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Abstract  

Background: Divergent morphology and placentation of Poeciliids make them suitable model for 

investigating how evolutionary selection has altered and conserved the developmental mechanisms. 

However, there is limited description of their embryonic staging, despite representing a key 

evolutionary node that shares developmental strategy with placental vertebrates. Here we describe the 

embryonic developmental stages of Gambusia holbrooki from zygote to parturition using freshly 

harvested embryos.  

Results: We defined 40 embryonic stages using a numbered (stages 0–39; zygote to parturition 

respectively) and named (grouped into seven periods i.e., zygote, cleavage, blastula, gastrula, 

segmentation, pharyngula and parturition) staging system. Two sets of quantitative (i.e., egg diameter, 

embryonic total length, otic vesicle closure index, heart rates, the number of caudal fin rays and 

elements) and qualitative (i.e., three-dimensional analysis of images and key morphological criteria) 

data were acquired and used in combination to describe each stage. All 40 stages are separated by 

well-defined morphological traits, revealing developmental novelties that are influenced by narrow 

perivitelline space, placentation, internal gestation, and sex differentiation.  

Conclusions: The principal diagnostic features described are quick, reliable, and easy to apply. This 

system will benefit researchers investigating molecular ontogeny, particularly sexual differentiation 

mechanisms in G. holbrooki.  
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1   |   INTRODUCTION 

Among vertebrates, fish exhibit the most diverse reproductive and developmental strategies. Of 

which, Poeciliids are one of the most fascinating, with regard to reproductive strategies 1, embryo 

development 2-6, evolution 7, placentation 8, sexual dimorphism 9, sexual selection, 10 and genetic sex 

determination. 10,11  

Apart from the short gestation of Poeciliids in general, the Gambusia holbrooki is an attractive model 

to study developmental pathways, evolution among taxa, and genetic sex determination and 

differentiation mechanisms. For instance, a vital step in the study of sex-differentiation systems is the 

accurate characterisation and identification of an individual’s developmental stage, based on key 

phenotypic traits. Because, early events in the development of the reproductive system such as the 

primordial germ cells (PGCs) formation and migration 12,13, onset of sex differentiation 14, and 

underpinning sex-specific expression of genetic pathways 15,16 all occur during fish embryogenesis. 

However, comprehensive developmental staging for G. holbrooki is sparse and there is a lack of 

detailed developmental knowledge in this species.  

Embryogenesis in oviparous fish such as zebrafish, Danio rerio 17 and medaka, Oryzias latipes 18 with 

known fertilisation time, optical transparency and quick development allows reliance on discrete traits 

alone. Comparatively, studying the development of live-bearers is more complex owing to lower egg 

transparency, internal fertilisation, and inaccessibility to developing embryos. As a result, 

developmental stages have been described for only few Poeciliids 3-5,19-21, that neither include G. 

holbrooki nor are applicable across species due to their divergent morphologies and developmental 

time histories.  

Typically, two main approaches are used in parallel to describe developmental stages. The first relies 

on continuous and discrete morphological changes such as in zebrafish 17, medaka 18 or goldfish, 

Carassius auratus. 22 Here each stage is accurately identified based on precise morphological criteria 

such as the somite numbers over time 17, which is generally more than adequate for most oviparous 

fish. However, the use of discrete traits alone for staging (e.g., somite numbers) may miss continuous 

changes that might occur between stages. 23 Moreover, organogenesis may not occur synchronously in 

all individuals, rendering such a model of developmental staging quite difficult to apply. The second 

approach (i.e., saltatory theory) uses fits and starts events in developmental progress 24 that are 

characterised by thresholds and steps. 24,25 Thresholds marks a sudden acquisition of a new feature 

while steps represent the intervening period between successive thresholds. To advance to a new 

developmental stage embryos need to pass a number of thresholds in sequence. 26 This approach 

permits a refined description of developmental features and a better comparison of intra- and inter-

specific variations, but it lacks a time reference. It would therefore be advantageous to incorporate 
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components of both approaches and improve accuracy for intra- and inter-specific comparisons of fish 

development.  

An earlier staging system for Gambusia sp. 27, accurately describes the stages from zygote to 

parturition of embryonic development, and includes useful sets of illustrations. However, the identity 

of the species was not known (personal communication) and detailed organogenesis was not 

investigated. Recently, a broad embryonic staging of G. holbrooki was reported 6, but lacks detailed 

morphological descriptions. Owing to knowledge gaps between ontogenies of different Poeciliid 

species, developmental staging for G. holbrooki is virtually non-existent.  

To address this knowledge gap and streamline embryonic description of G. holbrooki, multiple 

approaches were systematically employed to identify and assign an accurate index based on 

morphological features that are readily identified by examination of the live embryo. Therefore, we 

considered the construction and establishment of a new staging system for G. holbrooki to be 

necessary for four reasons: (1) There is a lack of a detailed chronological description of systems (e.g., 

nervous, circulation, visual, digestive, and musculoskeletal). (2) Easy and precise identification of the 

sequential events during late development is vital because the descriptions of the late developmental 

processes using e.g., developmental time, body length, or yolk absorption are often ambiguous. (3) It 

is important to compare the developmental process of G. holbrooki with other Poeciliid or other 

model species. (4) It is necessary to be able to easily recognise the well-defined thresholds of a 

particular stage using externally visible anatomy of the living embryos so that molecular biology 

experiments, e.g., gene expression analysis of a desired embryonic stage can be readily conducted. 

Here, we describe a comprehensive developmental staging of the embryonic process (zygote to 

parturition) in a live-bearing fish, G. holbrooki, based on detailed morphological diagnostics under 

standard laboratory-based conditions (e.g., constant temperature).  

2   |   RESULTS 

Embryogenesis in G. holbrooki, starts approximately 1–3 h post first copulation, which served as an 

indicator for the fertilisation of ova. Development starts from zygote stage (Zy0) and lasts for about 

30 dpf when the embryos are ready for parturition (stage 39, Pa39), and capable of first active 

swimming. Each of the 40 distinct stages are described below.  

2.1   |   Quantitative indices used for staging the embryos 

The average ED (µm) for embryos at Zygote (Zy), Cleavage (Cl), Blastula (Bl), Gastrula (Ga), 

Segmentation (Se) and Pharyngula (Ph) periods (n = 50 each) are presented in Figure 1A.  

On fertilisation, the size of the egg increased with each developmental period but was not 

significantly different across all periods (Figure 1A). Immediately post-fertilisation the increase was 
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significant between periods, till blastula and again between gastrula and segmentation (p < 0.05). In 

slight contrast, the mean embryo length also increased but was significant between the stages from 

ESe period onwards (p < 0.05; Figure 1B). 

The number of CFR were significantly different (p < 0.05) at the respective developmental periods 

(Figure 1C) serving as a reliable marker for their staging. Five CFRE appear first at pharyngula 

(Ph34), remained the same till Ph36, then increasing to 6 and 7 at stages Pa37 and Pa38, respectively. 

The HR (bpm) showed a significant (p < 0.05) increase between progressive developmental stages 

from ESe to JPPa, being 42.7 ± 7.3, 59.5 ± 3.5, 75.5 ± 6, 86.7 ± 5.8, 128 ± 7 and 153 ± 12 for ESe, 

MSe, LSe, EPh, LPh and JPPa stages, respectively (Figure 1D). 

The % OVC also showed a significant (p < 0.05) increase during the segmentation and pharyngula 

periods (Figure 2). The “Dist.e.Ot” increased from Se16 to Se20 and abruptly dropped at Se20 as 

embryos progressed in development (blue line; Figure 2). The “L.Ot” indices, showed a significant (p 

< 0.05) increasing trend from Se16 to Ph32 (redline; Figure 2). The % OVC indices were used in 

combination with other criteria for embryonic stage identification during segmentation and 

pharyngula. 

2.1.1   |   3D analysis of embryonic digital images  

The 3D RGB profile of each developmental stage is presented in Figure 3. These profiles generated a 

unique fingerprint (% frequencies) for each developmental stage (i.e., unfertelised egg, Cl, Bl, Ga, 

ESe, LSe, Ph and JPPa). Comparison of the % frequencies showed significant (p < 0.05) differences 

between stages (Figure 3Q). 

2.2   |   Overview of the embryonic and early larval developmental stages of G. holbrooki 

The 40 embryonic stages (0-39) are broadly categorised into seven periods (zygote, cleavage, blastula, 

gastrula, segmentation, pharyngula, and parturition). Each stage was also given a prefix corresponding 

to their broad developmental period. For example, stage 11 was prefixed Ga11 to indicate the embryo 

at numerical stage 11 was in gastrulation. The characteristics and descriptions for each stage are 

presented in their corresponding sections with the staging summary presented in Figure 4. 

2.2.1   |   The zygote (Zy) period 

Within a clutch, the ova were typically in various stages of development, ranging from ~ 100 to 1800 

µm in diameter (Figure 5A). A significant number of ova often become mature simultaneously. Just 

before fertilisation, the mature ovum was surrounded by an extremely thin chorion i.e., vitelline 

membrane (Figure 5A,B) and a gelatinous envelope (or jelly coat) around the yolk and is generally 

with similar sized and uniform distribution of lipid droplets (Figure 5B–D). The newly fertilised egg 
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remains in the zygote period for approximately 0.5–1.5 h post-fertilisation (Figure 4), until the first 

cleavage occurs. Immediately after fertilisation the zygote increases in size acquiring a mean diameter 

of ~ 1200 ± 450 µm and lipid droplets start appearing evenly over the yolk surface (asterisks; Figure 

5C). The yolk is translucent and golden yellow (orange to reddish orange in some eggs). The 

peripherally arranged oil-droplets are variable in size but relatively smaller (Figure 5C,D) than later 

stages of development. Prior to or as soon as fertilisation occurs, a specialised stalk-like (constitutes 

of a pair of artery and vein) connection to each egg become apparent (arrows; Figure 5D, Figure 22). 

The zygote period consists of a single-stage (stage 0) and was characterised by cytoplasmic 

accumulation to form the blastodisc (i.e., one large blastomere) at the animal pole (Figure 6A) and the 

perivitelline space is not very distinct.  

2.2.2   |   Cleavage (Cl) period 

With a unique 3D colour profile (Figure 3B,F,Q), a small cleavage cavity becomes visible as the 

blastoderm (i.e., cell divisions) increases in size. The cavity space gradually fills up with the cleaving 

cells, thus the distance between the surface of the cell mass and the chorion decreases. 

Cl period is defined as corresponding to early synchronous division of cells, reaching up to 1024 cells. 

During cleavage, the size of the embryo increased and was significantly larger than those at Zy but 

remained comparably the same size throughout the period. The dividing cells appeared broad, flat, 

and extremely transparent with a thin membrane. The first three cleavage stages (~ 1dpf) correspond 

to 1st (Cl1), 2nd (Cl2) and 3rd (Cl3) cell divisions (Figure 6).  

Cleavage stage 1 (Cl1) was marked by the streaming of the cytoplasm to the animal pole, which was 

highly translucent with a tinge of cloudy white/brown shade depending on the microscope 

illumination (Figure 6B). Cl1 corresponds to the two-cell stage which was vertically oriented. 

Cleavage stage 2 (Cl2; Figure 6C) was characterised by the appearance of the 4 large polyhedral cells 

(cycle 3; arrowheads in Figure 7A), cycle 3 begins with four blastomeres in a 2 × 2 array. Blastomeres 

descended into the yolk making a large cavity (Figure 7A) on the surface of the egg (i.e., animal pole) 

to accommodate subsequent cell divisions. This egg surface depression was visible (face view, about 

45° to the right). The depth of the depression decreased as embryo progressed in growth (i.e., 

synchronous, and symmetric cell divisions). The cells cleaving along the long embryonic axis 

gradually filled up the cell cavity and eventually spread (asynchronous and asymmetric divisions) 

over a large oil droplet to form the germinal ring (Figure 7). Cleavage stage 3 (Cl3) was defined by a 

significant increase in synchronous divisions oriented along the longer axis. Cleavages ending cycle 3, 

occur in two separate planes, parallel to the first one, and on either side of it. They cut the blastodisc 

into a 2 × 4 array of blastomeres (i.e., 8-cells). The average area (face view) was 150 µm2 in diameter 

(Figure 6D). The 16-cell stage was indistinguishable. Cleavage stage 4 (Cl4) corresponds to the 
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cleavages ending cycle 5 that often occur along four parallel planes. Frequently the 32 blastomeres of 

this stage are present in a 4 × 8 array, but other regular patterns, as well as irregular ones involving 

one or more of the blastomeres, also occur. The average size of the flat blastodisc area was 250 µm2 

and was larger compared to Cl3. 

Cleavage stage 5 (Cl5) corresponds to cleavages ending the sixth cycle, posses 64 cells horizontally. 

However, at the animal pole (face view), the blastomere array may resemble the 32-cell stage, but the 

cells are smaller in size. The depth of the egg surface depression distinctly decreased (Figure 7B) 

compared to the 4-cell stage (Cl2; Figure 7A). The buried cells (or deep cells) were enveloped by oil 

droplets. For the first time, some of the blastomeres completely covered others. The plane and shape 

of the cell divisions were relatively difficult to distinguish at this stage. The average size of the 

blastodisc area was 300 µm2 at the Cl5 stage, 2-fold increase (p < 0.05) in area compared with Cl3. 

2.2.3   |   Blastula (Bl) period 

The term “blastula” is used to refer to the period when the blastodisc begins to look sphere-like, at 

128-cell stage, or eighth zygotic cell cycle, and until the time of onset of gastrulation 17. Three key 

processes occur during the blastula period; (1) the embryo enters mid-blastula transition (MBT), (2) 

the formation of the yolk syncytial layer (YSL, i.e., a single large oil droplet forms on the yolk in the 

animal pole); and (3) epiboly-like begins to form. The YSL was readily visible only during Bl7 

(midblastula), Bl8 and the first stage of gastrula (Ga9). Epiboly-like continues during the gastrulation 

period. At this period, the orientation of the cleavage planes is indeterminate, and they are 

considerably less regularly arranged in comparison to the Cl period.  

The blastula period (~ 5–7 dpf; Figure 4) was categorised into three embryonic stages: Bl6, Bl7 and 

Bl8 (Figure 6), all of which with a shared RGB fingerprint (Figure 3C,G,Q). Bl6 was characterised by 

the presence of a compact blastula which is very flat (top view) with an average area of 400 µm2 

(Figure 6G). This stage includes embryos at 128 and 256 cell stages. The cell size is smaller compared 

to the Cl period, more numerous peripherally and arranged in multiple layers of irregular polyhedral 

cells. Bl6 showed significant (p < 0.05) increase in area compared to last cleavage stage (Cl5). The 

cell divisions are still synchronous at Bl6. 

Stage 7 (Bl7; MBT) was characterised by the formation of YSL (i.e., which coincided with formation 

of single large droplet) and the peripheral germ ring-like cell mass with an average area of 700 µm2 

(Figure 5H) corresponding to the 512-cell stage. This stage appears to occur quickly, characterised by 

first occurrence of asynchronous mitotic division (Figure 7C), giving rise to the formation of the germ 

ring-like (GR) at the next stage (Bl8). As the cells dome, they occupy the cell cavity simultaneously 

vacated by the deep blastomeres during their radial intercalations; cell doming could exert a force that 

drives the deep cells outward thus showing dramatic marginal lengthening to form the GR.  
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At the final blastula stage (Bl8), the cell migration occurred from both sides of a large oil-droplet to 

form the GR (Figure 6I). Multiple oil droplets coalesced into a single large drop underneath the GR in 

contact with the underlying yolk (Figure 7D). The cells were more tightly packed together and 

appeared as brownish shallow mass. The perivitelline space was hardly visible.  

2.2.4   |   Gastrula (Ga) period   

Gastrula leads to the formation of embryonic body axis. In this period, the GR first thickens and 

expands to form the embryonic shield (or germinal shield) which will form the embryo proper at later 

gastrulation stages. The gastrula period consisted of six distinct stages: stages 9-14 (Ga9–Ga14; 

Figure 8).  

The first gastrula stage (stage 9; Figure 8A and G) was characterised by the presence of the GR 

around the margin of the blastoderm with signs of embryonic shield formation. First, the embryonic 

shield (ES) appears as a more translucent area with a small streak (dome-like) projecting outwards 

posteriorly from the GR area (arrowheads; Figure 8G) due to involution. The posterior area of the GR 

is thicker and characterised by more tightly packed cells indicative of higher mitotic activity while the 

anterior margin is smoother in contour extending to form the body axis. The nuclei of the marginal 

periblast of the GR were barely visible. In this stage, perivitelline space was also indistinguishable. 

The changes in cell density across the GR were obvious with the formation of a complete ring.  

The initiation of stage 10 (Figure 8B,H) was marked by the cells spreading along the margin of the 

blastoderm, filling the lateral perivitelline space. During stage10 (Figure 8B), the cellular front 

progresses more slowly with GR compressing the yolk and the anterior margin of the embryo. This 

stage was also characterised by the appearance of the neural keel (NK; Figure 8B,H), albeit optically 

translucent. In the subsequent stages, asymmetric thickening of opposite extremities of the embryos 

corresponding to the ES is observed, allowing the first visualisation of the anterior-posterior axis 

(Ga11; Figure 8C). The perivitelline space was easily distinguishable at stage 11 (Figure 8I). At Ga10 

(Figure 8H) and Ga11 (Figure 8C inset), a beak-like cell mass anterior to the rudimentary head was 

visible. A few small vacuoles (Kupffer’s vesicles; KVs) appeared at the posterio-ventral body axis, 

which were in contact with blastopores (Figure 8H). At stage 11 the ‘tailbud closure’ had already 

occurred and the remainder of the GR was indistinguishable from the yolk, which, however, became 

visible when deyolked (Figure 8C inset). The cell division and migration along the body axis are now 

more regular and faster leading into stage 12 (Figure 8D).  

At stage 12 (Ga12), perivitelline space was relatively wider (Figure 8D inset). The embryo continues 

to grow anteriorly within the cleavage cavity (a groove) that becomes gradually enlarged at the 

anterior end, securing the embryonic head and heart. Here, the yolk sphere is enveloped by a very thin 

blastoderm leaving a small area in the vegetal pole exposed (Figure 8E). At stage13, both anterior and 
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posterior extremities of the embryo continue with the anterior parts remaining wider and thicker 

(Figure 8E). The head including the rudimentary brain is distinct and optic primordia (OpP; Figure 8E 

inset and K) appears as a hump-like cell mass on either side. 

At stage14 (Ga14; Figure 8F), the blastoderm began to spread across the yolk faster ventrally (white 

arrowhead) than dorsal (yellow arrowhead), through convergence and extension of cell movements, 

respectively. At this time, the rim of the blastoderm migrated midway across the yolk surface and the 

body axis became more visible (Figure 8F,L). The NK, which is slightly broader and more obvious at 

the cephalic end and the optic capsules (OpC) are readily visible on each side of the cephalus (Figure 

8F inset, L).  

2.2.5   |   Segmentation (Se) and the onset of organogenesis  

This period was characterised by the presence of detectable somite. Only 14 segmentation stages 

(Se15–28) over 10 to 20 dpf are described here. Seven of which were identified using somite numbers 

(1-, 6-, 14-, 20-, 28-, 30- and 35 somite stages). Embryos at early segmentation period (Se16) 

possessed one to two somites and organs begin to differentiate soon after (Figure 4).  

The first stage of segmentation (Se15; Figure 9A) was characterised by the presence of a rudimentary 

optic bud (i.e., eye/optic vesicle) on each side of the cephalic end. The head expanded considerably, 

primarily as a result of the growth of the optic bud (OpB) and was enclosed in a thin sac of the extra-

embryonic membrane (i.e., periblastic ectoderm or mesenchyme; Figure 9D). The auditory placode 

was present, with mesenchyme extending over the anterior part enclosing the head and aggregating 

posteriorly, midway through the NK where the first somite will form in the next developmental stage 

(Figure 9D). At this stage, KVs have almost disappeared. The neurocoele is widest in the head region, 

with the three primary divisions of the brain i.e., telencephalon (TeCe), diencephalon (DiCe) and 

mesencephalon (MsCe) readily visible (Figure 9D). The posterior parts of the brain i.e., 

metencephalon (MtCe) and myelencephalon (MyCe) have formed but are relatively indistinguishable. 

The optic vesicles are large, hollow, and connected (presumptively via a pair of short optic stalks) to 

the prosencephalon (part of diencephalon; Figure 9D). The head is readily observed (face view) 

within the perivitelline space within a large gap (double-headed red arrow; Figure 9G bottom panel) 

between the posterior end of the optic cup and the yolk. 

Stage 16 (Se16; Figure 9B) was characterised by the presence of the first and second somites posterior 

to otic vesicles and the five primary divisions (i.e., TeCe, DiCe, MsCe, MtCe and MyCe) of the brain 

were readily visible, with the mesencephalic portion possessing thicker walls (Figure 9E). The 

telencephalic portion of the prosencephalon is small and acuminate (Figure 9E). The diencephalic 

region is relatively long and deep. The deepest point represents the site of the infundibulum (Figure 

9E). KVs have disappeared completely. At this stage, the embryo was slightly descended into the yolk 
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groove (Figure 9E). The optic vesicles differentiated with the optic cups and the lenses had begun to 

form where optic vesicles folded into optic cups with a thickened layer (Figure 9E). A groove appears 

in the dorsum of each optic lobe (arrows; Figure 9E). The lens placodes are partially invaginated as a 

solid mass and, at this stage, has formed a small and very thin subcephalic pocket extending to about 

the middle of the mesencephalon (Lp; Figure 9E). A paired placode of slight protuberant rudiments of 

otic (also known as auditory placode) vesicles are recognised at the posterior region of the head i.e., 

far behind the optic vesicles, anterior to the first somite (Apl; Figure 9E). Each was formed as a solid 

mass, with a small cavity, but they lack otoliths and pigmentation. The extra-embryonic periblastic 

membrane was still seen anterior to the otic vesicle placodes. The horizontal distance from the 

posterior end of the otic cup to the yolk (within perivitelline space) has decreased (double-headed blue 

arrow; Figure 9E bottom). The % OVC index was 19.89 (Figure 2).  

Se17 stage (Figure 9C) was characterised by the presence of the six detectable somites (S1–S6) 

(Figure 9F). The embryo was relatively (i.e., compared to Se16) more descended into the yolk groove 

(Figure 9C and I). All five parts of the brain (i.e., TeCe, DiCe, MsCe, MtCe and MyCe) have become 

more discernible (Figure 9F). The horizontal distance from the posterior end of the otic cup to the 

yolk (within perivitelline space) has increased compared to the previous stage (double-headed red 

arrow; Figure 9F bottom panel). The otic vesicles are small and are still lacking otoliths and 

pigmentation (Figure 9F). The extra-embryonic periblastic membrane was still visible at the level of 

otic vesicles, thicker than previous stages and possesses a transparent fluid-like tissue at its margins 

(Figure 9F). The caudal fin (Figure 20A) was blunt and rounded and somites have not reached to tip 

of the tail (Tot) yet (Figure 9C). The % OVC index was 21.75 (Figure 2).  

Stage 18 (Se18; Figure 9G) was characterised by the presence of 14 somites (S1–S14) and appearance 

of otoliths in the otic vesicles and its melanisation with well-defined vesicular otocysts (Figure 9J 

inset). The three regions (TeCe, DiCe and MsCe) of the brain are now well-defined, and the neural 

fold (i.e., neurocoele) observed along the midline of the body axis (Neu; Figure 9J). Both 

mesencephalon and rhombencephalon (i.e., metencephalon and myelencephalon) are widened, but the 

mesencephalon is relatively wider. The yolk cavity beneath the anterior part of the embryo is flattened 

and extends forward to the posterior end of the eye vesicles (Figure 9G). The tubular heart (also 

known as heart anlage) appeared as a diffused reddish mass of fluid-like tissue, underneath the brain, 

extending between the anterior telencephalon to the posterior end of the metencephalon (Figure 9J). 

However, no blood was circulating at this stage. The dorsal aorta is a very thin-walled and flattened 

tube lying in contact with the notochord in the region between the first four or five somites (DAo; 

Figure 9G, 9G inset). The embryonic body has elongated close to 1/2 yolk sphere (Figure 9G). A 

slightly chevron-shaped tailbud grew, posterior to somite 14 (TB; Figure 9G inset). Partial blood 

vessels (e.g., formation of anterior cardinal veins on each side of the head, underneath the 
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diencephalon lobes) and red blood cells (RBC) are recognised predominantly underneath the head, 

and inside and around the dorsal aorta. Incomplete lenses are present in the eyes (OL; Figure 9J). The 

% OVC index was 25.29 (Figure 2).  

Stage 19 (Se19; Figure 9H) was characterised by the presence of 20 somites (S1–S20) and a % OVC 

index of 25.40 (Figure 2). The anterior portion of the heart, extending to the anterior end of the 

forebrain (i.e., telencephalon), begins to beat for the first time with an average of 42.7 ± 7.3 bpm. The 

ventricle-like structure is recognised anterior to the mesencephalon, underneath the head (Figure 9K). 

The embryonic body encircles ~ 1/2 of the yolk sphere (dorsal view; Figure 9H). The front view 

showed a more flattening (i.e., compared to Se18) of the head and the horizontal distance between the 

posterior end of the otic cup to the yolk decreased (double-headed blue arrow; Figure 9K bottom 

panel). 

Stage 20 (Se20; Figure 9I) was characterised by the % OVC index of 26.66 (Figure 2). Aside from a 

general difference in body size, the most prominent feature distinguishing this stage from stage 19 

(Se19) is the first appearance of visible pigments in the eye (OCp and Rp; Figure 9L,L inset). This 

appears in the outer retinal layer, delineating the eyes with a thin dark margin and spherical optic 

lenses were complete. The head lies free within a pericephalic (amnionic) cavity only as far back as 

the beginning of the hindbrain (i.e., myelencephalon). The MsCe is still small and relatively poorly 

distinguishable from the MyCe. Cuvierian ducts and the vitello-caudal vein are still incomplete. In 

this stage, the blood circulation begins with the spherical blood cells first pushed out towards the 

vitello-caudal vein (Figure 9L). The blood is pumped (59.5 ± 3.5 bpm) from the heart out into the 

anterior cardinal vein and the dorsal aorta (Figure 9L). The dorsal aorta branching off the perceptible 

bulbus arteriosus was paired anteriorly and extends to the head as anterior cardinal veins (i.e., internal 

carotid arteries). Each carotid artery splits to form the optic plexus (optic choroid vascular plexus; 

Figure 9L), which connects with the left and right ducts of Cuvier. A circle of small arterial vessels 

(circle of Willis) was present beneath the mesencephalon, posterior to the infundibulum (CoW; Figure 

9L). These blood vessels arise from the internal carotid plexus in the eye, which branch off as a pair 

of cerebellar arteries and fuse into a single median basilar artery. The basilar artery is short and, at this 

stage, is connected by a collateral cross-connection to the anterior cardinals (Figure 9L). In the 

posterior end of the tail, the somites are still indistinct. 

Stage 21 (Se21; Figure 10A–F) was characterised by the presence of the 28 compact somites (S1–

S28) and a % OVC index of 38.01 (Figure 2). Pigmentation on the eyecup has increased (ECp; Figure 

10A,B). The embryonic body extended anteriorly on the yolk sphere and Tot has not yet reached the 

chorionic layer (Tot; Figure 10C) and it encircled about 5/12 of the yolk sphere (Figure 10C). The 

notochord elongation close to the tailbud is recognised posteriorly (Figure 10C inset). The MsCe area 

is considerably widened and possesses thickened sides and floor (MsCe; Figure 10D). The anterior 
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portion of the tubular heart reaches beneath the posterior end of the eyecup (Figure 10D). Three-gill 

arches and arteries (I, II, and III arrowheads; Figure 10D) began to differentiate on each side of the 

head. The optic vessels appeared anterior to the otic vesicles, extending to the eye cup (OpV; Figure 

10D). At this stage, significant changes to the development of the circulation system occur. 

Specifically, a pair of semicircular Cuvierian ducts (blood vessels) and the vitellocaudal vein begin to 

form on the yolk sphere. In the heart, the sinus venosus, atrium, ventricle and bulbus arteriosus were 

differentiated. The ventral aorta bifurcates posterior to the fourth arches and the ventricular end of the 

ventral aorta is anterior to the third aortic arch (Figure 10D). The blood flow in the ventral aorta, then, 

was caudad. The CoW partially surrounds the infundibulum, and the collateral cross-connection of the 

basilar and the anterior cardinals is greatly reduced or absent. The basilar runs caudad and splits into a 

pair of vertebral arteries at about the level of the pectoral fin buds. Otoliths appear as two 

conglomerates of small granules lying against the inner surface of each well-expanded otocyst (Figure 

10E). The pectoral fin buds are broad at the base and have a thin distal margin anterior and lateral to 

the sixth somite (Figure 10F). As a result of the body extension, 28 compact somites are present with 

the newly formed somite (28th) at the posterior end (Figure 10F and Figure 20C). 

Stage 22 (Se22; Figure 10G–I) was characterised by the presence of the 30 somites and % OVC index 

of 64.39 (Figure 2). Differentiating choroidea of the eyes begin to darken due to high melanisation 

(Figure 10G). The notochord extents all the way to the Tot and is pointed (Figure 10H,I). The 

embryonic body with its tail entirely free from the yolk sphere, encircles more than 1/2 of the yolk 

sphere (Figure 10H). The rudiments of the pectoral fins protrude from the body trunk behind the base 

of the Cuvierian ducts (Figure 10H). Blood was pumped out beyond the anterior region of the 

hindbrain. The dorsal aorta (DAo) is visible between 1st and 24th somites (Figure 10H,I). In the 

posterior end of the tail, the somites were still indistinct (Figure 10I).  

Stage 23 (Se23; Figure 11A–C) was characterised by the presence of the 35 somites and % OVC 

index of 67.96 (Figure 2). The fourth (IV) gill arch began to differentiate (Figure 11, Inset A). The 

lens placode was fully invaginated, solid, but not yet separated from the superficial ectoderm and 

pigmented (Figure 11A). The olfactory bulb (Ob) appears anterior to DiCe and optic cups as a small 

solid mass (Ob; Figure 11A). The embryonic body encircled nearly 7/12 of the yolk sphere. The tail 

was free of the yolk sphere and membranous fins (fin fold) also seen in the tail. About 10 to 20 small, 

epineural melanophores (EPM) appear in the dorsal region above the MtCe and MyCe. The optic 

lobes (OPL) of the MsCe are greatly widened and thickened, forcing the eyes into an almost frontal 

position, and these lobes overlie the MtCe and DiCe (Figure 11B). The appearance of epineural 

melanophores (EPM; Figure 11A,B) proceeds in the dorsal region of the MsCe, MtCe and MyCe. The 

lateral-line anlagen extend from the level of the first-gill pouch primordia to the pectoral fin (LLa; 

dotted line; Figure 11C). Three-gill pouch primordia (GPP) were present on each side of the head: two 
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(1st and 2nd GPP) located anterior and one (3rd GPP) posterior to auditory vesicles (Figure 11C). The 

first and third of these GPP possess small grooves, while the second was a small and shallow pouch. 

The second pouch will become the first true gill cleft. At this stage, the caudal fin becomes more 

heterocercal and the notochord was completely vacuolised to the end of the tail (Figure 20D). 

Somitogenesis was completed at this stage and a pair of pectoral fins appear just posterior to the 3rd 

gill pouch. There were ovoid shape otic vesicles (Ot; Figure 11 insets 3C”,4C”) with thickened walls 

and containing two otoliths.   

Stage 24 (Se24; Figure 11D–F) was characterised by % OVC index of 72.62 (Figure 2) with the 

appearance of melanophores on the retina. The retinal melanophores were partly obscured by the 

choroid coat (Chc; Figure 11D), that contains numerous iridocytes and melanophores. The embryonic 

body covers nearly 8/12 of the yolk sphere (Figure 11D,E). The pectoral fin was elongated while 

more membranous fin folds appear in the tail. When viewed from front of the embryo (Figure 11D), 

the Tot was apparent in the yolk sphere. The arterial end of the heart has shifted to the left (Figure 

11D). Four sinuouses of the vitelline veins consisting of the left and right ducts of Cuvier, and two of 

vitello-caudal vein meander on the yolk sphere, anterior to the sinus venosus (Figure 11D). Branches 

of arteries supplying blood to the anterior musculature in the body trunk, the gills and the brain were 

observed. The chorion region covering the head was vascularised (dorsal view; Figure 11E) and the 

hepatic vein of the liver drains into the left duct of Cuvier (lDoC; Figure 11E) that leads into the 

extensive vascular yolk sac. The caudal vein was drained via the vitello-caudal vessel into the yolk 

sac circulation at a level just posterior to the anus. The optic lobes (OPL; Figure 11F) of the MsCe 

were markedly widened, thickened and they have nearly reached each other anteriorly (between eye 

cups) giving rise to an arch-like structure (face view; Figure 11F). The DiCe underlies the optic lobes 

of the MsCe (Figure 11F). The caudal vein extends into the heterocercal caudal fin (Figure 20E). 

Stage 25 (Se25; Figure 11G–K) was characterised by % OVC index of 75.49 (Figure 2). Here, the 

yolk has significantly reduced, allowing free movement of the tail (Figure 11G) and the heterocercal 

caudal fin (Figure 20F). The embryonic body covers nearly 9/12 of the yolk sphere. Eyecups were 

nearly detached from the yolk (Figure 11H,I). The number of melanophores has increased 

considerably, accompanied by the first appearance of corolla epineural melanophores (CEM; Figure 

11G–K) on the head. The optic lobes’ arch-like structures (i.e., the groove) are nearly fused anteriorly 

(black arrow; Figure 11I). The pigment in the choroid coat has reduced leaving the greyish colour lens 

more visible (face view; Figure 11I). The chorion region covering the head (dorsal view; Figure 11J) 

was intensively vascularised. The pectoral fins were extended posteriorly at the level of the ducts of 

Cuvier when viewed dorsally (Figure 11J). There was yet no blood circulation in the pectoral fin. The 

posterior of the two otoliths in each otocyst is slightly larger than the anterior. Two transparent and 

membranous protrusions (will become semi-circular canals later) were observed inside the outer wall 
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of each otocyst. As a result of MyCe development, a pair of hump-like structures anteriorly was 

visible (dorsal-lateral view; Figure 11K).  

Stage 26 (Se26; Figure 12A–G) was characterised by % OVC index of 77.43 (Figure 2). The eyecup 

(i.e., choroidea) was very dark and the lenses can be seen only with strong transillumination. The Tot 

(Figure 12A) has not yet reached the interocular region. As the embryo grows, the tail extends 

posteriorly curving right to left of the vertical embryonic axis, partially encircling the yolk, and 

eventually extending back to the proximity of the head ventrally (Figure 12A). As the caudal fin 

develops, it gradually extends over the face of the embryo. The DiCe (Figure 12C) and MyCe (Figure 

12D) have grown considerably both anteriorly and posteriorly, respectively. MsCe growth was nearly 

completed and arch-like structure (i.e., the groove) were fully fused (Figure 12C). Blood circulation 

was visible in the gill (i.e., branchial arches) when embryos were viewed laterally (BrA; Figure 12E) 

and dorsally (BrA; Figure 12G). Corolla epineural melanophores (CEM; Figure 12A–D) were still 

restricted to the head region. The appearance of peritoneal melanophores (Pm; Figure 12E) and 

dendritic dermal melanophores (DDM; Figure 12E,F) over the embryonic body were recognised for 

the first time. A dorsal fin bud (DB; Figure 12E) was visible laterally. Otocyst pigmentation has now 

disappeared (Figure 12E,F). The bloodstream was knotted in the posterior end of the tail (Figure 12E, 

inset E). The notochord (Noto; Figure 12E inset) was dorsoventrally flattened, originating posterior to 

the otocysts, and extending into the tail, where the latter becomes slightly more heterocercal (Figure 

20G). The spinal cord (thin rod-shape) was in close contact with notochord dorsally (Sc; Figure 12 

inset E). As melanophores and iridophores increases in the eye, in the caudal fin, the blood circulation 

from the dorsal aorta (DAo) to the ventral caudal vein (Ven-Ca-V; Figure 12 inset E) expanded to 

form the urostylar artery, vein and a loop in the hypural region (DAo, Ur and Hy, respectively; Figure 

12 inset E). Some of the intersegmental arteries and veins began to form. Gill slits and operculum 

were visible (Gs and Ope, respectively; Figure 12G).  

Stage 27 (Se27; Figure 12H–L) was characterised by % OVC index of 80.44 (Figure 2). The yolk has 

further reduced in size leaving a large perivitelline space (Figure 12H). A yolk sac portal sinus formed 

a ring around the trunk of the embryo, extending over the head to the posterior margin of the 

pericardial serosa (PeS; Figure 12H). Peritoneal and dendritic dermal melanophores (Pm and DDM 

respectively; Figure 12I) have expanded more on the head and trunk. Corolla epineural melanophores 

(CEM; Figure 12I,J) have also expanded more on the head but were restricted anterior to MyCe. The 

duct of Cuvier has shifted ventral to the body axis (Figure 12I). The tip of the membranous margins of 

the pectoral fins (PF; Figure 12J) reach up to the second somite. The growth of MyCe posteriorly was 

nearly completed (MyCe; Figure 12J). Opercula (Ope) on each side of the head have grown and 

reached posterior part of the eyecups (Figure 12K). Melanisation of the eye and its cup was very 

dense with appearance of shiny iridophores (ShP; Figure 12K). The choroid coat completely 



De
ve

lo
pm

en
ta

l D
yn

am
ic

s

 
 

disappeared from the lens (Figure 12K). In the caudal fin, the blood circulation (white arrow; Figure 

12L) from the DAo to the Ven-Ca-V was more expanded with pronounced urostylar artery and vein 

but with incomplete loops in the hypural region. Three hypurals were formed ventral to the posterior 

tip of the dorsally flexed notochord (Figure 12L). 

Stage 28 (Se28; Figure 13A–C) was characterised by the % OVC index of 81.79 (Figure 2). The tip of 

the caudal fin has several melanophores and almost reaches the eye (Figure 13A,B). The choroidea of 

the eyes become completely melanisied and almost impervious to light (Figure 13A,B). There were 

more iridophores in the eyes (Figure 13A,B). The CEMs have expanded predominantly over the 

posterior region of the head (Figure 13A,B), while the DDMs expanded further towards the caudal 

fin. In the caudal fin (CaF; Figure 13C), the blood circulation (white arrows; Figure 13C) from DAo 

to the Ven-Ca-V has further expanded to form the urostylar (Ur) artery and vein and the loops in the 

three to five hypural (Hy) regions (Figure 13C). The caudal fin became most heterocercal (Figure 

20H). Blood circulation was apparent in the pectoral fins. At this stage, both of pectoral fins showed 

frequent fluttering in dechorionated embryos. 

 

2.2.6   |   Pharyngula (Ph) period 

This period consists of eight developmental stages (Ph29–36). It begins with first appearance of fin 

rays in the caudal fin and continues until the appearance of fin ray elements and nodes in the caudal 

and pectoral fins. An increase in the number of CFRE was accompanied by an increase in the 

embryonic body length and the number of CFR/CFRE were easily employed as precise indices for 

staging. The internal organs (e.g., digestive systems) were formed and most of them were externally 

distinguishable in dechorionated embryos. Considerable development in the musculoskeletal (e.g., 

hemal and neural spines), visual (e.g., eye) systems and general body features (e.g., mouth opening 

and expansion of melanophores on the fins) occurred (Figure 4). 

First of the pharyngula period, i.e., stage 29 (Ph29; Figure 13D–G) was characterised by appearance 

of the first fin ray in the caudal fin (Figures 13G1,22I) and numerous dull white-spot pigmentations 

on the trunk (Figure 13G3). Here, a parallel expansion of the artery and the vein (i.e., vascularisation) 

has taken place which will later assist the development of the fins. The embryonic body encircled the 

entire yolk sphere (Figure 13D,E) with Tot reaching close to the anterior region of the heart (Figure 

13F). Blood circulation from internal tissues of the head and the viscera to Cuvier’s ducts was readily 

visible (Figure 13F,G). The choroidea melanolisation became further pronounced (Figure 13D–F) and 

the eyecups were intensively covered by shiny iridophores (Figure 13G). Numerous dull-white 

pigments for the first time appeared on the trunk, which were concentered laterally, approximately 

between 1st to 15th somites (Figure 13G). These white pigments tend to appear briefly during this 

stage only (Ph29) and could not be seen in later stages. The mouth (Mo; Figure 13G inset) can be 
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opened and was connected to the oral cavity. The rudiments of the CFRs can be seen within the 

rounded membranous caudal fin (arrows; Figure 13G1). The notochord was widened and curved up 

(dorsally) in the caudal fin when viewed laterally (Figure 13G2,G1). The bulge of the liver (Li; Figure 

13G3) rudiment becomes defined on the left side of the embryonic body, approximately beneath and 

between the 1st to 3rd somites. Located posterio-ventrally and to the right of the liver, the pancreas 

(CloP; Figure 13G3) appears as a dark reddish eminence. A gallbladder (GaB; Figure 13G3) was 

identified by its yellow or yellowish-green tint and the spleen (Sp; Figure 13G3) was also discernible 

as a tiny (dark reddish) globule located ventrally between the gallbladder and pancreas. The inflated 

swim bladder (SB; Figure 13G3), was about the width of the intestine and appears as a small, 

transparent, and flattened vacuolar body dorsal to the intestine. The intestine (In; Figure 13G3) was a 

brownish tube curving to the left between the 1st and 6th somites, appearing to detour around the swim 

bladder ventrad and slightly to the right of the midline of the body axis, extending to the anus. The 

pharynx (Ph; Figure 13G3) is oval-shaped. An orangish eminence i.e., presumptive gonad rudiment 

(GoR; Figure 13G,G3”) was discernible at the ventral and the most posterior part of the body cavity. 

The movement of the eyes was coordinated as are those of the mouth and pectoral fins. In the ventral 

part of the tail (asterisks; Figure 13G2), the Ven-Ca-Var and DAo have moved towards each other.  

In stage 30 (Ph30; Figure 14A–C) the yolk mass was further reduced and there was a concomitant 

regression in the extraembryonic membranes to form the ‘neck strap’ (NS). The number of CFRs 

increased to 12 (Figure 14A inset, Figure 20J) and DDMs expanded more over the tail and caudal fin 

(Figure 14A, A inset). In parallel, the CEMs (Figure 14B) also expanded around the mouth region 

(i.e., between eyes and close to the upper jaw). More melanophores (i.e., CEM and Pm) were visible 

at the top of the head (dorsally), beneath the pharynx and the trunk-tail regions (Figure 14A–C). The 

upper and lower jawbones (i.e., Meckel’s cartilage) were formed (Figure 14B). The tip of the caudal 

fin reaches beyond the posterior border of the eyecup. Posteriorly, NS covered about one-third of an 

eye and also extended over most of the mesencephalic region, including both pectoral fins and otoliths 

(Figure 14C).  

Stage 31 (Ph31; Figure 14D,E) was characterised by the appearance of a repositioned, slightly 

reduced NS and the number of caudal fin rays remained at 12 (CFR12). Otoliths were hidden by NS 

on the lateral right view. Both NS and yolk were further reduced, and the former was covering about 

one-half the width of the eye, posteriorly. Vascularisation on the edges of the NS was visible (Figure 

14D). Fin rays were indistinct in the anal and dorsal fins. Corolla-type melanophores were scattered 

and dense in the epidermis and dermis (Figure 14D,E). 

Stage 32 (Ph32; Figure 14F–H) was characterised by 14 CFRs and an increase in % OVC index to 

85.98 (Figure 2). Two large and transparent membranous protrusions were visible within the otocysts 

(Figure 14 inset H) forming inner and outer chambers of the ear. Meningeal layer of the brain was 
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formed with small and stellate melanophores. Punctate melanophores were most frequent on the body 

surface and notochordal sheath. Vascularisation on the yolk surface was more pronounced particularly 

at the NS edges (i.e., on the eye and close to pectoral fin at the level of the eye posteriorly; Figure 

14F,G). Rays were as yet indistinct in the anal fin. The dorsal fin bud appeared as a hump-like 

structure when seen laterally (Figure 14H). The hemal spines were formed in the trunk (Hs; Figure 

14H). The anus was apparent between the yolk sphere and anal fin. The upper and lower jaws are 

enlarged (Figure 14H).  

Stage 33 (Ph33; Figure 15A–E) was characterised by the 16 CFRs and 4 CFREs (Figure 20K). 

Melanophores were distributed on the dorsal wall of the peritoneal cavity, beneath and between the 1st 

and 4th somites while forming almost a solid black sheet in the dorsal coelomic region (Figure 

15A,B). The extent of flexion of the atrioventricular region of the heart increased so that, in a lateral 

view, the atrium and the ventricle lie adjacent to each other (Figure 15A). The tip of the tail has curled 

back to the mouth (Tot; Figure 15A). The neural arch and neural spine (Na1–Na32 and NSp, 

respectively; Figure 15B) were further elongated. In the craniofacial region, the premaxilla, maxilla, 

and dentary bones were distinguishable (Figure 15A, inset B). The cephalic flexure was slightly 

straightened (in dechorionated embryo; Figure 15B), with the tip of the lower jaw shifting to a more 

dorsal position. The Ven-Ca-V was in close contact (Figure 1528B,D) with the DAo along the body 

axis when viewed laterally, with blood flow in opposite directions (arrows; Figure 15B,D). The 

rudiments of the anal fin rays and numerous melanophores (AFP; Figure 15D) could be seen on the 

rounded membranous caudal fin (predominantly along the fin rays). The teeth were visible for the first 

time at the posterior region of the mandible (M, Meckel’s cartilage) and the dentary bone (T; Figure 

15E). The number of teeth increased from 3 at pharyngula (Ph33) to 40 in parturition (Pa39). 

Stage 34 (Ph34; Figure 16A–F) was characterised by 18 CFRs and 4 CFREs (Figure 20L). As a result 

of caudal fin growth, Tot (Figure 16A) extended past the mouth and reached half of the eye sphere 

posteriorly. The yolk mass was considerably reduced. The cephalic flexure (in dechorionated embryo; 

Figure 16B) was further straightened and the NS was still visible between eyecups and pectoral fin, 

covering most of the operculum when viewed laterally (NS; Figure 16B). The jaws were greatly 

elongated consisting of a few larger incisor-like teeth in the mandible (Man; Figure 16C). A 

considerable growth in the fins (i.e., pectoral, dorsal, and anal) and their rays were discernible (Figure 

16D). The urogenital and anal opening were becoming more apparent (Figure 16D). The neural spines 

were visible through skin (NSp; Figure 16E). The first appearance of the anal fin rays (AFR; Figure 

16F) occurred with more melanophores distributed on the anal fin (AFP; Figure 16F).  

Stage 35 (Ph35; Figure 17A–D) was characterised by 20 CFRs and 5 CFREs (Figure 20M). Tot 

(Figure 17A,B) had extended past the mouth and completely covered the eye sphere. Remnants of the 

NS were still visible, the yolk mass was greatly reduced and flattened, and the cephalic flexure was 
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almost completely absent (Figure 17A–C). The pericardial cavity (i.e., cardiac sac) surrounding the 

heart was discernible (Figure 17C). The urogenital and anal micro-canals (UGC and AC respectively; 

Figure 17D) were visible with UGC opening posterior to the anal canal and at approximately 45° 

angle to the body axis. 

Stage 36 (Ph36; Figure 17E–H) was characterised by the absence of the NS around the head, leaving 

the remnants of the NS highly vascularised (Figure 17E,F). At this stage, 2–3 ray elements appeared 

in the anal fin. The gallbladder was still visible as an opaque and dark green organ through the skin 

(Figure 17F). Both ventricle and atrium (i.e., heart) were surrounded by the pericardial cavity (Pca; 

Figure 17H). 

2.2.7   |   Parturition (Pa) period 

This period consists of three stages (Pa37, Pa38 and Pa39). Birth takes place immediately following 

these stages, as the embryos rupture from the follicle walls and move into the ovarian cavity and the 

gonoduct. The heart has now assumed its definitive position, with the sinu-atrium situated posterior to 

the conus and ventral aorta. The heart is pumping the blood out of aorta at a rate of 153 ± 12 bpm.  

Stage 37 (Pa37; Figure 17I–M) was characterised by the first appearance of a second layer of teeth (T; 

Fig. 19M) in the upper jaw (premaxilla) with 22 CFRs in the caudal fin. The gallbladder (greenish 

spot) was still detectable through the skin (Figure 17I,J) and the SB was inflated (Figure 17K,L). 

Dissected embryos at this stage although capable of swimming were unable to float freely. The 

urogenital and anal canals (UGC and AC respectively, Figure 17L) were thickened.  

Stage 38 (Pa38; Figure 18A–F) was characterised by 20-22 CFRs and 6 CFREs (Figure 20N). The 

first appearance of micro-scales was observed (Figure 18A). Four large conical teeth were discernible 

on the inner and outer margins of the mandible (arrowheads; Figure 18B). Pigmentation (Pi; Fig. 18B) 

was further expanded over the mandible. The yolk was almost completely enclosed within the body 

cavity with the pigmented epidermis converging over remnant yolk (Figure 18C). Melanophores were 

dispersed over the dorsal fin (Figure 18D) and rays of the anal fin differentiated further with four ray 

elements (AFRE; Figure 18E). Blood circulation was further extended in the anal fin (B-ci; Figure 

18F). 

Stage 39 (Pa39; Figure 19A–E) was characterised by complete yolk absorption with no remnants yolk 

that could be visible. Guanophores appeared dorsally extending from head to tail tip (Figure 19A). 

Scattered melanophores were further pronounced than in the previous stage (Figure 19B,D). The 

number of teeth in the upper and lower jaws increased to at least 40 (10 in each row). Two different 

pigmentation patterns in parturiating larvae were observed (Figure 19B–E) with guanophore 

(yellowish) pigmentation common to both (white arrows; Figure 19C,E). One had only corolla 

epineural melanophores (Figure 19B,C) presenting a darker appearance and the other had mostly 
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dendritic dermal melanophores and few corolla epineural melanophores (Figure 19D,E) presenting a 

more golden appearance.  

2.2.8   |   Caudal fin development  

The chronology of the caudal fin development is presented in Figure 20. Among the fins, the caudal 

fin was first to develop, gradually becoming heterocercal followed by the first appearance of CFR and 

CFRE as embryos progress in development (Figure 20). 

2.2.9   |   Development rate from cleavage to pharyngula 

The relationship between the stages and time after fertilisation at 25 ± 0.5°C are presented in Figure 

21. In G. holbrooki embryos, days post-fertilisation (hpf) showed a linear correlation with the 

developmental stages in the cleavage, blastula, and segmentation periods (Figure 21). From the 1- to 

20- somite stage, the rate of somite appearance was approximately one somite every 2 h in this 

species. In addition, the developmental trajectory of G. holbrooki was similar to that of Xiphophorus 

sp. although the rate of development was relatively lower (Figure 21).  

2.2.10   |   Placentation   

Among teleosts, placentation is unique to Poeciliids, an aspect that is shared with placental mammals 
7, some cartilaginous fishes 8, reptiles 29 and some lizard species. 30 In G. holbrooki, vascularisation of 

the zygote begins immediately after fertilisation, resulting in a placenta-like structure in later stages of 

development (Figure 22). The placenta first appears as a single projection of blood vessel branching 

off to connect multiple developing embryos within a cluch (Figure 22). The yolk sac is the first of the 

extraembryonic membranes to be vascularised. As embryos progress in development, the placenta-

like structure connects to the embryonic pericardial vasculature, progressively thickening and 

becoming more distinct connecting each individual to the maternal blood stream. This network of 

blood vessels was established as soon as fertilisation occurred and in the subsequent stages, further 

developed with the vitelline vein draining through the region of the developing liver into the sinus 

venosus. With the yolk reduction (i.e. absorption) as embryo progress in growth, the blood vessels 

connecting to the surface of the chorion, gradually shifting to a location above the head of the embryo 

being more closer to the heart. As parturiatation nears the NS along with placenta begins to disconnect 

from the embryo with the remenant fusing to the pericardium thus allowing free birth. 
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3   |   DISCUSSION 

Despite several studies, there was a considerable knowledge gap regarding embryological 

development in Poeciliids including G. holbrooki. To address this, the present study developed and 

established a comprehensive developmental staging system by applying detailed and precise staging 

indices to define development in G. holbrooki. Many indices and discriptions presented here are novel 

and have not been employed previously for developmental staging of any Poeciliid species. Overall 

results suggest that the embryogenesis of G. holbrooki is, in general, comparable with other Poeciliids 

e.g., platyfish, and swordtail 19,31, Gambusia sp. 27 and G. affinis. 2,20 Many of indices described in 

zebrafish 17 and medaka 18 could not be readily employed for embryonic stage identification in the 

present study because of the relatively shallow and translucent embryo, the large nontransparent yolk 

and the comparatively longer developmental duration of the viviparous fish. However, these were 

overcome by combining image analysis and quntitative indices, where necesarry. 

3.1   |   Establishment of the developmental staging system of the G. holbrooki  

There are eight notable aspects to the developmental staging described here.  

(1) We defined the developmental stages for G. holbrooki over a period of 30 dpf using well-defined 

thresholds. Some descriptions were based on previous studies in other Poeciliid species 2,19,27,31, while 

adding accuracy to their descriptions. This staging system allows ease of comparison between 

Poeciliid species and it may also be applied to other teleosts. For example, by translating the time 

scale to degree days, one can compare the occurrence of concurrent developmental features and 

indices across multiple taxa similar to those of tilapia with zebrafish and medaka 32, and Midas 

cichlid, Amphilophus xiloaensis 33 with zebrafish and other cichlids. The observed duration of 

embryogenesis in this species was about 30 days at 25 ± 0.5 °C, which was comparable to those 

reported as 30 and 28.9 days for Gambusia sp. 27 and G. holbrooki 6, respectively. However this was 

significanly longer than 21.9 days reported for platyfish and swordtail. 19 The latter can be attributed 

to species-specific differences or cryptic differences in temperature profiles between the studies. 

Maintaining a uniform temperature is vital for standardisation of development. 17,23,32,34  

(2) To account for the timing of fertilisation, mating was used as a proxy as suggested for G. affinis. 2 

In platyfish and swordtail, the duration of gestation is 28 days and mature ova can be fertilised after 7 

days. 35 This may account partly for differences in the duration of gestation between this and a 

previous study. 6  

(3) This is a first comprehensive developmental staging description for G. holbrooki. Although, a long 

standing embryonic staging of Gambusia sp. 27 could be that of G. holbrooki given the similarities 

observed, but this was unverifiable despite personal communication with the authors. Regardless, the 
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staging guide described here is far more comprehensive and the species identity was verified by 

mitochondrial genome sequencing.  

(4) The study relied on semi-transparency (i.e., external and internal morphology) for staging unlike 

in vitro culture 4,35, fixation 3,27 of Poeciliid embryos.  

(5) For the first time, we identified the early stages of development (i.e., Zy, Cl and Bl) using 3D 

colour analysis without the need for fixing the embryos. It has been previously shown 36 that the 3D 

colour inspection (3D colour spectra) together with rendering scheme, JRenderer3D (Image J) are 

capable of transforming 2D data (i.e., embryonic photographs in this study) to 3D allowing 

visualisation of stage-specific differences in colour pixel densities. The Z-buffer algorithm used in the 

present study facilitated the rendering of images in proportion to depth as previously described. 36 It 

must be noted that projection parameters and lighting conditions may affect 3D scene retention, but 

by choosing the region of interest (ROI, instead of the entire embryo), we were able to extract a 

unique light and colour frequency for each of the developmental periods. Similar 3D colour spectra 

analysis has been employed to study spliceosome signature of human pluripotent stem cells 37 

inferring the applicability and reproducibility of the method even in a more obscure cases. 38  

(6) Once standardised, the system was used for staging embryos harvested from wild caught gravid 

females. This approach was more reliable than in vitro culture approaches adopted for developmental 

studies in Xiphophorus sp. 35 and P. reticulata 4 and allowed more stages to be distinguished. 

Moreover, the extension of in vitro culture for the entire gestation period would limit experimental 

procedures, including lineage tracing. 4 This is because, in Poeciliids, with their placentation 

developmental strategy, embryos rely on maternal nourishment throughout gestation. 39 In addition to 

gas exchange and nutrition, maternal provisioning provides genetic information for development and 

growth of the embryos 40, albeit at a relatively low level in G. holbrooki. 39 For example, the high 

expression of IGF2 in the placenta of H. formosa and P. prolifica suggests that this gene plays a 

central role in the regulation of embryonic growth in Poecillids. 8 Even in the absence of placental 

nourishment, the retention of eggs within the mother confers the ability to developing offspring to 

sustain growth. 40 However, in G. holbrooki, placentation may be essential, particularly beyond the 

pharyngula stage where embryos tend to not survive outside the mother (personal observations).  

(7) Most studies of fish development adopt time records (hpf or dpf) alone to standardise the 

developmental sequences while others combine this with threshold indices simultaneously. One can 

gain more useful information by using a combination of approaches as adopted in this study which 

incorporate several threshold indices (e.g., ED, OVC, HR and CFRE, etc.) with time records. This 

allowed reproducibility and distinction of intermediate developmental stages. 23,26,32,34 Specifically, 

sequential numeric labelling of the stages with period-specific prefixes, allows easier recognition of 

chronology as well as development periods. The OVC 22, the CFRE 32, CFR and the HR (bpm) indices 



De
ve

lo
pm

en
ta

l D
yn

am
ic

s

 
 

were successfully adopted for the first time to define stage characteristics in developing embryos of 

G. holbrooki.  

Similar to this study, an increase in the number of CFRE accompanied by an increase in the body 

length has been used as an index for development in tilapia 32,41, Copadichromis azureus and 

Dimidiochromis compressiceps. 42,43 Despite the heart rate increases during embryonic development 

of teleost such as zebrafish 44 and medaka 18, this has not been used for staging of the embryos. In 

contrast, we were able to use HR (bpm) more broadly to stage the embryos and to distinguish sex-

specific HR differences. 9 Nevertheless, it must be noted that the heart rate can be altered by 

temperature and measurements may require optimisation for any given temperature. Also, increases in 

OVC and OVL in relation to body length were consistent with a multidimensional growth of 

embryonic organs (e.g., brain and eyecup). Both OVC and OVL were good indicators for identifying 

later developmental stages through segmentation and pharyngula and could easily be adopted for 

other Poeciliid species and for comparative studies. The increase in the OVC with advancing stages is 

in agreement with those reported in C. auratus during pharyngula. 22 The OVL alone was successfully 

used in zebrafish developmental staging 17, although it may be a less robust indicator compared to 

OVC as OVL is not a normalised measurement.    

(8) The placenta-like structure undergoes considerable remodeling as embryo grows with its 

vasculature capable of adapting to variations in the blood supply and environmental conditions. The 

appearance of a highly vascularised NS and its connection to the pericardium of the embryonic heart 

is similar to those described for maternal placentation and vascularisation in some Poeciliid species 
20,31, sheep 45 and humans. 46,47 This implies close haemodynamic links between the development of 

the placenta and the embryonic heart as is known to occur in humans. 48 It is also possible that 

convergence of placenta to pericardium, adopts a role of stabilising cardiac output in developing 

embryos as is shown dogfish, Squalus acanthias 49 and supports increased blood flow required during 

later developmental stages. 50  

 

3.2   |   Early developmental periods (Zygote, cell cleavage, blastula, and gastrula)  

Since the cleavage cells are broad, flat and extremely thin and transparent 19, the boundaries between 

the late cleavage and early blastula were not always clear. Nevertheless, 3D RGB visualisation in 

combination with the diameter of the cells, it was possible to distinguish unfertilised egg, fertilised 

egg as well as key stages of cleavage and blastula. In unfertilised eggs, a tendency for cytoplasm and 

oil globules to coagulate and aggregate at the animal pole can be mistaken for cell division. Similar 

difficulties have been encountered in platyfish, swordtail 19,31 as well as G. affinis. 2,20  

At the second cell division, the organisation of the 4 polyhedral cells in a 2 × 2 array is comparable to 

those observed for other Poeciliid species 2,19,27, goldfish 22 and zebrafish. 17 However, the shape of the 
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blastodisc is unique to Poeciliids, unlike the spherical and compressed pear shape in zebrafish 17 and 

goldfish 22 embryos, respectively. Also, unlike in zebrafish and goldfish, the cleavage plate was 

almost indistinguishable in G. holbrooki. This could be attributed to a relatively less transparent and 

larger yolk as well as the compact chorionic membrane.  

During cleavage and up to first blastula (Bl6), cell division occurred synchronously after which (from 

midblastula) divisions were asynchronous as in zebrafish. 17 Similarly, the formation of the germ ring-

like and embryonic shield were comparable with zebrafish 17 and goldfish. 22 However, they were less 

conspicuous as the embryonic dome was flatter.  

The crescent-shaped gastrula of G. holbrooki is similar to those of other Poeciliid species 3 and 

traverses a relatively smaller circle on the yolk sphere. However, in most egg-laying teleosts such as 

zebrafish 17, goldfish 22, tilapia 32 and Mahi-mahi, Coryphaena hippurus 51, this occurs almost across 

the great circle of the yolk sphere. However, the cell aggregation towards the surface of the yolk to 

form a germinal ring is comparable to ‘cell collectivity’ mechanism reported in other teleosts such as 

zebrafish 52. This ‘cell collectivity’ results in formation of a germinal ring and the development of the 

Kupffer’s vesicle as the first organ to form in zebrafish 53, an aspect that appears to be shared by G. 

holbrooki. Except for platyfish 19, the Kupffer’s vesicle has not been described in any Poeciliids. It is 

known to develop asymmetrically left to right in most teleost 26,54, as was observed in this study. 

Subsequently, the Kupffer’s vesicle plays a role in establishing left-right asymmetries 53, as well as 

the development of heart, brain, gut, notochord and muscles. 55,56 In zebrafish embryos the ‘cell 

collectively’ occurs just prior to, and during, Kupffer's vesicle formation 52, resulting in the formation 

of a single cell cluster, called dorsal forerunner cells (DFCs). 57 During migration, the DFC cluster 

undergoes compaction and changes into a bottle-shaped cluster. 52 Around the late-gastrulation stage 

(8 hpf), DFCs start to polarise so that multiple focal points are generated within the cluster. 55 These 

points are then rearranged into a single focal point that will expand and become a vesicle lumen by 12 

hpf. 52  

Except for the developmental timings, similar chronological development was observed in G. 

holbrooki. These early developmental features correspond well to those reported for other Poeciliids 
2,19,31 and are partially shared with oviparous fish species such as zebrafish 17, goldfish 22, tilapia 32, 

and Mahi-mahi. 51 

3.3   |   Late developmental periods (segmentation, pharyngula and parturition) 

Metameric segmentation of the fish body is established during somitogenesis with distinct fragments 

derived from the paraxial mesoderm. The rate of somitogenesis (i.e., ~ one somite every 2 h in the 

present study) is largely consistent with that observed in platyfish and swordtail. 19 However, 

somitogenesis and all the other developmental events were comparatively slower than those of egg-
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laying teleosts such as zebrafish 17 and goldfish. 22 This can be attributed largely to the reproductive 

strategy of viviparity and partly to species-specific differences 58 and environmental conditions such 

as temperature. 59 The rate of embryonic development is controlled by a complex molecular 

pacemaker 60, with conserved cyclic gene expression patterns across vertebrate somitogenesis 61 but 

with species-specific cycle frequencies. 60 How and what regulates the somitogenesis clock in 

different species is not clear. Exploring these mechanisms in G. holbrooki could shed light on 

evolutionary links between oviparous and viviparous reproductive strategies.  

The occurrence of the prominent tailbud in the posterior end of the embryo was similar to other fish 

species. 19,32,51 Unlike in zebrafish 17 and medaka 18, the number of somites did not alone provide a 

useful staging index in G. holbrooki, as it was difficult to visualise somites in live embryos because of 

the relatively shallow and translucent embryo and large nontransparent yolk. Therefore, accurate 

staging required the use of additional features and indices such as brain partitioning, formation of 

optic bud and OVC. 17,22,34 The development of the brain rudiment and optic bud were comparable to 

those reported for zebrafish. 17 Unlike the application of OVC in goldfish 22 and OVL in zebrafish 17 

to stage pharyngula, they were more useful for staging segmentation in G. holbrooki. This because in 

G. holbrooki otoliths (i.e., inner ear) could not easily be seen during pharyngula and following stages, 

due to pigmented, thick, and opaque head of the embryo.  

In vertebrates, the cardiovascular system (i.e. blood vascular system and heart) is derived from 

distinct mesodermal zones, with components of the vascular wall, including smooth muscle cells 

arising from mesoderm or the neural crest ─ an ectoderm derivative found exclusively in vertebrates. 
62 Broadly, the development of the circulation system was in agreement with those described for 

Poeciliid species e.g. platyfish 19, and other teleost model fish e.g., zebrafish 17 and medaka. 18,63 

However, there were species-specific differences in the cardiovascular developmental clock. For 

example, in G. holbrooki there was a delay between the formation of the heart and onset of beating 

similar to medaka 18, tilapia 32 and Mahi-mahi 51, but different from zebrafish. Also, unlike zebrafish, 

the heartbeat was rhythmic and directional as soon as it began to contract. 17 There were also species-

specific differences in the heart rate at comparative developmental stages between G. holbrooki 

(present study), medaka 18, zebrafish 17,44 and Mahi-mahi. 51 These may reflect the species-specific 

roles of the cardiovascular system necessary to support specific physiological needs. 

A constant heartbeat is required to prevent the backflow of blood and support embryonic survival 64, 

organogenesis 65 and subsequent growth. 66 For example, the pigmentation of the retina occurs post 

heart pulsation in platyfish 19, medaka 18, tilapia 32, Eurasian perch 26 and Mahi-mahi 51 as was also the 

development of the nervous system and retinal pigmentation in G. holbrooki. Once the heart is formed 

and begins to pump a sudden shift occurs in the rate of development. Such a shift occurs at stage Se21 

in G. holbrooki and has also been reported in zebrafish 17 and Eurasian perch 26, but was less obvious 
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compared with G. holbrooki. However, the concurrent appearance of other developmental events, for 

example, gill pouch, aorta arches, pectoral fin, melanophore expansion over the embryonic head and 

body, and somitogenesis completion has been markedly comparable to those previously described in 

other teleost fish. 17,19,23,32,51 

In agreement with present study, a close association between the number of caudal fin rays and 

elements has previously been used to stage embryos in several cichlid species 33,43,67 including tilapia. 
32  

In Poeciliid species, other embryonic staging indices e.g., NS 19,27 and eye coverage by yolk 27, have 

also been suggested for developmental staging. However, the latter index was not used in this study as 

shape of the yolk sac can easily change post-harvest from the ovarian sac, causing staging errors. The 

NS was a good indicator of the yolk absorption as well as progress in development during the 

pharyngula and parturition periods, particularly when the yolk size reduced, the width of the neck 

strap also reduced. 19,27,31 However, the ‘neck strap’ cannot be used in embryonic staging of all of the 

poeciliid species as extra-embryonic membranes present in some species. 3 The number of developing 

teeth served as an additional index for staging embryos during pharyngula and parturition in G. 

holbrooki and has been previously shown to be useful for tilapia 32.  

Similar to this study, the simultaneous formation of primordial gonad with other internal organs (e.g. 

spleen, pancreas, and swim bladder), has been histologically reported in platyfish and swordtail 19, 

suggesting a conserved chronology in gonad development among the poeciliid species. In platyfish 

primordial germ cells aggregate into gonadial ridges in the region of the second to fifth pairs of 

somites 19, that corresponded to co-visualisation of gonad primordia and leucophores at stage Ph29 in 

G. holbrooki, without the need for histological sectioning. The appearance at stage Ph29 and 

subsequent disappearance at stage Ph30 of leucophores in G. holbrooki embryos, suggest that they 

may be absent, colorless and converted/substituted to other chromatophores. Such changes in 

chromatophores are also known to occur in medaka. 68 The conversion of chromatophores from one 

type to another has been well-documented in fish. 69 The binary nature of groups (at Pa39 stage) with 

two pigment patterns in the present study, suggests sex-linked pigmentation. Sex-specific 

melanophore patterns are known to occur in G. holbrooki 11,70, guppies 71, medaka 68,72 and some of 

cichlids. 73 Nevertheless, all of the five chromatophores (i.e., melanophores, xanthophores, 

erythrophores, iridophores and leucophores) that occur in the skin of guppies 71 were also present in 

G. holbrooki, with xanthophores and leucophores restricted to skin whereas erythrophores and 

iridophores were in the eye (i.e., choroidea and cup). A similar pigmentation pattern is conserved 

across the teleost lineage. 74 The increase of iridophores and melanophores during the progress of 

embryogenesis was in agreement with those reported for platyfish and swordtail 19, zebrafish 17, tilapia 
32, sand-dwelling cichlids 43, medaka 69, perch 26 and goldfish. 22 
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Swim bladder formation with its inflation prior to birth (during parturition period) was in agreement 

with those described in platyfish 19, suggesting that a G. holbrooki embryo is morphologically 

equipped for active swimming before birth. Similar inflation of the swim bladder prior to swimming 

is also know to occur in tilapia 32 and perch. 26  

The mouth opening with first peristaltic undulations 22,26,34 and formation of the teeth at parturition 

suggest that the digestive system is morphologically complete. The pattern of tooth development 

successively from the ‘dental determinant’ is similar to those observed in zebrafish 75, cichlids 76, 

sticklebacks 77 and salmonids. 78 The variation found in tooth number at the same developmental stage 

was also similar to those reported for poeciliid fish 79, zebrafish 80 and cichlids. 81 However there was 

a G. holbrooki-specific dentition pattern that may be associated with ecological adaptations, diet and 

feeding mode. 80 Although there is limited information on embryonic tooth development in poeciliids, 

the observations were strikingly similar to those reported for adults. For example, the size and shape 79 

as well as the configuration of 40 conical teeth set in two rows on the upper and lower jaws at 

parturition (Pa39) are similar to those in adult, Poeciliopsis jackschultzi sp.. 82  

Chronology of fin development, starting with the formation of caudal fin followed by pectoral, anal 

and dorsal fins is highly conserved between teleost as was also the case for G. holbrooki. The more 

posterior dorsal and anal fins develops first As in zebrafish, where the anal fin (which is slightly more 

posterior than the dorsal fin) develops first. 83 Similar to other teleost fish, the last fin rays are added 

posteriorly in G. holbrooki, suggesting a conserved mechanism. Caudal fin development was also 

similar to those of described for zebrafish 84 and cichlids. 33 More broadly, the anteroposterior 

patterning of the axial skeleton, such as first to the last somites, the neural spines and hemal spines, 

are highly similar to those described in zebrafish 28,83, tilapia and Astatotilapia burtoni 67 as well as in 

amniotes. 85 Mechanistically, the anteroposterior patterning is mediated by specific signals. 86  

In conclusion, among the different staging systems used to describe fish embryogenesis, it is reliable 

and convenient to follow saltatory theory proposed by 25 to describe and compare developmental 

processes between species. In this regard, a combination of morphological features, their thresholds, 

and functions, provided distinctive boundaries between successive stages. Indeed, observing parallel 

development of several systems (i.e., organs) to acquire multiple indicators allowed better distinction 

between developmental stages. As a result, this study was able to map multiple developmental stages 

for the first time in G. holbrooki. Specifically, this study provides valuable baseline information to 

address questions about the molecular basis of phenotypic novelties of development and their 

evolutionary origin. This detailed staging system is also the most comprehensive for any Poeciliid 

species and it will consequently serve as a secure basis for future comparative experiments. G. 

holbrooki has embryonic traits that contrast from the classical egg-laying fish models such as medaka 

and zebrafish but, importantly, these traits are shared with placental mammals. As a result, G. 
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holbrooki, could serve as a better model to investigate the origin and evolution of developmental 

mechanisms that underpin mammalian development including humans. 

4   |   EXPERIMENTAL PROCEDURE 

4.1   |   Source of specimens, fish husbandry and specimen preparations 

Male and female (with gravid spot) G. holbrooki were collected from the Tamar Island Wetland 

Reserve (41°23.1' S; 147°4.4' E), Launceston, Tasmania, Australia and transported to the Institute for 

Marine and Antarctica Studies (IMAS). Fish were maintained in recirculating aquaria (NO2–/NO3– : ≤ 

0.1 ppm, NH4+/NH3–: ≤ 0.5 ppm, temperature: 25 ± 1 °C; salinity: 0 ppt; 16L:8D photoperiod) 

acclimatised for at least one week prior to use. Fish were fed twice daily to satiation with commercial 

fish pellets (TetraMin® tropical micro granules, Germany) and freshly hatched Artemia nauplii. 

Feeding of brood fish was suspended four hours prior to harvesting the embryos.  

The development of G. holbrooki embryos is known to be asynchronous as it exhibits superfetation 6 

which, in combination with viviparity, limits harvesting an adequate number of embryos for multiple 

comparisons. To overcome this limitation, two approaches were simultaneously employed; first, 

embryos were harvested from wild-caught gravid females with varying intensity of the gravid spot 6 

during the peak reproductive season (Jan–Apr) to ensure availability of sufficient embryos at multiple 

developmental stages. Second, to calibrate developmental timing, gravid females were individually 

placed in a breeding tank for five days and subsequently released juveniles (n = 200) were collected 

and kept separated from the brood female to avoid cannibalism of juveniles. To identify females 

amongst juveniles (at parturition), fish were genetically sexed. These virgin females were then grown 

to maturity (2–3 months) and individually mated with males to record time of mating as the proxy for 

fertilisation. Embryos collected from the females with known fertilisation time, were used to verify 

the developmental stages of the embryos obtained from the wild caught females. 

4.2   |   Genetic identification of juvenile females 

Juveniles (n = 200) were individually anaesthetised (5 ppm AQUI-S®). A small piece (~ 0.5 mm2) of 

the caudal fin was clipped from each and genomic DNA was extracted using the MyTaq Extract-PCR 

Kit (BIO-21126) according to the manufacturer's protocol. The genetic sex of the individuals was 

determined by polymerase chain reaction (PCR) using a female-specific genetic marker as described 

previously. 16  

4.3   |   Husbandry and breeding 

Following genetic sexing, juvenile females (n = 90) were housed individually for about three months. 

Maturity of the females was determined based on the total body length of  ≥ 30 mm and the presence 
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of a tiny gravid spot. 6 Length measurements (± 0.1 mm accuracy) were performed on anaesthetised 

individuals using a dissecting microscope and micrometer. Upon maturation, each virgin female was 

paired with two sexually mature males (at 25 ± 0.5 °C). First copulation behaviour was observed 1–3 

h after male and female broodfish were housed together and served as a reference for fertilisation 

time.  

4.4   |   Harvesting of embryos 

Post-copulation females (n = 1 or 2) were sampled, and embryos harvested every 6 h for ten days (n = 

35), then every 12 h for the remaining 20 days (n = 55). Mature unfertilised females (n = 20) were 

also sampled, and the ovary was harvested for characterisation of the zygotic stage. From 10 days 

post-fertilization (dpf), embryos were observed to describe organogenesis. Females were individually 

euthanised with 50 ppm AQUI-S®. Fish were dissected and ovaries were gently pulled apart with 

tweezers while immersed in 10 ml of 1 X PBS (Phosphate-buffered saline) in a 6 cm plastic Petri dish. 

Embryos/unfertilised eggs were then individually transferred using a plastic Pasteur pipette to a 2 cm 

plastic Petri dish, where they were oriented and held in position in an agarose bed. For better 

visualisation chemical and/or physical dechorionation was performed as required. Enzymatic 

dechorionation was performed according to the method previously described 87 with modification. 

Briefly, fertilised eggs (embryos) were washed twice with sterile-filtered aquarium water and then 

treated with a solution containing 1 X PBS and 0.15% trypsin (pH 11.0) for 10 min, followed by 

multiple washes in 1 X PBS. This was followed by physical dechorionation using sharp tweezers. 

Physical dechorionation was adequate for detailed observations of the embryos at advanced 

developmental stages. The chorion could not be easily removed at early stages (before segmentation) 

due to a large and soft yolk which broke when disturbed.  

4.5   |   Characterisation of embryonic stages  

4.5.1   |   Microscopy and digital imaging  

Photographs of the embryos were taken under natural white light on a black or white background. 

When applicable (often post-dechorionation) specimens were anesthetised in AQUI-S® (10 ppm) for 

microscopic observations. The live embryos (i.e., at advanced developmental stages) were mounted in 

filtered water on a depression slide without a coverslip. The magnified images (5X, 10X or 20X) were 

captured using a Leica MZ16FA stereomicroscope (Leica Microsystems, Wetzlar, Germany) 

equipped with CCD camera (12.5 mega pixels). To create all-in-focus images, the ‘Extended Depth of 

Focus’ (EDOF) option of the software (LAS X Leica Microsystems) was used. All photographs were 

generated using the Leica software and processed in Adobe Photoshop 2020 (Adobe Systems, San 

Jose, CA, USA).  



De
ve

lo
pm

en
ta

l D
yn

am
ic

s

 
 

Morphological diagnostics were used to preliminarily stage the embryos according to indices 

described for developmental staging in Gambusia affinis 2, Gambusia sp. 27 and zebrafish. 17  Both 

discrete and continuous morphological changes were used to describe the stages using steps between 

discrete thresholds where applicable. 

4.5.2   |   Acquisition of quantitative data  

Six quantitative indices i.e., egg diameter (ED), embryo total length (ETL), otic vesicle closure 

(OVC), heart rate (HR; beats per min), number of caudal fin rays (CFR), number of caudal fin ray 

elements (CFRE) were employed as distinguishing characteristics for developmental staging of G. 

holbrooki. 

Briefly, ED (µm) for five stages i.e., Cl, Bl, Ga, Se and Ph and ETL (mm) for EGa, LGa, ESe, LSe, 

Ph and Pa stages (n = 50/stage) were measured under a dissecting microscope and from digital 

images. The face view of the embryos at early stages i.e., Cl and Bl and their corresponding area 

(µm2) or early blastodisc divisions and high blastula (i.e., multilayer blastodiscs) respectively were 

measured using ImageJ (NIH). When time of fertilization was known, the ED and ETL was measured 

daily (for 30 days). For stage identification during Se period and Mid-Ph (Ph32), OVC index for each 

stage was computed as previously described for Goldfish, C. auratus 22. The shortest distance between 

posterior and the anterior margin of the eye and the otic vesicle (blue line; Dist.E.Ot; Figure 23A–C) 

respectively and the length of the major axis of the otic vesicle (red line; L.Ot; Figure 23A–C) were 

measured for each stage (n = 10). The percentage of otic vesicle closure (% OVC) was calculated 

using the formula 𝐿𝐿.𝑂𝑂𝑂𝑂/(𝐿𝐿.𝑂𝑂𝑂𝑂 +  𝐷𝐷𝐷𝐷𝐷𝐷𝑂𝑂. 𝑒𝑒.𝑂𝑂𝑂𝑂)  × 100. 

After the heart started beating (Se19), the HR (bpm) was employed as a broad diagnostic feature for 

staging. The HR (bpm) was measured from early segmentation (Se19) to parturition (Pa39) using 

light-cardiograms (LCG) as recently described for G. holbrooki. 9 Ten embryos per stage (ESe, MSe, 

LSe, EPh, LPh, and JPPa) were used for HR measurement at a constant temperature 25 ± 0.5 °C. 

The number of caudal fin rays (CFR) and elements (CFRE) were counted and used as distinguishing 

characteristics 32 in later developmental stages (Ph29–33 and Ph33 onwards respectively). Briefly, 

caudal fin rays were counted for each developmental stage (n = 10 each) by direct inspection of fin 

rays under the stereomicroscope (Figure 24A,B). The central two rays of the caudal fin were used to 

count the CFRE. Embryos with equal number of upper (CFRE-U) and lower (CFRE-L) central ray 

elements were used to assign developmental stages.  

4.5.2.1   |   Three-dimensional (3D) analysis of images 

As coarse criteria to distinguish primarily the early developmental stages (Zy, Cl and Bl) a 3D colour 

analysis was performed (on 8 different developmental stages) using colour Inspector 3D plugin v2.3 
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algorithm in ImageJ (NIH) as previously described. 36 Briefly, each (n = 10 embryos/stage) digital 

colour image (face view) was individually imported to ImageJ, and the region of interest (ROI; n = 10 

per embryo) was selected using the oval selections tool (ImageJ) with three technical repeats/embryo 

(30 data points for each embryo) and data captured. The colour data were transformed using Color 

Inspector 3D (colour space, colour distribution and display mode were set to RGB, Wu Quant and 

100 LUT respectively), to obtain 3D RGB profiles. The resulting 3D pixel data were normalised for 

viewing angle, scale, perspective and lighting condition using a Z-buffer algorithm (JRenderer3D) in 

ImageJ. 36 The frequency of the normalised 3D RGB colour distribution was then extracted (in 

OriginPro 2021). The number of cells for each stage was quantified by turning respective embryonic 

images into RGB colour frequency as previously described. 88 The  percentage of the RGB colour 

frequency was used as fingerprint to identify embryonic stages that were particularly difficult to 

distinguish (i.e., Cl and Bl) otherwise.  

4.5.2.2   |   Measurement of developmental rate 

The developmental rate and timing of G. holbrooki embryos from the zygote to the segmentation 

periods were compared with those previously reported in platyfish, Xiphophorus maculatus. 19 Firstly, 

key, and shared developmental features with their corresponding time (dpf) were extracted from the 

previous study in platyfish. A separate batch of the G. holbrooki embryos (n = 10/stage) was collected 

from broods incubated at 25 ± 0.5°C. Stages (i.e., early cleavage to pharyngula) and embryonic 

features were determined. Secondly, the linear correlation between developmental stages (i.e., stage-

specific features) and timing between these two species over 22 dpf were used to compare 

developmental rates. A total of 24 embryonic features (i.e., 24 time points) were used for comparison. 

4.6   |   Statistical methods and data sets 

Statistical analyses and graphing were performed in OriginPro 2021 (Originlab Corporation, 

Northampton, MA, USA). Data are presented as a mean ± standard deviations (SD). The differences 

between the means of two groups were tested for significance using an unpaired student t-test. All 

significant differences between RGB frequencies were determined by a non-parametric test 

(Wilcoxon rank-sum). Where applicable, multiple comparisons were performed using one-way 

analysis of variance (ANOVA) followed by Tukey's test. Linear regression analysis was used to 

determine the goodness of fit between developmental features and days post-fertilisation (dpf). All 

data was assessed for normality using Shapiro-Wilk normality test and Q-Q (Quantile-Quantile) plot. 

The difference between two means was considered significant when p < 0.05. 
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FIGURE LEGENDS 

FIGURE 1   Plots showing the egg diameter (A), embryo total length (B), the number of caudal 

fin rays (C) and heart rates (D) at various developmental stages. The square and horizontal line in 

each box plots represent mean and median, respectively. Zy, Cl, Bl, EGa, LGa, ESe, MSe, LSe, EPh, 

LPh and JPPa indicate zygote, cleavage, (early and late) blastula, (early, mid-, and late) segmentation, 

(early and late) pharyngula and (just prior to-) parturition stages, respectively. Data with the different 

letters are significantly (p < 0.05) different from one another. Data are presented as a mean ± SD. 

FIGURE 2   Graph showing the otic vesicle closure (% OVC) indices for staging of embryos 

during the segmentation and pharyngula periods. Changes in distance from eye to otic 

vesicle/otolith (blue line; Dist.e.Ot) and otolith length (red line; L.Ot) are also presented. “L.Ot” 

shows a significant increase throughout the development (Se16–Ph32), whilst the “Dist.e.Ot” 

increased initially, until stage Se20 and then significantly reduced (p < 0.05). The intersectional point 

of two indices (Dist.e.Ot) and (L.Ot), occurred between Se21 and Se 22 stages. The grey line graph 

(% OVC) indicates an increasing trend over different developmental stages (i.e., Se16 to Ph32).  

FIGURE 3   3D surface colour analyses of digital images at eight developmental periods. 

Representative images prior  (A–D; unfertelised egg, Cl, Bl and Ga, respectively) and post (I–L; ESe, 

LSe, Ph and JPP, respectively)  circulation system development with corresponding 3D colour graphs 

(E–H and M–P, respectively) are presented. Each 3D plots represent the average (n = 

10/developmental stage) RGB spheres with their volume proportional to their frequencies. (Q) 

Histograms showing the percentage of RGB frequencies and their counts in the corresponding 3D 

plots. Significant differences between RGB frequencies means were determined by a non-parametric 

test (Wilcoxon rank-sum; p < 0.05). Red curve on each histogram represents Laplace distribution of 

the relative RGB frequency data. 

FIGURE 4   Developmental staging table of the G. holbrooki. The time scale is given in days post 

fertilisation (dpf). The forty numbered-named staging system onsets at zygote (stage 0) and ends at 

parturition (stage 39). First, a general time-table of embryonic stages over 30 dpf is presented. Next, 

the chronology of each systems and the first observation of a new feature or an organ was highlighted 

in the live embryos. Observations were classified according to their involvement in the nervous, 

circulation, musculoskeletal, visual and digestive systems. The distinguishable general body features 

used to discriminate between developmental stages. AVE = average; bpm = beats per minute; Bl = 

blastula; Cl = cleavage; DS = developmental stages; dpf = days post fertilisation; Ga = gastrula; Or = 

organogenesis; Ph = pharyngula; Pa = parturition; Se = segmentation; Zy = zygote. 

FIGURE 5   Images showing unfertilised eggs and newly fertilised (zygote) embryos. (A) A 

clutch of unfertilised eggs dissected from a mature virgin female, showing a maturing ovum (box). 

(B) A maturing ovum with thin chorion (arrowheads) showing early previtellogenic space i.e., 
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gelatinous envelope (double-headed arrow) and vitelline reserve (asterisk). (C) Just fertilised ovum 

(zygote) with increased size and evenly developing lipid globules (asterisks) and (D) close-up view of 

the zygote (asterisks) with early signs of vascularisation (stalk-like) to each fertilised eggs (arrows). 

(A, C and D) scale bars = 1 mm; B = 100 µm. 

FIGURE 6   Images representing zygotic, cleavage and blastula periods. (A) Zygote (Zy): at the 

animal pole, the cytoplasm separates from the yolk to form the blastodisc. (B–F) Images showing five 

stages (Cl1–Cl5, respectively) of the cleavage period. (G–I) Images representing the three stages (Bl6, 

Bl7 and Bl8, respectively) of the blastula period. Dotted lines (A–I) indicate the location of the 

corresponding cell cleavage of each stage. Asterisks indicate large oil droplet. Scale bar = 500 µm. 

FIGURE 7   Images representing magnified face views of cleavage (A and B) and blastula (C 

and D) periods. (A) and (B) Showing 4-cell (Cl2) and 64-cell (Cl5) stages, respectively. (inset A and 

B) Representing diagrammatic animal polar face view of the 4-cell stage (twisted embryo about the 

animal-vegetal axis, roughly 45°) of the planes of the third cleavages (cycle 3) and 64-cell stage (two 

layers of 32-cell). In both images, white, black, and blue dotted lines indicate the corresponding area 

in the yolk for the cell divisions (surface cavity), the border of diving cell mass (deepest point of the 

cavity) and the depth of the cell mass from the egg surface, respectively. There were changes in cell 

density visible as more or less translucent areas around oil globules in the corresponding cell mass. 

(C) and (D) Showing the Bl7 and Bl8 stages, respectively. Dotted line indicates the onset of 

asynchronous cell divisions and cell migration (arrows in C) during this stage to form the germinal 

ring also known as dome-like blastodisc structure (arrows in D). OG = oil globules. (A, B and C) 

Scale bars = 500 µm; D = 100 µm.  

FIGURE 8   Photographs showing the embryonic developmental stages during gastrula. (A–F) 

Represent six different gastrula stages that correspond to stages 9 to 14 of development (Ga9–Ga14), 

respectively while (G–L) are magnified views corresponding to images A–F, respectively. Dashed 

boxes (A–F) and dotted lines (G–L) frame the area and contour of the developing embryos, 

respectively. Ap = animal pole; a = anterior; Ch = chorion; d = dorsal; Dol = dorsal lip; ES = 

embryonic shield; EA = embryonic axis; GR = germinal ring; KV = Kupffer‟s vesicles; NK = neural 

keel; OpP = optic primordial; OpC = optic capsule; p = posterior; PS = perivitelline space; RB = 

rudimentary brain; TB = tailbud; v = ventral; Vp = vegetal pole; yo = yolk; yellow and white 

arrowheads in (F) = dorsal and ventral directions of the egg respectively; arrowheads in (G and H) = 

GR expansion points to form embryonic shield. Animal pole to the top. Scale bars (A–F) = 500 µm; 

(G–L) = 200 µm; B and C inserts = 200 µm; E and F inserts = 100 µm.  

FIGURE 9   Views of the embryonic developmental stages during the segmentation period 

(stages Se15–Se20). Panels A–C and G–I show low magnification photographs of stage 15-20 (Se15–

Se20) embryos, respectively. These images are shown with the animal pole to the top. Panels G–L 
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present the magnified view of the dotted line embryos in the panels (D–F and J–L) respectively. Small 

panels at the bottom of D, E, F and K, represent the magnified front view of the embryonic head 

within perivitelline space. Inset B shows the dorsal view of the embryo within the perivitelline space. 

Insets C‟ and C” show otic vesicles and dorsal view of the embryo in the perivitelline space, 

respectively; Inset G shows an anterio-dorsal view of 14 somites and chevron-shaped of the tailbud; 

Inset L shows a closer view of the otic vesicle, optic lens, and retina pigmentation. Red and blue 

double-headed arrows show the distance between the posterior end of the otic cup to the yolk (within 

perivitelline space). (E) arrows indicate the optic vesicles are folding points into optic cups. (K) The 

dashed line corresponds to the location of the ventricle (tubular heart) underneath the mesencephalon. 

Each short solid bar horizontal to the embryonic body axis in C, E, F, G, and H indicate a somite. Apl 

= auditory placode; AnCa = anterior cardinal veins (precardinal veins); ACaV = anterior cardinal 

vein; CoW = circle of Willis; Ch = chorion; DAo = dorsal aorta; DiCe = diencephalon; ED = 

embryonic descending into yolk; Eem = extra-embryonic membrane; Inf = infundibulum; Lp = lens 

placode; MyCe = myelencephalon; MtCe = metencephalon; MsCe = mesencephalon; NK = neural 

keel; NeC = neural cord; Noto = notochord; Neu = neuromeres (rhombomeres); OpB = optic bud; OL 

= optic lens; Otp = otic vesicle pigmentation; OCp = optic cup pigmentation; Opl = optic lobe; OC = 

optic cup; Ot = otic vesicle; OCVP = optic choroid vascular plexus; PS = perivitelline space; Rp = 

retina pigmentation; RBC = red blood cells; S = somite; SiAr = sinu-atrium; TB = tailbud; TH = 

tubular heart; TeCe = telencephalon; Ve = ventricle; yo = yolk. Scale bars (A–C and G–I) = 500 µm. 

FIGURE 10   Photographs showing the embryonic developmental stages during the two 

segmentation stages (Se21 and Se22). All the embryos used were alive except for the panel F (the 

specimen was explanted from yolk/egg). Panels A–F and G–I show embryonic views of stage 21 and 

stage 22 of segmentation, respectively. (D) Arrows point to the right lateral view of first (I), second 

(II) and third (III) anterio-posterior to the aortic arch. Each short solid line in F corresponding a 

somite. C inset showing magnified view of the tail in panel (C). At = atrium; AnCa = anterior cardinal 

veins (precardinal veins); Bu-Ar = bulbus arteriosus; B-c-yo = blood circulation on the yolk; Ch = 

chorion; CF = caudal fin; DoC = duct of Cuvier; DiCe = diencephalon; DAo = dorsal aorta; ECp = 

eye cup pigmentation; EC = eye cup; H = heart; L = lens; MyCe = myelencephalon; MsCe = 

mesencephalon; MtCe = metencephalon; MoR = mouth opening region; Noto = notochord; OCVP = 

optic choroid vascular plexus; OpV = optic vessel; OPL = optic lube; Ot = otic vesicle; PS = 

perivitelline space; Re-Op = recessus opticus; Rp = retina pigmentation; rPF = rudiment pectoral fin; 

Si-Ve = sinus venosus; S = somite; Tot = tip of the tail; Ve = ventricle; V-Ao = ventral aorta; yo = 

yolk. 

FIGURE 11   Photographs showing embryos at segmentation period (Se23, Se24 and Se25). All 

specimens used in present panels were live, except for the embryos in the panel C. Panels (A–C), (D–

F) and (G–K) representing Se23, Se24 and Se25, respectively. (Inset A) Shows a magnified view of 

A
cc

ep
te

d 
A

rti
cl

e
6/17

This article is protected by copyright. All rights reserved.



the boxed area in panel A. Four arrows show the location of aorta arches. (C) A dorsal view of an 

explanted embryo. Two solid short lines indicate the location of the somites number 1 to 25. Inset 2C‟ 

showing a detailed view of the last 10 somites in the caudal fin (1C‟ box). Inset 3C” showing a 

magnified view of (4C” box) with otoliths, gill pouch and four aorta arches (arrows). Arrows in panel 

D showing the location of four sinuous portions of the vitello-caudal vein meander. Black arrows 

showing the mesencephalon arch-like structure and the groove before (F) and after (I) fusion 

respectively at Se24 and Se25. Inset H showing the heterocercal caudal fin. Magnified face view of 

the boxed (head) in panel H is shown in Panel I. AFB = anal fin bud; AoA = aortic arch; At = atrium; 

Chc = choroid coat; Ch = chorion; CEM = corolla epineural melanophores; CaV = caudal vein; DiCe 

= diencephalon; EPM = epineural melanophores; EC = eye cup; GPP = gill pouch primordia; H = 

heart; lDoC = left duct of Cuvier; L = lens; LLa = lateral-line anlagen; Mepr = membranous 

protrusions; MsCe = mesencephalon; MyCe = myelencephalon; MtCe = metencephalon; Mayo = 

myotome; Noto = notochord; OpV = optic vessel; OPL = optic lobes; Ob = olfactory bulb; Ot = otic 

vesicle; OpA = opercular artery; PS = perivitelline space; PF = pectoral fin; rDoC = right duct of 

Cuvier; ReC = retina cup; Si-Ve = sinus venous; S = somite; Tot = tip of tail; V-Ao = ventral aorta; 

VE = veins; V-Ca-V = vitello-caudal vein; yo = yolk. Scale bar = 500 µm. 

FIGURE 12   Photographs showing the embryos at segmentation (Se26 and Se27). All specimens 

shown are live embryos, except for the embryos in panels F and K. Panels show front (A) and dorsal 

(B) views of an embryo. Magnified views of the boxed areas in A and B are shown in C and D, 

respectively. A magnified lateral view of the caudal fin is presented in the inset of panel E. An 

explanted embryo from the yolk is shown in panel F. A magnified dorsal view of the boxed area in F 

is shown in G. Arrows (insets of E and L) indicate the expansion of the blood stream (urostylar artery 

and vein) in the caudal fin. Panel I is a dorsal-lateral view of a dechorionated live embryo. In the 

caudal fin, the blood circulation (white arrows) from the DAo to the Ven-Ca-V expanded to form the 

urostylar artery and vein (Ur) and loops in the hypural region (E and L panels). AF = anal fin; BrA = 

branchial arches; Ch = chorion; CC-Ca-V = cross connection between caudal veins; CaV = caudal 

vein; CEM = corolla epineural melanophores; CF = caudal fin; DiCe = diencephalon; Dor-Ca-V = 

dorsal caudal vein; DDM = dendritic dermal melanophores; DB = dorsal bud; DAo = dorsal aorta; EC 

= eye cup; Gs = gill slits; H = heart; Hy = hypural region; lDoC = left duct of Cuvier; L = lens; MsCe 

= mesencephalon; MyCe = myelencephalon; MtCe = metencephalon; Noto = notochord; Ot = otic 

vesicle; Ope = operculum; PS = perivitelline space; Pm = peritoneal melanophores; PFT = pectoral fin 

tip; PF = pectoral fin; PeS = pericardial serosa; rDoC = right duct of Cuvier; ReC = retina cup; ShP = 

shiny pigmentation; Sc = spinal cord; Tot = tip of the tail; Ur = urostylar artery and vein; V-Ca-V = 

vitello-caudal vein; Ven-Ca-V = ventral caudal vein; yo = yolk.   

FIGURE 13   Photographs showing embryos during last stage of segmentation (Se28; A–C) and 

the first stage of pharyngula (Ph29; D–G). All specimens shown are live embryos, except in the 
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panel G. A dechorionated caudal fin is presented in panel C. A magnified face view of the boxed area 

of panel E is shown in F. A lateral view of an explanted (from yolk) embryo is shown in panel G. A 

magnified lateral view of the mount opening region is presented in inset G. Magnified views of the 

G1, G2 and G3 dotted boxes in panel G are shown in subpanels G1, G2 and G3, respectively. Arrows 

in C and G1 panels showing three urostylar (artery and vein) and ray nodes, respectively. A magnified 

lateral view of the G3‟ presented in inset G3”. AF = anal fin; B-ci = blood circulations; CF = caudal 

fin; CC-Ca-V = cross-connection between caudal veins; CloP = Compact lobe of pancreas; CEM = 

corolla epineural melanophores; CaRn = caudal ray nodes; DDM = dendritic dermal melanophores; 

Dor-Ca-V = dorsal caudal vein; DAo = dorsal aorta; DF = dorsal fin; EC = eye cup; GaB = gall 

bladder; H = heart; Hc = hypochord; Hy = hypural region; In = intestine (gut); Li = liver; Mo = mouth 

opening region; Noto = notochord; Ot = otic vesicle; Pm = peritoneal melanophores; PG = primordial 

gonad; Ph = pharynx; ShP = shiny pigmentation; SB = swim bladder; Sp = Spleen; Tot = tip of the 

tail; Ur = urostylar artery and vein; Ven-Ca-V = ventral caudal vein; WSP = white spot pigmentation 

(leucophores); yo = yolk. Scale bar = 1 mm. 

FIGURE 14   Photographs showing the embryos during the pharyngula period (Ph30; A–C), 

(Ph31; D and E) and (Ph32; F–H). All specimens shown are live embryos. A lateral view of the 

caudal fin is presented in inset A. Panel B showing a magnified view of the mouth opening region (A) 

dotted box. Magnified views of the black dotted boxes in (D) and (F) are presented in (E) and (G). 

White dotted lines showing the „neck-straps‟ (C, D, F and G) and yolk surface (E). Lateral view of a 

dechorionated embryo is presented in panel H. Inset H showing a focused view of the otolith‟s region 

(dotted line) close to the eye (laterally). AF = anal fin; An = anus opening region; BV = blood veins; 

CEM = corolla epineural melanophores; CF = caudal fin; Ch = chorion; CFR = caudal fin ray; DDM 

= dendritic dermal melanophores; DF = dorsal fin; EC = eyecup; H = heart; Hs = hemal spine; L = 

lens; LJ = lower jaw; M = mouth; MC = Meckel‟s cartilage; NS = neck strap; Ot = otic vesicle; Pm = 

peritoneal melanophores; PF = pectoral fin; ShP = shiny pigmentation; Tot = tip of the tail; UJ = 

upper jaw; yo = yolk. Scale bar = 1 mm. 

FIGURE 15   Photographs showing the embryos at the pharyngula (Ph33) period. A live embryo 

with chorion (A), dechorionated (B), caudal fin (C), anal fin (D) and face view of the head (E) are 

presented. A lateral magnified view of the jaws (mouth; boxed in B) is shown in inset B. Na (Neural 

arch) 1 and 32 are labelled in the panel B. An individual caudal fin ray element is labelled in panel C 

(bracket). Two arrows (D) showing the direction of blood flow, posteriorly and anteriorly via dorsal 

aorta and profundal caudal vein, respectively. AF = anal fin; APo = anus pore; At = atrium; AFSR = 

anal fin soft rays; AFP = anal fin pigmentation; CEM = corolla epineural melanophores; CFRE = 

caudal fin ray element; CFR = caudal fin ray; DF = dorsal fin; Deb = Dentary bone; DAo = dorsal 

aorta; EC= eye cup; e = eye; L = lens; LJ = lower jaw; Max = maxilla; Na = Neural arch; NSp = 

neural spine; Ot = otic vesicle; PF = pectoral fin; pMax = premaxilla; PCaV = profundal caudal vein; 
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ShP = shiny pigmentation; Tot = tip of tail; T = teeth; UJ = upper jaw; Ve = ventricle; yo = yolk. 

Scale bar = 1 mm. 

FIGURE 16   Photographs showing the embryos during the pharyngula (Ph34) period. A live 

embryo with chorion (A), a dechorionated lateral view (B), craniofacial (C), body trunk (D) caudal fin 

(E) and anal fin (F) are presented. (B) „neck strap‟ (dotted lines) is shown. (E) An individual caudal 

fin ray element is labelled in panel E (bracket). At = atrium; AFP = anal fin pigmentation; AFR = anal 

fin ray; AF = anal fin; APo = anus pore; CEM = corolla epineural melanophores; CF = caudal fin; 

CFRE = caudal fin ray element; CFR = caudal fin ray; Deb = Dentary bone; DF = dorsal fin; e = eye; 

NSp = neural spine; Man = mandible; Max = maxilla; NS = „neck strap‟; PF = pectoral fin; pMax = 

premaxilla; Tot = tip of the tail; T = teeth; Ve = ventricle; yo = yolk. 

FIGURE 17   Photographs showing the embryonic developmental stages during the last two 

stages of pharyngula (Ph35 and Ph36) and the first stage of parturition (Pa37). Views of live 

embryos at Ph35 (A–D), Ph36 (E–H) and Pa37 (I–M) are presented. (A and B) „neck straps‟ are 

shown (dotted lines). A lateral view of a dechorionated embryo is shown in panel C. Inset (C) 

showing detailed craniofacial bone structures. A magnified (box in C) lateral views of the urogenital 

and anal canals (D), and pericardium (H) are shown. A magnified view of the boxed area in the K is 

presented in panel L. The urogenital and anal sinuses (white and black arrows, respectively) are 

shown in L. AF = anal fin; At = atrium; AC = anal canal (duct); Ao = aorta; CF = caudal fin; CEM = 

corolla epineural melanophores; Deb = Dentary bone; DF = dorsal fin; GaB = gall bladder; Hs = 

hemal spine; Man = mandible; Max = maxilla; NS = „neck strap‟; Ope = operculum; PF = pectoral 

fin; pMax = premaxilla; Pca = pericardium; SB = swim bladder; T = teeth; Tot = tip of the tail; UGC 

= urogenital canal (duct); Ve = ventricle; yo = yolk. Scale bar = 2 mm. 

FIGURE 18   Photographs showing the embryos at parturition (stage 38). Lateral (A) and 

ventral (C) views of a live embryo. View of the dorsal of the mandible (B). Arrowheads indicate that 

four teeth were observed on one side of the mandible (Meckel‟s cartilage) and four teeth were on the 

opposite side. Pigmentation was expanded over mandible and on the dorsal fin (D). Lateral view of an 

anal fin presented in panel E. At this stage, both rays and ray elements appeared in the anal fin. A 

magnified view of the box (panel E) is shown (F) the blood circulation in the anal fin. AF = anal fin; 

AFR = anal-fin ray; AFRE = anal fin ray element; B-ci = blood circulation; CF = caudal fin; DF = 

dorsal fin; DFP = dorsal fin pigmentation; H = heart; MC = Meckel‟s cartilage; Pi = pigmentation; PF 

= pectoral fin; Sca = scale; yo = yolk. Scale bars = 2 mm. 

FIGURE 19   Photographs showing the embryos with two different pigmentation patterns at 

Pa39. Lateral-dorsal view of a just parturiated larva (A). Dorsal views of two live just parturiated 

larvae with two pigmentation patterns. Corolla epineural melanophores and dendritic dermal 

melanophores are shown in (B and C) and (D and E), respectively. Xanthophore (yellowish) 
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pigmentation was common in both (C and E; white arrows). CEM = Corolla epineural melanophores; 

DDM = dendritic dermal melanophores; L = lens; M = melanophore; T = teeth; X = xanthophore. 

Scale bars = 1 mm (A), 500 µm (B and D) and 200 µm (C and E).  

FIGURE 20   Development of the caudal fin of G. holbrooki embryos. Panels A–H showing 

developmental progress of caudal fin in embryos during the segmentation (Se17, Se18, Se21, Se23, 

Se24, Se25, Se26 and Se28), respectively. Caudal fin development for pharyngula (Ph29, Ph30, Ph33, 

Ph34 and Ph35) and parturition (Pa38) are presented in (I-M) and N panels, respectively. Newly 

formed somite was added to the tail posteriorly (B). Caudal fin was first begun heterocercality at stage 

Se21 (C). Newly formed somite close to tail tip is shown in stage Se23 (D). Development of urostylar 

artery and vein and hypural in the caudal fin was first seen at stage Se26 (G), with their further 

expansion at Se28 (H). The first fin ray appeared at the first stage of pharyngula (Ph29; I). The 

number of caudal fin ray (CFR) was increased as embryo progress in development (Ph30; J). The first 

caudal fin ray element (CFRE) was appeared in the Ph33 (panel K). FFR = first fin ray; S = somite; 

TB = tailbud.   

FIGURE 21   Comparison rates of development for embryos from early cleavage to the 

segmentation periods between platyfish, Xiphophorus sp. and G. holbrooki. Black and red open 

circles with their corresponding linear regressions respectively for platyfish, Xiphophorus sp.
19

 and G. 

holbrooki (present study) indicate the ratio between the developmental stages (i.e., stage-specific 

features) and days post fertilisation (dpf). A total 24 shared embryonic features over 22 dpf were 

plotted. G. holbrooki development rate is largely consistent with Xiphophorus sp. but showed 

relatively lower rates.  

FIGURE 22   Photographs showing clutches and the development of placenta-like structure 

(embryonic pericardium vascular connection network) in G. holbrooki in different stages. (A) 

Showing ovum surrounded by capillaries vascularisation. The expansion of placenta-like structure 

immediately after fertilisation in Zy (B), Bl (C), MSe (D), LSe (F) and LPh stages are shown. Arrows 

point to the capillaries (A) and a more distinct vascular connections at a later developmental stage (B–

F). Magnified view of the boxed area in (E) is presented in the inset E. The mean diameter of the 

connecting vessel at advanced stages was 110 ± 25 µm (n = 5/stage). Scale bars (A) = 500 µm, (B–F) 

= 2 mm. (G) the schematic representative of placentation structure with its vascular network in G. 

holbrooki. The vascularisation starts during the ovum maturation within the ovary sac, with ova 

surrounded by a wide network of capillaries and connective ovarian tissues. Individual placenta-like 

vascular, become connected to each egg immediately after fertilisation (i.e., zygote stage onwards) 

and ss embryo progress in development in later stages (i.e., ESe, MSe, LSe, EPh and LPh), it become 

restricted to the NS and pericardial sac via distinct individual vessels (H). Ov = ova; Zy = zygote; 

ESe, MSe and LSe = (early, mid-, and late, respectively) segmentation; EPh and LPh = (early and 
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late, respectively) pharyngula; NS = „neck strap‟; OS = ovary sac. Two arrows = blood circulation 

direction in (red) and out (dark blue) of the ovary sac. Solid red lines representing the relative 

thickness of the vascular connection to each developing egg. Dotted and dashed red lines, indicate the 

free (i.e., not connected to ova) capillaries and vascularised connective tissue around the ovum.  

FIGURE 23   Representative images showing OVC measurements of embryos during 

segmentation and pharyngula periods. Digital images of embryos at Se20 (A), Se23 (B) and Ph32 

(C) stages. Shortest distance between the posterior end of the eye and the anterior end of the otic 

vesicle (Dist.e.Ot), and length of major axis of the otic vesicle (L.Ot) are marked with blue and red 

double headed arrows, respectively. Ch = chorion (i.e., highly vascularised); e = eye; Ot = otic 

vesicle; PFB = pectoral fin bud; yo = yolk. Scale bars = 250 µm. 

FIGURE 24   Representative photographs of the caudal fin of G. holbrooki embryo at 

pharyngula period, stage 35 (Ph35). (A) The number of caudal fin rays (CFR) is labelled. In this 

example, the CFR is 20 and arrows point to the two central rays. (B) Magnified view of the boxed 

area in the image (A) with CFRE (1–5) marked. The two central rays (10 and 11) had an equal 

number of CFRE (i.e., CFRE-U and CFRE-L = 5) and was used to define Ph35 in this example. Scale 

bars = 500 µm and 100 µm for (A) and (B), respectively. 
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