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Abstract

Social monogamy is a reproductive strategy characterized by pair living and defense

of a common territory. Pair bonding, sometimes displayed by monogamous species,

is an affective construct that includes preference for a specific partner, distress upon

separation, and the ability of the partner to buffer against stress. Many seahorse spe-

cies show a monogamous social structure in the wild, but their pair bond has not

been well studied. We examined the gene expression of lined seahorses (Hippocam-

pus erectus) during and after the process of pairing in the laboratory as well as color

change (luminance), a potential form of social communication and behavioral syn-

chrony between pair mates. When a seahorse of either sex was interacting with its

pair mate, their changes in luminance (“brightness”) were correlated and larger than

when interacting with an opposite-sex stranger. At the conclusion of testing, subjects

were euthanized, RNA was extracted from whole brains and analyzed via RNA

sequencing. Changes in gene expression in paired males versus those that were

unpaired included processes governing metabolic activity, hormones and cilia. Per-

haps most interesting is the overlap in gene expression change induced by pairing in

both male seahorses and male prairie voles, including components of hormone sys-

tems regulating reproduction. Because of our limited sample size, we consider our

results and interpretations to be preliminary, and prompts for further exploration.

Future studies will expand upon these findings and investigate the neuroendocrine

and genetic basis of these behaviors.
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1 | INTRODUCTION

Social monogamy is a social system characterized by pair living,

defense of a common territory, and sometimes includes mate-

guarding, biparental care, and coordinated behaviors.1–3 While this
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behavioral pattern is exhibited by 3%–9% of mammalian species, it is

at least as common in fish species.3–6 Pair bonding, primarily displayed

in species that have a monogamous social structure, is a type of affec-

tive attachment between two adults defined by several characteristics

including a preference for their partner over a stranger, stress buffer-

ing and separation distress.7–9

Social behaviors across different vertebrate taxa, including those

related to pair bonding, are modulated by the nonapeptides arginine

vasopressin (AVP) and oxytocin (OT), along with their non-mammalian

homologs, arginine vasotocin (AVT), isotocin (IT) and mesotocin

(MT).10,11 Blockade of IT receptors and AVT receptors in monoga-

mous cichlid fishes was shown to reduce affiliative behaviors during

bond formation.10 Density of AVT-immunoreactive fibers within tel-

encephalic nuclei were predictive of social affiliations and mating sys-

tems in the closely related butterflyfish.12 Furthermore, for

butterflyfish, OT receptor pattern in various brain regions has been

shown to be predictive of pair bonding vs solitary living.13 Over-

expression of AVP receptors in the ventral striatum of a species of

vole that does not readily form pair bonds (the meadow vole) resulted

in individuals forming pair bonds.14 These data show that centrally cir-

culating AVP/AVT and OT/IT regulate pair-bond formation and that

receptor distribution plays a critical role in the expression of various

patterns of social behavior between closely related species. One

hypothesis is that the variation in sociosexual behavior between

closely related species may be because of polymorphic genetic mech-

anisms that allow for rapid changes in the genetic expression of neural

substrates that regulate social behavior.15

Recent studies have explored on a genomic scale other potential

mechanisms that may account for differences between monogamous

and non-monogamous social systems in closely related species. One

study found that across monogamous vertebrates, gene expression

varied consistently when species transitioned to a monogamous mat-

ing style, and the authors were able to identify several candidate

genes associated with this behavioral shift.16 Another study found

331 genes that were associated with a monogamous mating system in

cichlid lineages, independent of species or sex.17 Examination of dif-

ferential gene expression may prove informative about underlying

mechanisms that promote monogamy and pair bonding.

Field and genetic studies on closely related seahorse species such

as Hippocampus whitei,18 Hippocampus zosterae,19 Hippocampus

angustus,20 Hippocampus capensis,21 Hippocampus subelongatus22 and

Hippocampus abdominalis23 confirm the existence of genetic and social

monogamy as a frequent social structure in this group. Although to

our knowledge, the social system of lined seahorses (Hippocampus

erectus) has not been studied in the wild, laboratory behavioral data

shows that pair mates recognize their partner, and that this recogni-

tion depends on olfactory cues.24 These studies also suggest that at

least under some circumstances, preference for the partner may not

persist with separation or illness of the partner.25 Despite behavioral

evidence of social monogamy in the wild for some species, seahorse

pair bonding has received only limited attention in laboratory settings,

and rarely with standardized tests comparable to those used in

mammals.26–28 We therefore regard lined seahorses, which we study

here, as a putatively pair bonding species, and seek to investigate the

dyadic communication and gene expression changes associated with

the initial interactions between newly paired males and females.

Seahorse partner communication may be showed through modali-

ties that are not available in pair-bonding mammals. Some seahorse

species change color to match their surroundings (e.g., H. whitei;18

H. reidi;29 H. erectus;30 H. denise31), which allows these ambush preda-

tors to increase the success of prey capture. Research on the behavior

of wild seahorses and similar fishes suggests that coloration may act

as an important mechanism of social communication, including per-

haps a way to reinforce the pair bond.19,32 Observations of seahorse

color changes are often described as “brightening” with the change

being a lighter color rapidly covering most of the body, and occurring

during social interactions but not solely during courtship.19

The main objective of this study was to quantify and study color

change as a form of social communication of potential importance to

seahorse relationships, and to identify changes in gene expression

that may play a part in the formation of putative seahorse pair bonds.

To accomplish those goals, 5 days after initial pairing, we performed a

standardized partner preference test (PPT). Unfortunately, we did not

have enough subjects to conclusively investigate the preference for

the partner via proximity, which would be our gold standard measure.

However, as a result of the repeated measures nature of the lumi-

nance changes, we were able to examine (1) preference for interaction

partners based on luminance changes and (2) coordinated behavior in

luminance changes during interactions. Color changes of the

seahorses' abdomens during the PPT were analyzed based on the sea-

horse vision model. At the conclusion of testing, subjects were eutha-

nized, and RNA was extracted from whole brains and analyzed via

bulk RNASeq. Finally, brain gene expression changes induced by

pairing in seahorses were compared to those from prairie voles, which

are a well described mammalian model for the neurobiology of pair

bonding.33,34

We predicted that lined seahorses would exhibit greater fre-

quency, more correlated and more intense color changes while in

proximity to their partner, than while in proximity to a stranger. We

expected to find differences in gene expression between paired and

unpaired males that were relevant to social behavior and reproduc-

tion. With this information we hope to advance investigation into the

relationships between pair mates in lined seahorses, and into the

underlying neurobiological mechanisms of pair bonding that may be

the same or different from those in other vertebrates.

2 | MATERIALS AND METHODS

2.1 | Subjects

Experiments were performed on 10 adult H. erectus seahorses (seven

males, three females; Table 1) obtained from Ocean Rider Seahorse

Farm (Kailua-Kona, HI). Subjects were housed in the Teaching and

Research Animal Care Services facility at UC Davis. All experiments

were performed under National Institutes of Health guidelines for the
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care of animals in research and were approved by the Institutional

Animal Care and Use Committee of the University of California,

Davis.

The seahorse colony was maintained on a 12:12 light: dark cycle

with the lights on at 6 AM. The ambient room temperature was

maintained at 20–22�C, and water temperature in each tank was

maintained at 21–23�C. Artificial seawater was made by combining

Instant Ocean Sea Salt (Instant Ocean, Blacksburg, VA) with distilled

water to achieve a specific gravity of 1.021–1.026. All tanks contained

a substrate of live sand and live rock and were equipped with multiple

holdfasts to allow for animal attachment. Tanks were tested 3x a

week for ammonia, nitrite, and nitrate levels, and tanks underwent a

50% water change weekly. Seahorses were fed twice daily with

thawed frozen mysis shrimp enriched with Vibrance supplement

(Ocean Rider, Kailua-Kona, HI).

Male and female seahorses were housed in separate same-sex

group housing tanks for 4 months prior to pairing. Unpaired animals

remained in these tanks. Tanks used for group housing and behavioral

testing were 106 liters (76.2 cm long � 31.75 cm deep � 47 cm tall),

and paired subjects were housed in 68.14 liter tanks (50.8 cm

long � 26.67 cm deep � 47 cm tall). On the day of pairing, one male

and one female seahorse were removed from the group housing tanks

and placed together in a 68.14 liter tank. Male and female subjects

were allowed to cohabitate for 4–5 days before partner preference

testing (Figure S1). At this point, courtship behavior had been

observed in all pairs.

2.2 | Partner preference testing

We measured luminance (i.e., brightness) changes in the seahorses

during a PPT. In more commonly studied mammalian pair bonded spe-

cies, breeding pairs show preferential contact and maintain proximity

with a familiar partner versus a stranger or opposite-sex conspe-

cific.8,33 Formation of this preference is commonly tested in a PPT.35

PPTs have been developed and most widely used in rodent species,

although their use in non-rodent monogamous species has

grown.36–38 The PPT has helped researchers identify many biological

and social factors that play a role in pair bonding.36 The setup of the

PPT differs across taxa and across different relevant questions but

some factors stay consistent. There is typically a period of cohabita-

tion between the test subject and new partner prior to the test, and

then they are both transported to a testing arena, typically divided

into three chambers. The middle chamber holds the focal animal and

the other two hold the familiar partner and an opposite-sex stranger.

The time spent in proximity to the partner versus the stranger is then

recorded. Time spent near a particular individual has been found to be

a good indicator of preference in some fish species.39–41 In this study,

we used a modified PPT to examine luminance changes as a potential

form of social communication in new seahorse pairs. Because of our

small sample size and significant variation in pair behavior, we do not

present the preference data here. However, we describe the test as

far as it was the social setting in which we quantified color changes.

We conducted the PPT in a 106 liter tank subdivided into three

equal sections using custom-made acrylic dividers. The clear dividers

allowed the subjects to visually identify each other and included 1 cm

diameter perforations to allow for water flow between tank sections.

As previously mentioned, work performed by Lin and colleagues24

found that olfactory cues were crucial to mate recognition in female

lined seahorses.24 Multiple plastic holdfasts were placed in each

section of the testing tank, and adjacent to the acrylic dividers, to

allow the seahorses to hitch.

On the day of testing, we removed the focal seahorse from its

home tank and placed it in the center section of the testing tank. Its

partner seahorse was placed in one adjacent section, and an opposite-

sex stranger seahorse was placed in the other adjacent section (See

Figure 1). Stranger males were unpaired throughout the duration of

the study; stranger females were unpaired for the first (Pair 1) and

second (Pair 2) PPT. For the third PPT (Pair 3), the stranger female

was part of a different pair and had to be used because all females

were paired at that point. Analysis of her color changes, and those of

the focal male from Pair 3, do not suggest that the use of a paired

female affected results. Partners and strangers were matched by size.

The partner side and stranger sides were counter-balanced across

tests to avoid a side bias.

A color board was placed to the side of the testing tank to enable

analysis of color changes (see below). The subjects were filmed by a

Panasonic VX981 camera for 3 h. Behaviors were scored partially

TABLE 1 Basic morphometric traits of the seahorse subjects

Seahorse ID Sex Weight (g) Head length (cm) Trunk length (cm) Tail length (cm) Standard length (cm)

Pair 1 M M 8 2.561 4.717 8.348 15.626

Pair 1 F F 9 3.101 5.214 8.147 16.462

Pair 2 M M 8 2.666 5.215 8.247 16.128

Pair 2 F F 7 2.403 4.814 7.49 14.707

Pair 3 M M 16 3.291 5.314 10.521 19.126

Pair 3 F F 6 2.593 4.445 7.75 14.788

Unpaired M 1 M 5 2.392 4.224 7.836 14.452

Unpaired M 2 M 19 3.334 6.542 10.662 20.538

Unpaired M 3 M 8 2.58 4.886 7.353 14.819

Unpaired M 4 M 11 2.772 5.101 9.204 17.077
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blinded (the tanks were labeled, and the animals are sexually dimor-

phic, but we covered labels during scoring) using BehaviorTracker 1.5

(www.behaviortracker.com). Behaviors scored included the location of

the subject and partner/stranger. Within the focal subject section, we

further divided the area into three equal zones: proximate to the part-

ner side, proximate to the stranger side, or neutral (in the middle).

Proximity was scored when the subject animal was in the relevant

zone. Partner and stranger zones were similarly divided. If both the

subject and the partner were in the proximity zone at the same time,

we scored that as “partner mutual.” If both the subject and the

stranger were in the proximity zone at the same time, we scored that

as “stranger mutual.” If only the subject was in the proximity zone, in

the partner or stranger side, we scored as “partner non-mutual” and

“stranger non-mutual,” respectively. These behavioral results were

used to determine the location of the seahorse for the analysis of

luminance changes.

2.3 | Frame acquisition for seahorse luminance
(color) change analysis

We assessed changes in seahorse luminance (i.e., brightness) during

the PPT using the six videos (two videos for each of the three pairs).

For each video, image frames were extracted at a constant ratio of

one frame per second using the software “Free Video to JPG Con-

verter” (https://www.dvdvideosoft.com/products/dvd/Free-Video-to-

JPG-Converter.htm). Images were saved as JPEG and divided into two

groups of interaction: “mutual interaction,” when the focal seahorse

was located within the zone of interaction, close to the respective

partner (“partner mutual”) or stranger (“stranger mutual”) individual of
the opposite sex; “non-mutual interaction,” when the focal seahorse

was located close to the divider wall, but the partner (“partner non-
mutual”) or stranger individual (“stranger non-mutual”) was positioned

outside the interaction zone. We first counted the frequency of color

changes by each sex and type of interaction. We then assessed the

baseline luminance of seahorses during periods when individuals were

not performing visual color changes. For that, because of the large

number of frames, we randomly selected 60 images for each video:

30 for the “partner mutual” and 30 for the “stranger mutual” groups.

Visual luminance changes were observed in seahorses for all videos

and were characterized by events of rapid (maximum 1 min) changes

in the brightness of the seahorse's abdomen (Figure S2). To quantita-

tively record those changes under a reliable timeframe, we selected

one frame every 4 s for each event of luminance change. In cases

where seahorses performed many color alterations, we restricted our

analysis to 10 randomly selected events of luminance change because

of the large processing time of image analysis.

2.4 | Image analysis and visual modeling

Before obtaining luminance data, each image was linearized

(R2 ≥ 0.999 for all camera channels) to correct for camera nonlinear

pixel responses to light intensity using a color chart (X-rite color

F IGURE 1 We initially housed seahorses in same-sex tanks consisting of all male (A, blue) or all female (B, pink) subjects. At the time of
pairing, we placed one male and one female together in a novel tank (C). After 5 days of cohabitation, paired seahorses underwent a partner
preference test (PPT) in a large testing tank that was divided into three sections (D). We placed target animals in the center section, partners in
one side section, and opposite-sex stranger seahorses in the other side section. Animals interacted for 3 h, during which time their luminance
changes were recorded.
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checker).42 This procedure was necessary because of the nonlinear

response of our video camera to changes in light levels that need to

be corrected before obtaining accurate data.43 Images were also

equalized for changes in light conditions using 3.2% and 19.2% stan-

dards from the color checker and saved as 32-bit multispectral images.

All these procedures were performed using functions from the mica

Toolbox within the ImageJ software.44

Seahorse luminance was analyzed based on a seahorse vision

model.45,46 Since there is no available information about the visual

system of lined seahorses (H. erectus), the spectral sensitivities of the

closely related species Hippocampus subelongatus were used for

modeling.45 We assumed that the two species would exhibit similar

visual capacities since both live in comparable green-water vegetated

habitats.45,47 The use of visual modeling takes account of the visual

system of the appropriate receiver (i.e., the seahorse itself), instead of

the human scoring the visual data, which is a much more reliable way

to test for the possible functions of color change in the species.

In summary, H. subelongatus exhibits single cones absorbing short

wavelengths (SWS, spectral peak at 467 nm), and double cones

absorbing medium (MWS, spectral peak at 522 nm), medium-long (M-

LWS, spectral peak at 537 nm) and long wavelengths (LWS, spectral

peak at 560 nm). Since the spectral sensitivity of MWS and M-LWS

cones are very similar,45 we assumed that one of them is responsible

for luminance (i.e., achromatic) contrast, while the other in conjunc-

tion with the SWS and LWS cones are responsible for color vision,

resulting in a trichromatic visual system. Here, we followed the same

protocol used by Duarte and colleagues46 and considered the M-LWS

cones as responsible for seahorse's luminance vision. We also incor-

porated to the model a 50% light transmission cut-off at 425 nm45

and used a D65 standard irradiance spectrum as a measure of incident

illumination,48 compatible to the restricted shallow-water environ-

ment where visual interactions between seahorses take place. Before

building the model, we calculated the spectral sensitivity curves of our

video camera using one image frame extracted from a short video of

the color chart made under natural illumination,42 which allowed us to

use a polynomial mapping analysis to convert images from the camera

color space into values of seahorse cone catches, closely

corresponding to spectrometry techniques.44

Visual modeling resulted in multispectral images, which were used

to estimate photon catch values for each color channel in the region

of interest measured in the seahorse (i.e., the abdominal region of the

individual). Whenever possible, we measured in each frame the pho-

ton catches of the focal, partner and stranger seahorses during the

event of color change. Based on preliminary data, we restrained our

analysis to luminance since this was the only channel varying during

the events of color change observed in the species. For each lumi-

nance change event we calculated the percent luminance change

using the following formula:

Maxiumum luminance�Minimum luminance
Minimum luminance

�100:

We used descriptive statistics, such as means and standard errors,

to represent the baseline luminance of male and female seahorses

during the periods of no color change and used Cohen's d to test vari-

ation and trends of baseline luminance between sexes. For luminance

change events, we first quantified the number of events performed by

seahorses of both sexes during mutual and non-mutual interactions,

when the focal seahorse was within the interaction zone of the part-

ner or stranger individual.

We used repeated measures correlation to test whether the lumi-

nance change in seahorse pairs during mutual interactions is corre-

lated and whether it is affected by the interaction of the focal

seahorse with the partner or the stranger conspecific. We used this

method to control for the repeated observations of luminance change

made in the same individual of the different pair configurations

(i.e., focal x pair and focal x stranger seahorse) we had in video trials.

Correlation analyses were conducted through the rmcorr function

from the “rmcorr”49 package in R.

We also examined whether changes in luminance differed

between mutual interactions with the focal subject and their partner

or an opposite-sex stranger. To do this we identified luminance

change events that occurred when the focal animal was in the interac-

tion zone at the same time as their partner (partner mutual interac-

tion) or in the interaction zone at the same time as an opposite-sex

stranger (stranger mutual interaction). For each event we calculated

the % luminance change for each member of the interaction (i.e., focal

subject and partner or focal subject and stranger). The % luminance

change was averaged first within subjects then between subjects to

get an average % luminance change for each mutual interaction. We

did not use non-mutual interactions in both analysis of % luminance

change and luminance correlation because of the low number of this

type of event in our dataset, which makes it difficult to calculate

effect sizes and correlation metrics.

2.5 | Tissue collection and processing

At the conclusion of testing, the subjects were deeply anesthetized

through immersion in a bath of 500 mg/kg buffered MS-222 and were

euthanized via decapitation. Weight and standard body length mea-

surements (head + trunk + tail length50) were taken. All tissue collec-

tion occurred between 10 AM and 2 PM. The brain was removed and

flash frozen for later RNA extraction. RNA was extracted from whole

brains using Qiagen AllPrep DNA/RNA Mini Kit (Qiagen). Whole

brains were used because of their small sizes, the low-cellular density

of the tissue, and the desire to obtain individual rather than pooled

data. The quality and concentration of the extracted RNA was

assessed using a NanoDrop spectrophotometer (Thermo Scientific)

and an Agilent Bioanalyzer 2100 (Agilent Technologies).

2.6 | RNA sequencing, assembly and annotation

The DNA Technologies and Expression Analysis Core at the Genome

Center of the University of California, Davis prepared RNA-Seq librar-

ies from the 10 seahorses and performed sequencing. Barcoded inde-

xed RNA-seq libraries were generated from 1 ug total RNA each after
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poly-A enrichment using the Kapa Stranded RNA-seq kit

(KapaBiosystems) following manufacturer's instructions. After library

preparation, samples were sequenced with Illumina NovaSeq S4 gen-

erating 150-bp paired-end (PE) reads.

Bioinformatics analysis was performed at the University of Cali-

fornia, Davis Bioinformatics Core Facility. Quality-control and

adapter-trimming preprocessing of raw sequence reads were per-

formed using HTStream (https://github.com/s4hts/HTStream) to

remove technical features such as Illumina adapters, polyAT

sequences, PCR duplicates, reads less than 50 bp in length, and low-

quality regions below an average quality of 20 from the ends of reads.

Once cleaned, reads were aligned to the Hippocampus comes genome

(assembly: H_comes_QL1_v1) using STAR,51 and generating a read

counts table for each sample and each gene using the corresponding

annotation from Ensembl (release 104). Analysis was performed using

H. comes rather than H. erectus because of the more comprehensive

gene annotation for comes.52 This genome provided 1:1 ortholog

mapping between H. comes and H. erectus. Differential expression

analysis between the three groups (paired males [PM] vs. unpaired

males [UPM], paired males [PM] vs. paired females [PF], unpaired

males [UPM] vs. paired females [PF]) was performed in R53 using the

limma voom pipeline,54,55 which consisted of normalization for factors

such as sex and date of RNA extraction, statistical testing, and multi-

ple testing correction using the Benjamini-Hochberg procedure.56 No

genes reached a statistically significant threshold (adjusted p-value

<0.05) in any of the three pairwise comparisons.

Our analysis of RNAseq data consisted of three nonoverlapping

lines of inquiry. The first analysis was a qualitative assessment of the

number of up- or downregulated genes between experimental groups.

The second analysis examined the gene ontology (GO) Annotations

that were enriched in differentially expressed genes. The third line of

inquiry employed the Rank–Rank Hypergeometric Analysis to com-

pare gene expression in the brains of seahorses and another monoga-

mous species, prairie voles (Microtus ochrogaster).

2.7 | Number of up- or downregulated genes

The expression of individual genes was normalized by calculating the

Z-score of each gene for each individual (Z¼ x1�xÞ=σ
�

) then averag-

ing Z-scores within a group (i.e., PM, PF and UPM). Genes were

ranked within a group by Z-score, and we quantified the number of

genes with a Z-score greater than 1 or less than �1. Z-scores greater

than 1 represented upregulated gene activity compared to the popula-

tion mean, and Z-scores less than �1 represented downregulated

gene activity compared to the population mean. This analysis pro-

vided a global overview of how many genes were up- or down-

regulated in the three groups but was not meant to identify

statistically significant changes in gene expression.

We also examined genes that are related to neurotransmitter sys-

tems that are classically associated with affiliative behaviors, including

the nonapeptides OT/IT (oxt, oxtr, oxtrl) and arginine vasopressin/

vasotocin (avp, avpr1a, avpr2a), opioid receptors (oprm1, oprk1,

oprd1b), dopamine (drd1, drd1b, drd2a, drd2l, drd3, drd4a, drd4b,

drd6b) and serotonin (htr1a, htr1b, htr1ab, htr1f, htr2a, htr2b, htr2cl1,

htr3a, htra3a, htr4, htr5ab, htr6, htr7a).

2.8 | Gene ontology analysis

Pathway enrichment analysis was conducted using GO terms and

KEGG pathway annotations. The Kolmogorov–Smirnov test57 was

used to identify significantly enriched GO terms in topGO58 (v2.44.0)

while enriched pathways were deduced using the Wilcoxon rank-sum

test59 in KEGGREST (v1.32.0).60

Individual genes are associated with GO annotations in order to

describe the various functions of a particular gene product. The bio-

logical process analysis describes a recognized series of events or col-

lection of molecular functions associated with a gene or gene product.

The molecular function analysis describes the function that each gene

product performs within the cell. The cellular component analysis

describes the locations of gene expression, at the levels of subcellular

structures. Each analysis was completed for all genes with differential

patterns of expression between the three comparison groups, paired

males (n = 3) versus unpaired males (n = 4) (PM vs. UPM), paired males

versus paired females (n = 3) (PM vs. PF) and paired females versus

unpaired males (PF vs. UPM). For this analysis we examined differen-

tially expressed annotated transcripts with an uncorrected p-value

<0.05. We identified GO annotations that were significantly enriched

(false discovery rate <0.05) and selected the genes associated with

those annotations for further examination.

2.9 | Rank–rank hypergeometric analysis

We compared orthologous gene expression between the medial

preoptic area (MPOA) of unpaired and paired male prairie voles,61 the

nucleus accumbens (NAcc) of unpaired and 3-week paired male prairie

voles,62 and the whole brains of unpaired and paired male seahorses,

using the Rank–Rank Hypergeometric Overlap (RRHO) algorithm. This

approach identifies differentially expressed genes in a sample, ranks

them in a list according to their log-fold change, and then compares

that ranked list to lists from other datasets. RRHO has several advan-

tages over more traditional direct comparisons of gene lists.63 First,

RRHO treats each list of differentially expressed genes as a continu-

ous dataset, which avoids arbitrary significance cutoffs. Second, many

genes will show coordinated patterns of altered expression, which can

be difficult to detect using more traditional methods, but RRHO can

identify these. Third, RRHO allows for the direct comparison of

ranked lists generated by multiple datasets, which can allow

researchers to identify trends in gene expression that may be difficult

to find otherwise.

Of the starting list of expressed genes for each species (12,796

for seahorse whole brains, 14,363 for vole MPOA, and 19,647 for vole

NAcc), 5918 genes were shared by seahorses and vole MPOA, 5678

were shared by seahorses and vole NAcc and 11,667 were shared by
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vole MPOA and vole NAcc. We used the RRHO approach to assess

whether the degree of overlap in gene expression for the shared

genes was significant.63,64 We used the RRHO function from the

“RRHO” package to compare the gene expression lists.65 The resulting

heatmap shows statistically significant overlap for gene signatures in

each pairwise comparison. The analysis was conducted in R.53

3 | RESULTS

3.1 | Baseline luminance and change during social
interactions

We examined changes in luminance during a preference test as a

potential indicator of social preference and behavioral synchrony

between pair mates. The baseline luminance of both focal male and

female seahorses was very similar during moments of no color change:

Cohen's d = 0.24; mean ± SE: 6.921% ± 0.048 for females (unit is

light reflectance in the luminance channel), and 6.780% ± 0.037 for

males. Similar levels of baseline luminance were also observed for

both partner (Cohen's d = 0.15; mean ± SE: 6.909% ± 0.058 for

females and 7.016% ± 0.053 for males) and stranger male and female

seahorses (Cohen's d = 0.36; mean ± SE: 6.689% ± 0.040 for females

and 6.512% ± 0.034 for males).

We registered a higher number of visual luminance changes when

focal animals, both male and female, were in mutual proximity with

their partner, compared to when they were in mutual proximity with

the stranger (Table 2). Almost all the luminance changes observed dur-

ing mutual interactions were performed by the partner male (when

females were the focal individual) and the focal male (when males

were the focal individual). Only five events of synchronous luminance

change were observed, all during mutual interactions, with the change

of the male being followed by a change in the female within a rela-

tively short delay (mean ± SE: 12.80 ± 6.25 s).

Although less numerous, the events of luminance change during

non-mutual interactions (those in which the focal animal was in the

partner or stranger zone, but the stimulus animal was distant from the

focal animal) followed the same pattern as described for mutual inter-

actions, with almost all color changes being made by the males (either

as the focal male or as the partner). Interestingly, there were more

events of non-mutual luminance change registered when focal

seahorses of both sexes were close to the stranger side compared to

the partner side (Table 2).

Generally, males showed a larger % luminance change than

females. When focal males mutually interacted with their female part-

ners, they showed a 20.08% ± 3.28 luminance increase while the

female partners showed a 7.24% ± 1.25 luminance increase (Cohen's

d = 2.98; Figure 2, Table 3). When focal males mutually interacted

with stranger females, the focal males showed a 13.82% ± 6.38 lumi-

nance increase while the female strangers showed a 1.22% ± 0.61

luminance increase (Cohen's d = 1.97). The focal males appeared to

distinguish between the partner and stranger, as the % luminance

change of the focal male appeared somewhat higher when he was

mutually interacting with the partner female, compared to when he

was interacting with the stranger female (Cohen's d = 0.83; mean

± SE: 20.08% ± 3.28 for partner interaction and 13.82% ± 6.38 for

stranger interaction).

When focal females mutually interacted with their male partners,

they showed an 8.61% ± 6.09 luminance increase, while the male

partners showed a 37.66% ± 18.29 luminance increase (Cohen's

d = 1.51; Figure 2, Table 3). When focal females mutually interacted

with stranger males, the females showed a 4.63% ± 0.31 luminance

increase while the male strangers showed a 2.54% ± 0.61 luminance

increase (Cohen's d = 3.05). The focal females showed a slight

increase in % luminance change when interacting with the male part-

ner compared to the male stranger (Cohen's d = 0.65; mean ± SE:

8.61% ± 6.09 for partner interaction and 4.63% ± 0.31 for stranger

interaction).

TABLE 2 Total number of luminance change events observed in female and male seahorses during mutual (i.e., when the focal seahorse was
located within the zone of interaction, close to the respective partner or stranger individual of the opposite sex) and non-mutual interactions (i.e.,
when the focal seahorse was located close to the divider wall, but the partner or stranger individual was positioned distant from the interaction
zone) during a partner preference test (PPT). Table rows indicate the side of the tank (partner or stranger sides) where the interaction between
the focal subject and the opposite-sex seahorse occurs, while the table columns show the subject in which the luminance change event was
registered, being the female or male focal seahorses or the corresponding partner (P male—partner male; P female—partner female) and stranger
(S male–stranger male; S female–stranger female) subjects. Synchronous (Sync) events of luminance change were defined by an event that was
initiated by the partner male and followed by a subsequent change in the focal female seahorse

Mutual proximity

Female subject P male S male Sync Total Male subject P female S female Sync Total

Partner 0 26 0 4 30 22 1 0 0 23

Stranger 0 4 0 0 4 5 1 0 1 7

Non-mutual location

Female subject P male S male Sync Total Male subject P female S female Sync Total

Partner 0 1 0 0 1 2 0 0 0 0

Stranger 1 20 0 0 21 8 0 0 0 8
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3.2 | Comparison of gene expression patterns
between groups

To begin to understand the underlying genetic mechanisms contribut-

ing to pair bonding behaviors, we assayed the transcriptomes of all

tested subjects. Our RNA-seq analysis identified 20,788 transcripts;

15,200 were annotated to unique Ensembl IDs based on similarity to

known genes in H. comes, sister species to H. erectus (diverged �18.2

million years ago66). No differentially expressed genes were found to

be significant following adjustment for multiple comparisons. This was

not surprising because of the small sample size, outbred nature of the

subjects, and large phenotypic variability between subjects. However,

it is important to emphasize that these results are describing trends

and not statistically significant differences. Our analysis of RNAseq

data consisted of three independent lines of inquiry described below.

We first examined all differentially expressed genes in all subjects

to identify whether one group exhibited a greater number of differen-

tially expressed genes than other groups. For each gene we calculated

the z-score across three groups: PM, PF, UPM. We identified genes

with z-scores above 1 and below �1 when compared to the popula-

tion mean. By choosing this cutoff, we were focusing on the genes in

the top 15.8% of each end of the distribution. We then counted the

number of upregulated (z > 1) and downregulated (z < �1) genes in

each group and determined whether they corresponded to an annota-

tion (Figure 3). Paired females (PF, left) had the largest number of

upregulated genes at 193, with 120 annotated (dark red) and

73 unannotated (light red), as well as 26 downregulated genes, includ-

ing 20 annotated (dark blue) and 6 unannotated (light blue). Paired

males (PM, center) had 65 upregulated genes, including 40 annotated

TABLE 3 Effect size (Cohen's d) of comparisons of change in
luminance

Fp Fs Mp Ms

P 1.507 x 2.986 x

S x 3.052 x 1.968

Fp x 0.652 1.571 x

Fs 0.652 x x 1.440

Mp 1.571 x x 0.831

Ms x 1.440 0.831 x

Abbreviations: Fp, focal female in mutual interaction with male partner; Fs,

focal female in mutual interaction with male stranger; Mp, focal male in

mutual interaction with female partner; Ms, focal male in mutual

interaction with female stranger; P, partner in mutual interaction with

focal subject; S, stranger in mutual interaction with focal subject; x, not

tested.

F IGURE 3 We calculated a z-score for each gene in each group
(paired females [PF], left; paired males [PM], center; unpaired males
[UPM], right), and determined the average z-score for each gene in
each group. We identified the number of genes in each group with a
z-score above 1 (red) or below �1 (blue), as well as the number of
gene loci that were annotated (dark) or unannotated (light). PF
seahorses had 193 genes (120 annotated and 73 unannotated) with a

z-score above 1, and 26 genes (20 annotated and 6 unannotated) with
a z-score below �1. PM seahorses had 65 genes (40 annotated and
25 unannotated) with a z-score above 1, and 137 genes
(101 annotated and 36 unannotated) with a z-score below �1. UPM
seahorses had 3 genes (2 annotated and 1 unannotated) with a z-
score above 1, and 4 genes (1 annotated and 3 unannotated) with a z-
score below �1.

F IGURE 2 We examined mutual interactions during partner
preference tests (PPT) between a focal seahorse and their partner or
an opposite-sex stranger. For each interaction the maximum
luminance was compared to the minimum luminance to calculate the
% luminance change. In the female focal PPT (white circles) during
focal subject/partner mutual interactions (left) the female subject
showed a small increase in % luminance change, but less luminance
change than her male partner, while during focal subject/stranger
mutual interactions (right) both the female subject and the male
stranger showed only a small luminance change. In the male focal PPT
(black squares) the male subject showed a higher % luminance change
than both the female partner during focal subject/partner mutual
interactions (left) and the female stranger during focal subject/
stranger mutual interactions (right). Mean ± SE
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(dark red) and 25 unannotated (light red), and 137 downregulated

genes, including 101 annotated (dark blue) and 36 unannotated (light

blue). In contrast, unpaired males (UPM, right) had 3 upregulated

genes, including 2 annotated (dark red) and 1 unannotated (light red)

and 4 downregulated genes, including 1 annotated (dark blue) and

3 unannotated (light blue).

We specifically examined the expression of genes that have been

linked to pair bonding, including those in the nonapeptide, dopamine,

opioid, and serotonin systems. We found two genes out of 30 with a

z-score >1: Oxtr in PF, and Htr4 in PM. We found no changes in the

expression of genes related to the dopaminergic or opioid systems.

Next, we compared gene expression across three groups (PM

vs. UPM, PM vs. PF and PF vs. UPM) identifying different patterns of

gene expression and assessed if common biological, molecular, and

cellular functions existed for differentially expressed genes between

the three comparison groups using GO analysis (see Methods). Focus-

ing on GO annotations with false-discovery rate less than 0.05, we

identified 25 annotations of differentially expressed genes between

the PM versus UPM condition primarily related to metabolic pro-

cesses, cellular processes, nucleotide binding and catalytic activity

(see Table 4 for a complete list of GO annotations and associated

genes). One annotation was identified for the differential genes

expressed in the PM versus PF condition, which was related to cellular

nitrogen compound metabolic processes (see Table 5 for a list of GO

annotations and associated genes), while no GO annotations were

identified for genes differentiating the PF versus UPM condition. Of

the 182 PM versus UPM differentially expressed genes included as

significant in GO annotations, 58 genes were associated with 67 Kegg

pathways (Table 6), with the most commonly recurring pathways

including those related to metabolism, calcium, MAPK, GnRH and

FoxO signaling, apoptosis, as well as RNA degradation, polymerase,

and transport pathways.

3.3 | RRHO analysis

We next sought to compare if underlying mechanisms may converge

between separate sets of pair bonding organisms by performing a

RRHO analysis, an approach used to compare the gene expression of

subjects in different experiments that have experienced similar experi-

mental conditions. It is designed to be used to compare gene expres-

sion both between species and between studies,63,64 and has recently

been used to compare gene expression in multiple monogamous spe-

cies in order to suggest genes that may be conserved across phyloge-

nies.16 In this analysis, we compared differentially expressed genes in

lined seahorses to data from a previous study where we examined

gene expression in male prairie voles that had experienced one of

three parenting conditions: virgin males, paired males and males with

fathering experience.61 We also compared both seahorse and prairie

vole MPOA gene expression data to gene expression from a previ-

ously published prairie vole study,62 which contained publicly avail-

able data from the NAcc of male prairie voles that had experienced

3 weeks of cohabitation with a partner (3 W)62 compared to malesT
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that cohabitated with a same-sex sibling (SN). We chose to compare

the PM versus UPM seahorse data against the virgin versus paired

male prairie vole MPOA data61 and the SN versus 3 W vole NAcc

data,62 as these subjects experienced the most analogous experimen-

tal conditions. For each species, the differentially expressed genes

were placed in rank-order based on log-fold change of expression.

Then those lists were compared against each other. When individual

genes were in similar places in each list, we concluded that those

genes were similarly expressed in each species. The resulting heat

map indicates locations where genes co-occur in both lists, with

brighter colors indicating greater similarities between gene lists.

Figure 4 shows the results of the three pairwise RRHO analyses.

The top row shows heat maps generated by the comparison of gene

expression in seahorse whole brain and prairie vole MPOA (A),

seahorses and prairie vole NAcc (D), and prairie vole MPOA and prai-

rie vole NAcc (G). The top right corner represents significant overlap

between genes that are upregulated in both species, while the bottom

left corner represents significant overlap between genes that are

downregulated in both species. The middle row depicts Venn dia-

grams comparing the number of genes that were upregulated in

(B) seahorses (blue) and prairie vole MPOA (red), (E) seahorses (blue)

and prairie vole NAcc (yellow), and (H) prairie vole MPOA (red) and

prairie vole NAcc (yellow). The bottom row depicts Venn diagrams

comparing the number of genes that were downregulated in

(C) seahorses (blue) and prairie vole MPOA (red), (F) seahorses (blue)

and prairie vole NAcc (yellow), and (I) prairie vole MPOA (red) and

prairie vole NAcc (yellow).

Comparisons of differentially expressed genes between virgin and

paired male seahorses and prairie vole MPOA showed

150 upregulated genes and 90 downregulated genes (Supplementary

Table 1) significantly overlapping between seahorses and prairie voles.

Comparisons of seahorses to prairie vole NAcc showed 38 upregulated

genes and 76 downregulated genes (Supplementary Table 1). Genes

upregulated in both species were associated with several biological

functions, including DNA/RNA activity, cell cycle, actin cytoskeleton,

metabolic processes, ion channel/receptor, hormones, metal ion bind-

ing, and cilia, with shared downregulated genes involved in many of

these same processes. This is likely a result of the fact that activation

of a gene can potentially have activational or inhibitory effects on a

given biological process. Thus, the fact that similar processes are rep-

resented in populations of both upregulated and downregulated genes

reinforces the validity of this analysis.

We next examined the GO Annotations associated with the up-

and downregulated genes identified in the RRHO analysis. We found

zero GO annotations that were associated with upregulated genes in

either the seahorse/prairie vole MPOA comparison or the seahorse/

prairie vole NAcc comparison. However, we found 37 GO annotations

that were associated with downregulated genes in the seahorse/

prairie vole MPOA comparison (Table 7). These GO annotations

include DNA replication (GO:0006260), multicellular organismal

homeostasis (GO:0048871), cellular response to stress (GO:0033554),

and binding (GO:0005488). Additionally, we identified nine GO anno-

tations that were associated with downregulated genes in the sea-

horse/prairie vole NAcc comparison (Table 8). These GO annotations

were predominantly associated with cilia and include cilium

TABLE 5 Gene ontology annotations of differentially expressed genes identified by comparing paired males and paired female seahorses. A
list of differentially expressed genes was analyzed for their associated gene ontology annotations. We identified annotations with a false
discovery rate <0.05 as well as the specific genes linked to those annotations

Gene ontology annotation

#

Genes

Fold

enrichment

False

discovery rate Gene IDs

Cellular nitrogen compound metabolic process

(GO:0034641)

43 2.1 3.33E-02 rbm10, gtf2a1l, ak7b, mrpl43, nme5, tk1, tet1,

smc5, smarcal1, rtraf, zranb3, erap1b, exosc10,

ube2t, b4galnt1a, rad51b, mrpl15, acaca,

spout1, ybx1, eif4e3, cars2, clic1, pusl1, pcid2,

tdrd1, mpv17, ddx1, ints4, exd3, cers5, rad50,

pop1, gtf3c2, gtpbp1, atp5f1e, ice2

TABLE 6 Kegg pathway analysis for differentially expressed
genes identified by comparing paired male versus unpaired male
groups. Genes that were linked to significantly enriched gene
ontology annotations were analyzed for their association with Kegg
pathways

Kegg pathway Genes

Apoptosis/Ferroptosis/cellular

senescence

itpr1a, mapk1, neurod2, slc7a11,

gss, hipk2

Arginine biosynthesis acy1

Biosynthesis of amino acids/

cofactors

psat1, acy1, gss, phospho2

Calcium signaling pathway itpr1a, mst1

Carbon metabolism pcca, pgls, psat1

Cell adhesion molecules egr1, itgam

Cysteine and methionine

metabolism

gss, psat1, apip

FoxO signaling pathway mst1, setd7, SGK3

Gap junction itpr1a

GnRH signaling pathway egr1, itpr1a, mapk1

MAPK signaling pathway mapk1, mapkapk3, mst1, rasgrp3

Metabolic pathways myca, nudt1, pcca, pgls, phospho2,

pigb, psat1, setd7, sgpl1, sgsh,

tmlhe, ube2v1, aass, acox3, acy1,

apip, bckdhb, bdh2, COX2,

ehhadh, ext2, gss,

RNA degradation/polymerase/

transport

mphosph6, nudt1, exosc3, polr2c,

pop1
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movement (GO:0003341), ciliary plasm (GO:0097014) and cytoplas-

mic region (GO:0099568).

4 | DISCUSSION

This pilot study is one of the first explorations of social communica-

tion of paired lined seahorses in a laboratory setting. Changes in lumi-

nance present an exciting opportunity to study social communication

and coordination in seahorses. Our results indicate a large role for the

male in this mode of signaling, which was directed preferentially

toward his partner rather than toward the stranger female. As focal

animals, males changed color a total of 24 times on their partner's side

of the tank and 13 times on the stranger side; as either partner or

focal males, males changed color a total of 48 times when in mutual

proximity to their partner and only five times in mutual proximity to

the stranger. Males also showed greater maximum luminance to their

partner than to the stranger female.

Females changed color much less overall than males. Female color

change events were also skewed toward the pair mate—with most

changes (4 of 5 as the focal animal) being synchronous changes with

the pair mate, in which the male pair mate changed first. Males had

F IGURE 4 We used a rank–rank hypergeometric analysis (RRHO) to compare differentially expressed genes from the whole brains of lined
seahorses and the MPOA and NAcc of prairie voles. The RRHO generates a heat map with the color of each pixel representing the enrichment of
overlapping gene groups from the different species (A, D, G). Values in the heatmap are the corrected false discovery rate log transformed
hypergeometric p-value for the likelihood of observing the given number of overlapping genes between the two rank thresholds along the plot.
The top right quadrant represents genes that are upregulated in both species, while the bottom left quadrant represents genes that are
downregulated in both species. Heat map scale = �log10(P-value). The dashed white line represents the color value where p = 0.05. (B) Venn
diagram showing the number of upregulated genes in prairie vole MPOA (775; red), lined seahorse whole brain (544; blue), and the number of
shared upregulated genes (150; purple). (C) Venn diagram showing the number of downregulated genes in prairie vole MPOA (284; red), lined
seahorse whole brain (592; blue), and the number of shared downregulated genes (90; purple). (E) Venn diagram showing the number of
upregulated genes in prairie vole NAcc (419; yellow), lined seahorse whole brain (115; blue), and the number of shared upregulated genes (38;
green). (F) Venn diagram showing the number of downregulated genes in prairie vole NAcc (434; yellow), lined seahorse whole brain (282; blue),
and the number of shared upregulated genes (76; green). (H) Venn diagram showing the number of upregulated genes in prairie vole NAcc (1316;
yellow), prairie vole MPOA (662; red), and the number of shared upregulated genes (211; orange). I) Venn diagram showing the number of
downregulated genes in prairie vole NAcc (839; yellow), prairie vole MPOA (839; red), and the number of shared upregulated genes (364; orange).
MPOA, medial preoptic area; NAcc, nucleus accumbens
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higher maximum luminance when interacting with their partners than

females did, and a strong correlation in maximum luminance with their

partner during these changes. No females ever changed color while

they were being used as a “stranger” stimulus animal.

Behavioral synchrony, as displayed by the seahorse pair mates by

coordinating changes in luminance, is not absolutely necessary for a

pair bond,67 but is displayed by many pair bonding species68,69 and

presumably reinforces the pair bond in species where it exists. We

found some evidence of synchronous behavior, although these

instances of synchronous color change numbered much fewer than

instances when the male alone changed color. Moreover, the stronger

ratio of luminance change that males performed when interacting

with their partner compared to stranger females could also indicate

that brightening the abdominal region could work as a visual signal to

reinforce the pair bond. Similar flash displays are used by fish of dif-

ferent species to communicate with conspecifics or potential mates.70

Many fishes, both freshwater and marine, have visual systems and

color vision that may work differently from human vision.70 As a

result, to understand the behavioral tasks that vision enables including

mate choice, feeding, agonistic behavior and camouflage, we need to

see the world through a fish's eye. This form of social communication,

and its symmetry or lack of symmetry between pair mates, may be

useful as a measure of pair-bond quality.

Our initial study of gene expression changes that come with

pairing in males produced suggestive results. Metabolic processes

were implicated in more than one of our analyses; upregulation of

these processes could be associated with social interest and neural

activity related to pair-bond formation; with heightened locomotor

activity because of the social engagement; with gearing up for male

pregnancy; or with all the above. It is perhaps relevant that in multiple

studies of pair-bond formation in male titi monkeys, whole brain glu-

cose uptake was elevated.71,72

Furthermore, there are intriguing indications that some of the

neurochemical systems that have been associated with pair bonding

in mammals are also involved in seahorses. We saw upregulation of

the OT receptor gene in paired female seahorses, as well as

upregulation of a serotonin receptor, Htr4, in paired male seahorses,

when compared to the mean for all our subjects (i.e., when z-scored).

Nonapeptides such as OT in mammals, MT in birds, reptiles, and

amphibians, and IT in fish are known to be involved in the formation

and maintenance of pair bonds (see Reference 6 for review). The rela-

tive increase in Oxtr expression in paired female seahorses is qualita-

tively similar to the Oxtr expression in paired male Chaetodon

lunulatus, a butterfly fish that shows pair bonding behavior.13 Seroto-

nin has also been implicated in the regulation of social behavior in

mammals, although much less is known about its functions.73,74 How-

ever, this exploratory analysis was not corrected for multiple compari-

sons, and more work is necessary to determine what, if any, role these

neurotransmitters play in social behaviors in seahorses.

Perhaps most interesting is the overlap in gene expression change

induced by pairing in both male seahorses (this study) and the MPOA

and NAcc of male prairie voles.61 The RRHO approach allows for an

unbiased comparison between genes of interest that are found inT
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different regions and/or species.16,63,64 The RRHO analysis identifies

differentially expressed genes in a sample, ranks them in a list

according to their log-fold change, and compares that ranked list to

lists from another dataset with a similar experimental manipulation.

Traditional quantitative RNAseq analyses directly compare the

expression of specific genes between groups, and the regions of inter-

est are closely matched to minimize variability and maximize “signal”
relative to “noise.” The RRHO analysis allows us to directly compare

gene expression between unmatched regions of interest because the

“signal” (i.e., the genes of interest) are not removed through a

thresholding process. Thus, whole brain RNAseq will generate a broad

list of differentially expressed genes, and the “signal” from the region

of interest would be present, albeit reduced because of the additional

irrelevant information. The list of genes from smaller regions of inter-

est should have a stronger “signal” as a result of the decreased vari-

ability of the tissue. The genes on the whole brain list that are not on

the region of interest list should just drop out of the analysis, thus

eliminating many irrelevant genes. The genes on the whole brain list

that have strong signal, despite the dilution of the broader area, will

still show up in the ranked list and be picked up by the analysis. In this

experiment, the relative strength of signal is illustrated by the differ-

ence in the magnitude of p-values between the MPOA/NAcc compar-

ison and the comparisons between the whole seahorse brain and vole

brain regions. The higher p-value in the whole-brain comparisons (sea-

horse vs. vole NAcc and seahorse vs. vole MPOA) reflects the extra-

neous genes found in the whole brain that did not correspond to

genes in the smaller region of interest.

Here we compared gene expression found in the whole brains of

seahorses against gene expression in the MPOA and NAcc of prairie

voles. The MPOA and NAcc are known to play important roles in esta-

blishing and maintaining pair bonds,71,75,76 so it is not surprising to

find large amounts of significant overlap between genes expressed in

these regions. Genes up-regulated similarly in both seahorses and the

MPOA of voles include components of hormone systems regulating

reproduction including progesterone, estrogen and androgens; as well

as luteinizing hormone and corticotropin releasing hormone

(Supplementary Table 1). The predominance of the reproductive path-

ways may reflect that the MPOA is a key area for male sexual behav-

ior and reproduction in mammals.61,77 Additional comparisons, with

more areas from vole brains and more specificity in seahorse brain,

will be useful in disentangling these results.

Another commonality between seahorses and voles is the

upregulation (and downregulation) in genes associated with cilia; cilial

organization genes were also implicated in the GO analysis. Cilia,

which are present on both neurons and glial cells, receive diverse

types of information and modulate cellular function.78 Neural plastic-

ity has been studied in association with parenting,79,80 and with sexual

experience,81 and it is likely that it is important in the formation of

pair bonds as well. Cilia are less well studied in the context of adult

neural plasticity,82 making this an exciting area to pursue in the neuro-

biology of social behavior.

There were a number of limitations that may have affected our

results. First, our sample size of 10 seahorses (three pairs and fourT
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unpaired males) requires replication of many of our findings, although

the current study establishes a foundation for future research. While

the sample size was similar to the number used in other genomic

studies,16,83,84 the use of an outbred species and the whole brain

likely increased variability in results. This small sample size, and large

amount of variation, is also the reason that we did not present prefer-

ence behavior from the PPT in the current manuscript; a larger sample

size will be necessary to fully explore that variation. We also had lim-

ited information about the seahorses we received from the vendor.

Their age, reproductive status and prior experience could have had

effects on the behavior and genomic data we acquired. For example,

in cichlid fish, evidence has shown that reproductive state has an

effect on female preference;85 and in prairie voles, prior pair-bonding

experience had an effect on the ability to re-bond and the strength of

the new bond.86 We did attempt to create commonality of recent

experience by housing all animals in same-sex herds for 4 months

before pairing; however, these demographic factors could have

influenced behavior including luminance synchrony.

The main challenge in our gene expression analyses was the small

size of the brain. We opted for extraction of RNA from whole brain

because of this small size, overall low-cellular density, and our desire

to obtain individual rather than pooled data. For future experiments,

we have explored the idea of utilizing an emerging method of spatial

transcriptomics to get spatial data from brains of such small size to

better understand gene expression throughout the brain at a single

cell level.87 There is also the question of how meaningful the gene

expression data is when comparing paired and unpaired seahorses,

given the variability of the behaviors exhibited by the subjects. Vari-

ability is a characteristic of pair bonds in many species,67 including

both prairie voles88 and humans.89 This is certainly a valid concern,

and we view the gene expression analysis as a starting point that will

inform future studies. At a minimum, the gene expression data here

have showed that similar patterns of differential gene expression are

found within the brains of paired male seahorses and prairie voles,

which suggests that similar neural and neuroendocrine systems are

involved across both species.

Future research will examine the pair bond behaviors of

seahorses and manipulate conditions that may affect these pair bonds

(e.g., stocking density and sex ratios).90 Future studies will expand

upon these findings, including further validation of the PPT as well as

exploration of the time course of preference formation in this species.

We plan to investigate the neuroendocrine and genetic basis of these

behaviors, as well as the function of particular behaviors, reproductive

success, and other characteristics of the pair bond such as mate

guarding and stress buffering, and compare them to behaviors seen in

socially monogamous mammals. As such, seahorses may also be valu-

able as a new biomedical research animal, in the same way that prairie

voles have enriched our universe of biomedical rodent models. Ulti-

mately this research will illuminate the evolutionary history and mech-

anisms of these complex social behaviors.
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