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Bullet points: 28 

• Syngnathids (pipefish, pipe-horses and seahorses) are a highly derived and diverse 29 

fish taxon and many of their most iconic traits – and these traits´ variation across 30 

species - develop during their early ontogeny. 31 

• This study provides a detailed description and staging table of the entire pre-release 32 

development (and beyond) of three distinct syngnathids (two phylogenetically 33 

distinct pipefishes and a seahorse) with a focus on the skeletal elements forming the 34 

cranium, axial skeleton, appendages and the plate armor. 35 

• The data provided in this study suggests that developmental heterochrony, i.e. 36 

alterations in the rate and timing of developmental processes between lineages, 37 

might be a central evolutionary process shaping the morphological diversity found in 38 

syngnathids today. 39 

 40 

Data availability: 41 

Geometric morphometric measurements can be found in the Supplementary Data. 42 

 43 

Grant Sponsor: 44 

European Research Council (ERC) to Olivia Roth (MALEPREG: eu-45 
repo/grantAgreement/EC/H2020/755659). 46 

Deutsche Forschungs Gemeinschaft (DFG) to Joost M Woltering (WO-2165/2-1 & WO-47 
2165/2-2). 48 

 49 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503137doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503137
http://creativecommons.org/licenses/by-nc/4.0/


 3 

Conflict of interest disclosure: 50 

None declared. 51 

 52 

Ethics approval statement: 53 

All experiments were conducted in accordance with local ethics regulations (University of 54 
Kiel Anzeige §4 1315). 55 

  56 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503137doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503137
http://creativecommons.org/licenses/by-nc/4.0/


 4 

Abstract 57 

Background 58 

Syngnathids are a highly derived and diverse fish clade comprising the pipefishes, pipe-59 

horses and seahorses. They are characterized by a plethora of iconic traits that increasingly 60 

capture the attention of biologists, including geneticists, ecologists and developmental 61 

biologists. The current understanding of the origins of their derived body plan is, however, 62 

hampered by incomplete and limited descriptions of the early syngnathid ontogeny. 63 

Results 64 

We provide a comprehensive description of the development of Nerophis ophidion, 65 

Syngnathus typhle, Hippocampus erectus from early cleavage stages to release from the 66 

male brooding organ and beyond, including juvenile development. We comparatively 67 

describe skeletogenesis with a particular focus on dermal bony plates, the snout-like jaw 68 

morphology, and appendages. 69 

Conclusions 70 

This most comprehensive and detailed account of syngnathid development to date suggests 71 

that convergent phenotypes (e.g. reduction and loss of the caudal fins), likely arose by 72 

distinct ontogenetic means in pipefish and seahorses. Comparison of the ontogenetic 73 

trajectories of S. typhle and H. erectus provides indications that characteristic features of the 74 

seahorse body plan result from developmental truncation. Altogether this work provides a 75 

valuable resource and framework for future research to understand the evolution of the 76 

outlandish syngnathid morphology from a developmental perspective.  77 
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Introduction 78 

Syngnathids (pipefishes, pipe-horses and seahorses) are a globally distributed taxon of highly 79 

derived fishes that evolved a plethora of bizarre and unique phenotypes. Examples are the 80 

elongated, fin-reduced bodies of the pipefishes ,1 the leaf-mimicking appendages of the leafy 81 

seadragons,2,3 the curved body posture that permits upright swimming in seahorses 4, and of 82 

course male pregnancy - a unique trait shared amongst syngnathids.5,6 These and other 83 

outlandish novelties of the syngnathid lineage attract an ever-increasing scientific attention 84 

.7,8 For instance, recent studies addressed how the syngnathids’ tube-like jaws and angled 85 

head posture facilitate pivot feeding,9,10 or investigate the mechanical basis for the flexible 86 

and strong prehensile tail.11,12 A full comprehension of the evolutionary history of lineage 87 

specific morphological novelties, that is beyond their adaptive significance or adult physiology, 88 

requires knowledge of how these traits form during embryonal development. In case of the 89 

syngnathids, several factors complicate the study of their ontogeny. Firstly, laboratory work 90 

on syngnathids requires a dedicated marine facility and breeding only occurs with optimized 91 

husbandry. Alternatively, embryonic material can be collected in the field but typically this is 92 

cumbersome with respect to culturing and documentation. Secondly, syngnathids have a 93 

reproductive strategy involving paternal care whereby the embryos are fertilized and develop 94 

inside a ventral belly-groove or pouchlike brooding organ of the father. Many syngnathids 95 

(e.g., seahorses and Syngnathus pipefishes) produce embryos that upon release already 96 

possess the adult body plan and thus do not pass through a specialized free-living larval stage 97 

– i.e., they qualify as direct developers.13-15 Therefore, the most informative developmental 98 

stages need to be collected from the brooding organ through more or less invasive procedures 99 

(depending on the species and type of brooding organ, see below). Thus, to study the 100 
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developmental biology of specific morphological features, such as the elongated snout or fin 101 

loss in pipefishes, their pre-release development must be considered. 102 

Syngnathid embryonal and juvenile development has been the subject of several studies: 103 

Novelli et al.16,17 provided a detailed description of the chondro- and osteoskeletal 104 

development in juvenile Short-snouted seahorses (Hippocampus hippocampus) throughout 105 

the first month post-release and of the inner organs in juvenile Longsnout seahorses 106 

(Hippocampus reidi), confirming that loss of the spleen is an adult phenomenon. Franz-107 

Odendaal et al.18 focused on post-release development of the juvenile seahorses’ head 108 

skeleton proposing that heterochronic shifts contribute to interspecific differences in head 109 

morphology. Studies investigating pre-release (i.e., embryonal) development are scarcer, and 110 

often rely upon incidental sampling with few replications, which limits the level of detail they 111 

provide (e.g., 19-23, but see 24 for approximately the second half of pre-release development, 112 

and 25 for Syngnathus kidney development). The only comparative study spanning the entire 113 

syngnathid pre-release development we are aware of describes and compares Straight-nose 114 

pipefish (Nerophis ophidion), Black-striped pipefish (Syngnathus abaster) and Big-belly 115 

seahorse (Hippocampus abdominalis).20 Yet only few developmental stages per species are 116 

described and developmental timing is estimated according to previous studies on related 117 

species. Furthermore, the study by Marie Azzarello24 focuses on the second half of pre-release 118 

development. However, due to its publication in 1990 the quality of images provided is limited 119 

to the standards of the time. Therefore, a comprehensive comparative study describing and 120 

illustrating syngnathid development remains a timely contribution to the field. 121 

Here, we comparatively described the pre-release development of representatives of three 122 

deep syngnathid branches (Fig 1 a), the Nerophinae (Straight-nose pipefish, Nerophis 123 

ophidion), Syngnathinae (Broadnosed pipefish, Syngnathus typhle) and Hippocampinae (a 124 
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taxon nested within the Syngnathinae (Fig. 1 a-d); Lined seahorse, Hippocampus erectus).26,27 125 

Selected species feature an abundance of distinct morphological phenotypes, as they feature 126 

distinct reproductive strategies (Fig. 1 e-g). We focus on the pre-release development and add 127 

details on post-release development for some characters. Finally, we discuss the scientific 128 

value of the syngnathid model system in the context of evo-devo research. 129 

 130 

Results 131 

Adult morphology and breeding biology: a brief overview 132 

The three selected syngnathid species examined in this study represent three deep branches 133 

within the syngnathids radiation (Fig. 1 a), and display many of their diverse phenotypes (Fig. 134 

1).26 The Straight-nose pipefish (N. ophidion) is a primarily European species with a preference 135 

for brackish water. It has an extremely thin and elongated body (33 precaudal and 73 caudal 136 

vertebrae; Table 1), with males typically being approximately 20cm long (with a maximum 137 

body diameter of 3-4mm) while the females are larger and can reach lengths of approximately 138 

30cm (with a maximum body diameter of 4-6mm, not accounting for an ornamental ventral 139 

longitudinal skin protrusion; Fig. 1b; 28). Adult N. ophidion have only a dorsal fin, which 140 

contains 33 soft-rays (Table 1). Note that all syngnathids lack the fin spines present in other 141 

spiny-rayed fishes 29 as a result of secondarily loss. The posterior body axis does not terminate 142 

in a caudal fin but instead forms a prehensile tail used by the fish to wrap themselves around 143 

holdfasts, such as eelgrass.30 Females have a membrane ventrolateral along their trunk that is 144 

erected during intraspecific interactions. For syngnathids, N. ophidion has a relatively small 145 

head and short snout (Fig. 1).  146 

The Broad-nosed pipefish (S. typhle) is also a European species. It has a less extremely 147 

elongated body (with 19 precaudal, 36 caudal and one ural vertebra) and males and females 148 
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are more equal in size, with both rarely reaching substantially over 20cm in our sampling area 149 

of the Baltic Sea (with a maximum body diameter of approximately 1.5 cm in non-pregnant 150 

males and non-gravid females; 28,31; Fig. 1 c). S. typhle has relatively well-developed pectoral 151 

(14 rays), dorsal (37 rays), anal (3 rays) and caudal (10 rays) fins (pelvic fins are absent in all 152 

syngnathids as the result of loss of the tbx4 gene (Table 1).1,32 S. typhle has the long tubular 153 

snout typical for syngnathids, which in this species appears laterally compressed when 154 

compared to other pipefish species.30 Furthermore, males have modified bony body plates 155 

with ventrolateral protrusions on the anterior portion of their tail that support the elaborate 156 

pouch-like brooding organ (Fig. 1 h). 157 

The Lined seahorse (H. erectus) belongs to the subfamily of Hippocampinae, which have 158 

evolved an upright swimming posture, a prehensile muscular tail and the most derived form 159 

of pregnancy among syngnathids (Fig. 1 d).33 Males and females are similar in size; 160 

approximately 6-12 cm with uncoiled tail 34. However, large males typically have a deeper 161 

body due to a ventral bony trunk keel that females lack. Males also have a sealable brood 162 

pouch at the more cranial portion of their tail (Fig. 1 d). Their head (excluding snout) appears 163 

axially compressed when compared to other syngnathids (see also 10). 164 

N. ophidion, S. typhle and H. erectus represent three main types of brooding organs that 165 

evolved in Syngnathids.6 N. ophidion has the simplest type of brooding organ, possibly 166 

representing the ancestral state for syngnathids, which runs as a ventral abdominal groove 167 

along the ventral side of the trunk (i.e. pre-caudal region). The round eggs (typically 0.8-1 mm 168 

in diameter; see also 28) are attached to this groove in several rows during mating (Fig. 1 e). 169 

Egg numbers are linked to male and female body size, but often exceed 100. On occasion, 170 

clutches are (partially) unfertilized, leading to a rejection of the unfertilized eggs after several 171 

days. Eggs found on wild-caught specimens are often overgrown by different types of algae 172 
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and even small mussels are regularly found settling on the eggs. This does not seem to affect 173 

the survival of the eggs though (personal observation). Eggs are held in place by being partially 174 

engulfed by the hypertrophic brooding organ tissue. 30 The larvae are released by hatching 175 

from the egg membrane after approximately 27 days post mating (dpm; at 16°C) and 176 

remaining egg shells are discarded by the male brooding organ several hours later, when the 177 

brooding organ tissue undergoes hypotrophy. 178 

The brooding organ of S. typhle evolved into a more derived, partially sealable brood pouch, 179 

which runs along the ventral side of the anterior tail Fig. 1 f). In contrast to N. ophidion, the 180 

brooding tissue includes two muscular skin flaps running along each side of the brooding patch 181 

parallel to the body axis, which together form a pouch when closed. Outside of the mating 182 

season, these are hypotrophic and folded flat towards each other. However, when male 183 

individuals become ready to mate, these skin flaps undergo remodeling and hypertrophy, and, 184 

together with the actual brooding patch, form a U-shaped brooding unit into which the female 185 

transfers her round eggs (~1.5-2mm in diameter; see also 28). Egg numbers are smaller 186 

compared to N. ophidion (but still can exceed 100 in large individuals 31), and a filled brood 187 

pouch typically holds several dozens of eggs (depending on the male size). Occasionally, only 188 

partially filled pouches are found, possibly because mates assessed their partner’s 189 

attractiveness during mating as too low to invest the maximal possible number of eggs/pouch 190 

space into the brood.35 After mating, the male closes the brood pouch via the muscular skin 191 

flaps, which fold towards each other and cover the eggs completely. The inner endometrium-192 

like skin of the brooding patch (“pseudo-placenta”) and skin flaps then engulf the eggs almost 193 

completely. The male may mate again, typically by opening the anterior part of his brooding 194 

pouch and eggs are deposited anterior to the previous clutch.31 S. typhle embryos hatch within 195 

this brooding pouch after approximately 16dpm (at 16°C) and are released after 196 
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approximately 31dpm. Therefore, the primary difference between the brood structures of the 197 

two pipefishes investigated is that N. ophidion possesses an exposed brood patch whereas S. 198 

typhle provides a more shielded incubation environment offering increased opportunities for 199 

parental provisioning through interaction with an endometrium-like tissue. 200 

The brooding organ of H. erectus is the most derived type found in syngnathids (Fig. 1 g). In 201 

contrast to S. typhle, the two skin flaps become fused at the midline during brooding organ 202 

development,36 forming a sack-like pouch with only a small, muscular opening at the cranial 203 

end of the tail. Pear-shaped eggs (approx. 1.5mm wide and 2.5mm long) are deposited during 204 

mating into this pouch, where they are fertilized and engulfed by the hypertrophic 205 

endometrium-like tissue. Egg numbers again depend on male and female body sizes and range 206 

from <100 to >1500 in the wild.34 Embryonic development commences inside the egg but 207 

embryos often hatch well before being released: we observed that in clutches of similarly 208 

developed embryos some hatched as early as 6dpm in the pouch while others had not yet 209 

hatched at 12dpm, suggesting that hatching may be determined by the microenvironment in 210 

the pouch, rather than being ontogenetically synchronous. After 16dpm juveniles were 211 

released from the paternal pouch (at 23°C), whereby some heterogeneity in juvenile 212 

developmental stages can be observed between batches. 213 

 214 

Pre-release development as revealed by microscopy 215 

Pre-release development was documented using microscopy after extraction of embryos from 216 

egg-bearing males of N. ophidion, S. typhle and H. erectus. Table 2 gives an overview of the 217 

timed appearance of benchmark morphological features. Our description of pre-release 218 

development is intended as a comparative, yet global, overview of syngnathid ontogeny and 219 

is arguably more limited in detail concerning morphology and developmental timing than 220 
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staging series published for model species (e.g. zebrafish, medaka 37-39). As in previous studies, 221 

the difficulties in obtaining syngnathid embryos combined with the fact that developmental 222 

speed among and within batches can vary somewhat (as reported before) made obtaining 223 

targeted stages challenging. Thus, references to developmental time should be treated as 224 

approximations (e.g., 10dpm may mean anything from 9dpm+12h to 10dpm+12h; see 225 

Experimental Procedures section for more details). Previous literature divided syngnathid pre-226 

release (or “pre-natal”) development into varying stages,20 but the description provided here 227 

will follow these only loosely, and rather refer to developmental events and when these occur 228 

in the three considered species (in days post mating, or relative developmental time in 229 

percentage) as recognizing comparable developmental stages is quite subjective (as discussed 230 

in 24). We adhere to terminology for “direct” and “indirect” developing species as used in 13-231 

15. Herein the term “larva” is reserved for the first free feeding (i.e., post-embryonic) stage, 232 

but only in cases where important differences with the adult body plan exist that only 233 

disappear upon metamorphosis, as is the case for the indirect developing N. ophidion. We 234 

consider H. erectus and S. typhle direct developing species in which the embryo directly 235 

transforms into a feeding juvenile, as defined by the presence of an adult-like body plan.  236 

In our description of syngnathid ontogeny we first present the overall pre-hatch/pre-release 237 

development (early, middle, late) while focusing on characteristics recognizable without 238 

further staining. Subsequently, a more detailed description of osteology is provided based on 239 

stained samples. Furthermore, in situ hybridization was used to explore early skeletogenesis 240 

and myogenesis.  241 

 242 

Early pre-release development: from mating to mid-hindbrain barrier 243 
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The first third of development in all three studied syngnathid species is similar and 244 

synchronized with respect to relative developmental time (Fig. 2; Table 2): in the first days 245 

after mating (zygote, blastula & segmentation stage), all embryos pass through the typical 246 

stages of early teleost development, including cleavage (with high, oblong, dome stage and 247 

onset of epiboly) and gastrulation (epiboly commences, the embryonic shield forms and the 248 

tail bud becomes visible; for reference see, for instance, zebrafish staging 37). Eye cups and 249 

otic vesicles emerge during the segmentation stage, which is when somites become visible. 250 

When the mid-hindbrain barrier becomes visible, N. ophidion embryos have completed 251 

approximately 1/3 of their pre-hatching development (9dpm), encircle the relatively small 252 

yolk sac almost entirely, and have developed over 30 somites (Figure 2 upper panel). In 253 

contrast, S. typhle reaches this stage somewhat earlier (8.5dpm) but with fewer than 20 254 

somites formed (Figure 2 mid panel), similar to H. erectus, which reaches this stage 255 

approximately after 4dpm, i.e., 25% of its pre-release developmental time (Figure 2 lower 256 

panel). The latter species’ embryos also appear relatively smaller compared to yolk sac size 257 

due to the larger yolk sac. At this stage a heartbeat was also recognizable in all species. 258 

 259 

Mid pre-release development: appendages and jaw emerge 260 

After the mid-hindbrain barrier is established, the hindbrain ventricle forms visibly and soon 261 

after the first pigment cells can be detected in the dorsal part of the eye’s pigment layer and 262 

along the trunk (Fig. 3). Pigmentation continues to spread during the following days, especially 263 

along the trunk and head, and the eyes become dark and fully pigmented. Somitogenesis 264 

continues until day 18 in N. ophidion, which never develops a caudal fin bud, and until 12 and 265 

7, in S. typhle and H. erectus, respectively, after which caudal fin buds form. Mandibular 266 

condensations are visible at approximately 15dpm, 10dpm and 8dpm in N. ophidion, S. typhle 267 
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and H. erectus, respectively, which continuously grow and extend anteriorly. Dorsal fin 268 

condensations can be identified after 10dpm and 6dpm in S. typhle and H. erectus, 269 

respectively, while this takes until 17dpm in N. ophidion. The latter species is characterized by 270 

a prominent fin fold along the caudal region, which starts to form at 15-17dpm and is resorbed 271 

in the second and third week after hatching. In H. erectus, during this period (starting at 272 

~6dpm) the hindgut is noticeably increasing in volume, a condition maintained after release. 273 

 274 

Late pre-release development: jaw outgrowth, yolk resorption, bony plates emergence 275 

The last third of pre-release development is characterized by increased pigmentation, yolk 276 

sack resorption, the elongation of the tube-shaped mouth, and the appearance of the 277 

characteristic bony plates in S. typhle and H. erectus (Fig. 4). While S. typhle and H. erectus 278 

become fully pigmented (except for some fins) during this period, N. ophidion’s pigmentation 279 

is still patchy at the day of hatching and full pigmentation cover of the body is only achieved 280 

within the first week post hatching. In all three species the yolk sack is typically fully absorbed 281 

when juveniles are released by their fathers. Interestingly, both pipefishes pass through a 282 

stage during which their head trunk connection resembles a seahorse. This is most striking in 283 

S. typhle (which is more closely related to seahorses than it is to N. ophidion). From 21 dpm 284 

to 28 dpm the head and trunk are positioned at a right angle from each other, which becomes 285 

only parallel towards release (31dpm). In contrast in H. erectus the initial right angle between 286 

head and trunk never straightens but is maintained in adults, possibly indicative of 287 

developmental truncation (see discussion). 288 

 289 

Skeletal development as revealed by Alcian blue and Alizarin red staining 290 
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The skeletal development of studied species is presented as revealed by Alcian Blue (stains 291 

cartilaginous tissues blue) and Alizarin Red staining (stains ossified tissues red). As delicate 292 

ossification appeared undetectable via Alizarin Red staining when used as part of the low-acid 293 

(and even non-acid) double staining technique in conjunction with Alcian Blue in this study 40, 294 

additional Alizarin Red staining on selected stages were used to describe ossification patterns 295 

separately (see also Experimental Procedures section). This has also allowed us to detect 296 

ossifying tissues earlier than previous studies.18 A schematic of a S. typhle juvenile 297 

(chondro)skeleton is used to visualize the position of presented body features in the figures. 298 

The branchial basket is not included in the description as the used staining techniques did not 299 

reveal its structures sufficiently. Furthermore, individual structures (and substructures) may 300 

not be described if they could not be identified with the applied methods. For complementary 301 

descriptions of the (cranial) cartilages and bones in syngnathids, see 9,10,19. 302 

 303 

Chondrocranium: the formation of a tube-shaped snout 304 

One of the most iconic shared features of all syngnathids is their snout-like jaw apparatus, 305 

which forms the anterior part of a distinct head (Fig. 6-10). The posterior part of the head is 306 

connected to the trunk by a neck region that allows for some individualized movement 307 

(particularly in the dorsoventral dimension) of the head (depending on the species). The 308 

chondrocranium develops throughout the second half and the latter two thirds of pre-release 309 

development in the N. ophidion and S. typhle & H. erectus, respectively, and the only 310 

structures distinctly stained before were the otoliths/otic cartilage. Using our staining 311 

techniques, the earliest non-otic chondric condensations could be identified as the anterior 312 

tip of Meckel’s cartilage, which scaffolds the dentary (identifiable at approx. 16, 13 and 7dpm, 313 

in N. ophidion, S. typhle and H. erectus, respectively). Most major cranial cartilage 314 
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condensations could be identified only one to two days later in all examined species, including 315 

the ethmoid plate cartilage, the palatoquadrate, the hyosymplectic cartilage, the ceratohyal 316 

and interhyal, and the parachordal cartilage. At approximately 20, 17 and 10dpm the basihyal, 317 

hypohyal and pterygoid process of the quadrate are recognizable in N. ophidion, S. typhle and 318 

H. erectus, respectively. The mandible (lower jaw) becomes more distinct and some days later 319 

starts to bend upwards (dorsally), forming a near vertical orientation of the mouth opening. 320 

At the same time the upper jaw emerges. While its dorso-ventrally aligned jaw position 321 

develops after 17dpm and 10dpm (corresponding to ~55% and 63% of pre-natal 322 

developmental time) in S. typhle and H. erectus, this stage of jaw development is reached only 323 

after 20dpm (74% of pre-natal developmental time) in N. ophidion (Fig. 10). Interestingly, at 324 

this stage the developing ethmoid cartilage is not straight, but rather has a curved shape, 325 

which straightens during the last stages of pre-release development. This is the stage when 326 

the iconic snouts forms, starting at about 25dpm in N. ophidion, 19dpm in S. typhle and at 327 

about 12dpm in H. erectus. Also, during this time the vomer cartilage/rostral cartilage 328 

emerges, which is accompanied by an overall elongation of the ethmoid and hyosymplectic 329 

cartilage in combination with a re-orientation of the palatoquatrate, which rotates from its 330 

orientation rather parallel to the hyosymplectic cartilage to an orientation almost 331 

perpendicular to it. Allometric snout elongation continues after release, however, the 332 

composition and relative orientation of morphological structures to each other does not 333 

change anymore considerably. 334 

Geometric morphometric data on the head shape and key cartilages was collected and 335 

analyzed using PCA (see Experimental Procedure section for details and limitations of this 336 

approach; Fig. 10). Principal component one (PC1) positively correlates with relative age of 337 

the samples, suggesting it reflects the main morphological transitions investigated 338 
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syngnathids’ heads underwent (Fig. 10 b). At release (rel. age =1), S. typhle individuals show 339 

the highest scores (i.e., elongated snout, shallow head) when compared to the other two 340 

species, while N. ophidion only catches up to S. typhle after hatching, and H. erectus’ scores 341 

remain intermediate between the other two species until release. H. erectus develops its 342 

characteristic high head cranium, which differentiates this species from the pipefish species 343 

as reflected on PC3 (Fig. 10 c). PC2 illustrates how N. ophidion undergoes a more pronounced 344 

L-shaped jaw stage compared to S. typhle (with more negative values on PC2), and only around 345 

the day of hatching the snout straightens and a morphology more similar to that of S. typhle 346 

is developed (i.e. more positive scores on PC2; see also Fig. 11 a,b). 347 

Using separate Alizarin Red stainings, ossification was detected at earlier stages compared to 348 

previous studies,18 and individual bones – especially in the complex head skeleton – could be 349 

identified, although individual bones contributing to the neurocranium could not be reliably 350 

delineated (Fig. 6-10). In all studied species, otoliths were the first structures showing the 351 

onset of ossification with this technique, followed by the maxillary and cleithrum (25, 16, 352 

10dpm, for N. ophidion, S. typhle and H. erectus, respectively) and shortly after the 353 

premaxillary, symplectic and dentary (Fig. 7-9). In N. ophidion, Alizarin Red staining suggests 354 

that ossification indeed does not commence much further until the larvae hatch and only few 355 

more structures show staining, such as the parasphenoid, ceratohyoid, and basioccipital (Fig. 356 

7 lower panel). In S. typhle and H. erectus, ossification commences much further until the day 357 

of release and then can be detected in most facial/cranial bones (Fig. 8,9 lower panels). 358 

 359 

Formation of the occipital and pre-caudal axial skeleton 360 

In vertebrates the somites contribute to all the body regions except for the anterior head. 361 

Four main somite derived skeletal regions are distinguished in fishes, namely the basioccipital 362 
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(posterior part of head region), precaudal (trunk), caudal (tail) and ural (caudal fin) region.13 363 

In teleosts, somites 1 and 2 contribute to the basioccipital, which forms the posterior part of 364 

the cranium, and somite 3 connects the cranium to somite 4, which represents the first somite 365 

developing into a vertebra.13 We examined the formation of the axial skeleton using Alcian 366 

blue and Alizarin red staining. In all three examined syngnathids, the notochord is visible as a 367 

subtle blue rod already at very early stages (e.g. in S. typhle at 8dpm; Fig. 12). The first 368 

condensations of the neural arches were observed at the most anterior precaudal somites at 369 

24, 17 and 10 dpm for N. ophidion, S. typhle and H. erectus, respectively (Fig 12). It is 370 

noteworthy that, whereas in N. ophidion three days later neural arch formation was still 371 

restricted to the most anterior somites, neural arch protrusions were observed in all precaudal 372 

and most caudal somites in S. typhle and H. erectus only one day after their first appearance 373 

anteriorly. In H. erectus and especially S. typhle, the neural arch elements from somites 4 to 374 

6, which correspond to vertebrae 1 to 3, become notably hypertrophic and distinct from other 375 

neural arch elements during pre-release development. The first transversal processes were 376 

recognizable on central precaudal and anterior caudal vertebrae in S. typhle at around 22 dpm 377 

and in H. erectus at 10dpm, while in N. ophidion these processes could not unambiguously be 378 

identified before hatching day. The formation of the vertebral centra is not detected using 379 

Alcian blue because in teleosts these elements form through intramembranous ossification 13 380 

and ossifying vertebrae centra are observed via Alizarin Red staining at 22dpm and 16dpm in 381 

S. typhle and H. erectus (Fig. 12 lower panel), while no ossification of vertebrae centra could 382 

be detected in N. ophidion before hatching. In contrast, in S. typhle and H. erectus the neural 383 

& haemal arches/spines, transversal processes, dorsal and anal fin radials and rays, caudal fin 384 

rays, and pectoral proximal fin radials already undergo ossification at the day of release 385 
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according to Alizarin Red staining. Interestingly, Alcian blue stains the non-ossifying part of 386 

the vertebral column (Fig. 12), which probably corresponds to the intervertebral disks.  387 

Ribs and epicentrals could not be identified in any of the studied species in line with the notion 388 

that syngnathids have secondarily lost ribs,1 and sesamoid bones in epaxial tendons were only 389 

identified in subadult or older stages of N. ophidion, but not in S. typhle nor H. erectus, 390 

consistent with previous studies (Fig. 11).10,41 The emergence of the haemal arches, which 391 

define the caudal region is discussed below together with the developmental of the caudal 392 

region. 393 

 394 

Development of the syngnathids’ bony plate armour 395 

Adult syngnathids possess an armour of jointed bony plates in their integument,42,43 which 396 

provides protection and structural support for the fins (Fig. 1 h).12,44 All three studied species 397 

feature a very similar pattern of seven longitudinal (i.e. anterior-posterior) oriented rows of 398 

bony plates in the neck and trunk region. Three rows cover each flank in a bilaterally 399 

symmetrical pattern whereby the dorsal most rows on each side close in on each other in the 400 

dorsal midline. The ventral side is covered in a single unpaired row of plates (Fig. 13), which is 401 

discontinued at the anus. In a transition region (approx. from anus to the posterior end of the 402 

dorsal fin) the three pairs of flank rows are reduced to the two pairs that form the majority of 403 

the square-shaped plate armour of the tail region (with one row forming each edge, Fig. 404 

13).42,44 Interestingly, this transition from six to four rows is different in each species: in N. 405 

ophidion, the two most dorsal pairs of rows continue seamlessly into the tail region; in S. 406 

typhle, instead, the most dorsal pair of rows is discontinued after the posterior border of the 407 

dorsal fin and the remaining two rows form the tail armour; and in H. erectus only the middle 408 
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trunk row is continued as the ventral tail row, while the dorsal tail row emerges in between 409 

the two most dorsal trunk rows at the eleventh plate ring (Fig. 13).  410 

The first putative indications of integument covering in N. ophidion occur during the same 411 

stages the axial skeleton emerges (Fig. 12) and can be observed as one lateral row of pointy 412 

spines using Alcian blue (26dpm; Fig. 12, second panel, b,e) (which here probably is indicative 413 

of dermally ossifying condensations with high glycosaminoglycan content, rather than of 414 

cartilage). Together with spines formed by cranial cartilages (see Fig. 6 i,j) N. ophidion larvae 415 

exhibit thus a row of defensive spines along the body, which is only resorbed one to two weeks 416 

after hatching and likely functionally replaced by the adult bony plate armour. It remains 417 

unclear if these spines are developmental precursors of bony plates or have an independent 418 

origin. Notably, similar protrusions are also observed in H. erectus, starting at ~12dpm (Fig. 12 419 

lower panel, b). Here, protrusions remain blunt and become bony plates centers. Given the 420 

apparently divergent ontogenetic trajectories the homology between the early dermal 421 

protrusions in N. ophidion and H. erectus remains for now unclear.  422 

Adult N. ophidion and S. typhle have similar plate types and individual plates are connected 423 

by well-developed longitudinal spine-and-groove joints and smaller (or absent) transversal 424 

peg-and-groove joints (Fig. 14a-d; for details on plate ultrastructure see 43). Their bony plates 425 

develop from cross-shaped tissue condensations (“ridges”) that stained blue with Alcian Blue 426 

(Fig. 10 mid and lower panel, c,f; observable from 10 days post hatch and 28dpm onwards in 427 

N. ophidion and S. typhle, respectively). These crosses emerge along the body in 428 

aforementioned rows, with one cross being formed per vertebra and row (observable from 429 

10days post hatch and 28dpm onwards in N. ophidion and S. typhle, respectively). Crosses 430 

then continue to form the main ossification ridge of maturing bony plates throughout further 431 

development as they expand, ossify and get into contact with each other (Fig. 14). When 432 
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forming bony plates start to overlap peg-and-groove sliding joints are formed with the more 433 

cranially-oriented margin of a plate always sliding over its neighboring plate and, by doing so, 434 

forming the groove. The more caudally-oriented margin slides under its neighbor and forms 435 

the peg (Fig. 14 a-d). In addition, a plate’s dorsal margin slides over its more dorsally situated 436 

neighbor, and one or multiple joints may be formed. In H. erectus, plates are connected by 437 

exactly one well developed peg-and-groove joint to each adjacent plate (Fig. 11 e-h). In 438 

studied pipefish, only longitudinally oriented joints (i.e., joints to cranially or caudally adjacent 439 

plates) form such well-developed joints, while those between dorsoventrally overlapping 440 

plates remain often much less well developed: here several smaller joints can be found 441 

(especially in the precaudal region) or joints can be absent (especially in the caudal region), 442 

suggesting different evolutionary demands for skeletal flexibility among species and body 443 

regions within species.42,44 Furthermore, the shape of these plates in studied pipefishes could 444 

be visualized using Alzarin Red staining only relatively late in development (for both pipefish 445 

species, weeks after hatching/birth), suggesting that rigidity of the bony plate armor remains 446 

low until late in development, while in H. erectus this was already possible few days post birth, 447 

arguing for a high rigidity of the seahorse’s body armor in early stages compared to those of 448 

studied pipefishes. Still, in S. typhle we observed that some of the spaces between these bony 449 

plates become filled by much smaller, secondary plates without joints in adults, which do not 450 

arise from (or feature) previously described ridges (see also 43), arguing for the importance of 451 

a body armor that covers the body fully. 452 

Finally, in H. erectus the cross-shaped condensations that form the bony plates are often 453 

elevated upon spine-like protrusions (primarily on the most dorsal plate row; not to be 454 

confused with spine-like protrusions found in N. ophidion), visible from ~12dpm onwards (Fig. 455 

10 lower panel, c,f). Interestingly, these plate protrusions emerged consistently among 456 
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individuals first on the precaudal vertebrae three, five, seven and nine, while protrusions on 457 

the other precaudal vertebrae only emerged much later and remain smaller (hypertrophic vs. 458 

hypothropic plate protrusions, respectively). Caudally to the dorsal fin, such hypertrophic 459 

protrusions are found every three to four vertebrae, with individuals varying in patterns: some 460 

have hypertrophic protrusions consistently on every third caudal vertebra, some on every 461 

fourth, and others have more variable patterns. The difference between hypertrophic and 462 

regular spine-like protrusions translates also in differences in bony plate sizes, which are most 463 

notable in juveniles in H. erectus, while in adults the differences are much less pronounced 464 

(but still recognizable). 465 

 466 

Pectoral fin & girdle morphology: loss and degeneration 467 

The characterization of the morphology and developmental history of the syngnathids’ 468 

pectoral girdle and fin has been challenging due to their high degree of ossification as well as 469 

bone fusions and resorptions in juveniles and adults. Furthermore, the unusual positioning 470 

and shape of the endochondral disk derived bones in these fish led to some incorrect 471 

conclusions in previous studies (Fig. 15).16 The adult pectoral fins of S. typhle and H. erectus 472 

are highly derived and characterized by fusion with the bony plate armour and resorption of 473 

central fin parts. In N. ophidion’s rudimentary pectoral fins are only present in embryos and 474 

larvae, but are resorbed upon transition into juveniles (Fig. 11 c-g).  475 

In all three species, pectoral fin bud condensation could be observed early on in development 476 

(Table 2) and an endoskeletal disk (giving rise to the scapula, coracoid, propterygium and 477 

proximal radials) could be recognized via Alcian Blue staining from 14, 15 and 6dpm in N. 478 

ophidion, S. typhle and H. erectus, respectively (Fig. 16 all panels, a). A main difference to most 479 

other teleosts is the failure of the endoskeletal disk cartilage to separate the initial 480 
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cartilaginous Anlage into discrete scapula, coracoid and proximal radial elements during pre-481 

release development. In S. typhle and H. erectus, a continuous Anlage emerges oriented 482 

almost perpendicularly to the body axis. Along its proximal ridge a forked thickening 483 

corresponds to a scapulocoracoid, which initially remains distally fused to the distal part of 484 

the endochondral disk (Fig. 15b; Fig. 16 mid and lower panels, e-h). In other teleosts, this more 485 

distal part of the endochondral disk gives rise to the proximal radials through cartilage 486 

resorption, however, in syngnathids this process appears to be partially suppressed. In S. 487 

typhle and H. erectus initial central fissures form, but these fail to extend proximally and 488 

distally before release. The recognizable five radial elements (the most dorsal one probably 489 

corresponding to the propterygium) remain fused distally and proximally connected to the 490 

scapulocoracoid – a conformation retained until bony plates covering the pectoral girdle have 491 

ossified sufficiently weeks to months after release (Fig. 15). 492 

Distal radials and fin rays appear as de novo condensations approximately 20dpm and 10dpm 493 

in S. typhle and H. erectus, respectively, and resemble in their ontogeny and structure those 494 

of other teleost fins9. Furthermore, we observe the formation of the cleithrum in a very similar 495 

manner. In adult S. typhle and H. erectus, the pectoral fin complex is attached to, and largely 496 

obscured by, strongly ossified tissue (Fig. 15 d) and its morphology is therefore difficult to 497 

observe. Dissections, reveal the presence of seemingly five proximal radial elements, which 498 

have now become attached to the dermal armor (Fig. 15 d-g). At their distal end proximal 499 

radials remain connected to each other via cartilaginous tissues and articulate with the fin 500 

rays (lepidotrichia) through the distal radials. Only a ventroproximal rudiment remains of the 501 

scapulocoracoid (Fig. 15 h-k) and proximal radials are individualized proximally. The radial 502 

elements do thus not directly articulate with the girdle but are fixed in place by their 503 

attachment to the bony armor, however, the two are connected through the dorso-ventral fin 504 
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musculature that bridges the large intervening gap. The bony plates associated with the 505 

rudimentary girdle and radials probably provide the structural support that allowed the 506 

evolutionary reduction of radial and girdle elements. Thus, in adult S. typhle and H. erectus 507 

the pectoral fin/girdle is a highly derived complex wherein five radial-like elements are 508 

attached to the bony armor posterior-distally and the girdle is present as a small 509 

scapulacoracoid element anterior-proximally attached to the cleithrum and dermal plates. 510 

Interestingly the presence of five, instead of four, radials might equally be interpreted as a 511 

derived departure from the canonical Bauplan of the teleost fin.45 We, however, speculate 512 

that the most dorsal (rudimentary) radial element corresponds to the propterygium, whose 513 

formation and subsequent secondary fusion with the coracoid can also be observed in 514 

cichlids.13  515 

Altogether, and while the homology of the various elements of the pectoral fin cannot yet be 516 

resolved with complete certainty, it appears that the autoapomorphic pectoral fin of H. 517 

erectus and S. typhle results from a failure to separate the initial endochondral disk into the 518 

separate components of the ancestral teleost pectoral fin, followed by a resorption of most 519 

of the initial cartilaginous Anlage. 520 

An even more extreme developmental modification is found in N. ophidion, where pectoral 521 

fin development is truncated at the endochondral disk stage. During embryogenesis a single 522 

continuous endochondral disk Anlage connected to a fin fold is formed (Fig. 16 upper panel). 523 

However, this disk never shows any fissures nor do distal radials or fin rays develop. Instead, 524 

pectoral fin differentiation is terminated after approximately 21dpm (after which only the fin 525 

fold is still allometrically growing). Larval N. ophidion use these neotenic pectoral fins 526 

throughout their first post-release life stages (approx. the first two weeks post hatch), but lose 527 
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them finally while transitioning into juveniles, which only possesses a dorsal fin after loss of 528 

the neotenic pectoral fins (Fig. 11 c-g). 529 

 530 

Development of the caudal axial skeleton, dorsal fins and anal fins 531 

The transition from pre-caudal to caudal vertebrae is indicated by the presence of the haemal 532 

arch in caudal vertebrae, which forms from protrusions found at 18 and 9.5 dpm in S. typhle 533 

and H. erectus, respectively, while these are not present yet in N. ophidion at hatching (Fig. 534 

17; at 10 days post hatch they could be observed using Alcian Blue staining). The dorsal fin 535 

develops from mesenchymal condensations, which form the proximal radials 536 

(pterygiophores), after which distal radials and rays form. In N. ophidion, dorsal fin 537 

differentiation is not concluded before hatching, likely because the species relies on its well-538 

developed fin fold for locomotion during the first days post hatching, but at approximately 12 539 

days post hatch rays were completely formed. Seahorses rely for their locomotion on dorsal 540 

fin movement.46 In line with this central importance seahorses complete dorsal fin formation 541 

relatively earlier in development, even compared to S. typhle. In S. typhle and H. erectus the 542 

anal fin forms fairly synchronized with the dorsal fin (Table 2). 543 

 544 

Ural region and the caudal fin:  545 

The teleosts’ caudal fin is a complex structure and, in contrast to the other fins, its 546 

endochondral components are derived from the vertebral column. In the caudal fin, rays 547 

articulate directly with highly modified neural and haemal arches (the “epurals” and 548 

“hypurals”, respectively), which originate from the most posterior vertebrae (for overview see 549 

13). In syngnathids, the caudal fin was lost in several taxa (often in favor of a prehensile tail),42 550 

and in those with caudal fins it appears highly derived (Fig. 18). From among the many 551 
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individual bony structures found in most other teleosts, only the urostyle (or a urostyle-like 552 

most posterior element) could be identified with some certainty in S. typhle and H. erectus, 553 

although in the latter it does not retain its initial dorsal bending (visible at 8dpm), which would 554 

be typical for teleost fishes. In S. typhle the formation of a single hypural cartilage can be 555 

observed (18dpm). Its partially bifurcated shape is suggestive of specification into a dorsal and 556 

a ventral domain. This cartilage does however not separate into individual hypural radials. 557 

Actinotrichia can already be observed at 17pdm and forming fin rays directly articulate with 558 

the hypural cartilage (starting approx. 19dpm). This morphology is still present in adult S. 559 

typhle, however, it should be noted that bony plates cover the entire tail up to the caudal 560 

peduncle, presumably providing structural stability to the caudal complex (similar to the 561 

pectoral fins). In S. typhle the presence of an additional transient dorsal Anlage can be 562 

detected during development (15-19dpm), which possibly corresponds to a rudimentary 563 

uroneural (Fig. 18). In H. erectus, the caudal fin is degenerated (as reported before for other 564 

Hippocampus 16,18,47) and although some hypural cartilage is formed, it does not attain a shape 565 

resembling the caudal fin in S. typhle (Fig. 18 fourth panel). The outgrowth of 2-5 developing 566 

rays, as suggested by actinotrichia, stagnates soon after its onset and these are not 567 

recognizable anymore in adult H. erectus (see also in situ hybridization section below).  568 

Ossification in the most posterior spine region of N. ophidion was only detected in subadult 569 

fish, with fairly uniform vertebrae merely decreasing in size forming the caudal tip (Fig. 18 570 

lower panel, a). In contrast, ossification of the hypural cartilage commences at 22dpm in S. 571 

typhle with rays starting to ossify already one to two days earlier (Fig. 18 lower panel, b). In H. 572 

erectus, the hypural cartilage did not undergo ossification before release, however, alizarin 573 

red stains show how the very organized patterns of one neural and haemal spine per vertebra 574 

typical for the rest of the caudal region is disrupted in the most posterior vertebrae, illustrating 575 
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the overall disarray of regulatory processes orchestrating the ural region’s development in 576 

this species. 577 

 578 

Col10a1a reveals particularly active zones of cartilage and bone formation  579 

Teleost col10a1a is expressed in differentiating chondrocytes and osteoblasts and thus in situ 580 

hybridization can reveal the developmental onset of such cartilaginous and bony skeletal 581 

structures. In the examined stages, col10a1a expression was first detected in the cleithrum, 582 

revealing the presence of this structure already after 12 and 7dpm in S. typhle and H. erectus, 583 

which is considerably earlier than Alcian Blue staining suggested (Fig. 19). Subsequently, 584 

col10a1a expression was detected in Meckel’s cartilage, the hyosymplectic, retroarticulare 585 

and the frontale (after approx. 16 and 10dpm in S. typhle and H. erectus, respectively). After 586 

these stages, col10a1a expression was primarily detected in the outgrowing fin lepidotrichia 587 

(even in the rudimentary caudal fin of H. erectus; Fig. 19 lower panel, f-h) and also in the 588 

center of emerging bony plates in H. erectus 14dpm. 589 

 590 

Myogenesis in syngnathids as revealed by in situ hybridization 591 

Seahorse skeletal musculature has been investigated in conjunction with the fish’s unique 592 

grasping tail in previous studies.42,48 We investigated the early development of such muscle 593 

using in situ hybridization for mybpc1, a gene expressed in slow striated skeletal muscle 49 that 594 

proved to be a useful marker gene for all skeletal muscle in this study (see also Experimental 595 

Procedures; Fig. 20).  596 

Patterns of skeletal myogenesis are similar across examined species and commences with the 597 

axial musculature and myomeres form adjacent to the somites (present at 10dpm and 598 

potentially before in S. typhle; Fig. 18 mid panel, a). Subsequently, pronounced mybpc1 599 
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expression outlines the sternohyoideus muscle, as well as the onset of myogenesis of 600 

branchial, extraocular, neck-region and jaw musculature (between 12 and 15dpm in S. typhle). 601 

At this stage expression patterns of mybpc1 also suggest that axial musculature is separated 602 

into the hypaxial and epaxial portion, which will be separated by the transversal process upon 603 

its formation. Gene expression suggests continuous head musculature formation throughout 604 

the next few days (at 20dpm head mybpc1 expression in the head is virtually absent in S. 605 

typhle, except in the sternohyoideus muscle). During this period, expression patterns in the 606 

axial musculature become more differentiated, suggesting an earlier conclusion of 607 

myogenesis of epaxial compared to hypaxial musculature in the trunk (with the exception of 608 

the myomeres directly anterior to the anterior border of the dorsal fin, where mybpc1 609 

expression remains strong). In the caudal region, mybpc1 expression attenuates first 610 

anteriorly, with posterior myomeres retaining higher expression levels, which likely reflects 611 

their later onset of development. While in S. typhle mybpc1 expression attenuates first in the 612 

hypaxial caudal musculature, H. erectus shows the opposite pattern, with the epaxial 613 

musculature first concluding its development. In late embryonic stages mybpc1 expression is 614 

only detected in the hypaxial trunk musculature that is likely involved in the closure of the 615 

body wall once the yolk sack is sufficiently resorbed. When larvae/juveniles are released, 616 

distinct mybpc1 expression could not be detected anymore (data not shown), arguing for a 617 

conclusion of myogenesis onset prior to this event. In N. ophidion, mybpc1 expression patterns 618 

were less distinct but available data suggest a similar myogenesis pattern to S. typhle, but 619 

again with a substantial delay in relative pre-natal timing, as, for instance, the mybpc1 620 

expression patterns of N. ophidion at 24dpm (approx. 89% of pre-natal development 621 

concluded) corresponds to a stage found at 22dpm in S. typhle (approx. 71% of pre-release 622 

development concluded).  623 
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 624 

Discussion 625 

Syngnathids are extremely derived fishes featuring some of the most bizarre phenotypes 626 

found in teleosts, such as their fin loss, very unusual body shapes, paternal care and highly 627 

modified immune systems.6-8 Many of these iconic traits develop before the embryos hatch 628 

(or are born) and thus only few studies have so far attempted to describe the developmental 629 

trajectory turning a seemingly generic fish embryo into an evolutionary extravaganza.  630 

 631 

Comparative development of studied syngnathids: direct vs. indirect development 632 

Studied syngnathids’ exhibit quite distinct adult morphologies: N. ophidion being extremely 633 

elongated with a small head and almost no fins, S. typhle with a more generic pipefish body 634 

morphology, and H. erectus with the upright posture of the seahorses. During development, 635 

however, the smaller evolutionary distance and possibly the more similar mode of parental 636 

care between S. typhle and H. erectus becomes apparent,26,50 as their development is more 637 

synchronized and more pronounced differences between the two appear relatively late in 638 

development (Table 2). Both species also have a rather direct development, with juveniles 639 

released during birth relatively closely resembling their adult forms, and all characteristic body 640 

features (such as the adult set of fins and approximate body proportions) have been (or are 641 

being) developed. This stands in stark contrast to N. ophidion, which appears to hatch in a less 642 

developed state compared to S. typhle, that has a similarly long pre-natal period (Table 1). 643 

Furthermore, freshly hatched N. ophidion do not feature the characteristic adult traits: the 644 

head is still relatively large with a long snout, pectoral fins are still present and a well-645 

developed fin fold is used for locomotion. Instead, adult characteristics are slowly developed 646 

approximately 2-6 weeks after hatching. Therefore, N. ophidion presents itself as an indirect 647 
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developing species with a pronounced larval stage, while the development of S. typhle and H. 648 

erectus is much more direct, possibly as a result or by-product of their more derived form of 649 

male pregnancy.5,6,13 Thus, developmental stage upon release may be linked to the lineage 650 

(with Nerophinae featuring a larval stage and Syngnathinae not), pregnancy type (with 651 

Nerophis likely not providing nutrients to embryos, while this is more likely/shown for (some) 652 

Syngnathinae51,52), or other factors not considered here and /or their interactions. 653 

 654 

Development of characteristic syngnathid traits 655 

The snout-like jaws of syngnathids are among their most characteristic traits. We find that the 656 

onset of snout elongation is primarily driven by the elongation of the hyosymplectic cartilages 657 

and the unfolding of the ethmoid cartilage (which arises in a curved configuration) during the 658 

second half of pre-natal development, and thus prior to the onset of ossification of these 659 

elements. By rotation of the palatoquadrate to an almost perpendicular position to the 660 

hyosymplectic the tube-like buccal cavity is formed (Fig. 10), which crucially facilitates pivot 661 

feeding. 662 

Bony dermal plates are another characteristic of syngnathids that is also found in other fish 663 

families, such as sticklebacks, and while the homology of plates across these clades was never 664 

established, their occurrence contributed to their (no longer accepted) grouping into the 665 

Gasterosteiformes.53 Here, we find that syngnathid bony plates arise from cross-like tissue 666 

condensations late in pre-natal development (Fig. 12-14). As we observed that – within each 667 

plate row – per vertebra exactly one bony plate is formed, we infer that their ontogeny is 668 

closely linked to the segmented structure trunk as provided by the somites.13 Yet, the exact 669 

homology of bony plates across fishes, and/or whether evolutionarily available gene networks 670 

were co-opted during their evolution, remains unknown. Furthermore, it remains unclear 671 
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what determines the number of plate rows along the trunk and tail region of the fish. Finally, 672 

as plates show a variety of different joint types, exploring the mechanisms determining which 673 

joint type forms during development, and understanding if these joint types are genetically 674 

predetermined or if joint development is (partially) informed by mechanical interactions 675 

among neighboring plates during development, would further our understanding of how 676 

complex novel morphological structures can evolve. 677 

Among syngnathids, the presence or absence of fins appears to be a particularly diverse 678 

characteristic and for any single fin that is found among syngnathids (e.g., the fin set that S. 679 

typhle has) there are representatives that have lost that particular fin (or multiple). For 680 

instance, in N. ophidion, we did not identify any evidence of a (rudimentary) caudal fin being 681 

formed even early on in development, suggesting that the regulatory molecular network 682 

underlying caudal fin formation is dysfunctional at an upstream position, leading to a 683 

complete fin loss (similar to pelvic fin loss across all syngnathids 8; Fig. 18). In contrast, in H. 684 

erectus, we (as many before, e.g., 16,18,47) have observed the onset of fin development while 685 

generic fin differentiation and outgrowth failed, arguing for a downstream dysfunction that 686 

led to a functional fin loss.  687 

Another example of fin loss could again be observed in the indirectly developing N. ophidion, 688 

where larval pectoral fins are lost during the metamorphosis several weeks after hatching. In 689 

these fish, pectoral fins and a well-developed median fin fold along the tail are resorbed (and 690 

also the head shape changes, e.g., the snout becomes shorter; Fig. 11 & 15). A similar, but 691 

even more extreme metamorphosis has been described before in Bulbonaricus brucei (pug-692 

nosed pipefish),54 in which even the larval dorsal fin is resorbed (and facial alterations are 693 

more extreme, leading to a pug-like facial appearance). Our study reveals that in N. ophidion’s 694 

generic pectoral fin development was never actually concluded, despite the pectoral fins are 695 
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used by the larvae during their first weeks post hatching. Instead, pectoral fin development 696 

was seemingly truncated before skeletal differentiation occurred, and while fin outgrowth in 697 

size continued, the fin morphology clearly remained neotenic (Fig. 16 upper panel). Similar to 698 

the caudal fin loss in H. erectus, this argues for a rather downstream dysfunction in the generic 699 

pectoral fin regulatory network. Such pattern of aborted development resembles digit loss in 700 

cows or birds where the Anlagen of the missing digit are specified during embryogenesis but 701 

fail to develop into a lasting adult structure.55,56 Exploring evolutionary shifts in 702 

musculoskeletal allometric growth patterns (e.g. via heterochrony) might thus be a fruitful 703 

approach to understand the evolutionary trajectories underlying some of the most iconic 704 

syngnathid traits, such as the prehensile tail or craniofacial differences (as suggested in 18). 705 

Finally, another interesting avenue for further research is to understand how metamorphosis 706 

induces the substantial developmental remodeling observed in maturing N. ophidion (and 707 

more so in pug-nose pipefish) and identify (hormonal) triggers, such as thyroid hormone,57 708 

leading and controlling this process. 709 

 710 

Are seahorses developmentally truncated pipefish? 711 

An important derived feature of seahorses is their characteristic upright swimming position, 712 

whereby their trunk is oriented vertically, while the head is oriented not upright but 713 

horizontally (or even more bend towards the trunk; Fig. 1 d). This bend posture, whereby the 714 

snout is at a sharp angle to the trunk can be observed early during ontogeny, around. 11 dpm 715 

(Fig. 3-5). Although the swimming posture of pipefishes is typically horizontal and their head 716 

and trunk are aligned, they pass through a seahorse-like developmental stage, e.g., S typhle 717 

21 dpm, during which head and trunk form a 90-degree angle. This would suggest homologous 718 

bodyplan postures during development but a failure of seahorses to complete the process of 719 
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straightening their head-trunk connection, i.e., developmental truncation of an ancestral 720 

ontogenetic trajectory. As discussed before, another potential indication for developmental 721 

truncation during seahorse development as compared to their sister pipefish clade (here: S. 722 

typhle) is the abortion of caudal fin development. In the latter case, it is clear that an Anlage 723 

forms which proceeds till the stage of fin ray condensations (as shown by col10a1a in situ 724 

hybridization). The outgrowth is, however, precociously terminated leading to the absence of 725 

caudal fins in adults. Therefore, our ontogenetic comparison between H. erectus and S. typhle 726 

development provides several indications that the unique body plan of seahorses, could in 727 

part result from developmental truncation. 728 

 729 

Concluding remarks 730 

Syngnathids feature some of the most bizarre traits found among fish, such as bony plates, 731 

snout-like facial anatomy, male pregnancy, highly modified immune systems and many 732 

others.5,7,8,42 For some of these traits, understanding the developmental trajectories 733 

syngnathids undergo is vital to unravel the evolutionary mechanisms and ecological & life-734 

history events affecting trait development. Our study provided such insights and despite of 735 

being focused on only the early-life development of few selected syngnathids, we recognized 736 

in our data a plethora of potential evolutionary mechanisms shaping specific aspects of 737 

syngnathid evolution and development, and believe that particularly heterochrony may be 738 

underlying some of the morphological variability found in this extraordinarily diverse family 739 

of fish.  740 

  741 
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Experimental Procedures  742 

Fish used in this study were kept at the fish keeping facilities of the Helmholtz-Centre for 743 

Ocean Research Kiel (GEOMAR). Pipefishes were originally collected in a shallow, close-by 744 

eelgrass meadow; coordinates: 54.391103, 10.191419; seahorses were obtained from 745 

commercial fish breeders, and sampling occurred from March to August 2020. Nerophis 746 

ophidion and Syngnathus typhle stock individuals were kept in community tanks at 16-18°C 747 

and H. erectus at 23°C (all +/-0.5°C) and inspected daily for pregnancies. When a pregnancy 748 

was detected, for N. ophidion and S. typhle the individual was separated and kept at constant 749 

16 °C in a smaller tank connected to a water circulation system, while H. erectus were kept in 750 

their stock tanks as individuals could easily be identified. S. typhle and H. erectus were fed live 751 

and dead mysids, while N. ophidion received live Artemia nauplii and live mysids, and all food 752 

was enriched with vitamins and fatty acids. Measurements taken in this study reflect 753 

individuals kept and raised at these temperatures and developmental times may differ when 754 

fish are raised at other temperatures (temperature affects developmental speed 58,59). 755 

For sampling, pregnant S. typhle and H. erectus individuals were killed using MS222 and 756 

subsequently decapitated. The brooding flaps/pouch were opened and eggs/larvae were 757 

removed. For N. ophidion, eggs could easily be removed from the fathers’ bellies using 758 

brushes, and males could be sampled several times in this manner, providing a continuous 759 

series of eggs with a known age difference. Obtained eggs and larvae were either immediately 760 

killed using MS222, photographed and fixed (using 4% PFA in PBS, overnight, and then 761 

gradually moved to MeOH; some photos were taken post fixation and MeOH storage) or, in 762 

the case of selected H. erectus embryos, cultivated in vitro in petri dishes at the same 763 

temperature as their parents until sampling. Note that the size of the yolk sac prior to full 764 

gastrulation was affected by the osmolarity of the water in which the eggs were submerged 765 
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for photography (filtered Baltic sea water of ~17ppm). For culturing embryos, filtered North 766 

Sea seawater diluted to a salinity of ~20ppm was used, as embryos (age 1-7 days) showed 767 

highest average survival at this salinity. For embryos older than 12 days, salinity was gradually 768 

increased to meet 35ppm after 16 days. As mating could only be observed for few H. erectus 769 

individuals during this experiment, intermediate stages were obtained by rearing offspring in 770 

vitro, as described, and daily sampled. In H. erectus, while stages for each day in development 771 

were identified, they likely not represent 24h intervals each time (e.g., day nine to ten, and 772 

ten to eleven are likely >24h), possibly due to slightly slower growth rates of embryos in vitro 773 

and because the onset of embryonic development was never exactly known, as fertilization 774 

occurs inside the pouch. Therefore, the manuscript uses the unconventional “hours/days post 775 

mating” to indicate the age of embryos. While in many teleosts the time of mating and 776 

fertilization coincides, in syngnathids this is likely not the case and fertilization happens some 777 

time (potentially hours) after mating.  778 

Skeletal stains were performed on fixed embryos/larvae using the following staining 779 

solution (for 1 ml of “low-acid double-stain”): 12.5µl Alcian Blue solution (0.4% in 70%EtOH), 780 

50µl acetic acid (100%), 57.5µl MgCl2 (2M), 870µl EtOH (70%), 10µl Alizarin Red solution (0.5% 781 

in H2O), based on 40. Stains were performed typically for three to four hours, but larger 782 

individuals (i.e., free-swimming larvae, juveniles, adults) were kept for up to 12h in staining 783 

solution. Treating embryos for even 15-20 minutes in the low-acid staining solution dissolved 784 

all subtly ossified structures and led to a delayed detection of mineralization (very labile 785 

mineralizing was already noted by 24 for syngnathids), and additional Alizarin Red staining did 786 

not recover these patterns, but only led to strongly stained yolk sacs (see Fig. 5 mid panel, g). 787 

Also, as acid-free double staining solution (according to 40) did not yield skeletal double-stains 788 

of sufficient quality even after optimization, staining for Alizarin red was performed (10µl 789 
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Alizarin Red solution (0.5% Alizarin Red in H2O) per millilitre 70% EtOH) on separate 790 

individuals. After staining, individuals were repeatedly washed in 70% EtOH, gradually 791 

transferred to H2O, and then bleached and cleared using 0.5-1.5% H2O2 in 0.5-1% KOH, 792 

depending on pigmentation stage for 5-30 min; juveniles and adults longer, and continued to 793 

be clear in 0.5% KOH in 50% glycerol for several hours to days. 794 

Photographs of embryos were taken using a Nikon SMZ18 stereomicroscope system 795 

equipped with a DS-Fi3 camera. For positioning purposes, samples were typically 796 

photographed on agarose gels with indentations for yolk sacs or fins, facilitating the proper 797 

alignment of the embryos. In early stages, eggs were de-chorionated whenever possible 798 

without damaging the embryo. Obtained photos were processed in Adobe Photoshop. The 799 

following parameters (or a subset of them) were adjusted in obtained images: brightness 800 

(“exposure”) and contrast, white balance, rotation and reflection, cropping, 801 

shadows/highlights (strongly pigmented eyes appear brighter), saturation, agarose-gel 802 

background noise removal and extension. For photos taken of fluorescent Alizarin Red, 803 

background fluorescence was removed by adjusting the color curve and overlays were also 804 

produced in Photoshop. All adjustments (except for the background) were always applied to 805 

the whole image and none was made with the intention to hide/distort any information of the 806 

obtained photos. For all images, raw file copies are available upon request. 807 

Morphological structures were identified according to previously published 808 

work.10,16,18,19 The branchial basket could generally not be visualized well across all stages in 809 

this study and thus was not described, as it was done before in detail.17,60,61 Measurements 810 

(e.g., ray counts, length measurements) were only recorded in one or few individuals per time 811 

point, as many samples come from fish stocks that have been kept in the lab for generations 812 
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and the genetic variability of these stocks is expected to be reduced compared to natural 813 

populations.  814 

44 landmarks identified in ImageJ (v. 1.5.1) on lateral photos of heads were used to describe 815 

the shape of syngnathid heads and its key cartilages across developmental stages (photos 816 

across species and stages were randomized for this process; N. ophidion = 29, S. typhle = 42; 817 

H. erectus = 49; Fig. 10 a; Supplementary Table S1). As structures were not always 818 

identifiable/unambiguous at all stages, landmark locations were estimated when structures 819 

were not visible (i.e., not yet developed). This was necessary as the principal component 820 

analysis (PCA), which was employed for data analysis, requires a complete set of landmarks 821 

across all samples. Furthermore, several landmarks were put along a smooth structure 822 

contour (e.g., to describe the ethmoid cartilage bending, Fig. 10 a) and thus cannot be 823 

considered taxic homolog, but instead they were roughly put with equal distance to one 824 

another on the respective structure. This approach led in our evaluation to more accurate 825 

representation of shape homology when compared to treating the landmarks as sliding (semi-826 

) landmarks. Due to these limitations, the geometric morphometric dataset was interpreted 827 

cautiously. A generalized Procrustes analysis was performed on obtained data-points 828 

(gpagen() function from “geomorph” package v. 4.1.2 62) and a PCA was conducted in R (v. 829 

4.1.3).63 A scree-plot suggested that most variation is loaded on PC1-3 (PC4 explains ~2.3% of 830 

variation and is not considered here anymore). 831 

In situ hybridization was performed to visualize the expression of col10a1a and 832 

mybpc1 to monitor cartilage/bone and skeletal muscle formation, respectively.64,65 Col10a1a 833 

is in teleosts expressed both in differentiating chondrocytes and osteoblasts expression 834 

expressed,64 and facilitates the detection of cartilage and bone formation much earlier than 835 

staining techniques used in the manuscript. Thus, the two approaches complement each 836 
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other. Mybpc1 was described to be expressed in slow striated skeletal muscle 66 but proved in 837 

this study to be a useful marker gene using in situ analysis for overall early skeletal muscle 838 

development as it revealed distinct and unambiguous patterns. As gene trees confirmed that 839 

indeed mybpc1 (and not its paralogs) was cloned to synthesize in situ probes, observed 840 

expression patterns suggest that mybpc1 is also expressed in fast striated muscle 841 

development in syngnathids. 842 

 843 

 844 

  845 
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Figure Legends 1032 

 1033 

Figure 1: Habitus, brooding organs and body plan of examined species. (a) Cladogram of investigated species 1034 

(following 26). (b-d) Female N. ophidion, Male (upper) and female (lower) S. typhle and male H. erectus, 1035 

respectively. (e) Male N. ophidion brooding organ with eggs located along the animals’ trunk (left: lateral view; 1036 

right: ventral view). (f) Male S. typhle brooding organs are on the animal’s tail and cover the eggs (left: lateral 1037 

view; upper right: ventral view; lower right: ventral view with covering skin pulled aside). (g) Male H. erectus 1038 

carry the developing embryos in a pouch-like brooding organ, which has a small anterior opening, on their tail 1039 

(left: ventral view; right: ventral view with surgically opened brooding organ). (h) An Alizarin Red (stains ossified 1040 

tissue) and Alcian Blue (stains cartilage) stain of an adult male S. typhle illustrates the bony armor of adult 1041 

syngnathids. (i) Schematic drawing of a S. typhle juvenile featuring syngnathid traits focal for this study. 1042 

 1043 

Figure 2: Early pre-release development of examined Syngnathids. Upper panel, mid panel and lower panel are 1044 

N. ophidion, S. typhle and H. erectus, respectively. Overall early development is similar among studied species. 1045 

Arrowheads: blue is eye cups; white is lens; red is otic vesicle; green is mid-hind-brain barrier; grey is tail bud. 1046 

Scale is 500µm; dpm = days post mating. 1047 

 1048 

Figure 3: Mid pre-release development of examined syngnathids. Upper panel, mid panel and lower panel are 1049 

N. ophidion, S. typhle and H. erectus, respectively. In this period species-specific characteristics develop more 1050 

clearly. Arrowheads: blue is hind brain vesicle; green is first pigmentation; red is the lower jaw; white is the hind-1051 

gut hypertrophy. Scale is 500µm; dpm = days post mating. 1052 

 1053 

Figure 4: Late pre-release development of examined syngnathids. Upper panel, mid panel and lower panel are 1054 

N. ophidion, S. typhle and H. erectus, respectively. The last pre-release period is characterized by snout 1055 

elongation, continued pigmentation and the conclusion of allometric fin outgrowth. Scale is 500µm; dpm = days 1056 

post mating. 1057 
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Figure 5: Overview of chondrogenesis across investigated syngnathids pre-natal development (Alcian Blue 1058 

stained specimens). Scale is 500µm; dpm = days post mating. For red yolk coloration in mid-panel (g) see 1059 

Experimental Procedures. 1060 

 1061 

Figure 6: Generalized overview of the head skeletons of syngnathids. (a) Head cartilages in syngnathid embryos 1062 

identifiable after Alcian Blue staining in this study. The branchial basket is not detailed. (b) Bones identifiable in 1063 

adult syngnathids after Alizarin Red staining in this study. 1064 

 1065 

Figure 7: Head skeleton of pre-release N. ophidion. (a-j) Head cartilages and (k-m) ossifying tissues across the 1066 

pre-natal development; (i) dorsal view, (j) ventral view, all others lateral view; dpm = days post mating. 1067 

 1068 

Figure 8: Head skeleton of pre-release S. typhle. (a-j) Head cartilages and (k-n) ossifying tissues across the pre-1069 

natal development; (i) dorsal view, (j) ventral view, all others lateral view; dpm = days post mating. 1070 

 1071 

Figure 9: Head skeleton of pre-release H. erectus. (a-j) Head cartilages and (k-m) ossifying tissues across the pre-1072 

natal development; (i) dorsal view, (j) ventral view, all others lateral view; dpm = days post mating. 1073 

 1074 

Figure 10: Comparative geometric morphometric PCA analysis of overall head shape and key cartilages across 1075 

early development. (a) 44 landmarks were used to describe the head shape and key cartilages. In younger 1076 

specimens the location of landmarks was estimated as the PCA analysis required a full dataset across all 1077 

investigated stages. (b) Principal component 1 scores plotted against relative developmental age (i.e., 0=day of 1078 

mating, 1=day of birth/hatching) illustrate dominant morphological variance associated with relative age/size. 1079 

(c) PC2 and PC3 scores illustrate divergent developmental trajectories for the three species. Head shapes 1080 

illustrate the landmark configurations at the extremes of the respective axis. Dots with crossing lines in (c) 1081 

indicate release/hatching stage and dot size reflects relative age. 1082 

 1083 
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Figure 11: N. ophidion cranial and pectoral development post hatch. a,c,e,g = lateral views; b,d,f = ventral view; 1084 

a,b = 10 days post hatch, c-g = later subadult stages, wild-caught individuals. Black arrowhead indicates the 1085 

epaxial sesamoid bone present in N. ophidion. 1086 

 1087 

Figure 12: Development of the syngnathids’ axial skeleton. Upper panel, second and fourth panel: main skeletal 1088 

structures contributing to the anterior axial skeleton in S. typhle, N. ophidion and H. erectus, respectively. White 1089 

arrow heads indictae spine-like structures (not prominently present in S. typhle). (a-c) Lateral view, (d-f) dorsal 1090 

view. Lower panel: ossifying tissues of the anterior axial skeleton across the pre-natal development; all lateral 1091 

view; (a,b) S. typhle, (c,d) H. erectus; dpm = days post mating. 1092 

 1093 

Figure 13: Bony plate transition from pre-caudal to caudal. The transition of the seven rows of bony plates on 1094 

the pre-caudal region n into four rows on in the caudal region differs among species. N. ophidion (top), S. typhle 1095 

(mid) and H. erectus (lower) from a lateral view (cranially left, dorsal up); individuals stained with Alcian Blue 1096 

and/or Alizarin Red. 1097 

 1098 

Figure 14: Post-natal development of the syngnathids’ bony plates. (a-c, e-g) Alizarin red fluorescence (stains 1099 

ossified tissue) visualizes the development of bony plates, lateral view. Juvenile (a) and adult (b) N. ophidion 1100 

(here: trunk region) and (c) adult S. typhle (here: caudal region; all cranial leftwards & ventral downwards. White 1101 

arrow heads: longitudinal spine-and-groove joints; black arrow heads: smaller (or absent) transversal joints. H. 1102 

erectus neck regions of an individual few days post birth (e), few weeks post birth (f) and adult (g; cranial to the 1103 

top, ventral leftwards).  1104 

 1105 

Figure 15: Pectoral fin base skeleton in syngnathids. (a) main skeletal structures contributing to pectoral girdle 1106 

and fin development in S. typhle. (b) Comparison of main pectoral fin skeletal elements across developmental 1107 

stages and between species; cichlid development following.13 (c) Viewing angles of plots d (left pectoral fin), e,h-1108 

k (right pectoral fin/girdle) after dissection. (d,e,h-k) Alizarin Red and Alcian Blue stains of adult S. typhle (d,e) or 1109 

H. erectus (h-k). (f,g) Schematic dorsal view on the bone architecture of the pectoral fin at two different positions 1110 

on the pectoral girdle (lateral downwards, medial upwards). Soft tissue attached to the scapulocoracoid and 1111 
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radials not removed (e) or removed (h-k). (h-k) Detailed view on the scapulocoracoid’s position and its 1112 

morphology. 1113 

 1114 

Figure 16: Pectoral fin chondrogenic development in examined syngnathids. Upper panel: pectoral fin 1115 

development in N. ophidion is neotenic. Mid panel and lower panel: pectoral fin development in S. typhle and H. 1116 

erectus, respectively, is similar across pre- and postnatal development; lower panel (h) is transversal view after 1117 

surgical removal of trunk; dpm = days post mating. 1118 

 1119 

Figure 17: Dorsal, anal fin and haemal arch skeletal development in examined syngnathids. Upper panel: main 1120 

skeletal structures contributing to dorsal and anal fin development in S. typhle. Second panel: dosal fin 1121 

development in N. ophidion is not concluded by hatching day. Third panel and forth panel: dorsal and anal fin 1122 

development are almost synchronized in S. typhle and H. erectus, respectively, and similar between species. 1123 

Lower panel: ossification patterns in S. typhle and H. erectus (N. ophidion did not show any staining in this region 1124 

before hatching); dpm = days post mating. 1125 

 1126 

Figure 18: Ural region pre-natal skeletal development in examined Syngnathids. Upper panel: main cartilages 1127 

contributing to caudal fin development in S. typhle. Second panel: N. ophidion develops no caudal fin but instead 1128 

a pronounced fin fold, which weeks post hatch is resorbed and the tail becomes prehensile. Third panel: caudal 1129 

fin development in S. typhle. The red arrow marks potentially a rudimentary uroneural. Forth panel: caudal fi 1130 

development in H. erectus is not concluded and only a rudimentary caudal fin is formed on the prehensile tail. 1131 

Lower panel: ossification in the ural region; dpm = days post mating, second to forth panel Alcian Blue staining; 1132 

lowest panel Alizarin Red staining (and Alcian Blue in (a)). 1133 

 1134 

Figure 19: Skeletogenesis in two examined syngnathids as revealed via col10a1a in situ hybridization. Upper 1135 

and lower panel: onset of cartilage/bone formation in S. typhle and H. erectus, respectively. All lateral view, 1136 

except (c) and (e), which are ventral view. Expression of col10a1a suggests chondro-skeletogenesis commences 1137 

in the pectoral girdle, followed by jaws and fin rays. Interestingly, also bony plate precursors show some 1138 

expression; dpm = days post mating. 1139 
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Figure 20: Formation of slow skeletal muscle in examined syngnathids as revealed via mybpc1 in situ 1141 

hybridization. Upper, mid and lower panel: skeletal muscle formation in N. ophidion, S. typhle and H. erectus, 1142 

respectively. Mybpc1 expression suggests that myogenesis commences with axial musculature and epaxial and 1143 

hypaxial expression patterns vary between species. Head musculature follows and appears to be concluded 1144 

before release. All lateral view; dpm = days post mating. Lower panel at 4dpf without head. 1145 

 1146 

Footnotes 1147 

- 1148 

  1149 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503137doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503137
http://creativecommons.org/licenses/by-nc/4.0/


 50 

Tables and Figures 1150 

Table 1: Adults’ vertebrae and ray numbers observed in studied species 1151 

  N. ophidion S. typhle H. erectus 

precaudal vertebrae 33 19 12 

caudal vertebrae 73 36 35 

ural vertebrae 0 1 1 

pectoral fin rays NA 14 16 

dorsal fin rays 33 37 18 

anal fin rays NA 3 4 

caudal fin rays NA 10 0 (2-5 rud.) 

 1152 

Table 2: Emergence sequence of syngnathid morphological characteristic during their pre-natal development  1153 
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Figure 1 1155 
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Figure 2 1157 

 1158 
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Figure 3 1160 

 1161 
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Figure 4 1163 
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Figure 5 1166 
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Figure 6 1169 
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Figure 7 1172 
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Figure 8 1175 
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Figure 9 1178 
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Figure 10 1181 
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Figure 11 1184 
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Figure 12 1187 
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Figure 13 1190 
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Figure 14 1193 
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Figure 15 1195 
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Figure 16 1198 
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Figure 17 1201 
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Figure 18 1204 
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Figure 19 1207 
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Figure 20 1210 

 1211 

 1212 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 11, 2022. ; https://doi.org/10.1101/2022.08.08.503137doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.08.503137
http://creativecommons.org/licenses/by-nc/4.0/

