
similar to previous studies. We also discovered the existence of a single
aromatase in the black bullhead fish (Ameiurus melas; Siluriformes) and
Limnothrissa miodon (Clupeiformes) genomes, which correspond to the
Cyp19alb and Cypl9ala clade, respectively.

A deep phylogenomic view into the Otocephala clade clearly shows
additional possibilities regarding the function of duplicated aromatases.
Despite the great conservation of cypl9ala and cyp19alb neighboring
genes across Characiformes, the variations in their organization
compared to the commonly studied zebrafish (Danio rerio) and japanese
medaka (Oryzias latipes) draw our attention. The zebrafish genome
notably seems to have experienced many interchromosomal rearrange-
ments during evolution by extensive translocations, while the medaka
genome has preserved its Clupeocephala ancestral genomic structure
without undergoing major interchromosomal rearrangements (Kasahara
et al., 2007). Thus, the variations detected right upstream the cyp19alb
genomic location among these species suggest that lineage-specific
rearrangement events happened in this locus after the split of Clupeo-
cephala into Otocephala and Euteleostei which may have somehow
impacted the regulatory area in different levels.

Changes in the genomic neighborhood after the split from the com-
mon ancestor are linked to divergences in gene expression levels in
different tissues, potentially leading to phenotypic divergences (De
et al., 2009). Although the adjacent genes of cyp19ala among all species
compared are conserved, the presence of transposable element (TE)
traces such as transposase at this location served as a variation source in
the gonadal aromatase genomic environment. Additionally, TEs can be
the source of developmental innovations through their recruitment as
new coding sequences and new ncRNAs, and by acting as regulatory
sequences (Etchegaray et al., 2021). Indeed, an alternate 5' regulatory
region of the human and mouse CYP19A1 includes a promoter derived
from LTR retrotransposon that drives expression in the placenta, as well
as an associated upstream enhancer (Kamat et al., 2005). Therefore, TE
traces found within gldn-cyp19ala intergenic region in tambaqui,
covering the promoter region of both genes, can be associated with
notable differences in bp size compared to cdhr5b-cyp19alb intergenic
region and with the alterations in cis-regulatory elements detected
among the groups analyzed.

In this context, the tambaqui cyp19ala promoter sequence provided
the most controversial insight due to the absence of steroidogenic factor
1 (SF-1) responsive element, conversely found in the 5'-flanking regions
of all Clupeocephala cypl9ala, basal teleost cypI19al and non-teleost
actinopterygian CYP19A1 sequences (Lin et al.,, 2020). The modula-
tion of cyp19ala expression by SF-1 nuclear receptor, also referred to as
AD4BP, NR5A1 or FTZ-F1, has already been demonstrated in Nile tilapia
(Yoshiura et al., 2003), medaka (Watanabe et al., 1999), zebrafish (von
Hofsten and Olsson, 2005), human ovary (Michael et al., 1995) and rat
granulosa cells (Shapiro et al., 1996). Moreover, even though SF-1
binding sites were found in other Characiformes, such as red-bellied
piranha and mexican tetra cypl19ala promoter sequences, the highest
dissimilarity (DI) values compared to the consensus sequence predicted
in all other teleost investigated suggest that remarkably differences in
cypl9ala regulation may occur in this clade, even between phyloge-
netically close species.

Regarding the cyp19alb promoter region, no SF-1 response elements
were predicted in tambaqui, similar to other Clupeocephala species such
as zebrafish and tilapia, but with the exception of medaka (Lin et al.,
2020). This particularity can be associated with the retention of gldn
paralog linked to cyp19alb in Japanese medaka. Such diversity in aro-
matase cis regulatory region may result in disparities in gene expression,
affecting the plasticity of the gene regulation underlying gonadal
morphogenesis (Nakamoto et al., 2018; Li & Ge, 2020; Imarazene et al.,
2021). Overall, although both tambaqui cypl9ala and cypl19alb
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promoter regions share many putative transcription factor binding sites,
the differences in position and number of copies may reflect the par-
ticularities in their individual regulation and expression.

Although the main molecular pathway towards tambaqui ovary and
testis differentiation could be characterized by RNA seq of the trunks of
undifferentiated tambaqui, only the cyp19alb (significantly more
expressed in the future males than females), but not cyp19ala, could be
detected by this approach (Lobo et al., 2020). In the present study, the
expression of both genes were identified by real-time quantitative PCR
(qPCR) during the early stages of sex development. As expected, based
on the previous RNA seq data, cyp19alb transcripts in tambaqui larvae
trunks increased after hatching (while cyp19ala decreased) and peaked
at very high values just prior to differentiation. On the other hand, the
increase in cypl9ala expression occurs later (fish from 2 cm) and the
pattern of two distinct groups could be observed in fish of 3 and 4 cm
length. Although we couldn’t link the transcription profile to the cor-
responding sex of the individuals, in A. mexicanus, a non-dimorphic
expression profiles of cypI9ala were detected in males and females
during early development (Imarazene et al., 2021).

Given the presence of a well-conserved estrogen-responsive element
(ERE) in the proximal promoter region of cyp19alb (Fig. 1b), and the
positive auto-regulatory loop of estradiol via ERs in fish brains (Diotel
et al., 2010), we traced a parallel between esr2a and cyp19alb tran-
scription profiles during sex development of tambaqui. From hatching,
the expression of estrogen receptor beta 1 (esr2a) increased in pre-
differentiating tambaqui up to 1000-fold, which are values far above
the esr2a expression in differentiated gonads (in immature and mature
juveniles). Moreover, at this undifferentiated phase, esr2a expression in
fish trunks split into two distant groups and in fish bigger are back to
similar (and low) transcription values. Soon after the split of esr2a, the
expression of cyp19alb rises, reaching levels above the recorded in brain
and gonads of adult fish. cyp19alb transcripts then decrease during
morphological differentiation (4-6 cm), at the same time as cypI19ala
expression splits into two groups. Therefore, we suspect that cyp19alb
and esr2a are involved in the gene pathway that drives tambaqui sex
differentiation, while cyp19ala seems to be a consequence of the already
triggered Eo-ER system activation and might be responsible for the
further maintenance of the developing ovary. The involvement of
cyp19alb in sex differentiation has been suggested in pejerrey Odon-
testhes bonariensis, however with high expression in brain, and not in the
trunk, preceding the expression of cyp19ala in the trunk before the first
signs of gonadal differentiation (Karube et al., 2007; Strobl-Mazzulla
et al., 2008).

Fradozole reduced the E, plasma levels at the end of treatment, and
down regulated cyp19ala (significantly) and cyp19alb at the beginning
of the treatment, and tamoxifen reduced the expression of both aro-
matase coding genes, but without effect on the levels of estradiol. These
observations are in agreement with the physiological effects of EDCs in
fish in which SERMs blocks estrogen function by binding to ERs and
suppressing cypl9ala or cypl9alb expression, while Als decrease Ej
levels by acting directly on aromatase production (Cheshenko et al.,
2008; Scholz and Kliiver, 2009). However, none of the treatments
changed the expression of esr2a and nor were able to distress the sex
ratio in tambaqui. Such data is contradictory to the masculinization
effect of aromatase inhibitors widely reported in a variety of fish species
(Babiak et al., 2012, Shen et al., 2015, Evliyaoglu et al., 2019, Qin et al.,
2020, Ayobahan et al., 2020), even at very low concentrations (Muth-
Kohne et al., 2016, Joshi et al., 2019). And also incompatible to the
tamoxifen effect that, acting as either agonist or antagonist, stimulating
or inhibiting gonadal differentiation, leads to abnormal sexual devel-
opment and biased sex ratio (Singh et al, 2012, Navarro-Martin et al.,
2009, Singh et al., 2015, Garcia-Hernandez et al., 2016, Pandit et al.,
2017). Such complexity in EDC responses has been reported in Astyanax
altiparane as a result of a mechanism of resilience, in which males
resisted the Ep-induced feminization by enhancing the expression of
genes related to testicular differentiation (Martinez-Bengochea et al.,
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2020). Likewise, zebrafish females are able to resist heat-induced
masculinization, maintaining ovarian morphology despite changing
their gonadal transcriptome to a testis-like one (Ribas et al., 2017) and
A. burtoni ovaries cannot be transformed into functional testis by Al, but
rapid changes towards a male-like phenotype happens, such as body
coloration, hormone levels and behavior (Goppert et al., 2016).

The higher expression of cypI19ala in testis than in ovaries and the
upregulation of esr2a in all pre-differentiation fish suggest that the es-
trogen pathway is necessary for tambaqui gonad development and
maintenance in both sexes. Nonetheless, the reproductive state may
influence the level of cypI9ala, and more reproductive states should be
analyzed in the future. Estrogen production via aromatase in fish testis
has been described to be involved in spermatogenesis, where estrogen is
necessary for the renewal of spermatogonial stem cells and possibly
differentiation (Schulz et al., 2010; Kobayashi et al., 2011). Similar
cypl9ala transcription sex bias towards males were observed in
A. mexicanus, with high values in testes and low basal levels in ovaries
during gametogenesis (Imarazene et al., 2021). In another Characid,
A. altiparanae, cyp19ala are expressed equally in adult testes and ovaries
(Martinez-Bengochea et al., 2020).

The expression pattern of cypI9ala and cyp19alb was more abun-
dant in female brains when compared to even some individual gonads.
This observation also confronts the classical assumption of the tissue-
specificity of aromatase expression (Guiguen et al., 2010). In most
fishes studied so far, the cypI19alb is more expressed in the brain of
males than of the females and it is responsible for the male sexual
behaviour such as aggression and court strategies (Goto-kazeto et al.,
2004; Black et al., 2005; Strobl-Mazzulla et al., 2008; Goncalves et al.,
2008; Renn et al., 2008; Colman et al., 2009; Diotel et al., 2010; Huff-
man et al., 2013; Goppert et al., 2016, Silva de Assis et al., 2018).
However, it was recently demonstrated through the cyp19alb expression
on the female brain of the African cichlid fish, Astatotilapia burtoni, that
the estrogenic signaling in female brain might have important roles in
the regulation of reproductive cycling and social behaviors (Maruska
et al., 2020). These results on the cypI9a expression in gonads and
brains of male and female tambaqui are uncommon in fish, and therefore
require proper and specific investigation.

Taken together, the present study reveals another level of flexibility
on the sex-differentiation pathway of teleosts, contributing to the recent
discussion on the unexpected expression of genes related to ovarian
differentiation, especially in characids. Such an unconventional mech-
anism can be explained by the modifications on the cypI9ala promoter
region as a consequence of transposable elements’ activity. Indeed, the
chromosomal evolution of Serrasalmidae involved different rearrange-
ments (fissions, translocations and pericentric inversions) due to TEs,
which have crucial roles in the differentiation and evolution of sex
chromosomes. During tambaqui sex differentiation, besides the bimodal
expression of cypl19alb first, followed by cyp19ala, the outstanding
bimodal gene expression of esr2a from hatching to differentiation, sug-
gests that estrogen receptor is crucial for the sex identity in
C. macropomum. Likewise, although the endocrine disruptors caused
some changes in cyp19 genes transcription, the esr2a expression and sex
ratio were not altered by those compounds. In conclusion, our data on
the complete structure, synteny, phylogenetic and expression charac-
terization of tambaqui cyp19ala and cyp19alb provided new informa-
tion concerning the evolution and evolutionary impact of TEs in the
Neotropical freshwater fish genomes, which can be considered
groundbreaking in the classical knowledge regarding estrogens and es-
trogen receptors duties in fish sex differentiation.
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