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Thesis abstract 

The eastern mosquitofish, Gambusia holbrooki, is a freshwater viviparous fish that originates 

from North America. This along with its sister species G. affinis, were introduced throughout 

the world (i.e., over 110 countries), including Australia as mosquito control agents. Due to 

their high adaptability and tolerance, they have rapidly established populations in new 

ecosystems and caused decline in native aquatic fauna through competition and predation. 

For example, in Australia, G. holbrooki has been implicated in the decline of nine native fish 

species (genera Galaxias, Chlamydogobius, Melanotaenia, Craterocephalus, Mogurnda, 

Pseudomugil, Ambassis, Scaturiginichthys and Retropinna) and 10 species of frog. Therefore, 

G. holbrooki is considered as one of the highly invasive species. Their impacts have become

apparent, particularly in freshwater ecosystems, where invasive species constitute the single 

greatest threat to biodiversity. Hence, development of an effective ‘threat abatement strategy’ 

is vital. One of the most promising solutions for eradication, is the Trojan Y chromosome 

(TYC) approach. The strategy works by manipulating the sex ratio of the target population 

through the introduction of sex-reversed females carrying two Y chromosomes (Trojan Y) 

that produce only male offspring. However, for this to be successful, the chromosomal sex 

mechanism must be known. In addition, developing a phenotypic sex marker could facilitate 

the process of genetic screening of the embryos prior to and post-hormonal treatments (i.e., 

production of sex-reversed embryos) for rapid identification of sex reversed individuals. To 

investigate the relationship between genetic sex and phenotypic traits amongst various 

embryonic stages, a detailed developmental study is needed. However, little information was 

available on embryonic development in this species, with the exception of an earlier detailed 

staging system for Gambusia sp. Although less complete than the present study, the earlier 

study accurately describes stages of embryonic development, and includes useful sets of 

hand-drawn illustrations. More recently, another study established time-saving (i.e., without 



ix 

sacrificing the brood) approach to predict the developmental progress, by applying the gravid 

spot index of pregnant females as surrogates for five broad stages. Generally, proposed 

classifications are a guide but not precise for G. holbrooki developmental staging due to 

divergent traits and morphology. Regardless, several basic keys specific to different organ 

systems (e.g., circulation), detailed morphology and precise indices for each stage were 

virtually non-existent. The developmental studies are also essential to investigate the 

genotype-phenotype relationships as several sex-related events occur during the 

embryogenesis. However, these remain uninvestigated, particularly in G. holbrooki 

development.  

Low mitotic index is a common problem in cytogenetic studies when using direct (i.e., 

harvesting cells from tissue of a living animal instead of in vitro tissue culture) chromosome 

preparation methods. Moreover, to improve cytogenetic studies, physical 

stretching/relaxation of metaphase chromosomes is essential, primarily to enhance the 

resolution of the fine chromosomal region (i.e., precise detection). Intercalated agents such 

ethidium bromide (EtBr) is known as effective in altering the conformational and physical 

properties of DNA helix of the chromosomes. Although there are several reports confirming 

the key roles of EtBr that intercalates between DNA bases and prevents DNA folding and 

condensing in mammalian models like mice, there is no report of using these agents in any 

fish species including G. holbrooki.  

Several studies have suggested a XX/XY sex-determining system for G. holbrooki based on 

the melanic color pattern inheritance from father to son and its allelic linkage group 

associated to males. However, a sex determination mechanism has not been cytogenetically 

confirmed in this or any poecilids, with the exception of P. reticulata. Therefore, due to 

inconclusive evidence in the literature, multiple evidence, including cytogenetic are required 

to verify the chromosomal sex determining mechanism in G. holbrooki.  
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In this context, the overarching objectives of this study were to discover early phenotypic 

markers of sex differentiation and ascertain the sex determining mechanism in G. holbrooki, 

specifically: 1) standardise developmental staging of G. holbrooki embryos for determining 

the timing and onset of sex determination and differentiation; 2) develop a phenotypic sex 

marker to assist distinguishing the sex of live embryos at very early developmental stages 

(e.g., prior to sex-reversal of embryos), and; 3) identify and confirm a sex determination 

mechanism (i.e. male or female heterogamety) using classical karyomorphology and 

comparative genomic hybridisation (CGH). Objectives were addressed by morphological 

studies of embryos during development from zygote to parturition (chapter 2), with emphasis 

on heart development (chapter 3) and cytogenetics (chapters 4 and 5).  

First (chapter 2), a comprehensive developmental staging of embryos that document 

sequential events of development from zygote to parturition (30 days post fertilization) at 25 

± 0.5 °C was defined. To overcome limitations associated with superfetation and obtaining an 

adequate number of embryos, two approaches were simultaneously employed; first, embryos 

were harvested from wild caught gravid females, with varying intensity of gravid spot, during 

peak reproductive season to ensure availability of sufficient embryos at multiple 

developmental stages. Second, to calibrate developmental timing, genetically sexed females 

(i.e., at parturition) were grown up to maturity (2–3 months) and then individually mated with 

males to record time of mating (i.e., first copulation behaviour) as proxy for fertilisation. 

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). Live embryos were 

photographed. Morphological diagnostics were used for preliminary staging of embryos 

according to indices described for developmental staging in Gambusia sp. and zebrafish. For 

stage identification, a combination of key morphometric measurements (egg size, egg 

diameter and embryo total length), indices (i.e., otic vesicle closure, heart rates); and meristic 
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counts (e.g., the number of caudal fin rays, and number of caudal fin ray elements) were also 

employed, as necessary. The development of nervous, circulation, musculoskeletal, visual, 

and digestive systems along with craniofacial and external body features, were also employed 

for staging. This was complimented by quantitative pixel analysis of embryonic photographs 

(i.e., three-dimensional pixel distribution analysis of images). The data were collectively used 

to describe and define each embryonic stage. The developmental process was defined into 

seven broad developmental phases (i.e., zygote, cleavage, blastula, gastrula, segmentation, 

pharyngula and parturition) and 40 stages numerically (stages 0–39; zygote to parturition, 

respectively). The superfetation, inadequacy of embryos, time/age-controlled during 

embryogenesis, non-transparency of the eggs and very limited developmental information 

amongst livebearers for detailed comparison posed some challenges. However, these were 

overcome by employing multiple strategies including the pixel intensity analysis to assist 

with identification of stages during early development. Traits found during development 

could be sex-related, for example, both pigmentation and skeletal traits (i.e., teeth) are 

sometimes linked to sex chromosome in teleost (e.g., Malawi cichlids). Therefore, the outputs 

and knowledge from the developmental staging allowed investigating the relationship 

between developmental phenotypic traits and their genetic sex. This was further validated 

using a genetic sex marker. 

Second (chapter 3), the heart rates (HRs) during embryogenesis of G. holbrooki, from onset 

of heartbeat to just prior to parturition was investigated. Genetic sex of the embryos was post-

verified using a sex-specific genetic marker. Heartbeat of embryos (n = 10 each sex/stage) at 

early organogenesis, mid-organogenesis, late organogenesis, early pharyngula, late 

pharyngula, just prior to parturition and adults (n = 10 each sex) were videographed for 60 s 

at 25 ± 0.5 °C. The HR and its frequencies were determined using a non-invasive light-

cardiography (LCG) method previously described for adult zebrafish. LCG profiles for 
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embryos corresponded to contraction of the ventricle (increased average brightness) 

conversely, relaxation (decreased average brightness) within the prescribed region of interests 

(ROI). LCG profiles for adults constitute an opposite signal intensity compared to embryos. 

The peaks for each LCG oscillation were found using Gauss model and peak analyser 

function (Origin Pro 2020). The time duration (s) between ventricular systolic (contraction) 

and atrial diastolic (dilation) phases, constituted a complete cardiac cycle. The time delay 

between the atrioventricular (A-V delay) peak values of the extracted synchronous 

chronologies within the same cardiac cycles were measured using time history values for 

ventricle and atrium peaks. A-V delay was defined as the time duration (s) between the onset 

of atrium peak and the onset of subsequent ventricular peak, which represents the resting 

phase of the heart. The average resting time per minute for all developmental stages was 

calculated by multiplying the total A-V delay/sec by 60. For quantification of ventricle size in 

adults, both ventricular surface area (mm2) and volume of the ventricle (mm3) were 

calculated using ImageJ. Ventricle volume measurements were normalised by condition 

factor (a) derived separately for each sex (male = 0.01; female = 0.02) using allometric 

growth equation, W = aL3. Results reveal that heart rates and resting time significantly 

increase (p < 0.05) with progressive embryonic developmental stage. The total cardiac resting 

time per minute was approximately three times greater in the advanced embryos (just prior to 

parturition) compared to those at early organogenesis, when the heart first begins to beat. 

Initially, up to mid-organogenesis stage, the heart rates of both male and female embryos 

were comparable (p > 0.05). However, at late organogenesis, both ventricular and arterial 

frequencies of female embryos were significantly higher (p < 0.05) than those of their male 

sibs at the corresponding developmental stages and remained so at all later developmental 

stages evaluated. Consistent with the sex-specific size dimorphism in adults of this species, 

the size of the normalised heart (i.e., ventricle) of females were significantly larger than those 
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of the males (p < 0.05). In addition, a clear difference in average HR of the two sexes in 

adults was immediately evident with females having higher HRs (p < 0.05). In addition, 

significant (p < 0.05) differences in ventricular diastolic state was evident between adult 

females and males. Collectively the results suggest that the cardiac sex-dimorphism manifests 

as early as mid-organogenesis and persists through adulthood in this species. This appears to 

be the first study to demonstrate early onset of cardiac sex-dimorphism in any teleost species. 

These findings also suggest that the cardiac measurements can be employed to non-invasively 

and rapidly sex the developing embryos, well in advance of their phenotypic sex is 

discernible. Although the mechanism(s) underpinning the observed sex-specific cardiac 

functions are as yet unknown, the results highlight the amenability of G. holbrooki as a 

powerful vertebrate model to study these and sex-specific consequences of human 

cardiovascular diseases as well as to monitor anthropogenic and climatic impacts on heart 

physiology.   

Third (chapter 4), to facilitate cytogenetic studies in this species the use of baker’s yeast to 

optimise frequency of mitotic chromosomes and ethidium bromide to overcome the problems 

associated with chromosomal condensation were experimentally determined in four different 

tissues (cephalic kidney, liver, spleen, and gill). Mitotic stimulation with activated baker’s 

yeast, Saccharomyces cerevisiae (SC) was determined over 1–4 days. For synchronisation 

and elongation of mitotic chromosomes, individuals (both sexes) were injected (IP) with 

ethidium bromide (2 or 4 µg/ml) and colcemid 1 (µg/ml), and sacrificed at three timepoints 

(1, 4 and 8 h) post-injections. Results showed that, cells obtained from gill had the highest 

number of metaphases at 3 days post-SC exposure, with no significant (p > 0.05) differences 

between sexes. Nonetheless, sex specific differences in the mitotic index were evidenced in 

spleen, kidney, and liver, suggesting sex specific difference in immune-response to yeast 

injections. Elongated metaphase chromosomes of female and male were obtained following 
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injection of 4 µg/ml and 2 µg/ml of ethidium bromide, respectively, for an hour. Moreover, 

the average mitotic chromosome length of females was significantly (p < 0.05) longer than 

males at 4 µg/ml ethidium bromide treatment at all the three timepoints (1, 4 and 8 h). Such 

difference in chromosomal elongation between sexes, could be attributed to the sex-specific 

episomal (e.g., DNA methylation) and histone modifications or variations in length of linker 

DNA sequences between the consecutive nucleosomes. This substantially facilitated 

downstream cytogenetic experiments in this study by making available (1) adequate number 

of arrested cells at metaphase for intensive cytogenetic studies e.g., comparative genomic 

hybridisation (CGH) and (2) elongated metaphase chromosome allowed investigating very 

fine heterochromatin structure (i.e., sex-specific fluorescent signals) differences between 

sexes.   

To identify and verify the sex determination mechanism (Chapter 5), the metaphase spreads 

of both males and females were prepared using a conventional air-drying method. 

Chromosomes were counterstained using 1 mg/ml 4′,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI, 0.2 µg/ml final concentration) and mounted with Vectashield 

medium (without DAPI). Mitotic chromosomes were imaged at 100× magnification using a 

Leica epifluorescence microscope equipped with single band pass emission filters. Metaphase 

chromosome (n = 25/sex) arms were measured and ideograms for male and female fish 

generated using IdeoKar. Total genomic DNA was nick translated incorporating Spectrum-

Green dUTP (Vysis) and Spectrum-Red dUTP (Vysis). Briefly, slides were denatured for 3 

min at 70 °C in 70 % formamide, 2 X SSC, dehydrated through an ethanol series, air-dried, 

and kept at 37 °C until probe hybridisation. For each slide (made using one drop of fixed-cell 

solution), 250–500 ng of SpectrumGreen-labelled female and SpectrumRed-labelled male 

DNA was co-precipitated with (or without) 5–10 µg of boiled genomic DNA from the 

homogametic sex (as competitor), and 5–10 µg Salmon sperm (as carrier). Since the 
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homogametic sex was not known, reciprocal experiments were performed using alternatively 

male and female DNA as competitor. As various fluorescent dyes could exhibit differential 

signal intensities, reciprocal experiments were done incorporating either of dyes (red/green) 

into total genomic DNA (male or female) as necessary. The co-precipitated probe DNA was 

resuspended in 35–50 µl hybridisation buffer, first denatured and then hybridised on 

chromosomes for 3 days at 37 °C. Post washings, slides were mounted with antifade medium 

Vectashield (with DAPI) and imaged. Phylogenetic analysis was done by multiple sequence 

alignments of mitochondrial cytochrome b (COI) gene segment (1140 bp) derived from eight 

Poeciliid species including G. holbrooki (Tasmania and Florida populations) using neighbor-

joining method (Timura-nei model) with 1000 replicates. Results from karyotyping and 

ideograms analysis showed no morphological (i.e., size) differences in any of the 

chromosome pairs in both sexes. However, fluorescent in situ hybridisation (FISH) results 

showed heterochromatinisation of all the centromeres (CG-positive and AT-negative) and 

few pericentric and distal regions of the metaphase chromosomes in both sexes. Two small 

size autosomes in both sexes were intensively heterochromatinised, indicative of DNA 

repeats accumulation. These two smallest autosomes had hybridisation patterns resembling 

those of ancestral sex chromosome pair, perhaps originating from whole genome duplication. 

In addition, a pair of DAPI-positive (i.e., AT-rich) microchromosomes were observed in 20% 

of the male metaphases and not in females. However, CGH results showed that a single 

microchromosome also exists in the female metaphases, showing high CG-rich 

heterochromatinisation (similar to male) but DAPI-negative. Interestingly, CGH in the male 

metaphase revealed a large male-specific signal (i.e., indicating preferential binding of the 

male-derived probe) on an interstitial arm of a large chromosome and also two conspicuous 

male-specific signals superimposed on two weak female-specific signals in two different 

similar sized chromosomes of the female mitotic complements. These patterns are consistent 
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with the hypothesis of an XX/XY sex determining mechanism but require further 

verification. Notably, the male specific signal was in the proximal location of the 

chromosome implying that the accumulation of these repeats may have initiated the Y 

chromosome differentiation, as well as played a critical role towards the evolution and 

differentiation of sex chromosomes in this species. Direct estimation of the genetic 

divergence timing of the Y chromosome in the G. holbrooki was showed to range between 6–

10 million years ago. Therefore, G. holbrooki represents characteristics of nascent XY sex 

chromosomes, where the Y appears at an early stage of differentiation.  

In conclusion, this study for the first time described a detailed developmental staging guide in 

this species, identified sex-specific heart rate during the development which can be employed 

as a precise and non-invasive sexing marker and provided cytogenetic evidence suggesting 

the species is likely male heterogametic (XX/XY). Further characterisation of the putative 

sex chromosomes through isolation of sex-specific sequences and their mapping may be 

necessary to validate the identity and role of these and the microchromosomes, in this 

species.   
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List of abbreviations 

Ap Animal pole 

Apl Auditory placode 

a Anterior 

AnCa Anterior cardinal veins 

ACaV Anterior cardinal vein 

At Atrium 

AoA Aortic arch 

AFB Anal fin bud 

AF Anal fin 

An Anal region 

Apo Anal pore 

AFsr Anal fin soft rays 

AFP Anal fin pigmentation 

AFr Anal fin ray 

AC Anal canal 

AO Aorta 

A-V delay Atrioventricular delay 

AVC Atrioventricular contraction  

AT Adenine-Thymine 

ANOVA Analysis of Variance 

amh Anti-Mullerian hormone  

BLAST Basic Local Alignment Search Tool 

Bl Blastula 

bpm Beats per min 

bp Base Pair 

B-c-yo Blood circulation on the yolk 

B-ci Blood circulation 

Bu-Ar Bulbous arteriosus 

BrA Branchial arche 

BV Blood veins 

CGH Comparative Genomic Hybridisation 

CFR Caudal fin ray 

CFRE Caudal fin ray element 

CFRE-U Caudal fin ray element-upper 

CFRE-L Caudal fin ray element-lower 

CaFr Caudal fin ray 

Cl Cleavage  

Ch Chorion 

CoW Circle of Willis 

CaF Caudal fin 

CaV Caudal vein 

CEM Corolla epineural melanophores 

Chc Choroid coat 

CC-Ca-V Cross connection between caudal veins 

CaRn Caudal ray node 

CloP Compact lobe of pancreas 

C Celsius 

CCS Cardiac Conduction System  

CG Guanine-Cytosine 
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COI Cytochrome oxidase subunit 1 

d Dorsal 

DNA Deoxyribonucleic Acid 

Dist. Distance  

Dol Dorsal lip 

dpf Days post fertilisation 

DS Developmental stage 

DiCe Diencephalon 

Dor-A Dorsal aorta 

DoC Duct of Cuvier 

Dor-Ca-V Dorsal caudal vein 

DDM Dendritic dermal melanophores 

DB Dorsal bud 

DF Dorsal fin 

Deb Dentary bone 

DFCs Dorsal forerunner cells  

dsDNA Double stranded DNA 

dUTP Deoxyuridine Triphosphate  

EtBr Ethidium bromide 

EDOF Extended depth of focus 

ED Egg diameter 

ETL Embryo total length 

EGa Early gastrula 

ESe Early segmentation 

EPh Early pharyngula  

EDC Endocrine disrupting chemical 

ES Embryonic shield 

EA Embryonic axis 

Eem Extra-embryonic membrane 

ED Embryonic descending into yolk 

ECp Eye cup pigmentation 

EC Eye cup 

EO Early organogenesis 

EPM Epineural melanophores 

EP Early pharyngula 

ECG Electrocardiogram  

ERs Estrogen receptors  

ERβ Estradiol receptor β 

EDTA Ethylenediaminetetraacetic acid 

FISH Florescent in-situ Hybridisation 

fps Frames per second 

FFT fast Fourier Transform  

FD Dominant frequency  

Ga Gastrula 

GR Germ ring 

GPP Gill pouch primordia 

Gs Gill slits 

GaB Gall bladder 

GF Gill filaments 

gipc1 GIPC PDZ domain containing family member 1 



 

xix 

 

gDNA Genomic DNA 

HR Heart rate 

h Hour  

H  Heart 

Hy  Hypural region 

Hz Hertz 

HF Heart frequency  

HH Hamburger Hamilton 

HBSS Hank’s Balanced Saline Solution 

HSY Hermaphrodite-specific region of the Yh chromosome  

Inf Infundibulum 

In  Intestine 

InB  Intermuscular bone 

IP Intraperitoneal 

IM Intramuscular 

IGF Insulin-like growth factor 

IMAS Institute for Marine and Antarctic Studies 

JPPa Just prior to parturition  

KVs Kupffer’s vesicles 

KCl Potassium chloride 

LGa Late gastrula 

LSe Late segmentation  

LPh Late pharyngula 

LCG Light-cardiogram 

Lp Lens placode 

L  Lens 

lDoC  Left duct of Cuvier 

LLa  Lateral-line anlagen 

Li  Liver 

LJ  Lower jaw 

LO Late organogenesis 

LP Late pharyngula 

LV Left ventricle  

NCBI National Centre for Biotechnology Information 

NOR Nucleolus Organizer Region 

NIH National Institutes of Health  

NK Neural keel 

Neu  Neuromere 

NeC  Neural cord 

Noto  Notochord 

NS  Neck strap 

Na  Neural arch 

NT Nick translation 

NJ Neighbor-joining 

MSe Mid-segmentation  

MBT Midblastula transition 

MsCe Mesencephalon 

MtCe Metencephalon 

MyCe Myelencephalon 
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Mayo  Myotome 

Mepr  Membranous protrusions 

M  Mouth 

MC  Meckel’s cartilage 

Max  Maxilla 

Man  Mandible 

M  Melanophore 

MO Mid-organogenesis  

miRNA Micro RNA 

mc Microchromosome 

MVS Machine Vision System  

Mya Million years ago 

OVC Otic vesicle closure 

OV Otic vesicle 

Ot  Otolith 

Op Olfactory pit 

OpP Optic primordia 

OpC Optic capsule 

OpB Optic bud 

OL  Optic lens 

Olpl  Olfactory placode 

OPL Optic lobe 

OC Optic cup 

OVp  Otic vesicle pigmentation 

OCp  Optic cup pigmentation 

OCVP  Optic choroid vascular plexus 

OpA  Opercular artery 

Ob  Olfactory bulb 

Ope  Operculum 

Ov  Ova 

OS  Ovary sac 

Or Organogenesis 

OG  Oil globules 

p Posterior 

PBS Phosphate buffered saline 

Ph Pharyngula 

Pa Parturition  

PGC Primordial Germ Cell 

pec. fb Pectoral fin bud 

PS Perivitelline space 

PF Pectoral fin 

Pm  Peritoneal melanophores 

PFT Pectoral fin tip 

PF  Pectoral fin 

PeS  Pericardial serosa 

Ph  Pharynx 

pMax  Premaxilla 

PCaV  Profundal caudal vein 

Pi  Pigmentation 

PI Pixel intensity 
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PCR Polymerase Chain Reaction 

PPAR Peroxisome proliferator-activated receptor  

PARs Pseudoautosomal regions  

RNA Ribonucleic acid 

ROI Region of interest  

RGB Red, green, and blue 

RB Rudimentary brain 

RBC Red blood cell 

Rp Retina pigmentation 

ReC Retina cup 

Re-Op Recessus opticus 

rPF Rudiment pectoral fin 

rDoC Right duct of Cuvier 

RT Room temperature  

rpm Revolutions per minute 

rDNA Ribosomal DNA 

SEM Standard Error of Mean 

Se Segmentation  

S Somite 

SiAr Sinu-atrium 

Si-Ve Sinus venosus 

ShP Shiny pigmentation 

Sc Spinal cord 

Sca Scale 

Sp Spleen 

SB Swim bladder 

sdY Sexually dimorphic on the Y chromosome 

s Second 

SSC Saline Sodium Citrate 

SD Standard deviation  

SDS Sodium dodecyl sulfate 

snDNA Small nuclear DNAs 

TB Tailbud 

TSC Trojan sex chromosome 

TH Tubular heart 

TYC Trojan Y chromosome 

TWC Trojan W chromosome 

TeCe Telencephalon 

Tot Tip of the tail 

T Teeth 

Tris-HCL Tris (hydroxymethyl) aminomethane (THAM) hydrochloride 

TIWR Tamar Island Wetlands Reserve   

UF Unfertilised  

PG Primordial gonad 

Ur Urostylar  

UJ Upper jaw 

UGC Urogenital canal 

v Ventral 

V-Ao Ventral aorta 
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Vp Vegetal pole 

Ve Ventricle 

VE Veins 

V-Ca-V Vitello-caudal vein 

Ven-Ca-V Ventral caudal vein 

VC Visual counts 

VL Ventricle length  

VW Ventricle width  

WSP White spot pigmentation 

WCP Whole chromosome painting 

X Xanthophore 

yo Yolk 

YSL Yolk syncytial layer 

Zy Zygote  

ng Nanogram 

μg Microgram 

mg Milligram 

g Gram 

μl Microliter 

ml Millilitre 

l Litre  

µm Micrometre  

mm Millimetre  

cm Centimetre  

mM Millimolar  

M Molar 

min Minute 

ppm Parts per million 

ppt Parts per thousand  
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Glossary of terms  

 

Antagonistic gene A gene which is detrimental to the organism's function 

and fitness.  

B cell B cell, also known as B lymphocyte, is a type of white 

blood cell. They function in the humoral immunity 

component of the adaptive immune system by secreting 

antibodies. 

Contractility Is the inherent strength and vigour of the heart's 

contraction during systole. 

Centromere A centromere is a constricted region of a chromosome that 

separates it into a short arm (p) and a long arm (q). It is 

also the specialised DNA sequence of a chromosome that 

links a pair of sister chromatids. During mitosis, spindle 

fibres attach to the centromere via the kinetochore. 

Chromosomal inversion An inversion is a chromosome rearrangement in which a 

segment of a chromosome is reversed end to end. 

Chromosomal translocation Translocation is a type of chromosomal rearrangement in 

which a chromosome breaks and a portion of it reattaches 

to a different chromosome or a region. 

Crossing over Chromosomal crossover, or crossing over, is the exchange 

of genetic material during sexual reproduction between 

two homologous chromosomes.  

Cistron A segment of DNA that contains all the information 

necessary for the production of a polypeptide. 

Diastolic Diastole is a part of the cardiac cycle during which the 

heart chamber refills. 

Depolarisation Depolarisation of the heart is the orderly passage of 

electrical current sequentially through the heart muscle, 

changing it, from the resting (polarised) state. 

DNA methylation It is a biological process by which methyl groups are 

added to the DNA molecule. Methylation can change the 

activity of a DNA segment without changing the 

sequence. 

DAPI DAPI, or 4′,6-diamidino-2-phenylindole, is a fluorescent 

stain that binds strongly to adenine–thymine-rich regions 

in DNA. It is used extensively in fluorescence 

microscopy. 

Epiboly Epiboly describes one of the five major types of cell 

movements that occur in the Gastrulation stage of 

embryonic development of some organisms. 

Flexion Describes the angle of bending movement between two 

adjacent segments. 
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Gonopodium A gonopodium is a modified anal fin that allows male fish 

of the families Anablepidae and Poeciliidae to briefly 

hook into the vent of a female fish to deposit sperm.  

Gene duplication It can be defined as any duplication of a region of DNA 

that contains a gene. It is a mechanism through which new 

genetic material is generated during molecular evolution.  

Gene dosage Refers to the number of copies of a particular gene present 

in a genome. 

Homomorphic sex 

chromosomes  

Sex chromosomes that exhibit few differences from each 

other in size and gene content and are difficult or 

impossible to distinguish from karyotype data alone. 

Heteromorphic sex 

chromosomes 

Sex chromosomes that are karyotypically distinct from 

one another. 

Heterochromatin Chromosome material of different density from normal 

(usually greater), in which the activity of the genes is 

modified or suppressed.  

Homologous chromosomes A pair of chromosomes, or homologs, are a set of one 

maternal and one paternal chromosome that pair up with 

each other inside a cell during fertilisation. 

Interphase The period of the cell cycle during which the nucleus is 

not undergoing division, typically occurring between 

mitotic and meiotic divisions.  

Ideograms Ideograms are a schematic representation of chromosomes 

base on their relative size and/or banding patterns. 

Karyomorph A complete complement of metaphase chromosomes. 

Microsatellite A microsatellite is a tract of repetitive DNA in which 

certain DNA motifs are repeated, typically 5–50 times.  

Neurocoele The cavity or system of cavities in the interior of the 

vertebrate central nervous system comprising the central 

canal of the spinal cord and the ventricles of the brain. 

Neofunctionalisation Acquisition of a new function by genes (usually 

duplicated copies).  

Optic choroid vascular plexus Refers to an ocular vasculature that develops adjacent to 

the epithelium of the eye. The plexus supplies blood to the 

retina. 

Orthologs Refer to genes in different species that evolved from a 

common ancestral gene. 

Perivitelline space Refers to the space between the zona pellucida and the 

cell membrane of an oocyte or fertilised ovum. 

P wave The P wave on the ECG represents atrial depolarisation, 

which results in atrial contraction, or atrial systole. 

Purkinje fibers They are specialised conducting fibers composed of 

electrically excitable cells that are larger than 
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cardiomyocytes with fewer myofibrils and many 

mitochondria. They conduct cardiac action potentials 

more quickly and efficiently than any other cells in the 

heart. 

Passive cardiac filling Ventricular elastic recoil during relaxation that sucks 

blood into the chamber. 

Paralogs Refers to gene copies created by a duplication event 

within the same genome. 

Pseudoautosomal region Pseudoautosomal regions (PARs) are homologous 

sequences of nucleotides on the X and Y (or Z and W) 

chromosomes that are inherited just like any autosomal 

genes. 

Pericentromeric Situated near, or on each side of, the centromere of a 

chromosome. 

QRS complex Is a portion of the cardiogram that corresponds to 

depolarisation (activation) of the ventricles. 

Retrotransposon They (also called Class I transposable elements or 

transposons via RNA intermediates) are a type of genetic 

component that copy and paste themselves into different 

genomic locations (transposon) by converting RNA back 

into DNA through the process reverse transcription using 

an RNA transposition intermediate. 

Repolarisation Is restoration of differences in charge between inside and 

outside of the cell membrane following depolarisation. 

Sex chromosome dosage 

compensation 

Refers to the process that equalises gene expression from 

the X or Z chromosomes in male or female heterogametic 

individuals, respectively.   

Systolic The rhythmic part of cardiac contraction at which the 

blood is forced out of the chambers. 

Transposon Refers to a class of genetic elements that can “jump” to 

different locations within a genome. Although these 

elements are frequently called “jumping genes,” they are 

always maintained in an integrated site in the genome.  

Telocentric A telocentric chromosome is a chromosome whose 

centromere is located at one end. 

Telomere Refers to the region of repetitive nucleotide sequences at 

each end of a chromosome, which protects the end of the 

chromosome from deterioration or from fusion with 

neighbouring chromosomes. 

T wave The T-wave is part of the cardiac cycle that corresponds 

to rapid repolarisation of ventricles. 

Z-buffer algorithm An image space algorithm (also known as the Depth-

buffer method) commonly used to detect hidden surface.  
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1.1. Eastern mosquitofish, Gambusia holbrooki  

 

Biological invasions are regarded as the second major cause of the current global biodiversity 

crisis (Gherardi, 2007, Doherty et al., 2016, Mačić et al., 2018, Gallardo et al., 2019). In 

freshwater environments, invaders may significantly alter the functioning of an ecosystem, to 

which they are introduced, resulting in the decline or extinction of native species through 

predation, competition, and habitat alteration (Crivelli, 1995, Levine, 2008, Díez-del-Molino 

et al., 2013). 

The number of freshwater fish introductions worldwide has doubled since the 1980s (Gozlan, 

2008, Gozlan et al., 2010, Beatty and Morgan, 2013, Castaño-Sánchez et al., 2018). In total, 

624 freshwater fish species have been introduced, mainly for aquaculture, ornamental trade 

purposes (Gozlan, 2008, Gozlan and Newton, 2009) and as biological control agents 

(Courtenay et al., 1984, Leyse et al., 2004, Marr et al., 2010). Approximately half of the 

freshwater fish introductions have successfully become invasive (Jeschke and Strayer, 2005, 

Ruesink, 2005, Casal, 2006). Characteristics of the introduced species (such as reproductive 

output, genetic and evolutionary traits) and the recipient environment are key factors 

influencing the establishment and spread of introduced species (Sakai et al., 2001, Johnson, 

2001, Gherardi, 2007, Simberloff, 2009, Deacon et al., 2011, Ayres et al., 2012, Vera et al., 

2016). Their negative influence on native aquatic fauna (Leprieur et al., 2008, Nunes et al., 

2015, Pergl et al., 2017, Cabrera-Guzmán et al., 2017), account for the single greatest threat 

to biodiversity (García-Berthou et al., 2005, Hinchliffe et al., 2017).  

Many members of Poeciliidae (live-bearing fish) have been introduced outside of their 

native range worldwide (Courtenay et al., 1984, Courtenay and Meffe, 1989, Nunes et al., 

2015), including six species to Australia (Koehn and MacKenzie, 2004, Pyke, 2005). 

Globally, the most commonly introduced Poeciliids are the closely related Gambusia 
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holbrooki and Gambusia affinis (Pyke, 2005, Díez-del-Molino et al., 2013, Wilk and Horth, 

2016).  

The eastern mosquitofish, G. holbrooki, is a small, freshwater viviparous fish that originates 

from North America. Its natural distribution extends along the east coast of the United States, 

east of the Appalachian Mountains, between Delaware in the north (approximately 39◦ N), 

Mobile Bay in Alabama to the west, and southern Florida to the south (approximately 25◦ N) 

(Wilk and Horth, 2016, Pyke, 2008). However, the present global distribution of G. holbrooki 

is widespread (Benejam et al., 2009, Lawrence et al., 2016) across the globe  between 40◦ N 

and 41◦ S latitudes. Introductions of G. holbrooki species further North and South have been 

unsuccessful except where water has been geothermally or artificially heated (Gao et al., 

2019). G. holbrooki occasionally survive cold winter conditions at high latitudes (> 40◦ N and 

> 41◦ S), but do not generally exist in highland areas at such high latitudes (Lynch, 2008, 

Pyke, 2008, Benejam et al., 2009).  

G. holbrooki prefers water bodies that are moderately deep and generally found along the 

shallow edges, especially where they are well-vegetated (Pyke, 2005, Lynch, 2008). 

Size of G. holbrooki generally ranges from  ~ 1 to 5 cm, occasionally reaching up to ~ 6 cm 

(Milton and Arthington, 1983, Pyke, 2005, Patimar et al., 2011, O'Dea et al., 2015). They 

generally have an olive-brown back, blue-grey sides and are white-silver on their underside 

(Pyke, 2005, Horth et al., 2013). G. holbrooki typically has eight dorsal fin rays and 11 anal 

rays, and a large rounded caudal fin (Walters and Freeman, 2000, Wilk and Horth, 2016). 

These species are also distinguished by their stout body, large cycloid scales, and a flattened 

upper head with a small superior (upturned) and protrusible mouth (Karolak, 2006). They 
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possess strong conical teeth and a shortened oesophagus and intestine, which are typical traits 

of predatory fish (Pyke, 2005).  

 

1.1.1. Reproductive biology  

 

Male G. holbrooki have an external organ called gonopodium, which is the anal fin that 

modified during development to provide a tube for the passage of sperm into the urogenital 

opening of the female during mating (Walters and Freeman, 2000, Pyke, 2005, Head et al., 

2015). Some of these developmental modifications allow the male to swing the gonopodium 

forward, so that it points anterior-laterally, penetrating the posteriorly opening female 

urogenital pore (Howell et al., 1980, Evans et al., 2003, Pyke, 2005) for internal fertilisation. 

The sperm transferred in this way can be stored by the female and used to fertilise a number 

of egg clutches without a need for further mating (Hughes, 1985). They are known as a 

sexually dimorphic species with females larger than males (Bisazza and Marin, 1995), 

possessing a large gravid spot along the ventral midline close to the anal pore (Norazmi-

Lokman et al., 2016). Males, which cease to grow after maturation, are generally slimmer 

(Howell et al., 1980). 

G. holbrooki and its closely related species, G. affinis, both have 24 chromosome pairs (Black 

and Howell, 1979, Angus, 1989). However, G. affinis shows chromosomal heteromorphy 

with a ZZ/ZW sex-determining mechanism, while in G. holbrooki there is no chromosomal 

heteromorphy and the mechanism is suggested to be XX/XY (Chen and Ebeling, 1968, 

Howell et al., 1980, Angus, 1989, Kottler et al., 2019).  

Four age/sex categories as adult males, adult females, immature males, and virgin females of 

G. holbrooki can be distinguished amongst free-swimming fish based on their externally 

visible characteristics. Individuals with gonopodium (Fig. 1) that are not fully developed are 
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considered immature males (Meffe, 1992). Individuals that lack a gonopodium and have a 

dark, peritoneal spot (Fig. 1) on the side of the body, anterior to gonopore are mature females 

(Pyke, 2005). Individuals with length ≤ 17 mm with no gonopodium are virgin females 

(Bisazza and Marin, 1995). Males born relatively late in the breeding season maturing more 

slowly than males born earlier (Pyke, 2005, Patimar et al., 2011). An individual that is the 

size of an immature male but lacks a developing gonopodium, is more likely to be an 

immature (virgin) female than a late developing male (Pyke, 2005, Livingston et al., 2014). 

Despite early growth restriction, both sexes mature eventually at almost the same size 

(Livingston et al., 2014). It may be possible to assign individuals to an age/sex category on 

the basis of only their size, but variability in rates of growth and development generally make 

this difficult (Zulian et al., 1993, Bisazza et al., 2000).  

The yolked eggs are ~ 1 mm in diameter which can, in some cases, be seen in the abdomen of 

a pregnant female when viewed against bright light (Milton and Arthington, 1983, Pyke, 

2005, Norazmi-Lokman et al., 2016). The dissected ovaries of pregnant females show a series 

of sequential embryonic stages, though the number of recognised stages has varied from three 

to ten (Brown-Peterson and Peterson, 1990, Meffe, 1990, Galat and Robertson, 1992, 

Norazmi-Lokman et al., 2016). Post fertilization, eyes start to form in the developing 

embryos, and the presence of these eyes can be used to distinguish embryos from unfertilised 

eggs (Galat and Robertson, 1992). Just before the time of parturition, there are visible 

differences between the internal (i.e., direct microscopy observations of the gonads) male and 

female reproductive systems that permit the sexing of young, as well as older developmental 

stages (Geiser, 1924, Hildebrand, 1927) although it requires sacrificing of the female fish. In 

addition, gravid females containing embryos at late developmental stages, showing gravid 

spot intensity values between 28–38, which can be used to identify embryonic stage at a 

broad scale without sacrificing the female fish (Norazmi-Lokman et al., 2016). In males, the 
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gonopodia begin to form during the immature phase and reproductive maturity is considered 

to have been reached when these gonopodia are fully developed (Meffe, 1992). At this stage 

the hooks at the ends of two of the rays (i.e., 4 and 5) are free of opaque tissue, giving the 

apex of gonopodium a distinctly pointed appearance (Busack and Gall, 1983). There are also 

changes that occur within the male testes during the development of spermatogonia (Pyke, 

2005). As female immatures grow, they develop both mature and yolked eggs within their 

ovaries and a dark (i.e., periproctal spot), which stimulates males to attempt copulation and 

hence apparently indicates they are reproductively mature (Stearns, 2015, Norazmi-Lokman 

et al., 2016). Females are assumed to have reached reproductive maturity when either one of 

these changes is observed (Stearns, 2015).  

 

1.2. G. holbrooki, an invasive species 

 

The eastern mosquitofish, G. holbrooki, was introduced into Australia as a potential mosquito 

larvae control agent (Keller and Brown, 2008). While mosquito larvae are consumed by G. 

holbrooki, they have been shown to account for a negligible proportion of their overall diet 

(Arthington and Lloyd, 1989). Furthermore, despite its introduction throughout the world as a 

mosquito control agent, there are no striking examples of its effectiveness in reducing 

mosquito populations (Blaustein, 1992, Lawrence et al., 2016). Therefore, its usefulness in 

this role is questionable and nevertheless has deleterious impacts on native species. G. 

holbrooki is well known for its consumption of insect larvae, zooplankton and other native 

invertebrates (Pyke, 2005). Viviparity accompanied by high reproductive performance 

provides G. holbrooki a distinct advantage over native oviparous species. Due to larger 

juvenile size at the time of birth, they start feeding at parturition growing and becoming 

predators rapidly (Cabral and Marques, 1999), thus out-competing native species of fish. As a 

result, G. holbrooki has been implicated in the local extinction and decline of several native 
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fish and amphibian species worldwide (Rincón et al., 2002, Becker et al., 2005, Alcaraz et al., 

2008, Reynolds, 2009, Hinchliffe et al., 2017).  

 

1.3. Global and Australian introduction history 

 

G. holbrooki and G. affinis have collectively been introduced into over 110 countries (García-

Berthou et al., 2005, Vannini et al., 2018) primarily to control mosquito populations which 

are vectors of various diseases, such as malaria (Courtenay and Meffe, 1989, Díez-del-

Molino et al., 2013). The worldwide distribution (Fig. 1) of these two species is still largely 

unclear (Vidal et al., 2010, Pyke, 2008) and confounded by taxonomic uncertainty and 

complex introduction pathways (Vidal et al., 2010, Díez-del-Molino et al., 2013, Vera et al., 

2016). For example, prior to 1988, G. affinis and G. holbrooki were recognised as subspecies 

of G. affinis (Wooten et al., 1988). Multiple changes in the taxonomic classification of the G. 

affinis and G. holbrooki species complex as well as poor taxonomic records of global 

transfers lead to speculation whether the species existing in Australia was G. holbrooki, G. 

affinis, both, or a hybrid (Lloyd and Tomasov, 1985, Unmack, 2001, Koehn and MacKenzie, 

2004). Taxonomic confusion continued until at least the early 1990s with some published 

articles continuing to refer to Australian Gambusia as G. affinis (Pyke, 2005). However, it has 

been confirmed that the species present across the whole country is in fact G. holbrooki 

(Ayres et al., 2012, Vidal et al., 2012). 

In Australia, G. holbrooki was first introduced in the early 1900s (White and Pyke, 2011). 

Since then, the species was rapidly introduced throughout states and territories as requested 

by local councils for mosquito control (White and Pyke, 2011). In 1992, although there were 

some restrictions on transferring the species interstate in Australia, they were introduced into 

Tasmania when a small number of G. holbrooki (∼ 50 individuals) were illegally transported 
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from Queensland to Northern Tasmania (Keane and Neira, 2004, Lynch, 2008). In Tasmania, 

G. holbrooki populations are currently found in the wetland habitats along the Tamar estuary, 

with a core population surrounding the Tamar Island Wetlands Reserve site (TIWR). More 

recently, individuals have spread to habitats along the North Esk River, e.g., Queechy lake 

reserve (Fig. 1D). 

 

Figure 1. Distribution of G. holbrooki in the world and Australia adopted from (CABI, 2020) and (White and 

Pyke, 2011) respectively, with close up view of two invaded sites in Northern Tasmania. Recorded locations in 

the world (A; orange dots) and Australia (B; red dots) with the sites in Tasmania —Tamar Island Wetlands 

Reserve (C) and Queechy lake reserve (D)— are marked with red dots. Photographs of male (smaller) and 

female (larger) fish are also inset in panel B.  
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1.3.1. Impact of G. holbrooki in Australia  

 

In Australia, the eastern mosquitofish, G. holbrooki, is one of the most commonly introduced 

freshwater species (Lowe, 2000, Norazmi-Lokman et al., 2016). G. holbrooki has been 

nominated as a threat to several endemic freshwater fish species (see Table. 1), such as Red-

finned Blue Eye, Scaturiginichthys vermeilipinnis and the Edgbaston Goby, Chlamydogobius 

squamigenus (Wager and Unmack, 2004, Fairfax et al., 2007, Rowe. et al., 2008). They also 

negatively affect Southern Blue Eye (Pseudomugil signifer) populations (Howe et al., 1997) 

and tadpoles (Morgan and Buttemer, 1996, Koehn and MacKenzie, 2004, Reynolds, 2009). It 

is repeatedly reported that the declines in the Desert Goby, Chlamydogobius eremius and 

Spangled Perch, Leiopotherapon unicolor populations in South Australia are caused by G. 

holbrooki (Koehn and MacKenzie, 2004, Ho et al., 2011, White and Pyke, 2011). In addition, 

it has been suggested that G. holbrooki may have severe impacts on native Tasmanian 

galaxiids (Keane and Neira, 2004). They are also known as a threat to adult dwarf galaxias, 

Galaxiella pusilla in Australia (Coleman et al., 2017). Furthermore, a recent study 

demonstrated that these species can alter zooplankton community composition and size 

distribution, likely through size-selective predation, impacting the benthic macroinvertebrate 

communities indirectly (Hinchliffe et al., 2017). Although G. holbrooki considered a 

polyphagous predator, they may display selectivity in prey choice (Hinchliffe et al., 2017). 

For example, Anostracans constitute preferential prey to G. holbrooki (Leyse et al., 2004). 

These large branchiopods play a keystone role in aquatic food webs (Waterkeyn et al., 2011). 

In the presence of G. holbrooki and the absence of their larger counterparts, some large 

branchiopods such as Cyclopoid copepods can influence dynamics and shape of the small-

sized zooplankton community structures (Sánchez and Angeler, 2007), consequently shaping 

invertebrate communities in temporary wetlands by modifying their food webs and grazing 

community (Jocqué et al., 2010, Waterkeyn et al., 2011). 
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Table 1. Native fish species in Australia impacted by G. holbrooki, adopted from (Koehn and MacKenzie, 2004, 

Becker et al., 2005, Fairfax et al., 2007, White and Pyke, 2011, Coleman et al., 2017). 

 

1.3.2. Control and eradication of G. holbrooki 

 

The development and implementation of an effective method for eliminating and/or 

eradicating the G. holbrooki populations is vital (Patil, 2012). In most instances, manual or 

chemical eradication of such invasive populations is not practical owing to the high fecundity 

of G. holbrooki, and also the application of poisons is not desirable due to their non-

specificity (Patil, 2012). However, despite several conventional physical (e.g., targeted 

removal) and chemical (e.g., rotenone poisoning) attempts to eradicate or control G. 

Native species  Impacts 

Red-finned Blue Eye (Scaturiginichthys vermeilipinnis) Competition 

Edgbaston Goby (Chlamydogobius squamigenus) Competition 

Desert Goby (Chlamydogobius eremius) Competition 

Spangled Perch (Leiopotherapon unicolor) Competition 

Southern Blue Eye (Pseudomugil signifer) Competition 

Rainbowfish (Melanotaeniidae) Predation 

Black Mudfish (Neochanna diversus) Predation 

Purple-spotted Gudgeon (Mogurnda adspersa) Predation 

Native Galaxia (Galaxiella pusilla) Competition 

Southern Pygmy Perch (Nannoperca australis) Aggression (fin nipping); competition 

Oxylean Pygmy Perch (Nannoperca oxleyana) Aggression; competition 

Murray Hardyhead (Craterocephalus fluviatilis) Competition 

Silver Perch (Bidyanus bidyanus) Competition 

Olive Perchlet (Ambassis agassizii) Competition 
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holbrooki, unfortunately, complete eradication of established G. holbrooki populations is 

often not achieved. This also has been the experience in the study site at the TIWR.  

More recently, genetic technologies have been proposed to provide realistic opportunities to 

control well-established and widely distributed pests. One such alternative is the use of 

Trojan Y Chromosome (TYC), which was proposed to control or eliminate non-native 

species without harm to native fauna (Gutierrez and Teem, 2006). This genetic technique 

uses sex-reversed females with two Y-chromosomes (Trojan Y) to sex-bias the population 

hence reducing the breeding success of the species, ultimately resulting in population decline 

(Gutierrez and Teem, 2006, Patil, 2012, Thresher et al., 2013). Recently the TYC strategy has 

been successfully implemented to eradicate the invasive brook trout, Salvelinus fontinalis 

(Schill et al., 2016) which displays male heterogamety (XY) sex-determination system. The 

discovery of sdY (sexually dimorphic on the Y chromosome), the master sex-determining 

gene in rainbow trout, Oncorhynchus mykiss (Yano et al., 2012), significantly benefited the 

development of the TYC approach in brook trout (Schill et al., 2016).  

The technique is also adaptable for implementation of the suggested Trojan W (Senior et al., 

2013) in the other invasive fish species (e.g., G. affinis) that is known to exhibit a ZZ/ZW 

(female heterogametic) system (Patil et al., 2020). Likewise, the Trojan W chromosome 

(TWC) strategy causes extinction via the constant release of WW (Trojan W) females, into a 

target population. The idea behind the TWC strategy is that breeding with the sex-reversed 

fish results in only female or super female progeny, leading over time to the decline in 

numbers of males in the population, resulting in a collapse of the male population (Gutierrez 

and Teem, 2006).  

However, for the T (Y/W) C approach to be implemented, it is imperative that the sex-

determining mechanism of the species is known. Thus, characterisation and validation of the 
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sex determination mechanism in this species will not only shed light on the evolution of the 

sex chromosome but will also provide an essential tool for the eradication and management 

of this pest fish. 

 

1.4. Gambusia in research 

 

Members of the Poeciliidae have been widely used to investigate the sexual selection (i.e. an 

adaptation strategy to ecological sources of selection) associated with the evolution of post-

fertilisation maternal provisioning (i.e. embryonic nourishment) including specialised 

morphological structures (placentas) of apposed maternal and embryonic tissues that facilitate 

nutrient/oxygen transfer to developing embryos throughout gestation (Olivera-Tlahuel et al., 

2015, Tobler and Culumber, 2020). This family presents a unique research opportunity, 

because (1) it contains closely related species that differ markedly in the degree and timing of 

maternal provisioning, ranging from strict pre-zygotic yolk provisioning to extreme levels of 

post-zygotic investment associated with integrated maternal and fetal tissues specialised 

(placentas) (Reznick et al., 2002, Pollux et al., 2009, Pollux et al., 2014); (2) independent 

evolution of placentas (Pires et al., 2010, Pollux et al., 2014); and (3) there is great 

interspecific variation in reproductive traits associated with pre-copulatory sexual selection, 

including caudal swords, variation in gonopodium, enlarged dorsal fins and bright 

colouration in males (Bisazza and Marin, 1991, Bisazza, 1993, Bisazza and Marin, 1995, 

Jawad, 2012, Head et al., 2015, Head et al., 2016, Booksmythe et al., 2016, Fox et al., 2019). 

Furthermore, a number of lineages have evolved the ability to carry multiple, temporally 

overlapping litters that are fertilised (superfetation) at different points in time (Pollux et al., 

2009, Pollux et al., 2014, Norazmi-Lokman et al., 2016).  

The eastern mosquitofish, G. holbrooki has also the potential to become a bioindicator 

organism of endocrine-disrupting chemicals (EDCs) due to its androgen-driven secondary 
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sexual characteristics. For example, evaluation of changes in hepatic gene expression after 

exposure to a potent EDC  (Brockmeier et al., 2013) provided a basis for further 

understanding the biology of G. holbrooki and how this organism could be used as a bio-

indicator of EDC pollutants in the environment. Other ecologically relevant biomarkers such 

as histopathology, growth, feeding behaviour and stable isotopes also have been tested in G. 

holbrooki (Cano-Rocabayera et al., 2019). For example, higher tolerance of females 

compared to males to nitrate pollution could be detected in G. holbrooki (Cano-Rocabayera et 

al., 2019). Such female-biased tolerance to pollutants could cause a sex-biased ratio which 

has been attributed to a longer lifespan of females compared to males (Haynes and Cashner, 

1995).  

The behaviour of this species has been successfully used to monitor environmental 

contamination (Nunes et al., 2008) and alteration/asymmetry in pectoral fin rays, and gill 

rakers on the first branchial arch can serve as a useful biomarker of environmental stress 

(Estes et al., 2006). Moreover, G. holbrooki has been widely utilised as a model for 

behavioural studies (Pilastro et al., 2003), particularly with a view of sexual behaviour 

(Bisazza et al., 1996, McLaughlin and Bruce, 2001), sex ratio of the population (Kahn et al., 

2013, Fryxell et al., 2015), the evolution of mating systems (Wang et al., 2015) i.e. paternal 

effects (Aich et al., 2020), social structure (Gould et al., 1999), sexual activity maintenance 

(Sommer-Trembo et al., 2017) and the growth rate (Livingston et al., 2014).  

Importantly, Poeciliid species are recognised as models to investigate sex determination, sex 

differentiation patterns and evolution of sex chromosomes (Chen and Ebeling, 1968, Black 

and Howell, 1979, Angus, 1989, Schultheis et al., 2009, Horth et al., 2013, Darolti et al., 

2019, Kottler et al., 2019). For example, a study on macromelanophores of G. holbrooki 

showed an autosomal sex-linked allele, that regulates melanism in males in a temperature-

dependent manner (Horth, 2006). Melanism in G. holbrooki has been a candidate for a 
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sexually antagonistic phenotype (Horth, 2003, Horth et al., 2010), as it is suspected to be 

associated with the evolution of the Y chromosome in this species (Kottler and Schartl, 2018, 

Kottler et al., 2019). For instance, conventional cytogenetic studies revealed that G. holbrooki 

lacks heteromorphic sex chromosomes (Black and Howell, 1979, Kottler et al., 2019). 

However, as the melanic macromelanocyte pattern is transmitted from fathers to sons, it has 

been generalised that all G. holbrooki most likely have an XX/XY sex-determination system, 

in which the male-advantageous melanic locus became linked to the sex-determining locus on 

the Y chromosome (Angus, 1989, Horth, 2006, Kottler et al., 2019). However, chromosome 

mapping of the melanic locus is necessary to confirm the sex mechanism. 

 

1.4.1. Developmental staging   

 

Poeciliids, and G. holbrooki in particular, provides an excellent model system to study the 

evolutionary aspects of development, sex-determining systems, and sex chromosomes. A key 

step in the study of sex-determination systems is the early identification of an individual’s 

phenotypic sex (Devlin and Nagahama, 2002, Volff et al., 2007, Hattori et al., 2012, Natri et 

al., 2019). However, diagnosis of phenotypic sex in live early-stage embryos or juveniles 

based on morphology is often not possible in the Poeciliid family (Pyke, 2005, Lamatsch et 

al., 2015) and teleosts in general. Thus, a tool (genetic or phenotypic) is required to identify 

sex at an early developmental stage (i.e., prior to morphological separation of the sexes). In 

this context, it is imperative that the embryonic stages are first characterised and staged 

unequivocally. The staging of embryonic and larval development of G. holbrooki is also vital 

to study sex determination and differentiation mechanisms in this species as the onset of such 

mechanisms often occurs very early during development in most teleosts (Koya et al., 2003, 

Kamiya et al., 2012, Heule et al., 2014, Nishimura and Tanaka, 2014) including G. holbrooki 

(Kwan and Patil, 2019).  
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Developmental stages have been studied in a number of Poeciliid families (Kuntz, 1913, 

Tavolga, 1949, Martyn et al., 2006, Riesch et al., 2011, Liu and Lee, 2014, Cabrera-Paez et 

al., 2017).  

An early study (Chambolle et al., 1970) described a detailed staging system for Gambusia sp.  

Recently, embryonic stages of G. holbrooki have been characterised (Norazmi-Lokman et al., 

2016) based on the earlier descriptions of stages in Gambusia sp. (Chambolle et al., 1970). 

Despite such progress, current developmental staging of G. holbrooki still has several 

limitations, and thus needs further refinement, more so to facilitate detection of fine-scale 

sexually dimorphic differences that may occur at early embryonic development.  

 

1.4.2. Phenotypic surrogates of sex differentiation during early 

development  

 

Understanding the genotype-phenotype relationships in embryos as a proxy for early 

identification of their sex  has been largely unexplored, despite sex-specificity in phenotypic 

features at adulthood. For example, G. holbrooki exhibits sexually dimorphic in external 

features such as body pigmentation (Horth et al., 2010, Horth et al., 2013), body size 

differences with males smaller than females (Bisazza and Marin, 1995), and the anal fin of 

males is modified into a gonopodium that acts as an intromittent organ (Head et al., 2015). 

This dimorphism also extends across many distinct internal aspects such as brain size 

(Buechel et al., 2016), phenotypic plasticity in the brain (Turschwell and White, 2016). 

However, in this species, sexual dimorphism of internal organs other than the gonads is 

poorly understood during development and adulthood. There is increasing evidence 

suggesting that such dimorphism in the heart of juvenile (Dimitriadi et al., 2018) and adult 

(Mousavi and Patil, 2020) zebrafish, Danio rerio and liver of adult medaka, O. latipes (Qiao 
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et al., 2016), exists. Nonetheless, how early and when during development these sex-

dimorphisms manifest and shape the sexual identity of adults remains far more obscure. 

The heart is the first organ to form and function during fish embryogenesis (Stainier, 2001).  

Of the Poeciliids, G. holbrooki and G. affinis are best examples of adaptation and survival 

under extreme environmental conditions (Meffe, 1992, Meffe et al., 1995, Pyke, 2008). Such 

adaptive ability demands functional plasticity in organ development and performance, with 

the heart being the most critical for survival (Woodhead, 1984, Pelster and Burggren, 1996, 

Reznick, 1997, Pelster, 2002, Kawasaki et al., 2017). Studies in even the less hardy Poeciliids 

such as guppy and Amazon molly have shown that age related changes in the heart of the 

guppy are likely to make a negligible contribution to their natural mortality as they are less 

prone to heart diseases with no indicative loss of cardiac muscle until late age i.e. three years 

old (Woodhead et al., 1983, Woodhead, 1984). More importantly, in both these species, 

degenerative changes associated with normal ageing in the heart muscle, and a marked loss of 

muscle fibres in the bulbous arteriosus are known to resemble symptoms observed in ageing 

mammals (Woodhead et al., 1983). In humans, the incidence of heart disease is distributed in 

a sexually dimorphic manner, as evidenced by the significantly lower incidence in females 

than age-matched males, which is due at least in part, to the better cardiac perfusion in 

women, known as sexually dimorphic adaptation strategy of cardiac function (Qin et al., 

2016). Sex differences in the cardiovascular systems have been believed to be intrinsically 

attributed to sex chromosome-dependent differences in gene expression, which can be further 

modified by sex hormones, leading to sex-specific gene expression and function (Arnold, 

2009, Arnold et al., 2017, Regitz-Zagrosek, 2020). Further, G. holbrooki are excellent  

examples of adaptation and survival under extreme environmental conditions (Pyke, 2008). 

Despite striking sexual dimorphism in most members of the Poeciliidae (Furness et al., 2019), 

the relationship between the heartbeat (as a phenotypic trait) and biological sex has not been 
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investigated in G. holbrooki or any species within the Poeciliidae. The sexual dimorphism in 

phenotypic cardiac traits (i.e. relative cardiac output) has been recently reported in adult 

zebrafish (Mousavi and Patil, 2020). However, it is unknown as to how early in development 

such dimorphisms manifest, probably due to a lack of a sex marker that can distinguish 

embryonic sex i.e., well before the secondary sexual characteristics become obvious. A 

genetic sex marker for G. holbrooki has only been described recently (Kwan and Patil, 2019) 

could facilitate relevant studies in sexual dimorphism that manifest during embryogenesis. 

 

1.4.3. Role of cytogenetics to elucidate sex-determining mechanisms 

 

Sex chromosomes of birds (ZW female: ZZ male) and mammals (XX female: XY male) are 

highly conserved, as a result of a long evolutionary process of the sex chromosome 

differentiation. The evolutionary processes shaping sex chromosomes are still not obvious 

with entire or partial suppression of recombination within the sex chromosome pairs 

(Grützner, 2001, Charlesworth, 2017, Lourenço de Freitas et al., 2018, Furman et al., 2020). 

Data from phylogenetically distinct organisms show that this mystery frequently links to the 

accumulation of repetitive DNAs in the sex chromosomes, indicating that this is an inherited 

hallmark of the sex chromosome differentiation (Nanda et al., 2000, Filatov et al., 2000, 

Kondo et al., 2004, Peichel et al., 2004, Charlesworth et al., 2005, Ezaz et al., 2009, 

Kejnovsky et al., 2009, de Bello Cioffi et al., 2012, Deakin et al., 2019). Repetitive DNA 

sequences play a key role in the structural and functional organisation of genomes (Schueler 

et al., 2001, Biémont and Vieira, 2006) constituting the major fraction of eukaryote genomes 

including tandem repeats (satellites, minisatellites, and microsatellites) and dispersed 

elements (transposons and retrotransposons) (Charlesworth et al., 1994, Jurka et al., 2005). It 

is estimated, for example, that the mammalian Y chromosome differentiated more than 150 

million years ago (Graves, 2002). Whereas, estimation shows that hermaphrodite-specific 
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region of the Yh chromosome in papaya arose only ∼ 4000 years ago, after crop plant 

domestication in Mesoamerica > 6200 years ago that coincides with the rise of the Maya 

civilization (VanBuren et al., 2015). Similarly, Y chromosomes of teleosts compared to 

mammals have a more recent origin, comprising less than 3 million years ago in some teleost 

species (Ieda et al., 2018). Given the signs of recent evolutionary history in the teleost as the 

oldest vertebrate group, they are an excellent model for studying the mechanisms involved in 

primitive sex determination and the evolution of sex chromosomes in vertebrates. Therefore, 

by studying teleost, the evolution of sex chromosomes in vertebrates can be systematically 

followed from the absence of sex chromosomes (i.e., heteromorphic) to the different steps of 

their differentiation, improving our understanding of the mystery association of the repetitive 

DNA with sex chromosome evolution.  

Sex chromosomes are derived from autosomes and have evolved independently many times 

in different lineages. In several fish species, generally, the sex chromosomes are isomorphic 

(i.e., non-heteromorphic), and have only recently diverged into heterogametic sex 

chromosome pair as a consequence of evolutionary degeneration e.g., loss of active genes 

from most or all of the Y/W (Charlesworth, 1991, Charlesworth, 1996, Wright et al., 2016). 

One interesting feature of fish sex chromosomes is that, unlike other vertebrates, the Y 

chromosome is not always the most differentiated sex chromosome (Traut and Winking, 

2001, Furman et al., 2020). For example, in the wolf fish, Hoplias malabaricus ─ without 

morphologically differentiated sex chromosomes─ the X has undergone differentiation from 

the ancestral homomorphic pair showing active nucleolus organizer regions (NORs) and 

accumulation of DNA repeats, while they were lost in the Y chromosome not showing any 

apparent gross morphological differentiation of the chromosomes (Born and Bertollo, 2000, 

Cioffi et al., 2010). Therefore, application of sensitive molecular cytogenetic techniques such 

as comparative genomic hybridisation (CGH) has shown to reveal cryptic sex chromosomes 
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in such teleosts. In poeciliids, the X and Y chromosomes can recombine (Charlesworth, 2004, 

Tripathi et al., 2009, Charlesworth, 2018, Bergero et al., 2019) and therefore, by conventional 

cytogenetic techniques the sex chromosomes could not be distinguished, except for some 

species e.g., G. affinis where a Z or W is apparent by size difference (Chen and Ebeling, 

1968). For example, the initial karyotyping study on the guppy, Poecilia reticulata, showed 

no heteromorphic sex chromosomes (Lodi, 1978), with cytogenetic studies revealing male 

heterogamety (XX/XY sex chromosomes) in this species (Traut and Winking, 2001). Once 

discovered, closer examination by e.g., traditional banding, chromosome microdissection and 

whole chromosome painting (WCP) approaches could better characterise such cryptic sex 

chromosome pairs (Cioffi et al., 2017, Lourenço de Freitas et al., 2018, Gokhman et al., 2019, 

Deakin and Ezaz, 2019). In particular, the technique of florescent in-situ hybridisation (FISH) 

has been adapted to demonstrate the cryptic sex chromosomal differences in a diverse group 

of animals with various degree of sex chromosomal differentiation (Nanda et al., 1999, Ezaz 

et al., 2006b, Veyrunes et al., 2008, Rowell et al., 2011, Mazzoleni et al., 2020).  

Initial karyotyping in G. holbrooki identified no heteromorphic sex chromosomes (Black and 

Howell, 1979), but an XX-XY system was concluded for these species based on the body and 

fin color pattern inheritance (Angus, 1989). Moreover,  a Y-linked allele, GIPC PDZ domain 

containing family member 1 (gipc1), was also linked to melanism in the male only (Kottler et 

al., 2019), indicating an XX-XY system. Nonetheless, these are inconclusive, and it is 

important to identify chromosomes that carry the sex-determining gene, especially when 

there is no evidence of heteromorphy from standard karyotypic analysis. Further 

characterisation showing conclusive cytogenetic evidence such as FISH and CGH 

hybridisation are essential.  

Typically, the highly condensed nature of chromosomes in teleosts pose technical challenges. 

Making this even more challenging is the small size of the fish, requiring the pooling of 
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tissue from multiple specimens. As a result, tissues need to be collected from multiple organs 

(Rowell et al., 2011). This makes it difficult to standardise procedure as different tissue 

exhibit marked differences in their suitability for chromosome preparation. In particular, 

obtaining an adequate number of metaphases arrested cells for karyotyping and FISH 

analyses from fish specimens is hampered as they yield a low mitotic index (Ojima and 

Kurishita, 1980, Woznicki et al., 2004, Bertollo et al., 2015, Shams et al., 2019). Thus, 

mitotic stimulation (i.e., mitogens) are required to increase the mitotic index (Wiley and 

Meisner, 1984, Cucchi and Baruffaldi, 1990, Fujiwara et al., 2001, Woznicki et al., 2004, de 

Oliveira et al., 2019). The increased mitotic index makes it possible to use different banding 

and FISH procedures for systematic cytogenetic studies especially when the amount of tissue 

is so small, and the specimen is precious.  

Similarly, chromosomal condensation during metaphase has been reported as an issue to 

identify the small alterations, breakpoints, small insertions or deletions in mammalian model 

e.g., mouse (Louis et al., 2004). Therefore, additional optimisation that allow relaxation and 

spread of chromosomes such as ethidium bromide (3,8-diamino-5-ethyl-6-

phenylphenanthridium bromide) are necessary (Misawa et al., 1986, Louis et al., 2004). 

Moreover, studies on platypus (Ho et al., 2009) and chickens (Tsend-Ayush et al., 2009) 

suggest that the sex chromosome compared to autosomes show more resistance to the agents 

that prevent DNA condensation due to relatively higher heterochromatisation.  

 

1.5. Research objectives  

 

The overarching objectives of the study were to discover early phenotypic markers of sex 

differentiation and ascertain the sex determining mechanism in G. holbrooki. 

Specifically, the aims of the study were to:  
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(1) standardise developmental staging of G. holbrooki embryos for determining the timing 

and onset of sex determining and differentiation pathways; (2) based on our subsequent 

preliminary experiments on G. holbrooki embryos, it is hypothesised that the heart rate in 

these species are often sex-dimorphic and could be applied as a phenotyping candidate for 

sex identification at early stages of development. Thus, this information collectively can be 

used to develop a phenotypic sex marker to assist in distinguishing the sex of live embryos at 

very early developmental stages; (3) examine the sex/autosome chromosome(s) condensation 

properties and mechanism through comparison of fluctuation in mitotic chromosome 

heterochromatisation regions between sexes and (4) identify and confirm the sex 

determination mechanism (e.g., male, or female heterogametic) using cytogenetic studies and 

compare its evolutionary history. 

 

1.6. Thesis structure 

 

Thesis chapters in this study presents original data written as manuscript formats for 

submission to peer reviewed journals. Each experimental chapter contains separate 

introduction, materials and methods, results, and discussion, with a single and consolidated 

reference section at the end. A summary of the thesis structure is provided below;  

Chapter 1: Introduces Gambusia holbrooki, highlighting the background associated with the 

research topic and aims of the investigation. 

Chapter 2: Describes the refined embryonic development stages of Gambusia holbrooki, 

adopting multiple approaches, including pixel analysis of photographs for better 

identification of early developmental stages. 

Chapter 3: Presents developmental features of the heart and its sexual dimorphism from the 

time of its genesis to adulthood and discusses its utility as an early phenotypic sex marker.  
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Chapter 4: Focuses on optimisation of karyomorphological techniques to enhance mitotic 

index and elongation of chromosomes that are essential for reliable cytogenetics studies 

(chapter 5) in this species, that provide evidence for sex- and tissue-specific dimorphism in 

cell proliferation rates. 

Chapter 5: Provides cytogenetic evidence for the absence of extensive Y-specific regions in 

the early stages of sex chromosome differentiation and discusses its relevance for sex 

determining mechanisms and its evolution in this species. 

Chapter 6: Provides a mini review of the overall findings with a general discussion of broader 

applications, highlighting key findings with future recommendations. 
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Chapter 2 

 

Stages of Embryonic 

Development of the Live-

bearing Fish, Gambusia 

holbrooki 
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2.1. Abstract  

 

Developmental staging is essential to study developmental pathways, genetics, and evolution 

among taxa. Embryogenesis has been described for few Poeciliid species; however, proposed 

staging systems are not generally applicable due to divergent morphology amongst Poeciliid 

species. In Poeciliids, with placentation, embryos receive maternal nourishment throughout 

gestation. By disconnecting the embryos from placenta-like tissues in the in vitro culture and 

fixation approaches, the normal growth and morpho-physiological characteristics can be 

compromised. Described here are developmental stages of embryonic development in eastern 

gambusia, Gambusia holbrooki that document sequential events of development from zygote 

to parturition. The development of the nervous, circulation, musculoskeletal, visual and 

digestive systems, as well as general craniofacial and body features, progresses until 

approximately 30 days post fertilisation (dpf) under normal conditions (25 ± 0.5 °C). Because 

there is no comprehensive study describing the chronological processes of embryonic 

development, we newly defined 40 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. For stage 

identification, a combination of key morphological criteria was employed. Two sets of 

quantitative (i.e., egg size, egg diameter, embryonic total length, otic vesicle closure indices, 

heart rates, the number of caudal fin rays and elements) and qualitative (i.e., three-

dimensional analysis of images and morphological observations) data were acquired. The 

data were collectively used to define and describe each embryonic stage. A detailed 

description was given for each stage emphasising the key developmental features. All 40 

stages separated by well-defined thresholds. For stage identification, the described principal 

diagnostic features were quick and readily applicable. This developmental staging system for 

G. holbrooki will benefit researchers investigating molecular ontogeny, particularly sexual 
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differentiation mechanisms and will also facilitate comparative evolutionary developmental 

biology studies amongst Poeciliid species. 

Keywords: Poeciliid, developmental stage, embryogenesis description, key morphology, 

ontogeny, developmental events, eastern mosquitofish, Gambusia holbrooki. 

 

2.2. Introduction 

 

Fish are the most diverse vertebrates in reproductive and developmental strategies. Among 

fish, Poeciliids are one of the well-studied families, especially with regard to reproductive 

strategies (Fujita and Kohda, 1996, Haig, 2014, Dadda, 2015, Garita-Alvarado et al., 2018, 

Tobler and Culumber, 2020), embryo development (Kuntz, 1913, Haynes, 1995, Koya et al., 

2000, Martyn et al., 2006, Riesch et al., 2011, Norazmi-Lokman et al., 2016), evolution 

(Reznick et al., 2017, Furness et al., 2019, van Kruistum et al., 2019), placentation (Reznick 

et al., 2002, Neill et al., 2007, Pires et al., 2010, Nathaniel et al., 2018, van Kruistum et al., 

2019, Olivera-Tlahuel et al., 2019), sexual dimorphism (Endler, 1983, Schlupp et al., 2010, 

Adkins-Regan et al., 2014, Cummings, 2018, Ambus and Moody, 2019), sexual selection, 

(Lindholm and Breden, 2002, Wright et al., 2017), genetic sex determination (Schultheis et 

al., 2009, Tripathi et al., 2009, Wright et al., 2017, Darolti et al., 2019, Kottler et al., 2020) 

and sex biased gene expression analysis (Pointer et al., 2013, Sharma et al., 2014, Wright et 

al., 2018, Kwan and Patil, 2019).  

In Poeciliids, Gambusia holbrooki is an excellent model to study developmental pathways, 

evolution among taxa, genetic sex determination and differentiation mechanisms. However, 

comprehensive developmental staging for G. holbrooki is non-existent and there is a lack of 

detailed developmental knowledge for G. holbrooki. 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. For example, early events in the 
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development of the reproductive system such as the onset of sex differentiation (Matsuda, 

2003, Hattori et al., 2013), sex-specific gene expression profile during sex differentiation 

(Wright et al., 2018, Kwan and Patil, 2019) and primordial germ cells (PGCs) migration 

(Koya et al., 2003, Saito et al., 2011, Ye et al., 2019) all occur during fish embryogenesis.  

Embryogenesis in oviparous fish species with optical transparency (i.e. very deep structures 

are visible) of the live embryo e.g., zebrafish, Danio rerio (Kimmel et al., 1995) and medaka, 

Oryzias latipes (Iwamatsu, 2004), has been previously reported. In these fish, the time of 

fertilisation is often known, and their embryos are relatively transparent and develop quickly. 

Therefore, researchers are able to characterise the developmental stage and assign chronology 

more readily. Studying the development of live-bearers, like G. holbrooki, is more 

complicated owing to lower transparency of their eggs, internal fertilisation (i.e., unknown 

fetilisation time), and inaccessibility of developing embryos for experimental manipulation. 

Developmental stages have been described for a few Poeciliid species (Tavolga, 1949, 

Haynes and Cashner, 1995, Haynes, 1995, Koya et al., 2000, Martyn et al., 2006, Riesch et 

al., 2011, Cabrera-Paez et al., 2017). Proposed classifications are not generally applicable 

across species due to divergent morphology among the different Poeciliid species. An earlier 

staging system for Gambusia sp. (Chambolle et al., 1970), although less complete than the 

present one, accurately describes the stages from zygote to parturition of embryonic 

development, and includes useful sets of illustrations. The drawbacks in the latter study are, 

the accurate taxonomic of the species used was not known (personal communication) and 

detailed organogenesis was not investigated. Recently, a broad embryonic staging of G. 

holbrooki was reported (Norazmi-Lokman et al., 2016) based on the earlier staging guide for 

Gambusia sp. (Chambolle et al., 1970) and G. affinis (Koya et al., 2000), but lacks detailed 

morphological descriptions. 
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To overcome complications associated with describing embryogenesis in G. holbrooki, 

multiple approaches have been systematically employed to identify and assign an accurate 

index based on morphological features that are generally and readily identified by 

examination of the live embryo with a dissecting stereomicroscope. These approaches 

highlight the changing spectrum of major developmental processes that occur after 

fertilisation, and some of the known morphogenesis and other significant events that occur 

during each stage. 

Two main approaches are used in parallel to describe developmental stages. Briefly, the first 

relies on continuous and discrete morphological changes such as in zebrafish (Kimmel et al., 

1995), medaka (Iwamatsu, 2004) or goldfish, Carassius auratus (Tsai et al., 2013). Here each 

stage is accurately identified based on precise morphological criteria such as the somite 

numbers over time  (Kimmel et al., 1995), which is generally more than adequate for most 

oviparous fish. In addition, the use of discrete traits for staging (e.g., somite numbers) may 

miss continuous changes that might occur between stages. Organogenesis may not be 

synchronous in all individuals, rendering such a model of developmental staging quite 

difficult to apply. Applying the first approach alone makes the embryonic staging difficult 

due to divergent developmental features across species.  

The second approach (i.e. saltatory theory) uses fits and starts events in developmental 

progress (Balon, 2002) that are chracterised by thresholds and steps (Balon, 2002, Balon, 

2015). 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 (Alix et al., 2015). This approach 

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

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

and inter-specific comparisons of fish development.  

Due to  knowledge gaps between ontogenies of different Poeciliid species, developmental 

staging for G. holbrooki is virtually non-existent. 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 to 

other Poeciliid or other model species; and (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 expressional analysis of desire 

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).  

 

2.3. Material and methods  

 

2.3.1. Source of specimens, fish husbandry and specimen preparations 

 

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

Wetlands 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 
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°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 h prior to harvesting the embryos.  

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

superfetation (Norazmi-Lokman et al., 2016), 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 (Norazmi-Lokman 

et al., 2016) 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 were collected (n = 200) and kept separated from the brood female to avoid 

cannibalism of juveniles at birth. 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. 

 

2.3.2. Genetic sexing of juveniles 

 

Juveniles were individually anaesthetised (5 ppm AQUI-S®) and a small piece (~ 0.5mm2) of 

the caudal fin was clipped from each juvenile (n = 200), and genomic DNA was extracted 

using the MyTaq™ Extract-PCR Kit (BIO-21126) according to the manufacturer's 

instructions. The genetic sex of the individuals was determined by polymerase chain reaction 
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(PCR) using a female-specific genetic marker as previously described (Kwan and Patil, 

2019).  

 

2.3.3. 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 of a tiny gravid spot (Norazmi-Lokman et al., 2016). 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.  

 

2.3.4. 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 ten days post-fertilization (dpf), embryos were observed to describe 

organogenesis. Females were individually euthanised by an overdose (50 ppm) of AQUI-S®. 

Fish were first 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. 
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Enzymatic dechorionation was performed according to the method previously described 

(Takahashi et al., 2016) 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.  

  

2.3.5. Characterisation of embryonic stages 

 

2.3.5.1. 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 an 

overlying coverslip. The 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). 

Morphological diagnostics were used to preliminarily stage the embryos according to indices 

described for developmental staging in Gambusia affinis (Kuntz, 1913), Gambusia sp. 

(Chambolle et al., 1970) and zebrafish (Kimmel et al., 1995).   
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2.3.5.2. 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 

digital images. The face view of the embryos at early stages i.e., Cl and Bl and their 

corresponding area for 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 (Tsai et al., 2013). The shortest distance between posterior and the 

anterior margin of the eye and the otic vesicle (Dist. e. Ot; Fig.1. A–C: blue line) respectively 

and the length of the major axis of the otic vesicle (L. Ot; Fig.1. A–C: red line) were 

measured for each stage (n = 10). The percentage of otic vesicle closure (% OVC) was 

calculated using the formula 𝐿. 𝑂𝑡/(𝐿. 𝑂𝑡 +  𝐷𝑖𝑠𝑡. 𝑒. 𝑂𝑡)  × 100 . 

 

Figure 1. Representative images showing OVC measurements of embryos during segmentation and pharyngula. 

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. 
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Ot) are marked with blue and red double headed arrows, respectively. Ot =otic vesicle; Op = olfactory pit; e = 

eye; pec. fb = pectoral fin bud; yo = yolk. Scale bars = 250 µm. 

 

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 zebrafish 

(Mousavi and Patil, 2020). 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 (Fujimura and Okada, 2007) in later developmental stages (Ph 

29-33 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 

(Fig. 2A and 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.  

 

Figure 2. Representative photographs of the caudal fin of G. holbrooki embryo at pharyngula stage 35. (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 
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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. 

 

 

2.3.5.3. 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 algorithm in ImageJ (NIH) as previously described (Barthel, 2006). 

Briefly, each (n = 10 embryos/stage) digital colour image (face view) was individually 

imported to ImageJ, and the region of interest (ROI; n = 10/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 (Barthel, 2006). The frequency of the normalised 3D RGB colour 

distribution was then extracted (in OriginPro 2020). The number of cells for each stage was 

quantified by turning respective embryonic images into RGB colour frequency as previously 

described (Arena et al., 2017). 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.  

 

2.3.5.4. 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, 
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Xiphophorus maculatus (Tavolga, 1949). 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. 

Next, 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. 

 

2.3.6. Statistical analyses 

 

Statistical analyses and graphing were performed in OriginPro 2020 (Originlab Corporation, 

Northampton, MA, USA). 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 test). Where 

applicable, multiple comparisons were performed using one-way ANOVA followed by 

Tukey's test for pairwise comparison of means. Linear regression analysis (slope) was used to 

determine the goodness of fit between developmental features and days post-fertilisation 

(dpf). Data are presented as a mean ± standard deviations (SD). All data was assessed for 

normality using Shapiro-Wilk normality test and Q-Q (Quantile-Quantile) plot (in built 

function in OriginPro 2020 software). Difference between two means was considered 

significant when p < 0.05. 

 

2.4. Results 

 

The G. holbrooki embryogenesis starts approximately 1–3 h post first copulation, which 

served as an indicator for the fertilisation of ova- it is named zygote stage 0 (Zy 0)- and ends 



 

36 
 

30 dpf (at a constant temperature of 25 ± 0.5 °C; 625 °days) at the time of parturition (i.e., 

first active swimming and oral feeding)- it is named parturition stage 39 (Pa39). The 

quantitative and qualitative results from zygote to parturition are described as follows. 

 

2.4.1. Quantitative changes in criteria used for staging the embryos 

  

The results for the six quantitative data sets; ED, ETL, OVC, HR, CFR and CFRE are 

presented as follows. The average ED (µm) for embryos at Zy, Cl, Bl, Ga, Se and Ph stages 

(n = 50 each) are presented in Table 1.  

 

Table 1. The average egg diameter (µm) in different developmental stages of G. holbrooki. DS = developmental 

stages; ED = egg diameter. Different letters indicate significant differences between means (unpaired student t-

test,  p < 0.05). Data are presented as a mean ± SD. 

DS (n = 50 each) Zygote Cleavage Blastula Gastrula Segmentation Pharyngula 

Average ED (µm) 1200 ± 460a 1620 ± 310b 1830 ± 280c 1970 ± 260c 2550 ± 240d 2680 ± 320d 

 

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

significantly different across all stages (Fig. 3A; Table 1). Immediately post-fertilisation the 

increase was significant between stages (unpaired student t-test,  p < 0.05, i.e., between 

zygote and cleavage periods) until the end of blastula (unpaired student t-test,  p < 0.05) and 

again between gastrula and segmentation (p < 0.05), and thereafter no significant (unpaired 

student t-test,  p > 0.05) difference was noticed (i.e., between segmentation and pharyngula 

periods). In slight contrast, the mean embryo length also increased but was significant 

between the stages compared (Fig. 3B).   
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Figure 3. 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. Inset square, horizontal line and the curve in each box plots 

represent mean, median and distribution of data. 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, unpaired student t-test) different from one another. Data are presented as a mean ± SD. 

 

The number of caudal fin rays and CFRE were significantly different (p < 0.05, unpaired 

student t-test) at the respective developmental stage (Fig. 3C) serving as a reliable marker for 

their staging. The number of CFRE was 5 at pharyngula (Ph34, Ph35 and Ph36 stages) which 

increased to 6 and 7 at stages Pa37 and Pa38, respectively. The HR (bpm) showed a 

significant (p < 0.05, one-way ANOVA followed by Tukey's test for pairwise comparison of 

means) increase between progressive developmental stages from ESe to JPPa, being 42.7 ± 
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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. 

The % OVC also showed a significant (p < 0.05, one-way ANOVA followed by Tukey's test 

for pairwise comparison of means) increase during the segmentation and pharyngula periods 

(Fig. 4). The “Dist. e. Ot” increased from Se16 to Se20 and abruptly dropped at Se20 as 

embryos progressed in development (Fig. 4; blue line). The “L. Ot” indices, showed a 

significant (p < 0.05, one-way ANOVA followed by Tukey's test for pairwise comparison of 

means) increasing trend from Se16 to Ph32 (Fig. 4; Redline). The % OVC indices were used 

in combination with other criteria for embryonic stage identification during segmentation and 

pharyngula. 

 

Figure 4. Graph showing the otic vesicle closure (% OVC) indices for staging of embryos during the 

segmentation and pharyngula. Changes in distance from eye to otic vesicle/otolith (Dist. e. Ot) and otolith length 

(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, one-way ANOVA 

followed by Tukey's test for pairwise comparison of means). The intersectional point of two indices (Dist. e. Ot) 

and (L. Ot), occurred between Se21 and Se 22 stages. The black line graph (% OVC) indicates an increasing 

trend over different developmental stages (i.e. Se16 to Ph32).  
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2.4.2. Qualitative data 

 

2.4.2.1. 3D analysis of embryonic digital images  

 

The 3D RGB profile of each developmental stage is presented in Figure 5. These profiles 

generated a unique fingerprint (% frequencies) for each developmental stage (i.e. Zy, Cl, Bl, 

Ga, ESe, LSe, Ph and JPPa). Comparison of the % frequencies showed significant (non-

parametric test (Wilcoxon rank-sum test, p < 0.05) differences between stages (Fig. 5Q). 

 

Figure 5. 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 represents 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 test, p < 0.05).  
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2.4.2.2. Overview of the embryonic and early larval developmental stages of 

G. holbrooki 

 

This study developed a comprehensive developmental staging system for G. holbrooki. The 

embryonic staging system defined 40 stages from stage 0 (zygote) to stage 39 (parturition). 

These developmental stages are broadly categorised into seven phases (zygote, cleavage, 

blastula, gastrula, segmentation, pharyngula, and parturition). Therefore, each stage was also 

given a prefix corresponding to their broad developmental phase. 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 6. 
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Figure 6. Developmental table of 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 
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time-table of embryonic stages over 30dpf 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. dpf = days post 

fertilisation; DS = developmental stages; Zy = zygote; Cl = cleavage; Bl = blastula; Ga = gastrula; Se = 

segmentation; Ph = pharyngula; Pa = parturition; Or = organogenesis.  

 

2.4.2.2.1. The zygote (Zy) phase  

 

Prior to- or post-zygotic phase, ova appeared in various stages of development in the same 

ovary, ranging from ~ 100 to 1800 µm in diameter (Fig. 7A). A significant number of ova 

often become mature simultaneously. Just before fertilisation, the mature ovum is surrounded 

by an extremely thin chorion i.e., vitelline membrane (Fig. 7A and B) and a gelatinous 

envelope (or jelly coat) around the yolk and is generally lacking unequal size and distribution 

of lipid droplets (Fig. 7B–D). The newly fertilised egg is in the zygote phase until the first 

cleavage occurs, approximately 0.5–1.5 h(s) post-fertilisation (Fig. 6). 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; Fig. 7C). 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 (Fig. 7C and 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; 

Fig. 7D; Fig. 24). The zygote phase 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 (Fig. 8A) and the perivitelline space is not very distinct.  
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Figure 7. Images showing unfertilised eggs and just 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., gelatinous envelope (double arrow-headed) 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. 

 

2.4.2.2.2. Cleavage (Cl) phase 

 

The 3D colour analysis showed significant (Wilcoxon rank-sum test, p < 0.05) changes in 

RGB frequency distribution comparison between the unfertilised egg and cleavage (Fig. 5A, 

B, E and F). The embryo developed on internal surface of the egg. The distribution of the 
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lipid droplets is similar to the Zy phase. Concurrent to this phase, a small cleavage cavity 

becomes visible and as the blastoderm (i.e., cell divisions) increased in size the cavity space 

gradually filled up with the cleaving cells, thus the depth (i.e., the distance between the 

deepest cells to the surface of the egg/chorion) of the cavity decreases. 

Cl phase 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 phase. The dividing 

cells appeared broad, flat, and extremely transparent with a thin membrane. The first three 

cleavage stages (~ 1 dpf) correspond to 1st (Cl1), 2nd (Cl2) and 3rd (Cl3) cell divisions (Fig. 

8).  

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 (Fig. 8B). The first cell cleavage occurs at Cl1 ending the zygotic 

phase. Cl1 corresponds to the two-cell stage which was vertically oriented. Cleavage stage 2 

(Cl2, Fig. 8C) was characterised by the appearance of the 4 large polyhedral cells (cycle 3; 

arrowheads in Fig. 9A), cycle 3 begins with four blastomeres in a 2 × 2 array. Blastomeres 

descended into the yolk making a large cavity (Fig. 9A) in the surface of the egg (i.e., animal 

pole) for subsequent cell divisions. This egg surface depression (cavity) was visible (face 

view orientation with about 45° angle 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 (Fig. 9). 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 
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array of blastomeres (i.e., 8-cells). The average area (face view) was 150 µm in diameter 

(Fig. 8D). The 16-cell stage was indistinguishable. Cleavage stage 4 (Cl4) corresponds to the 

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 µm and was larger compared to Cl3. 

Cleavage stage 5 (Cl5) corresponds to cleavages ending the sixth cycle poses 64-cell 

horizontally so that in an animal polar face view the blastomere array may resemble the 32-

cell stage, although the cells entering cycle 7 are smaller. The depth of the egg surface 

depression distinctly decreased (Fig. 9B) compared to the 4-cell stage (Cl2; Fig. 9A). The 

buried cells (or deep cells) were enveloped by oil droplets. For the first time, some of the 

blastomeres completely covered others. The cell division structures were relatively difficult 

to distinguish at this stage. The average size of the flat blastodisc area was 300µm in the Cl5 

stage which showed a significant increase (2-fold) in area diameter (unpaired student t-test, p 

< 0.05) compared to Cl3. 
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Figure 8. Images representing zygotic, cleavage and blastula stages. (A) zygote stage: at the animal pole, the 

cytoplasm separates from the yolk to form the blastodisc (Zy). (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 phase. Dotted lines (A–I) indicate the location of the corresponding cell cleavage of each stage. 

Asterisks indicate large oil droplet. Scale bar = 500 µm. 

 

2.4.2.2.3. Blastula (Bl) phase  

 

The 3D colour analysis showed significant (Wilcoxon rank-sum test, p < 0.05) changes in 

RGB distribution compared to Cl phase (Fig. 5B, C, F and G). The term “blastula” is used to 

refer to the phase 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, cycle 14, according to the 
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description for zebrafish blastula development (Kimmel et al., 1995). Three key processes 

occur during the blastula phase; (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 begins to form. The YSL was readily visible only during 

Bl7 (midblastula), Bl8 and the first stage of gastrula (Ga9). YSL disappeared as early as 

epiboly forms. Epiboly continues during the gastrulation phase. At this phase, the orientation 

of the cleavage planes is indeterminate, and they are considerably less regularly arranged in 

comparison to the Cl phase. The neat rows of the daughter cells from these later cleavages 

(i.e., irregular division) entirely disappeared in either side or top views, thus blastomere area 

size is more useful than blastomere position in determining the stage during this phase.  

The blastula phase (~ 5–7 dpf; Fig. 6) categorised into three embryonic stages: Bl6, Bl7 and 

Bl8 (Fig. 8). Bl6 characterised by the presence of a compact blastula which is very flat (top 

view) and the size averages 400 µm in diameter (Fig. 8G). This stage consists of 128-cells or 

more (i.e., 128–256). The cells size is smaller compared to the Cl phase and more numerous 

peripherally and arranged in multiple layers of irregular polyhedral cells. Bl6 showed 

significant (unpaired student t-test, p < 0.05) increase in area diameter compared to last 

cleavage stage (Cl5). The cell divisions are still synchronous at Bl6 when the embryo just 

entered MBT.  

Stage 7 (Bl7; MBT) was characterised by the formation of YSL (i.e., single large droplet) and 

the peripheral germ ring with an average size of 700 µm (Fig. 7H) corresponding to the 512-

cell structure. This stage appears to occur quickly and lasts with the asynchronous mitotic 

division which was first occurred at this stage (Fig. 9C), giving rise to the formation of the 

germ ring (GR) at the next stage (Bl8). As the yolk cell domes, it occupies the cell cavity 

simultaneously vacated by the deep blastomeres during their radial intercalations; yolk cell 
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doming could exert a force that drives the deep cells outward thus showing dramatic marginal 

lengthening to form the GR.  

At the final blastula stage (Bl8), the cell migration occurred from both sides of a large oil-

droplet to form the GR (Fig. 8I). The oil droplets (the oil droplets have coalesced into a single 

large drop) often accumulated as one large droplet underneath the GR with the under surface 

of the blastula in contact with the underlying yolk (Fig. 9D). The cells were more tightly 

packed together showing a brownish shallow mass. The perivitelline space was hardly 

visible.  

 

Figure 9. Images representing magnified face views of cleavage (A and B) and blastula (C and D) phases. (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 
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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). (A, B and C) scale bars = 500 µm; D = 100 µm. OG 

= oil globules. 

 

2.4.2.2.4. Gastrula (Ga) phase   

 

Gastrula development leads immediately to the appearance of the anterior region in the 

embryos. In this phase, 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 

phase consisted of six distinct stages: stages 9-14 (Ga9–Ga14; Fig. 10).  

The first gastrula stage (stage 9; Fig. 10A 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 and a small streak (dome-like) 

projecting outwards anteriorly from the GR area (arrowheads in Fig. 10G) due to involution. 

The posterior area of the GR is thicker 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 (Fig. 10B and H) was marked by the cells spreading along the 

margin of the blastoderm, filling the lateral perivitelline space. During stage10 (Fig. 10B), 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; 
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Fig. 10B and H). 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; Fig. 10C). The perivitelline space was easily distinguishable at 

stage 11 (Fig. 10I). At Ga10 (Fig. 10H) and Ga11 (Fig. 10C inset), a beak-like cell mass in 

the front part of the rudimentary head was visible. A few small vacuoles (Kupffer’s vesicles; 

KVs) appeared at the posterio-ventrally to the body axis, which were in contact with 

blastopores (Fig. 10H). At stage 11 the ‘tailbud closure’ has already occurred and the 

remainder of the GR indistinguishable from the yolk, which, however, became visible when 

deyolked (Fig. 10C inset). The cell division and migration along the body axis are now more 

regular and faster leading into the stage12 (Fig. 10D).  

At stage 12 (Ga12), perivitelline space was relatively wider (Fig. 10D 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. Later at stage13, both 

anterior and posterior extremities of the embryo continue with the anterior parts remaining 

wider and thicker (Fig. 10E). Here, the yolk sphere is enveloped by a very thin blastoderm 

leaving a small area in the vegetal pole exposed (Fig. 10E). At stage13, the head including 

the rudimentary brain is distinct. The optic primordia (OpP; Fig. 10E inset and K) appears as 

a hump-like cell mass on either side of the rudimentary head. 

At stage14 (Ga14; Fig. 10F), the blastoderm began to spread across the yolk faster ventrally 

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

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

and the body axis became more visible (Fig. 10F and L). The entire embryo appears to 

consist of the NK, which is slightly broader at the cephalic end and the optic capsules (OpC) 

are readily visible on each side of the cephalus (Fig. 10F inset and L). During gastrulation, 

the somitogenesis was not yet initiated (i.e., no somite observed).  
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Figure 10. 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. ES = embryonic shield; GR = germinal 

ring; yo = yolk; NK = neural keel; EA = embryonic axis; KV = Kupffer’s vesicles; TB = tailbud; PS = 

perivitelline space; Ch = chorion; RB = rudimentary brain; OpP = optic primordial; OpC = optic capsule; p = 

posterior; a = anterior; d = dorsal; v = ventral; Ap = animal pole; Vp = vegetal pole; Dol = dorsal lip; 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;. Scale bars (A–F) = 500 µm; (G–L) = 200 µm; B and C inserts = 

200 µm; E and F inserts = 100 µm. Animal pole to the top. 

 

2.4.2.2.5. Segmentation (Se) and the onset of organogenesis  

 

Segmentation phase starts (Se15) shortly after the gastrula phase with a well-separated 

boundary. This phase was characterised by the presence of detectable somite. Using somite 

number, we initially categorised the segmentation period of G. holbrooki embryos into seven 

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

phase (Se16) possessed one to two somites; during this phase, the body starts to segment, and 

organs begin to differentiate. Only 14 segmentation stages (Se15–28) over 10 to 20 dpf are 

described here. Key early events and thresholds during organogenesis were used to define 

segmentation stages (Fig. 6). This included chronological descriptions of the general body 



 

52 
 

features and development of nervous, circulation, musculoskeletal, visual, and digestive 

systems. 

The first stage (15) of segmentation (Se15; Fig. 11A) 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; Fig. 11G). The auditory placode is present at this stage with mesenchyme 

extending over the anterior part enclosing the head and aggregating posteriorly at midway 

through the NK where the first somites will form in the next developmental stage (Fig. 11G). 

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 (Fig. 10G). 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; Fig. 11G). The head is 

readily observed (face view) within the perivitelline space within a large gap (double-headed 

red arrow; Fig. 11G bottom panel) between the posterior end of the optic cup and the yolk. 

Stage 16 (Se16; Fig. 11B) 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 are readily visible, with the mesencephalic portion possessing thicker 

walls (Fig. 11H). The telencephalic portion of the prosencephalon is small and acuminate 

(Fig. 11H). The diencephalic region is relatively long and deep. The deepest point represents 

the site of the infundibulum (Fig. 11H). KVs have disappeared completely. At this stage, the 

embryo was slightly descended into the yolk groove (Fig. 11H). The optic vesicles 

differentiated, and the optic cups and the lenses had begun to form with optic vesicles folded 
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into optic cups with a thickened layer (Fig. 11H). A groove appears in the dorsum of each 

optic lobe (Fig. 11H; arrows). 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 (Fig. 11H). 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; Fig. 11H). Each was 

formed as a solid mass, with a small cavity, but they lack otoliths (no pigmentation yet). The 

extra-embryonic periblastic membrane is still seen anteriorly to the otic vesicles placode. The 

horizontal distance from the posterior end of the otic cup to the yolk (within perivitelline 

space) has decreased (double-headed blue arrow; Fig. 11H bottom). The % OVC indices was 

19.89 (Fig. 4).  

Se17 stage (Fig. 11C) was characterised by the presence of the six detectable somites (S1– 

S6) (Fig. 11I). At this stage, the embryo was relatively (i.e., compared to Se16) more 

descended into the yolk groove (presumptively due to increased weight and/or yolk 

absorption; Fig. 11C and I). All five parts of the brain (i.e., TeCe, DiCe, MsCe, MtCe and 

MyCe) have become more discernible (Fig. 11I). 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; Fig. 11I bottom panel). The otic vesicles are small 

and are still lacking otoliths (i.e., no pigmentation was seen; Fig. 11I). The extra-embryonic 

periblastic membrane is still visible at the level of otic vesicles, thicker than previous stages 

and possesses a transparent fluid-like tissue at its margins (Fig. 11I). The caudal fin (Fig. 

22A) was blunt and rounded and somites have not reached to tip of the tail (Tot) yet (Fig. 

11C). The % OVC indices was 21.75 (Fig. 4).  

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 
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of the head ventrally (Fig. 14A) at segmentation. As the caudal fin develops, it gradually 

extends over the face of the embryo, sometimes partly or entirely covering one or both eyes 

at later developmental stages i.e., pharyngula phase (Fig. 15A and B).   

Stage 18 (Se18; Fig. 11D) was characterised by the presence of the 14 somites (S1–S14) and 

appearance of otoliths in the otic vesicles (i.e., onset of otic vesicles melanophorisation) with 

well-defined vesicular otocyst (Fig. 11J 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; Fig. 11J). 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 (Fig. 11D). The tubular heart (also known as heart 

anlage) is located underneath the brain extending between the anterior telencephalon to the 

posterior end of the metencephalon and appears as a diffused reddish mass of fluid-like tissue 

(Fig. 11J). However, no liquid (i.e., 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 (Fig. 11D inset). The embryonic body has elongated close to 1/2 

yolk sphere (Fig. 11D). Tailbud growth is seen as slightly chevron-shape posteriorly to 

somite 14 (Fig. 11D inset). Partial blood vessels (e.g., formation of anterior cardinal veins on 

each side of the head, underneath the 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 (Fig. 11J). The % OVC index was 25.29 (Fig. 4).  

Stage 19 (Se19; Fig. 11E) was characterised by the presence of 20 somites (S1–S20) and a % 

OVC index of 25.40 (Fig. 4). 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, 
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underneath the head (Fig. 11K). The embryonic body encircles ~ 1/2 of the yolk sphere 

(dorsal view; Fig. 11E). 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; Fig. 11K bottom panel). 

Stage 20 (Se20; Fig. 11F) was characterised by the % OVC index of 26.66 (Fig. 4). 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 (Fig. 11L and L inset). This 

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

optic lenses are completed. 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 (Fig. 11L). The blood is pumped (59.5 ± 3.5 

bpm) from the heart out into the anterior cardinal vein and the dorsal aorta roots (Fig. 11L). 

The dorsal aorta branching off the perceptible bulbus arteriosus is 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 (Fig. 11L; optic choroid vascular plexus), which 

connects with the left and right ducts of Cuvier. A circle of small arterial vessels (circle of 

Willis; CoW) is present beneath the mesencephalon, posterior to the infundibulum (Fig. 11L). 

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 

(Fig. 11L). In the posterior end of the tail, the somites are still indistinct. 
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Figure 11. Views of the embryonic developmental stages during the segmentation phase (stages Se15–Se20). 

Panels A-F 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 present the magnified view of the dotted line 

embryos in the panels (A–F) respectively. Small panels at the bottom of G, H, I 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 D shows an anterio-dorsal view of 14 somites and chevron-shape of the tailbud; Inset 

L shows a closer view of the otic vesicle, optic lens, and retina pigmentation. Scale bars (A–F) = 500 µm; NK = 

neural keel; Apl = auditory placode; MyCe = myelencephalon; Eem = extra-embryonic membrane; Pec = ; 

MtCe = metencephalon; MsCe = mesencephalon; OpB = optic bud; DiCe = diencephalon; TeCe = 

telencephalon; yo = yolk; Ch = chorion; OL = optic lens; PS = perivitelline space; S = somite; Olpl = olfactory 

placodes; ED = embryonic descending into yolk; Neu = neuromeres (rhombomeres); Opl = optic lobe; Lp = lens 

placode; Inf = infundibulum; OC = optic cup; OV = otic vesicle; NeC = neural cord; TB = tailbud; OVp = otic 

vesicle pigmentation; RBC = red blood cells; AnCa = anterior cardinal veins (precardinal veins); TH = tubular 

heart; Ve = ventricle; SiAr = sinu-atrium; OCp = optic cup pigmentation; Rp = retina pigmentation; ACaV = 

anterior cardinal vein; CoW = circle of Willis; OCVP = optic choroid vascular plexus; DAa = dorsal aorta; Noto 

= notochord. Red and blue double-headed arrows show the distance between the posterior end of the otic cup to 

the yolk (within perivitelline space). (H) 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, D, E, H, and I indicate a somite.  

 

Stage 21 (Se21; Fig. 12A–F) was characterised by the presence of the 28 compact somites 

(S1-S28) and a % OVC index of 38.01 (Fig. 4). Pigmentation on the eyecup has increased at 

this stage (ECp; Fig. 12A and B). The embryonic body extended anteriorly on the yolk sphere 

and Tot has not yet reached the chorionic layer (Fig. 12C) and it encircles about 5/12 of the 
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yolk sphere (Fig. 12C). The notochord elongation close to the tailbud is recognised 

posteriorly (Fig. 12C inset). The MsCe area is considerably widened and possesses thickened 

sides and floor (Fig. 12D). The anterior portion of the tubular heart reaches beneath the 

posterior end of the eyecup (Fig. 12D). Three-gill arches and arteries (I, II, and III; Fig. 12D) 

began to differentiate on each side of the head. The opercular artery appeared anterior to the 

otic vesicles (Fig. 12D). 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 are 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 (Fig. 12D). The blood flow in the ventral aorta, then, is 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 (Fig. 12E). The pectoral fin buds are broad at the base and have a thin distal margin 

anterior and lateral to the sixth somite (Fig. 12F). As a result of the body extension, 28 

compact somites are present with the newly formed somite (28th) at the posterior end (Fig. 

12F and Fig. 22C). 

Stage 22 (Se22; Fig. 12G–I) was characterised by the presence of the 30 somites and % OVC 

index of 64.39 (Fig. 4). Differentiating choroidea of the eyes begin to darken due to high 

melanisation (Fig. 12G). The notochord extents all the way to the Tot and is pointed (Fig. 

12H and I). The embryonic body with its tail entirely free from the yolk sphere, encircles 

more than 1/2 of the yolk sphere (Fig. 12H). The rudiments of the pectoral fins protrude from 

the body trunk behind the base of the Cuvierian ducts (Fig. 12H). Blood is pumped out 
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beyond the anterior region of the hindbrain. The caudal vein (CaV) is visible between 1st and 

24th somites (Fig. 12H and I). In the posterior end of the tail, the somites are still indistinct 

(Fig. 12I). 

 

Figure 12. 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). ECp = eye cup 

pigmentation; L = lens; H = heart; Tot = tip of the tail; yo = yolk; MyCe = myelencephalon;  MsCe = 

mesencephalon; MtCe = metencephalon; DiCe = diencephalon; EC = eye cup; At = atrium; Si-Ve = sinus 

venosus; Re-Op = recessus opticus; OPL = optic lube; Noto = notochord; OCVP = optic choroid vascular 

plexus; PS = perivitelline space; Ch = chorion; B-c-yo = blood circulation on the yolk; Ve = ventricle; Bu-Ar = 

bulbus arteriosus; DoC = duct of Cuvier; AnCa = anterior cardinal veins (precardinal veins); OV = otic vesicle; 
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V-Ao = ventral aorta; Rp = retina pigmentation; rPF = rudiment pectoral fin; S = somite; CaF = caudal fin; MoR 

= mouth opening region; CaV = caudal vein; OpA = opercular artery. 

 

Stage 23 (Se23; Fig. 13A, B and C) was characterised by the presence of the 35 somites and 

% OVC index of 67.96 (Fig. 4). The fourth (IV) gill arch began to differentiate (Fig 13. Inset 

A). The lens placode is fully invaginated, solid, but not yet separated from the superficial 

ectoderm and pigmented (Fig. 13A). The olfactory bulb (Ob) appears anterior to DiCe and 

optic cups as a small solid mass (Ob; Fig. 13A). The embryonic body encircles nearly 7/12 of 

the yolk sphere. The tail is free of the yolk sphere and membranous fins (fin fold) are 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 (Fig. 13B). The appearance of epineural melanophores (EPM; Fig. 13A and 

B) proceeds in the dorsal region of the MsCe, MtCe and MyCe. The lateral-line anlagen 

(LLa) extend from the level of the first-gill pouch primordia to the pectoral fin bud (Fig. 

13C). Three-gill pouch primordia (GPP) are present on each side of the head: two (1st and 2nd 

GPP) located anterior and one (3rd GPP) posterior to auditory vesicles (Fig. 13C). The first 

and third of these GPP possess small grooves, while the second is 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 is completely vacuolised to the end of the tail (Fig. 

22D). Somitogenesis is 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; Fig. 13 insets 3C” and 4C”) 

with thickened walls and containing two otoliths.   

Stage 24 (Se24; Fig. 13D, E and F) was characterised by % OVC index of 72.62 (Fig. 4) with 

the appearance of melanophores on the retina. The retinal melanophores are partly obscured 

by the choroid coat (Chc; Fig. 13D), that contains numerous iridocytes and melanophores. 
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The embryonic body covers nearly 8/12 of the yolk sphere (Fig. 13D and E). The pectoral fin 

is elongated while more membranous fin folds appear in the tail. When viewed from front of 

the embryo (Fig. 13D), the Tot is apparent in the yolk sphere. The arterial end of the heart has 

shifted to the left (Fig. 13D). 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 (Fig. 13D). Branches of arteries supplying blood to the anterior 

musculature in the body trunk, the gills and the brain are observed. The chorion region 

covering the head is vascularised (dorsal view; Fig. 13E) and the hepatic vein of the liver 

drains into the left duct of Cuvier (lDoC; Fig. 13E) that leads into the extensive vascular yolk 

sac. The caudal vein is drained via the vitello-caudal vessel into the yolk sac circulation at a 

level just posterior to the anus. The optic lobes (OPL; Fig. 13F) of the MsCe are markedly 

widened, thickened and they have nearly reached each other anteriorly (between eye cups) 

giving rise to an arch-like structure (face view; Fig. 13F). The DiCe underlies the optic lobes 

of the MsCe (Fig. 13F). The caudal vein extends into the heterocercal caudal fin (Fig. 22E). 

Stage 25 (Se25; Fig. 13G–K) was characterised by % OVC index of 75.49 (Fig. 4). Here, the 

yolk has significantly reduced, allowing free movement of the tail (Fig. 13G) and the 

heterocercal caudal fin (Fig. 22F). The embryonic body covers nearly 9/12 of the yolk sphere. 

Eyecups are now nearly detached from the yolk (Fig. 13H and I). The number of 

melanophores has increased considerably, accompanied by the first appearance of corolla 

epineural melanophores (CEM; Fig. 13G–K) on the head. The optic lobes’ arch-like 

structures (i.e., the groove) are nearly fused anteriorly (black arrow; Fig. 13I). The pigment in 

the choroid coat has reduced leaving the greyish colour lens more visible (face view; Fig. 

13I). The chorion region covering the head (dorsal view; Fig. 13J) is intensively vascularised. 

The pectoral fins are extended posteriorly at the level of the ducts of Cuvier when viewed 

dorsally (Fig. 13J). There was yet no blood circulation in the pectoral fin. The posterior of the 
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two otoliths in each otocyst is slightly larger than the anterior. Two transparent and 

membranous protrusions (will become semi-circular canals later) are observed inside the 

outer wall of each otocyst. As a result of MyCe development, a pair of hump-like structures 

anteriorly is visible (dorsal-lateral view; Fig. 13K).  

 

Figure 13. Photographs showing embryos at segmentation phase (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 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. MsCe = mesencephalon; DiCe = diencephalon; MyCe = myelencephalon; 

MtCe = metencephalon; OPL = optic lobes; Ob = olfactory bulb; Ot = otoliths; Si-Ve = sinus venous; At = 

atrium; yo = yolk; V-Ao = ventral aorta; AoA = aortic arch; rDoC = right duct of Cuvier; lDoC = left duct of 

Cuvier; CaV = caudal vein; Tot = tip of tail; L = lens; ReC = retina cup; CEM = corolla epineural 

melanophores; EPM = epineural melanophores; Ch = chorion; PS = perivitelline space; Noto = notochord; 
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Mayo = myotome; S = somite; GPP = gill pouch primordia; PF = pectoral fin; EC = eye cup; VE = veins; Chc = 

choroid coat; V-Ca-V = vitello-caudal vein; H = heart; Mepr = membranous protrusions; OpA = opercular 

artery; LLa = lateral-line anlagen; AFB = anal fin bud. Scale bar = 500 µm. 

 

Stage 26 (Se26; Fig. 14A–G) was characterised by % OVC index of 77.43 (Fig. 4). At this 

stage, the eyecup (i.e., choroidea) is very dark and the lenses can be seen only with strong 

transillumination. The Tot (Fig. 14A) has not yet reached the interocular region. The DiCe 

(Fig. 14C) and MyCe (Fig. 14D) have grown considerably both anteriorly and posteriorly, 

respectively. MsCe growth is nearly completed and arch-like structure (i.e., the groove) are 

fully fused (Fig. 14C). Blood circulation is visible in the gill (i.e., branchial arches) when 

embryos were viewed laterally (BrA; Fig. 14E) and dorsally (BrA; Fig. 14G). Corolla 

epineural melanophores (CEM; Fig. 14A–D) are still restricted to the head region. The 

appearance of peritoneal melanophores (Pm; Fig. 14E) and dendritic dermal melanophores 

(DDM; Fig. 14E and F) over the embryonic body are recognised for the first time. A dorsal 

fin bud (DB; Fig. 14E) is visible laterally. Otocyst pigmentation has now disappeared (Fig. 

14E and F). The bloodstream is knotted in the posterior end of the tail (Fig. 14E and inset E). 

The notochord (Noto; Fig. 14E inset) is dorsoventrally flattened, originating posterior to the 

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

22G). The spinal cord (thin rod-shape) was in close contact with notochord ventrally (Sc; Fig. 

14 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; Fig. 14 inset E) 

expanded to form the urostylar artery, vein and a loop in the hypural region (DAo, Ur and 

Hy, respectively; Fig. 14 inset E). Some of the intersegmental arteries and veins began to 

form. Gill slits and operculum are visible (Gs and Ope, respectively; Fig. 13G).  

Stage 27 (Se27; Fig. 14H–L) was characterised by % OVC index of 80.44 (Fig. 4). The yolk 

has further reduced in size leaving a large perivitelline space (Fig. 13H). A yolk sac portal 

sinus forms a ring around the trunk of the embryo, extending over the head to the posterior 
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margin of the pericardial serosa (PeS; Fig. 14H). Peritoneal and dendritic dermal 

melanophores (Pm and DDM respectively; Fig. 14I) have expanded more on the head and 

trunk. At this stage, corolla epineural melanophores (CEM; Fig. 14I and 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 (Fig. 14I). The tip of the membranous margins of the pectoral 

fins (PF; Fig. 14J) reach up to second somite. The growth of MyCe posteriorly was nearly 

completed (MyCe; Fig. 14J). Opercula (Ope) on each side of the head were grown and 

reached posterior part of the eyecups (Fig. 14K). Melanisation of the eye and its cup was very 

dense with appearance of shiny iridophores (ShP; Fig. 14K). The choroid coat completely 

disappeared from the lens (Fig. 14K). In the caudal fin, the blood circulation (white arrow; 

Fig. 14L) from the DAo to the Ven-Ca-V is 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 (Fig. 14L). 
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Figure 14. Photographs showing the embryos at segmentation (Se26 and Se27). All specimens shown are live 

embryos, except for the embryos in the panel F and K. Panels showing 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 views, respectively. A magnified 

lateral view of caudal fin is presented in the Inset E. An explanted embryo from the yolk is shown in the panel 

F. A magnified dorsal view of the boxed in the (F) is shown in the G panel. Arrows (inset E and L) indicate the 

expansion of the blood stream (urostylar artery and vein) in the caudal fin. (Panel I) dorsal-lateral view of a 

dechorionated live embryo. (E and L) 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 (Hy). yo = yolk; 

rDoC = right duct of Cuvier; lDoC = left duct of Cuvier; MsCe = mesencephalon; DiCe = diencephalon; MyCe 

= myelencephalon; MtCe = metencephalon; Noto = notochord; Ot = otoliths; CaV = caudal vein; Tot = tip of 

tail; L = lens; ReC = retina cup; Ch = chorion; PS = perivitelline space; EC = eye cup; ShP = shiny 
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pigmentation; V-Ca-V = vitello-caudal vein; Ven-Ca-V = ventral caudal vein; CC-Ca-V = cross connection 

between caudal veins; Dor-Ca-V = dorsal caudal vein; H = heart; BrA = branchial arches; CEM = corolla 

epineural melanophores; Pm = peritoneal melanophores; DDM = dendritic dermal melanophores; PFT= pectoral 

fin tip; DB = dorsal bud; CaF = caudal fin; AF = anal fin; PF = pectoral fin; Ope = operculum; Gs = gill slits; 

PeS = pericardial serosa; Sc = spinal cord; Ur = urostylar artery and vein; Hy = hypural region.    

 

  

Stage 28 (Se28; last stage of Se phase; Fig. 15A, B and C) was characterised by the % OVC 

index of 81.79 (Fig. 4). The tip of the caudal fin has several melanophores and nearly reaches 

the eye (Fig. 15A and B). The choroidea of the eyes become completely melanisied and 

almost impervious to light (Fig. 15A and B). There were more iridophores in the eyes (Fig. 

15A and B). The CEMs have expanded predominantly over the posterior region of the head 

(Fig. 15A and B), while the DDMs expanded further close to the caudal fin. In the caudal fin 

(CaF; Fig. 15C), the blood circulation (white arrows; Fig. 15C) 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 (Fig. 15C). The caudal fin became most heterocercal (Fig. 22H). 

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

frequent fluttering in dechorionated embryos. 
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Figure 15. 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 the embryo in the panel G. 

Dechorionated caudal fin is presented in panel C. A magnified face view of the boxed (panel E) is shown in 

panel 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”. CEM = 

corolla epineural melanophores; yo = yolk; Tot = tip of tail; ShP = shiny pigmentation; DDM = dendritic dermal 
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melanophores ; CaF = caudal fin; Dor-Ca-V = dorsal caudal vein; Ven-Ca-V = ventral caudal vein; Dor-A = 

dorsal aorta; CC-Ca-V = cross-connection between caudal veins; Ot = otoliths; Pm = peritoneal melanophores; 

B-ci = blood circulations; EC= eye cup; Mo = mouth opening region; CaRn = caudal ray nodes; DF = dorsal fin; 

AF = anal fin; Noto = notochord; Sc = spinal cord; Ur = urostylar artery and vein; Hy = hypural region; PG = 

primordial gonad; In = intestine (gut); SB = swim bladder; Ph = pharynx; GaB = gall bladder; H = heart; Sp = 

Spleen; CloP = Compact lobe of pancreas; Li = liver; WSP = white spot pigmentation. Scale bar = 1 mm. 

 

2.4.2.2.6. Pharyngula (Ph) Phase 

 

This phase consists of eight developmental stages (Ph29–36). It begins with the 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, respectively. 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., intermuscular bone), visual 

(e.g., eye) systems and general body features (e.g., mouth opening and expansion of 

melanophores on the fins) occurred (Fig. 6). 

First of the pharyngula phase, i.e., stage 29 (Ph29; Fig. 15D–G) was characterised by the 

appearance of the first fin ray in the caudal fin (Fig. 15G1 and Fig. 22I) and numerous dull 

white-spot pigmentations on the trunk (Fig. 15G3). 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 (Fig. 15D and E) with Tot 

reaching close to the anterior region of the heart (Fig. 15F). Blood circulation from internal 

tissues of the head and the viscera to Cuvier’s ducts is readily visible (Fig. 15F and G). The 

choroidea melanolisation became further pronounced (Fig. 15D, E and F) and the eyecups 

were intensively covered by shiny iridophores (Fig. 15G). Numerous dull-white pigments for 

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

between 1st to 15th somites (Fig. 15G). These white pigments tend to appear shortly only 
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during this stage (Ph29) and could not be seen in later stages. The mouth (Mo; Fig. 15G inset) 

can be opened and is connected to the oral cavity. The rudiments of the CFRs can be seen 

within the rounded membranous caudal fin (arrows; Fig. 15G1). Notochord was widened and 

curved up (dorsally) in the caudal fin when viewed laterally (Fig. 15G2 and G1). The bulge 

of the liver (Li; Fig. 15G3) rudiment becomes definitive 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 anlage of the pancreas (CloP; Fig. 15G3) appears as a dark 

reddish eminence constitute few tiny masses. A large gallbladder (GaB; Fig. 15G3) was 

identified by its yellow or yellowish-green tint and the spleen (Sp; Fig. 15G3) was also 

discernible as a tiny (dark reddish) globule located ventrally between the gallbladder and 

pancreas. The swim bladder (SB; Fig. 15G3) is inflated, is about the width of the intestine 

and appears as a small, transparent, and flattened vacuolar body dorsal to the intestine. The 

intestine (In; Fig. 15G3) was a brownish tube curving to the left between the 1st and the 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; Fig. 15G3) was oval-

shaped. An orangish eminence (presumptive gonad rudiment; GoR in Fig. 15G and G3”) is 

discernible at the ventral and the most posterior to the body cavity. The movement of the eyes 

was coordinated and was accompanied by those of the mouth and the pectoral fins. In the 

ventral part of the tail (asterisks; Fig. 15G2), the Ven-Ca-Var and DAo have moved closer to 

each other.  

In stage 30 (Ph30; Fig. 16A–C) the yolk mass is further reduced, and there is a concomitant 

regression in the extraembryonic membranes to form the “neck strap” (NS). The number of 

CFRs increased to 12 (Fig. 16A inset and Fig. 22J) and DDMs expanded more over the tail 

and caudal fin (Fig. 16A and A inset). In parallel, the CEMs (Fig. 16B) also expanded around 

the mouth region (i.e., between eyes and close to the upper jaw). More melanophores (i.e., 
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CEM and Pm) were visible at the top of the head (dorsally), beneath the pharynx and the 

trunk-tail regions (Fig. 16A–C). The upper and lower jawbones (i.e., Meckel’s cartilage) 

were formed (Fig. 16B). The tip of the caudal fin reaches beyond the posterior border of the 

eyecup. Posteriorly, NS was covered about one-third of an eye. NS was also extended over 

most of the mesencephalic region, both pectoral fins and otoliths (Fig. 16C).  

Stage 31 (Ph31; Fig. 16D and E) was characterised by the appearance of a repositioned, 

slightly reduced NS and the number of caudal fin rays remained at 12 (CFR12). Otoliths are 

hidden by NS on the lateral right view. Both NS and yolk are further reduced, and the former 

is covering about one-half the width of the eye, posteriorly. Vascularisation on the edges of 

the NS was visible (Fig. 16D). Fin rays were indistinct in the anal and dorsal fins. Corolla-

type melanophores are scattered and are dense in the epidermis and dermis (Fig. 16D and E). 

Stage 32 (Ph32; Fig. 16F–H) was characterised by 14 CFRs and an increase in % OVC index 

to 85.98 (Fig. 4). Two large and transparent membranous protrusions were visible within the 

otocysts (Fig. 16 inset H) forming inner and outer chambers of the ear. Meningeal layer of the 

brain was 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; Fig. 16F and G). Rays were as yet indistinct in the anal fin. The 

dorsal fin bud appeared as a hump-like structure when seen laterally (Fig. 16H). 

Intermuscular bones were formed in the trunk. The anus was apparent between the yolk 

sphere and anal fin. Upper and lower jaws were enlarged (Fig. 16H).  
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Figure 16. Photographs showing the embryos at 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). Scale bar = 1mm; CEM = corolla 

epineural melanophores; yo = yolk; Tot = tip of tail; ShP = shiny pigmentation; DDM = dendritic dermal 

melanophores ; CaF = caudal fin; H = heart; EC = eyecup; L = lens; UJ = upper jaw; LJ = lower jaw; M = 

mouth; MC = Meckel’s cartilage; Ch = chorion; NS = neck strap; Pm = peritoneal melanophores; PF = pectoral 

fin; BV = blood veins; CaFr = caudal fin ray; Ot = otoliths; DF = dorsal fin; AF = anal fin; An = anus opening 

region; InB = intermuscular bone.  
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Stage 33 (Ph33; Fig. 17A–E) was characterised by the 16 CFRs and 4 CFREs (Fig. 22K). 

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 (Fig. 17A and 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 

(Fig. 17A). The Tot has curled back to the mouth. The neural arch and intermuscular bones 

(Na1–Na32 and InB, respectively; Fig. 17A) were further elongated. In the craniofacial 

region, the premaxilla, maxilla, and dentary bones were distinguishable (Fig. 17A and inset 

B). The cephalic flexure is slightly straightened (in dechorionated embryo; Fig. 17B), with 

the tip of the lower jaw shifting to a more dorsal position. The Ven-Ca-V was in close contact 

(Fig. 17B and D) with the DAo along the body axis when viewed laterally, with blood flow in 

opposite directions (arrows; Fig. 17B and D). The rudiments of the anal fin rays and 

numerous melanophores (Fig. 17D) 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 (Fig. 17E). The number 

of teeth increasing from 3 teeth at pharyngula (Ph33) to 40 in parturition (Pa39) as embryos 

progress in development. 
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Figure 17. Photographs showing the embryos at pharyngula (Ph33) phase. 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. Scale bar = 1mm; 

CEM = corolla epineural melanophores; yo = yolk; Tot = tip of tail; ShP = shiny pigmentation; EC = eye cup; L 

= lens; UJ = upper jaw; LJ = lower jaw; PF = pectoral fin; Ot = otoliths; DF = dorsal fin; AF = anal fin; Apo = 

anus pore; InB = intermuscular bones; Na = Neural arch; E = eye;  Ve = ventricle; At = atrium; Deb = Dentary 

bone; pMax = premaxilla; Max = maxilla; PCaV = profundal caudal vein; DAo = dorsal aorta; CaFre = caudal 

fin ray element; CaFr = caudal fin ray; AFsr = anal fin soft rays; AFP = anal fin pigmentation. 

 

Stage 34 (Ph34; Fig. 18A–F) was characterised by 18 CFRs and 4 CFREs (Fig. 21L). As a 

result of caudal fin growth, Tot (Fig. 18A) extended past the mouth and reached half of the 

eye sphere posteriorly. The yolk mass was considerably reduced. The cephalic flexure (in 

dechorionated embryo; Fig. 18B) was further straightened and the NS was still visible 

between eyecups and pectoral fin, covering most of the operculum when viewed laterally 
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(Fig. 18B). The jaws were greatly elongated consisting of a few larger incisor-like teeth in the 

mandible (Man; Fig. 18C). A considerable growth in the fins (i.e., pectoral, dorsal, and anal) 

and their rays were discernible (Fig. 18D). The urogenital and anal opening were becoming 

more apparent (Fig. 18D). The intermuscular bones further enlarged (CaFre and InB; Fig. 

18E). The first appearance of the anal fin rays (AFR; Fig. 18F) occurred with more 

melanophores distributed on the anal fin (Fig. 18F).  

 

Figure 18. Photographs showing the embryos at pharyngula (Ph34) phase. A live embryo with chorion (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). 

CEM = corolla epineural melanophores; yo = yolk; Tot = tip of tail; Ve = ventricle; At = atrium; E = eye; CaF = 

caudal fin; NS = ‘neck strap’; PF = pectoral fin; pMax = premaxilla; Max = maxilla; T = teeth; Man = mandible; 

Deb = Dentary bone; DF = dorsal fin; AF = anal fin; Apo = anus pore; InB = intermuscular bones; CaFre = 

caudal fin ray element; CaFr = caudal fin ray; AFP = anal fin pigmentation; AFr = anal fin ray. 

 

Stage 35 (Ph35; Fig. 19A–D) was characterised by 20 CFRs and 5 CFREs (Fig. 22M). Tot 

(Fig. 19A and B) had extended past the mouth and completely covered the eye sphere. 
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Remnants of the NS were still visible, the yolk mass was greatly reduced and flattened, and 

the cephalic flexure was almost completely absent (Fig. 19A–C). The pericardial cavity (i.e., 

cardiac sac) surrounding the heart was discernible (Fig. 19C). The urogenital and anal micro-

canals (UGC and AC respectively; Fig. 19D) were visible with UGC opening posterior to the 

anal canal and at approximately 45° angle to the body axis. 

 

Figure 19. Photographs showing the embryonic developmental stages during the last two stages of pharyngula 

(Ph35 and Ph36) and 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. NS = neck strap; PF = pectoral fin; pMax = premaxilla; Max = maxilla; T = teeth; 

Man = mandible; Deb = Dentary bone; PF = pectoral fin; DF = dorsal fin; AF = anal fin; yo = yolk; Tot = tip of 

tail; Ve = ventricle; At = atrium; CaF = caudal fin; InB = intermuscular bones; UGC = urogenital canal (duct); 

AC = anal canal (duct); GaB = gall bladder; Pi = pigmentation; AO = aorta; Pca = pericardium; Ope = 

operculum; SB = swim bladder; T = teeth. Scale bar = 2 mm. 
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Stage 36 (Ph36; Fig. 19E–H) was characterised by the absence of the NS around the head, 

leaving the remnants of the NS highly vascularised (Fig. 19E and 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 (Fig. 19F). Both ventricle and atrium (i.e., heart) were 

surrounded by the pericardial cavity (Pca; Fig. 19H). 

 

2.4.2.2.7. Parturition (Pa) phase 

 

This developmental phase 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; Fig. 19I–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 (Fig. 19I and J) and the SB 

was inflated (Fig. 19K and L). Dissected embryos at this stage although capable of swimming 

were unable to float freely. The urogenital and anal canals (UGC and AC respectively, Fig. 

19L) were thickened.  

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

first appearance of micro-scales was observed (Fig. 20A). Four large conical teeth were 

discernible on the inner and outer margins of the mandible (arrowheads; Fig. 20B). 

Pigmentation (Pi; Fig. 20B) was further expanded over the mandible. The yolk was almost 

completely enclosed within the body cavity with the pigmented epidermis converging over 

remnant yolk (Fig. 20C). Melanophores were dispersed over the dorsal fin (Fig. 20D) and 
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rays of the anal fin differentiated further with four ray elements (AFRE; Fig. 20E). Blood 

circulation was further extended in the anal fin (B-ci; Fig. 20F). 

 

Figure 20. 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. yo = yolk; AF = anal fin; Sca = scale; CaF = caudal fin; MC = Meckel’s cartilage; H = heart; Pi = 

pigmentation; PF = pectoral fin; DF = dorsal fin; DFP = dorsal fin pigmentation; AFR = anal-fin ray; AFRE = 

anal fin ray element; B-ci = blood circulation. Scale bars = 2 mm. 
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Stage 39 (Pa39; Fig. 21A–E) was characterised by complete yolk absorption with no 

remnants yolk that could be visible. Guanophores appeared dorsally extending from head to 

tail tip (Fig. 21A). Scattered melanophores were further pronounced than in the previous 

stage (Fig. 21B and 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 

(Fig. 21B, C, D and E) with guanophore (yellowish) pigmentation common to both (white 

arrows; Fig. 21C and E). One had only corolla epineural melanophores (Fig. 21B and C) 

presenting a darker appearance and the other had mostly dendritic dermal melanophores and 

few corolla epineural melanophores (Fig. 21D and E) presenting a more golden appearance.  
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Figure 21. 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) pigmentation was common in both (C and E; white arrows). T = 

teeth; L = lens; CEM = Corolla epineural melanophores; DDM = dendritic dermal melanophores; M = 

melanophore; X = xanthophore; scale bars = 1 mm (A), 500 µm (B and D) and 200 µm (C and E).  
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2.4.2.3. Caudal fin development  

 

The chronology of the caudal fin development is presented in Figure 22. 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 (Fig. 22). 

 

Figure 22. Development of the caudal fin of G. holbrooki. 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). S = somite; TB = tailbud; FFR = first 

fin ray.   

 

2.4.3. Development rate from cleavage to pharyngula 

 

From the 1- to 20- somite stage, the rate of somite appearance was approximately one somite 

every 2 h in the G. holbrooki. The relationship between the stages and time after fertilisation 
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at 25 ± 0.5°C are presented in Figure 23. In G. holbrooki embryos, days post-fertilisation 

(hpf) showed a linear correlation with the developmental stages in the cleavage, blastula, and 

segmentation periods (Fig. 23). In addition, the developmental rate of G. holbrooki was 

largely consistent with Xiphophorus sp. (Tavolga, 1949) but shows relatively lower rates.  

 

 

Figure 23. Comparison rates of development for embryos from the zygote to the segmentation period between 

platyfish, Xiphophorus sp. and G. holbrooki. Black and red open circles with their corresponding linear 

regressions respectively for platyfish, Xiphophorus sp.(Tavolga, 1949) 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 22dpf were plotted. G. holbrooki development rate is largely consistent with 

Xiphophorus sp. but showed relatively lower rates.  

 

2.4.4. Placentation   

 

Among teleosts, placentation is unique to Poeciliids, an aspect that is shared with placental 

mammals (van Kruistum et al., 2019, Guernsey et al., 2020), cartilaginous fishes (Haines et 

al., 2006, Neill et al., 2007), squamate reptiles (James et al., 2014) and some lizard species 
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(Blackburn et al., 1984). In G. holbrooki, vascularisation of the zygote begins immediately 

after fertilisation, resulting in a placenta-like structure in later stages of development (Fig. 

24). The placenta first appears as a single projection of blood vessel branching off to connect 

multiple developing embryos within a clutch (Fig. 24). 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 closer to the heart.  
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Figure 24. Photographs showing clutches and the development of placenta-like structure (embryonic 

pericardium vascular connection network) in G. holbrooki in different stages. Placenta-like structure observed as 

a dense coating of microvilli covering the embryonic surface that becomes restricted to the pericardial sac as 

development proceeds. (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 sounded by capillaries and connective ovarian 

tissues in all directions over follicular walls. Individual placenta-like vascular, become connected to each egg 
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immediately after fertilisation (i.e., zygote stage onwards). The initial vascularisation (before zygote), composes 

of a wide network of capillaries surrounding the ova. As embryo progress in development in later stages (i.e., 

ESe, MSe, LSe, EPh and LPh), vascularisation appears wider with distinct individual vessels as well as on the 

neck strap (H). Ov = ova; Zy = zygote; ESe, MSe and LSe = (early, mid-, and late, respectively) segmentation; 

EPh and LPh = (early and late respectively) pharyngula; OS = ovary sac; NS = neck strap. Two arrows = blood 

circulation direction in (red) and out (dark blue) of the ovary. 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.  

 

2.5. Discussion 

 

Despite several empirical 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 for G. 

holbrooki by applying detailed and precise staging indices thus refining the developmental 

descriptions. Many developmental 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 (Tavolga and Rugh, 1947b, Tavolga, 1949), 

Gambusia sp. (Chambolle et al., 1970) and G. affinis (Kuntz, 1913). Many indices described 

in e.g., zebrafish (Kimmel et al., 1995) and medaka (Iwamatsu, 2004), could not be readily 

employed for embryonic stage identification in the present study because of the relatively 

shallow and translucent embryo and large nontransparent yolk as well as comparatively 

longer developmental duration of the viviparous fish such as G. holbrooki. 

2.5.1. Establishment of the developmental staging system of the G. 

holbrooki  

 

There were eight notable aspects to the developmental staging described here.  
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(1) We comprehensively defined the developmental stages for G. holbrooki over a period of 

30 dpf using well-defined thresholds. Some descriptions were used according to previous 

studies on other Poeciliid species (Kuntz, 1913, Tavolga and Rugh, 1947b, Tavolga, 1949, 

Chambolle et al., 1970), while adding accuracy to their descriptions. This staging system not 

only allows ease of comparison between Poeciliid species but also 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 

compared with zebrafish and medaka (Fujimura and Okada, 2007), and Midas cichlid, 

Amphilophus xiloaensis (Kratochwil et al., 2015) with zebrafish and other cichlids. The 

observed duration of embryogenesis in this species was about 30 days at 25 ± 0.5 °C (625°d), 

which was comparable to those reported as 30 and 28.9 days for Gambusia sp. (Chambolle et 

al., 1970) and G. holbrooki (Norazmi-Lokman et al., 2016), respectively. However this was 

significanly longer than 21.9 days reported for platyfish and swordtail (Tavolga, 1949). The 

latter can be arrtibuted to species-specific differences or cryptic differences in temperature 

profiles between the studies. Maintaining a uniform temperature condition is vital for 

standardisation of development chronologically (Kimmel et al., 1995, Fujimura and Okada, 

2007).  

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

affinis (Kuntz, 1913). In platyfish and swordtail, the duration of gestation is 28 days and 

mature ova can be fertilised after 7 days (Vielkind and Vielkind, 1983). This may account 

partly for differences in duration of the gestation between this and a previous study 

(Norazmi-Lokman et al., 2016).  

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

standing description for staging of Gambusia sp. (Chambolle et al., 1970) is likely to be that 

of G. holbrooki, but we were unable to verify this despite personal communication with the 



 

85 
 

author. Regardless, the staging guide described here is far more comprehensive and the 

species identity was verified by mitogenome sequencing.  

(4) The study fully utilised the optical transparency (i.e. external and internal morphology) 

for staging without the need for in vitro culture (Vielkind and Vielkind, 1983, Martyn et al., 

2006), fixation or a histological sectioning of the embryos i.e. unlike the previously suggested 

staging protocols for Poeciliid species (Chambolle et al., 1970, Haynes, 1995).  

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

3D colour inspection on the embryonic photographs without the need for fixing the embryos. 

It has been previously shown (Barthel, 2006) that the 3D colour inspection (3D colour 

spectra) together with rendering scheme, JRenderer3D (ImageJ) 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 

was easy to render images proportionately to depth as previously described (Barthel, 2006). 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 phases. 

Similar 3D colour spectra analysis has been employed to study spliceosome signature of 

human pluripotent stem cells (Kim et al., 2017b) inferring the applicability and 

reproducibility of the method even in a more obscure cases (Swedlow, 2013).  

(6) Once standardised, the staging was robustly validated using embryos harvested from the 

wild caught gravid females. This approach was more reliable than in vitro culture approaches 

adopted for developmental studies in Xiphophorus sp. (Vielkind and Vielkind, 1983) and P. 

reticulata (Martyn et al., 2006) 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 (Martyn et al., 2006). This is because, in Poeciliids, 
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with their placentation developmental strategy, embryos relay on maternal nourishment 

throughout gestation (O'Dea et al., 2015). In addition to gas exchange and nutrition, maternal 

provisioning provides genetic input for development and growth of the embryos (Pollux et 

al., 2009), albeit at a relatively low level in G. holbrooki (Pollux et al., 2014, O'Dea et al., 

2015). 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 (Lawton et al., 2005, Neill et al., 2007). Even in the absence of placental 

nourishment, the mere retention of eggs within the mother confers some abilities to 

developing offspring to sustain growth aided by maternal genetic inputs (Pollux et al., 2009). 

Therefore, in G. holbrooki, placentation may be essential, particularly beyond the pharyngula 

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 incorporated several threshold indices (e.g., ED, OVC, HR and CFRE, etc.) 

with time records. This allowed reproducibility and distinction of intermediate developmental 

stages (Kimmel et al., 1995, Fujimura and Okada, 2007, Alix et al., 2015). Specifically, 

sequential numeric labelling of the stages with phase specific prefixes, allows easier 

recognition of chronology as well as development phases. The otic vesicle closure (OVC) 

(Tsai et al., 2013), the CFRE (Fujimura and Okada, 2007), CFR and the HR (bpm) indices 

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

embryos of G. holbrooki.  

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 (Fujimura and Okada, 2007, le Pabic et al., 2009), 

Copadichromis azureus and Dimidiochromis compressiceps (Le Pabic et al., 2016, Hendrick 
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et al., 2019). Despite the heart rate increases during embryonic development of teleost such 

as zebrafish (Barrionuevo and Burggren, 1999, De Luca et al., 2014) and medaka (Iwamatsu, 

2004) this has not been used for developmental staging of the embryos. In contrast, this study 

was able to use HR (bpm) to broadly stage the embryos post heart development and can be 

easily done using a smart phone camera without a need for a microscope. Nevertheless, it 

must be noted that the heart rate can be altered by temperature and may require optimisation 

for any given temperature. Also increases in OVC and OVL (i.e., L. Ot; see material and 

methods) 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 in G. holbrooki 

and could easily be adopted for other Poeciliid species and comparative studies. The 

increases in the OVC with advancing stages is in agreement with those reported in C. auratus 

during pharyngula (Tsai et al., 2013). The OVL alone was successfully used in zebrafish 

developmental staging (Kimmel et al., 1995), although it may be a less robust indicator 

compare to OVC as OVL is not a normalised measurement.    

(8) The placenta-like structure undergoes considerable remodeling at the end of the 

development with its vasculature capable of adapting 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 

vascularisation of the sheep (Grazul-Bilska et al., 2014) and human (Burton and Jaunaiux, 

2001) placenta as well as human pericardium (Smart et al., 2007). This implies  close 

haemodynamic links between the development of the placenta and the embryonic heart as is 

known to occur in humans (Burton and Jauniaux, 2018). It is also possible that convergence 

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

as is shown in rainbow trout, Oncorhynchus mykiss (Farrell et al., 1988) and dogfish, Squalus 
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acanthias (Franklin and Davie, 1993) and supports increased blood flow require during later 

developmental stages (Waldrop and Miller, 2015).  

 

2.5.2. Zygote, cell cleavage, blastula, and gastrula  

 

Since the cleavage cells are broad, flat, and extremely thin and transparent (Tavolga, 1949), 

the boundaries between the late cleavage and early blastula were not always clear. 

Nevertheless, the 3D visualisation RGB colour patterns 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 dividing cells. Similar 

difficulties have been encountered in platyfish, swordtail (Tavolga and Rugh, 1947, Tavolga, 

1949) as well as G. affinis (Kuntz, 1913, Tavolga and Rugh, 1947b, Tavolga, 1949).  

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 (Kuntz, 1913, Tavolga, 1949, 

Chambolle et al., 1970), goldfish (Tsai et al., 2013) and zebrafish (Kimmel et al., 1995). 

However, the shape of the blastodisc is unique to Poeciliids, unlike the spherical and 

compressed pear shape in zebrafish (Kimmel et al., 1995) and goldfish (Tsai et al., 2013) 

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. The lower transparency of the 

embryos also made it more difficult to identify the cleavage and blastula stages. However, the 

3D approach together with cell diameter, could easily distinguish five different stages for 

cleavage which are adequate for comparative studies in these species.   

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

which (from midblastula) divisions were asynchronous as is also known to occur in zebrafish  
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(Kimmel et al., 1995). Similarly, the formation of the germ ring and embryonic shield were 

comparable with zebrafish (Kimmel et al., 1995) and goldfish (Tsai et al., 2013). However, 

they were less conspicuous as the embryonic dome was flatter.  

The crescent-shaped gastrula of G. holbrooki is similar to those reported for Poeciliid species 

(Haynes, 1995) and traverses a relatively smaller circle on the yolk sphere. However, in most 

egg-laying teleosts such as zebrafish (Kimmel et al., 1995), goldfish (Tsai et al., 2013) and 

tilapia (Fujimura and Okada, 2007), this occurs almost across the great circle of the yolk 

sphere. Although not reported in Poeciliids previously the observed 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 (Wallmeyer et al., 2018, Matsui et al., 2015). This 

‘cell collectivity’ results in formation of a germinal ring and the development of the 

Kupffer’s vesicle as the first organ to form (Essner et al., 2005), an aspect appears to be 

shared by G. holbrooki. Except for platyfish (Tavolga, 1949), the Kupffer’s vesicle has not 

been described in any Poeciliids before. It is known to develop asymmetrically left to right in 

most teleost (Amack et al., 2007, Alix et al., 2015, Kim et al., 2017a), as was also observed in 

this study. Subsequently, the Kupffer’s vesicle plays a role in establishing left-right 

asymmetries (Essner et al., 2005, Matsui and Bessho, 2012), as well as the development of 

heart, brain, gut, notochord and muscles (Kimmel et al., 1995, Melby et al., 1996, Amack et 

al., 2007, Warga and Kane, 2018). In zebrafish embryos the ‘cell collectively’ occurs just 

prior to- and during Kupffer's vesicle formation (Matsui et al., 2015, Matsui and Bessho, 

2012), resulting in the formation of a single cell cluster, called dorsal forerunner cells (DFCs) 

(Matsui et al., 2015, Oteíza et al., 2008). During migration, the DFC cluster undergoes 

compaction and changes into a bottled shaped cluster (Matsui et al., 2015). Around the late-

gastrulation stage (8 hpf), DFCs start to polarise so that multiple focal points are generated 
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within the cluster (Amack et al., 2007). These points are then rearranged into a single focal 

point that will expand and become a vesicle lumen by 12 hpf (Matsui et al., 2015).  

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

Presented characteristics i.e. primitive embryo, neural keel, tailbud closure, optic primordial 

during the later developmental stages up to end of the gastrula correspond to other Poeciliid 

species (Kuntz, 1913, Tavolga and Rugh, 1947b, Tavolga, 1949) as well as in zebrafish 

(Kimmel et al., 1995), goldfish (Tsai et al., 2013) and tilapia (Fujimura and Okada, 2007), 

demonstrate useful indices for staging of G. holbrooki.  

 

2.5.3. 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; present study) is largely consistent with that observed in platyfish and swordtail 

(Tavolga, 1949). However, the somitogenesis as well as all the other developmental events 

were comparatively slower than those of egg-laying teleosts such as zebrafish (Kimmel et al., 

1995) and goldfish (Tsai et al., 2013). This can be attributed largely to reproductive strategy 

of viviparity and partly to species-specific differences (Gomez et al., 2008), and 

environmental conditions such as temperature (Brooks and Johnston, 1994). The rate of 

embryonic development is controlled by complex molecular pacemaker (Pourquie, 2001, 

Dequéant et al., 2006, Oates et al., 2012), with conserved cyclic gene expression patterns 

across vertebrate somitogenesis (Fongang and Kudlicki, 2016) but with species-specific cycle 

frequencies (Krol et al., 2011, Oates et al., 2012). How and what regulates the somitogenesis 

clock in different species is as yet not clear. Exploring these mechanisms in G. holbrooki 

could shed light on evolutionary links between oviparous and viviparous reproductive 

strategies.  
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The tailbud was prominent in the posterior end of the embryo (Tavolga, 1949, Fujimura and 

Okada, 2007). Unlike in zebrafish (Kimmel et al., 1995) and medaka (Iwamatsu, 2004), 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. 

The development of the brain rudiment and optic bud were comparable to those reported 

(Kimmel et al., 1995) for zebrafish. Unlike the application of OVC in goldfish (Tsai et al., 

2013) and OVL in zebrafish (Kimmel et al., 1995) 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 visible during pharyngula, because during this and following 

stages, the head of the embryo is thick and not transparent.  

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 (Monahan-Earley et al., 2013). Broadly, the development of the 

circulation system was in agreement with those described for Poeciliid species e.g., platyfish 

(Tavolga, 1949), and other teleost model fish e.g., zebrafish (Kimmel et al., 1995) and 

medaka (Iwamatsu, 2004, Mittal et al., 2019). 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 

(Iwamatsu, 2004) and tilapia (Fujimura and Okada, 2007) but different to zebrafish. Also, the 

heartbeat was rhythmic and directional as soon as it begins to contract unlike zebrafish 

(Kimmel et al., 1995). There were also species-specific differences in the heart rate at 

comparative developmental stages between G. holbrooki (present study), medaka (Iwamatsu, 
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2004) and zebrafish (Kimmel et al., 1995, Barrionuevo and Burggren, 1999). These may 

reflect the species-specific roles of the cardiovascular system necessary to support their 

specific physiological needs. 

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

survival (Watanabe-Asaka et al., 2014), organogenesis (Chávez et al., 2016, Kidd and 

Weinstein, 2003) and its subsequent growth (Burggren, 2004). For example, the pigmentation 

of retina occurs post heart pulsation in platyfish (Tavolga, 1949), medaka (Iwamatsu, 2004), 

tilapia (Fujimura and Okada, 2007) and Eurasian perch (Alix et al., 2015) as was also the 

development of the nervous system and retinal pigmentation in G. holbrooki.  

Once the heart is formed and begins to pump there occurs a sudden shift in the rate of 

development. Such shift occurred at stage Se21 in G. holbrooki and has also been reported in 

zebrafish (Kimmel et al., 1995) and Eurasian perch (Alix et al., 2015) but was less obvious 

compared to G. holbrooki. Moreover, the concurrent appearance of other developmental 

events, for example, gill pouch, aorta arches, pectoral fin, melanophores expansion over the 

embryonic head and body, and somitogenesis completion has been markedly comparable to 

those previously described in other teleost fishes (Tavolga, 1949, Kimmel et al., 1995, 

Fujimura and Okada, 2007). 

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

and elements have been previously used to stage embryos in several cichlid species 

(Kratochwil et al., 2015, Woltering et al., 2018, Hendrick et al., 2019). The number of CFRE 

suggested as a good indicator, not only to define the later developmental stages in tilapia 

(Fujimura and Okada, 2007), but also for easy stage assignment among all other mouth-

brooder cichlids. Therefore, the use of CFRE for embryonic staging of other poeciliid species 

is suggested.  
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In Poeciliid, other embryonic staging indices e.g., neck strap (Tavolga, 1949, Chambolle et 

al., 1970) and eye coverage by yolk (Chambolle et al., 1970), have been also suggested for 

developmental staging. However, the latter was not used in this study as the shape of the 

smooth yolk sac can easily change causing staging errors. The neck strap 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 (Tavolga and Rugh, 1947b, Tavolga, 1949, Chambolle et al., 1970). However, the 

‘neck strap’ cannot be used in embryonic staging of all of the poeciliid species as extra-

embryonic membranes present in some species (Haynes, 1995). Moreover, 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 (Fujimura 

and Okada, 2007).  

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 (Tavolga, 1949), suggesting a conserved chronology in gonad 

development among the poecilid species. In platyfish primordial germ cells aggregate into 

gonadial ridges in the region of the second to fifth pairs of somites (Tavolga, 1949), that 

corresponded to co-visualisation of gonad primordia and leucophores at stage Ph29 in G. 

holbrooki. 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 (Oliphant and Hudon, 1993, Wada et al., 1998). The conversion of 

chromatophores from one type to another has been well-documented in fish (Lamoreux et al., 

2005). The binary nature of groups (at Pa39 stage) with two pigment patterns in present 

study, suggests sex-linked pigmentation. Sex-specific melanophore patterns are known to 
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occur in G. holbrooki (Horth, 2006, Horth et al., 2013, Kottler et al., 2019), guppies (Kottler 

et al., 2014), medaka (Wada et al., 1998, Matsuda et al., 1998, Matsuda et al., 2002) and 

some of cichlids (Streelman et al., 2003a, Takahashi et al., 2013). Nevertheless, all the five 

chromatophores (i.e., melanophores, xanthophores, erythrophores, iridophores and 

leucophores) that occur in the skin of guppy (Kottler et al., 2014) were also present in G. 

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

iridophores to the eye (i.e., choroidea and cup). Such pigmentation pattern is conserved 

across the teleost lineage (Braasch et al., 2007, Nagao et al., 2018, Lorin et al., 2018). The 

increase of the iridophores and melanophores with progress of embryogenesis was in 

agreement with those reported for platyfish and swordtail (Tavolga, 1949), zebrafish 

(Kimmel et al., 1995), tilapia (Fujimura and Okada, 2007), sand-dwelling cichlids (Hendrick 

et al., 2019), medaka (Lamoreux et al., 2005), perch (Alix et al., 2015) and goldfish (Tsai et 

al., 2013). 

Swim bladder formation with its inflation prior to birth (during parturition phase) was in 

agreement with those described in platyfish (Tavolga, 1949), suggesting an 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 (Fujimura and Okada, 

2007) and perch (Alix et al., 2015).  

The mouth opening with first peristaltic undulations (Tsai et al., 2013, Alix et al., 2015) and 

formation of the teeth at parturition suggest that the digestive system is morphologically 

completed. The pattern of teeth development successively from the ‘dental determinant’ is 

similar to those observed in zebrafish (Van der heyden and Huysseune, 2000), cichlids 

(Huysseune and Sire, 1997, Streelman et al., 2003b), sticklebacks (Ellis et al., 2015) and 

salmonids (Berkovitz, 1977). The variation found in teeth number at same developmental 

stage was also similar to those reported for poeciliid fish (Rosen and Mendelson, 1960), 
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zebrafish (Van der heyden and Huysseune, 2000, Huysseune et al., 2014, Gibert et al., 2019) 

and cichlids (Huysseune and Sire, 1997, Hulsey et al., 2016). However there was a G. 

holbrooki specific dentition pattern that may be associated with ecological adaptations and 

diet and feeding modes (Gibert et al., 2019). Although there is limited information on 

embryonic teeth development in poeciliids, the observations were strikingly similar to those 

reported for adults. For example, the size and shape (Rosen and Mendelson, 1960) as well as 

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

parturition (Pa39) are similar to those in adult, Poeciliopsis jackschultzi sp. (Conway et al., 

2019).  

Chronology of the 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. Among the dorsal and anal fins, the more posterior of the two develops first. For 

example, in zebrafish, the anal fin which is slightly more posterior than the dorsal fin, 

develops first (Bird and Mabee, 2003). Similar to other teleost, the last fin rays are added 

posteriorly in G. holbrooki, suggesting a conserved mechanism. Also, the caudal fin 

development was similar to those of described for zebrafish (Bird and Mabee, 2003, 

Bensimon-Brito et al., 2012) and cichlids (Fujimura and Okada, 2007, Kratochwil et al., 

2015). More broadly, the anteroposterior patterning of the axial skeleton such as first to the 

last somites and the intermuscular bones are highly similar to those described in zebrafish 

(Bird and Mabee, 2003), tilapia and Astatotilapia burtoni (Woltering et al., 2018) as well as 

in amniotes (Kimelman and Martin, 2012). Mechanistically, the anteroposterior patterning is 

mediated by anteriorising and posteriorising factors (Varga et al., 2011, Kimelman and 

Martin, 2012, Naylor et al., 2016).  
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2.6. Conclusion 

 

Among the different staging systems to describe fish embryogenesis, it is reliable and 

convenient to follow saltatory theory proposed by (Balon, 2015) 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 this species. 

Specifically, this study provides valuable baseline information to address questions about the 

molecular basis of phenotypic novelties of development and their evolutionary conservation. 

This detailed staging system is also the most comprehensive for any Poeciliid species and 

therefore will serve as a 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 are importantly shared with placental mammals. As a result, the G. holbrooki, 

could serve as a better model to investigate developmental mechanisms that underpin 

mammalian development including humans.  
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Chapter 3  

 

Embryonic Onset of Sexually 

Dimorphic Heart Rates in 

the Viviparous Fish, 

Gambusia holbrooki  
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3.1. Abstract 

 

The heart, in vertebrates, is the first organ to form and function during development and 

exhibits sex-specific dimorphism in adulthood. In fish, little is known about sex-specific 

differences in physiology and performance of the heart and if these differences manifest 

during development. Here for the first time, the sex-specific heart rates during embryogenesis 

of Gambusia holbrooki, from the onset of the heartbeat to just prior to parturition was 

investigated. The genetic sex of the embryos was post-verified using a sex-specific genetic 

marker. Results reveal that G. holbrooki heart rates and resting time significantly increase (P 

< 0.05) with progressive embryonic developmental stage. The total cardiac resting time per 

minute was approximately three times greater in the advanced embryos (just prior to 

parturition) compared to those at early organogenesis when the heart first begins to beat. 

Initially, up to mid-organogenesis stage, the heart rates of both male and female embryos 

were comparable (p > 0.05). However, at late organogenesis, both ventricular and atrial 

frequencies of female embryos were significantly higher (p < 0.05) than those of their male 

sibs at the corresponding developmental stages and remained so at all later developmental 

stages evaluated (p < 0.05). Moreover, the heart rate and ventricular size of the adult females 

were significantly (p < 0.05) higher and larger respectively than those of males. Collectively 

the results suggest that the cardiac sex-dimorphism manifests as early as mid-organogenesis 

and persists through adulthood in this species. This appears to be the first study to 

demonstrate the early onset of cardiac sex-dimorphism in any fish species. These findings 

also suggest that the cardiac measurements can be employed to non-invasively sex the 

developing embryos, well in advance of when their phenotypic sex is discernible. Although 

the mechanism(s) underpinning the observed sex-specific cardiac functions are as yet 

unknown, the results highlight the amenability of G. holbrooki as a powerful vertebrate 
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model to study these and sex-specific consequences of human cardiovascular diseases as well 

as to monitor anthropogenic and climatic impacts on heart physiology.  

 

Keywords: sexual dimorphism, somatic organ, heart rate, embryo, adult, viviparous, 

Gambusia holbrooki  

 

3.2. Introduction  

 

Sexual dimorphism is a common feature in most vertebrates and is most often associated with 

external phenotypes and/or behaviour (Endler, 1983, Bisazza and Pilastro, 1997, Kitano et al., 

2007). However, this dimorphism also extends to physiology and functions of somatic organs 

(i.e., internal sexual dimorphism), which are not directly involved in reproductive processes 

(Qiao et al., 2016, Toli et al., 2017, Huang et al., 2018, Dimitriadi et al., 2018).  

Teleosts display a spectacular array of sexual dimorphism, ranging from body size (Head et 

al., 2017), shape (Laporte et al., 2018), age (Auer et al., 2018), growth rate (Huang et al., 

2018), longevity (Arantes et al., 2015), pigmentation patterns (Kottler and Schartl, 2018), 

metabolic rates (Auer et al., 2018, White et al., 2019), and behaviour (Roberts and 

Mendelson, 2017). Typically, these are external features that play a role in reproduction 

including male and female recognition that are expertly harnessed in artificial propagation 

(Piferrer and Guiguen, 2008, Mousavi and Yousefian, 2012, Martínez et al., 2014), 

management (Olin et al., 2012, Keyl et al., 2015, Halvorsen et al., 2016) and marketing 

(Kamaruzzaman et al., 2009, Cnaani and Levavi-Sivan, 2009) of commercially important 

species and to address research questions alike. Like most Poeciliids, G. holbrooki adults 

exhibit striking sexual dimorphism (Cummings, 2018). For instance, adult G. holbrooki 

display body size differences with males smaller than females (Bisazza and Marin, 1995), 
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and the anal fin of males is modified into a gonopodium that acts as an intromittent organ 

(Head et al., 2015). However, sexual dimorphism of internal organs other than the gonads is 

poorly understood, except for recent reports for the heart of sexually differentiated juvenile 

zebrafish, Danio rerio (Dimitriadi et al., 2018), livers of adult medaka, Oryzias latipes (Qiao 

et al., 2016), and swim-bladder of South Asian torrent minnows (Psilorhynchus) (Conway et 

al., 2014). These are complemented by recent molecular studies where gene/s exhibit sexual 

differences at the transcription level in multiple tissues other than gonads (Conforto and 

Waxman, 2012) including the spleen of adult G. holbrooki (Kwan and Patil, 2019). 

Transcriptomic sex-dimorphism in the liver of adult medaka O. latipes has highlighted sex-

specific differences in responses to several physiological processes (Qiao et al., 2016).  

Sex differences in physiology are commonly attributed to developmental and/or hormonal 

factors, but there is increasing realisation that cell-intrinsic mechanisms play important and 

persistent roles (Ober et al., 2008, Hudry et al., 2016, Arnold, 2011), where biological sex 

differences in gonadal and non-gonadal tissues are seen as downstream from the inherent 

sexual inequality in the sex chromosomes (Arnold and Chen, 2009, Arnold, 2011, Arnold et 

al., 2016, Arnold, 2017, Arnold, 2019).  

The heart is the first definitive organ to develop and become functional during 

embryogenesis, as any later survival depends on its proper function (Hu et al., 2000, Stainier, 

2001). Sexually dimorphic diastolic function in adult zebrafish has been demonstrated (Wang 

et al., 2017, Zhang et al., 2018, Mousavi and Patil, 2020). Recently, a study demonstrated that 

cardiac regeneration and immune-related pathways are among the most sexually dimorphic in 

post-injured zebrafish hearts (Xu et al., 2020). Nonetheless, how early and when during 

development these sex-dimorphisms manifest and shape the sexual identity of adults remains 

far more obscure. Like in other teleosts, the heart of Poeciliids has two chambers, i.e. single-

chambered atrium and ventricle (Woodhead, 1984, Stainier, 2001), but both cellular and 
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molecular mechanisms of heart contraction are similar to mammals (Nemtsas et al., 2010, 

Staudt and Stainier, 2012, Mousavi and Patil, 2020). Part of a complex reproductive 

adaptation in Poeciliids is a placenta-like specialised tissue (Nathaniel et al., 2018) suggesting 

a closer evolutionary link to placentation in mammals (Reznick et al., 2002, Iida et al., 2015). 

Therefore, studies on heart and physiology in Poeciliids could answer longstanding questions 

on sex differentiation, evolution, and developmental mechanisms, as well as assist in better 

understanding of human cardiac diseases (Schartl, 2013, Jensen et al., 2013, Braasch et al., 

2015). 

Of the Poeciliids, G. holbrooki and G. affinis are the best examples of adaptation and survival 

under extreme environmental conditions (Meffe, 1992, Meffe et al., 1995, Pyke, 2008) and 

are currently considered two highly invasive species worldwide (Lowe, 2000). Such adaptive 

ability demands functional plasticity in organ development and their performance, with the 

heart being the most critical for survival (Pelster, 2002, Kawasaki et al., 2017). Studies in 

even the less hardy Poeciliids such as guppy and Amazon molly, females have shown that 

they are less prone to heart diseases than males (Woodhead et al., 1983, Woodhead, 1984). 

More importantly, in guppy and Amazon molly, degenerative changes in the heart muscle 

(i.e. myocardium), and a marked loss of muscle fibres in the bulbous arteriosus are known to 

resemble symptoms observed in ageing mammals (Woodhead et al., 1983). Therefore, 

Poeciliids, in general, are of biomedical interest (Woodhead and Scully, 1977, Schartl, 1995, 

Walter and Kazianis, 2001, Patton et al., 2010), with G. holbrooki and its sister species, G. 

affinis attracting additional evolutionary (Furness et al., 2019), biogeographic diversification 

(Reznick et al., 2017) and ecological interest as a result of their wide distribution, short life 

cycle and invasiveness (Lowe-Mcconnell, 2012). 

In higher vertebrates such as birds (Glahn et al., 1987, Swart et al., 2014, Iversen et al., 2014, 

Sirsat et al., 2018) and mammals (Shechtman and Atovich, 1993, Cheng, 2006, Patten, 2007, 
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Parks and Howlett, 2013, Kurokawa et al., 2015, Dworatzek et al., 2019) including humans 

(Hartman et al., 2018a, Regitz-Zagrosek, 2020, Nijenkamp et al., 2020, Summerhill et al., 

2020, Miller, 2020), sex-specific differences in cardiac performance and physiology are well 

documented. However, most of the research on sex-specific cardiac differences in lower 

vertebrates is limited to reptiles (Alvine et al., 2013, Sun et al., 2016). Although cardiac 

studies have been conducted in developing zebrafish (Sedmera et al., 2003, Milan et al., 

2006b, Schwerte et al., 2006b, Poon et al., 2016) and medaka (Murata et al., 2009, Mittal et 

al., 2019) embryos, no study to date has examined sex-specific heart rates (HRs) in fish 

during embryogenesis; instead, they focus on comparing adults and juveniles. For example, 

the influence of sex on ventricular function and size in juvenile and adult zebrafish (Wang et 

al., 2017, Zhang et al., 2018, Mousavi and Patil, 2020), and HR in adult sockeye salmon, 

Oncorhynchus nerka (Clark et al., 2009, Sandblom et al., 2009), rainbow trout, 

Oncorhynchus mykiss (Davie and Thorarensen, 1997, Farrar et al., 2006, Battiprolu et al., 

2007), and largemouth bass, Micropterus salmoides (Cooke, 2004) have been reported. 

Interestingly, turtle embryos exposed to thyroid hormones (Sun et al., 2016) and temperature 

regimes (Alvine et al., 2013) are known to demonstrate a sexually dimorphic cardiovascular 

physiology that manifests before hatching. However, there are no comparable studies in fish. 

There is also increasing evidence suggesting that several aspects of cardiac and gonad 

development occur in parallel. For example, in embryonic zebrafish migration of primordial 

germ cells (PGCs) towards putative gonadal ridge coincides with heart formation by 24 h 

post-fertilisation (Kimmel et al., 1995, Raz, 2003). Moreover, a recent study indicated that 

there is a relation between primitive testis development with that of heart and liver in 

embryonic zebrafish (Kawasaki et al., 2017), suggesting that many aspects of organogenesis 

are closely related and those obvious to detect may bear witness to more cryptic sex 

differentiation events that occur in parallel. 
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Based on preliminary observations of two distinct clusterings of HRs in developing embryos 

of the same developmental stage and that of sexually dimorphic ventricle size in adults of this 

species, it was hypothesised the cardiac dimorphism may occur during early development and 

could be linked with the sex of the individuals. To test this hypothesis HRs of G. holbrooki 

through ontogeny to adulthood was investigated. 

 

3.3. Materials and methods 

 

3.3.1. Fish collection, maintenance, and sample preparation 

 

Mature females with gravid spots were collected from the Tamar Island Wetlands Reserve 

(41°23.1'S; 147°4.4'E), Launceston, Tasmania and transported to a molecular laboratory in 

Taroona, Institute for Marine and Antarctic Studies, University of Tasmania. 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. Sexually mature fish were fed twice daily to satiation with commercial fish 

pellets (TetraMin® tropical micro granules, Melle, Germany) and freshly hatched Artemia 

nauplii. Feeding was suspended four h prior to experiments. One hundred females based on 

the size and a range of gravid spot intensity values (Norazmi-Lokman et al., 2016) were 

selected, individually anaesthetised (20 ppm AQUI-S®), dissected under stereomicroscope 

and embryos collected and staged (Chambolle et al., 1970). Embryos at early organogenesis 

(EO), mid-organogenesis (MO), late organogenesis (LO), early pharyngula (EP), late 

pharyngula (LP) and just prior to parturition (JPP) were used to conduct the HR 

measurements (n = 10, 20, 50 or 100 embryos per stage were used depending on the assay). 

Either a top (early, mid, and late organogenesis) or lateral view (later developmental stages ─ 

early and late pharyngula and just prior to parturition stages) was used for observations. At 



 

104 
 

those viewing planes, the heart is visible clearly and did not require the application of 

pigment inhibitors and anaesthesia. Live embryos were washed with 1X PBS (Phosphate-

buffered saline) and dispensed individually using a fire-polished glass Pasteur pipette into 

precast ‘U’ shaped agarose wells in 96-well plates (Fig. 1). Then, each well was filled with 

50 µl filtered (0.2 µm) and sterilised water from recirculating aquaria. A fine minutien pin 

(0.10 mm diameter) was used to orient embryos for viewing and recording.  

 

3.3.2. Heart rate determination by direct visual count 

 

Concurrent to video recording, direct visual counts (VC) of heartbeats were made manually 

for 1 min under the microscope. For greater accuracy, a secondary manual verification of 

heartbeats was undertaken by counting the beats on slow-motion videos generated in Adobe 

Premiere Pro CC 2020 (14.0.3, Adobe™ software, San Jose, CA, USA). 

 

3.3.3. Acquisition of heartbeats for digital motion analysis 

 

3.3.3.1. Video acquisition system 

 

The HR and its frequencies were determined using a non-invasive method previously 

described for adult zebrafish (Mousavi and Patil, 2020) with modifications (Fig. 1).  

Briefly, a 96-well, flat-bottom, microplate (Greiner Bio-One North America Inc., Monroe, 

NC, USA) platform with a light scattering panel to cast a stable field of illumination 

throughout the wells was employed. Room temperature was maintained at 25 ± 0.5 °C and 

cold light source was used for illumination. For observation, the embryos were always 

orientated with anterior-to-left and were immobilised in “U” shaped agarose wells to 

minimise pixel intensity (PI) fluctuations (Fig. 1). As each well was moved into position, 

light was applied from a halogen source for 70 s. The first 10 s of illumination served to 
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acclimate the embryos to the bright light conditions. Following acclimation, videos of 

stationary embryos were captured at sampling frequency of 60 frames per second (fps), with 

2592 × 1944-pixel resolution for the 60 s duration at each developmental stage (EO–JPP). An 

automated Leica dissecting microscope (MZ12.5, Leica Microsystems, Wetzlar, Germany) 

equipped with a remotely controlled camera (Dino-Eye Edge series AM7025X, Dino-Lite 

Digital Microscope, New Taipei, Taiwan) recorded videos at 20× magnification (Fig. 1).  

 

 

Figure 1. Illustration of embryos in 96-well microplate for stereomicroscope imaging and video recording. 

Embryos were allocated individually into each well and immobilised in pre-prepared "U" shaped depression in 

agarose block with the heart facing towards the eyepiece.  

 

3.3.3.2. Video processing  

 

All captured videos were exported into Adobe Premiere Pro CC software for processing. The 

video recording frame rate and resolution were reduced from 60 fps to 30 fps and 2592 × 

1944 pixels to 640 × 480 pixels, respectively. Edited videos were then individually imported 
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to ImageJ (Schneider et al., 2012). The region of interest (ROI) between ventricle and atrium 

were chosen to check the signal quality and beating ratio. Multiple ROIs (e.g., ROI1, ROI2 

and ROI3) were chosen in both ventricle and atrium (Fig. 2A) for cross verification. At least 

ten ROIs were selected for each ventricle and atrium by using a circle tool. A time series 

analyser V3 plugin v. 3.0. (ImageJ, version 1.52u, National Institutes of Health, Bethesda, 

MD, USA) was used directly to analyse the LCG changes in the selected ROIs. The average 

pixel intensity changes correspond to ventricle and atrium contractions over time (s) defined 

as light cardiogram (LCG). 

 

3.3.3.3. Beat interval, beats per minute (BPM) and heart rate frequency 

(Hz)  

 

A two-step approach was developed that derived HRs of embryos based on the changes in 

LCG resulting from contraction and relaxation of the heart during each heartbeat (Fig. 2B). 

The first step involved building LCG profiles using semi-automated image analysis of 

videographs generated for each embryo. Given that heart tissue is more opaque than the static 

background, contraction of the heart increased average brightness within the prescribed ROI; 

conversely, relaxation decreased average brightness (Fig. 2). The algorithm recorded these 

regular oscillations in brightness as LCG. In the second step, the LCG vs. time data were 

converted to a frequency spectrum using the Fast Fourier Transform (FFT) algorithm, a 

method applied previously to determine HR in fish embryos (Burns et al., 2005, De Luca et 

al., 2014) and adults (Mousavi and Patil, 2020). HR corresponds to heart frequency (HF).  

The signal quality for ROIs within both ventricle (Fig. 2A and 2B) and atrium were cross 

verified. As the average pixel intensity can be affected by factors such as red blood cells, 

pigments and debris, ROIs were selected in the heart region with minimal noise and 

maximum stability (Fig. 2B). To exclude pixel intensity oscillations caused by non-heart 
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tissue, a minimum threshold value of 50 was applied, then the data were smoothed using the 

Savitzky-Golay (Savitzky and Golay, 1964) function in OriginPro 2020 (Originlab 

Corporation, Northampton, MA, USA). This threshold value was identified after a sensitivity 

analysis performed over a subset (n = 20/stage) of acquired videos (by the construction of a 

cumulative histogram of pixel intensities for ventricle and atrium). The average signal 

intensity at chosen ROIs between ventricle and atrium were compared and analysed using 

peak analyser and Gauss model. Briefly, the LCG and time series data were normalised using 

inbuilt options (0–100) and (0–1) respectively. Both ventricle and atrium data were smoothed 

using FFT algorithm at a cut-off frequency of 0.2 Hz. To determine the number of peaks and 

bases, the Quick Peak (Gauss model) and peak analyser functions were used. The peak and 

base finder option was set to detect both positive and negative tracers with the second 

derivative method (i.e., to search for hidden peaks and bases). The time duration (s) between 

ventricular systolic (contraction) and atrial diastolic (dilation) phase, constituted a complete 

cardiac cycle. The time delay between the atrioventricular (A-V) peak values of the extracted 

synchronous chronologies within the same cardiac cycles were measured using time history 

values for ventricle and atrium peaks. The A-V delay time defined as the time duration (s) 

between the onset of atrium peak and the onset of the subsequent ventricular peak, represents 

the resting phase of the heart. The average resting time per minute for each developmental 

stage was calculated by multiplying the total A-V delay/sec by 60.  

Two-chambered embryonic (i.e., pharyngula stage) heart and typical light-cardiogram (LCG) 

with their corresponding ventricular ROIs (1–3) are presented in Figure 2. The beat interval 

was calculated by subtracting the average time between two consecutive peaks, and BPM was 

obtained by dividing one minute (60 s) by the time interval (Mousavi and Patil, 2020). The 

frequency spectra were obtained by applying FFT algorithm in OriginPro 2020 to the time 
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histories (n = 50/stage), from which the cardiac rhythm of each embryo was identified i.e., 

rhythms that correspond to the frequency dominant  (FD) of the spectrum (see the result, Fig. 8). 

 

 

Figure 2. Representative ventricular ROIs with their corresponding light cardiograms (LCGs). The heart (white 

dotted line) of a developing embryo at (A) pharyngula (lateral view) with atrium (At) and ventricle (V) marked. 

(B) Representative graph illustrating the LCGs at three different ROIs (1–3) within the ventricle. The time 

interval (marked *) between two consecutive ventricular peaks remained consistent between selected ROIs. The 

peak and trough in each tracer correspond to ventricular systolic and diastolic phase i.e., emptying and filling of 

blood cells, respectively. ROI = region of interest; scale bar = 1 mm.  

 

3.3.4. Validation of digital heartbeat counts  

 

The digital cardiac counts were validated against the respective visual counts for all 

developmental stages (n = 100/stage). Linear correlation/regression analyses of mean HR 

(bpm) obtained from automated LCGs and those determined by direct visual counts were 

undertaken. For subsequent comparative analysis (between sex and stages), the BPM data 

from only ventricles were used, as ventricles were relatively easier to locate owing to their 

larger size. Moreover, there was no significant difference between the contraction rates of 

ventricles and atrium.  
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3.3.5. Genetic Sexing of Gambusia embryos at different stages 

 

3.3.5.1. DNA extraction and PCR condition 

 

Post-HR determination, the HR data were segregated into two groups (high and low HRs) 

using heat map algorithm (OriginPro 2020). Then a subset of embryos (n = 

10/sex/developmental stage) were randomly chosen and subjected to genetic verification of 

sex. Briefly, a small piece of the caudal fin was clipped from each embryo using a mi-

croscalpel, post euthanasia. Genomic DNA was extracted using the MyTaq Extract-PCR Kit 

(BIO-21126) according to the manufacturer’s instructions. The genetic sex of the individuals 

was determined by polymerase chain reaction (PCR) using male and female-specific genetic 

markers as described (Kwan and Patil, 2019, Patil et al., 2020). Briefly, PCR mix (10 μL) 

comprised of 1 × MyTaq™ HS Red mix (Meridian Life Science, Inc., Cincinnati, OH, USA), 

1.0 μM of each primer and 50 ng of genomic DNA template. Thermal cycling (T100™ 

Thermal Cycler, Bio-Rad Laboratories, Inc., Gladesville, NSW, Australia) consisted of 95 °C 

for 1 min, followed by 30 cycles of 95 °C for 5 s, 60 °C for 5 s, and 72 °C for 20 s. Female 

and male specific amplicons were separated using gel electrophoresis. 

 

3.3.6. HR and FD determination in sexually mature fish 

  

Video recording of heartbeats was done according to the method recently described for adult 

zebrafish (Mousavi and Patil 2020). Briefly, ten sexually distinct female (147.5 ± 30.3 mg, 23 

± 2.8 mm) and ten male (140 ± 47.5 mg, 23 ± 2.1 mm) fish were chosen based on their 

phenotype, i.e., presence of gonopodium in males and gravid spot in females. Following 

anaesthesia (2.5 ppm AQUI-S® for 7–10 mins), the fish was positioned ventral side up with 
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gills and opercula immersed in water (Fig. 3B). At that viewing orientation, heartbeats were 

visible through the scales and skin with the ventricle closer to the ventral surface (Fig. 3B). 

Fish were first acclimatised to the lighting conditions (30 s) and videos were captured for 1 

min at 60 frames/s (fps) at 25 ± 0.5 °C. Room temperature was maintained at 25 ± 0.5 °C 

using a controlled heater and cold light source was used for illumination. Video acquisition 

was completed within 5 min after inducing anaesthesia. Following the video recording, the 

location of the heart (i.e., ventricle) was identified, and ROIs were chosen (Fig. 3C and D). 

An isosceles triangle was placed between the opercula, with the ventral midline of the body 

perpendicular to the base of the triangle connected to its vertex (Fig. 3B–D) and LCG data 

acquired. The isosceles triangle and ventral midline served as a guide to locate the heart and 

thus ROI assignment. Following LCG, fish were placed in an aerated recovery chamber 

containing fresh water from the system without anaesthetic and monitored. Fish generally 

recovered within ∼ 3 to 5 mins, and there were no mortalities. After recovery, the sex of each 

fish was genetically confirmed using male and female-specific genetic markers (described in 

the section 3.3.5.1). 

 



 

111 
 

 

Figure 3. Photographs showing the location and orientation of heart in a dissected (A) and live (B–D) adult 

female, G. holbrooki. (A) The directions of blood flow into (left arrow) atrium (A) and out (right arrows) 

through bulbous arteriosus (Ba) are shown. The ventricle (V) and epicardium (asterisks) are also marked. 

Posterior to left and anterior to the right. (B) Ventral views of an anaesthetised fish secured in place under a 

stereomicroscope. The location of the heart and both chambers are shown. (C) and (D) Photographs were 

directly extracted as time-sequence image stacks from video corresponding to consecutive ventricular diastolic 

(ROI. 0, brighter) and systolic (ROI. 1, darker) states. The isosceles juxtaposes triangular space between the 

opercula that can serve as a marker to locate the beating heart in vivo i.e., to the left of ventral midline (dashed 

line) of the fish. C and D are magnified views of B in the respective two consecutive image stacks, where the 

right-angled triangles correspond to the lower half of the isosceles (not to proportion). a, v, p and d represent 

anterior, ventral, posterior and dorsal, respectively. OP = operculum. GF = gill filaments. A and B, scale bar = 

1mm. C and D, scale bar = 500 μm. 
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3.3.7. Size comparison of adult male and female explanted hearts  

 

Sexually mature G. holbrooki (n = 25/sex) were selected based on secondary sexual 

characteristics as above. Adults were individually euthanized (100 ppm AQUI-S®), standard 

length (mm) and weight (mg) were measured using an ocular micrometre under a dissecting 

microscope and an SE2 ultra-microbalance (Sartorius AG, Göttingen, Germany), 

respectively. The hearts were dissected (Fig. 3A) following the method described for 

zebrafish (Singleman and Holtzman, 2011) with modifications. 

Fish and hearts were photographed using a stereomicroscope (Leica MZ12.5, Leica 

Microsystems, Wetzlar, Germany) and camera (Leica DFC420, Leica Microsystems, 

Wetzlar, Germany) with its associated software (LAS version 3.8.0, Leica Microsystems, 

Heerbrugg, Switzerland). Photographs of hearts were analysed using ImageJ. The ventricle 

length (VL) was measured from its apex to its junction with the bulbous arteriosus (Fig. 4A 

and 4B). The ventricle width (VW), was then measured by drawing a perpendicular line (Fig. 

4A and 4B) at the midpoint of the VL extending to the edges of the ventricle (Singleman and 

Holtzman, 2012). To quantify ventricle size, both ventricle surface area (mm2) and volume of 

the ventricle (mm3) were calculated as protocol previously described (Lang et al., 2005, 

Hoage et al., 2012a, Perrichon et al., 2017) using ImageJ. Ventricle volume measurements 

were normalised by condition factor (a) derived separately for each sex (male = 0.01; female 

= 0.02) using the allometric growth equation, W = aL3 (Le Cren, 1951). Prior to analysis, 

ventricle and eviscerated body masses were log10 transformed. 
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Figure 4. Freshly explanted hearts of adult (A) female and (B) male G. holbrooki, with schematic measurements 

of ventricle length (VL) and width (VW). The solid lasso line outlines the ventricle boundaries laterally. 

Bulbous arteriosus (Ba), ventricle (V), atrium (A). The horizontal (VW) and vertical (VL) lines correspond to 

the width and length of the ventricle. a, v, p, and d represent anterior, ventral, posterior and dorsal, respectively. 

Scale bars = 500 μm.  

 

3.3.8. Statistical analysis 

 

All plots were generated, and statistical analysis carried out in OriginPro 2020 (Originlab 

Corporation, Northampton, MA, USA). Data are presented as means ± SD. A two-way 

ANOVA was used to compare means within and between developmental stages and sexes, 

with post-hoc Tukey’s multiple comparisons test assessing pair-wise differences. Where 

applicable, a student t-test was also applied to assess differences between paired-means. The 

Gauss model was used to analyse the normal distribution of peaks and bases of both ventricle 

and atrium separately. Significant difference generated by the Gauss model was tested by the 

chi-squared test (χ2). Linear regression analysis (r2 and slope) and Pearson’s correlation 

analysis (R-value) determined goodness of fit between visual and automated LCG HR counts. 
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All data was assessed for normality using Shapiro-Wilk normality test and Q-Q (Quantile-

Quantile) plot (in built function in OriginPro 2020 software). Difference between two means 

was considered significant when p < 0.05–0.001 (*p < 0.05, **p < 0.01, ***p < 0.001). 

 

3.4. Results   

 

3.4.1. Comparison and validation of heart rates: automated vs. manual 

assessment  

 

The HR in wild-type Gambusia embryos at different stages (EO, MO, LO, EP, LP and JPP) 

using ventricular LCG (42.7 ± 7.3, 59.5 ± 3.5, 75.5 ± 6, 86.7 ± 5.8, 128 ± 7 and 153 ± 12 

bpm) and visual counts (41 ± 6, 58 ± 4, 74 ± 6, 78 ± 7, 127 ± 8 and 152 ± 11 bpm) were 

comparable (p > 0.05, n = 100 embryos/developmental stages, student t-test) for the 

respective stages (Fig. 5, A–F). Similarly, strong linear correlation (p < 0.05) between the HR 

determined by visual counts and LCG was found, and the slope of linear regression was 

nearly 1 (0.95–0.99) in all stages (Fig. 5, G–L).  
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Figure 5. Box plot (A–F) and linear relationship (G–L) between visual and LCG counts of HR at six different 

developmental stages of G. holbrooki. There was a significant correlation (p < 0.05, student t-test) between the 

two HR counts, at the respective developmental stages. VC = visual count; LCG = light cardiogram analysis; ns 

= non-significant. Box plot data are presented as means ± SD. The horizontal line in each box plot separates the 

data distribution into upper (50%) and lower (50%) quartiles. Small square and a horizontal line on each box 

plot indicate mean and median values, respectively (n = 100 embryos per each developmental stage). 
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3.4.2. Light cardiograms of ventricle and atrium mutually validate 

 

Based on LCGs, the cardiac rhythm of atrium and ventricle of the embryos at the same 

developmental stage were not significantly different (ANOVA-post-hoc Tukey’s multiple 

comparisons test assessing pair-wise differences, p ≥ 0.05) from each other i.e., the number 

of peaks per second were comparable (Fig. 6). It was easier to obtain ventricular data owing 

to its relatively larger size and higher normalised pixel intensities (i.e., amplitude) of LCG 

tracers (Fig. 6A) compared to those of the atria (Fig. 6B). Therefore, subsequent comparative 

analyses between developmental stages relied on ventricular data. 

 

 

Figure 6. Representative LCGs of the ventricle (A) and atrium (B) of embryonic (JPP stage) G. holbrooki heart. 

Graphs represent smoothed and normalised average PI. Quick Peak (Gauss) and peak analyser functions were 

used to identify the number of peaks. Red and blue bars mark the peak and base, respectively. In this instance, 

the numbers of peaks for both chambers were the same (56) and there were no significant differences at this 

stage and among others tested (χ2 test, p ≥ 0.05, n = 20 for each developmental stage). 
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3.4.3. Synchronicity in ventricular and atrial contraction 

 

As expected, the quantitative analysis of synchronous time histories of the atrium and 

ventricle yielded two chronologies (Fig 7); one each for atrium and ventricle. The resulting 

LCG profile (Fig. 7A) resembled that of a typical ECG with characteristic P-wave, QRS- 

complex and T-wave (Fig. 7A inset). The comparison of time history between two 

consecutive ventricular peaks (i.e. one cardiac cycle), for all the embryonic stages, reveals the 

time (s) taken to complete a cardiac cycle length decreased significantly with advancing 

stages (ANOVA-post-hoc Tukey’s multiple comparisons test assessing pair-wise differences, 

p < 0.05, n = 10/stage; Fig. 7). This ranged from a high of 1.43 ± 0.23 s in EO to 0.39 ± 0.04 

s in JPP (Fig. 7A and C, respectively). Similarly, the atrium-ventricle (AV) delay decreased 

from 0.20 ± 0.01 s in EO to 0.12 ± 0.02 s in JPP (Fig. 7B and D, respectively). Although the 

average delay between atrial and ventricular beats (A-V delay) reduced with advancing 

embryonic stages, the total average A-V delay (s) per minute increased (ANOVA-post-hoc 

Tukey’s multiple comparisons test assessing pair-wise differences, p < 0.05, n = 10/stage). 

The total average A-V delay (s) over 5 s of the LCGs was 0.60 ± 0.02 and 1.8 ± 0.3 s at EO 

and JPP stages respectively (Fig. 7), with the cardiac resting time three-fold higher in the 

latter (7.2 ± 0.1 and 21.6 ± 0.3 s/min for EO and JPP stages, respectively).  
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Figure 7. Light-cardiograms (LCGs) representing synchronicity of contractions and relaxations of cardiac 

compartments at EO and JPP of G. holbrooki. The chronograms (A) and (C) represent normalised ventricle and 

atrium time history contractions over 5 s at EO and JPP stages, respectively. (Inset A) smoothed partial LCG 

corresponding to synchronous ventricular and atrial contractions resembling a typical ECG (P-wave, QRS-

complex and T-wave) chronograms is presented. The complete cardiac cycle i.e., the time interval between two 

consecutive ventricular peaks is marked with an asterisk. (B) and (D) are magnified view of (A) and (C) 

respectively showing time delay (dashed boxes) between atrium and ventricle beats (i.e., A-V delay).  

 

3.4.4. FFT transformed heart rate frequency (FD) validate HR counts and 

their increase with advancing developmental stages  

 

The HR ranged from 42 at EO to 153 bpm at JPP stages (Fig. 8A). A significant increase in 

HR with advancing development stage was found (ANOVA-post-hoc Tukey’s multiple 

comparisons test assessing pair-wise differences, p < 0.05). With the lowest HR of 42.7 ± 7.3 
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bpm at EO, a progressive and significant increase to 59.5 ± 3.5, 75.5 ± 6, 86.7 ± 4.8, 128 ± 8, 

153 ± 15 bpm at MO, LO, EP, LP and JPP stages respectively was observed (Fig. 8A). FFT 

transformed time intervals into frequency domains are presented in Figure 8B.  

The FD of each embryonic stage were consistent (ANOVA-post-hoc Tukey’s multiple 

comparisons test assessing pair-wise differences, p ≥ 0.05), however, these also increased (p 

< 0.05) with advancing developmental stages. The shift in FD (Fig. A) were consistent with 

those of HR (Fig. 8B). 

 

Figure 8. Graphs illustrating increasing heart rates and frequencies in advancing developmental stages of G. 

holbrooki. (A) The heartbeat of embryos (n = 50/stage) at each developmental stage (EO, MO, LO, EP, LP and 

JPP) showed significantly higher HR compared to the preceding stage. The average beats (mean ± SD) per 

minute (bpm) is shown (ANOVA-post-hoc Tukey’s multiple comparisons test assessing pair-wise differences, 
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***p < 0.001). (B) The average FFT transformed dominant heart frequency (FD) for the six different embryonic 

stages also increased with advancing developmental stages and were consistent with the HR counts.  

 

3.4.5. Cardiac rate was influenced by the genetic sex of the embryos 

 

When the data for each developmental stage was portioned based on genetic sex,  a clear 

difference in average HR between the two sexes was evident, with females having higher 

HRs (ANOVA-post-hoc Tukey’s multiple comparisons test assessing pair-wise differences,  

**p < 0.01, ***p < 0.001) at all developmental stages except at the two earliest stages (EO 

and MO) examined (Fig. 9).  

The male and female HRs at EO and MO clustered together while at LO, a clear separation in 

the male and female grouping could be observed (Fig. 9A). This separation was most 

conspicuous at EP (ANOVA-post-hoc Tukey,  p < 0.001) and remained so in the following 

stages, although at later stages (i.e., LP and JPP) this separation was less conspicuous but 

significant (ANOVA-post-hoc Tukey,  p < 0.05). This trend of sex and stage-specific 

differences in HRs was also evident from the box plot (Fig. 9B). The average HR (bpm) for 

males and females were not significant at EO and MO (ANOVA-post-hoc Tukey,  p ≥ 0.05). 

However, from LO onwards the HRs were significantly different between males and females 

(ANOVA-post-hoc Tukey,  p < 0.01 and p < 0.001, n = 10/sex/embryonic stage). The sex-

specific difference was the highest at EP and JPP (ANOVA-post-hoc Tukey,  p < 0.001) 

compared at LP (ANOVA-post-hoc Tukey,  p < 0.01). The average A-V delay time was not 

significantly different between males and females at respective developmental stages 

(ANOVA-post-hoc Tukey,  p ≥ 0.05, n = 10 each sex at each embryonic stage).  
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Figure 9. Graphs showing sex-specific differences in average heart rate with advancing embryonic stages of G. 

holbrooki. Both scatter (A) and box plots (B) show significant differences between HRs of males and females (n 

= 10/sex), except for EO and MO. (A) shows three different groupings of data, reflecting age (days post 

fertilisation; dpf), HR (bpm) and genetic sex of embryos. The onset of sex-specific differences in HR was at LO 

stage. All data are expressed as means ± SD. Values with asterisks are significant (ANOVA-post-hoc Tukey, 

**p < 0.01, ***p < 0.001). Small square and a horizontal line on each box plot shows mean and median, 

respectively.  

 

3.4.6. Sex-biased cardiac frequency in developing embryos 

  

The FD between male and female embryos were also significantly different (p < 0.05) starting 

from LO. This was consistent for both ventricle and atrium frequencies (Fig. 10; only MO, 

LO and JPP stage data is presented). At MO, the atrium and ventricle frequencies (FD) of 

both males and females were identical (Fig. 10A and D). However, from LO onwards these 

frequencies increased (p < 0.05) in a sex-specific manner i.e., significantly higher in females 

than males. The onset of sex-biased FD differentiation was first observed at the LO stage (Fig. 

10B and E) and became more pronounced at JPP (Fig. 10C and F) which correspond to the 

HR differences (Fig. 9B) between male and female embryos at these stages. In agreement 

with this observation, the average time history (sec) between two consecutive ventricle or 

atrium contractions in males was significantly higher than female embryos at both LO (p < 



 

122 
 

0.05, Fig. 10H) and JPP (p < 0.001, Fig. 10I) stages (n = 10 at each stage). However, these 

were not significantly different at MO (ANOVA-post-hoc Tukey, p ≥ 0.05, n = 10, Fig. 10G). 

Indices of systolic and diastolic functions were not significantly (ANOVA-post-hoc Tukey, p 

≥ 0.05, n = 10) different over time between embryos in both sexes at MO (Fig. 10A and D). 

However, the onset of cardiac systolic and diastolic differentiation between sexes was 

observed in embryos at LO stage (ANOVA-post-hoc Tukey, p < 0.05, Fig. 10B and E) and 

this trend became more pronounced in atrium diastolic function in male embryos (ANOVA-

post-hoc Tukey, p < 0.05, Fig. 10F) and ventricle systolic function in female embryos at JPP 

(ANOVA-post-hoc Tukey, p < 0.05, Fig. 10C).  

 

Figure 10. Graphs showing cardiac frequency (FD) analysis of genetic male and female G. holbrooki embryos 

at three developmental stages. Plots (A), (B) and (C) represent ventricular FD of the female/male at MO, LO, 

and JPP stages, while (D), (E) and (F) represent those of atrium at the corresponding stages, respectively. Box 

plots (G), (H) and (I) illustrate the average time history (s) differences between ventricle and atrium contractions 

in male and female embryos at MO, LO and JPP stages, respectively. Box plot data are presented as means ± SD 
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(n = 10 /developmental stage/sex). Small square and a horizontal line on each box plot indicate mean and 

median values, respectively. ns = non-significant. ANOVA-post-hoc Tukey, *p < 0.05 and ***p < 0.001. 

 

3.4.7. Sexual dimorphism in HR and FD of adults  

 

A clear difference in average HR of the two sexes in adults was evident with females having 

higher HRs (p < 0.05) (Fig. 11A and B). The average heart beats per min (bpm) for female 

and male fish were 204.4 ± 14.69 and 141.4 ± 26.66, respectively. As expected, cardiac FD in 

females was also higher (p < 0.05, n =10 each sex) compared to males (Fig. 11A). 

Conversely, the cardiac amplitude was higher in males than females (Fig. 11A). The 

normalised amplitudes between individuals of the same sex were not significantly different (p 

≥ 0.05, n = 10 each sex). 

A complete cardiac cycle length was 0.49 ± 0.11 s and 0.75 ± 0.08 s for sexually mature 

females and males respectively (Fig. 11C). This cardiac cycle was significantly higher (p < 

0.05, n =10/sex) in male than female fish (Fig. 11C). Furthermore, peak analysis showed that 

the number of ventricular peaks within 3 s of cardiac contractions in adult female was ~ 2 

times higher (p < 0.05, n = 10/sex) than that of  the male fish. Consistent with this 

observation, the average time history (s) between two consecutive ventricle contractions in 

males was significantly higher than females (Fig. 11D; p < 0.05, n = 10/sex). Interestingly, FD  

in adult male fish (~ 2.2 Hz) remained unchanged from those observed in male embryos at 

JPP stage (Fig. 10C and F). Nevertheless, the FD of the female embryos at JPP (~ 2.8 Hz) 

was approximately 75% that of the adult females (~ 3.5 Hz). In addition, significant (p < 

0.05) differences in ventricular amplitude (diastolic state) was evident (Fig. 11A) between 

females (1.29 ± 0.58) and males (3.45 ± 0.87). The results (Fig. 11C and D) also show that 

the heart (i.e., ventricle) of males (0.75 ± 0.08 s) required more time for contractions and 

relaxations than females (0.49 ± 0.11 s). As determined by FFT data, there were significant 
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differences in HF and HR between adult male and female individuals. In addition, significant 

(p < 0.05) differences in ventricular amplitude (i.e., diastolic state) was evident between 

females and males. 

 

Figure 11. Graphs representing the sex-specific differences in average FD (A), HR (B inset), cardiac cycle 

period (C) and time history between ventricular contraction (D) in adult males and females of G. holbrooki. (C) 

the cardiac cycle period i.e., the time interval between two consecutive ventricular peaks is marked with # for 

both sexes. Box plot data are presented as means ± SD (n = 10/sex). Values with an asterisk are significant 

(student t-test, *p < 0.05). Small square and a horizontal line on each box plot are shown mean and median 

values, respectively. 
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3.4.8. Morphology and size of adult male and female heart  

 

The observation of external cardiac morphology in adult male and female fish shows that the 

entire heart is contained within the epicardium, which exhibits sparse pigmentation, whereas 

the heart chambers exhibit no pigmentation (Fig. 3). The ventricle appears conical, more so 

when viewed laterally. The atrium is horseshoe-shaped and envelopes the ventricle, covering 

the dorsal region (Fig. 4A and 4B). The conical shape of the ventricle and horseshoe shape of 

the atrium were more pronounced in female than male individuals (Fig. 4). The pear-shaped 

bulbous arteriosus was located dorsally and anterior to the ventricle and points superior 

rostrally towards the gills while the outflow tract tapers to become the ventral aorta (Fig. 3A). 

Consistent with the sexual size dimorphism in the species, the size of the normalised (to 

growth condition factor) heart (i.e., ventricle) sizes of females were significantly larger than 

those of the males (student t-test, p < 0.05, Fig. 12).  

 

Figure 12. Box plots showing (A) normalised volume (mm3) and (B) surface area (mm2) of the ventricle in 

adult female and male of G. holbrooki. The ventricle volume (mm3) and surface area (mm2) were significantly 

higher in adult female compared to male (n = 25 each sex, p < 0.05). Small square and a horizontal line on each 

box plot show mean and median, respectively. All data expressed as the means ± SD. Student t-test, *p < 0.05. 
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3.5. Discussion 

 

Previous studies have demonstrated that LGC can be used to measure HR and FD of 

embryonic zebrafish (Schwerte et al., 2006b, Chan et al., 2009, Pylatiuk et al., 2014). More 

recently, the technique was also demonstrated to be applicable for adult zebrafish (Mousavi 

and Patil, 2020). This, however, is the first study to show that LCGs can be recorded for all 

life stages of G. holbrooki. Importantly, the study also suggests that the cardiac sex-

dimorphism manifests as early as late-organogenesis and persists through adulthood in G. 

holbrooki. This appears to be the first study to demonstrate the early onset of cardiac sex-

dimorphism in any teleost species.  

 

3.5.1. The LCG mimics ECG morphology and enables reliable 

determination of the heart rate (HR) and frequency (HF) in embryonic and 

sexually mature G. holbrooki 

 

As observed, the heart of embryonic G. holbrooki, exhibits the rhythmic patterns of 

contraction and relaxation, in a fashion similar to those reported in zebrafish, D. rerio 

(Bakkers, 2011, Jensen et al., 2013, De Luca et al., 2014), medaka, O. latipes (Watanabe-

Asaka et al., 2014) and more broadly the human heart (Stainier et al., 1996, Bakkers, 2011, 

Verkerk and Remme, 2012), with blood flows from the sinus venosus into an atrium then 

pumping through to the ventricle and out via the aorta (Fig. 3A).  

The resemblance of G. holbrooki LCG morphology to the electrocardiogram (ECG) of the 

human heart, with all the principal and cyclical components— P-wave, QRS-complex, and T-

wave (van Weerd and Christoffels, 2016, Vornanen and Hassinen, 2016)—with rapid 

activation of the ventricle signal confirms shared mechanisms and thus the utility of LCGs as 

a non-invasive tool. Importantly, this was applicable to both adults and embryos. Typically, 

in ECG, P-wave represents the syncytial contraction of the atrial muscle followed by a 
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considerably larger QRS-complex corresponding to that of the thicker ventricular muscle 

(Salu and Marcus, 1976, Ho and Nihoyannopoulos, 2006, Chan et al., 2014), with the interval 

between the P- and T-waves representing of the A-V delay, i.e. the time taken for the action 

potential to traverse between the atrium and ventricle (Farrell, 2011). The resemblance of 

LCG morphology profiles observed to that of the ECG in humans (van Weerd and 

Christoffels, 2016) and zebrafish (Dhillon et al., 2013, Vornanen and Hassinen, 2016), 

suggests these can be used to interpret depolarisations and repolarisations states of the heart 

during the cardiac cycle reliabily, as has also been verified in zebrafish (Verkerk and Remme, 

2012, Poon and Brand, 2013, Dhillon et al., 2013, Santoso et al., 2020). Moreover, the LCG 

can differentiate between atrial and ventricular signals which is otherwise overwhelmed by 

stronger ventricular signal (contraction) in case of ECG (Becker, 2006, Farrell, 2011, Mozos 

and Caraba, 2015, Santoso et al., 2020) as it requires simultaneous intergeneration signals for 

both of the chambers. There are also technical advantages of using LCG as these can be 

recorded with relative ease and is amenable for automation of both recording and analyses 

processes (Mousavi and Patil, 2020, Santoso et al., 2020). In agreement with the previously 

described method for embryos (Schwerte et al., 2006a, Chan et al., 2009, Martin et al., 2019) 

and adult (Mousavi and Patil, 2020) zebrafish, an empirically high correlation occurred 

between the LCG and VC heart rate, further indicating the reliability of the LCG technique. 

Except for zebrafish (Burns et al., 2005, Hoage et al., 2012b, Pylatiuk et al., 2014, Kang et 

al., 2018) and medaka (Puybareau et al., 2017, Gierten et al., 2020), there has not been any 

comprehensive cardiac study in other teleosts particularly Poeciliid species until now. As 

observed, the heartbeat and blood flow of G. holbrooki embryos could be readily visualised, 

with stable and regular HR for six hours post-removal from the ovarian sac, allowing robust 

and repeat recordings. Importantly, the range of embryonic HRs of G. holbrooki (42–153 

bpm) were much closer to those of normal fetal (110 to 150 bpm) (Pildner von Steinburg et 
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al., 2013) and adult (60–100 bpm) (Cook et al., 2006, Herring and Paterson, 2012, Quer et al., 

2020) humans. In contrast, the HRs of the commonly used model species such as zebrafish, 

120–180 bpm (Baker et al., 1997) and mice, 300–600 bpm (Chhabra et al., 2012, Janssen et 

al., 2016) are relatively much higher. A recent human study of 92,457 adults has found that 

the average resting HR over time varies widely ─from 40 to 109 bpm─ between individuals. 

This variation is associated with age and sex (Quer et al., 2020), as also occurs in G. 

holbrooki suggesting its better suitability to study human heart physiology and conditions.  

Reasons for comparatively closer HRs of G. holbrooki to those of humans are yet unknown. 

However, it is possible that the shared internal fertilisation with a placenta-like reproductive 

strategy (Pollux et al., 2009, Olivera-Tlahuel et al., 2019) may in part explain the 

evolutionary conservation of the heart function (Jensen et al., 2013, Vivien et al., 2016, 

Stephenson et al., 2017, Moriyama et al., 2016) of G. holbrooki and humans. Although the 

teleost lineage exhibits morphological evolutionary novelty such as bulbus arteriosus (Grimes 

and Kirby, 2009), they express genes that are conserved across vertebrates (e.g., elna and 

elnb) including humans (Moriyama et al., 2016). Therefore, fish such as zebrafish (Stainier, 

2001, Staudt and Stainier, 2012) and medaka (Yonekura et al., 2018, Mittal et al., 2019) have 

been used as the model for cardiovascular studies. However, these species do not appear to 

show cardiac-related sex-specific differences, unlike humans (Regitz-Zagrosek, 2020). Based 

on our observations, G. holbrooki may serve as a superior animal model to investigate sex-

specific cardiovascular differences that may be relevant to human conditions. Typically, the 

relatively large size of the litter (clutch) would facilitate better replication as is common to 

most fish models. Moreover, livebearers produce more robust offspring that also minimise 

sample to sample variations (Norazmi-Lokman et al., 2016) as was observed in this study. 
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3.5.2. Cardiac rate increases with the progression of embryonic 

development 

 

Early in organogenesis, a cardiomyocyte contraction is first observed when the primitive 

heart tube is being formed around 9 dpf in Gambusia sp. (Chambolle et al., 1970), as was 

also observed in this study. G. holbrooki early in development, exhibit a slow contraction, 

perhaps, at this time, the myocardial cells of the primitive tube are automatic (i.e. they 

spontaneously depolarise), slowly conduct the electrical impulse, and unlike zebrafish may 

have developed sarcomeres and sarcoplasmic reticulum, leading to strong contraction 

properties. Nevertheless, the observed cardiac contractions in G. holbooki indicate a more co-

ordinated pattern even when the heart is still a primitive linear tube (i.e. early-organogenesis), 

unlike zebrafish embryos (Bakkers, 2011), where the onset of cardiomyocyte contractions are 

irregular and uncoordinated at early stages of heart development. However, as G. holbrooki 

embryos develop, at later stages, the heart contractions show a more co-ordinated pattern as is 

also the case for zebrafish embryos (Bakkers, 2011) which is linked to a substantial increase 

in cardiomyocyte numbers (de Pater et al., 2009). This is also consistent with observations in 

medaka (Hu et al., 2000, Taneda et al., 2010, Foglia and Poss, 2016) and mammals (Später et 

al., 2014, Günthel et al., 2018) including humans (Günthel et al., 2018, Tan and 

Lewandowski, 2020). 

It is remarkable that the LCG morphology is also markedly similar to that documented from 

the ECG of the avian and mammalian heart. The distinct LCG diastolic and systolic 

signatures of G. holbrooki (Fig. 7), resembling those of domestic chicken, Gallus gallus (Hu 

et al., 1991, Aubert et al., 2004, Shi et al., 2013) and zebrafish (Hu et al., 2000, Yu et al., 

2010, Dhillon et al., 2013, Rendon-Morales et al., 2017), suggests that the heart is a valve-

like structure, which prevents retrograde flow during development, as also described in 

zebrafish (de Pater et al., 2009, Staudt and Stainier, 2012).  
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In chicken embryos, the first occurrence of pacemaker activity is observed as early as the 7-8 

somite stage, even before the first heartbeat (Kamino et al., 1981). The basic activation 

pattern of the heart is thus already established at an early developmental stage, by embryonic 

day (E) 9.5 in mice and by Hamburger Hamilton (HH) stage 13 in the chicken (van Weerd 

and Christoffels, 2016), even though the components of the mature components of the cardiac 

conduction system (CCS) are not morphologically recognisable at this stage yet. Moreover, 

CCS shows remarkable evolutionary conservation among taxa (Sedmera and McQuinn, 2008, 

Jensen et al., 2013, Jensen et al., 2018).  

In the human fetus, the slow contractions and relaxations characteristic of the myocytes in the 

atrioventricular contractions (AVC) prevent blood from flowing back into the atria during 

ventricular activation and contraction, a role later adopted by the mature atrioventricular 

(AV) valves (van Weerd and Christoffels, 2016). Similarly, in G. holbrooki, the slow 

contractions in early heart development may indicate a shared mechanism to ensure 

unidirectional blood flow. Subsequent increases in contraction rates were consistent of 

changes from a peristaltic to sequential contractions of the atrium and ventricle as is also 

known to occur in zebrafish (Bakkers, 2011, Baker et al., 1997, Barrionuevo and Burggren, 

1999). However, in G. holbrooki, ventricular and atrial contractions were distinguishable at 

very early stages of heart formation, similar to those of chicken and mouse (van Weerd and 

Christoffels, 2016). Nevertheless, the decrease of cardiac cycle length whilst shortening of 

cardiac time intervals (diastole and systole) with advancing embryonic development is 

consistent with that of zebrafish (Hu et al., 2000).  

The accentuation of the LCG at the tail end (T-wave) is likely due to atrial systolic 

augmentation of ventricular filling, mimicking those reported for other vertebrates including 

humans (Rademakers et al., 1992, Hu et al., 2000, Bakkers, 2011, Pasipoularides, 2013). In 

parallel, the consistently higher and rhythmic ventricular systolic peaks compared to those of 
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the atrium is indicative of pressure gradient caused by numerous resistance points. For 

example, differences in atrioventricular systolic peaks are associated with the pressure 

gradient caused by the resistance to flow across the developing cushions between the 

ventricle and the bulbus arteriosus (Farrell, 1991, Hu and Keller, 1995, Hu et al., 2001, 

Burggren, 2013). Besides, the decline in the early diastolic state, during a cardiac cycle, to 

near zero in JPP compared to EO implies that wall stress changes considerably at the later 

developmental stage, suggesting a progressive change in ventricular wall thickness. The 

establishment of distinct diastolic tracers at JPP resembling those of adults, suggests that a 

valve‐like structure has already formed between the ventricle and atrium, as was also inferred 

in zebrafish (Hu et al., 2000, Bakkers, 2011).  

The premature LCG profiles of early developmental stages resembling characteristically wide 

QRS-complex trace associated with ventricular beats and its conduction system correspond 

well with studies in the African lungfish, Protopterus annectens (Arbel et al., 1977) and 

crocodiles, Alligator mississippiensis (Jensen et al., 2018), where the atrial conduction system 

is as yet undeveloped at that point. This pattern is not readily obvious in zebrafish (Tessadori 

et al., 2012) and only recently some functionally distinct Purkinje cell types were revealed in 

adult zebrafish (Chang et al., 2020) despite being attributed to formation and function of the 

epicardial activation pattern used for impulse propagation in the hearts of lower vertebrates 

(Sedmera et al., 2003). The occurrence of such primitive cardiac tracers have been attributed 

to the functional presence of Purkinje fiber network during avian (Chuck and Watanabe, 

1997, Chuck et al., 1997, Dzialowski and Crossley, 2015) and mammalian (Christoffels et al., 

2010, Goodyer et al., 2019) embryonic development. 

The atrioventricular (A-V) delay observed in G. holbooki is consistent with the time required 

to eject the atrial blood into the ventricle, before its contraction. Typically, this role is 

performed by the A-V node which delays electrical impulses originating in the atria before 
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they are allowed to excite the ventricle, thereby allowing coordinated contraction of the atria 

before ventricular systole and facilitating forward blood flow (Rentschler et al., 2011). This 

A-V delay coincides with the transition from a peristaltic contraction of the heart tube into a 

more efficient sequential contraction of the atrium followed by the ventricle (Bakkers, 2011). 

In zebrafish, cardiomyocytes are positioned circumferentially around the A-V canal (Chi et 

al., 2008), suggesting that morphological differences between cardiomyocytes of the A-V 

canal and the chamber myocardium contribute to the A-V delay. Moreover, a subsequent 

increase of the A-V delay (e.g., from ~ 0.1 to 0.2 s in EO to JPP, respectively in this study) 

with corresponding HR increases allows adequate diastolic filling by separating early and late 

diastolic filling and in turn leads to an improvement in cardiac ejection, as also occurs in 

humans (Rafie et al., 2012).  

The significant AVC delay throughout embryogenesis corresponds well with cardiac chamber 

formation in zebrafish (Chi et al., 2008), where AV myocardium first differentiate into slow 

conducting tissue (Milan et al., 2006a) and then differentiate to become precursors of the AV 

node at the ventricular apex (McGuire et al., 1996, Milan et al., 2006a). This then establishes 

a fully mature and faster conducting myocardial network transmitting an apex-to-base 

activation pattern (Chi et al., 2008, Staudt and Stainier, 2012). Such specialised cardiac 

conduction produces intracardiac hemodynamic forces that can influence cardiac 

development and also plays a vital role in cardiac chamber morphogenesis (Chi et al., 2010, 

Tu and Chi, 2012, Staudt and Stainier, 2012) to assure efficient compartmentalisation of 

oxygenated and deoxygenated blood within the ventricle (Sedmera et al., 2003).  

A lack of a morphologically distinct chamber structure during early development does not 

necessarily imply that the A-V delay function is absent, as demonstrated in higher 

vertebrates. In the chick embryos, morphologically distinct bundles are not present before 

stage 31 i.e. 7 days of incubation (Vassall-Adams, 1982), but the precursors of these 
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structures can be identified much earlier as a diffuse network (Chuck and Watanabe, 1997). 

The A-V delay in G. holbrooki is remarkably similar to the embryonic chick heart (Jong et 

al., 1992), suggesting a A-V delay node (i.e. conduction network) could be already formed in 

G. holbrooki even before the chambers become morphologically distinct.  

The significant increase in the HR (bpm) with their corresponding FD across embryonic 

development in G. holbrooki is in agreement with those previously reported for zebrafish (de 

Pater et al., 2009, De Luca et al., 2014) and medaka (Watanabe-Asaka et al., 2014). These 

shared patterns of increasing heartbeat for normal embryonic development are necessary to 

meet the rapid growth and expansion of the circulatory system of their growing embryos. 

Heart contraction increases as embryonic development progress to ensure the perfusion of all 

tissues of the growing embryo (Barrionuevo and Burggren, 1999, De Luca et al., 2014). The 

formation of a functional vertebrate heart requires processes that progressively fashion 

correct morphology and size during embryonic development (Stainier, 2001). In particular, 

adequate size and the wall thickness of the heart chambers are necessary for generating 

enough blood circulation for the growth of the embryo (Bakkers, 2011, Miquerol and Kelly, 

2013).  

Increasing HR and arterial blood pressure during embryonic development have previously 

been documented in other vertebrates, e.g., desert tortoise, Gopherus agassizii (Crossley and 

Burggren, 2009), the American alligator,  A. mississippiensis (Eme et al., 2011), the emu, 

Dromiceius novaehollandiae (Crossley et al., 2003) and the chicken (Crossley and Altimiras, 

2000). Likewise, in normal human fetuses between 6 and 13 weeks gestation, the HR 

increase with gestational age (Stefos et al., 1998, Montenegro et al., 2002, Acharya et al., 

2016)—gradually from 87 to 189 bpm at 38 to 62 days of gestation, respectively (Tezuka et 

al., 1998) suggesting that an increase in HR (bpm) during ontogeny is a fundamental 
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requirement for maintaining convective transport in embryos that are increasing in body 

mass.  

 

3.5.3. Cardiac rate of G. holbrooki is influenced by the sex of the embryos 

and adults 

 

Our findings suggest that the sex dimorphism in HR (bpm) of G. holbrooki embryos is unique 

or may yet support the prevailing lay view that in human fetuses the HRs of the female 

fetuses are considerably faster than male at the second and third gestational periods (DiPietro 

and Voegtline, 2017). For example, the HRs of genetic female fetuses are higher than those 

of male fetuses (Schalekamp-Timmermans et al., 2016, Amorim-Costa et al., 2016, Widnes et 

al., 2018), with some studies suggesting no differences (Tezuka et al., 1998, McKenna et al., 

2006, Bracero et al., 2016). These discrepancies can be in part attributed to differences in 

hormone levels, rate of maturation of their autonomic nervous system (Widnes et al., 2018) 

and the gestational age of the fetuses studied (Pildner von Steinburg et al., 2013, Kapaya et 

al., 2016, Shuffrey et al., 2019). 

The sex-specific differences in HR of G. holbrooki, are also in part similar to those reported 

for chickens (Glahn et al., 1987) and snapping turtles, Chelydra serpentina (Alvine et al., 

2013), where female embryos exhibited higher mean HRs than males. However, these 

differences in G. holbrooki were distinct with no overlap in the HR ranges of female and 

male embryos allowing the inference of sex of the individuals as early as late-organogenesis. 

At this developmental stage, the gonads are known to be sexually differentiated in Poeciliidae 

(Geiser, 1924, Hildebrand, 1927) including G. holbrooki (personal communication, Ngoc 

Tran and Komeil Razmi) as well as other freshwater teleosts (Powell and Leonard, 1983, 

Zhang et al., 2012, Estlander et al., 2016, Qiao et al., 2016) suggesting a close association 

between sex and HRs in many, if not all fish species. Similarly, in C. serpentina, the sex-
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dimorphic HR and arterial blood pressure coincide with the chronology of gonad 

differentiation, steroidogenesis and associated metabolic rates including growth (Alvine et 

al., 2013). 

In humans, sexually dimorphic predispositions to cardiovascular diseases are partly linked to 

energy metabolism and mitochondrial function (Regitz-Zagrosek, 2020). For example, 

pressure overload, an important precursor of myocardial hypertrophy and heart failure is 

characterised by more pronounced downregulation of lipid and energy metabolism pathways 

in male than female hearts of humans (Harrington et al., 2017, Gerdts and Regitz-Zagrosek, 

2019) as well as in mice (Witt et al., 2008, Vijay et al., 2015, Tiwari et al., 2020). Similarly, 

sex-specific differences in cardiac fibrosis have been attributed to differences in histone and 

DNA modification (Regitz-Zagrosek and Kararigas, 2017b, Jusic et al., 2020), and estrogen-

dependent regulation of miRNA (Queirós et al., 2013, Pérez-Cremades et al., 2018, Sanchez-

Ruderisch et al., 2019) via e.g., estradiol receptor (ERβ) and their target proteins related to 

mitochondrial metabolism (Sanchez Ruderisch et al., 2014, Hartman et al., 2018b).  

Phenotypic sex differences in live-bearer fish such as guppies (Metzger and Mank, 2020) as 

well as mammals arise from the unequal effects of sex chromosomes (Arnold, 2011, Snell 

and Turner, 2018). Such effects can occur either directly, due to differential gene expression 

from the X and Y chromosomes in XX and XY of the non-gonadal cells; or indirectly, via the 

gonads, resulting in hormonal differences throughout life (Burgoyne and Arnold, 2016, Zore 

et al., 2018). In the last 35 years, evidence has accumulated suggesting that some sex 

differences in non‐gonadal tissues (e.g., cardiac) are caused by the differential effects of X 

and Y genes within the respective tissues (Renfree et al., 1988, Arnold et al., 2013, Arnold et 

al., 2017, Snell and Turner, 2018, Arnold, 2019). Sexual dimorphism of internal organs other 

than the gonads, is rare, but it is known to occur in invertebrates such as Drosophila 

melanogaster (Fagegaltier et al., 2014, Hudry et al., 2016), and vertebrates including some 
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species of fish (Conway et al., 2014, Qiao et al., 2016, Abrahão et al., 2019), birds (Agate et 

al., 2003, Zhao et al., 2010), mammals (Renfree et al., 1988, Burgoyne, 1993, Snell and 

Turner, 2018), as well as humans (Pergament et al., 1994, Qureshi and Mehler, 2010, Ortega 

et al., 2019). As several studies show regulation of sexual dimorphism in behaviours, such as 

aggression (Lindholm and Breden, 2002, Loveless et al., 2009, Dimitriadou et al., 2019, 

White et al., 2019), growth and maturation size (Lampert et al., 2010, Boulton et al., 2016) by 

Y-linked genes in some Poecilliid species, where these differences in phenotypic traits of the 

heart of G. holbrooki may be also directly regulated by the sex chromosomes as is also 

known to occur in mice and humans (Sluyter et al., 1995, De Vries et al., 2002, Arnold et al., 

2004, Kopsida et al., 2009, Ngun et al., 2011, Rosenfeld, 2017, Chen et al., 2019). 

In humans, it is notable that the sex-differences in cardiac function are consistent with 

intrinsic sex differences in the structure such as that of the left ventricle (LV) (Salton et al., 

2002, Hamburg et al., 2011, Borlaug et al., 2013, Regitz-Zagrosek and Kararigas, 2017b). 

Similarly, the occurrence of higher HRs and diastolic function in female G. holbrooki 

coincides with corresponding larger size of the heart (ventricle). Sexually dimorphic 

differences in cardiac size have also been reported in adult zebrafish (Dimitriadi et al., 2018, 

Wang et al., 2017) although with differences only in diastolic function, i.e. contractility. 

The differences in heart function of adult female and male in G. holbrooki could be attributed 

to structural differences other than heart size. For example, differences in ventricular wall 

thickness is known to cause sex-specific differences in the heart function in humans 

(Hayward et al., 2001, Arnold et al., 2013, Li et al., 2014, Chen et al., 2016). The 

development of relatively smaller hearts with thicker walls in women than men has been 

reported (Regitz-Zagrosek and Kararigas, 2017). Since women have lower stroke volumes as 

a result of a smaller LV chamber, they need a higher resting HR than men to maintain cardiac 

output (Ha et al., 2008, Regitz-Zagrosek et al., 2010, Gori et al., 2014). For instance, with 
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exercise (i.e. higher HR), the heart stiffness is more pronounced in women than in men, the 

stroke volume in women is smaller and therefore they depend even more (than normal) on an 

increase in HR to raise cardiac output (Regitz-Zagrosek, 2020). Despite the larger heart, the 

higher female-specific diastolic cardiac outputs in G. holbrooki resembles that of women. 

Ventricular filling (end-diastolic volume) is determined by various factors, including atrial 

contraction, end-systolic volume, the pressure gradient, wall compliance which sets the 

amount of pressure needed to stretch the wall, and HR which sets the time available for 

filling (Farrell, 2011). Ventricular and atrial inner volume may be sex-specific in G. 

holbrooki that manifest early during development and persist throughout adulthood. In G. 

holbrooki, although ventricular size in adult males is smaller than females, ventricle requires 

more time to fill with lower diastolic contractility. Thus it could be possible that males rely 

more on passive cardiac filling (i.e. ventricular elastic recoil during relaxation to suck blood 

into the chamber), whereas females may rely more on active filling, presumably aided by the 

thicker and stiffer ventricular wall as well as larger volume. This explains the higher beat 

rates in females to compensate for their specific structural and physiological need.  

Functionally, these smaller chamber compliance of adult males may be cardioprotective, by 

allowing the cardiac wall to counteract the increased haemodynamic stress encountered 

during high cardiac load (Keen et al., 2018). Regardless, the sex-specific diastolic cardiac 

outputs (males lower than females) in adults is in agreement with the ventricular size 

differences in adult zebrafish (Wang et al., 2017), and wall thickness (Summerhill et al., 

2020) and changes in cardiomyocyte contractile properties (Nijenkamp et al., 2020) in 

humans.  

G. holbrooki females with higher HR could benefit from a faster rate of repair post-cardiac 

injury as higher HRs facilitate the cardiomyocyte proliferation under normal and regenerating 

conditions (Rovira et al., 2018). Consistent with this, female hearts regenerate more rapidly 
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than in male (Marín-Juez et al., 2016, Xu et al., 2020) as is also known to occur following 

estradiol treatment with a concurrent increase of HR (Romano et al., 2017, Xu et al., 2020) in 

zebrafish. Besides, the higher HR in female G. holbrooki may be necessary to improve the 

blood flow to their relatively larger body size (than male) as well as to nourish individual 

embryos during gestation. Conceivably, however, the higher proliferation of cardiomyocytes 

as the result of higher HR in females could elicit faster cardiac ageing, and make them more 

prone to diseases than males. For instance, female guppies are more prone to lesions of the 

bulbus arteriosus(Woodhead, 1984), an aspect that might apply to all Poeciliid species 

including G. holbrooki.  

 

3.6. Conclusion 

 

This study demonstrated age- and sex-dependent differences in heart rates and diastolic 

function of G. holbrooki. Importantly, the study also suggests that the cardiac sex-

dimorphism manifests as early as late-organogenesis and persists through adulthood. This 

appears to be the first study to demonstrate the early onset of cardiac sex-dimorphism in any 

teleost species. The sex difference in heart rate is useful to predict the embryonic sex and for 

automation using optical sorting and machine vision system (MVS). An ability to rapidly sex 

developing embryos is particularly important for monitoring the sex ratio where mono-sex 

production is desirable. In addition, G. holbrooki could serve as a better model for human 

cardiac studies as they exhibit closer, sex-specific (i.e. higher HRs in women than men) and 

stable/regular HR, similar to humans.  
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Chapter 4  

 

Enhanced Mitotic Arrest and 

Chromosome Resolution in 

Gambusia holbrooki 
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4.1. Abstract 

 

Maximising the number of cells arrested at metaphase is fundamentally important for 

molecular cytogenetic investigations. However, direct preparations of chromosomes in fish 

generally yield a low mitotic index. To overcome such limitations, mitotic stimulation agents 

(i.e., mitogens) have been frequently employed to increase the mitotic index in different fish 

species. Additionally, chromosomal condensation during metaphase has been reported as an 

obstacle to identify small alterations in chromosomes. This particularly applies to fish mitotic 

chromosomes, which are smaller in size than mammalian chromosomes. The use of agents 

that prevent DNA condensation such as ethidium bromide, could be advantageous for 

molecular cytogenetic investigations. To increase the mitotic index, adults were injected with 

activated Saccharomyces cerevisiae for different periods (24 to 96 h) followed by Colcemid 

at 10 µl/g of body weight. Results showed that cells obtained from gill tissue had the highest 

number of dividing cells specifically at 72 h post S. cerevisiae exposure, showing no 

significant (p > 0.05) differences between the sexes. Nonetheless, sex-specific differences in 

the mitotic index were evidenced in spleen, kidney, and liver but not gills. Given the role of 

the former three in immune system, this may be attributed to sex-specific differences in 

immune response to S. cerevisiae injections.  

For synchronisation and elongation of mitotic chromosomes, individuals (both sexes) were 

injected (IP) with ethidium bromide together with Colcemid at a final concentration of (2 and 

4 µg/ml at a final concentration) and 1 µg/ml, respectively and then fish were held in glass 

tanks for three-time points (1, 4 and 8 h) post injections. Elongated metaphase chromosomes 

of females and males were achieved respectively by using 4 µg/ml and 2 µg/ml for an hour. 

Moreover, the average mitotic chromosome length (μm) of males and females post-EtBr 

exposure time was significantly different (p < 0.05) at 4 µg/ml treatment at all the three-time 

points (1, 4 and 8 h). Such differences in overall chromosomal condensation between sexes 



 

141 
 

could be attributed to the differences in the degree of heterochromatinisation and 

accumulation of DNA repeats on chromosomes. 

 

Keywords: Chromosome condensation, ethidium bromide, mitotic index, sex dimorphism, 

different tissue, immune system, Gambusia holbrooki 

 

4.2. Introduction 

 

Karyomorphology and cytogenetic studies are essential for physical mapping of sex-specific 

locus (Grützner et al., 2004, Rens et al., 2007, Deakin and Ezaz, 2019, Yoshido et al., 2020), 

and the discovery of sex determination mechanisms (Nagai, 1996, Grützner, 2001, 

Manolakou et al., 2006, Deakin et al., 2019), including in teleosts (Ross et al., 2009, Nanda et 

al., 2014, Cioffi et al., 2017). To do so, generating high number of well-spread metaphase 

chromosomes is essential (Fujiwara et al., 2001). However, inconsistency in obtaining 

optimum chromosome spreads remains a major problem in cytogenetic studies (Moore and 

Best, 2001, Deng et al., 2003, Binz et al., 2019). 

In fish, chromosomes are often morphologically very small in size (e.g., telocentric) and 

sometimes high in number (2n > 23) compared to mammals. In the face of such difficulties 

(Woznicki et al., 2004, Bertollo et al., 2015), new methods or technical improvement to 

existing ones are needed to prepare quality slides with a high mitotic index for precise 

analysis of chromosome morphology for cytogenetic studies. Direct preparations of 

chromosomes in fish generally yield a low mitotic index (Ojima and Kurishita, 1980, 

Woznicki et al., 2004) precluding detailed analysis. Thus, mitotic stimulation using mitogens 

has been frequently employed to increase the mitotic index in different fish species (Lee and 

Elder, 1980, Bertollo et al., 2015, Tursellino et al., 2016, de Oliveira et al., 2019, Shams et 

al., 2019). Some of the common agents used to increase mitotic index include Cobalt chloride 
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(Cucchi and Baruffaldi, 1990), concavalin A (Pukhtayevych, 2014), Phytohemagglutinin 

(Fujiwara et al., 2001, Neves et al., 2015), serum (Ojima and Kurishita, 1980), fungal and 

bacterial antigen complexes (Molina, 2001, Jacobina et al., 2011), and activated yeast 

(Bertollo et al., 2015). However, comparative analysis of such stimulation across multiple 

tissues in the same species of fish has not been reported. Moreover, no specific literature 

associated with G. holbrooki is available and standard methods optimised for other fish 

species are not easily adaptable. Specifically, in small-sized fish such as G. holbrooki it 

requires pooling multiple tissues from multiple specimens. Typically, cells from highly 

dividing tissues such as kidney (Russo et al., 1999, Lamatsch et al., 2000, Martinez et al., 

2011), liver (Affonso and Galetti, 2005, Shams et al., 2019), spleen (Nanda et al., 1990, de 

Oliveira et al., 2019), intestine, gill epithelium (Hashimoto et al., 2009), blood (Fujiwara et 

al., 2001), skin fibroblasts (Paim et al., 2018a), bone marrow (Manosroi et al., 2003) and fin 

epithelium (Fontana et al., 2008, Mukti et al., 2016) are pooled (Rowell et al., 2011). 

However, the suitability of tissue for mitotic chromosome preparation varies from species to 

species and requires optimisation.  

A second challenge is that of chromosomal condensation during metaphase that limits an 

ability to identify the small alterations, breakpoints, insertions or deletions (Louis et al., 

2004). In a fully contracted metaphase chromosome, the length of DNA is compacted at least 

10,000 folds, and many details of chromosome organisation cannot be distinguished (Neil, 

2003). In contrast, naturally more elongated prophase chromosomes permit the observation of 

finer details. For example, the number of bands in a human haploid chromosome set increases 

from about 300 in metaphase (Sumner and Mitchell, 1994) to as many as 2000 in prophase 

(Yunis, 1981). Therefore, induced elongation of metaphase chromosomes is thought to 

enhance the structural resolution (Lemke et al., 2002, Daban, 2015). The problem of 

chromosome condensation is particularly acute in fish whose chromosomes are generally 
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telocentric and small. Therefore, additional techniques for chromosome elongation using 

agents that prevent DNA condensation such as ethidium bromide (3,8-diamino-5-ethyl-6-

phenylphenanthridium bromide) are required (Misawa et al., 1986, Louis et al., 2004). 

Ethidium bromide (EtBr) has been widely used for chromosome elongation and increasing 

resolution of chromosome banding patterns in humans (Tomiyasu and Testa, 1988, Rønne, 

1989, Kuwano and Kajii, 1991, Sumner and Mitchell, 1994, Louis et al., 2004). Typically, 

EtBr interferes with chromatin structure (Paoletti, 1979, Jing-de et al., 1990) by its 

intercalation properties and electrostatic effects (Tomiyasu and Testa, 1988, Lemke et al., 

2001, Gupta et al., 2019) stretching chromosomes. Therefore, it is essential not only to 

increase the resolution of chromosome but also to increase the number of metaphase spreads.  

To address these limitations, this study tested the ability of activated yeast (Saccharomyces 

cerevisiae) and EtBr to increase the number of metaphase spreads and elongation of 

chromosomes respectively in four different tissue types (i.e., kidney, liver, spleen, and gills).  

 

4.3. Material and methods 

 

4.3.1. Specimen collection and husbandry 

  

A total of 480 fish were used for the study. The fish were captured from the Tamar Island 

Wetland Reserve (41°23.1'S; 147°4.4'E) and the Queechy Reserve (41°27'00.7"S 

147°10'22.1"E), Launceston, Tasmania using a dip-net (50 cm diameter) and transported to 

IMAS, molecular laboratory, Taroona, University of Tasmania. Fish were maintained in a 

recirculating aquarium (400l water capacity, NO2
─/NO3

─ : ≤ 0.1 ppm, NH4
+/NH3

─: ≤ 0.5 ppm, 

temperature: 25 ± 1 °C; salinity: 0 ppt; 16L:8D photoperiod) and acclimatised for at least one 

week prior to experiments. Sexually matured fish were fed twice daily to satiation with 

commercial fish pellets (TetraMin® tropical micro granules, Germany) and freshly hatched 
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Artemia nauplii. Feeding was suspended six hours prior to experiments. 200 and 280 fish 

were used for chromosome mitotic and condensation experiments, respectively. 

 

 4.3.2. Phenotypic and genotypic sex determination of the specimens  

 

Mature males and females were phenotypically identified based on external morphology i.e., 

presence of gonopodium in males and a gravid spot in females. To avoid any spontaneous 

sex-reversed individuals, phenotypic sex was also genetically verified.  For genetic sexing, 

fish were individually placed in a glass beaker (100 ml) containing 50 ml filter (0.2 µm) 

sterilised aquarium water with a low-dose anaesthetic (10 ppm of AQUI-S®) for 5 mins to 

induce optimum sedation. Immediately a small piece (2 mg) of the caudal fin was clipped (n 

= 100 /sex) and fish were transferred to recovery chambers. The genomic DNA was extracted 

using the MyTaq Extract-PCR Kit (BIO-21126) according to the manufacturer's protocol. 

The genetic sex of the individual was determined by polymerase chain reaction (PCR) using 

male and female-specific genetic markers as previously described (Kwan and Patil, 2019).  

 

4.3.3. Metaphase chromosome preparation 

  

The direct preparation of mitotic metaphase chromosomes of the sexually mature male and 

female G. holbrooki were obtained following the protocol described by (Rowell et al, 2011) 

with modifications. Different organs (i.e., spleen, cephalic kidney, liver, and gills) were 

selected as the source for the chromosomal preparation. 
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4.3.3.1. Acquisition of mitotic metaphase from different tissue 

 

To increase the mitotic index, direct mitotic chromosomes were obtained from cephalic 

kidney, liver, spleen, and gill after mitotic stimulation with S. cerevisiae, using the protocol 

previously described (Bertollo at al., 2015) with modifications. Briefly, dry S. cerevisiae was 

conjugated with dextrose, diluted in distilled water (500 mg S. cerevisiae/750 mg dextrose/3 

ml distilled water), homogenised using a sterile spatula and incubated in a water bath at 40°C 

for 30 min to activate the S. cerevisiae cells. 10–20 µl of activated solution were 

intramuscularly (IM) injected into the caudal peduncle of each specimen (n = 100/sex). The 

fish were held in a clean glass tank under optimal conditions (section 2.1 material and 

methods) for 24, 48, 72 and 96 h before use. Mitotic metaphases were arrested by 

intraperitoneal (IP) injections of Colcemid (N-Deacetyl-N-methylcolchicine; 10295892001 

Roche) at a concentration of 1 µg/ml (10 µl/g of body weight). Following Colcemid 

injections, fish were placed in a well-aerated glass tank for one hour. Anaesthesia (100 ppm 

AQUIS®) was used to euthanise the fish to minimise suffering followed by their immersion 

in an ice-slurry. The entire spleen, cephalic kidney, liver, and gills were then removed and 

placed in four small sterile Petri dishes containing 2 ml ice-chilled of Hank’s balanced saline 

solution (HBSS) separately for each tissue corresponding to their sex. The same tissue 

obtained from different individuals of each sex (n = 100) were pooled. Afterwards, the tissues 

were separately fragmented and homogenised using surgical tweezers and scissors, in 100–

200 µl of the hypotonic (46 mM KCl) solution (Nanda et al., 1993) followed by a delicate 

aspiration and expiration of the cells with a needle-free hypodermal syringe until a 

homogeneous cell suspension was obtained. The cells were harvested in a 15 ml sterile tube 

by centrifugation using an Eppendorf centrifuge 276 × g for 10 minutes at 4 °C. Next, 

discarded all but 0.5 ml of supernatant and the cell pellet was resuspended in the remaining 

liquid. Pellets were resuspended in 4–6 ml of 37 °C hypotonic solution (46 mM KCl) and 
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incubated for 45 min at room temperature (RT). Immediately afterwards, 4–5 drops of freshly 

prepared ice-cold Carnoy’s fixative (3:1 methanol/acetic acid) were added on top of the 

hypotonic solution and mixed thoroughly and gently with a Pasteur pipette. Then, 5 ml 

fixative was added and placed the tube at 4 °C for 30 min. The cell suspension was then 

centrifuged again at 276 × g for 10 min at 4 °C and by using a pipette the entire supernatant 

was discarded and cell immediately resuspended in 5–7 ml of fresh ice-cold fixative and 

incubated at 4 °C for 30 minutes. The Carnoy’s fixative was replaced with fresh ice-cold 

fixative for three times, each time followed by another 30 min incubation at 4° C. The tube 

placed in 4 °C for overnight fixation. The 15 ml of cell suspension was again centrifuged 

(276 × g for 10 min at 4 °C). Finally, the supernatant was discarded and another 5–7 ml of 

freshly prepared ice-cold Carnoy’s fixative buffer was gently added (0.5 ml every min), 

allowing it slide along the tube walls. Cell suspensions were transferred to 2 ml Eppendorf 

tubes and kept in –20 °C until use.  

 

4.3.3.2. Synchronisation and elongation of mitotic chromosomes 

  

Time ‘0’ was the time point of addition of ethidium bromide (3,8-Diamino-5-ethyl-6-

phenylphenanthridinium bromide) at a final concentration of 2 and 4 µg/ml together with 

Colcemid at a final concentration 1 µg/ml (10 µl/g of body weight). The experiment was 

carried out with and without EtBr treatment. Untreated fish (time 0) were considered as the 

controls for this study. Each fish (n = 20 for each treatment group) received one IP injection 

(Colcemid® and EtBr) and were maintained separately in six (each sex) well-aerated aquaria 

for 1, 4- and 8-hours after injection. The mitotic metaphase from different tissues (cephalic 

kidney, liver, spleen, and gill) were first stimulated for 48 h using S. cerevisiae (section 

4.3.3.1 material and methods) and slides prepared as described (section 4.3.4 material and 

methods). 



 

147 
 

4.3.4. Metaphase spread preparation 

 

The slide preparations followed the conventional air-drying methodology previously 

described (Rowell et al, 2011) with modifications. Briefly, 2 ml cell suspensions were 

centrifuged (4024 × g for 5 min, 4 °C) and then fixative was replaced with fresh ice-cold 

Carnoy’s fixative. The concentration of the cell suspension was determined using a 

hemocytometer. Then, using a Pasteur pipette 1 drop (∼ 50 µl) of the fixed cell suspension 

applied on a dry methanol-washed slide from a height of 15–20 cm in a humid chamber. The 

slides were placed on a hotplate (37 °C) for 5 min until complete evaporation of fixative was 

obtained. During that time, slides were also hot steamed (2 s) by quickly run over a boiling 

electric kettle or steaming water bath to moisturise the slide surface and placed again on the 

hotplate 37°C or RT overnight for chromosome ageing purposes.  

The slide chromosome preparations were stored overnight in a freezer (–20 °C) when needed; 

they were dehydrated through an ethanol series (70, 80, 90 and 100%, 4 min each) prior to- 

and post storage. Mitotic chromosomes were counterstained using 1 mg/ml 4′,6-Diamidino-2-

phenylindole dihydrochloride (DAPI, 62248 Thermo Scientific™) at 0.2 µg/ml final 

concentration for 50 s. Immediately afterwards, slides were washed three times with MilliQ 

water in a Coplin jar and kept in the dark at RT until dried (10 min). Two drops of mounting 

medium (Vectasheild® antifade without DAPI; H-1000-NB) was placed onto the dried slide 

and covered with 22 mm × 50 mm coverslips.  

 

4.3.5. Microscopic analyses and image processing 

 

Mitotic metaphases were imaged at 63× or 100× magnifications using Leica fluorescence 

microscope equipped with a Hamamatsu C 4800 cooled charged-coupled device camera. 

Immersion oil was applied on the coverslip or directly onto the slide (without coverslip) to 
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avoid coverslip interference with fluorescence dye emission/excitation and acquired 

satisfactory chromosome morphology for analysis. At least 5 metaphase spreads per 

treatment/sex were used to measure the chromosome arms and analyse the karyotype 

structure. Digital images were processed using CytoVision 7.7 (Leica Microsystems Pty Ltd). 

 

4.3.6. Mitotic index, karyotype analysis and metaphase chromosome 

measurements 

 

The mitotic index is a measure of cellular proliferation (Rudolph et al., 1998). The percentage 

thus the efficacy of mitotic arrest treatment (mitotic index) was assessed by dividing the 

number of cells undergoing mitosis by the total number of 1000 cells analysed multiply by 

100 (Rachlin and Perlmutter, 1968). A mean cell concentration (106 ml-1) of 0.70, 0.82, 0.65 

and 0.91 were used for determination of mitotic index in spleen, kidney, liver, and gill, 

respectively. Ten random fields (1 mm2) from each of the slides prepared under different 

treatment conditions, were analysed.  

Chromosome spreads were first subjectively classified according to their apparent length into 

three groups: short, medium, and long as shown in Table 1 and Figure 3. Objectively, 

chromosomes-length was measured and assessed accordingly based on (1) the average length 

measurements (smallest and largest) chromosomes and cumulative average mean length for 

all of the mitotic chromosomes obtained from each sex (2n = 48) corresponding to each 

treatment. Untreated (control) and elongated chromosomes obtained from gills of both sexes 

exposed to different concentrations of EtBr (2 and 4 µg/ml) for 1, 4 and 8 h, was measured 

(Fig. 1) using IdeoKar software v1.2 (Mirzaghaderi and Marzangi, 2015). The length 

differences were then normalised (largest chromosome−smallest chromosome)/largest 

chromosome) for each treatment/sex in Microsoft excel. To measure chromosome arms from 

different spreads, first IdeoKar software was calibrated using a known measurement of 1 µm 
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as reference. Second, based on this calibration the distance between any two points can be 

measured. AT-negative region on centromere was used to distinguish the point one 

(centromere; red circles; Fig. 1A) and the end of the DAPI-stained arm was served as the 

point two of the chromosome arm (Fig. 1A and B). (2) The experiments were repeated six 

times to confirm reproducibility, and overall, 70 metaphases were scored for both sexes (n = 

35 each). 

 

Figure 1. Photomicrograph showing the process of chromosome measurements to assess the quality of DAPI-

stained metaphase spreads. Magnified view (A) of a representative female metaphase spread framed with dashed 

rectangle in B. The average length (dot-dashed lines) of representative chromosomes was measured from 

centromere (marked in red circles) to the end of the chromosomal arm using IdeoKar v1.2 software. 
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4.3.7. Statistical analysis  

 

All statistics were carried out using OriginPro 2019 (Originlab Corporation, Northampton, 

MA, USA). The differences between means of mitotic index (%) were tested for significance 

using ANOVA followed by Tukey’s test with a confidence level at 95 %. Statistical 

significance was assessed with the null hypothesis that there was no difference in mitotic 

index between sexes, using an unrelated sample 2-tailed t-test with equal variance. 

Chromosome length (arms) data were first normalised using the formula: (largest 

chromosome−smallest chromosome)/largest chromosome (Ho et al., 2009). The statistical 

significance of the associations between categorical variables (i.e., various chromosomal 

elongations and lenghts) was determined using the χ2 test (Marteil et al., 2018). All data was 

assessed for normality using Shapiro-Wilk normality test (in built function in OriginPro 2020 

software). To verify the assumption of equality of variances, a Levene’s test was used. 

Significant differences between means were showed as p < 0.05.  

 

4.4. Results 

 

4.4.1. Miotic index obtained from different tissue exhibits sex-dimorphism 

  

Among all the tissues used, gills in both male and female showed the highest number of 

dividing cells specifically at 72 h after exposure, showing no significant (p > 0.05) 

differences between the sexes (Fig. 2D). Results revealed that mitotic index (%) significantly 

(p < 0.05) increased from 24 h to 72 in all the tissues tested. At 96 h post-exposure, it was 

remained unchanged (p > 0.05) compared to group at 72 h for spleen, kidney, and liver (Fig. 

2A–C). However, in gills only, mitotic index was exhibited a significant (p < 0.05) decrease 

at 96 h exposure compared to group exposed for 72 h (Fig. 2D). Comparison of males and 

females showed that for all tissues, except gills, the mitotic index(%) was significantly 
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greater in females (p < 0.05, Fig. 2A–C) except for the gills which were not significantly 

different (p > 0.05; Fig. 2D). Moreover, there was no significant (p > 0.05) differences 

between male and female spleen (at 24 and 48 h), liver (24 h) and gill (at any of the 

timepoints; Fig. 2A, C and D). 

Figure 2. Half graphs showing the mitotic index (%) of different tissues obtained from male and female G. 

holbrooki exposed to S. cerevisiae. A–D; show a significant increase (p < 0.05) in mitotic index (%) from 24–96 

h post-exposure to S. cerevisiae, obtained from male (blue) and female (red) spleen, kidney, liver, and gills 

(with an exception for 96 h treatments; showed a significant drop at 96 (h) compared to 72 (h) tissues, 

respectively. Female mitotic index (%) was significantly higher than male in all of the tissues expect the gill (no 

sex differences, n = 100/sex,  p < 0.05, ANOVA followed by Tukey’s test with a confidence level at 95 %). The 

significant (n = 100/sex, p < 0.05, ANOVA followed by Tukey’s test with a confidence level at 95 %) sex 

differences in mitotic index (%) occurred at 72, 24, 48 h post-exposure, observed in spleen, kidney, and liver, 

respectively. SC = S. cerevisiae. Different letters (a−b) indicate the significant differences between means (**p 

< 0.01, ***p < 0.001). ns = non-significant. 
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4.4.2. Mitotic chromosome condensations were different in males and 

females  

 

The metaphase chromosomes obtained from gills (females and male; post 1 and 4 h exposure 

to EtBr at 2 and 4 µg/ml) showed no significant (ANOVA, p > 0.05) differences in the 

number of metaphase chromosome overlaps compared to control (Table 1, Fig. 3, and Fig. 4). 

Figure 3. Mitotic chromosomes post-EtBr administration obtained from female and male gills of G. holbrooki. 

(A–C) Mitotic chromosomes obtained from gill fish (female) exposed to 2 µg/ml for 1, 4, and 8 h, respectively 

and (D–F) Mitotic chromosomes obtained from gill fish (female) exposed to 4 µg/ml for 1, 4, and 8 h. (H–J) 

Mitotic chromosomes obtained from gill fish (male) exposed to 2 µg/ml for 1, 4, and 8 h, respectively and (K–

M) Mitotic chromosomes obtained from gill fish (male) exposed to 4 µg/ml for 1, 4, and 8 h. 
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Table 1. The average chromosome length (± SEM) obtained from gill tissues following EtBr treatments of G. 

holbrooki. The average length of chromosome within each treatment was normalised using the formula: (largest 

chromosome−smallest chromosome)/ largest chromosome (A). S, M and L indicate small, short, and large 

chromosomes, respectively. ns = shows no significant compared to control (ANOVA, p > 0.05). A = formula: 

(largest chromosome−smallest chromosome)/largest chromosome. 

 

 

 

Sex 

(n = 5 

each) 

EtBr 

concentration 

(µg/ml) 

Hour post 

treatment 

Average 

length (μm) 

Normalised average 

difference A 

Mean number of 

chromosome 

overlaps/metaphase 

Observational comments 

Female 

control 

Untreated – 1.51 ± 0.23 0.61 ± 0.08S – – 

Female 2 1 1.76 ± 0.3 0.66 ± 0.07S 0 ns Good spread with no overlap 

Female 2 4 2.12 ± 0.37 0.63 ± 0.09M 2 ± 1 ns Good spread with no overlap  

Female 2 8 3.47 ± 0.47 0.49 ± 0.04M 3 ± 1 Long with overlaps 

Female 4 1 3.74 ± 0.53 0.49 ± 0.02L 0 ns Good spread with no overlap  

Female 4 4 4.44 ± 0.78 0.58 ± 0.06L 9 ± 4 Long with overlaps 

Female 4 8 4.77 ± 0.67 0.44 ± 0.02L 10 ± 5 Long with overlaps 

Male 

control 

Untreated – 1.5 ± 0.24 1.03 ± 0.17S – – 

Male 2 1 1.51 ± 0.25 0.61 ± 0.05S 1 ± 1 ns Good spread with no overlap  

Male 2 4 2.59 ± 0.57 0.74 ± 0.18M 5 ± 2 Long with overlaps 

Male 2 8 2.92 ± 0.53 0.46 ± 0.04M 6 ± 2 Long with overlaps 

Male 4 1 2.92 ± 0.44 0.49 ± 0.03M 4 ± 2 Long with overlaps 

Male 4 4 3.14 ± 0.46 0.51 ± 0.07L 0 ns Good spread with no overlap  

Male 4 8 3.6 ± 0.65 1.02 ± 0.23L 17 ± 5 Long with overlaps 
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Figure 4. Line graphs showing the average mitotic chromosome length (μm) in G. holbrooki male and female 

post-EtBr exposure time. Female (red line) and male (blue line) showed significant (χ2 test, p < 0.05) 

differences starting from 4 µg/ml treatment at all the three-time points (1, 4 and 8 h). Both in male and female 

chromosome length showed an increasing trend with regard to EtBr concentration and time exposure. Untreated 

fish (control) indicated as time ‘0’. Second Y-axis indicates the ± Standard Deviation. 

 

Metaphase chromosomes obtained from gills (females; post 1 and 4 h exposure to EtBr at 2 

and 4 µg/ml and male; post 1 and 4 h exposure at 2 and 4 µg/ml) showed no significant 

(ANOVA, p > 0.05) differences in the number of metaphase chromosome overlaps compared 

to control (Table 1, Fig. 3). 

Without elongation i.e., in control chromosome spreads there were no significant (χ2 test, p > 

0.05) differences in length between any of the chromosomes in both males and females which 

had an average length of  1.51 ± 0.23 and 1.5 ± 0.24 μm, respectively (Table 1 and Fig. 4). In 

contrast, EtBr treatment resulted in three length groups in both male and female that were 

significantly different from one another. Specifically, the short, medium and long 

chromosomes in females ranged between 1.76 ± 0.3 – 2.12 ± 0.37 μm, 3.47 ± 0.47 –  3.74 ± 
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0.53 μm and 4.44 ± 0.78 –  4.77 ± 0.67 μm, respectively (Table 1, Fig. 3 and Fig. 4). While in 

males these ranged between 1.5 ± 0.24 – 1.51 ± 0.25 μm, 2.59 ± 0.57 – 2.92 ± 0.44 μm and 

3.14 ± 0.46 – 3.6 ± 0.65 μm, respectively (Table 1).  

Results showed a significantly increasing trend in the average chromosome length (μm) for 

both females and males that were injected with 2 and 4 µg/ml EtBr at all of the timepoints 

post injections compared to control (χ2 test, p < 0.05; Fig. 4A and B), with the exception of 

groups treated with 2 µg/ml for 8 h and 4 µg/ml for 1 h in male (χ2 test, p > 0.05; Fig. 4B). 

 

 

Figure 5. Comparative comparison of mitotic chromosome condensation obtained from gills of female and male 

G. holbrooki post-EtBr treatment. (A) The female average chromosome length (μm) was dramatically increased 

from 1 to 8 h for both 2 and 4 (µg/ml) concentrations compared to control (p < 0.05; n = 5 each treatment). (B) 

The male average chromosome length (μm) was also increased from 1 to 8 h at 2 µg/ml, then remained the same 

(no significant differences; χ2 test, p > 0.05) between groups were injected with 2 µg/ml (8 h) and 4 µg/ml (1 h). 

Groups of males (n = 5 each) injected with (4 µg/ml for 4 and 8 h) were significantly (χ2 test, p < 0.05) 

elongated compared to control as well as other treatments. Different letters show the significant differences 

between means (χ2 test, p < 0.05). n = 5 for each experimental group/sex. Overall, 35 metaphases were scored 

for each sex. Different letters (a−g) indicate the significant (p < 0.05) differences between means. 
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4.5. Discussion  

 

4.5.1. Mitotic index was enhanced in a sexually dimorphic manner  

 

Mitotic index plays an important role in successfully obtaining a high number of metaphase 

chromosomes spreads. However, in fish, direct preparations of chromosomes from tissues is 

challenging due to a very low index of cells arrested at metaphase stage (Ojima and 

Kurishita, 1980, Fujiwara et al., 2001, Woznicki et al., 2004, Nirchio et al., 2008, 

Pukhtayevych, 2014, Paim et al., 2018b, Shams et al., 2019). Therefore, a significant increase 

in the number of cells undergoes division in vivo, can enhance the basic material for 

cytogenetic studies. To overcome the low mitotic index in fish, several stimulating agents i.e. 

live organism, S. cerevisiae (Bertollo et al., 2015, Shams et al., 2019), and freshwater mussel, 

Anodonta anatina (Woznicki et al., 2004) have been used. Use of S. cerevisiae to induce 

mitotic chromosome in fish was first reported by (Oliveira et al., 1988), and it has been 

widely used over the years (Nirchio et al., 2008, Oliveira et al., 2016, Tursellino et al., 2016, 

Paim et al., 2017, Shams et al., 2019). However, the use of enriched glucose solution of 

activated S. cerevisiae is still the most used due to its efficiency and low cost (Paim et al., 

2018b). 

Our results showed that S. cerevisiae has gradually increased the cell division and 

proliferation from 24 to 96 h post-administration in all the tissues tested for both sexes. 

However, 72 h post SC exposure was exhibited the highest mitotic index in both male and 

female among other time points. Similarly, a high mitotic index has been achieved from bone 

marrow tissue of the soft-shelled turtle, Pelodiscus sinensis by injecting active S. cerevisiae 

(Park et al., 2005). Although at 24 h post mitosis stimulation, the index was significantly 

increased compared to control, it seems not adequate for intensive cytogenetic studies of G. 

holbrooki. Moreover, species-specific mitotic yields as a result of kinetics in the response of 
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lymphocytes to the mitogen agent has been suggested in fish i.e. rainbow trout (Fujiwara et 

al., 2001). In addition, the variation of the mitotic yield observed in this study, therefore 

might be accounted for by not only the species-specific response to the mitogens used (Wang 

et al., 1997, Daly et al., 1995, Miller and McKinney, 1994) but also the time post-harvest for 

each species with different kinetics to the mitogen (Fujiwara et al., 2001). 

The maximum and optimum mitotic yields (obtained at 48 and especially 72 h post-

stimulation), are in agreement with other studies (Bertollo et al., 2015, de Oliveira et al., 

2019, Shams et al., 2019). Therefore, the optimum timing post-stimulation and the dosage of 

mitogen should be determined for different species prior to experiments. Regardless, there 

was no alteration in the quality of the metaphase spreads as well as chromosome morphology 

stimulated by S. cerevisiae at all the time points (data not shown). 

The mechanism of the increase of mitotic rate employing S. cerevisiae -injection could be 

explained by the increase in the number of white blood cells i.e., lymphocytes caused by an 

immunological stimulation (Lee and Elder, 1980, Woznicki et al., 2004). Previous studies 

showed an enlargement of the kidney following an increase in mitotic divisions in the kidney 

tissue of the fish injected with horse-serum and compared to control (non-treated) fish (Ojima 

and Kurishita, 1980). Consequently, antigen stimulation in the tissue i.e., kidney may 

increase in the number of mitotic cells in the kidney tissue. Moreover, it has been shown that 

S. cerevisiae directly stimulates B cell division as a result of an immune response (Lee and 

Elder, 1980) to pathogens. Similarly, other mitogen stimulator agents, i.e. Cobalt chloride 

(Anitha et al., 2000) stimulates the production of erythropoetin, thus leading to increased cell 

proliferation in hematopoetic kidney (Ozouf-Costaz and Foresti, 1992, Woznicki et al., 

2004). Therefore, the observed increases in cell divisions in spleen, kidney, and liver i.e., 

hematopoietic cell numbers of G. holbrooki may be caused by immunologic stimulation 

exposed to pathogens such as S. cerevisiae.  



 

158 
 

Another possible way to increase proliferation of hematopoetic organs (e.g., kidney) in fish 

seems to rely on induction of immunological response under controlled conditions. However, 

future studies are required to identify the specific mechanism underlying the mitotic increase 

post-stimulation by mitogens. Stimulated gills (both sexes) had the highest mitotic index with 

no significant differences between sexes. Previous studies showed that specific antibodies can 

be generated in gills (Lumsden et al., 1995, Lumsden et al., 1993) without necessarily 

generating a systemic response difference between sexes. It could be possible that all blood-

borne substances mainly produced in the kidney and spleen against the S. cerevisiae (i.e., 

pathogen), were accumulated in the gills due to its high blood content. Similar inter-

individual variation in the mitogenic response was also found in the cultured lymphocytes 

from blood of 16 freshwater fish species (Fujiwara et al., 2001) that has been used for 

chromosome preparation, which attributed to a general tendency in lymphocyte culture 

conditions of those fishes but not sex. 

The organs used in this study, that is, the liver, gills, kidney and spleen (the largest and major 

lymphoid organ), have been recognised to have key roles in the immune response against 

pathogenic organisms as part of innate immune response in teleost fish (Zapata et al., 2006). 

These lymphoid organs produce immunoglobulins component against pathogenic organisms 

(Uribe et al., 2011, Salinas, 2015). The immunoglobulin peptide secretions have been found 

in the mucus, liver and gill of teleost (Birkemo et al., 2003). These low molecular weight 

polypeptides have the ability to break down bacterial walls (Ellis, 2001). Moreover, an 

extensive network exists for the trapping of blood-borne substances mainly in the kidney and 

spleen but in some species, other tissues such as the heart and liver are also involved (Press 

and Evensen, 1999) 

A sex-differences in response to the mitogen was immediately evident in the spleen, kidney, 

and liver of G. holbrooki with females exhibiting a greater mitotic index compared to males. 



 

159 
 

An interpretation for this could be the sex-dimorphism in immune system of these species. 

Sexual dimorphism in immune system has been documented in mammals as well as human 

(Taneja, 2018). Also, there is emerging evidence that shows several factors including sex-

hormones and the X-chromosome contribute to such sex-specific immune responses in 

human, i.e. via secondary metabolites binding with receptors like estrogen receptors (ERs), 

peroxisome proliferator-activated receptors (PPARs), etc. (Park and Choi, 2017). For 

example, antibody production from vaccination against influenza virus is stronger in females 

than in males (Klein et al., 2010), demonstrating that females generate stronger immune 

responses than males. Since there are many similarities between mammalian innate-like and 

fish lymphocytes (Scapigliati et al., 2018), the higher cell proliferation observed (this study) 

in spleen, kidney and liver of female compared to male could likely be explained by the 

differences at chromosomal or hormonal levels between sexes attributed to the immune 

system responding to pathogen (S. cerevisiae).  

In guppy, Poecilia reticulata, exposed to ectoparasite, Gyrodactylus turnbulli has been shown 

that females were four times more likely to become infected than males (Richards et al., 

2010), however, this was mainly attributed to a sex-specific difference in shoaling behaviour 

(Richards et al., 2010) rather than sex-dimorphism in immune response to infection. 

Nonetheless, sex-biased infection through expression of sex-specific genes that are involved 

in immune stimulation or suppression (i.e., immunosuppressive role of 11-ketotestosterone) 

in the liver, head of kidney and spleen has been relatively well-documented in fish 

(Rohlenová et al., 2011, Chaves-Pozo et al., 2018, Rebl and Goldammer, 2018). Gonadal-

specific molecules related with immune-endocrine interactions have been described in many 

fish species (Yulema et al., 2018, Chaves-Pozo et al., 2018). For example, the recently 

reported novel testicular degenerative condition in a wild population of the common carp, 

Cyprinus carpio (Mahmud et al., 2020). Interestingly, ovary and testis-specific insulin-like 
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growth factor (IGF)-3 has been detected in Nile tilapia, Oreochromis niloticus (Wang et al., 

2008). Changes in the gene expression of IGFs in immune tissues have been related to the 

immune response against Yersinia infections and are modified upon E2 treatment in a tissue-

dependent manner in rainbow trout, Oncorhynchus mykiss (Wenger et al., 2014). Moreover, 

exposure of common goby, Pomatoschistus microps to eye fluke, Diplostomum 

pseudospathaceum, higher infection levels have been observed among females than males 

(Karvonen and Lindström, 2018), suggesting differences in exposure or resistance between 

the sexes. Similarly, immune genes sexual dimorphic in zebrafish gonads (Caballero-Huertas 

et al., 2019) has been shown a higher expression in the testes compared to the ovaries.  

 

4.5.2. An improved method for enhancing mitotic chromosome resolution, 

revealed a sex-differences in chromosome elongation  

 

Mitotic synchronisation and increase in mitotic indices of human chromosomes (Ye et al., 

1996) together with elongation in chromosome condensation in mouse for enhanced 

molecular cytogenetic analysis (Louis et al., 2004) using agents like ethidium bromide have 

been well-documented. However, in fish, elongation of chromosome (i.e., autosome and sex) 

has not been reported so far. In this study, elongated chromosomes, from stimulated G. 

holbrooki, were generated in vivo using an intercalating agent, ethidium bromide. 

Our result showed that fish were injected (females: 2 and 4 µg/ml EtBr for 4 and 1 h 

respectively, and male: 2 and 4 µg/ml EtBr for 1 and 4 h respectively) were adequately 

elongated and had a good spreading (i.e., with few or no chromosome overlap) compared to 

control. These treatments are therefore suggested for enhanced and detailed molecular 

cytogenetic in G. holbrooki. It should be noted that similar procedure can readily be applied 

to other fish species, however, the dosage and duration optimisation of EtBr may be required. 

Longer exposure (8 h) at 4 concentrations (µg/ml) was efficiently elongated the 
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chromosomes but produced many overlaps which make them not suitable for cytogenetic 

studies. It was evident that EtBr produced efficient results upon shorter incubations (1 and 4 

h). Similarly, shorter incubation time resulted in well-elongated chromosome mouse (Louis et 

al., 2004). The differences in chromosome condensation between male and female G. 

holbrooki, which may be due to the different capacity of the cells to uptake the thymidine 

analogue and incorporate it during replication (Sawyer et al., 1989). However, the 

chromosome resolution in G. holbrooki increased as a function of concentration, most likely 

due to the electrostatic attractions between the DNA and ethidium bromide (Tomiyasu and 

Testa, 1988, Lemke et al., 2001). The technique presented here is readily amenable not only 

to the refined determination of breakpoints as well as tiny chromosomal region (Tomiyasu 

and Testa, 1988), but also as it was reported to the direct mapping of DNA probes by 

fluorescence in situ hybridisation (FISH) on high-resolution chromosomes (Ye et al., 1996). 

This might be of fundamental interest of many cytogeneticists to produce a high resolution of 

specific gene mapping on mitotic chromosome, especially in the sex-mechanisms study of 

fish.  

Intriguingly, we observed the mitotic chromosomes elongation behave differently between 

male and female in G. holbrooki. Although we were not investigated 2 certain points of 

interest on a chromosome before and after elongation, there were differences in overall 

chromosome length changes (i.e., control group and treatments) between males and females. 

In spite of the fact that the precise mechanism of chromosome condensation, as well as the 

premature condensation, is still in question (Ravi et al., 2013), this study provides insights 

into possible mechanisms of dosage compensation and sex-biased DNA methylation patterns 

in G. holbrooki. Dose compensation has been attributed to differences in histones and 

chromatin status (Lepesant et al., 2012, Bascom and Schlick, 2017, Livernois et al., 2012, 

Copur et al., 2018). It was also evident that one chromosome in the female metaphase did not 
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elongate proportionally compared to other chromosomes and despite EtBr treatment was 

remained short (data is not presented), perhaps due to differences in heterochromatinisation 

patterns. Similar observations have been previously reported in human (Rego et al., 2008) 

and platypus, Ornithorhynchus anatinus (Ho et al., 2009) where inactive sex chromosome 

(X) was shorter. Also, heterochromatinisation difference has been reported both on sex- and 

autosomal chromosomes (de Bello Cioffi et al., 2012, Zhou et al., 2013, Nanda et al., 2014, 

Apte and Meller, 2015, Disteche, 2016). As sex chromosomes diverge, the sex-specific 

chromosome (Y or W) leads to a gene imbalance between males (XY) and females (XX) in 

male heterogametic species like mammals (Brockdorff and Turner, 2015), or between ZZ and 

ZW in female heterogametic species like birds (Julien et al., 2012, McQueen and Clinton, 

2009) as well as for both sex mechanisms in fish (Leder et al., 2010). Importantly, as a result 

of gene activity decays, leaving genes on the sex chromosomes reduced to a single functional 

copy in males or females of some Poeciliid species i.e. G. holbrooki (Darolti et al., 2019) 

demonstrating chromosome-wide dosage compensation in most of the Poeciliid species 

including G. holbrooki. In addition, previous work showed that EtBr affects both chromatin 

structure and function, inducing chromatin compaction and disruption of the integrity of the 

chromatosome (Banerjee et al., 2014). Recently, accumulating evidence suggests that 

additional components contribute to this process, such as sex-biased DNA methylation 

patterns that are enriched on the sex chromosome of many teleosts (Garcia-Moreno et al., 

2018, Dechaud et al., 2019, Podgorniak et al., 2019, Liu et al., 2010), including poeciliid 

species (Metzger and Mank, 2020). However, enrichment of sex-biased DNA methylation on 

sex chromosomes has also been observed in the absence of dosage compensation despite 

extensive Y degeneration (Metzger and Schulte, 2018, Metzger and Mank, 2020).  

In the present study, chromosome condensation in relation to sex-biased gene expression 

patterns (as the result of the sexually dimorphic DNA methylation patterns) was not 
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investigated. However, with those combination aspects, it could be suggested that dosage 

compensation may involve a local inactivation of the shorter chromosome/s (in metaphase) 

that could possibly be limited to specific regions and therefore could be different on 

individual sex chromosomes like those previously shown for platypus (Deakin et al., 2008, 

Ho et al., 2009). It has been noted that such substances i.e. EtBr, may either inhibit the 

condensation of whole chromosomes or of specific parts, generally heterochromatin (Sumner 

and Mitchell, 1994), consequently, where there are heterochromatisation differences between 

male and female mitotic chromosomes, then those areas would have possibly affected by 

EtBr in G. holbrooki. 

 

4.6. Conclusion 

 

This is the first study to induce elongation of mitotic chromosome in a fish species. These 

methods can be effectively applied to increase mitotic index for direct preparation of 

metaphases from adult tissues and are relatively simple and cost-effective. Additionally, the 

elongated metaphase chromosomes allowed to highlight length differences between 

chromosomes of males and females. The observed sex-dimorphism in mitotic index between 

different tissues except for the gill suggest an immunomodulated response. Whereas the sex-

specific differences in elongation may suggest differences in genetic content as well as sex-

specific epigenetic modifications that may have a functional role. Such elongation of 

chromosomes should allow mapping genes with greater resolution. It will also be interesting 

to investigate changes in histone modifications and DNA methylation patterns on 

chromosomes of male and female G. holbrooki. An ability to generate adequate number of 

mitotic chromosome spreads with greater resolution achieved in this study should serve as a 

basis for any future cytogenetic studies in this species.  
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5.1. Abstract 

 

The chromosomal sex-determination system of Poeciliid fishes has been cytogenetically 

described for relatively few species. Here, for the first time, molecular cytogenetic techniques 

were applied to characterise the chromosomal sex-determination system of G. holbrooki, a 

notorious pest fish. Phylogenetic analysis was used to estimate the age of the sex 

chromosome amongst Poeciliids. Results confirm that G. holbrooki has a diploid 

chromosome number 2n = 48 (all telocentric), all of which homomorphic with CG-rich 

centromere in both sexes. Comparative genomic hybridisation (CGH) experiments (n = 20) 

demonstrated a consistent and conspicuous hybridisation pattern (i.e., male-specific genomic 

derived signal) of a Y-specific interstitial heterochromatic block in one of the arms of a large 

telocentric pair (~ similar size) in the male metaphases and thus identified male-specific 

chromosomal region. CGH and phylogenetic analysis results suggest a nascent XX/XY sex-

determining mechanism, where the Y is ‘young’ (~ 6–10 million years ago) and at an early 

stage of differentiation. Moreover, 20% of the male metaphases comprised an additional pair 

of microchromosomes (mc). This was also observed in the females but only after CGH, 

whose role is as yet unclear. This study provides a baseline for future cytogenetic analyses of 

this and other Poeciliid species, to better understand their genome and sex chromosome 

evolution. 

 

Keywords: sex determination, fluorescence in situ hybridisation (FISH), comparative 

genomic hybridisation (CGH), heterochromatin blocks, homomorphic sex chromosomes, 

nascent Y, Gambusia holbrooki. 
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5.2. Introduction 

 

Teleost fish exhibit remarkable diversity in their sex determination mechanisms and sex-

chromosome systems. While the distinct heteromorphic sex chromosomes of extant birds and 

mammals are the product of hundreds of million years evolutionary process and in many 

documented cases, the sex chromosomes of fishes are relatively young. This combination of 

diversity and recent evolutionary history is useful for studying the initial processes of sex 

chromosome differentiation (Kondo et al., 2004, Ezaz et al., 2006a, Volff et al., 2007, Nanda 

et al., 2014, Bachtrog et al., 2014, Lourenço de Freitas et al., 2018, Furman et al., 2020).  

For sex to be genetically determined, a genetic variant must gain control over the sex-

determination cascade, often referred to as a master sex-determining gene. This can occur 

through a point mutation in a gene knocking out or creating a new function (Kamiya et al., 

2012, Myosho et al., 2012), gene duplication followed by neofunctionalisation (Yoshimoto et 

al., 2008, Harkess et al., 2017, Pasquier et al., 2017), deletion (Smith et al., 2009) or 

regulatory change (Herpin et al., 2010). The master sex-determining gene can act in a 

dominant fashion on the Y or W chromosome, where one copy is needed to determine 

maleness (on a Y chromosome) or femaleness (on a W chromosome). Alternatively, the 

master sex-determining locus can act in a dose-dependent manner on the X or Z 

chromosome, where two functional copies are needed for femaleness (on the X chromosome) 

or maleness (on the Z chromosome) (Kuroiwa et al., 2010, Chen et al., 2014, Hale et al., 

2018, Gammerdinger et al., 2014, Brown et al., 2020). 

The classical model assumes sex chromosomes evolve from a pair of autosomes, when one 

chromosome acquires a master sex-determining locus (Muller, 1914, Ohno, 1967, Bull, 1985, 

Charlesworth, 1991). Many sex chromosomes follow this model and descend from a pair of 

homologous autosomes. This is evident from the shared gene content observed between X–Y 

or Z–W orthologs in therian mammals (Lahn and Page, 1999, Wilson and Makova, 2009), 
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monotremes (Gruetzner et al., 2006, Veyrunes et al., 2008), snakes (Vicoso et al., 2013), 

birds (Wright et al., 2012, Wright et al., 2014) and fishes (Kamiya et al., 2012, Natri et al., 

2019). This involves the accumulation of constitutive heterochromatin and/or the occurrence 

of structural changes (e.g., chromosomal inversions or translocations) or through acquiring 

and selecting sexually antagonistic genes leading to the suppression of recombination 

between the homologous chromosomes (Charlesworth et al., 2005).  

In guppy, Poecilia reticulata, recombination frequency is restricted between the X and Y 

(Nanda et al., 2014) via heterochromatin accumulation on sex chromosomes (Charlesworth, 

2018). In humans, the complete lack of recombination led to a subsequent degradation and 

silencing of most Y-linked genes and created the male-specific region on the Y chromosome 

(Mackiewicz et al., 2018). Therefore, crossing over became restricted to only 

pseudoautosomal regions (PARs) on the Y chromosome (Graves et al., 1998, Raudsepp et al., 

2012) like those observed in guppies (Charlesworth, 2018). However, it is worth noting that, 

in contrast to the ‘old’ Y chromosome of mammals, the pseudoautosomal region of the guppy 

sex chromosome pair is relatively large, encompassing the entire X chromosome (Traut and 

Winking, 2001).  

There are interesting new factettes to how sex chromosome can emerge (Furman et al., 2020, 

McGrath, 2020). The fact that they evolved independently is not evidence against autosomal 

origin. Interesting cases for example, are the formation of the W chromosome in some Lake 

Malawi cichlids (Clark and Kocher, 2019), or bacteria (Wolbachia) to animal horizontal 

genome transfer in pillbug (Armadillium vulgare), resulting in formation of a new W 

chromosome (Leclercq et al., 2016).  

Many organisms with genetic sex determination lack heteromorphic sex chromosomes, 

indicating that the non-recombining region has not spread significantly beyond the sex 

determining locus. The reasons why sex chromosomes might remain largely undifferentiated 
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are not well understood. Some homomorphic sex chromosomes are ‘young’ and may be in 

the early stages of degeneration, for example in papaya (Wang et al., 2012) and some teleost 

(Böhne et al., 2019). Investigating ‘young’ sex chromosomes helps us to understand how sex 

chromosomes first become non-recombinant and evolutionary consequences of halted 

recombination in the Y or W chromosome decays (Wright et al., 2016). Contrary to 

mammals, cryptically undifferentiated and ‘young’ sex chromosomes can be found among 

amphibians (Malcom et al., 2014, Rodrigues et al., 2018, Sopniewski et al., 2019), reptiles 

(Mork et al., 2014, Alam et al., 2018, Viana et al., 2019) and particularly in some fish species 

(Matsuda et al., 1998, Cioffi and Bertollo, 2010, Phillips, 2013, Yano et al., 2017). In fact, 

among fishes, the majority of the species studied so far present undifferentiated or cryptic sex 

chromosomes (Oliveira et al., 2007, Capel, 2017, Lourenço de Freitas et al., 2018). In the 

well-studied medaka fish, Oryzias latipes, the X and Y chromosomes are morphologically 

indistinguishable (Matsuda et al., 1998), where phylogenetic analysis showed the Y 

chromosome is only 5 to 10 million years (my) old and shows only slight molecular 

differences in relation to the X (Kondo et al., 2004). Among salmonids, an XY sex 

chromosome system is also reported (Yano et al., 2013, Kijas et al., 2018), in which the Y 

chromosome contains a small sex-specific region and with minor morphological 

differentiation from the X chromosome (Takehana et al., 2014, Kirubakaran et al., 2019, 

Bergero et al., 2019, Bao et al., 2019). In the nascent XY system of Xiphophorus maculatus, 

the expansion of XIR, a sex-specific repeat, was highlighted as the first molecular event 

linked with the divergence of the Y chromosome and the isolation of the sex-determining 

locus (Nanda et al., 2000). In addition, nascent sex chromosomes can also evolve and operate 

via epigenetic regulation (Shao et al., 2014), as reported in half-smooth tongue sole, 

Cynoglossus semilaevis (Chen et al., 2014). 
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The eastern mosquitofish, Gambusia holbrooki, native to south-eastern America and north-

eastern Mexico, is considered as the most widely introduced freshwater fish in the world 

(Walton, 2007). This species was introduced to Australia in 1925 (White and Pyke, 2011) and 

to Tasmania in 1992 (Keane and Neira, 2004). Due to their high adaptability to new 

environments (Meffe et al., 1995, Pyke, 2005) and their negative impact on native fauna 

(Rowe et al., 2007), G. holbrooki is known as one of the most highly invasive pest fish 

(Norazmi-Lokman et al., 2016), requiring a ‘threat abatement plan’. One of the most 

promising solutions for eradicating pest fish is the Trojan chromosome; originally reported as 

Trojan Y (Gutierrez and Teem, 2006). For the approach to be implemented, it is imperative 

that the sex determining mechanism of the species is known (Stelkens and Wedekind, 2010). 

Thus, characterisation of the sex determination mechanism in this species will not only shed 

light on the evolution of sex chromosomes but also provides an essential tool for eradication 

and management of this invasive species. 

Application of molecular cytogenetic tools, such as chromosomal mapping of DNA repeats 

using comparative genomic hybridization (CGH) together with phylogenetic relationships 

analysis have been instrumental in overcoming limitations in the identification and 

understanding the evolution of undifferentiated or cryptic sex chromosomes in several 

vertebrate groups including fish (Sember et al., 2018a, Shams et al., 2019, Lourenço de 

Freitas et al., 2018). Karyotype analysis can also facilitate the discovery of heteromorphic or 

heterochromatic sex chromosomes. Previous studies have reported homomorphic sex 

chromosomes in G. holbrooki (2n = 48) and suggested male heterogamety (XX/XY system) 

(Black and Howell, 1979, Angus, 1989, Kottler et al., 2020) but with no conclusive 

cytogenetic evidence. Moreover, in a sister species, G. affinis, morphologically differentiated 

sex chromosomes with female heteromorphy (ZZ/ZW system) has been reported (Chen and 

Ebeling, 1968, Black and Howell, 1979).  
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As a first step towards providing cytogenetic evidence, this study carried out a detailed male 

and female cytogenetic analysis using a more sensitive molecular cytogenetic technique of 

CGH/FISH to differentiate the cryptic sex chromosomes of G. holbrooki. 

 

5.3. Materials and methods  

 

5.3.1. Specimen collection and husbandry 

 

Fish were captured from the Tamar Island Wetland Reserve (41°23.1'S; 147°4.4'E) and the 

Queechy Reserve (41°27'00.7"S 147°10'22.1"E), Launceston, Tasmania using a dip-net (50 

cm diameter), and transported to IMAS, molecular laboratory in Taroona, University of 

Tasmania. Fish were acclimatised and maintained in a recirculating aquarium (400l water 

capacity, NO2 
−/NO3 

− : ≤ 0.1 ppm, NH4 
+/NH3 

−: ≤ 0.5 ppm, temperature: 25 ± 1 °C; salinity: 

0 ppt; 16L:8D photoperiod) for at least one week prior to experiments. During holding, fish 

were fed twice daily to satiation with commercial fish pellets (TetraMin tropical micro 

granules, Germany) and freshly hatched Artemia nauplii. Feeding was suspended six h prior 

to experiments. 

 

5.3.2. Phenotypic and genotypic sex determination of the specimens 

 

Sexually mature males and females were phenotypically identified based on external 

morphology i.e., presence of elongated anal fin rays (gonopodium) in males and a gravid spot 

in females. To avoid any spontaneous sex-reversed individuals, phenotypic sex was also 

genetically verified. For genetic sexing, fish were individually placed in a glass beaker (100 

ml) containing 50 ml filter (0.2 µm) sterilised aquarium water with a low-dose anaesthetic 

(10 ppm of AQUI-S®) for 5 mins to induce optimum sedation. Immediately 2 mg of the 
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caudal fin was clipped (n = 100 each sex) and fish were transferred to recovery chambers. 

The genomic DNA was extracted using the MyTaq Extract-PCR Kit (BIO-21126) according 

to the manufacturer's protocol. The genetic sex of the individual was determined by 

polymerase chain reaction (PCR) using a female-specific genetic marker as described (Patil et 

al., 2020).  

5.3.3. Mitotic chromosome preparations  

 

The mitotic metaphase chromosomes from sexually mature male and female G. holbrooki 

were prepared from the gill tissues following the protocol described by Rowell et al. (2011), 

with modifications. To increase mitotic cells, animals were first stimulated with 

Saccharomyces cerevisiae suspensions for 48 h (Bertollo et al., 2015). Next, mitotic 

metaphases were arrested by intraperitoneal (IP) injections of Colcemid (N-Deacetyl-N-

methylcolchicine; Roche) at a concentration of 1 µg/ml (10 µl/g of body weight). Post 

Colcemid injections, fish were placed in a well-aerated glass tank for an hour. The gills were 

dissected from euthanised (100 ppm AQUIS®) fish and pooled together (n = 100/sex). The 

tissue was then fragmented and homogenised using surgical tweezers and scissors, in 100–

200 µl of the hypotonic (0.046 M KCl) solution (Nanda et al., 2014) followed by a delicate 

aspiration and expiration of the cells with a needle-free hypodermal syringe until a 

homogeneous cell suspension was obtained. The cell pellets were resuspended in 4–6 ml 

hypotonic solution (0.046 M KCl) at 37 °C and incubated for 45 min at room temperature 

(RT). Then, the tissue was fixed in freshly prepared ice-cold Carnoy’s fixative (3:1 

methanol/acetic acid) followed by 30 min incubation at 4 °C. The latter incubation step was 

repeated 3 times in fresh Carnoy’s solution, followed by a further final fixation over night at 

–20 °C. Mitotic slides were prepared by conventional air-drying methodology. Slides were 

aged for 12 h at RT. Chromosomes were counterstained using 1 mg/ml 4′,6-Diamidino-2-
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phenylindole dihydrochloride (DAPI, 0.2 µg/ml final concentration) and mounted with 

Vectashield solution (Vector Laboratories, Burlingame, CA, USA). 

 

5.3.4. Mitotic chromosome measurements and karyotype analysis 

 

At least 50 metaphase spreads per sex were analysed to confirm the diploid chromosome 

number. Metaphase chromosome (n = 25/sex) arms were measured and for cross-verification 

of the arm’s length, ideograms male and female generated using IdeoKar (Mirzaghaderi and 

Marzangi, 2015). To measure chromosome arms from different spreads, measurements were 

calibrated using a known measurement of 1µm as reference. Second, based on this calibration 

the distance between any two points can be measured. Accumulation of the AT-rich (i.e., 

DAPI-stained) region on the centromere was used to distinguish point one (i.e., centromere) 

and the end of the arm served as point two of the chromosome arm. The experiments were 

repeated six times to confirm reproducibility, and overall, 50 metaphases were scored for 

both sexes (n = 25 per sex/experiment). Chromosomes were classified based on Levan et al. 

(1964). 

  

5.3.5. Genomic DNA preparation   

 

Total genomic DNA was extracted from the whole fish whose intestines had been removed, 

following the protocol of (Sambrook and Russell, 2001) with modifications. Briefly, 500 mg 

of tissue sample was incubated overnight at 56 °C with lysis buffer (100 mM Tris-HCL, pH 

8.0; 10 mM EDTA; 250 mM NaCL), 10% (w/v) SDS (sodium dodecyl sulphate) and 

proteinase K (200 µg/ml). Lysed tissue was incubated at 37 °C for 60 min with 10 µl RNAse 

A (20 mg/ml), followed by a room temperature incubation for 20 min with 500 µl buffered 
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phenol. After the incubation, the mixture was centrifuged at 15,000 rpm for 15 min, and the 

supernatant was transferred to a new sterile tube. This step was performed twice, and 500 µl 

of 24:1 (v/v) chloroform: isoamyl alcohol was added to the solution. The solution was 

incubated at room temperature for 20 min. After the incubation, the mixture was centrifuged 

twice again, as previously described, and the supernatant was subsequently transferred to a 

new sterile tube. Then, 0.6–0.8 volume of chilled 100% isopropanol was added to the 

solution and shaken vigorously for 60 s. The precipitated DNA was washed with 70% chilled 

ethanol and dried. The DNA was spooled with a glass rod. Finally, the pellet was 

resuspended in elution buffer (10 mM Tris-HCl, pH 8.0; 0.1 mM EDTA) for 30 min at 50 °C 

and kept at 4 °C. For competitor, DNA was concentrated for 30 min at 45 °C using an 

Eppendorf® centrifugal vacuum concentrator 5301. The DNA concentration was measured 

with a Qubit fluorometer (dsDNA BR Assay Kit, Invitrogen, Carlsbad, USA). The 

concentrated DNA was sonicated (Q125 Probe Sonicator with sound enclosure) according to 

manufacturer’s protocol (i.e., cycle conditions and total time) for desirable fragment size. 

DNA fragments between 150–300bp were used as competitor and probes, according to 

previously described the monomeric unit of repetitive DNA in both sexes for G. holbrooki 

(Russo et al., 1999). A 100 µl of the DNA was used in all experiments for probe labelling 

preparation without sonication. 

 

5.3.6. Fluorescent in-situ hybridisation (FISH) and comparative genomic 

hybridisation (CGH) 

 

Total female and male genomic DNA (gDNA) was labelled by Nick translation (NT), 

incorporating Spectrum-Green dUTP (Vysis) and Spectrum-Red dUTP (Vysis), respectively, 

NT kit (Roche, Australia). For each probe, 1 μg of gDNA was used in the labelling 

procedure. Nick translation reaction was incubated at 15 °C for 90 min. After incubation, NT 
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labelled DNA was examined for size fractionation (i.e., 150–300 bp) using 1.2% agarose gel 

electrophoresis. To control the signal intensity between two Spectrum (Green and Red) 

dUTPs, a cross-validation was also done by labelling female and male total genomic DNA 

with SpectrumRed-dUTP and SpectrumGreen-dUTP, respectively.  

For FISH and CGH, we followed the procedure of comparative genomic hybridisation as 

described (Ezaz et al., 2006b, Rowell et al., 2011) with modifications. Briefly, slides were 

dehydrated by sequential immersion in 70%, 80%, 90%, and 100% ethanol (each 4 min at 

RT) and then treated in 100 µg RNAse/ml in 2 X SSC solution (at 37 °C humid chamber for 

45 min) and pre-warmed (37 °C) 10% (v/w) pepsin in water (at final concentration 0.005% 

pepsin/0.001 M HCl for 10 min) to improve the signal intensity or autofluorescence 

background. The slides were dehydrated again in the same ethanol series and air dried. Fixed 

slides (1% formaldehyde in PBS/50 mM MgCl2) were denatured for 3 min at 70 °C in 70% 

formamide, 30% 2 X SSC, dehydrated through an ethanol series, air-dried, and kept at 37 °C 

until probe hybridisation.  

For each slide (made using two drops of fixed-cell solution), 250–500 ng of SpectrumGreen- 

labelled female (or male) and SpectrumRed-labelled male (or female) DNA was co-

precipitated with (or without) 5–10 µg of boiled genomic DNA from the homogametic sex 

(as competitor), 5–10 µg Salmon sperm (as carrier) and 3 volumes of chilled 100% ethanol. 

Since the homogametic sex was not known, reciprocal experiments were performed using 

alternatively male and female DNA as competitor. The chosen ratio of probe vs. competitor 

DNA amount (1:20) was set based on the experiences gained during analogous experiments. 

This ratio, reflects high stringency towards repetitive DNA binding and blocking, 

respectively and yet avoids the probability of improper probe dissolution in the hybridisation 

buffer, to highlight heteromorphic sex chromosome and avoid possible artifacts. 
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The precipitation reaction was centrifuged at maximum speed for 30 min, and the supernatant 

was discarded and air-dried. Depending on the size of pellet, the co-precipitated probe DNA 

was resuspended in 35–50 µl hybridisation buffer (50% formamide, 20% dextran sulphate 

and 4 X SSC). The hybridisation aliquots containing labelled probes and competitor were co-

denatured at 80 °C for 10 minutes, rapidly chilled on ice for 2 min and then 5 µl of probe 

mixture was placed on a single drop (i.e. metaphases) on each side of a slide and hybridised 

at 37 °C in a dark humid chamber for 72 h. Slides were washed three times (each 7 min) at 42 

°C in 70% formamide/2 X SSC (pH 7.0), and twice (each 7 min) at 42 °C in 2 X SSC, 

followed by another wash at 60 ± 1 °C in 0.01 X SSC for 5 min. Slides were then air dried 

and mounted with antifade medium Vectashield (Vector Laboratories) containing 1.5 mg/ml 

DAPI (4’,6-diamidino-2-phenylindole).  

Washing of slides and mounting with antifade medium were carried out in the same way as 

for the CGH experiments. In CGH experiments, probe pre-annealing was done at 37 °C for 

30 min and competitor female and male-derived gDNA were used (i.e., FISH experiments 

were performed without competitor gDNA and/or probe pre-annealing).  

 

5.3.7. Microscopic analyses and image processing 

 

Mitotic chromosomes were imaged at 100× magnification using a Leica epifluorescence 

microscope equipped with single band pass emission filters (Chroma technologies, filter set 

8300) and a Hamamatsu C 4800 cooled charged-coupled device camera. Immersion oil was 

applied on the coverslip or directly onto the slide (without coverslip). Digital images were 

processed using CytoVision 7.7 and Leica Application Suite Image Overlay module (Leica 

Microsystems Pty Ltd, Australia). Fluorescent signal intensities were measured using ImageJ 

as described (Jensen, 2013). 
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5.3.8. Phylogenetic relationships 

 

As a basis for the comparative analysis, the phylogenetic relationships were determined from 

mitochondrial sequences. Phylogenetic and linearised Neighbor-joining (NJ) trees were 

generated and analysed using Geneious Prime 2019.2.3 (https://www.geneious.com). Briefly, 

multiple sequence alignments of mitochondrial cytochrome b (COI) gene (1140 bp) derived 

from eight Poeciliids i.e. Xiphophorus helleri (GenBank  FJ226476.1), X. maculatus 

(GenBank  AP005982.1), G. affinis (GenBank  AP004422.1), G. holbrooki (Tasmanian 

population), G. holbrooki (GenBank NC028274.1), P. latipinna (GenBank  KF276609.1), P. 

picta (GenBank EF017537.1), P. wingei (GenBank GQ855714.1) and P. reticulata (GenBank 

KJ460033.1) were generated with CLUSTAL W (Thompson et al., 1994). Pair-wise distances 

for NJ (Tamura et al., 2004) trees (1000 replicates) were calculated from alignments of all 

sequence pairs using (Tamura and Nei, 1993) and Jukes-Cantor genetic distance models with 

all distance correction methods implemented. Phylogenetic relationships among COI 

sequences were reconstructed via maximum parsimony and maximum-likelihood (Kondo et 

al., 2004). Branches were also transformed to cladogram in decreasing order showing 

significant 3 digits of substitutions per site on each. For direct time estimation of genetic 

divergence of the sex mechanism in Poeciliids, NJ tree generated with P. reticulata 

mitochondrial cytochrome b gene as an outgroup. The estimated divergence between G. 

holbrooki and P. reticulata has been previously reported to be ~ 40 million years ago (Darolti 

et al., 2019).  

 

5.3.9. Statistical analysis  

 

All statistics were carried out using OriginPro 2019 (Originlab Corporation, Northampton, 

MA, USA). The differences between chromosome length (arms) means for each pair were 

tested for significance using student t-test.  
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All data was assessed for normality using Shapiro-Wilk normality test (in built function in 

OriginPro 2020 software). Significant differences in means are shown (p < 0.05). Data were 

presented as mean ± SD. 

 

5.4. Results 

  

The diploid chromosome complement in G. holbrooki possesses 2n = 48 telocentric (bi-

armed) chromosomes in both males and females (Fig. 1A and C). This was consistent across 

all 50 metaphases analysed for both sexes (n = 25/sex; data not presented). Measurements of 

mitotic chromosome arms and ideograms from both sexes of G. holbrooki revealed no 

heteromorphic chromosome pair in either female or male metaphases. Size comparison using 

female and male ideograms (Fig. 1B and D) appeared to show identical chromosomal size 

amongst all pairs.  

A pair of DAPI-positive (i.e., AT-rich) microchromosomes (m; Fig. 1C) with 20% were 

observed in male metaphases (n = 25 metaphases obtained from pooled tissues of 100 fish; 

see material and methods). An additional individual or pair of microchromosome(s) was also 

frequently observed in the female metaphases showing DAPI-negative and high 

heterochromatinisation (CG-rich). A similar banding hybridisation pattern was observed in 

the male microchromosomes.  
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Figure 1. Cytogenetic analysis of the female and male G. holbrooki. DAPI-stained female and male (A and C, 

respectively) karyotypes (2n = 48) with their corresponding ideograms (B and D, respectively) showing 

homomorphic sex chromosomes in both sexes with no significant differences in their relative size (p > 0.05) 

within each pair. A pair of DAPI-negative microchromosomes (m) indicated with arrows were observed in male 

metaphases. The chromosomes in A and C were arranged in arm size order. Ideograms of female (B) and male 

(D) mitotic chromosomes relative size presented in descending order (left to right). Each chromosome in the 

ideogram is calculated on the basis of 25 arm measurements. The chromosomes are arranged according to the 

total length. Scale bars in ideograms = 10 µm. 
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In each experiment, both male and female genome-derived probes showed rather equal 

binding to all chromosomes, with preferential localisation in the centromeric and 

pericentromeric regions of most chromosomes and in terminal parts of some of them (yellow 

signals, i.e., combination of green and red), indicating the shared repetitive DNA content in 

such regions. The hybridisation pattern in the female karyomorph (Fig. 2A–D) displayed 

stronger binding of the male and female genome-derived probes to the centromeric regions of 

all of the chromosomes while the similar probes that co-hybridised to these regions in the 

male karyomorph, produced signals of less intensity (Fig. 2D and H).  

A remarkable accumulation of repetitive DNAs (male and female probes) was seen in two 

small size chromosomes which were showing similar binding patterns in both male and 

female karyomorphs (Arrows in Fig. 3D and H). All chromosomes were DAPI-positive in 

centromeric regions (Fig. 4). In the male karyomorphs, apart from centromeric repetitive 

DNAs (similar to female), male and female genome-derived probes were displayed 

pericentromeric and interstitial signals in the most of chromosomal arms (Fig. 2H and Fig. 

3H).  

FISH results (without genomic competitor) for the female karyomorphs showed no indication 

of a cytological differentiated (i.e., Z and/or W) chromosome pair with the exception of a 

similar sized chromosome pair (arrows; Fig. 2D and Fig. 3D). Moreover, several exclusive 

male-specific markings appeared in chromosomal regions (male spreads), especially with the 

intensive heterochromatic block displayed in the proximal regions of some chromosomes 

(Fig. 2G and H). A similar situation was observed also in male and female karyomorphs (Fig. 

3G and H), where the majority of the accumulated blocks were shared by both probes, 

including those in the centromeric regions, but several signals and especially those located in 

the pericentromeric and distal of the arms of the medium sized pair were found to be 

accumulated with the male-specific probe only (green; Fig. 2G and H and red; Fig. 3G and 
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H). The male-specific (green signal) accumulation was also evident in the interphase cells 

(arrow; Fig. 2H inset). 
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Figure 2. Female and male metaphase plates of G. holbrooki showing the overall distribution of various 

repetitive sequences on the chromosomes. Female (A–D) and male (E–H) karyomorphs labelled with female 

(red)- and male (green) derived genomic DNAs. Arrows point to two small sized chromosomes with intensive 

heterochromatinisation which were common in both sexes. Heterochromatin blocks are presented in a single 

interphase cell in the female and male (insets D and H, respectively). An exclusive male-derived signal (green) 

is shown in the male interphase cell (arrow; inset H). All chromosomes were counterstained with DAPI (blue). 

Merged fluorescents channels are shown in yellow (i.e., red and green combination) colour. Scale bars represent 

10 μm. 
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Figure 3. Female and male metaphase plates of G. holbrooki showing the overall distribution of various 

repetitive sequences on the chromosomes. Female (A–D) and male (E–H) karyomorphs labelled with female 

(green)- and male (red) derived genomic DNAs. White arrows indicate two small sized chromosomes with 

intensive heterochromatinisation which were common in both sexes. Number 1 and 2 yellow arrows (correspond 

to 1 and 2 inset) point to two medium sized chromosomes in the female karyomorph with biased bands (i.e., 

interstitial, pericentromeric and terminal). All chromosomes were counterstained with DAPI (blue). Merged 

fluorescents channels are shown in yellow colour (i.e., red, and green combination). Scale bars represent 10 μm. 

 

CGH using either male or female genomic DNAs, identified a single medium sized 

chromosome in the male mitotic complements (Fig. 4A–D and F–I, respectively). CGH using 

male gDNA as competitor (Fig. 4A–E), both male and female-derived probes displayed 

hybridisation on only one of the arms close to pericentromeric regions (arrow; Fig. 4D inset). 

Moreover, CGH in interphase cells, showed large heterochromatin blocks constituted of both 

male and female repetitive regions (arrows; Fig. 4D inset). CGH using male gDNA as 

competitor in the female mitotic chromosomes showed only two small female specific 

regions on two different chromosomes (arrows; Fig. 4E). Female interphase cells displayed 

single large signal constitute of both male and female probes (arrow; Fig. 4E inset). 

CGH using female gDNA as competitor (Fig. 4F–J), revealed a single chromosome with only 

a segment stained with green (male-specific signal; i.e., the colour indicating preferential 

binding of the male-derived probe) on a distal location of an arm (Fig. 4F–I and inset I). This 

may represent male specific sequences on a putative Y chromosome in G. holbrooki. CGH in 

the male interphase cells showed two different hybridisation patterns: 1) male specific region 

and 2) male and female specific regions (two arrows; Fig. 4I inset). In addition, CGH 

revealed two conspicuous male-specific and two not obvious female-specific (i.e., red 

female-derived signal much smaller than the male-specific segment) signals in two separate 

or non-homologous similar sized chromosomes (at the same location) of the female mitotic 

complements (Fig. 4J, inset).  



 

183 
 

 

Figure 4. CGH (DAPI-stained) in the mitotic chromosomes of G. holbrooki male and female. Male (A–D and 

F–I) and female (E and J) mitotic chromosomes with either gDNA male or female as competitor. Arrows and 

insets show repetitive sequences on an arm of a single chromosome in separated fluorescent channels; blue 

(DAPI), red (female-derived gDNA probe), green (male-derived gDNA probe) and merged channels. A male 

and a female interphase cells are presented in inset 2D and inset E, respectively. Arrows in (F–I) and (I, bottom 

panel 1), point to a single chromosome showing male-specific band (green). A single male interphase cell 

showing female and male specific hybridisation bands are presented (I, bottom panel 2). A chromosome pair (1 

and 2 labelled) showing large equal male-specific and a very faint (i.e., masked by male signal) female-specific 

on each arm are presented (J, bottom panels 1 and 2). All chromosomes were counterstained with DAPI (blue). 

Merged fluorescents channels are shown in yellow colour (i.e., red, and green combination). Scale bars 

represent 10 μm. 

 

This may suggest identification of the X chromosome in the female of G. holbrooki. The 

knowledge of Y and X specific hybridisation patterns and the proximal location of those 

heterochromatinisation, enabled us to identify the Y and X chromosomes using the CGH 

information to map Y-specific regions (i.e., male mitotic complements) of the FISH data 

(Fig. 5 A–F). The chromosome with a large heterochromatin blocks (male/female specific 

and shared regions) at the pericentric regions was evident in the FISH data (white arrow; Fig. 
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5A–F; D inset, right side). The corresponding chromosome in the male CGH, was also 

displayed (white arrow; Fig. 5F). The male-specific (green colour) signal indicated a 

preferred hybridisation of the male-derived probe. According to measured signal intensities, 

the ratio of bound female- vs male derived probes was 0.76 ± 0.08 (mean ± SD) in this 

segment relative to a ratio of 1.0 in the remaining chromosomes. The order and location of 

the male-specific band on the Y chromosome were consistently the same amongst all the 

CGH experiments (n =10). In the Y chromosome, four segments could be distinguished (i.e., 

from centromere to telomere; Fig. 5D inset): (1) a small DAPI-negative centromeric band 

constitute of small male specific regions; (2) a large male-specific with yellow FISH-

fluorescent indicating the presence of repetitive DNA shared between male and female; (3) a 

large female-specific region around the yellow signal; (4) male-specific region. Five 

segments could be distinguished in the suggested X chromosome (i.e., from centromere to 

telomere; Fig. 5D inset): (1) a small DAPI-negative centromeric; (2) male-specific region; (3) 

female-specific region; (4) male-specific region with small yellow shared band; (5) female-

specific region and DAPI-positive. Two male-specific signals in CGH mitotic male 

complements (Fig. 5F) suggested the X chromosome with those signals corresponding to 

male-specific signals (red; 5D inset).  

In addition, the male-specific region on the nascent Y chromosome of the male karyomorph 

displayed an affinity to the green-derived male probe, despite being preferentially labeled 

with the red-male specific one (Fig. 5D inset). In comparison to that, the male-specific region 

of karyomorph F (CGH), showed a strong signal in one of the arms of the Y chromosome 

(Fig. 5F), and was stained exclusively by the green-derived male probe, while the red-derived 

female probe produced only faint and dispersed signals in this region that could not be 

visualised (Fig. 5F). A prominent interstitial band on the pericentromeric Y chromosome was 

also enriched with male-specific sequences, although a concurrent faint hybridisation signal 
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produced by the female-derived probe was also apparent. Unlike the biased accumulation of 

repetitive DNAs in the X pericentromeric region, a binding preference for the male-derived 

probe to the pericentromeric region of Y chromosome was evidenced (Fig. 5D inset and E).  

When using a female-derived probe the hybridisation signal in such a region, matched 

equally the large heterochromatic segment located in the pericentromeric part of the X 

chromosome (Fig. 5D inset and E). 

 

Figure 5. Male FISH (A–E) without gDNA competitor and CGH (F) with female gDNA as competitor in the 

mitotic chromosomes of G. holbrooki. DAPI-stained metaphase chromosome spread in blue (A–F; grey scale 

presented in E). SpectrumGreen-labelled female total genomic DNA and SpectrumRed-labelled male total 

genomic DNA (A–E) and vice-versa in the CGH female (F). Merged fluorescents channels are shown in yellow 

colour (i.e., red, and green combination). The X and Y chromosomes are labelled. Arrows (A–E) indicate two 

small sized chromosomes with intensive heterochromatinisation in the male metaphase. A magnified view of the 

X and Y chromosomes are presented (inset D). Merged fluorescents channels are shown in yellow colour (i.e., 

red and green combination). Scale bars represent 10 μm. 
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Different hybridisation patterns in male and female autosomal pairs are presented in Figure 

6A and B, respectively. The autosome pair in the male, accumulation of female and male 

DNAs (left to right, respectively; Fig. 6A) were clear in the centromeric region. The later 

autosome, constituted similar repititive DNAs like those seen in the non-recombinant (with 

no crossing over) Y chromosome which carries the male-determining (maleness) factor (Fig. 

6A; in schematic a small region in red). The hybridisation patterns in the X (male) indicates 

an X from a mother with recombinant genotype. The autosome pair in the female, also 

showed similar hybridisation patterns which were seen in the XX females before any 

recombination (Fig. 6B). The only difference between the two autosomes was the 

accumulation of an AT-rich region below (left) and above (right) to the shared region of 

repetitive DNAs (Fig. 6B).   

 

Figure 6. Schematic diagram summarising the proposed chromosome rearrangements leading to the evolution 

of sex chromosomes in G. holbrooki. Hybridization (CGH) patterns on the autosome and sex chromosomes of 

male (A) and female (B) metaphases of G. holbrooki using gDNA male (red) and female (green) probes. The 

superposition of male and female gDNA probes highlights chromosomal regions sharing male and female 

sequences and the prevalence of female- or male-specific sequences. The autosome and sex chromosomes post 

the superposition of female and male gDNA probes are presented in magnified forms, together with schematic 

diagrams (right) summarising the results and evidencing the accumulation of male-specific sequences in the 

pericentromeric region. Fission, deletion, and translocation events involving the p arms of two ancestral 
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chromosomes occurred within sex-specific sequences cluster onto the Y chromosome, or vice versa, in a 

common ancestor. Subsequently, such male-specific sequences “cistron” was amplified in Y chromosome. 

Similar events combined with an inversion was involved in the X chromosome. Finally, whereas the X 

chromosome was morphologically conserved, the Y chromosome had slight morphological and size variations 

because of the DNA sequence expansion. X in the male and female representing a recombinant genotype 

without the maleness factor and non-recombinant, respectively. A crossover in male meiosis just below the male 

determining factor generates a recombinant genotype without the maleness factor. This can enter the female 

population and recombine further with an X chromosome (X in the female; shown in yellow) to produce 

genotypes shared by both male and female populations. Recombinants produced in female meiosis can reacquire 

the maleness factor by further recombination events after re-entering the male population.  

 

Phylogenetic analysis amongst Poeciliid species with known sex determination systems are 

presented (Fig. 7A and B). This suggests, despite G. affinis (sister species to G. holbrooki), 

possessing female heterogametic (ZZ/ZW) system, G. holbrooki has independently and 

recently evolved to a male heterogamety (XX/XY) system. Direct estimation of the timing of 

the genetic divergence of the Y chromosome in G. holbrooki revealed a range between 6–10 

million years ago (mya). Similar estimates were obtained from Timura_nei model and 

confirmed by the Jukes-Cantor model (Fig. 7B). Phylogenetic tree analysis (Fig. 7B) revealed 

comparable divergences with all phylogenetic trees and branches in the same topology. 

Linearised NJ showed, sex mechanism (ZZ/ZW) in G. affinis (0.092) is older compared to G. 

holbrooki (0.016), indicating the G. holbrooki sex chromosome has diverged independently 

after its sister species. 
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Figure 7. Liner (A) and radial (B) phylogenetic trees of mitochondrial cytochrome b genes of representative 

Poeciliids with their known sex determination mechanisms. The divergence of P. reticulata and other Poecilids 

was set at 40 million years ago (Darolti et al., 2019). Phylogenetic trees were derived from a segment (1140 bp) 

of mitochondrial cytochrome b genes using neighbor-joining method (Timura_nei model) with 1000 replicates. 

Using the corresponding nucleotide sequences with two other phylogenetic methods (maximum parsimony and 

maximum-likelihood) resulted in trees that all had the same topology. The known sex mechanism(s) in other 

species of the genus is given. My = million years. 
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5.5. Discussion  

 

Poeciliids are one of the best characterised fish families with regard to genetic sex 

determination. Numerous sex-linked traits including colour pattern and fin shape have been 

reported in this family, some of them being encoded by sex chromosomal loci (Lindholm and 

Breden, 2002). Various types of genetic sex-determination systems have been reported in 

Poeciliidae (Volff and Schartl, 2001, Schultheis et al., 2009, Bohne et al., 2009). Among 

them, male heterogamety (XX/XY) has been described in many species, including the guppy 

P. reticulata, the mollies P. velifera and P. latipinna, Limia perugiae, G. holbrooki and the 

Xiphophorus species X. nezahualcoyotl, X. milleri, X. variatus, X. xiphidium, X. nigrensis and 

X. cortezi (Kallman, 1983, Black and Howell, 1979, Nanda et al., 1993, Schultheis et al., 

2009, Kottler and Schartl, 2018). Female heterogamety (ZZ/ZW) has been reported in G. 

affinis, X. alvarezi and X. helleri (Gordon, 1947, Chen and Ebeling, 1968, Black and Howell, 

1979, Kottler and Schartl, 2018). Both systems can be influenced by autosomal modifiers, 

leading to a typical sex determination (e.g., XX male or XY females) (Kottler and Schartl, 

2018). Such autosomal influences have been observed in P. reticulata and several species of 

Xiphophorus, including X. hellerii, X. nigrensis, X. cortezi, X. nezahualcoyotl and X. milleri 

(Volff and Schartl, 2001, Schultheis et al., 2009, Franchini et al., 2018).  

In contrast to G. affinis, no morphologically differentiated sex chromosomes were discernible 

in G. holbrooki male and female chromosome spreads (Black and Howell, 1979) as was also 

confirmed by this study. In G. holbrooki, the repetitive DNA was accumulated in the 

heterochromatic regions indicating that the sex chromosomes are young and only slightly 

differentiated. Combinations of different cytogenetic techniques allowed the identification of 

a cryptic XX/XY sex chromosome system in G. holbrooki involving a medium size 

chromosomal pair. DAPI-positive centromeric heterochromatin observed in this study is in 

agreement with those previously reported in G. holbrooki (Russo et al., 1999). The X and Y 
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chromosomes differed only slightly by the interstitial heterochromatic block present in one of 

the arms of the nascent Y chromosome. Despite the small differences between Y and X, the 

FISH and CGH experiments were adequate and sensitive to identify the sex-specific repeats, 

thus the sex chromosomes. Similar cytogenetic techniques have been successfully employed 

to determine the early stages of sex chromosome differentiation, in guppy and platyfish, X. 

maculatus (Traut and Winking, 2001), Hoplias malabaricus (Sember et al., 2018a) and 

freshwater turtle, Chelodina longicollis (Ezaz et al., 2006b). In fact, both techniques were 

critical to demonstrate the sequences that are shared by both sex chromosomes as well as 

exclusive to one of the sex chromosomes.  

The sex determination mechanism in G. holbrooki has been postulated as male (XY) 

heterogamety (Black and Howell, 1979) and further supported by the inheritance pattern of a 

melanistic locus tightly linked to male phenotype and hence Y-specific, suggesting that these 

species have an XX/XY sex determination system (Angus, 1989, Horth, 2006, Kottler and 

Schartl, 2018, Kottler et al., 2020). The linkage analysis studies in Poeciliidae have shown 

the independent origin of sex chromosomes in these species (Tripathi et al., 2009). Recently, 

characterisation of the sex chromosomes between two sister species suggested that the ZW 

chromosomes of G. affinis females (Hoffberg et al., 2018) and the XY chromosomes of G. 

holbrooki males belong to different linkage groups and therefore they evolved independently 

from different autosomes (Kottler et al., 2020). 

Overall, the data show that the large and approximately similar size telocentric pair (Fig. 5D 

inset) found in the male karyomorph of G. holbrooki represents characterisation of the 

nascent XY sex chromosomes, where the Y is still at an early stage of differentiation. Indeed, 

the CGH experiments clearly demonstrated that the Y specific interstitial heterochromatic 

block in one of the arms and thus identified male-specific chromosomal region. The 

particular accumulation of repeated DNAs in such a region suggests the initial steps shaping 
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the evolutionary differentiation of the Y chromosome and probably the starting point to 

impair the recombination between the undifferentiated sex pair. Similarly, in the plant Silene 

latifolia, it was found that the accumulation of specific DNA repeats in the young Y 

chromosome also had a key role in its early stage of differentiation (Hobza et al., 2006, Kubat 

et al., 2008). Moreover, the proximal location of the accumulated DNA repeats in the Y of G. 

holbrooki is similar to accumulation of specific DNA repeats near the centromere of Y in S. 

latifolia (Hobza et al., 2006, Kubat et al., 2008). The X was also consistently and slightly 

(statistically non-significant) larger than the Y, which may be a consequence of accumulation 

of repetitive DNA (Bernasconi et al., 2009) indicating an early state of chromosomal 

differentiation. This was consistent with lower levels of DNA repeat accumulations in the Y 

compared to X in G. holbrooki. Such differential accumulation of repeats on sex 

chromosomes are known to be associated with significantly lower expression of Y-linked 

genes relative to their X homologs (Chibalina and Filatov, 2011, Bergero and Charlesworth, 

2011). The reduced expression of Y chromosome genes in S. latifolia, has resulted in 

accumulation of mutations and loss of their function (Bachtrog, 2013) and a similar 

evolutionary process may be at play in G. holbrooki. The loss of most Y-linked genes in P. 

picta compared to P. reticulata supports the view that the Y chromosome of the latter species 

is relatively young (Bergero and Charlesworth, 2019). Such evolutionary ‘turnover events’ 

creating young sex-chromosome systems, are observed in several fish (Myosho et al., 2015, 

Gammerdinger and Kocher, 2018). However, in hermaphrodite and dioecious species of the 

genus Rumex the distribution of satellite DNAs suggests that the amplification of DNA 

repeats in the Y chromosome was not necessary to suppress recombination but, in turn, 

accelerated the sex specific differentiation at earlier stages of its evolution (Mariotti et al., 

2008, Bachtrog, 2011). These DNA repeats may also contribute to the expansion of the non-

recombining region and Y-chromosome size in the early stages of sex chromosome evolution 



 

192 
 

(Jamilena et al., 2008). Microsatellite repeat motifs have also a key role in the evolution of 

sex chromosomes in several reptiles, such as Christinus marmoratus,  possessing 

accumulation of unknown novel repeats (Matsubara et al., 2014) and interstitial telomeric 

motifs in Squamates (Rovatsos et al., 2015). Teleosts, such as Neotropic electric eel, 

Eigenmannia virescens (de Almeida-Toledo et al., 2001), Hoplias malabaricus (Sember et 

al., 2018a, Lourenço de Freitas et al., 2018), neotropical fishes (Cioffi et al., 2017), Genus 

Pyrrhulina (de Moraes et al., 2019), golden perch, Macquaria ambigua and Murray cod, 

Maccullochella peelii (Shams et al., 2019), Cynodon gibbus (Pinheiro Figliuolo et al., 2020) 

have similar microsatellite repeats on sex chromosomes highlighting their role in the 

evolutionary process of sex chromosome differentiation.  

In contrast to mammals, all the sex chromosomes identified among different fish species so 

far, are considered to be at an early stage of differentiation (Charlesworth, 2004, Graves, 

2006, Tripathi et al., 2009, Charlesworth, 2018). Hence, in typical fish sex chromosomes, 

there is only a small region with reduced crossing over, and homologous recombination is 

still possible throughout the larger pseudoautosomal portion. According to studies of 

common ancestors and the viability of homozygous YY males, the age of teleost sex 

chromosomes has been estimated in a range of 2–30 million years, dependent on the species 

(Volff et al., 2007, Tripathi et al., 2009), compared to ∼180 million years for the human Y 

chromosome (Cortez et al., 2014). 

Early stages of sex chromosome evolution have been detected in Poeciliidae (Nanda et al., 

1990, Nanda et al., 1993, Nanda et al., 2000, Traut and Winking, 2001). However, these were 

possible only through small molecular differences and not always shared between species. 

For example, in P. reticulata and P. sphenops the C-banding revealed sex chromosome 

heterogamety, but failed to do so in P. velifera where the W-chromosome could be identified 

only through the use of sex-linked repetitive probes (Nanda et al., 1993). In platyfish a sex-
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determining region was mapped by FISH showing a very incipient stage of sex chromosome 

differentiation (Nanda et al., 2000).  

The accumulation of the heterochromatin blocks in two small sized autosomal chromosomes 

(both male and female metaphases) may have a key role in the onset of sex chromosome 

differentiation. An alternative explanation is that the pair of sex chromosomes could have 

arisen when an allele on an autosomal pair acquired a male-determining function, defining a 

new Y chromosome independently. Such multiple and independent evolution of sex 

chromosomes is remarkable given the apparently short time frame spanning the radiation of 

the G. holbrooki from its ancestor, X. maculatus and X. helleri (XX/XY and ZZ/ZW; Fig. 6A 

and B). However, it is not unique; for instance, the multiple and independent origin of female 

heterogamety has recently been described in two closely related medaka, Oryzias javanicus 

and Oryzias. hubbsi (Takehana et al., 2008) and Gambusia fishes, G. holbrooki and G. affinis 

(Kottler et al., 2020). 

Our results suggest a divergence of autosomes to Y- and X-like homologous regions about 7 

mya. However, it is not yet clear whether this represents divergence in genes. This is similar 

to observation in papaya where two evolutionary events on the X chromosome, correspond to 

inversions on the hermaphrodite-specific region of the Yh chromosome (HSY), the older of 

which evolving about 7 mya (Wang et al., 2012). It might represent accumulated differences 

in intergenic regions since the Y- and X-like homologous regions ceased recombining 

(Charlesworth et al., 2005, Wang et al., 2012). In G. holbrooki, the male-specific region is 

indeed enriched with repetitive sequences, compared with other genome regions, like other Y 

chromosomes (Traut and Winking, 2001, Skaletsky et al., 2003, Charlesworth et al., 2005, 

Bachtrog, 2013).  

It is tempting to speculate that maintenance and amplification of the repetitive DNA (e.g., 

rDNA) sites on the Y chromosome might have promoted reduced recombination between the 
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XY pair (see results; Fig. 6). It has been suggested that polymorphisms in the rDNA locus in 

Salvelinus (Reed and Phillips, 1997) and Triportheus (Yano et al., 2017) species may have 

acted in a similar way to limit crossing over near the sex locus. Besides rDNA, the 

heteromorphic sex chromosome (W) in Triportheus is rich in other repetitive DNA classes, as 

evidenced by the variable accumulation of microsatellites and U2 snDNA (Yano et al., 2016, 

Yano et al., 2017, Sember et al., 2018b). Therefore, the possible involvement of distinct 

classes of repetitive DNA sequences in the differentiation process of the Y chromosome 

cannot be ruled out. 

A male-specific region confined to a pericentric part of the arms of the Y chromosome was 

identified in the male metaphase. The position of this region is noteworthy since a large 

heterochromatin block (i.e., NOR) is found in the corresponding homologous region on the X 

chromosome. Unlike in Hoplias malabaricus (Born and Bertollo, 2000, Sember et al., 2018a) 

this did not lead to the considerable size difference between the sex chromosomes. The G. 

holbrooki Y chromosome appears in an evolutionary context the youngest amongst other 

Poeciliid species compared in this study (Fig. 7A) as was also suggested in an earlier study 

(Darolti et al., 2019). Thus, the Y-linked region carry alleles of X-linked genes, unlike 

mammals and Drosophila, whose Y chromosomes have lost most genes present on the X 

(Bachtrog, 2013, Charlesworth, 2018). The results also indicate that the differentiation of the 

arms of the X chromosome occurred by accumulation of heterochromatin and repetitive 

cistrons from ancestral autosome pair. Clustering of more repetitive sequences on X than the 

Y during sex chromosome differentiation was similar to those observed in Hoplias 

malabaricus where accumulation of heterochromatin and 18S rDNA on the X chromosome 

has occurred (Cioffi et al., 2010, Sember et al., 2018a).  

In G. holbrooki, two chromosome pairs have been previously reported as NOR-bearing with 

their origin attributed to a single pair of chromosomes but with changes in rDNA base 
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sequences process causing one chromosome chromomycin negative (Lozano et al., 1992, 

Russo et al., 1999). This may have been caused by whole genome duplication (Hughes et al., 

2001) followed by differentiation or by multiple independent events of tandem duplication 

and translocation of genetic elements (Sember et al., 2018b). In mammals, with a stable sex 

determination system, localisation of rDNA clusters on sex chromosomes is extremely rare 

(Proskuryakova et al., 2018) but exist, by translocation of an autosomal NOR onto the X 

chromosome (Pardue and Hsu, 1975, Gallagher et al., 1998, Proskuryakova et al., 2018, 

Solano et al., 2014). However, the transposition of NORs from autosome to sex chromosome 

may also be due to the translocation of an ancestral autosome carrying NORs. Alternatively, 

it could be the case similar to an inactive NOR that was described for Lemniscomys barbarus 

(Muridae, Rodentia) with X and Y chromosomes and its participation in the sex chromosome 

recombination process (Stitou et al., 2000).  

The co-amplification of the heterochromatin block (i.e., NOR) region with other repetitive 

DNA sequences on the X chromosome can be considered as a consequence of the whole 

differentiation process of the sex pair, aiding to buffer the absence of functional rDNA copies 

on the Y chromosome. In fact, it is noteworthy that the NOR on the X chromosome is always 

genetically active (Born and Bertollo, 2000). A growing number of studies are pointing to sex 

chromosome-specific NORs (Kawai et al., 2007, Badenhorst et al., 2013, Sember et al., 

2018a, Yano et al., 2017) that might play a greater role in nascent sex chromosome evolution 

than currently known. 

In dioecious plants of the genus Silene, divergence differences have been partly attributed to 

transpositions of genes onto the Y and only a single functional Y-linked gene is known to 

have arisen in this way which has no X-linked copy, but only an autosomal homologue 

(Charlesworth et al., 2005, Mahajan and Bachtrog, 2017). The transposition appears to have 

occurred soon after the X and Y chromosomes started to diverge (Matsunaga et al., 2003), but 
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it is unknown whether its initial transfer to the Y was selectively favoured (it may merely be 

a part of a larger translocation that was favoured because it carried some other gene(s) with 

advantages for male functions). Small transpositions cannot explain the observed pattern of 

divergence along the X chromosome (Charlesworth et al., 2005). 

The occurrence of microchromosome(s) in both females and males has not been reported in 

any Poecilids species. The only exception has been gynogenetically reproducing strains of 

Amazon molly, Poecilia formosa (Lamatsch et al., 2010, Schlupp, 2010), which derive 

microchromosomes from cohabiting species on which they depend for activation of 

embryonic development (Nanda et al., 2007). In general, the paternal DNA is eliminated 

from the inseminated oocyte; however, in rare cases parts of the sperm genome persist as 

microchromosomes in the karyotype of the developing embryo of Amazon molly (Nanda et 

al., 2007, Schartl et al., 1995). Similarly, in gynogenetic mottled grasshopper, Myrmeleotettix 

maculatus (Shaw and Hewitt, 1984, Bakkali et al., 2002, Cabrero et al., 2007), as well as in 

teleosts such as gibel carp, Carassius gibelio (Li et al., 2016), crucian carp, Carassius 

auratus (Xiao et al., 2011) and grass carp, Ctenopharyngodon idellus (Mao et al., 2019) 

meiotic derived microchromosome has been reported. Although gynogenesis has not been 

reported in G. holbrooki, the occurrence of microchromosomes is unique. What is also 

interesting is that they were observed in both the males and females with differential CGH 

signals suggesting potential sex-specific functions. The presence of microchromosomes has 

been previously reported in dragon lizard with XX/XY (Ezaz et al., 2005) and Australian 

freshwater turtle with ZZ/ZW (Ezaz et al., 2006b) sex determining mechanisms. 

Microchromosome are known to play a role in chromosome dosage compensation (Ezaz et 

al., 2006a, Schield et al., 2019). In the heterogametic sex, gene dose on the X and Z 

chromosomes reduces relative to the autosomes as the consequence of non-recombining sex 

chromosome (Y or W) degeneration, while microchromosomes acquire a role to balance the 
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gene dose (Wright et al., 2016, Graves, 2016) and provide environmental fitness (Nanda et 

al., 2007, Makunin et al., 2014). The origin of the microchromosomes, however, is largely 

unknown. Due to their tiny size the microchromosomes can be easily lost during the 

metaphase preparation and/or overlooked and not commonly reported. Microchromosome 

can also be lost during an individual's development because of unequal distribution during 

cell divisions (Palestis et al., 2004). Given their small size the microchromosomes may be 

derived from the terminal part of some of the macrochromosomes. This was in part supported 

by the shared hybridisation pattern between microchromosomes and the terminal region of 

some of the autosomes both in males and females. However, this needs future validation.  

 

5.6. Conclusion  

 

The karyomorphology of the male and female G. holbrooki verified the presence of 2n = 48 

chromosomes. Interestingly, the presence of microchromosomes was also discovered for the 

first time in this species, whose role in sex determination and their origin needs investigation. 

The CGH in the male metaphase revealed a large male-specific signal (i.e., indicating 

preferential binding of the male-derived probe) on an interstitial arm of a large chromosome. 

Also, conspicuous male-specific signals were superimposed on weak female-specific signals 

on two homologous chromosomes of the female mitotic complements. Collectively, these 

patterns are consistent with the hypothesis of an XX/XY sex-determining mechanism in G. 

holbrooki, but this requires further verification. Notably, the male specific signal was in the 

proximal location of a chromosome implying that the accumulation of these repeats may have 

initiated the relatively ‘young’ Y chromosome differentiation. The outcome of this study will 

assist future investigations into the evolution of sex determination and differentiation 

mechanism in this species and vertebrates, at large. 
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Chapter 6 

 

General Discussion 
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Poeciliidae, a family of live-bearing freshwater fish, is a well-studied group of fishes with 

respect to evolution, development, behaviour, ecology, and sex determination systems. 

Interestingly, this taxa encompass representatives with the greatest variety of genetic sex 

determination mechanisms known amongst vertebrates. Over the last decade, however, the 

majority of studies have focused predominantly on the guppy, Poecilia reticulata (Nanda et 

al., 1990, Traut and Winking, 2001, Tripathi et al., 2009, Nanda et al., 2014, Bergero et al., 

2019, Charlesworth et al., 2020) with little attention on evolutionarily younger species such 

as Gambusia holbrooki.  

This study is the first comprehensive investigation on the embryonic development, sexual 

dimorphism (e.g., somatic organs), and chromosomal sex mechanism of the eastern 

mosquitofish, G. holbrooki. The primary aims of this study were to develop a phenotypic sex 

marker to assist distinguishing the sex of live embryos at very early developmental stages and 

identify and confirm genetic sex determination mechanism of G. holbrooki for developing the 

Trojan Sex Chromosome (TSC) approach to control and eradicate this species. This study 

systematically investigated a number of key aspects that are essential for identification of key 

developmental traits, starting from chronological description of systems (e.g., nervous, 

circulation, visual, digestive, and musculoskeletal) in embryos and identification of the sex 

dimorphism organ and its application as the sex-linked traits to discriminate the genetic sex 

of embryos at very early in development. More importantly, a series of karyomorphological 

and cytogenetic studies (i.e., artificial chromosome decondensation, improvement in mitotic 

index, chromosome length measurements, chromosome banding, FISH, CGH and 

phylogenetic analysis) were conducted primarily to identify and confirm the cryptic sex 

determination mechanism and its evolution in this species.  
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6.1. The knowledge of developmental events is vital for sex determination 

and differentiation investigations  

 

A knowledge of embryogenesis is necessary to determine the timing of sex differentiation 

and underpinning mechanisms including sex determination. In gonochoristic fish, sex is 

determined genetically or by environmental factors or a combination of both (Devlin and 

Nagahama, 2002, Penman and Piferrer, 2008). Once sex is determined, the gonads are 

differentiated into ovary or testis, with the genetic sex remaining fixed for the entire life cycle 

(Kobayashi et al., 2013). For example, undifferentiated gonads early during embryogenesis of 

the Nile tilapia, Oreochromis niloticus undergo striking morphological dimorphism resulting 

either male or female individuals (Kobayashi et al., 2000, Kobayashi et al., 2002). At a 

molecular level, several factors including genes play a critical role in both sex determination 

and gonad differentiation during early development. However, to determine when and what 

genes trigger gonad differentiation, a good understanding of embryonic staging is necessary. 

For example, knowledge of the embryogenesis and precise staging was vital to study the role 

of the anti-Mullerian hormone (amh) in sex differentiation and determination of G. holbrooki 

(Kwan and Patil, 2019) and Patagonian pejerrey, Odontesthes hatcheri (Hattori et al., 2012). 

At the beginning of this study, only limited information was available on embryonic 

development of G. holbrooki (Norazmi-Lokman et al., 2016). For example, the only detailed 

staging for a Gambusia sp. (Chambolle et al., 1970) with no species details was available. 

Moreover, this was based on hand-drawn illustrations and fixed embryos that limited 

observations. However, previous studies have reported a more detailed embryonical 

description of platyfish, Platypoecilus and swordtail, Xiphophorus hellerii (Tavolga and 

Rugh, 1947a, Tavolga, 1949). Apart from these, developmental staging in viviparous fish 

species is less reliable because they depended on in vitro cultured embryos (Vielkind and 

Vielkind, 1983, Liu and Lee, 2014, López-Rodríguez et al., 2017) for staging. For example, 
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in guppy, Poecilia reticulata (Martyn et al., 2006), use of in vitro cultured embryos allowed 

staging only up to 23 days post fertilisation with no detailed external and internal anatomical 

descriptions. This is perhaps because embryos could not be cultured for the entire gestation 

due to partial lecithotrophy (i.e., yolk-feeding) and the need for nourishment through placenta 

(Reznick et al., 2002, Pollux et al., 2009, Pollux et al., 2014). Thus, in vitro culture and 

fixation approaches have limitations for developmental staging in poeciliid species. 

Moreover, the developmental staging criteria described for different Poeciliids are not always 

applicable to other Poeciliids due to species-specific divergent traits and morphologies 

(Riesch et al., 2011, Fischer et al., 2013, Riesch et al., 2016). Regardless, detailed knowledge 

of development of different organs and systems (e.g., circulation) in G. holbrooki were 

virtually non-existent.  

Comparatively, fish embryogenesis in oviparous teleosts such as zebrafish (Kimmel et al., 

1995) and medaka (Iwamatsu, 2004) with several precise developmental indices for staging 

have been well-documented. Unlike in Poeciliids, the zebrafish and medaka embryos are 

optically more transparent enabling easy identification of very deep embryonic structures. 

Moreover, internal fertilisation and inaccessibility of developing embryos are major limiting 

factors to study embryonic developmental processes in Poeciliids. Nonetheless, the present 

study (see chapter 2), successfully developed a new comprehensive staging system for G. 

holbrooki using external and internal developmental features. Notably, issues associated with 

yolk opacity were overcome by applying 3D colour analysis of embryonic images. These 3D 

data gave a fingerprint for each developmental stage for automation of embryonic staging.  

Another common challenge is to determine the timing of fertilisation in viviparous fish. To 

address this limitation, the time of fertilisation was successfully calibrated by using virgin 

females with time of mating serving as proxy.  
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Collectively, prior to this study, quantitative information including egg diameter (ED), 

embryo total length (ETL), otic vesicle closure (OVC), heart rate (HR; bpm), the number of 

caudal fin rays (CFR), number of caudal fin ray elements (CFRE) for G. holbrooki 

developmental staging were not available. Many of these indices and measurements are 

critical for developmental staging in fish (Fujimura and Okada, 2007, Tsai et al., 2013, 

Hendrick et al., 2019). Indices such as OVC, CFR and CFRE were critical for precise 

development staging in G. holbrooki, particularly during segmentation and pharyngula.  

Prior to this study, there was little information on the chronology of organogenesis in G. 

holbrooki. However, the timeline described for platyfish and swordtail (Tavolga, 1949) were 

used for comparison and verification. The estimated developmental rate including the 

appearance of key developmental events (e.g., otic vesicle, liver, and heart) for G. holbrooki 

were comparable to those of described in platyfish and swordtail (Tavolga, 1949), cross- 

verifying the accuracy of the developmental staging.  

All types of pigments previously reported for guppies (Kottler et al., 2014) were also visible 

in G. holbrooki embryos. Among them, the concurrent appearance of the white leucophores 

with the formation of the gonad primordia is similar to what has been reported for medaka 

(Wada et al., 1998), suggesting a tight developmental link between gonad development and 

pigmentation. Also, gene(s) regulating the development of pigmentation and some skeletal 

traits (i.e., teeth) are linked to sex chromosome (Streelman and Albertson, 2006, Streelman et 

al., 2007). It is, therefore, possible that both pigmentation and dentition are linked to sexual 

development in G. holbrooki. Broadly, the poeciliid fish provide astonishing examples of 

sex-linkage of male phenotypic traits. For example, pigmentation, fin size and shape, 

courtship behaviour, and male attractiveness are linked to the Y chromosome in guppies 

(Brooks and Endler, 2001, Lindholm et al., 2004, Kottler et al., 2013, Morris et al., 2018, 

Gordon et al., 2012), G. holbrooki (Lindholm and Breden, 2002, Horth, 2006, Horth et al., 
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2010), platyfish (Kottler and Schartl, 2018). Specifically, in G. holbrooki, inheritance of 

melanistic pigmentation linked to Y has been described (Angus, 1989, Horth, 2006, Horth et 

al., 2013). More recently, a Y-linked allele of GIPC PDZ domain containing family member 

1 (gipc1), has been reported (Kottler et al., 2020), which is linked to melanism in all G. 

holbrooki populations tested. Similarly, a linkage between leucophores and gonad 

development in G. holbrooki could be linked to sex chromosome, however this requires 

experimental testing. A recent report of genetic sex markers in this species (Kwan and Patil, 

2019, Patil et al., 2020) could facilitate such investigations. 

It was not surprising that heart rate increased with the progress of embryonic development as 

this has been previously reported in zebrafish (Barrionuevo and Burggren, 1999), medaka 

(Watanabe-Asaka et al., 2014) as well as in chick and mice (van Weerd and Christoffels, 

2016) embryos. This allows fish to meet the demands for the growing embryo and ensuring 

blood perfusion to newly developing tissues and organs (Barrionuevo and Burggren, 1999, 

Watanabe-Asaka et al., 2014, De Luca et al., 2014). Interestingly, at any given developmental 

stage the heartbeats tended to cluster into two distinct groups which suggesting a possible 

link to sex. As a result, this was systematically investigated (Chapter 3). 

 

6.2. Heart rate can be used for rapid sexing of embryos 

 

Despite a rich history of heart studies in vertebrates, including mammals and teleosts, this is 

the first report with distinct heart rates linked to genetic sex. Although genetic sexing is 

possible in species for which there are known genetic sex markers, this process is relatively 

tedious and expensive. In contrast, a phenotypic based sexing technique using heart rate is not 

only rapid, non-invasive, and inexpensive, it is also amendable for automation. Use of light-

cardiograms (LCG) to detect sex-specific cardiac parameters (e.g., relative cardiac outputs) 

non-invasively (Mousavi and Patil, 2020) and automation (Martin et al., 2019) has also been 
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reported in zebrafish, Danio rerio. A recent study (Lauridsen et al., 2019) has already 

demonstrated that even with rapid fish movements, it is now possible to determine the heart 

rates without masking its frequencies.  

Apart from direct use of LCG for phenotypic sexing of G. holbrooki this technique can also 

be applicable to aquaculture. The optical screening using automated machine vision systems 

are already practised in aquaculture for monitoring, evaluation and data collection to improve 

farm management practices and/or superior phenotype selection (Zion, 2012, Saberioon et al., 

2017, Konovalov et al., 2018). For example, length and mass are automatically monitored 

using on-farm flow-through machine vision systems, in the rainbow trout, Oncorhynchus 

mykiss (Miranda and Romero, 2017) and Jade Perch, Scortum barcoo (Viazzi et al., 2015),  

respectively. Prior to this study, phenotype sexing of embryos using optical methods was 

never investigated and therefore could be applicable to other species. However, this requires 

investigations in the species of interest.  

Another important application of cardiac sex dimorphism in G. holbrooki is to study sex-

related cardiovascular diseases in humans. Although sex-specific cardiac differences, in 

humans, are well-documented (Huxley, 2007, Arnold, 2011, Arnold and Lusis, 2012, Regitz-

Zagrosek and Kararigas, 2017a, Regitz-Zagrosek and Kararigas, 2017b, Kessler et al., 2019, 

Regitz-Zagrosek, 2020), there appears to be no good model to investigate these in detail. For 

instance, the common models, neither zebrafish nor mice show stark sex-specific differences 

in cardiac physiology. In this context, G. holbrooki can serve as a better model to study 

human cardiovascular diseases and conditions, leading to discovery of sex-specific 

therapeutics.  
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6.3. Improvements in mitotic chromosomes was essential for cytogenetic 

studies 

 

This study successfully optimised mitotic chromosome preparation (Chapter 4) that was 

essential for cytogenetic investigations (Chapter 5). Low mitotic index is a common problem 

in cytogenetic studies when using direct (i.e. harvesting cells from tissue of a living animal 

instead of in vitro tissue culture) chromosome preparation methods (Woznicki et al., 2004). 

Although several studies have been carried out on cytogenetics of poeciliid species including 

G. holbrooki, there is no report on improvement and optimisation of direct preparation of the 

mitotic index using different tissues of sexes. It was possible to increase the mitotic index by 

intramuscular (IM) injection of activated yeast, Saccharomyces cerevisiae before colchicine 

(metaphase arresting agent) treatment in G. holbrooki (chapter 4). This was largely in 

agreement with studies in other teleosts (Bertollo et al., 2015, Oliveira et al., 2016, Shams et 

al., 2019) and can be readily applied to other Poeciliid species. However, optimisation of 

dose and duration may be required for different fish species.  

An interesting observation was the sex-dimorphism in mitotic index of different tissues 

(spleen, kidney, and liver), with significantly higher index in the female compared to male. 

This may relate to sex-specific differences in immune response. Despite non-pathogenic 

nature of the yeast (S. cerevisiae), it has been previously shown that they induce 

immunologic responses in mammals and are actively phagocytised by dendritic cells (DCs) 

and macrophages (Stubbs et al., 2001, Heintel et al., 2003, Bernstein et al., 2008, Remondo et 

al., 2009). Immunogenic nature of yeast cells generating signals similar to microbial infection 

is also known (Kumar and Kumar, 2019). This may partially explain the high mitotic index in 

the kidney and spleen of females suggesting their ability to respond better than males to 

infections (Klein and Flanagan, 2016). Sexual dimorphism in the immune system is well-

documented in humans (Case et al., 2013, Ostan et al., 2016, Gal-Oz et al., 2019, Schurz et 
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al., 2019) and in some cases it is thought that “immune cells have sex” (Klein, 2012). More 

specifically, the expression of X-linked genes and microRNA, as well as sex steroid 

hormones signalling through hormone receptors in immune cells, can affect responses to 

immunological stimuli differently in males and females (Klein, 2012, Taneja, 2018, Ortona et 

al., 2019). For example, testosterone has an immunosuppressive effect while estrogen has an 

immunoenhancing effect on the immune system (Beagley and Gockel, 2003, Klein and 

Flanagan, 2016, Taneja, 2018).  

To sum up, the sex differences in mitotic index has not been previously reported for any other 

species. However, this can be explained by the different genetic and physiological 

factors/mechanisms that are influenced by phenotypic sex.  

 

6.4. Sexually dimorphic elongation of the metaphase chromosomes 

  

Elongation of metaphase chromosomes is essential to enhance the resolution of the fine 

chromosomal structures and their detection (Louis et al., 2004). Mapping fine deletions or 

insertion on metaphase chromosomes has been always a challenge due to limitations of 

resolution. However, FISH experiments using elongated chromosomes revealed a duplicated 

region of a chromosome that were undetectable in chromosome spreads without elongation 

(Darzynkiewicz and Kapuscinski, 1988, Kearney, 1999, Louis et al., 2004). Findings of this 

study suggest that Ethidium bromide (EtBr) could alter the conformational and physical 

properties of DNA in a sex-specific manner.  

EtBr treatment increases the length of the chromosome and the quality of resolution (Louis et 

al., 2004). By applying this method, it was possible to enhance the visualisation of 

chromosomal bands (CGH signatures) and hidden parts of DNA on the mitotic chromosomes 

of G. holbrooki. Both duration and dose of EtBr were important to produce optimum results 

as was also observed in mice (Louis et al., 2004).  
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One possible explanation for sexually dimorphic elongation of mitotic chromosome is the 

different capacity of the male and female cells to uptake the EtBr as it has been also observed 

in the mice (Louis et al., 2004). Alternatively, this could be explained by differential 

electrostatic attractions between the DNA and ethidium bromide in male and female tissue 

(Tomiyasu and Testa, 1988, Paoletti, 1979, Lemke et al., 2001). Combination of mechanical-

chemical interaction also plays a role in chromosome condensation as binding of this cationic 

molecule (EtBr) can reduce the effective charge density of DNA (Banerjee et al., 2014) thus 

relaxing the neutralised DNA. Moreover, EtBr can disrupt the integrity of histone‐DNA 

complexes (Banerjee et al., 2014) by removing histone-DNA clamps (Bosire et al., 2019) 

leading to DNA relaxation.  

 

6.5. Chromosomal sex determination mechanism in G. holbrooki and its 

evolutionary importance amongst Poeciliids 

 

This study has successfully investigated the cryptic sex-determination system in G. 

holbrooki. A chromosome in the male metaphases was distinguished by DNA repeat 

accumulations on a medium-size male chromosome indicating the presence of a nascent Y 

chromosome, thus an XX/XY (i.e., male heterogamety) sex-determining mechanism in this 

species.  

Although several studies have reported an XX/XY system for G. holbrooki (Black and 

Howell, 1979, Angus, 1989, Kottler et al., 2020), it was not cytogenetically validated, prior to 

this study. This study identified a chromosome that contains small sex-specific region in male 

metaphase spreads, similar to P. reticulata (Traut and Winking, 2001) and several other 

teleosts (Kijas et al., 2018, Shams et al., 2019, Böhne et al., 2019), that are characteristics of a 

very ‘young’ sex chromosome. Therefore, findings of this study highlight a nascent Y 

chromosome in G. holbrooki. This was further supported by a more recent phylogenetic 
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divergence (6–10 million years ago) of G. holbrooki the Y chromosome from that of its sister 

taxa, G. affinis which is known to have ZZ/ZW system. In general, younger the sex 

chromosome, less they are cytogenetically or morphologically differentiated. A number of 

evidence showing the existence of undifferentiated sex chromosome (Y/W) in many teleosts 

fish species with recent evolution origin (<10 million years ago) (Kondo et al., 2004, Tanaka 

et al., 2007, Peichel et al., 2020). Even the ancestors of G. holbrooki (P. reticulata and P. 

latipinna) i.e. with estimated sex chromosome age older than those of estimated for G. 

holbrooki (Darolti et al., 2019) and (present study), possess nascent sex chromosome. The 

process of repetitive DNA accumulation is considered the earliest sign of evolving sex-

specific chromosomes before they begin to degenerate and differentiate morphologically 

(Steinemann and Steinemann, 2005, Marais et al., 2008, de Bello Cioffi et al., 2012). Thus, 

the accumulation of DNA repeats on a male chromosome of G. holbrooki implies that it is 

newly evolving into a sex chromosome (Y) and not yet morphologically distinct.  

Interestingly, microchromosomes were observed for the first time in this species, which were 

visible in male metaphase preparations without the need for FISH/CGH. Whereas in females 

these became apparent only post FISH/CGH accentuation. However, it is as yet unclear as to 

what if any role they play in sex determination/differentiation. More research (i.e., sex 

chromosome microdissection and whole chromosome painting) and experimentation are 

needed to solve the issues raised in this study to assist the understanding and advancement of 

knowledge on the cryptic chromosomal sex-determination system and its evolution amongst 

other livebearers and teleost fish. 
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6.6. Conclusion  

 

The main objectives of this study were to identify cytogenetic evidence for sex determination 

mechanism and phenotypic traits associated with sex in G. holbrooki. This was/is to assist 

development and implementation of a Trojan chromosome (Gutierrez and Teem, 2006), a 

genetic approach to control pest populations of this species. A detailed developmental staging 

key and the discovery of sex-dimorphic heart rates in this species are novel and will be useful 

to control feral populations of this species as well as for biomedical research. Although, the 

cytogenetic evidence indicates a male heterogametic (XX/XY) sex-mechanism in this 

species, further validation using multiple lines of evidence such as progeny testing of sex 

reversed individuals as well as discovery of master sex-determining gene and its mapping are 

necessary. 
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