
  

 
 

THESIS 

 
AN INVESTIGATION OF ZZ/ZW AND XX/XY SEX-

DETERMINATION SYSTEMS IN BIGHEAD CATFISH 

(CLARIAS MACROCEPHALUS, GÜNTHER, 1864), NORTH 

AFRICAN CATFISH (CLARIAS GARIEPINUS, BURCHELL, 

1822), AND HYBRID CATFISH (CLARIAS MACROCEPHALUS X 

CLARIAS GARIEPINUS) 
 

NGUYEN HO MY DUNG   
 

GRADUATE SCHOOL, KASETSART UNIVERSITY 

Academic Year 2021 
 

 

 



 

 
THESIS APPROVAL 

GRADUATE SCHOOL, KASETSART UNIVERSITY 

 
DEGREE: Doctor of Philosophy (Genetics) 

MAJOR FIELD: Genetics 

DEPARTMENT: Genetics 
 

TITLE: An Investigation of ZZ/ZW and XX/XY Sex-Determination Systems in 

Bighead Catfish (Clarias macrocephalus, Günther, 1864), North African 

Catfish (Clarias gariepinus, Burchell, 1822), and Hybrid Catfish (Clarias 

macrocephalus x Clarias gariepinus) 

 

NAME: MISS NGUYEN HO MY DUNG   

 
THIS THESIS HAS BEEN ACCEPTED BY 

 

  

(Associate Professor Kornsorn Srikulnath, Ph.D.) 
 

THESIS ADVISOR 

 

  

(Professor Surin Peyachoknagul, Dr.Agr) 
 

THESIS CO-ADVISOR 

 

  

(Assistant Professor Narongrit Muangmai, Ph.D.) 
 

THESIS CO-ADVISOR 

 

  

(Associate Professor Uraiwan Arunyawat, Dr.rer.nat.) 
 

DEPARTMENT HEAD 

 

 

   

(Associate Professor Srijidtra Charoenlarpnopparut, Ph.D.) 
 

DEAN 

 

 

 



  

THESIS 

 

AN INVESTIGATION OF ZZ/ZW AND XX/XY SEX-DETERMINATION 

SYSTEMS IN BIGHEAD CATFISH (CLARIAS 

MACROCEPHALUS, GÜNTHER, 1864), NORTH AFRICAN CATFISH (CLARIAS 

GARIEPINUS, BURCHELL, 1822), AND HYBRID CATFISH (CLARIAS 

MACROCEPHALUS X CLARIAS GARIEPINUS) 
 

NGUYEN HO MY DUNG   
 

A Thesis Submitted in Partial Fulfillment of 

the Requirements for the Degree of 

Doctor of Philosophy (Genetics) 

Graduate School, Kasetsart University 

Academic Year 2021 
 

 

 



 C 
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), North African Catfish (Clarias gariepinus, Burchell, 1822), and Hybrid Catfish 

(Clarias macrocephalus x Clarias gariepinus). Doctor of Philosophy (Genetics), 

Major Field: Genetics, Department of Genetics.  

Thesis Advisor: Associate Professor Kornsorn  Srikulnath, Ph.D.  

Academic Year 2021 

 

Aquaculture plays an important role in the food and nutrition of many 

countries and is particularly significant in rural development. Clariid catfish 

(Clarias spp.) are regarded as one of the most promising aquaculture species and 

contribute significantly to the economy of Thailand. The hybrid freshwater catfish 

from native parental species (C. gariepinus x C. macrocephalus) has faster growth 

and disease resistance as a favored breed in aquaculture but the sterility of F1 male 

hybrids has presented a major obstacle to commercial production. The complex sex-

determination system (SDS) between the two parental species might affect sterility. 

This study explored the SDSs of these two species using diversity arrays technology 

sequencing (DArTseq) to generate single nucleotide polymorphism (SNP) loci and 

restriction site specific presence-absence (PA) markers. DArTseq is a successful 

method for identifying sex-linked markers in non-model species. Male and female-

linked loci reached the criteria of moderately sex-linked loci at 70:30, 80:20, 90:10 

and 100:0. Results suggest that the male heterogametic XX/XY SDS should co-

exist with the ZZ/ZW system in African catfish. The SDS of African catfish might 

be influenced by a polygenic sex-determination (PSD) system, consisting of many 

independently segregating sex “switch” loci to determine sex within a species, 

while bighead catfish may also exhibit a male heterogametic XX/XY sex-

determination system. One male-linked locus showed homology with the GTSF1L 

gene, which exhibits a testis-enriched expression pattern. Male-linked loci on the 

putative Y sex chromosome were identified as an extremely small proportion of the 

genome. A PCR-based DNA marker was developed to validate the male-linked loci 

in bighead catfish. Research results disclosed that ZZ/ZW SDS can co-exist with 

XX/XY SDS as PSD in the same individuals of hybrid catfish. Most of these loci 

were not sex-linked in the parental species, suggesting that the hybrid exhibits a 

combination of different alleles. One female-linked locus was homologous with the 

B4GALNT1 gene, which is involved in the spermatogenesis pathway and 

hatchability. These SDS findings can be applied to improve commercial breeding of 

this species in Thailand. This approach, using moderately sex-linked loci, provides 

a baseline to identify potential sex determination regions in catfish, thereby 

enabling genetic enhancement in breeding programs. 
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Introduction 

 

 Aquaculture plays an important role in the food and nutrition of many 

countries and is particularly significant in rural development (Loring, 2019). Clarias 

catfish, including North African catfish (Clarias gariepinus), bighead catfish (C. 

macrocephalus) and their hybrids are farmed in at least 55 countries with an annual 

global output of 1, 245.3 million tons in 2018 (FAO, 2021). The bighead catfish (C. 

macrocephalus) is widely distributed in Laos, Cambodia, Vietnam, and Thailand 

(Davidson, 1975; Kuronuma, 1961; Rainboth, 1996; Suvatii, 1981). The bighead 

catfish is preferred for its better taste and soft meat but aquaculture is not widespread 

because of slow growth and high disease sensitivity (Senanan et al., 2004). The North 

African catfish (C. gariepinus) is a highly adaptable species with tolerance for low 

water quality and resistance to many infectious agents. During the 1980s, a hybrid 

catfish was introduced by crossing female bighead catfish (C. macrocephalus) and 

male African catfish (C. gariepinus). The hybrid has fast growth and high disease 

resistance contributed by the parental genomes and became popular in aquaculture 

(Na-Nakorn et al., 1994), accounting for over 90% of catfish production in Thailand 

in 2004 (Na-Nakorn, Kamonrat, et al., 2004; Ponjarat et al., 2019). However, the 

sterility of the hybrid is a major obstacle to mass production. The SDS complexity 

between the two parental species has been postulated to impact sterility (Na-Nakorn, 

Rangsin, et al., 2004; Ponjarat et al., 2019) SDSs are complex and poorly understood 

in catfish. Breeding programs encounter difficulties in sex manipulation to produce 

monosex populations that can support the stability of mating systems. 
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Background and Rationale 

 

 Sex determination systems in teleosts have been observed across taxa as 

hermaphroditism, genetic sex determination (GSD), multifactorial polygenic sex-

determining (PSD) mechanisms and environmental sex determination (ESD) (Ezaz et 

al., 2016). The evolutionary lability of sex determination and the rapid rate of 

turnovers and transitions among different modes makes the teleost an excellent model 

for testing theories regarding the evolution of sex determining adaptation (Pennell et 

al., 2018). Heterogametic sex chromosomes have been observed in less than 1% of 

teleost fish (Kottler & Schartl, 2018; Mank et al., 2006), while sex chromosomes in 

teleosts are far less differentiated, with recombination often occurring along their 

length. In the catfish lineage, sex determination processes are complex, with varying 

patterns of sex chromosomes depending on geographical region. Clariid catfish 

include 14 genera found in India, Syria, Southeast Asia and Africa. Most clariid 

species have the diploid chromosome number (2n) ranging from 48 to 56, except for 

C. pachynema (2n = 66) and one population of C. batrachus (2n = 104) (Eyo & 

Effiong, 2005; Jianxun et al., 1991; Malla & Ganesh, 2009; Maneechot et al., 2016). 

In the Clarias genus, walking catfish, mudfish (C. anguillaris, Linnaeus, 1758) and 

West African catfish (C. ebriensis, Pellegrin, 1920) have a ZZ/ZW sex-determination 

system (Eyo & Effiong, 2005; Pandey & Lakra, 1997), whereas white spotted clarias 

show XX/XY.  

 The African catfish is the most complex species with XX/XY or ZZ/ZW 

systems in different geographical populations. Almost all the reported sex 

chromosome systems from Africa and Israel show that C. gariepinus indicated a 

ZZ/ZW system (Eyo & Effiong, 2005; Ozouf-Costaz et al., 1990; Teugels et al., 

1992). Molecular marker, chromosome analysis, genetic manipulation and hormonal 

sex-reversal experiments suggested a XX/XY system in C. gariepinus with different 

sampled populations from Israel, Hungary and China (Eding, 1997; Galbusera et al., 

2000; Liu et al., 1996). In bighead catfish, no heteromorphic sex chromosomes have 

been identified (Maneechot et al., 2016; Ponjarat et al., 2019; Siraj et al., 2009), while 

gynogenesis research can induce bighead catfish to produce all-female stocks. This 

study suggests a possible male heterogametic (XX/XY) system (Na-Nakorn, 1995). 
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Previous studies identified diploid chromosome numbers of African catfish and 

bighead catfish as 56 and 54, respectively while the diploid chromosome number of 

hybrid catfish is 55 (Maneechot et al., 2016; Ponjarat et al., 2019). The male hybrid 

produced as a result of interspecific hybridization is sterile, and widespread 

production of the F1 hybrid has been limited. This sterility might occur because of the 

different parental diploid chromosome numbers or from a complex interaction 

between the two different sex-determining mechanisms of these species (Na-Nakorn, 

Rangsin, et al., 2004; Ponjarat et al., 2019). Therefore, understanding the sex-

determination system of C. gariepinus, C. macrocephalus and hybrid catfish in 

Thailand is necessary to assist in breeding programs of this species and its hybrid. 

 Various methods are used to identify sex chromosomes such as karyotype 

analyses prepared using standardized staining procedures that reveal characteristic 

structural features for heteromorphic sex chromosomes in teleosts and other animals 

(Chen et al., 2014; Singchat et al., 2020; Singchat et al., 2018; Srikulnath et al., 2019; 

Srikulnath et al., 2014; Srikulnath et al., 2015). However, this approach is not 

available for several species that exhibit homomorphic sex chromosomes (Panthum et 

al., 2021; Ponjarat et al., 2019; Singchat et al., 2020). Molecular genetic markers, 

restriction fragment length polymorphism (RFLP) and amplified fragment length 

polymorphism (AFLP) were applied in several studies (Bağda et al., 2013; Kovács et 

al., 2000; Vaux et al., 2020) but these traditional methods are time-consuming. In taxa 

with homomorphic sex chromosomes, restriction site-associated DNA sequencing 

(RADseq) has been proposed as an approach to identify sex-linked marker (Gamble & 

Zarkower, 2014). This method has proved successful in inferring the sex determining 

process for several fish species (Palaiokostas et al., 2013). Currently, diversity arrays 

technology (DArT) based on next-generation sequencing technology is a whole-

genome genotyping tool that can discover and score hundreds of polymorphic loci 

without the requirement for preexisting sequence information. DArT is a potent high-

throughput approach at cheap cost per data point for obtaining accurate and 

reproducible marker data. DArT is similar to RAD sequencing, ddRAD sequencing 

and genotyping by sequencing (GBS) methods to generate sex-linked markers and 

determine sex-linked regions with multiple loci. Here, a reliable molecular approach 

based on sex-linked markers was developed to identify the genetic sex of individuals. 
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Results can provide information about sex chromosome evolution and conservation in 

several species (Alam et al., 2021; Lambert et al., 2016). Lambert et al. (2016) used 

single nucleotide polymorphic (SNP) loci generating restriction site specific presence-

absence (PA) markers as an effective method to identify sex-linked markers in non-

model species. Markers generated using DArTseq™ showed loci assorted to a 

particular sex. This method enables the identification of loci tightly linked to sex-

determining regions of sex chromosomes, thereby providing a useful tool to discover 

sex-determining modes in non-model species with cryptic sex chromosomes. These 

sex-linked markers can identify sex reversal in non-model species by observing the 

discordance between genotypic and phenotypic sex (Lambert et al., 2016). 
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Objectives 

 

1. To identify the sex determination systems in North African catfish (C. 

gariepinus) and bighead catfish (C. macrocephalus).  

2. To understand the mechanism of sex determination transfer from parental 

species to hybrid offspring. 

 

Contribution/Outcome of this Research 

   

 Successful development of this research will increase the understanding of sex 

determination mechanisms, leading to the application of genotypic sex assay and 

genetic improvement in the breeding management of clariid catfish. All sex-linked loci 

are necessary to improve sex control in monosex populations, protect wild populations 

through supportive breeding and maintain effective population size. The research 

findings will assist future studies, provide useful data for understanding the genetic 

basis of sex determination and discover novel genes and sequences in sex 

differentiation pathways. 
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Conclusions 

 

 Hybrid catfish play an important role in Thailand aquaculture. However, 

hybrids are sterile due to variable reproductive failure, limiting mass production of the 

F1 hybrid. Therefore, genetic improvement in the breeding management of North 

African catfish, bighead catfish and their hybrids is critical.  

 This research presented a number of moderately sex-linked loci using a 

genome-wide SNP approach. Results indicated that the male heterogametic XX/XY 

sex-determination system should co-exist with the ZW system in the same individuals 

of C. gariepinus. The SDS of African catfish might be influenced by a polygenic sex-

determination (PSD) system but the locations of genomic regions associated with sex 

chromosome differentiation remain unclear. Male-linked loci on the putative Y sex 

chromosome of the bighead catfish occupy a small portion of the genome. Results 

suggest the presence of XX/XY sex determination in bighead catfish. One male-

linked locus exhibited homology with the GTSF1L gene, demonstrating an expression 

pattern enriched in testes, while another showed partial homology with the Z sex 

chromosomes of the western terrestrial garter snake and chicken. Moreover, a PCR-

based DNA marker validated the male-linked loci in bighead catfish. Results showed 

that ZZ/ZW SDS can co-exist with XX/XY SDS as PSD in the same individuals of 

hybrid catfish. Seven moderately male-linked loci and seventeen female-linked loci 

were collected across all the hybrid individuals. Most of these loci were not sex-

linked in the parental species. Twenty-six candidate sex-linked markers were sourced 

from bighead catfish, while three candidate sex-linked markers came from African 

catfish. Seventy-five of the total 84 candidate sex-linked loci of bighead catfish were 

observed in the hybrids but were not all sex-linked loci. This suggests that several 

sex-determining loci remain in the parental African catfish and that variation in the 

SDSs of the parents might result in PSD in the hybrid. One female-linked locus was 

homologous with the B4GALNT1 gene, which is involved in the spermatogenesis 

pathway and hatchability. This approach provides basic information to study the sex-

determination mechanisms and identify potential sex-determination regions in clariid 

catfish. 
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Recommendations for future work 

 

 The relevance of sex-determination systems in understanding the evolutionary 

and speciation processes and the genetic architecture of Clariid catfish remains 

unknown. Therefore, a complete high-quality genome assembly for the African 

catfish, bighead catfish and their hybrids is essential to elucidate the sex-

determination mechanism and develop genotypic sex assays. This research will 

provide a baseline for genetic manipulation and breeding programs.  
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