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Endocrine disruptors have devastating impacts on the reproductive physiology of

aquatic organisms. The Gulf pipefish, Syngnathus scovelli, is a sexually dimorphic

species, which demonstrates predictable morphological, physiological,

behavioral, and genetic responses to synthetic estrogen exposure. It has a

broad geographic range, spanning freshwater and marine environments,

making it a potential sentinel species across a wide range of habitats. In this

study, we investigated the effects of ecologically relevant levels of 17a-
ethinylestradiol (EE2) exposure on gene expression patterns in the male

pipefish’s brood pouch. We also characterized the extent to which EE2-

exposed males developed coloration patterns that are normally restricted to

females. We identified differentially expressed genes in the brood pouches of

pregnant and non-pregnant males when males were exposed to 5ng/L EE2 from

the second to eighth day of pregnancy (which normally lasts about 2 weeks). Our

result revealed several potential candidate genes that have a role in the brood

pouch’s response to environmental estrogens. We also identified genes that

were differentially expressed between mid-gestation pregnant males and non-

pregnant males. We found an overall greater effect of EE2 exposure in the

transcriptomes of non-pregnant males, which may explain why estrogen-

exposed males exhibited difficulty receiving eggs in previous studies. The

offspring developed similarly in the control and estrogen treatments,

highlighting a potential link between the timing of EE2 exposure and its effects

on male pregnancy. These results provide insight into how breeding pipefish

populations may still exist even though they are found in freshwater and coastal

locations where they are periodically exposed to potentially high concentrations

of endocrine-disrupting compounds. We also present examples of female-

typical coloration development on males due to EE2 exposure and identify

candidate brood pouch genes that can be utilized as biomarkers, contributing

to the development of the Gulf pipefish as a sentinel model for ecotoxicology.
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Introduction
In aquatic environments, endocrine-disrupting compounds,

such as 17a-ethinylestradiol (EE2), have been shown to affect

physiology, gene expression patterns, and reproductive behaviors

(Porte et al., 2006; Orlando and Guillette, 2007; Saaristo et al., 2010).

For example, EE2 contamination can cause severe physiological

changes in exposed aquatic male organisms, resulting in male

sterilization, partial feminization, and even complete sex reversal

in some cases (Allen et al., 1999; Jobling et al., 2003). Historically,

the model systems for ecotoxicology research have been freshwater

species, such as zebrafish and fathead minnows (Porte et al., 2006).

More recently, marine species have revealed valuable insights into

intraspecific variation in responses to endocrine disruptor

contamination in coastal ecosystems (Gouveia et al., 2019;

DeCourten et al., 2020). Long-term exposure to low levels of

synthetic estrogens can cause entire breeding populations of fish

to collapse as a consequence of reproductive failure in both fresh

and saltwater environments (Nash et al., 2004; Kidd et al., 2007;

Sárria et al., 2013).

Syngnathid fishes (i.e., seahorses, pipefishes, and seadragons)

have served as flagship species for coastal environments due to their

site fidelity and reliance on these threatened habitats during their

entire lifespans (Shokri et al., 2009). Recently, they have emerged as

sentinel species for ecotoxicology, with an increase in research

utilizing several pipefish species, such as Syngnathus abaster and

S. scovelli (Ueda et al., 2005; Partridge et al., 2010; Sárria et al., 2011;

Rose et al., 2013; Sárria et al., 2013; Rose et al., 2015), and seahorse

species, including Hippocampus erectus and H. guttulatus (Qin

et al., 2020; D’Alvise et al., 2020). The Gulf pipefish (S. scovelli)

has many advantageous characteristics for a toxicology model

system. For instance, it is an estuarine fish and carries out its

entire lifecycle in shallow habitats throughout the Gulf of Mexico

and along the Florida Atlantic coast near large, populated cities,

where effluent from wastewater treatment facilities is released

(Dawson, 1982). These characteristics suggest that the Gulf pipefish

might be useful as a bioindicator of coastal contamination throughout

its life stages. Additional benefits include that Gulf pipefish can be

collected throughout the year in many locations (Flanagan et al.,

2016; Flanagan et al., 2021), that all ages can be maintained in

laboratory conditions (Anderson and Jones, 2019), and that the

developmental stages of embryos can be assessed through the

male’s transparent brood pouch (Paczolt and Jones, 2010). This

species exhibits sexual dimorphism, has a polyandrous mating

system, and is sex-role-reversed (Jones and Avise, 1997; Jones et al.,

2000). Female pipefish are deeper bodied, have larger dorsal fins, and

possess iridescent bands on their abdomens at sexual maturity. These

traits are likely targets of sexual selection (Flanagan et al., 2014).

These female secondary sexual traits can also develop in male Gulf

pipefish that are exposed to EE2, so changes in male morphology can

signal estrogen contamination in surrounding waters (Partridge

et al., 2010).

In a review of integrative behavioral ecotoxicology, Peterson

et al. (2017) observed that only a few studies have assessed the role

of behavioral changes caused by toxin exposure on an organism’s
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overall fitness. The well-described mating system of the Gulf

pipefish has provided the opportunity to establish a link between

endocrine disruptors and reproductive success in a sex-role-

reversed species (Jones and Avise, 1997; Jones et al., 2001; Rose

et al., 2013). Gulf pipefish research over the past two decades has

investigated the effects of endocrine disruptors on morphological

changes, particularly secondary sexual traits (Ueda et al., 2005;

Partridge et al., 2010), courtship behaviors, the strength of sexual

selection, and fitness (Partridge et al., 2010; Rose et al., 2013). In

addition, the effects of endocrine disruptors on the transcriptomes

of the liver, skin, and now brood pouch have been documented

(Rose et al., 2015; Anderson et al., 2020). A well-annotated,

chromosome-scale genome has provided the necessary backdrop

for the development of biomarkers emerging from RNA-seq studies

(Small et al., 2016; Ramesh et al., 2023). Studies of the population

genomics of Gulf pipefish across saltwater and freshwater habitats

(Flanagan et al., 2016; Flanagan et al., 2021) provide insights into

population structure that lay a groundwork for future studies of

population-level effects of endocrine disruptors in nature

(Martyniuk et al., 2020).

High concentrations of synthetic estrogen contamination alter

the function of the brood pouch when males are exposed prior to

mating, and females prefer to mate with control males over those

exposed to estrogen (Partridge et al., 2010; Rose et al., 2013).

However, little is known about the effects of estrogen exposure on

brood pouches of Gulf pipefish during a male’s gestation period.

Given the diversity of processes that take place in the brood pouch

during pregnancy, such as waste removal and osmoregulation

(Ripley, 2009), vascularization of the growing epithelial tissues

(Ripley et al., 2010), adaptive immune responses (Parker et al.,

2021), and many other vital processes to ensure embryo

development (Carcupino et al., 1997), there is a need to

understand the effects of EE2 exposure during pregnancy

(Whittington et al., 2015). The brood pouch in seahorses displays

morphological changes when exposed to 5 ng/L of EE2, with

modifications in the expression patterns of genes related to the

collagen family and many other cell proliferation and differentiation

processes (Qin et al., 2020), but no pipefish has yet been studied in

this regard.

The first goal of this study was to determine the effects of low,

ecologically relevant levels of 17a-ethinylestradiol (EE2) exposure
during and prior to pregnancy in the Gulf pipefish by identifying

changes in gene expression patterns in the male pipefish’s brood

pouch. Since the study aimed to identify the impacts of EE2

exposure in the brood pouch during the male’s pregnancy and

not alter the process of egg transfer or fertilization, we chose to

expose the males to contamination 24 hours after copulation. The

second goal was to identify the effects of EE2 exposure on the

success of the pregnancy and the changes in morphological

patterning on the male ’s abdomens. This required an

identification of stages in the banding ornamentation on the

abdomen of male Gulf pipefish exposed to varying concentrations

of EE2, which were then used to assess the levels of feminization for

the males. The stages of ornamentation identified in this study

provides a standard that can be used for future studies of both

laboratory-exposed and wild-caught Gulf pipefish. To determine if
frontiersin.org
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the pregnancy was successful at the midpoint, we allowed the males

to gestate for approximately half their pregnancy and compared the

offspring from each treatment after eight days of pregnancy (Scobell

and MacKenzie, 2011). The chosen concentration of 5 ng/L EE2

exposure was selected because this level of contamination is

ecologically relevant (Zuo et al., 2006; Martyniuk et al., 2020;

Klaic and Jirsa, 2022), has been shown to affect the reproductive

abilities of laboratory exposed male Gulf pipefish (Rose et al., 2013),

and has been detected in wastewater effluent in Florida seagrass

communities where wild Gulf pipefish reside (Cook, 2015).
Materials and methods

Pipefish collection, experimental design,
and EE2 exposure

Male Gulf pipefish (S. scovelli) were collected from Redfish Bay,

Texas (N 27 53 39.07, W 97 7 51.69) in July of 2013 under the Texas

Parks and Wildlife permit number SPR-0808-307. Only sexually

mature females and pregnant males, those that had visible and

functional brood pouches with developing offspring, were collected

and brought into the lab under IACUC approval (Animal Use

Protocol # 2013-0020, Reference #001898). All fish were dipped in

freshwater for 10 minutes to remove any external parasites and then

housed in 26-ppt salinity tanks at Texas A&M University (College

Station, Texas). All field-caught males gave birth in lab prior to

being used in the experiment and were assigned to either the non-

pregnant category or mated in the lab to serve as a pregnant male

for the experiment.

Methods used for the EE2 exposure treatments were stated in

Rose et al. (2015). Powdered 17a-ethinylestradiol, of 98% purity,

was acquired from Sigma and dissolved in ethanol. Tanks, holding

7-liters of saltwater, were separated and treated as either

experimental or control tanks. Experimental tanks were dosed

with 50 ml of 7ng/10ml stock EE2 ethanol solution to obtain a

final concentration of 5ng of EE2 per liter of saltwater (5ng/L of

EE2). Control tanks were dosed with 50 ml of pure ethanol with no

EE2. Ten percent water changes were completed daily to ensure the

concentrations remained at constant 5ng/L as established by

Partridge et al. (2010).

To generate the pregnant males and establish successful

pregnancies prior to assigning the fish to either the control or

EE2-exposure treatments, the non-pregnant males and females

were paired together in clean, EE2-free saltwater tanks until the

male became pregnant. Pregnant males were then assigned a non-

pregnant male for each replication. The males used in the study

ranged from 84-94 mm in body length, and the size distribution did

not differ between the treatments (mean = 89 mm). On the second

day of the male’s pregnancy, the fish were photographed, measured,

and randomly assigned to treatments in either experimental tanks

containing 5ng/L EE2 or the EE2-free control tanks. After seven

days of exposure, that is, on the eighth day of the male’s pregnancy,

fish were humanely euthanized in MS-222 (IACUC-2013-0020) and
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their brood pouches dissected, imaged, and coated in RNA-later

solution for the removal of offspring. Photographs were taken of the

offspring, both in the pouch to detect any brood reduction (Paczolt

and Jones, 2010) and after being dissected out of the pouch to assess

the development of the embryos.
RNA extraction and sequencing

RNA from brood pouch flap tissues was isolated from 8 control

males and 8 EE2 exposed males using a TRIzol® Reagent (Life

Technologies, Carlsbad, CA) extraction method modified from

(Leung and Dowling, 2005) as described in (Rose et al., 2015). All

RNA samples were confirmed to be of high quality using a Caliper

GX instrument before library construction. Each sample had its

library individually prepared using the TruSeq mRNA Library Prep

Kit v2 at the RTSF Genomics Core at Michigan State University.

Caliper GX and qPCR methods were used for quality control on

prepared libraries. Libraries were sequenced on an Illumina HiSeq

2500. Illumina Real Time Analysis (RTA, v1.17.21.3) was used for

base calling. The RTA output was demultiplexed and converted to

FASTQ using Illumina Bcl2fastq (v1.8.4) resulting in 150bp paired-

end reads. This resulted in the following RNA-sequencing (RNA-

seq) read files for each of the sixteen samples: (1) EE2-exposed and

not pregnant (E51NPP, E52NPP, E54NPP, E57NPP), (2) EE2-

exposed and pregnant (E51PP, E52PP, E54PP, E57PP), (3)

control (i.e., non-exposed) and pregnant (C4PP, C7PP, C8PP,

C9PP), and (4) control and not pregnant (C4NPP, C7NPP,

C88NPP , C9NPP). The number of reads per sample ranged from

7,038,156 to 24,648,065 read pairs.
Transcriptome assembly and quantification

Reads from each sample were trimmed to remove Illumina

adapters and low quality bases using Trimmomatic (v0.39)

(ILLUMINACLIP : TruSeq3-PE.fa:2:30:10:2:keepBothReads

LEADING:3 TRAILING:3 MINLEN:75) (Bolger et al., 2014).

Paired-end reads were aligned and mapped to the Gulf pipefish

(S. scovelli) genome (obtained from the William Cresko Lab at the

University of Oregon) using HISAT2 (v2.2.1) on default parameters

(Kim et al., 2015; Kim et al., 2019). The overall alignment rate

averaged across all samples was 88.61%, with the lowest sample

alignment rate being 83.08%. Reads were then assembled and

quantified using StringTie (v.2.1.3b) without a reference

annotation file in transcript merge mode (Pertea et al., 2015;

Pertea et al., 2016). We chose not to use a reference annotation

file to prevent the relatively poor annotation quality of the Gulf

pipefish genome from biasing resulting read counts. Transcripts

were then merged from all samples into a non-redundant set of

transcripts (n = 21,721). A gene count matrix was generated from

the abundances of the merged transcripts using the prepDE.py

script from StringTie. Read counts and TPM values for each gene

are provided in Supplemental Table 3.
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Differential expression analysis

From this gene count matrix, we used the R (R Core team, 2015)

and Bioconductor package edgeR (v.3.1.3) to identify transcripts

that were differentially expressed between the conditions of EE2-

exposure and pregnancy status (Robinson et al., 2010). Our goal was

to understand whether EE2-exposure had an overall effect on the

male brood pouch regardless of pregnancy, and whether EE2-

exposure influenced the brood pouches of males that were

pregnant. This resulted in four pairwise comparisons based on

the following conditions: (1) EE2-exposure regardless of pregnancy

status, (2) pregnancy status regardless of EE2-exposure, (3) EE2-

exposure for only pregnant fish, and (4) EE2-exposure for only non-

pregnant fish. Only genes with a false discovery rate ≤ 0.05 for

differential expression were used for downstream analyses. For each

of the four comparisons, we were left with a list of differentially

expressed genes (Figure 1). The nucleotide sequences for the

corresponding transcripts were obtained from the Gulf pipefish

genome using the program gffread (v12.7) and FastaRecordExtractor

(v2) (Pertea and Pertea, 2020). Each resulting sequence was

converted to its longest open reading frame via FastaToORF

(v1). Both FastaRecordExtractor and FastaToORF are available

via the Jones Lab Github (https://github.com/JonesLabIdaho/).

Sequences from differentially expressed genes were compared

against all Syngnathus species present in the NCBI database

using BLASTX, and the best matching protein ID was retained

(Supplemental File 1: DE_syngnathus.xlsx). Sequences from

differentially expressed genes were also used in the downstream

gene ontology analysis.
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Analysis of abundant transcripts

Apart from the differential expression analysis, we were also

interested in the nature of abundant transcripts within the brood

pouches of the different experimental groups. We assessed the

overall expression profile and clustering of samples with a

heatmap and the variance between samples with a PCA. For these

analyses, we used the TPM (transcripts per million) values

calculated by StringTie. We only included transcripts that had a

minimum expression level in at least one of the four experimental

groups. Our minimum expression level was set by averaging the

TPM values across transcripts between samples of the same

condition (EE2-exposure and pregnancy status) and keeping

transcripts that had an average TPM value ≥ 25 in at least one of

these four groups (n = 4,892). We excluded transcripts that have

very low expression across all samples because they do not provide

enough information on the variance between the samples.

To identify the variance between and clustering of samples, we

performed a principal component analysis using the R function

prcomp() within the package stats (v.3.6.2) (Figure 2). For all

samples, we used only the TPM-filtered transcripts, with the

expression value for these transcripts calculated as the log(TPM

+1). Samples are labelled and plotted by pregnancy and EE2-

exposure status on the first two principal components

(Figure 2A). The first two principal components were also plotted

in comparison with the third (Figures 2B, C).

We then took fifty transcripts with the highest average TPM

value in each of the four experimental groups and searched for

their corresponding protein ID and name in NCBI’s S. scovelli
FIGURE 1

Differentially expressed genes from pairwise analyses. These are the number of significantly differentially expressed genes (FDR ≤ 0.05), that are up-
regulated for their respective condition. There are four pairwise tests: (1) EE2-exposed versus control, including all males (regardless of pregnancy
status), (2) pregnant versus not, including all males (regardless of EE2-exposure), (3) EE2-exposed versus control, for only pregnant males, and (4)
EE2-exposed versus not, for only non-pregnant males.
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database using BLASTX. The protein sequence ID with the best E-

value score per transcript was retained (Supplemental File

2: top50_genes.xlsx).
Gene ontology analysis of differentially
expressed genes

To explore the genes present within our differential expression

comparison, we performed a gene ontology analysis through the

PANTHER database using a common reference proteome. To

begin, the zebrafish (Danio rerio) proteome (UP000000437_7955),

was obtained from UniProt and used to construct a local NCBI

BLAST database. The differentially expressed transcripts were

searched against the zebrafish proteome using BLASTX to

identify potential orthologs. When multiple differentially

expressed transcripts within the pairwise comparison matched to

the same zebrafish protein sequence ID, duplicates were removed to

prevent potential inflation bias. If there was no match for a

differentially expressed transcript, its sequence was not included

for the PANTHER analysis. For these BLAST searches, matching

protein sequence IDs with an E-value score of 1x10-20 or less were

retained, and the protein sequence ID with the best E-value score

per transcript was used.
Frontiers in Marine Science 05
For the gene ontology analysis, we used the PANTHER

database (v16.0) (Thomas et al., 2003; Mi et al., 2013; Mi et al.,

2019). The PANTHER database is a protein classification system

that provides information on gene ontology and gene families. It

also provides details on the molecular function, biological process,

and pathways in which a gene is implicated. Use of PANTHER

requires a reference organism for which PANTHER has an

established database. For this reason, we used zebrafish, as it is

one of the most heavily studied fish with respect to gene function.

For the PANTHER analysis, we uploaded the list of protein

sequence IDs for each of the differential expression comparisons.

We performed a gene ontology analysis for biological processes,

cellular components, and molecular function using the curated

PANTHER GO-Slim database, and an analysis using the

PANTHER Protein Class database. Results were recorded and

assessed as percentages of the total hits in each database (Figure 3).
Assessment of male banding
ornamentation stages

The morphological changes in the male abdomen were categorized

using a scale of ornamental band intensity, similar to that used to

quantify ornamentation in female S. scovelli by Jones and colleagues
A

B

C

FIGURE 2

PCA between all individual male samples. Samples are labelled by their EE2-exposure status (E-EE2 exposed or C-control) and their pregnancy
status (NPP-not pregnant, PP-pregnant). The first principal component separates males by pregnancy status (A, C). The first two principal components
explain 32.4% of the total variance between samples (A–C). The third principal component explains an additional 11.1% of the total variance (B, C).
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(2001). To generate the ornamentation scale, we produced images

representing a wide range of variation among exposed males. The

requisite variation in male morphology was generated by exposing

them to 4 combinations of EE2 concentration and exposure time. We

used a 2ng/L exposure for seven days (n = 8 male fish) to replicate the

concentrations from Rose et al. (2013). A 5ng/L exposure for seven

days (n= 8 fish not used in the present study) represented the EE2

exposure of the present study. We also exposed males to 5ng/L for 18

days (n= 5) and 10ng/L for 18 days (n =5) to establish males that had

full iridescence, approaching that observed in typical female specimens.

Images were taken under a dissecting microscope to create the scale

ranging from no banding pattern in control fish to female-like

iridescent bands in the high exposure treatments (Figure 4). We used

this newly established scale of ornamentation intensity to score the fish

in the present study (which, as noted above, were not involved in the

establishment of the scale). In a double-blind process, three reviewers

were assigned the images of the male abdomens for the 16 fish included

in the RNA-seq dataset for staging. The average score for each fish was

taken across the three reviewers for statistical analysis. A Wilcoxon

rank sum test was conducted due to the violation of normality for the

data comparing the control males (n=8) with the EE2-exposed males

(n=8) for band development.
Results

Phenotypic response to EE2 exposure

During the seven days of 5ng/L of EE2 exposure, all males

maintained their pregnancies with normal pouches and their

offspring did not show any signs of brood reduction. The
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offspring developmental stages were assessed during the brood

pouch dissection. The embryos for the control and EE2-exposed

pregnant males were determined to be at the correct developmental

stage for embryos at mid-gestation according to Sommer et al., 2012

and Schneider et al., 2023. Adult male fish in the EE2 treatment had

begun demonstrating morphological signs of feminization during

their seven days of exposure to estrogen, as seen in Partridge et al.,

2010, whereas the control males did not show any phenotypic

changes. Through an assessment of the images taken after seven

days of EE2 contamination, all of the estrogen exposed males,

including the pregnant and non-pregnant fish, had begun

developing the female secondary sexual traits with banding

patterns on their torsos. The staging of the band development

was significantly higher in the EE2-exposed males with an average

stage of 1.88 ± 0.37 compared to 0.17 ± 0.09 for the non-exposed

males (Wilcoxon rank sum: W=1.5, p=0.0012).
Transcriptional response to EE2 exposure

The sequencing of the brood pouch RNA resulted in a total of

1,245 differentially expressed genes across pairwise comparisons

between the four treatments (n=16, Figure 1). The brood pouch

expression profiles were more greatly influenced by their pregnancy

status than their exposure to EE2 (Figure 1). The largest number of

differentially expressed genes were within the males in regard to

their pregnancy status. There was 558 genes significantly

upregulated in pregnant males and 625 genes upregulated in non-

pregnant males (Figure 1, Supplemental Table 1A). There were only

three genes that were statistically significantly different (p<0.05), as

a result of EE2 exposure for all males, regardless of their pregnancy
FIGURE 3

Protein classes from PANTHER for pregnancy-related differentially expressed genes. Differentially expressed genes from the second pairwise
comparison (pregnant versus not, including all males, regardless of EE2-exposure) were BLAST searched for in the zebrafish (Danio rerio) proteome
to find a corresponding protein ortholog. Resulting zebrafish protein IDs were used for a PANTHER protein class analysis. The percentage of proteins
that fall into a specific protein class are report as the total number of proteins in a protein class divided by the total number of differentially expressed
genes (pregnant males = 625 and non-pregnant males = 558). Differentially expressed genes that did not match to a zebrafish protein, and zebrafish
proteins that did not have a PANTHER protein class are not displayed (pregnant males = 47%, and non-pregnant males = 34%).
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FIGURE 4 (Continued)
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FIGURE 4 (Continued)

Developmental stages of the male banding pattern resulting from exposure to estrogen. The torso section outlined in gray indicates the location of
the banding pattern on the abdomen of the Gulf pipefish on this non-exposed male in (A). The table for (B) contains images for the stages ranging
from 0 with no band development through stage 5 with fully developed paired bands, similar to the last column displaying female bands.
Descriptions with details of the pigmentation patterns and the EE2-exposure level of the fish is provided for each stage.
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status, with all three genes being upregulated in the EE2-exposed

males. These three estrogen-responsive genes included coagulation

factor XIII A chain-like, peptidyl-prolyl cis-trans isomerase FKBP11,

and transcription factor Sp7 isoform X1 (Supplemental Table 1B).

Gene expression patterns were less altered by EE2 exposure in

pregnant males compared with their non-pregnant counterparts.

There were only 6 genes differentially expressed when comparing

the control pregnant males with the pregnant males in the EE2

treatment (Supplemental Table 1C) However, when comparing the

non-pregnant males across treatments, there were 53 genes

reported as differentially expressed due to EE2 exposure

(Supplemental Table 1D).

The most highly expressed genes in all four categories of male

brood pouches included overrepresentation of genes related to cell

proliferation, including lectin, keratin, actin, and myosin proteins

(Supplemental Table 2). Additional genes detected in the top 25 of

all four male groups included glyceraldehyde-3-phosphate

dehydrogenase, creatine kinase muscle b, cytochrome c oxidase,

cAMP-specific 3’ 5’-cyclic phosphodiesterase 4C-like isoform X,

aldolase a fructose-bisphosphate b, and parvalbumin beta-like. The

top expressed genes in this study for the brood pouch parallel the

top expressed genes found in the Gulf pipefish skin and muscle

transcriptome (Anderson et al., 2020). The top four genes for

muscle and skin tissues included lectin proteins, glyceraldehyde-3-

phosphate dehydrogenase, actin proteins, and creatine kinase muscle

b, which were all found in the top 10 highest expressed genes in the

brood pouches of pregnant males. The EE2-exposed males had

similar highly expressed genes when compared with their

control counterparts.

We identified genes regulating embryo development that were

only highly expressed in the brood pouches for the control and EE2

exposed pregnant males. The reproductive gene hatching enzyme

1.2-like isoform X1 was the third most highly expressed transcript

for both pregnant groups. This gene is likely categorized as a

patristacin-like gene (Small et al., 2016) and was significantly

downregulated in expression for non-pregnant males compared

to the pregnant males. Another reproductive gene that was

differentially expressed in pregnant males compared with non-

pregnant males was low choriolytic enzyme-like isoform, which is

likely another patristacin or patristacin-like gene. Given that the

pregnant males were dissected during their mid-gestation stage, the

offspring were likely nearing the developmental stage where

embryos begin hatching from their chorion (Sommer et al., 2012;

Whittington et al., 2015; Schneider et al., 2023).

The PANTHER analyses identified protein classes for all the

differentially expressed genes that could be assigned to the zebrafish

proteome. The protein classes with the largest number of proteins

assigned, particularly for the non-pregnant males, included

metabolite interconversion enzyme, protein modifying enzyme,
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and gene-specific transcriptional regulator. The pregnant male

genes were assigned to the cytoskeletal protein and protein

binding activity modulator categories in higher percentages

compared to their non-pregnant counterparts. Many of the

protein classes were related to restructuring occurring in the

pouches either during or in preparation for pregnancy, such as

extracellular matrix proteins, cytoskeletal proteins, cell adhesion

proteins and cell junction proteins (Qin et al., 2020). Although the

results indicated that the defense/immunity protein group had

greater representation for the pregnant males, lectin proteins were

found to be one of the most highly expressed genes across all four

male categories rather than being differentially expressed, thus not

being reported in the PANTHER data set. Interestingly, C-type

lectin transcripts, which have been shown to be highly expressed in

seahorse brood pouches and suggested as an immune response gene

in the brood pouch, were upregulated in EE2-exposed non-

pregnant males compared to their control counterparts (Small

et al., 2013; Whittington et al., 2015; Kawaguchi et al., 2017).
Discussion

This study’s findings provide valuable insights into the effects of

EE2 contamination on the brood pouch and stages of

morphological changes in ornamentation of males, contributing

to the development of the Gulf pipefish as an ecotoxicology model

system. We also provide additional estrogen-responsive biomarkers

for male brood pouches and a photographic scale for quantifying

EE2-induced banding patterns in males that can be used in wild

populations for predicting EE2-exposure. Additionally, we did not

detect a substantial alteration in embryo morphology or

developmental stage when comparing the offspring from the

control and treatment males. We observed no direct evidence of

brood reduction (Paczolt and Jones, 2010), and the staging of the

embryos was similar to that of, Syngnathus typhle during mid

prerelease developmental stages, as outlined by Schneider and

colleagues (2023), when the eye is well developed and pigment

has spread across the head and trunk. These results provide insight

into why pipefish populations can remain reproductively active in

locations of known endocrine-disruptor contamination. Gene

expression data for the brood pouch also revealed that non-

pregnant males show a greater transcriptional response to EE2

exposure when compared to pregnant males, providing support for

previous studies where males were unable to receive eggs after

exposure as non-pregnant or late-stage pregnant males when

exposed to similar estrogen concentrations (Rose et al., 2013).

Many of the top expressed transcripts were the same genes as the

top expressed genes in the muscle and skin tissues studied by

Anderson and colleagues (2020). The overall fold changes in gene
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expression patterns of the brood pouch paralleled those of the Gulf

pipefish skin and muscle tissues (Anderson et al., 2020). The brood

pouch transcriptome showed substantially fewer differentially

expressed genes between control and estrogen treated fish (see

Supplemental Table 1) compared to the dramatic effects of EE2 on

the liver transcriptome (Rose et al., 2015), indicating variation in

EE2 responsiveness across different organs.

The results from the current study indicate that timing of exposure

to EE2 can affect the male pipefish’s ability to successfully carry

developing offspring in their brood pouches. Previous studies have

shown that male pipefish and seahorses, when exposed prior to mating,

experience reduced or receding pouch tissue, difficulties receiving eggs

from females, or termination of the pregnancy with non-surviving

offspring (Partridge et al., 2010; Rose et al., 2013; Sárria et al., 2013; Qin

et al., 2020). However, in this study the males in the EE2 treatment

were not exposed until 24 hours after mating, and all showed normal

development of their offspring at the midpoint of the pregnancy.

Previous studies conducted at 2ng/L allowed for Gulf pipefish males

to become impregnated and an increase in female reproductive yields,

yet there was complete reproductive failure documented for males at 5

ng/L (Rose et al., 2013). Partridge and colleagues (2010) reported that

males exposed to 5 ng/L of EE2 had difficulty receiving eggs and

continued to have reduced mating activity several days after being

removed from exposure. Interestingly, the male pipefish in this study

did display feminizing morphological changes as a result of the 5 ng/L

EE2 contamination, similar to the males in other studies (Partridge

et al., 2010; Rose et al., 2013) with the major difference in the studies

being the timing of the exposure relative to the pregnancy.

Understanding how populations of pipefish can remain

reproductively active despite the threats of contamination is an

important aspect of learning about ecotoxicology model systems in

wild populations (Matthiessen et al., 2018). One potential

explanation is that estrogen or other contaminants can vary in

their concentrations over time depending on the frequency and

quantity of contaminated effluent being introduced into coastal

environments (Zuo et al., 2006). For example, the concentrations of

EE2 detected in water bodies can vary seasonally in the dry season

compared to the wet season and the distance of the fishes from

where the wastewater effluent is introduced (Klaic and Jirsa, 2022).

The range in detected concentrations in natural bodies of water

could be due in part to varying rates of photodegradation of EE2

contamination, as a result of variation in sun exposure and water

depths within pipefish habitats, given that EE2 has a half-life of less

than 1.5 days during days with maximum sun (Zuo et al., 2006).

Although the pipefish in this study were exposed to 5 ng/L of EE2,

which is higher than the concentrations for surface waters reported

in marine locations further from the wastewater effluent sources

reported in Klaic and Jirsa (2022), wildlife are often exposed to

several endocrine disrupting compounds that have similar

estrogenic effects on the physiology and behaviors of exposed

organisms (Matthiessen et al., 2018). The combination of varying

concentration at the site of introduction and potential movement

patterns of the fish can lead to individuals being exposed at different

stages of their reproductive cycle. Future directions for this model

system include monitoring wild populations for contamination

levels and long-term surveys of their reproduction in locations
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with evidence of estrogen contamination. Studies in Tampa Bay

have identified locations where 5ng/L EE2 has been detected

entering the coastal waters where pipefish reside, providing the

opportunity for testing multibiomarkers (Cook, 2015).

Implementing the tools developed in the Gulf pipefish through

comparative RNA-sequencing conducted over the past several years

and identification of biomarker candidates will enable the next stage

in biomonitoring in situ (Gouveia et al., 2019; Martyniuk

et al., 2020).

One of the primary goals of the present study was to identify

gene expression patterns in the brood pouch prior to mating and

during the male’s pregnancy when success of developing offspring

could be confirmed. The males in the present study were either non-

pregnant after recently having given birth or halfway through the

gestation of their offspring, representing a diverse array of metabolic

and epithelial changes occurring in the male’s reproductive

structure during the two different stages of reproduction. For

example, non-pregnant males are typically preparing their pouch

for mating (Carcupino et al., 1997). Thus, this stage could require

the differentiation of the epithelial cells and other changes to the

structure of the pouch flaps. On the other hand, pregnant males

would likely experience epithelial proliferation, growth of new

blood vessels, and waste removal within the pouch as the

offspring develop (Scobell and MacKenzie, 2011). Since males

included in this study were dissected during the middle of their

pregnancy, the data set does not include genes related to

fertilization, early gestation or parturition. Nevertheless, a time-

series of the brood pouch transcriptome of the big-bellied seahorse

(H. abdominalis) by Whittington and colleagues (2015) indicated

that the mid-pregnancy stage differed the most from non-pregnant

males, with 966 genes up or down regulated. In contrast, early, late,

and post-parturition stages showed 527, 535, and 325 genes,

respectively, that were differentially expressed compared to non-

pregnant males. Comparatively, the largest difference in gene

expression patterns in the seahorse brood pouch transcriptome

occurred between mid-stage pregnant males and post-parturition

males, indicating that the pouch undergoes a remodeling after the

offspring are born to prepare for the next pregnancy (Whittington

et al., 2015). This pattern is also seen in the pipefish brooding

structures for Nerophis ophidion and Syngnathus rostellatus, where

transcriptomes from early-stage pregnant males showed greater

numbers of differentially expressed genes when compared to the

parturition males, whereas the late stage transcriptomes were not as

different from the parturition males (Parker et al., 2021). The serine/

threonine-protein kinase transcripts were significantly biased in

non-pregnant males in the present study and also in the Gulf

pipefish brood pouch study conducted by Small et al. (2016).

Seahorse males during post parturition experience an increase in

estrogen receptor 2a expression in the brood pouch (Whittington

et al., 2015), consistent with our findings in the Gulf pipefish.

Curiously, neither seahorses nor pipefish in the present study

showed a significant change in estrogen receptor expression when

exposed to EE2 contamination (Qin et al., 2020).

Our differential expression analyses identified three EE2

responsive genes to use as biomarkers for contamination in all

male brood pouches. One of these genes is coagulation factor XIII A
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chain-like, which is also upregulated by EE2 contamination in Gulf

pipefish male’s skin tissues where the female-specific iridescent

bands develop (Anderson et al., 2020). The exposure to EE2 resulted

in a greater change in gene expression patterns for non-pregnant

male brood pouches compared to pregnant males, which could lead

to a decline in pouch function for males or their ability to receive

eggs from females during future courtship events. EE2 exposure and

pregnancy stage did not lead to differences in the representation of

genes with the greatest expression levels, as seen by the similar

breakdowns in the makeup of the top 25 most expressed genes

across groups reported in Supplemental Table 2. The gene cathepsin

was upregulated in the brood pouch of EE2 exposed pregnant males

compare to their control counterparts and has also been identified

as an estrogen biomarker in the skin and the liver of male Gulf

pipefish (Rose et al., 2015; Anderson et al., 2020). The gene with the

greatest upregulation in EE2 non-pregnant males, C-type lectin

domain family 4 member M-like, which potentially regulates cell

growth and immune responses, has also been shown to be over

expressed in brood pouches of non-pregnant male seahorses

compared to pregnant males (Whittington et al., 2015).

In conclusion, the gene expression changes identified in the brood

pouch transcriptome and the documentation of male morphological

changes in male banding patterns due to EE2 exposure contribute to

the growing development of the Gulf pipefish as a model system for

ecotoxicology. The EE2-responsive genes identified in the brood pouch

for this study, along with the extreme gene expression patterns in the

livers of EE2-exposed pipefish (Rose et al., 2015) and the genes

previously identified that underlie the development of female

secondary sexual traits in the skin of EE2-exposed males (Anderson

et al., 2020), provide several excellent candidate genes for developing

biomarkers to detect endocrine disruptor contamination in wild

populations of pipefish. While previous studies indicated EE2-

exposed pipefish males experienced a reduction in the function of

their brood pouches prior to mating, males in this study successfully

maintained their pregnancies when exposed 24 hours after copulation.

Although the EE2 exposed males in this study displayed morphological

feminization and began developing the female-specific sexually selected

banding on their abdomen, the offspring displayed normal

developmental patterns through the 7 days of exposure, indicating

that the timing of exposure to EE2 is a critical factor affecting male

pouches. Given that EE2 can alter the strength of sexual selection in the

Gulf pipefish (Rose et al., 2013), affect the preferences of choosy females

(Partridge et al., 2010), and has the potential to alter the operational sex

ratios and effective population sizes due to non-receptive or sterile

males (Lane et al., 2011), there is still a need to test the effects of

contaminants on wild populations. The combination of the molecular

tools and the well characterized morphological changes in EE2 exposed

males provide an excellent arsenal of techniques for detecting estrogen

contamination in wild populations across various ecosystems where the

Gulf pipefish resides, particularly when quantification of

contamination in water samples is difficult. The collection of

previous laboratory research has now set the stage for the Gulf

pipefish to become a well-established model system for investigating

how endocrine disruptors, such as EE2, can alter the mating system of

exposed pipefish populations in the natural environment.
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SUPPLEMENTARY TABLE 1

Gene expression patterns for all comparative groups. Differentially expressed

genes for all control and EE2-exposed males (A), all pregnant and non-
pregnant males (B), pregnant control and EE2-exposed males (C), and non-

pregnant control and EE2-exposed males (D).
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SUPPLEMENTARY TABLE 2

Top 50 expressed transcripts for all four male groups. Average TPM is
provided along with the NCBI protein match for each of the highest

expressed transcripts for the four male groups.
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SUPPLEMENTARY TABLE 3

Counts for all genes. TPM counts provided for all the transcripts
generated from the brood pouches for all control and EE2-exposed

males.
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