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Abstract 
 

Syngnathids offer a rare opportunity to study the complexity of male pregnancy in vertebrates 

and serve as a unique comparative model for the convergent evolution of live birth and 

parentotrophy. Male seahorses have the most complex brooding structure known among 

oviparous brooding vertebrates, where males internally fertilise and incubate developing 

embryos in an enclosed brood pouch until the birth of live young, a process analogous to 

viviparity. The inner tissue layer of the brood pouch represents the male component of a 

functional placenta, analogous to the female placenta seen in viviparous species. The aim of 

this thesis was to identify the range of nutrients supplied via patrotrophy in the male-pregnant 

pot-bellied seahorse, H. abdominalis, to test the hypothesis that wide-ranging parentotrophy 

has convergently evolved in male brooding and viviparous vertebrates, irrespective of sex or 

gestating organ. I introduce the thesis with a review of how teleost literature assigns 

provisioning strategies based on a parentotrophy index (PI) threshold. There are widespread 

methodological inconsistencies in the source and preservation of tissue, embryonic staging, 

and approaches to calculate or estimate the PI. Additionally, there is considerable variability 

in threshold values (ranging from 0.6-1) used to distinguish between lecithotrophy and 

incipient parentotrophy. I provide recommendations for consistent methodology in obtaining 

and interpreting a PI, along with alternative methods for identifying provisioning strategy. 

Next, protein, calcium, magnesium, and phosphorus content were measured in newly 

fertilised embryos (NFE) and neonates using mass spectrometry. A significant increase in all 

measured nutrients was observed in neonates compared to NFE, providing the first evidence 

that a male brooding vertebrate has convergently evolved wide-ranging mechanisms for 

patrotrophy, analogous to matrotrophy in viviparous vertebrates. Lastly, I characterise an 

acellular layer closely apposed to the pregnant brood pouch of H. abdominalis, using light 

microscopy and immunohistochemistry. The acellular layer is only present during pregnancy, 

is composed of acid mucins and is partially composed of oviductal glycoprotein 1 (OVGP1). 

This thesis provides new data that demonstrates pregnancy in the male pregnant seahorse is 

closely analogous to matrotrophic viviparous vertebrates. Using an extreme example of 

convergent evolution, my work further supports the hypothesis that viviparity, or the internal 

incubation and close association of parental and embryonic tissues with the release of live 

young, and parentotrophy consistently co-evolve across taxa and sex.
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Chapter 1: General introduction  
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Reproductive modes in vertebrates 

 

Parental care strategies are exceptionally diverse within and across animal taxa, and are a 

fundamental part of an organism’s development, life-history, and reproduction (Royle et al., 

2012). In vertebrates, there are two general reproductive modes. Oviparity is defined as the 

release of eggs into the external environment, either after internal fertilisation (zygoparity) 

(Wourms and Lombardi, 1992; Blackburn, 2015), or preceding external fertilisation 

(ovuliparity) (Lodé, 2001; Furness et al., 2015). Viviparity involves internal fertilisation and 

incubation of developing embryos within the female reproductive tract, with the release of 

live young (larvae or neonates) (Blackburn, 1992; Blackburn, 2000; Furness et al., 2015). 

The transition from oviparity to viviparity has occurred in almost all major vertebrate groups 

including Mammalia, Lissamphibia, Reptilia, and the earliest origin, fishes (Osteichthyes and 

Chondrichthyes) (Long et al., 2009; Blackburn, 2015). The independent transition to 

viviparity has occurred over 150 times in non-mammalian taxa, who provide a much broader 

range of reproductive and parental care strategies than mammals (Blackburn, 1992; 

Bainbridge, 2014; Blackburn, 2015). Viviparity has evolved convergently at least 11 times in 

chondrichthyans (sharks and rays), 8 times in amphibians, 12 times in teleosts, 115 times in 

squamates (snakes and lizards) and only once in mammals (Wourms, 1981; Blackburn, 2015; 

Blackburn and Hughes, 2024). Thus, anamniotes (fishes and amphibians) and squamates 

offer excellent opportunities to compare the diverse range of convergently evolved strategies 

that support embryonic development inside the parental body across various vertebrate 

lineages (Bainbridge, 2014).  

 

Oviparity with brooding in vertebrates 

 

Some oviparous species incubate their embryos on or inside the parental body until the 

release of live young, a complex form of parental care termed ‘brooding’, in both 

invertebrates (Ostrovsky et al., 2016) and vertebrates (Whittington and Friesen, 2020). In 

vertebrates, female brooding has evolved in anurans in the form of gastric-brooding (e.g. the 

now extinct Rheobatrachus silus (Tyler and Carter, 1981) and skin brooding (also known as 

back-brooding or marsupium brooding) in two lineages of frogs e.g. Gastrotheca spp. (Wake, 

2014; Warne and Catenazzi, 2016). Female brooding in fishes occurs as mouthbrooding e.g. 

Cichlidae spp. (Balshine-Earn and Earn, 1998), or skin brooding e.g. Aspredinidae spp. (e.g. 

Playstachus spp.), which carry embryos on cotylephore outgrowths of the abdomen or fin 
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(Wetzel et al., 1997). Paternal care in teleost fishes is the most common form of parental 

care, as opposed to maternal care in most vertebrates (Gross and Shine, 1981; Gross and 

Sargent, 1985; Gross, 2005; Royle et al., 2012). Paternal care has evolved at least 22 times in 

Actinopterygii (ray-finned fishes) (Mank et al., 2005) and includes male brooding. Despite 

the prevalence of other forms of paternal care in teleosts, oviparity with male brooding is rare 

across vertebrates. In teleosts, male brooding has evolved multiple times in the form of 

mouth brooding e.g. Opistognathidae spp. (Hess, 1993), or skin/apendiculae brooding e.g. 

Kurtus gulliveri (Berra and Humphrey, 2002), which carry eggs on a vascularised male-only 

forehead hook, and Syngnathidae (Carcupino et al., 2002), which carry embryos on or in a 

brood pouch. Male brooding has also evolved in anurans e.g. Rhinoderma darwini 

(Goicoechea et al., 1986), which incubate their embryos in their vocal sacks during gestation. 

Oviparity with male brooding can be analogous to viviparity (Ostrovsky et al., 2016; 

Whittington and Friesen, 2020) when fertilisation and embryogenesis occur in or on the 

paternal tissue until the birth of live young. Brooding and viviparity are extreme forms of 

parental care that enable parental manipulation of embryonic development to significantly 

increase offspring fitness (Wourms and Lombardi, 1992; Shine and Harlow, 1993; Robert 

and Thompson, 2001; Royle et al., 2012), and may allow greater parental and embryonic 

control over the timing of parental resource allocation compared to oviparity without 

brooding (Trexler and DeAngelis, 2003; Van Dyke et al., 2014). Nonetheless, the lack of 

fundamental knowledge about the reproductive biology of oviparous brooding vertebrates, 

especially male brooders, greatly hinders the capacity to compare the relative parental role in 

provisioning embryos during internal incubation across a variety of convergently evolved 

vertebrates.   

 

Vertebrate embryonic provisioning strategies 

 

The source of nutritional provisioning of developing embryos occurs on a nourishment 

continuum whereby some species rely entirely on maternally-allocated yolk and others 

require varying degrees of post-fertilisation parental supplementation. Lecithotrophy refers to 

embryonic development that relies solely on the nutrients supplied by the maternally 

produced yolk and albumen (Wourms, 1981; Wourms et al., 1988; Blackburn, 2000; 

Blackburn, 2015). Lecithotrophy is abundant in oviparous species (Blackburn, 1992). 

Parentotrophy refers to the post-fertilisation maternal (matrotrophy) or paternal (patrotrophy) 

nutrient provisioning of developing embryos (Blackburn, 2015; Skalkos et al., 2023). These 
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terms were initially applied to piscines by John Wourms (1981) and have subsequently been 

used for vertebrates in general. In Chapter 2 (Skalkos et al., 2023), I discuss these two 

provisioning strategies, review the available teleost data that uses a popular approach for 

distinguishing between lecithotrophy and parentotrophy, discuss the limitations of the 

method, provide recommendations for improved consistency and accuracy, and suggest 

alternative approaches for establishing embryonic provisioning strategy.  

 

Parentotrophy has independently evolved from lecithotrophy at least 33 times in viviparous 

clades, with the majority of origins (26), having occurred among anamniotes (Blackburn, 

2015). The Trexler DeAngelis model hypothesises that the evolution of parentotrophy likely 

occurred in environments where there is consistently high availability of food resources 

during gestation (Thibault and Schultz, 1978; Wourms and Lombardi, 1992; Trexler and 

DeAngelis, 2003). A well-known adaptation to viviparity that facilitates parentotrophy is the 

placenta. The evolution of the placenta involved modification of parental and fetal tissues and 

is defined as an ‘intimate apposition or fusion of the fetal organs to the maternal [or paternal] 

tissues for physiological exchange’ (Mossman, 1937, p156). Placentae are present in all 

Therian mammals and have evolved alongside viviparity in multiple forms in Reptilia, 

Lissamphibia, and Osteichthyes and Chondrichthyes (Blackburn, 2015; Buddle et al., 2019). 

Non-placental modes of matrotrophic viviparity are common in anamniotes (Wake, 2014; 

Blackburn, 2015). They include embryonic absorption (histotrophy) or ingestion (histophagy) 

of uterine secretions (histotroph); embryonic ingestion of maternal gestational tissues 

(matrophagy) or their eggs (oophagy) and/or siblings (adelophagy) (Wourms et al., 1988; 

Blackburn, 2015; Ostrovsky et al., 2016). Mechanisms for embryonic nourishment during 

gestation are not mutually exclusive (Blackburn, 2015; Ostrovsky et al., 2016). Thus, 

developing embryos can be nourished by multiple methods simultaneously or within one 

gestational period (Blackburn, 2015). The diversity of modes of nutrient provisioning in 

viviparous and oviparous brooding anamniotes provides a unique opportunity to investigate 

the fundamental mechanisms underlying the independent convergent evolution of 

parentotrophy across vertebrate lineages (Blackburn, 2015; Whittington and Friesen, 2020). 

The preliminary step in discerning and comparing these convergently evolved mechanisms 

between male and female internal gestating species is to identify the respective roles of each 

parent in embryo provisioning and the array of nutrients each parent can supply. Furthermore, 

the convergent evolution of parentotrophy is hypothesised to have co-evolved with the 

transition of oviparity to viviparity (and thus brooding) (Blackburn, 1992). There is strong 
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evidence that supports this hypothesis among all studied squamates (Blackburn, 1992; 

Stewart and Thompson, 2000; Thompson et al., 2004), and some chondrichthyans (Hamlett, 

2005; Cotton et al., 2015), caecilians (e.g. Wake, 1977; Wake, 1993), and teleost fishes (e.g. 

Morrison et al., 2017). Thus, oviparous brooding vertebrates provide unusual and extreme 

comparative models that can test the convergent co-evolution hypothesis in different organs 

and sexes.  

 

Syngnathids as a comparative model for the evolution of live birth and parentotrophy 

 

Fishes contain the greatest diversity of reproductive strategies and parental-embryo 

relationships among vertebrates (Wourms and Lombardi, 1992), making them important 

models for the evolution of live birth. The Syngnathidae family (pipefish, seadragons, and 

seahorses) are oviparous male brooders, exhibiting one of the most specialised forms of 

parental care (Monteiro et al., 2005), whereby males incubate developing embryos on or in a 

structure known as the brood pouch until the birth of live precocial young (Wetzel and 

Wourms, 2004; Stölting and Wilson, 2007; Sutton and Wilson, 2018). Syngnathid brood 

pouches vary in complexity from entirely exposed egg attachment in some pipefishes to a 

fully enclosed brood pouch in seahorses (Hippocampus spp.), with a single pore opening 

(reviewed in Whittington and Friesen, 2020). The syngnathid brood pouch is derived from 

outgrowths of the male abdominal epithelium and in Hippocampus abdominalis, is 

completely formed at 8 months post birth, when males are sexually mature (Kawaguchi et al., 

2017). Across the family, male syngnathids have many reproductive characteristics that are 

analogous to female viviparity (Blackburn, 2018), including a close apposition of embryonic 

and paternal tissues that likely facilitate physiological exchange, and the release of 

independent live young (Skalkos et al., 2020; Dudley et al., 2021). The variability in 

complexity of brooding structures in syngnathids (Whittington and Friesen, 2020), provides 

multiple comparative models to study the development of reproductive complexity and 

degree of physiological exchange in internally incubating vertebrates. 

 

The evolution of syngnathid male pregnancy  

 

Several non-exclusive hypotheses for how male pregnancy (oviparity with brooding) evolved 

in syngnathids have been proposed. Male parental care has evolved multiple times from 

external fertilisation with no parental care (Mank et al., 2005) and thus, it is most likely that 
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the syngnathids’ ancestor displayed external fertilisation and no parental care (Sutton and 

Wilson, 2019; Whittington and Friesen, 2020). If territorial, males may have transitioned to 

common forms of male parental care in teleosts including nest building and nest guarding 

(Mank et al., 2005), to increase paternity assurance and embryonic survival (Wilson et al., 

2001). Syngnathid eggs contain large brightly coloured yolks that are not fully absorbed until 

late-stage embryogenesis (Sommer et al., 2012; Novelli et al., 2017; Skalkos et al., 2020), 

likely making them more susceptible to predation when exposed (Whittington and Friesen, 

2020). To increase offspring survival, male syngnathids may then have evolved nest-gluing, 

as seen in Gasterosteids (Gasterosteids and Syngnathids are related percomorphs) (Baylis, 

1981; Small et al., 2016; Whittington and Friesen, 2020). Male gasterosteids secrete a glue to 

aid in adherence during nest building (Baylis, 1981). To further increase paternity and reduce 

embryo predation, a behavioural shift from “gluing” nest material during nest building in 

ancestral syngnathids, combined with a selection for increased egg stickiness (Watanabe, 

1999; Wilson et al., 2001), may have resulted in egg adhesion to male external epithelium, 

which could have led to the origin of the simple open brood pouch (McCoy et al., 2001). 

However, reproductive male Nerophis ophidion, who have a fully open brood pouch, are 

more susceptible to predation than non-reproductive males (Svensson, 1988). It is also a 

common feature in viviparous vertebrates that reproductive individuals are more vulnerable 

to predation than non-pregnant (Hussain et al., 2024). As such, the evolution of the closure of 

the syngnathid brood pouch has the potential selective advantage of reducing parent 

predation mortality and increasing embryonic survival via increased crypsis and embryonic 

environmental control (Goncalves et al., 2016; Whittington and Friesen, 2020). Two further 

selective advantages are hypothesised to have resulted in the closure of the brood pouch and 

include increased clutch size, which is associated with closed brood pouches (Monteiro et al., 

2005; Skalkos et al., 2020), and paternal control over embryogenesis (Whittington and 

Friesen, 2020). Interestingly, increased assurance of paternity is unlikely to be a driver for the 

closure of the syngnathid brood pouch because full paternity does not depend on pouch type 

(Jones and Avise, 2001; McCoy et al., 2001), as fertilisation is immediate upon egg 

deposition in all pouch types (Watanabe, 1999; Watanabe et al., 2000; Monteiro et al., 2002; 

Van Look et al., 2007). Further discussion on why male pregnancy may have evolved is 

discussed in Whittington and Friesen (2020). The evolution of male pregnancy, specifically 

the closure of the syngnathid brood pouch, provides a valuable comparison for the evolution 

of parentotrophy and live birth, independent of the female reproductive tract. The 

morphology of the seahorse brood pouch has been somewhat studied (Harada et al., 2022), 
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but little is known about the embryo-paternal interface and its morphological features that 

may influence patrotrophy. For example, an acellular layer, hypothesised to be comprised of 

mucins, was recently discovered in the pregnant brood pouch of H. abdominalis (Dudley et 

al., 2021), but has yet to be characterised.  

 

Seahorses as a comparative model for parentotrophy  

 

Seahorses (Hippocampus spp.) have the most complex brood pouch known to oviparous male 

brooders. Like viviparity, fertilisation is internal and extensive morphological and 

physiological adaptations for the protection and provisioning of embryos occurs, but embryo 

development is within the male (Stölting and Wilson, 2007; Whittington and Friesen, 2020). 

The most complex closed brood pouch has independently evolved three times (in 

Hippocampus spp., Acentronura and Idiotropiscis spp., and Apterygocampus eppinulatus 

(Hamilton et al., 2017; Whittington and Friesen, 2020), from the open syngnathid brood 

pouch, which exhibits less extensive morphological and physiological adaptations than 

seahorse brood pouches (Watanabe, 1999; Ripley et al., 2010; Hamilton et al., 2017; Dudley 

et al., 2021). The inner tissue layer of the seahorse brood pouch makes up the paternal 

component of a functional placenta (Laksanawimol et al., 2006; Kawaguchi et al., 2017). 

Thus, the inner layer of the male seahorse brood pouch is analogous to the female placenta in 

viviparous vertebrates (Whittington and Friesen, 2020). The physiological and morphological 

changes required to support embryogenesis in an enclosed brood pouch, indicate specific 

regulation of the internal environment (Laksanawimol et al., 2006; Stölting and Wilson, 

2007; Whittington et al., 2015). The complex adaptations for a closed brood pouch include 

providing embryos with respiratory gas supply (Dudley et al., 2021), osmoregulation (Linton 

and Soloff, 1964; Quast and Howe, 1980), and paternal nutritional provisioning (Skalkos et 

al. 2020), and putatively nitrogenous waste removal or storage (Linton and Soloff, 1964), and 

immunological protection (Melamed et al., 2005; Roth et al., 2012; Whittington et al., 2015), 

across the brood pouch placenta (Whittington and Friesen, 2020). Seahorses are thus an 

essential comparative model to explore the convergent evolution of male brooding and 

internal gestation, placentae, and the likely co-evolution of parentotrophy. The pregnant 

brood pouch of H. abdominalis contains significantly upregulated nutrient transporters for 

lipid, protein, and inorganic molecules such as calcium, compared to the non-pregnant pouch 

(Whittington et al., 2015; Skalkos et al., 2020). Thus, the transcriptomic data of H. 
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abdominalis brood pouch provides multiple testable hypotheses for what other nutrients may 

be paternally provided to developing embryos during male pregnancy in seahorses.  

 

Energetic demand during syngnathid embryogenesis is high (Faleiro and Narciso, 2010), and 

thus patrotrophic supply of nutrients during gestation could help meet the developmental 

requirements of embryos. Prior to the research contained in this thesis, patrotrophy had been 

confirmed in seahorses, whereby fathers transport lipids to developing embryos during 

gestation (Skalkos et al., 2020). Other syngnathids with less complex brooding structures can 

provision embryos with protein during gestation (Haresign and Shumway, 1981; Ripley and 

Foran, 2009; Kvarnemo et al., 2011). Thus, in addition to the evolution of internal embryonic 

incubation, syngnathids are valuable comparative models for the evolution of parentotrophy. 

Seahorses, with a functional male placenta, are likely to be capable of expansive paternal 

nutrient provisioning. Seahorses thus provide the opportunity to establish what adaptations 

that support reproductive success have convergently evolved in males and whether the 

physiological mechanisms underpinning female viviparity, placentation and parentotrophy 

are replicated in seahorse male pregnancy, or whether novel pathways have evolved. If 

similar mechanisms have evolved across various biological scales, organisms, and sexes to 

support parentotrophy, it implies a consistent evolutionary trajectory for this trait. 

Conversely, if alternative pathways have evolved in male pregnancy, there are multiple 

routes and possibly fewer developmental constraints by which a convergently similar trait 

can evolve. Furthermore, these implications extend beyond provisioning strategies, internal 

gestation, and even reproduction: the male placenta serves as a model for how complex organ 

systems can evolve to perform similar functions (Lau et al., 2024).   

 

Parental resource allocation and the implications of male pregnancy  

 

Resource allocation refers to the distribution and management of an individual’s available 

resources, including energy, time, and nutrients, towards maintenance, activity, growth, and 

reproductive functions. Here, I narrow our focus to the allocation of nutrients to oocytes pre-

fertilisation and developing embryos post- fertilisation, including gamete production and 

nutrient provisioning of embryos by the carrying/gestating parent. The evolution of viviparity 

and parentotrophy provides a dramatic expansion in the possible magnitude and timing of 

allocation of resources to parental care (Trexler and DeAngelis, 2003). For example, in 

lecithotrophic oviparous and viviparous species, females undergo large energetic investment 
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in offspring during oogenesis and vitellogenesis. In contrast, parentotrophic oviparous and 

viviparous species can spread their investment both before fertilisation and across gestation 

until hatching/birth. Fishes and squamate reptiles represent ideal models for studying the 

evolution of embryonic nourishment because of the extensive continuum of lecithotrophic 

and parentotrophic forms of nutrient provisioning in both males and females (Wourms et al., 

1988; Stewart, 1989; Trexler, 1997; Skalkos et al., 2020). Some teleost and squamate species 

display plasticity in the relative pre- and post-fertilisation investment, likely due to 

environmental factors such as resource availability (Thibault and Schultz, 1978; Stewart, 

1989; Itonaga et al., 2012; Van Dyke et al., 2014), with some studies even classifying the 

same teleost species as both parentotrophic and lecithotrophic, which are mutually exclusive 

(Chapter 2: Skalkos et al. 2023). In female matrotrophic viviparous species, the ability to 

allocate nutritional resources towards reproduction both during vitellogenesis and 

embryogenesis is exclusively maternal. Conversely in syngnathids, the mother contributes 

nutritionally via the egg-yolk, and the father contributes via patrotrophy, sharing the 

allocation of nutritional resources required for embryonic development between parents. 

Interestingly, in these sex-role reversed fishes, the female transfers the eggs into the brood 

pouch via a viscous ovarian fluid (Watanabe, 1999), that is yet to be characterised. This 

medium may influence male pregnancy and embryonic provisioning, but such mechanisms 

have not yet been studied. These fishes raise interesting questions about relative parental 

nutrient allocation and how the division of roles has evolved over time. To lay the foundation 

for determining the role of the father in the nutrient provisioning of developing embryos, and 

how relative parental investment may have evolved in male seahorse pregnancy, identifying 

which nutrients are provided by the father during pregnancy is fundamental. However, the 

current understanding of nutrient transport across the male placenta in seahorses is limited to 

the transport of lipids to developing embryos during pregnancy (Skalkos et al., 2020).  

 

Study species  

 

My study species, Hippocampus abdominalis, exhibits the most complex form of male 

vertebrate pregnancy (Whittington and Friesen, 2020). Hippocampus abdominalis was 

recently categorised as patrotrophic, whereby pregnant males transport lipids to developing 

embryos during pregnancy (Skalkos et al., 2020). The extent to which the male seahorse 

provides other nutrients (organic and inorganic) to developing embryos during pregnancy 

remains unknown, despite knowledge of brood pouch physiology being an important 
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prerequisite for understanding the evolution of male pregnancy (Whittington and Friesen, 

2020). The present thesis contributes new knowledge on patrotrophy by demonstrating the 

transport of a range of other nutrients for the first time. Seahorses provide a unique 

comparative model for studying the convergent evolution of parental investment strategies in 

internally incubating vertebrates, and can significantly contribute to our knowledge of the 

fundamental biology of pregnancy across taxa.  

 

Thesis aim and outline 

 

The broad aim of this thesis is to explore the extent of paternal nutrient transport and the 

potential mechanisms facilitating it in the male-pregnant Pot-bellied seahorse, H. 

abdominalis, as a comparative model to vertebrate viviparity. Given the current limited 

knowledge of the male placenta, my thesis primarily provides experimental evidence for what 

capabilities the male brood pouch possesses in relation to nutrient provisioning and parental 

resource allocation. I briefly touch upon potential mechanisms that may support these 

adaptations in syngnathids, but primarily provide a foundation and direction for future 

studies. Each of the following chapters was written as a separate manuscript and thus contain 

some repetition. Two of these chapters have been published, one is prepared for journal 

submission, and one is to be published in combination with further work.  

 

In Chapter 2 (Skalkos et al., 2023) I review the data on assigned provisioning strategies in 

teleost fishes. I highlight the sources of variation in the methodology involved in using a 

parentotrophy index threshold to distinguish between and classify a provisioning strategy for 

individual species. I provide suggestions for future consistency in calculating parentotrophy 

indices and the resultant classification of provisioning strategy and suggest alternative 

approaches to measuring parentotrophy.  

 

In Chapter 3 (Skalkos et al., 2024) I test the hypothesis that proteins are paternally 

transported from father to developing embryos during pregnancy in H. abdominalis. Protein 

content increases significantly over embryonic development, providing evidence that 

embryos receive protein supplementation from brooding fathers. This chapter provides 

further understanding of the diversity of paternal organic nutrient contributions to embryonic 

development.  
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In Chapter 4, I test the hypothesis that paternal transport of inorganic nutrients calcium, 

phosphorus, and magnesium to developing embryos occurs during pregnancy in H. 

abdominalis. I provide evidence that all three minerals are paternally transported, with the 

father being the primary source of neonate calcium and magnesium, while phosphorus is 

predominantly maternally derived. I explore the potential mechanisms through which fathers 

transport nutrients and their subsequent embryonic uptake.  

 

In Chapter 5, I test the hypothesis that an acellular layer at the interface between paternal 

and embryonic tissue in the pouch of H. abdominalis is comprised of mucins and discuss its 

putative functions. The acellular layer is partially composed of oviductal glycoprotein 1 

(Ovgp1) and is likely paternally derived. Both the external and internal brood pouch 

epithelium also stain positively for Ovgp1, suggesting the protein’s function is not exclusive 

to reproduction. The layer may facilitate nutrient transport or may serve as a barrier that 

paternal nourishment mechanisms effectively navigate. 

 

In Chapter 6, I provide a comprehensive discussion of my findings, explore the implications 

for the current field of nutrient provisioning and parental nutrient allocation in vertebrates, 

and propose direction for future research on the parental allocation and extent of nutrient 

transport in brooding vertebrates.  
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Chapter 2: Distinguishing between embryonic 
provisioning strategies in Teleost fishes using a 
threshold value for parentotrophy  
 
 
Published manuscript: Skalkos, Zoe M. G., Van Dyke, James U. and Whittington, Camilla 

M. (2023) Distinguishing between embryonic provisioning strategies in Teleost fishes using a 

threshold value for parentotrophy. Biomolecules, 13: 166-180. 
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Supplementary Material  

Text S1: Inclusion criteria for Table 1 

For viviparous species, only dry mass or lean mass was included, with wet mass and ash-free 

dry mass measurements excluded. Parentotrophy indices were not presented if stages of 

embryonic comparison were not consistent within a study (e.g., Pires et al., 2010 real data). 

Studies looking at hybridisation across species were excluded. Studies were excluded if they 

only graphically displayed dry mass data. For studies where raw data were not available, 

MI/PI calculations were not checked. Not all papers provided an MI/PI but provided dry mass 

data that could be used to calculate one. Both freeze-dried and oven-dried measures were 

included. Unfertilised egg comparisons were not used unless specified as mature or ovulated 

eggs. Due to the limited reference material of oviparous loss in dry mass, all available % loss 

in dry or lean dry mass in oviparous species was included. All calculations were performed 

with the number of decimal places provided in the data but were always rounded to 2 decimal 

places for the final MI value presented here. Calculations were checked if possible and 

corrected if necessary. All provisioning classifications presented are as stated or suggested by 

the assigned threshold values in the original reference. We grouped all types of parentotrophy 

including incipient, moderate, substantial and their synonyms, into “parentotrophy”. All 

species that presented an MI or PI between and including 0.6 and 1.1, were tabulated here, 

including species name(s), MI value, estimated or real MI/PI calculation, the threshold value 

in which parentotrophy is classified, any MI/PI specific statistical analysis, the classification 

given by the study and the source. We chose this range because most lecithotrophic or 

incipiently parentotrophic species fall within this range and it allows us to focus on the 

differences in distinguishing between the two across the literature.
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Chapter 3: Paternal protein provisioning to embryos 
during male seahorse pregnancy  
 
 
Published manuscript: Skalkos, Zoe M. G., Van Dyke, James U., Dowland, Samson N. and 

Whittington, Camilla M. (2024) Paternal protein provisioning to embryos during male 

seahorse pregnancy. Reproduction, 167: e230420. 
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Chapter 4: Paternal transport of inorganic molecules 
involved in skeletal development during seahorse 
pregnancy 
 
 
The data from this chapter will be incorporated into a manuscript alongside other data 

including a histological and morphological approach to quantifying mineral demand during 

development and identifying the potential mechanisms of their transport, before submission 

to a peer-reviewed journal.  
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Abstract 

 

Patrotrophic nutrient transport of organic molecules, including lipid and protein, to 

developing embryos has been confirmed in seahorses. The ability of fathers to transport 

inorganic molecules such as minerals has not yet been measured in syngnathids. We tested 

the hypothesis that the inorganic nutrients calcium, magnesium and phosphorus are paternally 

transported to developing embryos in the male brood pouch. We measured the dry masses 

and total mineral isotope contents of newly fertilised eggs (NFE) and neonates of H. 

abdominalis using ICP-MS to test whether Ca, Mg, and P had been transported and at what 

quantities. Neonates contained significantly greater amounts of all measured minerals 

compared to NFE, indicating paternal transport of the three minerals occurs during H. 

abdominalis pregnancy. Although significant phosphorus transport occurs during 

embryogenesis, most neonate phosphorus is already present in NFE, indicating maternal 

contribution during oogenesis is the primary supply. In contrast, neonate calcium and 

magnesium are primarily provided by the gestating father. This chapter provides the first 

experimental evidence for paternal mineral transport to developing embryos in syngnathids 

and deepens our understanding of the relative parental nutritional contribution to the success 

of embryogenesis in seahorses.  
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Introduction  

 

Nutrient transport from pregnant parents to developing embryos is a vital form of parental 

care in eutherian mammals (Carter, 2012), some viviparous reptiles (Thompson, 1999), 

sharks (Buddle et al., 2019), and teleost fishes, as well as some brooding teleost fishes, 

including the seahorses examined in my thesis (Skalkos et al., 2020; Chapter 3: Skalkos et 

al., 2024; Chapter 4, 5). Parentotrophy is performed by the gestating parent and can occur 

either maternally (matrotrophy) or paternally (patrotrophy) (discussed in Chapter 2: Skalkos 

et al., 2023). Nutrient classes include organic (carbohydrates, proteins, lipids, and vitamins) 

or inorganic (minerals, water, and gases) molecules. The uptake of inorganic molecules, such 

as single ion minerals, requires relatively simpler mechanisms compared to the transport of 

organic molecules, which are generally much larger macromolecules (Silverthorn, 2018). 

This chapter examines the transport of inorganic minerals in Hippocampus abdominalis, with 

a focus on bone formation during embryogenesis.  

Paternal transport of inorganic molecules has been hypothesised to occur in H. abdominalis 

based on transcriptome data (Whittington et al., 2015), and in two other seahorse 

(Hippocampus) spp. In Hippocampus erectus and H. barbouri, calcium (Ca) in the brood 

pouch fluid is absorbed by embryos (Linton and Soloff, 1964; Oconer et al., 2006). However, 

whether these minerals are paternally supplied is unknown, thus patrotrophy of inorganic 

molecules in syngnathids has not yet been experimentally confirmed. In H. erectus, the 

concentration of thirteen minerals including Ca, magnesium (Mg), and phosphorus (P) inside 

the brood pouch is significantly higher than in the external sea water, suggesting fathers 

release minerals into the brood pouch (Linton and Soloff, 1964). However, the pouch fluid 

likely contains nutrients from eggs (both viable and unfertilised), that male H. erectus 

actively absorb (Lin et al., 2024), which could contribute to the differences observed. Thus, a 

comparison of pouch fluid nutrient composition to the external seawater alone is not 

necessarily indicative of patrotrophy. Interestingly though, late-stage embryos of H. erectus 

contain Ca deposits in the gut epithelium, indicating a likely site for inorganic mineral 

absorption from surrounding pouch fluid. The hypothesis that paternal inorganic nutrient 

transport occurs during pregnancy in syngnathids is not currently supported by experimental 

evidence. 
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In H. abdominalis, the Ca ion transporter, ATPase calcium–transporting type 2C member 1 

(ATP2C1), Ca binding gene, Calreticulin, and Mg ion transporter, SLC41A1, are 

significantly upregulated in the pregnant brood pouch compared to the non-pregnant brood 

pouch (Whittington et al., 2015). The ATP2C1 gene encodes the human secretory pathway 

Ca2+/Mn2+ -ATPase protein 1 (hSPCA1), an ATP-driven pump that transports Ca ions across 

cell membranes and stores them in the Golgi apparatus of cells in vertebrates and 

invertebrates (Dode et al., 2005; Vanoevelen et al., 2005; Micaroni et al., 2016) and is 

important for embryonic survival (Okunade et al., 2007). Calreticulin is a Ca2+ binding 

protein primarily involved in Ca2+ storage and buffering (Llewelyn et al., 1998). It is a highly 

conserved protein among mammals (Michalak et al., 1992), that is highly expressed in the 

human placenta during pregnancy (Højrup et al., 2001; Crawford et al., 2013), suggests 

importance for placentation and pregnancy maintenance (Iwahashi et al., 2021). SLC41A1 

mediates Mg2+ uptake and extrusion in fishes and is required to maintain a Mg ion balance in 

zebrafish larvae (Arjona et al., 2019). The significant upregulation of these mineral transport 

genes in the pregnant brood pouch of H. abdominalis (Whittington et al., 2015), provide 

testable hypotheses about how paternal nutrient transport of Ca and Mg during 

embryogenesis is achieved.  

Seahorses undergo greater bone ossification compared to other bony fishes (Shi et al., 2023), 

and thus likely require a relatively large parental allocation of minerals to support 

skeletogenesis. Seahorses, in contrast to most teleosts, have a modified bone structure that 

undergoes increased and delayed ossification (Shi et al., 2023). Seahorse skeletons contain 

internal bony plates, arranged in articulating square ring-like segments from the base of the 

cranium until the end of the tail (Lees et al., 2012; Praet et al., 2012; Porter et al., 2013) 

(Figure 1). Like many teleost fish, seahorse bony plates are acellular (Porter et al., 2013), 

thus contain no osteocytes (Cohen et al., 2012), a major distinguishing characteristic from 

mammalian bone (Moss, 1961; Witten et al., 2004; Witten and Huysseune, 2009). In teleosts, 

acellular bones are associated with significantly higher mineral content than cellular bones 

(Cohen et al., 2012), but their metabolism and regulation remain an understudied area, 

despite its importance in the understanding of skeletal development and growth in fishes (Lall 

and Lewis-McCrea, 2007). Osteogenesis of the seahorse skeleton occurs primarily by the 

development of a cartilage skeleton, followed by endochondral ossification, the formation of 

bone derived from cartilage (Weigele and Franz-Odendaal, 2016; Novelli et al., 2017; Shi et 

al., 2023), as is standard in vertebrate embryogenesis (Cancedda et al., 2000). The 
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ossification of bony plates of seahorse neonates varies between endochondral or 

intramembranous (no cartilage precursor) ossification (Franz-Odendaal and Adriaens, 2014; 

Novelli et al. 2017; Shi et al., 2023). In most vertebrates, bone ossification starts during 

embryogenesis, and continues as a component of health well after parturition (Cancedda et 

al., 2000; Breeland et al., 2023). However, in Hippocampus reidi and H. subelongatus 

vertebral and dermal bony plate bone ossification starts soon after birth (Franz-Odendaal and 

Adriaens, 2014). The skeletal tissues in neonate H. hippocampus, H. subelongatus, and H. 

reidi are mainly cartilaginous, with evidence of ossification within 1 day after birth (DAB) 

(Van Wassenbergh et al., 2009; Franz-Odendaal and Adriaens, 2014; Novelli et al., 2017). 

Interestingly, neonate H. abdominalis (Figure 2), start vertebral and bony plate bone 

ossification 7 days after birth (DAB) (Shi et al., 2023). Notably though, in Shi et al. (2023) 

the whole-mount staining with Alizardin Red, which stains ossified tissues, and Alcian Blue, 

which stains cartilage, likely demineralises the tissue due to the acidity of the Alcian Blue 

and the study conducted no Alizardin Red only controls. For example, Alzarin Red stained 

Nerophis ophidion, Syngnathus typhle, and H. erectus revealed calcification begins mid-late 

stage embryogenesis (Schneider et al., 2023). Furthermore, preliminary results using Micro-

CT and histology on embryonic H. abdominalis indicates that mineralisation of the skeleton 

begins at mid-pregnancy (Poda et al., unpublished data). Similarly, H. zosterae begins 

vertebral bone ossification during embryogenesis, when embryos are still contained in the 

pouch (Azzarello, 1990). We hypothesised that the main mineral constituents of teleost bone 

are likely paternally supplied to developing embryos during gestation to support 

skeletogenesis during embryogenesis and after birth.  

In teleosts, the main components of the mineral fraction of bone are P, Ca, and Mg (Meunier, 

2002; Toppe et al., 2007; Lall and Kaushik, 2021), making these minerals essential for 

skeletal development during embryogenesis. The majority of the body’s P, Ca, and Mg are 

stored in skeletal tissues: 85-88 % (Volkoff and London, 2018; Taylor, 2021), ~ 99% 

(Taylor, 2021), and 50-70 % (Bijvelds et al., 1998; Lall, 2002) respectively. Calcium and P 

play a major role in the development and maintenance of the skeletal tissues in fishes (Lall 

and Lewis-McCrea, 2007), and are the two main constituents of hydroxyapatite, the bone 

mineral that strengthens the mechanical resistance of the organic matrix (Bonjour, 2011; Lall 

and Kaushik, 2021). For example, the bony plates of H. kuda are composed of approximately 

40 +/- 5 wet wt.% mineral (calcium phosphate) (Porter et al., 2013). Thus, Ca plays a major 

role in the development of fish skeletal tissue (Flik et al., 1986; Flik and Verbost, 1995; Flik 
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et al., 1995), including the development of the bony plate endoskeleton during 

embryogenesis in seahorses (Linton and Soloff, 1964). Although skeletogenesis in terrestrial 

vertebrates relies mainly on Ca, in fish, bone mineralisation primarily relies on P (Cruz and 

C., 1992; Lall and Lewis-McCrea, 2007; Volkoff and London, 2018; Taylor, 2021). The 

pouch transcriptomic data of H. abdominalis shows no significant upregulation of the 

phosphate transporters SLC20A1, SLC20A2, and SLC34A2 (Whittington et al., 2015). 

However, other unannotated phosphate transporters such as SLC34A1 and ALPL could be 

involved in phosphorus transport during pregnancy. Given the importance of P for bone 

mineralisation, we hypothesise it may be paternally provided during embryogenesis. Lastly, 

Mg is also required for the formation and growth of the teleost skeleton (Bijvelds et al., 1998; 

Lall, 2002). Embryonic utilisation of Ca, Mg, and P is essential for the growth and 

development of the skeletal system during embryogenesis (Lall and Lewis-McCrea, 2007), 

and thus must be sufficiently supplied for development.  

The large mineral requirement for the high level of ossification required during seahorse 

skeletal development, in combination with the significant upregulation of mineral 

transporters in the pregnant brood pouch of H. abdominalis, suggest minerals are likely 

paternally transported to developing embryos during pregnancy. Here we aimed to determine 

if the three minerals most abundant and important for bone development in vertebrates are 

transported from fathers to developing embryos during seahorse pregnancy. We tested the 

hypothesis that the Ca, Mg, and P content of H. abdominalis neonates is greater than the Ca, 

Mg, and P content of newly fertilised eggs (NFE), using mass spectrometry. 
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Figure 1. Micro-CT scans of adult Hippocampus abdominalis male (A) and female (B). Figures modified with permission 

from Dudley et al. 2022 supplementary material). 

 
Figure 2. Hippocampus abdominalis neonates (< 18 hours post-parturition) of variable sizes exhibiting the structural 

development of the skeletal tissues including the cranium, spine, and prehensile tail. 

 

A B 
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Methods 

 

Housing and breeding 

 

Reproductively mature H. abdominalis were acquired from a captive-bred population 

(Seahorse Australia, Tasmania, Australia) and housed as described in Whittington et al. 

(2013; University of Sydney Animal Ethics Committee approval number: 2021/1995). 

Twenty-five male and 15 female H. abdominalis were used for this study and bred as 

described in Skalkos et al. (2024). Male reproductive status was determined by behavioural 

assays over three consecutive testing days following Whittington et al. (2013), whereby the 

absence of behavioural signs of courtship indicates putative pregnancy. All adult fish were 

fed the same amount (approximately 1.5 g per individual, per day) and type of Mysis spp. 

shrimp (thawed Ocean Nutrition frozen mysis, Newark), supplemented with marine frozen 

food enrichment (Vitalis Aquatic Nutrition, Doncaster) throughout the study. Individual 

consumption of food was not measured. Following breeding and behavioural testing, 

pregnant males were housed in single-sex tanks until euthanasia for NFE collection, or 

parturition for neonate collection. Newly-fertilised embryos were between 3- and 6-days post 

fertilisation, as described in Skalkos et al. (2020), and neonates were euthanised within 18 

hours of birth.  

 

Sample collection  

 

Adult male seahorses (individually) and neonates (as a clutch) were euthanised via gradual 

overdose of anaesthetic (ethanol) as described in Skalkos et al. (2024), adhering to the 

guidelines established by Leary et al. (2020) and approved by the University of Sydney 

Animal Ethics Committee (protocol 2021/1995). Embedded NFEs were fixed in 95 % 

ethanol/5 % saline solution at 30 ppt for 30–45 minutes to separate them from paternal pouch 

tissue, as described in Skalkos et al. (2020). Neonates were blotted dry with lint-free tissue to 

reduce excess moisture and salt. The neonate clutch sizes ranged from 20 to 220 individuals, 

within the broad range for H. abdominalis (Foster and Vincent, 2004). Neonates and NFEs 

were placed in pre-weighed 1.5 mL certified protein-free microcentrifuge tubes (Eppendorf). 

Due to the small dry mass of individual neonates and NFEs, to improve total mass accuracy, 

each 1.5 mL microcentrifuge tube contained five pooled NFEs/neonates that were treated as a 

single sample. All sample measurements were calculated per sample and then divided by the 
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number of NFE/neonates per sample, to more accurately estimate per NFE/neonate values. 

When the total number of collected neonates/NFEs for a clutch was not divisible by 5, the 

remaining two to four specimens were grouped together and treated as a single sample in a 

1.5 mL microcentrifuge tube. In total, we collected and analysed 12 neonate clutches (164 

total individuals) and 7 NFE clutches (88 total individuals) to measure mineral content. Three 

samples were randomly selected from each clutch for mass spectrometry analysis and 

considered as pseudoreplicates for clutch. For clutches where less than 3 samples were 

available, two (n=4) or one (n=1) psuedoreplicate/s were used to represent the clutch.  

 

ICP Mass Spectrometry  

 

All pooled samples were dried and weighed following the protocol of Skalkos et al. (2020) 

and Chapter 3; Skalkos et al. (2024). Neonates and NFE were stored in two separate 

desiccation chambers prior to homogenisation. Neonate and NFE samples were individually 

homogenised using a TissueLyser LT (QIAGEN, Hilden), individually covered with 

parafilm, then stored in separate desiccation chambers until analysis. A total of 34 neonate 

and 18 NFE samples containing up to five pooled NFE/neonates each, were sent to The 

University of Sydney Mass Spectrometry Facility Service Lab for analysis of P (P31), Ca 

(Ca43), and Mg (Mg24) content using Inductively Coupled Plasma Mass Spectrometry (ICP-

MS). Hydrogen peroxide (0.5ml/sample) followed by 70 % trace metal free grade nitric acid 

(1mL/sample) was added to all NFE and neonate samples, and each was vortexed for 30 

seconds, twice. Samples were left at room temperature for 96 hours with the tube lids 

partially open. Samples were vortexed, centrifuged, and diluted in ultra-pure water using a 

Hamilton autodiluter to a 100 ppt – 1 ppm concentration range. ICP-MS measurements were 

performed on a PerkinElmer Nexion 300 x mass spectrometer operating with kinetic energy 

discrimination using helium as a collision gas at 4L/min, ICP power 1.5 kW. All elements 

were measured at an integration time of 1000 s. A 10 ppb Rh/Ir internal standard solution was 

added into the flow system to correct for any variation in kinetic energy. Samples were 

injected with a cetac ASX520 autosampler. Instrument precision was determined by the 

relative standard deviation (RSD) for each individual sample. Calcium was corrected for 

strontium. All elemental isotopes were measured and automatically calculated to represent 

total elemental composition based on relative isotope abundance per element.  
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Two samples had to be excluded during the mass spectrometry process due to overflow 

which would have resulted in inaccurate results. One sample was excluded because the 

recorded dry mass per neonate was almost three times that of any other sample, which we 

regarded as a measurement or recording error. These excluded samples are not included in 

the sample sizes recorded for this study. 

 

Statistical analysis 

 

Data did not meet normality assumptions for multivariate or univariate analysis of variance, 

including when log and square root transformed. Thus, values were averaged for each clutch 

to calculate mean mineral content per individual NFE/neonate per clutch. A Mardia’s test 

was then performed to ensure that all data met assumptions of multivariate normality. A 

multivariate analysis of variance (MANOVA) was used to detect overall differences in mean 

clutch mineral content between developmental groups, revealing a significant effect (p < 

0.001). For each mineral, a Shapiro-Wilk test and a Levene’s test was used to test whether 

average total mineral mass met assumptions of normality and heteroscedasticity between 

developmental groups. The data were log transformed to meet assumptions of 

heteroscedasticity of variance. Follow-up univariate analysis of variances (ANOVAs) were 

performed for each log-transformed mineral, to examine differences in means between 

developmental groups for Ca, Mg, and P at an α-level of 0.05. 

 

Results 

 

The MANOVA provided a significant result (F1,17 = 34.921, p < 0.001), illustrating that 

mineral concentrations differed between NFE and neonates. Subsequent individual univariate 

ANOVAs for log-transformed mineral data for each mineral showed significant increases in 

Ca (F1,17 = 83.40, p < 0.001), Mg (F1,17 = 58.71, p < 0.001), and P (F1,17 = 5.365, p = 0.037) 

across embryonic development (Figure 3). In both NFE and neonates, P is the most abundant 

mineral of the three measured, followed by Ca and Mg (Figure 4). Calcium, Mg, and P 

displayed a 339 %, 212 % and 46 % increase in average mass across development, 

respectively (Figure 4). The correlations between mineral concentrations were assessed using 

Pearson’s correlation. To account for multiple comparisons, p-values were adjusted using the 

Holm correction. After applying the Holm-Bonferroni correction, a strong positive 

correlation was observed between Ca and Mg (p < 0.001, α = 0.016)), and Ca and P (p < 
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0.001, α = 0.025). A weaker correlation was observed between Mg and P (p = 0.025, α = 
0.05) (Figure 5). The Ca:P ratio in neonates is 1:1.194, falling within the normal range of 1:1 

and 1:1.7 for commercial whole adult fishes (Chavez-Sanchez et al., 2000; Ye et al., 2006). 

 
Figure 3. Boxplot of average total calcium, magnesium, and phosphorus content of individual newly fertilised Hippocampus 

abdominalis eggs (NFE) and individual neonates. A one-way ANOVA revealed significant increase in total calcium (p < 

0.001), magnesium (p < 0.001), and phosphorus mass (p = 0.018) per neonate, compared to NFE. The bold lines indicate 

the median for each group, and the boxes contain 50 % of the data, while whiskers extended to the highest/lowest data 

points within 1.5x interquartile range. Data points represent average individual NFE/neonate total mineral mass per 

sample. The means are plotted as open triangles. Outliers are plotted as open circles. 
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Figure 4. Stacked bar graph of average total calcium, magnesium, and phosphorus mass per newly fertilised Hippocampus 

abdominalis egg or neonate. The variance for each mineral is given.  

 

 
Figure 5. A pairwise scatter plot matrix showing the correlation between log-transformed concentrations of calcium, 

phosphorus, and magnesium for NFE and Neonates. The numbers in the upper panels represent the correlation coefficients, 
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and asterisks indicate the statistical significance of these correlations (*** p < 0.001, * p < 0.05). The diagonal shows the 

density distributions for each mineral. 

 
Discussion  

 

In this chapter, I provide evidence for paternal transport of Ca, Mg, and P to developing 

embryos during embryogenesis in H. abdominalis, as all minerals significantly increased in 

mass over embryonic development. We observed an average neonatal Ca content of 10.161 

mg/g dry mass, P content of 12.015 mg/g dry mass, and Mg content of 3.871 mg/g dry mass. 

The mineral values observed here, particularly Ca and Mg, are relatively high compared to 

that of many commercial species, which range between 0.021-1.030 mg/g, 0.170 – 1.090 

mg/g and 1.180 – 12.870 mg/g for Ca, Mg, and P respectively (El-Faer et al., 1992; Shehawy 

et al., 2016; Kiczorowska et al., 2019). This difference may be explained by the significantly 

higher mineral content present in acellular bones compared to cellular boned teleosts (Cohen 

et al., 2012). Furthermore, seahorse neonates require mineral stores for continued rapid 

skeletal formation, tissue growth, and energy metabolism (Cruz and C., 1992; Ye et al., 2006; 

Nathanailides et al., 2023), which may also explain the increased Ca and Mg in H. 

abdominalis neonates, compared to other adult fishes. In seahorses, bone ossification can 

continue past 25 days post-birth (Franz-Odendaal and Adriaens, 2014). Seahorse neonates 

would require substantial quantities of minerals during this period, either through reserves 

received during oogenesis and embryogenesis, their aquatic environment, or via 

consumption, to meet their growth demands following embryogenesis. It is unknown how 

syngnathids, which lack scales, store, and mobilise Ca, Mg, and P or to what extent their 

acellular bony plates are involved. The mechanisms by which the functions of osteocytes 

including bone mineralisation are carried out in acellular boned teleosts are unknown 

(Reznick et al., 2002; Witten and Huysseune, 2009; Cohen et al., 2012; Shahar and Dean, 

2013). Male H. abdominalis may provision minerals to developing embryos to support 

mineralisation during embryogenesis (Poda et al., unpublished data from using Micro CT and 

histological staining) and in excess prior to birth, to ensure sufficient supply for the 

continuation of skeletogenesis.   

 

In contrast to terrestrial vertebrates, minerals can be absorbed by fish from surrounding water 

either via their gills, drinking, or via their skin (Lall, 2002). Thus, we cannot exclude the 

possibility that embryos receive some minerals from the seawater that enters the brood pouch 
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during mating. The mineral content for the saltwater (Red Sea, Tel Aviv) in which the 

animals were housed at ~ 32 ppm was ≤ 381 mg/L, ≤ 1131 mg/L and ≤ 0.02 mg/L for Ca, 

Mg, and P respectively (Supplementary Material Table 1). The available liquid in the brood 

pouch of H. abdominalis during gestation in this study was < 150 µl (Whittington lab, 

unpublished data). For example, the < 0.381 µg/µl of Ca present in the salt water would 

equate to < 57.15 µg of Ca in the brood pouch. Our results indicate individual neonates 

uptake ~ 10 µg of Ca throughout embryogenesis. Our clutch sizes in this study varied from 

20 to 220 with an average of ~ 100 NFE/neonates per clutch. Therefore, if Ca were provided 

exclusively from seawater, ~ 1000 µg of Ca per clutch would be required, which equates to 

up to 2,625 µl of liquid present in the pouch (> 17 times the maximum measured pouch 

volume). Therefore, based on the concentration of minerals in the seawater of the housed 

aquariums, the mineral content available in the liquid in the brood pouch during gestation 

would be negligible compared to the initial amounts present in the yolk reserves of NFE, and 

the quantity gained during embryogenesis. Notably though, seahorses may perform “pouch 

flushing” towards the end of pregnancy to acclimate pouch osmolality to the external 

environment (Whittington and Friesen, 2020), during which embryos have well-developed 

gills (Sommer et al., 2012), and could uptake minerals more readily. However, pouch 

flushing has not yet been confirmed in seahorses. In S. schlegeli, pregnant males allow some 

water to seep into the brood pouch during late pregnancy to acclimate embryos to the external 

osmolality (Watanabe, 1999), due to the “loosening” of the brood pouch opening before 

parturition. In H. abdominalis, it is unlikely that any regular flushing at the end of gestation 

exclusively meets embryonic mineral requirements because bone mineralisation in H. 

abdominalis begins mid-pregnancy (Whittington lab, unpublished data). Lastly, the “pouch 

flushing” required to meet embryonic mineral requirements would have to occur daily or 

several times per day throughout gestation to meet the mineral increase across embryogenesis 

observed here. This flushing should result in consistent salinity in the brood pouch that 

matches the external seawater. However, in H. erectus (Linton and Soloff, 1964), 

Hippocampus guttulatus, and Hippocampus brevirostris (Leiner, 1936) brood pouch 

osmolarity is isosmotic to paternal blood during early gestation and increases to match 

seawater in late pregnancy. Therefore, it is highly unlikely that pouch flushing occurs 

consistently throughout gestation. Consequently, our results indicate that Ca, Mg, and P were 

mainly paternally supplied to developing embryos in H. abdominalis, although marginal 

amounts may be environmentally sourced towards late embryogenesis.  
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The magnitude of increase of Ca, Mg, and P differs, suggesting patrotrophy of each mineral 

occurs at different amounts. In contrast to organic molecules, minerals cannot be catabolised, 

therefore embryonic mineral content is expected to stay the same or decrease marginally over 

development, unless supplemented by the environment or gestating parent. The observed 

differences in patrotrophy between minerals may be due to what is already present by means 

of vitellogenin in the yolk and the discrepancy between this quantity and the embryonic 

requirement throughout embryogenesis, which likely differs for each mineral. My results 

show that more Ca and Mg are absorbed by embryos post-fertilisation than are provided in 

the yolk of NFE. In contrast, while some P transport appears to take place, most of this 

mineral is already present in the yolk of NFE. In H. abdominalis, the mother supplies most of 

the protein and lipids required for embryonic development (Skalkos et al., 2020; Chapter 3: 

Skalkos et al., 2024). This is the first study showing nutrients that are primarily provided by 

the father, not the mother, to support embryonic development. The combined contribution of 

minerals by male and female H. abdominalis reflects evolutionary trade-offs in optimal 

resource allocation for embryonic development and survival and prompts interesting 

discussion on how the relative parental allocation of resources and division of roles evolved. 

Syngnathids thus represent an unusual comparative group for parental resource allocation as 

both the mother, by means of vitellogenesis, and the father by patrotrophy, can provide 

nutrients to developing embryos prior to birth. For example, female N. ophidion, a 

lecithotrophic pipefish, invest more energy into a single zygote than males, however in S. 

typhle, a patrotrophic pipefish, both males and females invest similar amounts (Berglund et 

al., 1986). In contrast to viviparous and most brooding vertebrates, including pipefishes and 

seadragons, male seahorses carry eggs from fertilisation to birth, in a fully enclosed brood 

pouch (Stölting and Wilson, 2007), providing additional opportunities for patrotrophy 

(Whittington and Friesen, 2020). Therefore, patrotrophic seahorses are likely capable of 

providing more resources to developing embryos and having greater contribution to meeting 

the nutritional requirements of embryogenesis. The overall maternal vs paternal resource 

allocation and investment in H. abdominalis embryogenesis is currently unknown, however 

the results provided from this study, Skalkos et al. (2020), and Chapter 3: Skalkos et al. 

(2024), provide greater insight into the relative parental mineral contribution in the most 

complex form of male pregnancy in vertebrates. Furthermore, these results broaden our 

understanding of the fundamental biology of male brooding, and the paternal contribution to 

the success of reproduction.  
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Moreover, H. abdominalis may exhibit patrotrophic plasticity, as observed in many 

matrotrophic teleosts (Thibault and Schultz, 1978; Chapter 2: Skalkos et al., 2023), and 

squamates (Stewart, 1989; Itonaga et al., 2012; Van Dyke et al., 2014). Patrotrophic 

plasticity in pregnant H. abdominalis when faced with inadequate nutrition, would likely 

fluctuate paternal nutrient provisioning. Given that P is the largest mineral component of fish 

skeletons (Cruz and C., 1992; Lall and Lewis-McCrea, 2007; Volkoff and London, 2018; 

Taylor, 2021), is primarily obtained through diet (Ohata et al., 2016; Hernando and Wagner, 

2018; Shaker and Deftos, 2023), and is the most abundant mineral in both H. abdominalis 

NFE and neonates (Chapter 4), patrotrophic plasticity may have led to selection for egg 

clutches with greater P supply in the yolk. I recommend studying the effects of food 

abundance or inconsistent food supply on paternal and embryonic growth and nutrient 

composition whilst brooding, to determine whether fathers prioritise provisioning to the 

clutch over their physical and potentially future reproductive fitness, as in P. entrecasteauxii 

(Van Dyke et al., 2014).  

 

The mechanisms that underpin embryonic uptake of paternal nutrients including lipid 

(Skalkos et al., 2020), protein (Chapter 3: Skalkos et al., 2024) and minerals, in 

Hippocampus spp. are currently unknown. One possibility is the placental transfer of 

nutrients through direct contact of paternal and embryonic tissues. Embryos of H. 

abdominalis are deeply embedded in paternal pouch epithelium (Boisseau, 1965; Wetzel and 

Wourms, 1991; Carcupino et al., 1997; Skalkos et al., 2020; Harada et al., 2022), and thus 

could be receiving nutrients directly at the paternal-embryonic interface. The diffusion 

distance between the capillaries and pouch lumen of H. abdominalis decreases during 

pregnancy, and the density of the vascular bed increases, compared to the non-pregnant 

pouch (Dudley et al. 2021). These changes during pregnancy likely facilitate gas and nutrient 

exchange between paternal and embryonic tissues (Ripley et al., 2010; Dudley et al., 2021). 

Another possible route of nutrient uptake could be via non-placental forms of parentotrophy, 

including absorption (histotrophy) or digestion (histophagy) of paternal pouch secretions 

(Wourms et al., 1988; Wake, 2014; Ostrovsky et al., 2016) after release into the brood pouch. 

Placentotrophic and non-placentotrophic means of nutrient uptake are not mutually exclusive 

(Blackburn, 2015; Ostrovsky et al., 2016), and we hypothesise that a combination of both 

may occur in H. abdominalis. Whittington et al. (2015) hypothesised that nutrient transport in 

H. abdominalis occurs via histotrophy, as in some viviparous sharks and rays (Wourms, 

1981; Buddle et al., 2021). This would enable embryonic P, Ca, and Mg uptake via the skin 
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before the development of the gills and GIT, further enabling the absorption of histotrophe. 

The most likely route of Ca absorption in embryonic H. abdominalis is via skin ionocytes, 

specialised ion-transporting, mitochondria-rich cells (McCormick et al., 1992; Flik and 

Verbost, 1995; Flik et al., 1995; Evans et al., 2005; Guh et al., 2015). Extrabranchial 

ionocytes on the skin and yolk sac membranes of embryos and larval stages have been 

reported in several teleosts (e.g. Hwang et al., 1999; reviewed in Varsamos et al., 2005) and 

are the major sites of embryonic environmental Ca2+ absorption (Hwang et al., 1999; Evans 

et al., 2005; Hwang and Perry, 2010; Hwang et al., 2011). As skin ionocytes contain high 

amounts of Na+/K+ATPase (Lin et al., 2006), a pump involved in Mg transport in fresh-water 

fishes (Kayne and Lee, 1993; Bijvelds et al., 1996), we hypothesise Mg may also be absorbed 

via the ionocytes of embryonic skin in H. abdominalis. We hypothesise that H. abdominalis 

embryonic Ca and Mg absorption likely occurs through the yolk sac membrane and skin of 

the embryo via ionocytes, either indirectly from the pouch fluid or through direct contact with 

paternal pouch tissue. Moreover, ionocytes are exclusively present in the pregnant pouches of 

S. abaster, S. schlegeli and S. scovelli  (Carcupino et al., 1997; Watanabe et al., 1999; 

Carcupino et al., 2002; Partridge et al., 2007), and may be involved in pouch osmoregulation 

(Whittington and Friesen, 2020) and paternal mineral transport. Embryonic skin of 

syngnathids likely also facilitates absorption of macromolecules (Healey et al., 2024). The 

epidermal cells of Syngnathus scovelli embryos express an abundance of epidermal-specific 

C-type lectin genes, carbohydrate binding proteins (Healey et al., 2024). This recent finding 

supports previous hypotheses that maternally derived nutrients may be epidermally absorbed 

in viviparous fishes (Tengfei et al., 2021; Wourms, 1981). Lastly, in adult teleosts, P is 

primarily absorbed in the GIT by diet but the mechanisms by which this occurs are currently 

unknown (Ohata et al., 2016; Hernando and Wagner, 2018; Shaker and Deftos, 2023) but 

complimentary to passive transport, uptake in the GIT may occur via enterocyte sodium-

phosphate co-transporters, as in humans (Hernando and Wagner, 2018). We further 

hypothesise that the paternal provisioning of P is released into the pouch lumen and digested 

by developing embryos via histophagy. 

 

In summary, Ca, Mg, and P are significantly increased in neonates of H. abdominalis 

compared to NFE, demonstrating paternal transport of inorganic nutrients during pregnancy. 

This expands our current understanding of the extent of patrotrophy in seahorses from 

organic nutrients alone (lipids and proteins) (Skalkos et al., 2020; Chapter 3: Skalkos et al., 

2024), to also include inorganic nutrients including minerals. Thus in H. abdominalis, 
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patrotrophy is comprehensive with evidence of paternal transport of all the major organic and 

inorganic nutrients (except for carbohydrates), as occurs in matrotrophic viviparous 

vertebrates. The P supply in neonates is primarily supplied in the yolk, while Ca and Mg are 

primarily supplied by the gestating father, advancing our understanding of the division of 

parental resource allocation in male brooding vertebrates. The mechanisms by which 

minerals are transported and taken up by developing embryos in H. abdominalis are 

hypothesised. We suggest localisation of conserved genes associated with nutrient transport 

in the brood pouch during pregnancy to deepen our understanding of the mechanisms that 

underpin organic and inorganic nutrient transport from gestating fathers to developing 

embryos during pregnancy in H. abdominalis.  
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Chapter 5: Acid mucin acellular layer and oviductal 
glycoprotein 1 in the brood pouch of the male-pregnant 
pot-bellied seahorse, Hippocampus abdominalis 
 

Prepared for submission to Biology of Reproduction as Skalkos, Zoe M. G., Dudley, Jessica, 

S., Van Dyke, James U., Dowland, Samson N. and Whittington, Camilla M. Acid mucin 

acellular layer and oviductal glycoprotein 1 in the brood pouch of the male-pregnant pot-

bellied seahorse, Hippocampus abdominalis. This chapter has been formatted according to 

the guidelines of Biology of Reproduction. 
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Abstract 

 

Seahorses display a rare form of reproduction whereby fertilisation and incubation occurs 

inside the male, in a specialised structure, the brood pouch. We characterise acid mucins in 

an acellular layer identified in the brood pouch of the male-pregnant pot-bellied seahorse, 

Hippocampus abdominalis. The layer closely apposes the brood pouch epithelial lining, in 

pregnant animals only. Oviductal glycoprotein 1 (Ovgp1) is a minor constituent of the 

acellular mucin layer and is also present in both the external pouch epithelium and brood 

pouch inner tissue layer across all reproductive stages, although it is more localised to the 

inner epithelium in pregnant stages compared to non-pregnant. We speculate that the 

acellular layer is likely to be paternally-derived, but the presence of acid mucins and Ovgp1 

in the ovaries and oocytes of the female Hippocampus abdominalis cannot exclude the 

possibility that the layer may be partially maternally-derived. The acellular layer may 

function as physical protection for paternal tissue, whilst also facilitating fertilisation, 

embedment, nutrient transport, and immunological protection of the embryos throughout 

pregnancy. 

 

 

Key words: Ovgp1, syngnathid, embryogenesis, immunohistochemistry
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Introduction  

 

Fishes are the most reproductively diverse group of vertebrates, with a wide range of 

maternal and paternal care strategies, making them crucial comparative models in studying 

the evolution of parental care and investment [1-5]. The Syngnathidae (seahorses, pipefish, 

and seadragons) are one of the few vertebrate taxa that display male pregnancy, whereby 

fertilisation and gestation occur on or inside the male in a specialised structure called the 

brood pouch [5, 6]. Male pregnancy in syngnathids is analogous to viviparity (the retention of 

embryos in the female reproductive tract followed by birth of live young) [1, 7, 8]. Complex 

morphological and physiological adaptations for the protection and provisioning of embryos 

are present in both viviparity and male seahorse pregnancy. 

 

The anatomy of the brooding structure in syngnathids varies greatly across syngnathid 

species [9-11]. Seahorses (genus Hippocampus) have the most complex brooding structures, 

with a fully enclosed brood pouch that undergoes extensive physiological changes during 

gestation [reviewed in 6, 12]. These physiological changes in the seahorse brood pouch allow 

for nutrient transport and both physical and immunological protection of offspring during 

embryogenesis [reviewed in 6, 12]. Additional putative functions of the seahorse brood 

pouch include waste removal and osmoregulation [13]. Following female egg transfer into 

the male’s brood pouch, embryos embed non-invasively in pits of the pouch wall, and many 

are completely enveloped in paternal epithelial tissue [11, 14-17]. The inner layer of the 

brood pouch closely apposes the embryonic egg coat and facilitates molecular exchange, and 

thus is analogous to the maternal portion of the mammalian placenta [12, 18-20]. In fact, the 

inner layer forms a functional placenta, which is defined as ‘any intimate apposition or fusion 

of the fetal organs to the maternal [or paternal] tissues for physiological exchange’ [21, 

p156]. During seahorse pregnancy, nutrients, including lipid and protein, are transported from 

the gestating father to the embryos across this structure [17, 22]. Expansion of the brood 

pouch vascular bed during pregnancy also allows for exchange of respiratory gases and other 

molecules, to meet the demands of embryonic development [23].  

 

The black-striped pipefish, Syngnathus abaster, has a less complex brood pouch than 

seahorses, described here. In this species, embryos are also embedded into the brood pouch, 

into pits which fill with acellular mucous material that surrounds the embryos during 

gestation [15]. Following dissection and fixation, the mucous between the brood pouch and 
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embedded embryos in S. abaster appears as a hard thick layer, closely associated with the egg 

coat on the luminal side, and with the brood pouch epithelium on the other [15]. An acellular 

layer has also been observed in the pregnant seahorse, Hippocampus abdominalis, closely 

apposed to the inner brood pouch epithelium and embryos, and is hypothesised to be 

comprised of mucins [23]. However, the role and origins of the layer are unknown.  

 

Here, we aimed to confirm the presence of the acellular layer in the brood pouch epithelium 

of the Australian pot-bellied seahorse, H. abdominalis, characterise its composition by 

determining the presence of any mucins in the layer, and determine the likely origin of the 

acellular layer. We subsequently aimed to characterise a reproductive-specific mucin that 

may contribute to the acellular layer, by localising oviductal glycoprotein 1 (Ovgp1) to brood 

pouch tissues using immunohistochemistry. This gene is significantly upregulated during H. 

abdominalis pregnancy compared to the non-pregnant pouch [13], and is speculated to 

contribute to an increase in PAS positive staining seen in pregnant and post-parturition pouch 

tissues of Hippocampus erectus [24]. 

 

Methodology  

 

1. Husbandry 

 

Reproductively mature H. abdominalis were acquired from a captive-bred population 

(Seahorse Australia, Tasmania, Australia) and housed under previously described aquarium 

conditions [25]. To facilitate breeding, animals were housed under a summer light cycle, with 

15.5 hr photoperiods, including simulated dawn and dusk periods of 1 hr each. Male and 

female H. abdominalis were rotated through a 750 L breeding tank as described in Skalkos, et 

al. [17]. Males were tagged with non-invasive small glass bead ‘necklaces’, as in 

Whittington, et al. [25]. Reproductive status was determined by behavioural assays described 

by Whittington, et al. [25], which identifies 94 % of pregnant males when used over three 

consecutive testing days. All adult fish were fed equal amounts and type of Mysis spp. shrimp 

(thawed ocean Nutrition frozen Mysis, Newark) throughout the study. After breeding, 

pregnant males were housed until euthanasia before brood pouch and other tissues were 

collected. 
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2. Sample collection  

 

Adult male and female seahorses were euthanised by overdose of anaesthetic (ethanol), 

followed by decapitation and immediate pithing, or immediate decapitation and pithing [26, 

27] (AVMA 2013, University of Sydney Animal Ethics Committee approval 2018/1302; 

AVMA 2020, University of Sydney Animal Ethics Committee approval AEC 2021/1995). 

The numbers of individuals at each male reproductive stage examined for mucin 

characterisation were non-pregnant (n = 7), early pregnancy (≤ 25 % of the way through 

embryonic development, i.e. eye development) (n = 2), mid-pregnancy (~ 65 % of the way 

through embryonic development, i.e. frontal jaw development) (n = 3), late pregnancy 

(embryos with protruding snouts in the last third of development) (n = 5) and post-parturition 

(< 24 hrs post parturition) (n = 1) [embryonic stages as per 28]. The number of individuals at 

each male reproductive stage examined via immunohistochemistry of Ovgp1 were non-

pregnant (n = 5), early pregnant (3 – 6 days post-fertilisation) (n = 6), mid-pregnant (14 – 17 

days post-fertilisation) (n = 5), late-pregnant (21-24 days post-fertilisation) (n= 4) and post 

parturition (<18 hours post parturition) (n = 5). Brood pouches were excised whole from the 

body followed by a sagittal cut along the midline from the opening of the pouch to the caudal 

extremity. Each sagittal half was cut approximately in half in transverse orientation, yielding 

4 quadrants. Small pieces (~1 cm3) of pouch tissue were also excised for western blot 

analysis. Ovaries from two females were also collected, to determine the potential presence 

of mucins in ovarian tissue. Ovaries were excised from females and either kept whole, or 

transversely cut in half. Ovary and brood pouch tissue were fixed in 10 % neutral buffered 

formalin (NBF) for ~ 24 hours, then rinsed and stored in 70 % ethanol. During fixation and 

tissue processing, almost all pouch-embedded embryos became naturally detached from the 

samples. 

 

3. Mucin characterisation of the acellular layer and ovaries 

 

Brood pouch and ovarian tissues were dehydrated with ethanol and cleared with xylene using 

a Thermo Scientific Excelsior ES Tissue Processor, then embedded in paraffin using a 

Tissue-Tek TEC embedding station (both ThermoFisher Scientific, Waltam). Transverse 

sections of 7 µm thickness were cut from each paraffin block using a HM 325 Rotary 

Microtome (ThermoFisher Scientific). Sections were hydrated (modified from Kiernan 

(2015)) and stained with Alcian blue (AB) at pH 2.5, Periodic acid-Schiff (PAS), or 
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combined. Sections were stained with AB for 45 minutes and then washed before being 

immersed in 1% periodic acid for 10 minutes, followed by Schiff’s reagent for 6 minutes, 

then washed. All sections were counterstained with haematoxylin. All images were taken 

using a Leica ICC50 W (Leica, Sydney). Archived seahorse and pre-existing human 

gastrointestinal tract tissue blocks were used as positive controls for PAS and AB staining. 

 

4. Western Blot 

 

Western blotting was performed to validate the Ovgp1 antibody in H. abdominalis. A 

qualitative western blot was performed to confirm the presence of Ovgp1 at the correct 

molecular weight, in the brood pouch of H. abdominalis.  

 

4.1 Tissue homogenisation and protein quantification  

 

One early-stage and one late-stage sample of male pouch tissue (~ 3 mm cube) was 

homogenised with homogenising beads in lysis buffer (50 mM Tris-HCl, 1mM EDTA, 150 

mM NaCl, 1 % Igepal, MilliQ H20; Sigma-Aldrich, Victoria Australia) with protease 

inhibitor cocktail (Sigma-Aldrich). Homogenised tissue was centrifuged 12,000 rcf at 4 oC 

for 10 minutes. The supernatant was then removed, aliquoted, snap frozen in liquid nitrogen, 

and stored at -80 oC. A BCA assay was used to determine protein concentration of each 

resulting sample. (ThermoFisher Scientific, CN 23235). Protein content was calculated from 

absorbance readings taken by a CLARIOstar Plus microplate reader (BMG Labtech, 

Mornington).  

 

4.2 Western blot analysis  

 

Protein samples (20 g) were combined with sample loading buffer (8% glycerol, 50 mM 

Tris-HCl pH 6.8, 1.6 % SDS, bromophenol blue and 4 % -mercaptoethanol) and water 

(7.08:4:8.92 L) and heated at 95 oC for 5 minutes. The protein samples and molecular 

weight marker (Thermo Fisher Scientific, CN 26616) were loaded into 10 % TGX FastCast 

acrylamide gels (Bio-Rad Laboratories, San Diego). Samples were separated by SDS-PAGE 

gel electrophoresis at 200 V for 35 minutes and then transferred to an immobilon-P 

polyvinylidene difluoride (PVDF) membrane (Millipore Corporation, Danvers) at 100 V for 
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1.5 hours. Membranes were blocked with 5 % powdered skim milk diluted in Tris-buffered 

saline containing 0.05 % Tween 20 (TBST) for 1 hour at room temperature. Membranes were 

then incubated with rabbit Ovgp1 polyclonal IgG, unconjugated primary antibody (ABclonal, 

Woburn, PC A13036, LN 0063540101) in 1 % powdered skim milk in TBST at 0.26 g/mL 

overnight at 4 oC. Membranes were washed three times in TBST, 10 minutes each time. All 

subsequent TBST washes were identical. Membranes were then incubated in secondary HRP-

conjugated goat anti-rabbit secondary antibody (Dako, Denmark) diluted to 0.15 g/mL in 1 

% skim milk in TBST for 2 hours at room temperature. Membranes were again washed in 

TBST, then visualised using the Bio-Rad ChemiDoc MP System (Bio-Rad Laboratories, 

Hercules) and associated Image Lab software (version 6.1.0, Bio-Rad Laboratories).   

 

5. Immunohistochemistry of Oviductal glycoprotein 1 

 

Transverse brood pouch and ovary sections were cut at 7 m from each block using a HM 

325 Rotary microtome (ThermoFisher Scientific) at room temperature and mounted onto 

glass slides. Sections were dried at 38 oC overnight. Four slides with two to eight sections on 

each were collected per animal. Archival mouse oviduct tissue was used as a positive control 

for each run. Two slides were randomly selected as experimental slides and the remaining 

two were used as negative and non-immune IgG control slides. Sections were cleared with 

xylene, rehydrated through a series of decreasing ethanol concentrations, and rinsed with 

water. Antigens were unmasked by immersing the slides in sodium citrate buffer (10 mM 

Sodium Citrate, 0.05 % Tween 20, pH 6.0) which was first heated to ~ 95 oC or until opaque, 

then cooled to a translucent ~ 80 – 85 oC before exposure to the slides. Slides were immersed 

at this temperature for 20 minutes. Slides were cooled for 20 minutes, then washed in 

phosphate-buffered saline with 0.05 % Tween 20 (PBS-T), three times for five minutes each 

wash. All subsequent PBS-T washes were identical. Slides were blocked with 1 % bovine 

serum albumin (BSA) in PBS-T solution for 1 hour. Rabbit Ovgp1 antibody was diluted to 

5.2 g/mL in 1 % BSA/PBS-T solution (1 g /mL). The experimental sections were covered 

with the diluted primary antibodies. The negative control section was covered with 1 % 

BSA/PBS-T solution only. The non-immune IgG control section was covered with a solution 

of non-immune IgG control antibodies (Jackson ImmunoResearch, Pennsylvania) in BSA at a 

concentration of 5.2 g/ml to match the concentration of the primary antibody. All sections 

were incubated at 4 oC overnight. Sections were washed with PBS-T, blocked in 0.3 % 
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hydrogen peroxide in PBS-T solution for 15 minutes and washed with PBS-T again. 

Secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (Dako, 

Glostrup, Denmark) was diluted in 1 % BSA/PBS-T solution (0.02 g /mL). All sections 

were covered with the diluted secondary antibody and incubated at room temperature for 2 

hours. All sections were washed with PBS-T and then incubated with 3,3’ -

diaminobenzidine-tetrahydrochloride (DAB) substrate (Sigma-Aldrich; St Louis, MO) for 20 

minutes. Nuclei were counterstained with hematoxylin. Sections were dehydrated to 100 % 

ethanol, cleared in xylene and cover slipped with DPX mounting medium (Sigma-Aldrich, 

Melbourne). An Olympus BX53 microscope (Olympus, Tokyo, Japan) was used to view and 

image the slides. All images were processed and labelled using Adobe Photoshop (2024, 

25.0.0).  

 

Results  

 

1. Mucin characterisation of the acellular layer and ovaries 
 

The acellular layer is closely apposed to the inner epithelial layer of the paternal gestational 

tissues (Figure 1A-E.), and is present in early-, mid-, and late-pregnant brood pouch. It is not 

present in the brood pouch of non-pregnant or post-parturition animals [see Figure 2B-E in 

23]. The layer consistently stained positively for PAS throughout pregnancy (Figure 1B,C). 

Positive PAS staining suggests the presence of polysaccharides and/or mucosubstances (e.g. 

neutral and/or acid mucins) [29, 30]. The acellular layer also stained positively for AB 

throughout pregnancy. Positive AB staining specifically confirms the presence of acid mucin 

[29, 31]. When both PAS and AB were used simultaneously, the AB stain overwhelms the 

PAS stain, and the acellular layer appears blue (Figure 1D,E). The haematoxylin counterstain 

confirms that the layer is acellular, as no nuclei are present. In female seahorses, the oocyte 

yolk within the ovaries stained positively for PAS, and the ovarian stroma and cortical alveoli 

in oocyte cytoplasm stained positively for AB (Figure 1F).
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Figure 1. Representative transverse sections of pregnant Hippocampus abdominalis brood 

pouch showing the acellular layer lining the interior of the brood pouch. During fixation and 

tissue processing, pouch-embedded embryos became naturally detached from the samples so 

are absent from the images. The acellular layer encompasses and closely apposes the inner 

epithelium of the brood pouch in pregnant animals. A diagram of the layers of the brood 

pouch in transverse orientation, including eosinophilic cells observed in Dudley, et al. [23] 

and the inner tissue layer comprised of diffuse connective tissue with extensive vasculature, 

that represents the paternal side of a functional placenta. The brood pouch exhibits PAS + 

AB + staining in the lumen and across the pouch tissue layers. (A). Periodic acid-Schiff 

(PAS) staining in early pregnancy (B) and late pregnancy (C). Alcian Blue (AB) and PAS 

staining in late pregnancy (D,E). All are counterstained with Haematoxylin. The ovary (F) of 
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H. abdominalis, stained with PAS and AB and counterstained with Haematoxylin. Tissue 

stained pink/purple is positive for PAS, whilst tissue stained light blue is positive for AB. The 

ovary displays oocytes in differing developmental stages within their developing follicles. 

Oocytes at each stage exhibit PAS + AB + staining. Abbreviations: Acellular layer (al), Inner 

pouch epithelium (ie), Inner tissue layer (IL), Lumen (L), Outer pouch epithelium (oe), 

Stratum compactum (SC), Stratum spongiosum (SS). Symbols: Capillaries (*). Cortical 

alveoli (ca), Cortical alveoli oocyte (cao), Ovarian stroma (os), immature oocytes up to and 

including the primary growth phase (po), Theca (t), Vitellogenic oocyte (vo), Yolk (y), Yolk 

globules (yg), Zona radiata (zr).  

 

2. Localisation of Ovgp1 to the brood pouch and ovaries 
 

2.1. Pregnant H. abdominalis  

 

In all pregnancy stages, the inner tissue layer and inner pouch epithelium exhibit Ovgp1 

immunoreactivity (Figure 2). There is variable positive staining at the apical and basal 

surfaces of the inner epithelium (Figure 2A-D). The acellular layer inconsistently stains 

positively for Ovgp1 (Figure 2C,D). The acellular layer in pregnant samples for 

immunohistochemistry was not always as clearly visible in comparison to our histology 

results, likely due to the additional treatment of tissue, or because the layer is more difficult 

to distinguish from paternal or embryonic tissues when unstained (Figure 2D). Positively 

staining amorphous globules consistently line the base of the inner pouch epithelium (Figure 

2A-D). Positive staining cells (psc) are abundantly scattered throughout the inner tissue layer 

and form clusters surrounding the borders of capillaries and blood vessels (Figure 2A). All 

non-immune and negative controls exhibited no staining (Figure 2E), signifying there is no 

non-specific binding of the primary or secondary antibodies, and exogenous peroxidases 

were successfully blocked.  

 

Western blotting identified Ovgp1 protein at ~79 kDa (Figure 2F), which is within the 

expected range, thereby validating the primary antibody. Mature and fully glycosylated 

Ovgp1 varies in molecular weight (90–95 kDa in domestic animals; 110–150 kDa in 

primates; 160–350 kDa in rodents) [32]. However, the size of the protein core of several 

species studied to date has a molecular weight of approximately 70 kDa [e.g. 32, discussed in 

33], with the observed molecular weight of the protein core this Ovgp1 antibody targets to be 



93 
 

75 kDa. The variability in molecular weight is attributed to differences in glycosylation 

patterns [34, 35].  

 

 
Figure 2. Immunolocalisation of Ovgp1 in the brood pouch of pregnant (early, mid and late-

stage) Hippocampus abdominalis. The brown precipitate (DAB) represents positive staining 

for Ovgp1. A: Immunoreactivity for Ovgp1 at the basal and apical surfaces of the inner 

epithelium and in the acellular layer. B: Immunoreactivity for Ovgp1 in the inner epithelium 

of the brood pouch, with strong staining at the apical surface. C: Immunoreactivity for 

Ovgp1 at the base of the inner epithelium and in the acellular layer. D: Immunoreactivity for 

Ovgp1 at the base of the inner epithelium and not in the acellular layer. E: Non-immune 

control of the brood pouch inner epithelium and acellular layer. F: Western blot of Ovgp1 

protein in early and late-stage pregnancy brood pouch, with a molecular weight of ~79 kDa. 

Abbreviations: Acellular layer (al), Inner pouch epithelium (ie), Inner tissue layer (IL), 

Lumen (L), Pigment cells (pc), Positive staining cells (psc), Symbols: Capillaries (*), Ovgp1 

staining amorphous globules (white arrowheads), Ovgp1 staining apical surface of inner 

pouch epithelium (black arrowheads).  

 

In the few early pouch sections where embedded or hatched embryos remained intact and in 

contact with the brood pouch throughout fixation and tissue processing, embedded embryos 

are very closely apposed to the paternal inner epithelium (Figure 3), with a faint or absent 

acellular layer (Figure 3A,B). All non-immune and negative controls exhibited no staining 

(Figure 3C). 
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Figure 3. Immunolocalisation of Ovgp1 protein at the early embryo-paternal tissue interface 

of Hippocampus abdominalis. The brown precipitate (DAB) represents positive staining for 

Ovgp1. A: Early-stage embryos (3 – 6 days post-fertilisation) embedded into the paternal 

brood pouch with a faint unstained acellular layer in between embryonic and paternal tissue. 

B: Early-stage embryos (3 – 6 days post fertilisation) embedded into the paternal brood 

pouch with no acellular layer visible. No positive staining on the outside of the embryonic 

yolk. Egg coat visible. C: Non-immune control of early-stage embryo embedded into the 

paternal brood pouch. Abbreviations: Acellular layer (al), Embryonic coat (ec), Embryonic 

yolk (EY), Inner tissue layer (IL), Acellular layer (al), Inner epithelium of the brood pouch 

(ie), Positive staining cells (psc). Symbols: Capillaries (*).  

 

2.2. Post-parturition and non-pregnant H. abdominalis  

 

In post-parturition (PP) pouch tissue the apical surface of the epithelium appears to have less 

staining than the pregnant pouch (Figure 4A-C), although quantification would be required to 

confirm. There is no acellular layer present. There are psc present in the inner tissue layer of 

the pouch and stained amorphous globules in the inner epithelium (Figure 4A-C). All non-

immune and negative controls exhibited no staining. All non-pregnant (NP) tissues exhibited 

minimal staining in the inner epithelium, with some psc throughout the inner tissue layer 

(Figure 4D-F). There is no acellular layer present. Ovgp1 was immunolocalised to positive 

control mouse tissue for validation (Figure 5). 
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Figure 4. Immunolocalisation of Ovgp1 to the brood pouch tissue of post parturition and 

non-pregnant Hippocampus abdominalis. The brown precipitate (DAB) represents positive 

staining for Ovgp1. A,B: Post-parturition pouch tissue, displaying positive staining cells in 

the inner tissue layer and substantial amorphous globular positive staining at the base of the 

inner epithelium. No acellular layer present. C: Post-parturition H. abdominalis non-immune 

control. D,E: Non-pregnant pouch tissue, displaying positive staining cells in the inner tissue 

layer and minimal amorphous globular positive staining at the base of the inner epithelium. 

No acellular layer present. F: Non-pregnant H. abdominalis non-immune control. 

Abbreviations: Inner pouch epithelium (ie), Inner tissue layer (IL), Lumen (L), Pigment cells 

(pc), Positive staining cells (psc), Symbols: Capillaries (*), Ovgp1 staining amorphous 

globules (white arrowheads). 

 

 
Figure 5. A: Positive control mouse oviduct immunolocalisation of Ovgp1. B: Mouse oviduct 

non-immune control. Abbreviations: Lumen (L), Tunica mucosa (mc), Tunica muscularis (m), 

Tunica serosa (s). 
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2.3. Ovary of H. abdominalis 

 

The ovary stains positively for Ovgp1 (Figure 6). Vitellogenic oocytes and cortical alveoli 

oocytes contain no positive staining except at the follicle/egg-coat interface (Figure 6A,B). 

Conversely, there is strong staining within less mature oocytes up to and including the 

primary growth stages at the germinal ridge (Figure 6B,C). The luminal and external 

germinal epithelium stains positively for Ovgp1 (Figure 6A,B). No staining is exhibited in 

non-immune and negative controls (Figure 6D-F).  

 

 
Figure 6. Immunolocalisation of Ovgp1 to the ovarian tissue of reproductively active 

Hippocampus abdominalis. The brown precipitate (DAB) represents positive staining for 

Ovgp1. A: Ovarian theca and germinal epithelium stain positively for Ovgp1. Vitellogenic 

oocytes stain lightly along the follicle cells and egg coat, but not inside the oocytes. B: 

Ovgp1 is highly concentrated at the ovarian germinal ridge, in which the theca and immature 

(up to and including primary growth stage) oocytes stain very strongly. C: Immature oocytes 

staining strongly for Ovgp1. D-F: Respective non-immune controls. Abbreviations: Cortical 

alveoli oocyte (cao), Ovarian stroma (os), Germinal epithelium (ge), Immature oocytes up to 

and including the primary growth phase (po), Vitellogenic oocyte (vo), Yolk (y), Yolk 

globules (yg), Theca (t), Ovarian lumen (L). Nuclei are counterstained by hematoxylin. 
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2.4. Male skin of H. abdominalis 

The outer pouch epithelium (skin) of H. abdominalis stains positively for Ovgp1 (Figure 7) 

across all reproductive stages. The outer pouch epithelium contains positively staining 

amorphous globules, dispersed psc, and mucous globule contents (Figure 7A-C). The 

microridges of flame cone cells and their mucous caps exhibit positive staining for Ovgp1 

(Figure 7A-C). Non-immune and negative controls exhibit no staining (Figure 7D).   

 

 
Figure 7. Immunolocalisation of Ovgp1 to the outer pouch epithelium (skin) of male 

Hippocampus abdominalis pouch tissue. The brown precipitate (DAB) represents positive 

staining for Ovgp1. A: Outer pouch epithelium where flame cone cells contain positive 

staining in the mucous cap and the stratum spongiosum contains some positive staining cells. 

B: Outer pouch epithelium with positive staining amorphous material within mucous 

granules and throughout the epithelium, with some staining in the flame cone cells and their 

mucous caps. C: An outer pouch epithelium flame cone cell with positive staining micro 

ridges visible. D: Non-immune control of outer pouch epithelium. Abbreviations: Micro 

ridges of flame cone cells (mr), Mucous granules (mg), Pigment cells (pc), Positive staining 

cells (psc), Stratum spongiosum (SS). Symbols: Capillaries (*), Flame cone cells (◊), Mucous 

caps of flame cone cells (black arrowheads).  

 

Discussion  
 

Here, we identify that an acellular layer previously identified at the paternal-embryo interface 

in H. abdominalis [23] closely interdigitates with the brood pouch epithelium, is exclusive to 

pregnancy, and is not present in post-parturition or non-pregnant tissues. We aimed to 

characterise the mucin content of this acellular layer and examine whether Ovgp1, a 

reproductive-specific mucin, contributes to this layer in the brood pouch. 
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1. The acellular layer and mucins in the brood pouch 
 

1.1. Acid mucins in the brood pouch and acellular layer 

 

In the pregnant H. abdominalis brood pouch, the acellular layer consistently stains positively 

with PAS and AB-positive mucins, indicating that mucins are a substantial component of the 

layer, specifically acid mucins. Interestingly though, the pregnant brood pouch of H. erectus 

[24], and S. abaster [15], contain only PAS-positive material and neither PAS nor AB-

positive material, respectively, indicating that mucin composition may vary between species. 

Mucins are a family of glycoproteins that are abundant in non-sterile parts of the body 

including skin, digestive, and reproductive tracts of marine vertebrates [36, 37]. Seahorse 

brood pouches are derived from skin [19], and during pregnancy, are non-sterile 

environments [12], where mucins are likely to be present [23, 37, 38]. Fish skin is covered 

with a mucous epidermis, which is responsible for immunological protection against 

microbial adherence, colonisation, and attack [39-42], physical protection [36, 43, 44], 

osmoregulation [44, 45], and gas exchange [45]. Other roles of mucin lubrication on 

epithelial surfaces includes protection against dehydration [46-50], modulating cell 

attachment [51-54], and inhibiting immune cell function [48, 55, 56]. 

 

1.2. Ovgp1 in the brood pouch and acellular layer 

 

Oviductal glycoprotein 1, also known as oviductin, estrogen-dependent oviduct protein, 

oviduct-specific glycoprotein, or MUC9, is the major glycosylated protein secreted by 

mammalian oviductal epithelium [32]. Oviductal glycoprotein 1 is classified as a member of 

the mucin family [57], plays important roles in gametogenesis, fertilisation, gamete transport 

and early embryogenesis including facilitating trophoblast adhesion [discussed in 32, 58] and 

has been characterised in the oviductal epithelium of various mammals such as humans [59], 

monkeys [60, 61], canines [62], and livestock [e.g. 63, 64]. Oviductal glycoprotein 1 has also 

been detected in other female reproductive tissues [61, 65-68], and is expressed in mice 

oviducts during fertilisation, endometrium during implantation, and testis and epididymis of 

males [69,70], suggesting specific roles in both female and male gonadal physiology. 

However, Ovgp1 has not yet been localised or characterised in non-mammalian species.  

Oviductal glycoprotein 1 is prevalent in the inner tissue layer and inner epithelium in the 

pregnant brood pouch of H. abdominalis. The inconsistent Ovgp1 immunoreactivity of the 
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acellular layer that we identified here suggests Ovgp1 is present in the layer but is not the 

primary component. The patchy staining of OVGP1 may indicate the protein controls the 

spacing of embryos, facilitating where they embed. Brood pouch transcriptome data of H. 

abdominalis [13] identified multiple other mucin genes that are highly upregulated during 

pregnancy that may contribute more to the acellular layer including muc2 (secretory), muc5, 

and muc13. The presence of the acellular mucous layer and its constituents raise important 

questions for its function in the pregnant brood pouch. 

 

In mammals, Ovgp1 plays a key role in early pregnancy, with uterine OVGP1 expression 

decreasing after early pregnancy [e.g. 34, 70]. In contrast, the stage with the greatest 

upregulation of Ovgp1 expression in the pouch transcriptome of H. abdominalis, is late 

pregnancy [13]. Hippocampus abdominalis is the first species in which Ovgp1 expression is 

consistently present in the tissue where both fertilisation and gestation occur, regardless of 

reproductive stage. This consistency implies Ovgp1 functions are not exclusive to 

reproduction, and that it may be constitutively expressed in skin (from which the brood pouch 

is derived, [19]), and/or function in pouch maintenance and immunological protection of the 

father during non-pregnancy. For example, the psc are present in pregnant, post-parturition 

and non-pregnant tissues and thus, we suspect are unlikely to have a reproductive role. These 

psc dispersed throughout the inner tissue layer of the pouch tissue, particularly around blood 

vessels have not been described in mammalian reproductive tissues and have only been 

characterised in H. abdominalis. In contrast, the Ovgp1 immunolocalisation in the epithelium 

of H. abdominalis brood pouch during pregnancy, both at the apical surface and the 

amorphous globules within epithelial cells, appears similar to the reproduction-specific 

Ovgp1 staining in the oviducts of the olive baboon (Papio anubis) [61], domestic dog (Canis 

lupus familiaris) [62], and bovine (Bos taurus) [71]. These similarities in localisation to 

mammalian ovarian tissues suggest some functional parallels. The reduced Ovgp1 

immunoreactive material in post-parturition and minimal staining in non-pregnant at the inner 

epithelium implies that Ovgp1 is important during pregnancy. We hypothesise that Ovgp1 

plays a functional role in seahorse pregnancy but is not exclusive to reproduction as seen in 

mammals. 
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1.3. Ovgp1 in the outer pouch epithelium 

 

In H. abdominalis, the skin is immunoreactive for Ovgp1, which is unsurprising given the 

pouch’s origin, but interesting given the reproduction-specific role of Ovgp1 in mammals. 

The Ovgp1 immunoreactive flame-cone cells and their associated mucous caps in H. 

abdominalis suggest Ovgp1 plays a part in their hypothesised epiphyte adhesive role [72]. 

Interestingly, these flame-cone cells are not present in Urocampus nanus or Syngnathus 

schlegeli [73], suggesting these cells may be exclusive to seahorses. Moreover, the brood 

pouch epithelium of S. schlegelii and S. abaster lacks typical dermal mucal cells [15], 

indicating the pouch evolved from the skin to also perform more specialised, reproduction-

specific functions in the syngnathid family. The acellular layer and presence of Ovgp1 in 

pregnant H. abdominalis likely evolved from the skin mucous layer to provide many of the 

same protective and adhesive functions mentioned above.  

 

1.4.  Functions of the acellular layer and future directions 

 

We speculate that the acellular mucin layer protects both the father and embryos from 

pathogens, and shields embryos from the father’s immune response. Bacteriophages, viruses 

that infect bacteria, bind to mucin glycoproteins [74] in epithelial mucous layers in fishes 

[75], mammals [74, 75], and the mucous layer of some coral [76], acting as active non-host 

immunity against bacterial infections [75]. Furthermore, exposure to mucous makes bacteria 

more susceptible to bacteriophage infections [74-76]. The acellular layer in H. abdominalis 

likely facilitates the adhesion of bacteriophages as an antimicrobial defence. Due to the 

adhesion, cell attachment modulation and immune inhibiting functions of epithelial mucins, 

including Ovgp1, we also speculate that the acellular layer may aid in the embedding of 

embryos into the epithelial lining of the brood pouch [discussed in 32, 77]. While embryos 

contain no Ovgp1 immunoreactive material, the acellular layer could possibly have a 

nutritive function if it were broken down to smaller components throughout pregnancy that 

could be absorbed through the embryonic coat prior to hatching or absorbed/ingested after 

hatching. Mucoid histotrophe, secreted from the uterus, is a common form of matrotrophy in 

viviparous sharks [78-81], and the acellular layer may contribute to this in H. abdominalis. 

The mechanisms underlying paternal nutrient transport in seahorses are not yet known and 

further research is required. To deepen our understanding of paternal nutrient transport in 

seahorses, we recommend the immunohistochemical localisation of proteins putatively 
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involved in nutrient transport, to the brood pouch of pregnant seahorses. Tracking labelled 

nutrients in pregnant seahorses, combined with histology of the pregnant brood pouch and 

embryos in situ [82] can determine how patrotrophic nutrients are provided across the 

acellular layer and taken up by embryos. We also recommend scanning electron microscopy 

of the paternal-embryo interface of embedded embryos to confirm the consistent presence of 

the mucous acellular layer in between, as observed in S. abaster [15]. Transmission electron 

microscopy may identify cellular structures likely involved in patrotrophy such as vacuoles 

and vesicles within the inner tissue layer and epithelium of the brood pouch [72], and provide 

hypotheses for how the acellular layer is involved.  

    

2. Origin of the acellular layer 
 

The origin of the acellular layer present in pregnant H. abdominalis brood pouch is currently 

unknown and could be maternal, paternal or both. Our results show that the acellular layer 

forms a clearly defined, compact barrier between paternal tissue and the pouch lumen. There 

is diffuse AB-positive and PAS-positive staining in the paternal epithelium and/or between 

the acellular layer and the paternal epithelium, which is suggestive of accumulation of a 

secretory product, making the acellular layer likely paternally derived. 

Immunohistochemistry also shows Ovgp1 immunoreactive and non-reactive diffuse material 

at the apical surface of brood pouch inner epithelial cells, which further suggests that the 

acellular layer is paternally secreted and that Ovgp1 contributes to its formation. The strong 

Ovgp1 immunoreactivity at the apical surface of the pregnant pouch, compared to the non-

pregnant, suggests the secretions contributing to the acellular layer sometimes contain 

Ovgp1.  

 

However, a maternal contribution to the acellular layer cannot be excluded. Oocytes at all 

stages of oogenesis in the ovary exhibit positive staining for AB and PAS and thus, this 

material could be transferred into the brood pouch at oviposition. While immature oocytes 

stain strongly for Ovgp1, more mature oocytes contain no positive staining inside the egg, but 

are still surrounded by lightly staining egg coats, follicles, and ovarian theca. This change in 

immunolocalisation across oogenesis indicates that Ovgp1 may be important during early 

oogenesis but becomes less so as oocytes mature. If there is maternal contribution to the 

formation of the acellular layer, there are three possible sources: 1. the egg coat contributing 

to the formation of the acellular layer after hatching, 2. embryonic secretions, or 3. the 
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medium in which eggs are transferred to the male’s brood pouch during mating. Given 

seahorse embryos do not hatch out of their egg coats until after the acellular layer is present, 

the likelihood of the acellular layer deriving from the egg coat itself (option 1) is unlikely. 

Moreover, anything the embryos secrete pre-hatching must move through the egg coat. For 

teleosts such as zebrafish (Danio rerio), the egg coat is permeable to molecules no larger than 

4 kDa [83]. Mucins vary between 200-10,000 kDa [84], making embryonic contribution to 

the acellular layer (option 2) also unlikely. Furthermore, we found no Ovgp1 staining within 

embryos, so any Ovgp1 contribution to the acellular layer is unlikely to originate from the 

embryo. The medium in which eggs are transported into the pouch (option 3) has not yet been 

characterised, nor is its origin known and thus it is possible that it may contribute to the 

formation of the acellular layer. We recommend determining the origin of the transport 

medium and characterising its composition using techniques such as ELISA assays of mucin 

epitopes [85] and compositional analysis using mass spectrometry [86], to determine if acid 

mucins are transported into the brood pouch with the eggs. 

 

3. Conclusion  
 

This is the first study to characterise the presence of an acellular layer throughout the 

reproductive cycle of male pregnant H. abdominalis. Our results indicate that Oviductal 

glycoprotein 1 (Ovgp1) is localised to this layer as well as to the inner epithelial lining of 

pregnant seahorses. Localisation patterns of Ovgp1 and acid mucins provide evidence for the 

acellular layer being at least partially paternally secreted. The layer forms a barrier between 

paternal tissue and the pouch lumen where embryonic development occurs, putatively 

playing a role in nutrient transfer, and immune protection of embryos throughout pregnancy. 
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Chapter 6: General discussion 
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Summary of results 

 

In this thesis, I explored the extent of patrotrophy in the oviparous male brooding seahorse, 

H. abdominalis, as a comparative model for the evolution of live birth and embryonic 

provisioning in vertebrates. Seahorses are patrotrophic, by means of paternal lipid 

supplementation of developing embryos during pregnancy (Skalkos et al., 2020), providing 

the first experimental evidence that the inner tissue layer of the seahorse brood pouch is the 

paternal side of a functional placenta. In this thesis, I expand on our current understanding of 

what nutrients male brooding species are capable of transporting to their developing embryos 

during pregnancy. I focus on the what, as an important prerequisite for the how in the most 

complex form of male pregnancy known in vertebrates. With this work, I broaden our 

understanding of the evolution of parentotrophy and the diverse mechanisms underlying it. 

The main findings/outcomes of this thesis include:  

a) Protein is paternally transported to developing embryos during male pregnancy to 

supplement maternal yolk supply. This is the first time a range of organic molecules 

has been demonstrated to contribute to patrotrophy in an oviparous brooding 

vertebrate.  

b) Inorganic molecules including calcium (Ca), magnesium (Mg), and phosphorus (P) 

are paternally transported to developing embryos during male pregnancy in H. 

abdominalis. 

a. In terms of overall proportional parental contributions of these molecules, Ca 

and Mg are primarily supplied by the father whilst P is primarily supplied by 

the mother before fertilisation. 

c) The characterisation of an acid mucin acellular layer, partially composed of oviductal 

glycoprotein 1 (Ovgp1), which closely apposes paternal and embryonic tissue during 

male pregnancy in H. abdominalis. 

a. Given the functions of mucins and Ovgp1 in the reproductive tracts of female 

vertebrates, the acellular layer likely functions as physical protection for 

paternal tissue and immunological protection of embryos, whilst also 

facilitating fertilisation and embedment.  

b. The acellular layer is most likely paternally derived, as there is also acid 

mucin staining in the paternal inner epithelium and sometimes between the 

epithelium and the acellular layer.  
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c. The role the acellular layer plays in parentotrophy is unknown. Examining the 

brood pouch for proteins putatively involved in nutrient transport using 

immunohistochemistry, in addition to tracking labelled nutrients combined 

with histology of the brood pouch and embryos in situ, would provide 

valuable insight into how patrotrophic nutrients are provided to embryos 

across the acellular layer.  

d) The data presented in this thesis supports the hypothesis that viviparity or the close 

apposition of parental and embryonic tissues with the birth of live young, has 

convergently co-evolved across vertebrate groups and sexes.  

 

Convergent co-evolution of viviparity/complex brooding and parentotrophy in 

oviparous brooders 

 

Despite the diverse ways in which male brooding occurs in vertebrates, research on the 

provisioning strategies and supporting mechanisms male brooders have evolved is extremely 

limited. Nonetheless, oviparous brooding species offer considerable opportunity as 

comparative models for studying the convergent evolution of live birth and parentotrophy 

across vertebrate lineages and sexes. In this thesis, I 1our current understanding of 

parentotrophy in vertebrates with internal gestation and live birth, by demonstrating that 

complex male oviparous brooding (male pregnancy) is functionally comparable to viviparity, 

and patrotrophy via the male placenta in H. abdominalis is functionally equivalent to 

matrotrophy in incipient matrotrophic viviparous species (Chapter 3, 4). I build on 

knowledge on the complexity of male pregnancy and patrotrophy in the syngnathid lineage, 

as an extreme model for convergent evolution of reproductive traits. This expanded 

understanding of H. abdominalis reproductive biology provides a new perspective, 

supporting the hypothesis that parentotrophy has co-evolved with viviparity or complex 

brooding (defined here as the internal incubation of embryos closely associated with parental 

tissues with subsequent release of live young) irrespective of vertebrate taxa or sex. My thesis 

contributes to the growing body of evidence supporting this theory in squamates and 

mammals (Blackburn, 1992; Stewart and Thompson, 2000; Thompson et al., 2004), some 

fishes (Hamlett, 2005b; Cotton et al., 2015; Morrison et al., 2017) and various caecilians 

(Wake, 1977; 1993). 
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Convergent evolution of patrotrophy in syngnathids  

 

My thesis expands on the current understanding of patrotrophy in the most complex form of 

male pregnancy known in vertebrates: seahorse pregnancy. Modes of embryonic provisioning 

strategies, specifically lecithotrophy and matrotrophy, have been reviewed extensively in 

vertebrate literature, with a particular focus on squamates (e.g. Blackburn, 1992; Blackburn, 

2015), and fishes (Wourms et al., 1988; Frazer et al., 2012; Chapter 2: Skalkos et al., 2023). 

However, patrotrophy in vertebrates is a relatively recently defined concept, and within 

teleosts, has only been confirmed in the syngnathid family: in one seahorse species, H. 

abdominalis (Skalkos et al., 2020; Chapter 3: Skalkos et al., 2024; Chapter 4), and in three 

pipefish species with less complex closed brooding structures (Syngnathus fuscus, 

Syngnathus floridae and Syngnathus typhle) (Haresign and Shumway, 1981; Stölting and 

Wilson, 2007; Ripley and Foran, 2009; Kvarnemo et al., 2011). Patrotrophy is putative but 

not confirmed in some other syngnathid species including Syngnathus schlegeli (Watanabe, 

1999), Hippocampus barbourin (Oconer et al., 2003), Hippocampus erectus (Linton and 

Soloff, 1964), and Nerophis ophidion (Berglund et al., 1986), all but the last of which have 

closed brood pouches. Syngnathids exhibit an array of brooding structures (Whittington and 

Friesen, 2020), and thus offer a plethora of opportunities to study how male pregnancy, 

parentotrophy, and their supporting mechanisms evolve. The diversity of brooding structures 

and complexities allow several hypotheses to be tested, including: is patrotrophy more 

substantial in species with more complex brood pouches, and where there is closer 

association of paternal and embryonic tissues (Berglund et al., 1986)? Or, at what “point” of 

brood pouch complexity and embryonic embedment has patrotrophy of organic and/or 

inorganic nutrients evolved alongside brooding? My work on H. abdominalis provides an 

essential point of reference when answering these questions and is a pivotal stepping stone 

for determining the adaptations that support male pregnancy and patrotrophy across a male 

placenta.  

 

Seahorses exhibit paternal transport of organic molecules including lipids (Skalkos et al., 

2020) and proteins (Chapter 3: Skalkos et al., 2024), and inorganic molecules such as Ca, 

Mg, and P (Chapter 4) across a non-invasive placenta, to developing embryos during 

pregnancy. My research demonstrates that despite fundamental biological differences 
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between male and female pregnancy, the male placenta in H. abdominalis is functionally 

analogous to the female non-invasive placenta in other taxa (Blackburn and Starck, 2015; 

Buddle et al., 2019; Whittington and Friesen, 2020), and that parentotrophy in male 

vertebrates has convergently evolved to be as wide-ranging as (at least incipient) matrotrophy 

in female viviparous vertebrates. The convergent evolution of parentotrophy is widespread 

and has multiple independent origins in squamates (Thompson et al., 2000; Adams et al., 

2005), chondrichthyans (Lombardi et al., 1993; Hamlett, 2005a; Sato et al., 2016; Buddle et 

al., 2020), amphibians (Wake, 1993; Sandberger-Loua et al., 2017), and teleosts (Olivera‐

Tlahuel et al., 2019; Chapter 3: Skalkos et al., 2024). For example, the viviparous lizard, 

Pseudemoia entrecasteauxii, has a non-invasive highly vascularised placenta that secretes 

histotrophe containing lipids and proteins (Thompson et al., 2000; Adams et al., 2005; Van 

Dyke et al., 2014). Comparably, in the only known matrotrophic viviparous anuran, the non-

placental Nimbaphrynoides occidentalis (previously Nectophrynoides occidentalis), 

histotrophe includes mucopolysaccharides and amino acids (Vilter and Lugand, 1959; 

Xavier, 1971; Xavier, 1973; Sandberger-Loua et al., 2017). The parentotrophic transport of 

organic molecules across non-invasive placentae, like in H. abdominalis (Skalkos et al., 

2020; Chapter 3: Skalkos et al., 2024), is prevalent across matrotrophic viviparous 

vertebrates. 

 

Traditionally, the evolution of viviparity was viewed as preceding the evolution of 

matrotrophy (Blackburn 1992). However, more recent hypotheses include the transition from 

oviparity [lecithotrophy] to viviparity with incipient matrotrophy as simultaneous in taxa 

such as squamates, rather than as successive stages of evolution (Blackburn 1992). All 

studied squamates (oviparous and viviparous), provide at least some post-fertilisation 

provisioning to developing embryos (Blackburn, 1992; Stewart and Thompson, 2000; 

Blackburn, 2015). For example, all oviparous squamates uptake minerals from their external 

environment, particularly Ca mobilised from the eggshell (Florian, 1990; Stewart and 

Thompson, 2000; Thompson et al., 2001; Thompson and Speake, 2006). Thus, the basic 

physiology for Ca provisioning for the egg-shelling process is already present in the uterus of 

oviparous lizards (Thompson et al., 2004). Similarly, “lecithotrophic” viviparous sharks have 

uteri with secretory tissues, implying matrotrophy occurs in these species (Hamlett, 2005b; 

Cotton et al., 2015). Moreover, in teleosts, active transport mechanisms for small organic 

molecules are present in oviparous fish embryos (Morrison et al., 2017), suggesting the 

mechanisms supporting embryonic uptake precede the evolution of viviparity. Likewise, in 
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many oviparous caecilians, hatched embryos exhibit histophagy adaptations like those in 

larval matrotrophic viviparous caecilians (Wake, 1977; 1993; Kupfer et al., 2006; Wilkinson 

et al., 2008), suggesting the evolution of embryonic uptake likely evolved at least 

concurrently with viviparity. Thus, the female reproductive tract, eggs and embryos of some 

oviparous vertebrates including squamates, caecilians, and teleosts, are pre-adapted for the 

evolution of live birth and parentotrophy. Using H. abdominalis as a model, I provide strong 

circumstantial evidence that when complex brooding/viviparity evolves, regardless of taxa, 

sex or analogous organ, parentotrophy has co-evolved concomitantly (Figure 1.). 

 
Figure 1. An adapted co-evolution hypothesis for the simultaneous convergent evolution of viviparity/complex brooding and 

parentotrophy to include oviparity with brooding.  

Convergent evolution of patrotrophy in other male brooding vertebrates 

 

Patrotrophy in the complex brooding H. abdominalis includes both organic and inorganic 

nutrient transport (Skalkos et al., 2020; Chapter 3: Skalkos et al., 2024; Chapter 4). These 

findings suggest that patrotrophy of inorganic nutrients has potentially convergently co-

evolved in other male brooding vertebrates, and the transfer of organic nutrients is likely to 

occur where there are opportunities for close association of embryonic and paternal tissues, 

as often occurs in female pregnancy in other taxa (Schindler and Hamlett, 1993; Thompson et 

al., 1999; Thompson and Speake, 2006; Buddle, 2021; Whittington et al., 2022). In the only 

male brooding anuran, Rhinoderma darwinii, a vocal sac brooding frog, paternally injected 

labelled horseradish peroxidase enzyme, as well as valine and leucine (essential amino acids), 

are detected in the vocal sac in the form of histotrophe, and in larvae, indicating patrotrophy 

of protein (Goicoechea et al., 1986). Oviparous anuran embryos and larvae can absorb 

environmental compounds and minerals including Ca (McDonald et al., 1984; Stiffler, 1993; 

Fort et al., 1998; Qin and Xu, 2006; Carotenuto et al., 2023). If oviparous anuran embryos 

are predisposed for parentotrophy like teleost (Morrison et al., 2017) and squamate (Florian, 
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1990; Thompson and Speake, 2006) embryos, it is highly likely that minerals are paternally 

transported in R. darwinii to developing embryos, and possible that other organic nutrients 

(e.g. lipids) are likewise transported. To test this, I suggest comparing total lipid, as well as 

Ca, Mg, and P contents, which are important in anuran embryogenesis (Packard et al., 1977), 

in embryos at the beginning and end of male incubation.  

 

Two important distinctions exist between Syngnathidae and R. darwinii: 1. fertilisation 

occurs on or in the male in syngnathids whereas R. darwinii have external fertilisation, and 2. 

the entirety of embryogenesis occurs on or in the male in syngnathids, whereas only larval 

development and metamorphosis occurs inside the vocal sac of R. darwinii, following ~ 20 

days of embryonic development in the external environment (Goicoechea et al., 1986). 

Therefore, although R. darwinii fits the current definition for oviparity with brooding in 

males, syngnathid male-pregnancy is much more complex and covers the entire duration of 

embryogenesis. Notably though, R. darwinii is patrotrophic, thus providing evidence that 

internal fertilisation and embryonic incubation for the entirety of embryogenesis are not 

prerequisites for parentotrophy (Figure 1.). This is interesting given the prerequisites of 

viviparity include internal fertilisation and egg retention (Blackburn, 1992). Thus, the drivers 

of parentotrophy are unlikely to be internal fertilisation/extended egg retention and may 

instead be the close association of tissues is all you probably need. As such, other common 

features likely associated with parentotrophy include at least some internal incubation of 

embryos and the close apposition between parental and embryonic tissues (Figure 1.). 

Considering male R. darwinii transport large molecules and likely minerals, this oviparous 

frog can provide unique insight into how patrotrophy and the mechanisms underpinning it 

have convergently evolved with complex male brooding, without internal fertilisation.  

 

Convergent evolution of matrotrophy in female brooding vertebrates 

 

Matrotrophy has evolved at least once in female brooding vertebrates and can be an 

important point of comparison for the convergent co-evolution of internal incubation, live 

birth and parentotrophy outside of the female reproductive tract. For example, in the skin-

brooding anuran, Gastrotheca excubitor, there is an increase in dry mass across embryonic 

development, providing the first evidence for matrotrophy in an oviparous female brooding 

anuran (Warne and Catenazzi, 2016; Chapter 2: Skalkos et al., 2023). Furthermore, labelled 

fatty acids and amino acids injected into the gestating female are localised to pouch tissues 
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and within developing embryos, specifically showing provisioning of lipid and protein to 

developing embryos (Warne and Catenazzi, 2016), as occurs in H. abdominalis (Skalkos et 

al., 2020; Chapter 3: Skalkos et al., 2024). The evolution of diverse parentotrophy of 

organic nutrients in two convergent homoplastic brooding structures across sexes strongly 

suggests that complex brooding and viviparity have co-evolved with the ability to provide 

developing embryos with nutritional supplementation. Thus, studying the physiology and 

trophic abilities of other oviparous brooding vertebrates may provide more comparative data 

to test the convergent co-evolution hypothesis of viviparity/complex brooding, and 

parentotrophy.  

 

Other likely convergent co-evolution oviparous brooding models 

 

Research into the provisioning strategies and gestating parental role in the success of 

reproduction of oviparous brooding vertebrates remains preliminary. Parentotrophy has 

convergently evolved in the male brooding vertebrates, H. abdominalis and R. darwinii, and 

female brooding G. excubitor, providing several examples of evidence of the convergent co-

evolution hypothesis. The data presented in this thesis supports the hypothesis that with close 

apposition of parental and embryonic tissues in an internally incubating structure, wide-

ranging parentotrophy convergently co-evolves (Skalkos et al., 2020; Chapter 3: Skalkos et 

al., 2024; Chapter 4). Consequently, my work predicts that complex brooding vertebrates 

may also be parentotrophic. Future research on the fundamental biology and physiology of 

oviparous brooding teleosts and anurans will provide valuable comparative information on 

how male brooding, female brooding, and viviparity, in addition to parentotrophy 

convergently evolved across taxa. Defining provisioning strategies and the mechanisms that 

support parentotrophy in a broad range of comparative brooding models will help test 

whether the hypothesis that parentotrophy and viviparity/its equivalents consistently and 

predictably convergently co-evolve. 

 

Male brooding vertebrates 

 

Other than syngnathids and R. darwinii, currently no other male brooding anurans or teleosts 

have been studied to determine provisioning strategy or the physiological role of the father on 

embryonic development. Future studies on other male brooding vertebrates would provide 

comparative data that examines the range and degree of patrotrophic provisioning, and 
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mechanisms underpinning it, across different lineages. I hypothesise that the oviparous male 

skin-brooding teleost, Kurus gulliveri, is likely patrotrophic. The forehead skin of K. gulliveri 

is folded into crypts that extend deeply into the dermis and contain embedded embryos (Berra 

and Humphrey, 2002), like in the non-invasive placenta of H. abdominalis (Skalkos et al., 

2020). These crypts in K. gulliveri are probable specialisations that evolved to facilitate 

adhesion of the sticky egg mass. The crypts in H. abdominalis in which embryos are 

embedded, in addition to the mucin acellular layer present at the paternal-embryo interface of 

these crypts (Chapter 5), likely also facilitate embryo adhesion. Moreover, the tissue 

immediately associated with the crypts is highly vascularised in K. gulliveri and H. 

abdominalis, likely facilitating gas exchange and nutrient supplementation of embryos in 

both (Berra and Humphrey, 2002; Whittington and Friesen, 2020; Dudley et al., 2021), and 

may also contribute to keeping embryos embedded (Berra and Humphrey, 2002). 

Comparatively in the viviparous gummy shark, Mustelus antarcticus, uterine mucosa create 

individual embryo compartments that increase the surface area for fetomaternal exchange of 

water and likely inorganic nutrients (Storrie et al., 2009). The patrotrophic capabilities of H. 

abdominalis (Skalkos et al., 2020; Chapter 3: Skalkos et al., 2024; Chapter 4), the similar 

“crypts”, increased vascularisation, and close proximity of embryos to paternal tissue 

observed in K. gulliveri brooding tissue, suggest that male transport of organic and inorganic 

molecules may similarly occur in this species. Therefore, I suspect that K. gulliveri could 

offer another teleost model in which male brooding has convergently co-evolved with 

patrotrophy and can contribute valuable information on how male pregnancy and the 

physiological role the father has on its success, has evolved.  

 

Additionally, the male vocal sac brooding frog, Rhinoderma rufum is like R. darwinii in that 

fertilisation is external and after eight days of larval development, embryos are taken into the 

vocal sac, then released into the aquatic environment, but R. rufum embryos are released 

before the end of metamorphosis (Jorquera et al., 1974; Jorquera et al., 1982). Current 

knowledge on the morphology and physiology of male R. rufum are very limited, and thus 

there is little that suggests R. rufum may be patrotrophic. Nonetheless, the similar 

patrotrophic abilities and brooding morphology of R. darwinii and H. abdominalis (Skalkos 

et al., 2020; Chapter 3: Skalkos et al., 2024; Chapter 4), and the very close relation and 

reproductive behaviour of R. darwinii to R. rufum, it is likely that R. rufum is patrotrophic.  

However, I suggest further histological examination of embryos in situ and nutrient content 
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comparisons across incubational development, as R. rufum may represent another 

comparative model for how male incubation has evolved, and whether it co-evolved with 

patrotrophic abilities, without internal fertilisation and with the release of metamorphosing 

young.  

Female brooding vertebrates 

 

Female brooding vertebrates can also provide valuable morphological and physiological 

comparisons for the convergent co-evolution of internal incubation, the birth of live young, 

and parentotrophy, outside of the traditional definition of viviparity. By comparing the range 

and degree of matrotrophy in female brooders with that of viviparous and male brooding 

vertebrates we can better understand how viviparity/complex brooding and parentotrophy 

evolved across different sexes and gestating structures. This data can also help determine 

whether the mechanisms driving parentotrophy evolve consistently across sexes and 

gestating organs, or whether novel pathways evolve each time. In the female brooding frog, 

Gastrotheca riobambe, embryos develop highly vascularised gill placentae that are intimately 

apposed to maternal tissues, like in the matrotrophic brooding frog, G. excubitor (Jones et al., 

1973; del Pino et al., 1975; Greven, 2011; Wake, 2015; del Pino, 2018). During embryonic 

incubation in G. riobambae, the pouch walls become enlarged, highly vascularised, and 

envelop individual embryos (del Pino et al., 1975), similar to the crypts observed in 

patrotrophic K. gulliveri and H. abdominalis (Berra and Humphrey, 2002; Skalkos et al., 

2020; Dudley et al., 2021) and matrotrophic G. excubitor (Jones et al., 1973; del Pino, 2018). 

Moreover, calculating a PI can help distinguish between parentotrophy and lecithotrophy 

(Chapter 2: Skalkos et al., 2023). Like H. abdominalis, in G. riobambae the dry mass of 

embryos does not decrease across development (del Pino and Escobar, 1981), suggesting 

parentotrophy (Skalkos et al., 2020; Chapter 2: Skalkos et al., 2023). However, calculating 

PI alone to distinguish between lecithotrophy and incipient patrotrophy is not sufficient 

(Chapter 2: Skalkos et al., 2023), and it remains unconfirmed in anuran literature whether G. 

riobambae mothers are matrotrophic (del Pino, 2018). Given the PI of 1 and morphological 

similarities of G. riobambae to patrotrophic H. abdominalis, K. gulliveri and matrotrophic G. 

excubitor, I strongly encourage research into the trophic and other physiological capabilities 

involved in supporting embryogenesis in this female brooding frog.  

 

Additionally, I suggest defining the provisioning strategies of the female skin-brooding 

teleost genuses Platystacus (Apredinidae family), and Solenostomus (Solenostomidae 
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family), as potential comparative models for the convergent evolution of embryonic 

incubation in or on the female body, outside of the female reproductive tract. Both genera 

brood embryos on maternal cotylephores that contain extensive connective tissue and heavy 

vascularisation where the egg envelope adheres to the maternal tissue (Wetzel et al., 1997), 

similar to the close apposition of paternal-embryonic tissues in H. abdominalis (Carcupino et 

al., 1997; Skalkos et al., 2020; Dudley et al., 2021; Harada et al., 2022).  Syngnathidae and 

Solenostomidae are sister lineages (Wilson and Orr, 2011; Longo et al., 2017), but it is 

unlikely that male pregnancy evolved from female skin-brooding (Whittington and Friesen, 

2020), and thus the brooding structures of both and that of Platystacus, in structure and 

probable parentotrophic function, represent convergent evolution of similar embryonic 

incubation structures across sexes (Wetzel and Wourms, 1995). Comparing distantly related 

skin brooders can tell us whether the same nutrients that are transported in H. abdominalis 

(Skalkos et al., 2020; Chapter 3: Skalkos et al., 2024; Chapter 4), and other brooders, are 

widespread, and whether all skin-brooding vertebrates have evolved similar functions and 

underlying mechanisms, or whether different mechanisms developed with each independent 

evolution. 

 

Mucins in complex brooding structures  

 

In contrast to the oviparous brooders mentioned and all viviparous species currently known, 

in H. abdominalis, an acid mucin acellular layer containing OVGP1 borders the paternal 

pouch tissue and developing embryos. A similar layer has been identified within syngnathids 

in S. abaster (Carcupino et al., 1997), but not in any other family of vertebrates (Chapter 5). 

How the brooding specific mucous layer in both S. abaster and H. abdominalis is involved in 

male pregnancy is currently unknown, but likely acts as a facilitator of patrotrophic 

provisioning (discussed in Chapter 5). However, some valuable comparisons of mucous in 

the gestational tissues of brooding and viviparous species can be drawn. Mucous cells are 

absent in the brood pouch luminal epithelium of H. abdominalis (Kawaguchi et al., 2017), 

despite mucous cells being present in the external epithelium (Chapter 5). Similarly, the 

forehead skin of the non-brooding male K. gulliveri contains no secretory mucous cells, 

which differs from normal fish skin (Berra and Humphrey, 2002). Conversely, in the female 

skin-brooding G. riobambae, pouches contain mucous glands (Jones et al., 1973), that secrete 

a PAS+ mucous which helps attach embryos to the maternal brood pouch tissue (del Pino and 

Escobar, 1981; del Pino, 2018). Similarly, in the incipiently matrotrophic shark, 
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Carcharodon carcharias, PAS+ material is present on the surface and in the cytoplasm of the 

epithelial cells of the uterine wall (Sato et al., 2016), like what is observed in H. abdominalis 

(Chapter 5). The PAS+ material in C. carcharias is also present in the uterine fluid, likely 

secreted from the uterine epithelium along with lipid histotrophe (Hamlett, 2005a; Conrath 

and Musick, 2012; Sato et al., 2016). The mucous material in the uterine epithelium and fluid 

is likely evidence of “mucoid histotrophe”, the simplest form of matrotrophy in viviparous 

sharks (Hamlett and Koob, 1999; Storrie, 2004; Conrath and Musick, 2012). However 

mucous cells in the uterine epithelium have not been confirmed in C. carcharias. Therefore, 

it is likely that mucous cells are not required for mucoid histotrophe across internally 

gestating vertebrates, and that mucoid histotrophe may have convergently evolved in 

viviparous chondrichthyans and brooding teleosts. Furthermore, the acellular layer in H. 

abdominalis is PAS+, appears to be paternally derived and thus may contribute some 

patrotrophy (Chapter 5). However, the mechanisms behind production of the mucin, nor its 

role in paternal internal incubation and patrotrophy in H. abdominalis, are currently 

unconfirmed. To better understand the role of mucins and the acellular layer in H. 

abdominalis pregnancy, additional localisation of other mucins to the brood pouch epithelium 

would be optimal. More broadly, deeper research into the fundamental biology and 

morphology of egg attachment sites in brooding and incipiently matrotrophic viviparous 

vertebrates is required to test if the acellular layer in H. abdominalis is an adaptation unique 

to syngnathids or if it has convergently evolved in other viviparous/complex brooding 

parentotrophic vertebrates. 

 

Although not a brooding species, the oviparous Symphpysodon aequifasciata is a species of 

discus fish in which parents feed fry from secreted paternal skin mucous after hatching (Blüm 

and Fiedler, 1965; Schradin and Anzenberger, 1999; Wei et al., 2021), a strategy similar to 

some skin-feeding caecillians (Kupfer et al., 2006; Wilkinson et al., 2008). This implies that 

the typical mucous function of fish epithelium has evolved transport mechanisms to supply 

nutrition in non-brooding lecithotrophic oviparous vertebrates, displaying a likely 

predisposition to mucoid histotrophy, particularly in skin brooders. Moreover, the transport 

of minerals and organic molecules across a skin-derived placenta in H. abdominalis (Skalkos 

et al., 2020; Chapter 3: Skalkos et al., 2024; Chapter 4), suggests it is possible that the 

mechanisms underpinning mucous secretion may have been co-opted for use in wide-spread 

parentotrophy. Symphpysodon aequifasciata, like H. abdominalis, is an oviparous species 
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that provides circumstantial evidence that the evolution of internal gestation does not precede 

the evolution of parentotrophic mechanisms.  

 

Mechanisms of patrotrophy in syngnathids  

 

Potential mechanisms of paternal nutrient transport 

 

The mechanisms underpinning the transport of nutrients across viviparous/complex brooding 

vertebrates are understudied, with studies primarily focussed on net embryonic 

uptake/maternal transport of minerals in squamates (Thompson and Speake, 2006), teleosts 

(Chapter 2: Skalkos et al., 2023) and chondrichthyans (Frazer et al., 2012). My thesis 

identifies the range of nutrients that are transported in the most complex form of male 

brooding. The mechanisms by which syngnathids transport nutrients to developing embryos 

during pregnancy and how embryos uptake them are currently unknown, and likely diverse 

given the various molecule sizes involved (Chapter 3: Skalkos et al., 2024; Chapter 4). 

Nutrients may be transported from the paternal blood to the pouch by transcytosis across the 

brood pouch epithelium or may be synthesised or modified in the epithelial cells themselves 

(Whittington and Friesen, 2020). Modified flame-cone cells (MFCC) in the brood pouch 

epithelium of H. hippocampus may be involved in extraembryonic nutrition, including 

protein synthesis (Carcupino et al., 2002) but are not present in the brood pouch luminal 

epithelium of H. abdominalis (Kawaguchi et al., 2023; Chapter 5), or suspected patrotrophic 

S. schlegeli (Watanabe, 1999; Watanabe et al., 1999; Kawaguchi et al., 2023), implying 

MFCC are not necessary for patrotrophy across the Syngnathid family. In pregnant S. 

abaster, intra-cellular spaces develop at the basal surface of the pouch epithelial cells that 

may facilitate patrotrophy and transport of other substances into or out of the pouch lumen as 

histotrophe (Carcupino et al., 1997). I hypothesise that paternal nutrients are transported to 

embryos across the male placenta of patrotrophic syngnathids via histotrophe released into 

the brood pouch, as occurs in the male brooding R. darwinii (Goicoechea et al., 1986), 

matrotrophic viviparous N. occidentalis (Vilter and Lugand, 1959; Xavier, 1971; Xavier, 

1973; Sandberger-Loua et al., 2017), many viviparous chondrichthyans with no or non-

invasive placentae (Hamlett, 1989; Buddle et al., 2019), and putatively in the female 

brooding G. excubitor (Warne and Catenazzi, 2016). Histotrophe can contribute to substantial 

parentotrophy and in the histotrophic gummy shark, M. antarcticus, contributes to a PI of ~ 9 
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(Storrie et al., 2009; Chapter 2: Skalkos et al., 2023). I also hypothesise that histotrophe may 

be supplemented by simple parentotrophy (Chapter 4). I recommend testing this hypothesis 

by tracking labelled nutrients to the brood pouch fluid of H. abdominalis using enzyme- or 

radio-immunoassay techniques (Sánchez-Vizcaíno Rodríguez and Cambra, 1981) as in R. 

darwinii (Goicoechea et al., 1986), to establish whether paternal nutrients are supplied to 

embryos in the form of histotrophe. 

 

Lipid droplets may be involved in lipid patrotrophy in some syngnathids. Lipid droplets are 

abundant in the pouch tissues of H. erectus (Linton and Soloff, 1964) and H. barbouri 

(Oconer et al., 2003), which may support fatty acid release into the pouch, although neither 

species are confirmed patrotrophic. In the viviparous incipiently matrotrophic shark, C. 

carcharias, lipid histotrophe occurs via lipid droplets that are present on the surface and in 

the cytoplasm of the epithelial cells of the uterine wall (Sato et al., 2016), and released via a 

mucous. Lipid droplets in H. erectus, H. barbouri and C. carcharias may represent 

convergent evolution of mechanisms that support parentotrophy of lipids in varying gestating 

organs. Furthermore, the mucin acellular layer in H. abdominalis (Chapter 5), may be 

involved in lipid patrotrophy, in the form of mucoid histotrophe like C. carcharias (Hamlett, 

2005a; Conrath and Musick, 2012; Sato et al., 2016). Future studies should test the 

hypothesis that lipid droplets/secretions are present in H. abdominalis pouch tissue by 

histological staining similar to those used in H. erectus (Linton and Soloff, 1964) and C. 

carcharias (Sato et al., 2016), or by using SEM as demonstrated in H. barbouri (Oconer et 

al., 2003), or tracking labelled fatty acids e.g. 13C as in G. excubitor (Warne and Catenazzi, 

2016). 

 

Several other nutrient transporter genes are hypothesised to be involved in patrotrophy in H. 

abdominalis including amino acid solute carriers SLC38A10 and SLC38A5, and Ca 

transporter ATP2C1 (Whittington et al., 2015). Solute carriers are a large family of 

membrane bound transporters that transport amino acids and minerals across placentae in 

mammals (Carter, 2012), and putatively in the viviparous skink Pseudemoia entrecasteauxii 

(Griffith et al., 2016), and shark Rhizoprionodon taylori (Buddle et al., 2021). Furthermore, 

in lizards, Ca2+ ATPase channels in shell glands and/or the uterine epithelium are 

hypothesised to be important for Ca provisioning (Thompson et al., 2004; Thompson and 

Speake, 2006). The localisation of these proteins using immunohistochemistry or correlative 

light and electron microscopy (Moore et al., 2016) in the brood pouch of H. abdominalis will 
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improve our understanding of the mechanisms supporting patrotrophy in the most complex 

form of male brooding known to vertebrates.  

 

My thesis primarily focuses on identifying the macronutrients paternally transported across 

the male placenta to developing embryos during H. abdominalis pregnancy (Chapter 3: 

Skalkos et al., 2024; Chapter 4), to provide a foundation for understanding the mechanisms 

of patrotrophy and embryonic uptake (Chapter 5), as a comparative model for the evolution 

of viviparity/complex brooding and parentotrophy. Transcriptomic comparisons of viviparous 

vertebrates with independent origins of live birth, show that different genes evolved to 

support the same underlying morphological and physiological functions of viviparity (Foster 

et al., 2022). Studying the morphology, physiology, and molecular biology of brooding 

vertebrates as comparative models for the evolution of parentotrophy, will allow 

determination of whether the mechanisms underlying parentotrophy in homoplastic brooding 

organs repeatedly evolve across taxa or if it evolved through recruitment of different genes, 

like viviparity (Foster et al., 2022). Lastly, fundamental knowledge on the mechanisms 

supporting parentotrophy and live birth/its equivalents in a range of vertebrates where these 

traits have convergently evolved, allows us to test whether these two traits consistently co-

evolve.  

 

Potential mechanisms of embryonic nutrient uptake 

 

In Chapter 4 I delve into the potential mechanisms for paternal nutrient transport and 

embryonic uptake of inorganic molecules Ca, Mg, and P. Inorganic nutrient transport alone 

does not constitute parentotrophy (Chapter 2: Skalkos et al., 2023), as embryonic uptake 

occurs in oviparous [lecithotrophic] vertebrates (Thompson et al., 2000; Thompson et al., 

2001; Oftedal, 2002). However, the mechanisms by which they occur can provide insight into 

the initial step for the evolution of parentotrophy and the complexity of provisioning during 

internal incubation in oviparous male brooders. The ability of parentotrophic embryos to 

absorb nutrients from their environment was likely retained from an egg-laying ancestor and 

is a prerequisite for parentotrophy (Wourms et al., 1988; Blackburn, 2015). Studies on 

parentotrophy in vertebrates including fishes, anurans, and squamates have focussed on 

defining provisioning strategy, identifying what is transported, measuring net transport of 

nutrients, and deriving hypotheses on how they are transported (Chapter 2: Skalkos et al., 

2023), as fundamental stepping stones to ascertaining the mechanisms underpinning their 
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transport. However, research on embryonic uptake of the nutrients that the parents transport 

is relatively under emphasised yet constitutes a crucial aspect of the functionality of 

parentotrophy. Deriving an embryonic transcriptome at various stages of embryogenesis in 

complex brooding parentotrophic vertebrates like H. abdominalis, as recently done in 

Syngnathus scovelli (Healey et al., 2024), could identify genes associated with embryonic 

uptake of nutrients in other vertebrates, and thus provide testable hypotheses for mode of 

nutrient uptake and the mechanisms that support it/them. In S. scovelli, the embryonic skin 

expresses an abundance of carbohydrate binding proteins, supporting the hypothesis that 

absorption of nutrients including macromolecules likely occurs via the skin of embryos 

(Healey et al., 2024). This molecular research opens new avenues for testing evolutionary 

hypotheses on the other side of the same process; do embryos always convergently evolve the 

same mechanisms for the same nutrient uptake modes, or do novel mechanisms evolve with 

each independent origin?  

 

Histotrophy and histophagy are modes of embryonic uptake of nutrients that have been 

hypothesised for male and female brooding vertebrates and are common in matrotrophic 

viviparous vertebrates. Rhinoderma darwinii embryos are hypothesised to utilise both 

histophagy and histotrophy for organic nutrient uptake (Jorquera et al., 1982; Goicoechea et 

al., 1986), with extracytoplasmic vacuoles in the larval skin likely involved in the latter 

(Jorquera et al., 1982). Similarly, N. occidentalis embryos uptake mucopolysaccharides by 

histotrophy but amino acids by histophagy (Vilter and Lugand, 1959; Xavier, 1971; Xavier, 

1973; Sandberger-Loua et al., 2017). Moreover, the embryos of G. excubitor likely uptake 

organic nutrients via their bell gills (histotrophy) (Warne and Catenazzi, 2016). As 

histotrophy and histophagy are embryonic uptake modes present in parentotrophic 

Syngnathids and both male and female brooding amphibians, I hypothesise that embryos of 

H. abdominalis uptake patrotrophic nutrients through a combination of both. Specifically, I 

hypothesise that embryos absorb minerals primarily through ionocytes in the skin 

(histotrophy) during early embryogenesis, which is later combined with absorption via the 

gills and gastrointestinal tract (histophagy) (Chapter 4). Calcium, in contrast to Mg and P, is 

primarily absorbed from the environment rather than from digestion (Chapter 5). The ability 

to absorb Ca from the environment via skin ionocytes before the development of the gills and 

GIT may contribute to the large increase in paternal Ca contribution, compared to Mg and P, 

across development. In S. abaster, mitochondria-rich cells (ionocytes) are scattered in the 
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epidermis of the brood pouch that apoptose after the reproductive period (Carcupino et al., 

2002), highlighting a brooding-specific role. Provisioning mode has not yet been examined in 

S. abaster, a pipefish with a closed brood pouch (Carcupino et al., 2002). However, since I 

have demonstrated ionic transport in a closely related species (Chapter 4), ionocytes may be 

involved in the release of minerals into the brood pouch lumen. I hypothesise that ionocytes 

are involved in both the release of minerals into the brood pouch lumen, and the absorption 

by embryos in patrotrophic syngnathids. Future studies using transition and scanning electron 

microscopy on H. abdominalis embryos and inner tissue layer of the brood pouch in situ 

should test the hypothesis that ionocytes are present in embryonic skin which will provide 

further testable hypotheses for how they are involved in paternal secretion of minerals and/or 

embryonic uptake (Carcupino et al., 1997). Utilising these techniques to examine the 

interface of paternal-embryonic tissues will also provide greater insight into the role of the 

acellular layer in patrotrophy and offer greater understanding of how complex male brooding 

evolved.  

 

Beyond the pouch: Evolutionary implications 

 

This thesis provides pioneering evidence that H. abdominalis males transport a broad range 

of nutrients to their developing offspring in the pouch during pregnancy. This is the first time 

a brooding vertebrate has been demonstrated to have such a wide-ranging parentotrophic 

ability. Thus, this thesis provides strong evidence supporting the hypothesis for the co-

evolution of parentotrophy and viviparity/complex brooding across various taxa, tissue 

structures, and sexes. The work in this thesis advances our knowledge on the fundamental 

biology of male pregnancy, which provides greater insight into how pregnancy and its 

supporting mechanisms evolve across taxa. The morphology and physiology of viviparity and 

the placenta have convergently evolved highly similar functions across diverse taxa 

(Blackburn, 2015), despite a lack of convergence in supporting gene recruitment (Foster et 

al., 2022). This extreme convergent co-evolution of reproductive traits suggests that the 

evolution of viviparity/its equivalents is predisposed to co-evolve with the mechanisms 

underpinning parentotrophy, performing similar functions. The close apposition of parental 

and embryonic tissues observed in a diverse range of viviparous and some brooding species 

is repeatedly concomitant with parentotrophy. This body of work demonstrates that gestating 

organs that closely appose embryonic tissues during pregnancy/brooding across different taxa 

and sexes have evolved to transport similar molecules. Future work should expand on this 
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foundation to examine whether nutrient transport is widespread amongst complex brooding 

vertebrates and whether transport is achieved via similar or unique mechanisms. Lastly, the 

male placenta of H. abdominalis can be used as a model for how complex organs in general 

are predisposed to convergently evolve the same physiological functions with each 

independent evolution, even if gene expression and underlying mechanisms differ. 
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