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LIST OF ABBREVIATIONS AND DEFINITIONS 

Actin cytoskeleton: a network of filaments involved in multiple cellular processes, such  

as motility, cytokinesis, and cancer cell metastasis (Yan, et al., 2002) 

Actinidia deliciosa: kiwifruit 

Allelic discrimination assay: an assay of any particular type (e.g., TaqMan SNP  

Genotyping) that discriminates between multiple variations of an allele or SNP  

(Yale School of Medicine, n.d.) 

Allele dropouts: a phenomenon in PCR that reduced the efficiency of PCR, particularly  

targeted sequencing (Shestak, et al., 2021) 

Amelogenesis: the formation of tooth enamel (Merriam-Webster, Incorporated, n.d.) 

Amelogenin (AMELX/AMELY): a gene found on the X and Y chromosomes which codes  

for a protein involved in amelogenesis  

Amplicon: a sequence of DNA that has been copied and amplified, thus containing  

replicated genetic material (Merriam-Webster, Incorporated, n.d.) 

Annealing: the process of joining two complementary strands of nucleic acid (such as  

DNA or RNA) by hydrogen bonding (Merriam-Webster, Incorporated, n.d.) 

Annelida: a phylum that contains elongated segmented invertebrates, such as earthworms,  

various marine worms, and leeches (Merriam-Webster, Incorporated, n.d.) 

Anole reptile: any member of a genus of arboreal American lizards of the iguana family  

that have a brightly colored dewlap and the ability to change color (Merriam- 

Webster, Incorporated, n.d.) 

Anolis carolinensis: green anole 
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Antigen: any substance foreign to the body that evokes an immune response either alone  

or after forming a complex with a larger molecule (such as a protein) and that is  

capable of binding with a product (such as an antibody or T cell) of the immune  

response (Merriam-Webster, Incorporated, n.d.) 

Antiserum: a blood serum that contains antibodies for one or multiple antigens 

Apoptosis: a genetically directed process of cell self-destruction (Merriam-Webster,  

Incorporated, n.d.) 

Arthropoda: any member of a phylum of invertebrate animals, such as insects, arachnids,  

and crustaceans (Merriam-Webster, Incorporated, n.d.) 

ATP binding: the interaction and therefore capturing of ATP to an ATP binding protein,  

thus, facilitating ATP hydrolysis (Chauhan, et al., 2009) 

ATP hydrolysis: the hydrolysis, or conversion, of ATP to ADP, Pi, and energy 

Autosome: a chromosome other than a sex chromosome (Merriam-Webster,  

Incorporated, n.d.) 

Azoospermia: the absence of spermatozoa from seminal fluid (Merriam-Webster,  

Incorporated, n.d.) 

Azoospermia factor (AZF) region: an area of the Y chromosome that contains genetic  

information involved in spermatogenesis 

Bipotential gonad: undifferentiated gonads in early embryonic development stages 

Bos grunniens: domestic yak 

Cancer phenotyping: the identification of cancerous cells by determination of mutated  

genetic sequences 

Capillary electrophoresis: electrophoresis performed in a thin tube subject to capillarity  
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(Merriam-Webster, Incorporated, n.d.) 

Carcinoma cancer: cancer in the skin or tissue that either lines or covers internal organs 

Cebus apella: tufted capuchin monkey 

Cervids: any member of a family of ruminant artiodactyl mammals, such as the elk,  

moose, or white-tailed deer (Merriam-Webster, Incorporated, n.d.) 

Cervus canadensis: elk 

Chelonian: turtle (Merriam-Webster, Incorporated, n.d.) 

Chordata: a phylum comprising animals having some development of a notochord, a  

dorsally situated central nervous system, and gill clefts in the walls of the  

pharynx; includes vertebrates, lancelets, and tunicates (Merriam-Webster,  

Incorporated, n.d.) 

Chromosomal region maintenance 1 (CRM1): a protein that facilitates the export of  

proteins and RNA from the nucleus, as well as other intracellular transport  

(Ariumi, 2014) 

Chronic lymphocytic leukemia (CLL): a type of cancer affecting the blood and bone  

marrow 

Chronic myelomonocytic leukemia (CMML): a cancer of the blood 

cIAP-1: cellular inhibitor of apoptosis protein  

Cnidaria: a phylum of radially symmetrical invertebrate animals that lack a true body  

cavity and possess tentacles studded with nematocysts; includes hydroids,  

jellyfishes, sea anemones, and corals 

Copy DNA (cDNA):  DNA that is complementary to a given RNA which serves as a  

template for synthesis of the DNA in the presence of reverse transcriptase  
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(Merriam-Webster, Incorporated, n.d.) 

Craniotomy: surgical opening of the skull (Merriam-Webster, Incorporated, n.d.) 

Cynoglossus semilaevis: tongue sole 

Deoxynucleotide triphosphates (dNTPs): the building blocks of nucleic acids, including  

adenine, thymine, cytosine, guanine 

Demethylation: the removal of a methyl group from cytosines (Neidhart, 2016) 

Denaturation: the process of heating a double stranded nucleic acid (such as DNA) to a  

point where it partially or completely separates into two single strands (Merriam- 

Webster, Incorporated, n.d.) 

Dimorphism: the existence of two different forms in a species (such as colorful avian  

plumage for males and subdued plumage for females) (Merriam-Webster,  

Incorporated, n.d.) 

Dioecious: a distinctive male and female morphology for separate subjects of a species  

(Merriam-Webster, Incorporated, n.d.) 

Disorders of sex development (DSDs): incongruity between a subject’s genetic material  

and phenotypic expression 

DNA mutation measurement: the measurement of the rate at which an allele, gene, or  

another region of DNA mutates (Balin, et al., 2010) 

DNA polymerase: any one of several polymerases that promote replication or repair of  

DNA (Merriam-Webster, Incorporated, n.d.) 

Dosage compensation: refers to equalizing of the X chromosome expression in male  

(who have one X chromosome) and female (who have two X chromosomes)  

(Lucchesi, 2011)  
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Echinodermata: any member of a phylum of radially symmetrical coelomate marine  

animals, including the starfishes, sea urchins, and other related organisms  

(Merriam-Webster, Incorporated, n.d.) 

Equus caballus: domestic horse 

Escherichia coli: known commonly as E. coli, a gram-negative coliform bacterium 

Eucommia ulmoides: hardy rubber tree 

Exoecaria agallocha: milky mangrove 

Extension: the process of the addition of dNTPs to an annealed primer in PCR, thus  

creating new or double stranded nucleic acid strands  

Felis catus: domestic cat 

Flow cytometry separation: cells are passed through a laser one at a time, and are sorted  

or separated based on predetermined characteristics (NanoCellect Biomedical,  

Inc., 2022) 

Fluorescent in situ hybridization (FISH): a laboratory technique for detecting and  

locating specific DNA sequences 

Fluorophore: a molecule with fluorescent properties (NanoTemper Technologies, 2021) 

Gel electrophoresis: molecules (such as proteins and nucleic acids) migrate through a gel  

and separate into bands according to size, facilitated by a difference in electrical  

charge (Merriam-Webster, Incorporated, n.d.) 

Gene expression quantitation: the quantifying of levels of gene expression product, most  

often in protein genesis (Mandal, 2019) 

Genital ridge: a ridge of embryonic mesoblast developing from the mesonephros, and  

giving rise to the gonad on either side of the body (Merriam-Webster,  
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Incorporated, n.d.) 

Genotypic sex: the chromosomal determination of sex for a subject; see primary sex 

Glycoprotein: a conjugated protein in which the nonprotein group is a carbohydrate  

(Merriam-Webster, Incorporated, n.d.) 

Gonadal primordia: see Genital Ridge 

Gonads: a reproductive gland (such as an ovary or testis) that produces gametes  

(Merriam-Webster, Incorporated, n.d.) 

Granulosa cells: one of the estrogen-secreting cells of the epithelial lining of a graafian  

follicle (Merriam-Webster, Incorporated, n.d.) 

Gutta: a substance derived from the latex of particular tree species, most often found in  

Malaysia, the South Pacific, and South America (Britannica, 2021) 

Hepatocellular carcinoma (HCC): most common form of liver cancer (Mayo Foundation  

for Medical Education and Research, 2021) 

Hermaphroditism: the presence of both testicular and ovarian tissue in the same  

individual (Merriam-Webster, Incorporated, n.d.) 

Heterogametic: the formation of gametes, of which one produces male offspring and the  

other produces female offspring (Merriam-Webster, Incorporated, n.d.) 

Hevea brasiliensis: para rubber tree 

Histocompatibility: compatibility between tissues that allows for effective grafting  

(Merriam-Webster, Incorporated, n.d.) 

Homo sapiens: human 

 

Homogametic: the formation of gametes that all have the same type of sex chromosome  
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(Merriam-Webster, Incorporated, n.d.) 

Homologous: related to or having similar/same structure 

Immunofluorescence assay: assay that identifies the presence of antibodies via an  

antibodies specific reaction with viral antigens present in cells (Simonetti, et al.,  

2015) 

In silico: produced material done in or on a computer or with software (Merriam- 

Webster, Incorporated, n.d.) 

In utero: in the uterus or before birth (Merriam-Webster, Incorporated, n.d.) 

In vitro fertilization (IVF): a fertilization technique accomplished by fertilizing a  

collected egg with collected sperm outside of a uterine environment, followed by  

implantation of the egg(s) in a receiving uterus (Merriam-Webster, Incorporated,  

n.d.) 

Indel: insertions or deletions of nucleic acids in a genetic sequence 

Intersex: see Hermaphroditism 

Karyotyping: a test that allows the imaging and examination of a cell’s chromosomes  

Lama glama: domestic llama 

Lateral flow dipstick (LFD): a detection platform based on the principle of capillary force  

moving liquid along a membrane (Amodia Bioservice GmbH, n.d.)  

Macaca fascicularis: crab-eating macaque 

Macaca fuscata: Japanese macaque; snow monkey 

Macaca mulatta: rhesus monkey 

Macaca nemestrina: pig-tailed macaque 

Mandrillus sphinx: mandrill monkey 
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Medulloblastoma cancer: a primary central nervous system tumor (U.S. Department of  

Health and Human Services, 2021) 

Metastasis: the spread of a disease-producing agent (such as cancer cells) from the initial  

or primary site of disease to another part or parts of the body (Merriam-Webster,  

Incorporated, n.d.) 

Microsatellites: repetitive sequences of DNA (U.S. Department of Health and Human  

Services, n.d.) 

Mollusca: a large phylum of invertebrate animals (as snails, clams, and mussels) that  

have a soft unsegmented body lacking segmented appendages and commonly  

protected by a calcareous shell (Merriam-Webster, Incorporated, n.d.) 

Monoclonal antibody: synthesized proteins that behave like organic proteins in an  

immune system (American Cancer Society, Inc., 2022) 

Monotreme: any member of an order of egg-laying mammals, which includes the  

platypuses and echidnas (Merriam-Webster, Incorporated, n.d.) 

Motifs: a small region in the three-dimensional structure of a protein that is shared among  

different proteins (Bergtrom, 2021) 

mRNA assembly: the creation of mRNA molecules 

mRNA splicing: the process that precursor RNA undergoes in the nucleus before  

becoming mature mRNA (Clancy, 2008) 

Müllerian ducts: embryonic ducts that are parallel to the Wolffian ducts, and in females  

develop into the fallopian tubes, uterus, cervix, and upper portion of the vagina  

(Merriam-Webster, Incorporated, n.d.) 
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Multiplex PCR: the use of multiple primers to amplify multiple DNA sequences within  

one reaction 

NCBI: National Center for Biotechnology Information 

Nematoda: a phylum related to the Aschelminthes, which are parasites of humans,  

animals, or plants or free-living dwellers in soil or water and are known as  

roundworms, eelworms, or nematodes (Merriam-Webster, Incorporated, n.d.) 

Non-model species: a species that is not regularly studied or used for research purposes  

(Russell, et al., 2017) 

Oligozoospermia: also known as oligospermia, refers to a low sperm count 

Oocyte: a female gametocyte (Merriam-Webster, Incorporated, n.d.) 

Oogenesis: the process of female gamete formation (Merriam-Webster, Incorporated,  

n.d.) 

Oogonium: a female germ cell that gives rise to oocytes (Merriam-Webster, Incorporated,  

n.d.) 

Oryctolagus cuniculus: domestic rabbit 

Osteoblast: a bone-forming cell (Merriam-Webster, Incorporated, n.d.) 

Osteology: a branch of anatomy dealing with bones (Merriam-Webster, Incorporated,  

n.d.) 

Oviparous: producing eggs that develop and hatch outside the body (Merriam-Webster,  

Incorporated, n.d.) 

Ovis aries: domestic sheep 

Papio (genus): a genus consisting of the typical baboons 

Phenotypic sex: the physical or outward manifestation of the sex of a subject; see  
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secondary sex 

Phusion High Fidelity DNA polymerase: combination of a novel Pyrococcus-like enzyme  

with a processivity-enhancing domain that enhances the capabilities of a PCR  

assay, and also allows for genesis of longer amplicons (New England Biolabs,  

2022) 

Phylogenetic kingdom: the second highest taxonomic category, preceded by domain 

Platyhelminthes: flatworms (Merriam-Webster, Incorporated, n.d.) 

Pleiotropic: having multiple phenotypic expressions (Merriam-Webster, Incorporated,  

n.d.) 

Polyclonal antibody: a collection of antibodies that recognize several epitopes on the  

same antigen (Pacific Immunology, n.d.) 

Polycythemia vera: a type of blood cancer (Mayo Foundation for Medical Education and  

Research, 2022) 

Polymerase chain reaction (PCR): a laboratory assay that amplifies a small target area of  

nucleic acid sequence 

Polymorphism: a variation in a specific DNA sequence (Merriam-Webster, Incorporated,  

n.d.) 

Pongo (genus): a genus of anthropoid apes comprising the orangutans (Merriam-Webster,  

Incorporated, n.d.) 

Porifera: a phylum of primitive invertebrate animals comprising the sponges (Merriam- 

Webster, Incorporated, n.d.) 

Primary sex characteristics: having either testes or ovaries 
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Primary sex differentiation: the development of either testes or ovaries 

Primer pair: two, short nucleic acid sequences that bind to target DNA and define the  

region to be amplified 

Probe: a single strand of DNA designed to “seek” out its complimentary sequence of  

nucleic acids (National Human Genome Research Institute, n.d.) 

Pseudogene: an incomplete or nonfunctioning copy or pair of a functioning gene 

Quantitative PCR (qPCR): see real-time PCR 

Quantitative reverse transcription PCR (qRT-PCR): an assay that begins with RNA  

molecules, transcribed into cDNA via reverse transcription, then followed by a  

qPCR assay. Can be done via a one-step or two-step process (Thermo Fisher  

Scientific, n.d.) 

Real-time PCR: see quantitative PCR 

Recombinase-aided amplification (RAA): an isothermal nucleic acid amplification assay  

(Qin, et al., 2021) 

Recombination protein RecA: a multifunctional enzyme, identified as having a role in  

homologous recombination and DNA repair (EMBL-EBI, n.d.) 

Reporter molecule: see probes 

Restriction enzyme: various enzymes that cleave DNA into fragments at specific sites  

(Merriam-Webster, Incorporated, n.d.) 

Restriction site-associated DNA sequencing (RAD-seq): an assay that utilizes restriction  

enzyme to cut at specific areas within a genome and produces DNA libraries that  

enable high-throughput sequencing (Bilska-Zając, et al., 2021) 

Retrovirus: a category of virus that is able to copy or insert its genetic code into the  
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genome of a target cell or host 

Ribosome biogenesis: the creation of ribosomes 

RNA duplex: a double stranded RNA molecule 

RNA helicase: a group of enzymes with a large, yet somewhat undefined, role in RNA  

metabolism; defined role in rearranging RNA secondary structure and RNA- 

protein interactions (Owttrim, 2013) 

RNA transcription: the process of creating an RNA molecule from a DNA template 

RNAi technology: RNA interference technology; a process that interferes with mRNA  

and, therefore, the regulation of genes (Alnylam Pharmaceuticals, Inc., n.d.) 

Sanger sequencing: an assay that determines the genetic sequence of a genomic sample 

Secondary sex characteristics: having either a penis and scrotum or a cervix, uterus, and  

mammary glands 

Secondary sex differentiation: development of either a penis and scrotum or a cervix,  

uterus, and mammary glands 

Sequence-specific DNA binding proteins: proteins that have a specific genetic code site  

interaction 

Short tandem repeat (STR): short sequence of DNA that is repeated multiple times 

Silene latifolia: white campion 

Single nucleotide polymorphism (SNP): a variant DNA sequence in which the purine or  

pyrimidine base (such as cytosine) or a single nucleotide has been replaced by  

another such base (such as thymine) (Merriam-Webster, Incorporated, n.d.) 

SNP genotyping: see allelic discrimination assay 
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Spermatogenesis: the process of male gamete formation (Merriam-Webster, Incorporated,  

n.d.) 

Sus scrofa: domestic pig 

Stress-granule: an assembly of non-translating mRNPs (messenger ribonucleoprotein)  

that are stalled in translation initiation (Protter, et al., 2016) 

Thecal cells: endocrine cells associated with ovarian follicles 

Thermophilic bacterium: bacteria that live at extremely high temperatures 

Thermus aquaticus: a thermophilic bacterium 

Translocated: the transfer of part of a chromosome to a different position (Merriam- 

Webster, Incorporated, n.d.) 

Ursus arctos: brown bear 

Viral quantitation: determining the concentration of viruses within a defined area or  

volume 

Viviparous: producing living young instead of eggs; includes nearly all mammals, many  

reptiles, and a few fishes (Merriam-Webster, Incorporated, n.d.) 

Wolffian duct: the duct of the mesonephros in which the male develops the testis, and  

includes the epididymis, vas deferens, seminal vesicle, and ejaculatory duct  

(Merriam-Webster, Incorporated, n.d.) 



 

CHAPTER 1: LITERATURE REVIEW 

Introduction 

The phylogenetic kingdom Animalia contains nine major phylum categories, 

including Porifera, Cnidaria, Platyhelminthes, Nematoda, Annelida, Arthropoda, 

Mollusca, Echinodermata, and Chordata (Lewis, 1995). The phylum Chordata is 

subsequently separated into five classes: fish, amphibians, reptiles, birds, and mammals. 

Distinguishing features between these Chordate classes include body temperature 

regulation, oxygen absorption, and reproduction (LibreTexts, 2021).  

Classification based on reproductive differences within these classes focuses 

mainly on oviparous versus viviparous (LibreTexts, 2021), although a multitude of other 

reproduction differences exist, particularly at the genetic level (e.g., echidna and platypus 

are oviparous but are mammals). Generally, within the Chordate phylum, sex 

determination can be split into four main groups or categories. First, avian sex is 

determined by Z and W chromosomes, with females being heterogametic and males 

homogametic. Second, reptiles and fish have a system dependent on both sex 

chromosomes as well as temperature. Third and fourth, mammalian and monotreme sex 

is determined by X and Y chromosomes, with males being heterogametic and females 

homogametic; however, monotremes contain multiple X and Y chromosomes that 

evolved independently of the mammal system (Rens, et al., 2007).  
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The scope of this work focuses on mammals and will primarily discuss the sex 

determination system of this class. Most of the animal genetic information utilized in this 

work can be classified as either large agricultural animals, primates, or other common 

mammalian species (e.g., felines, canines, rabbits, etc.), thus providing the base for 

further analysis and explanation into the sex determining information of these species, as 

well as current sex determining assay protocols. 

Genetic Sex 

Discovery of sex chromosomes 

Sex chromosomes were first discovered in the early 1900s by studying the 

chromosomes of male and female insects (Hake, et al., 2008). There is, however, a 

significant lack of homology of sex determining genes between species in different phyla 

(e.g., between arthropods, octopus, and humans) (Gilbert, 2000). However, in mammals, 

and specifically placental mammals, the X chromosome is highly conserved, leading to 

almost identical genes across these species (Graves, 2006). 

Regarding the Y chromosome, it wasn’t until 1959 that scientists were able to 

more closely study the Y chromosome and discover the region on the short arm that 

influenced the sex of an animal (Hake, et al., 2008). As of 2006 only 45 unique proteins 

had been identified to come from the short arm of the Y chromosome, whereas the long 

arm of the chromosome was determined to mostly contain repeated sequences with no 

coding regions (Graves, 2006). Some studies have even shown that a deletion of the long 
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arm of the Y chromosome can have little to no effect on the phenotypic sex development 

of an animal (Graves, 2006). In addition, by studying rare genotypic XX males, it was 

discovered that the short arm of the Y chromosome had translocated to the tip of one of 

the X chromosomes, and the encoded proteins contained in the translocated region 

influenced the development of the subject into a male (Gilbert, 2000). This short arm 

region of the Y chromosome, then, must contain the gene, or genes, required for primary 

and secondary sex differentiation in males, and have subsequently been referred to as the 

testes determining factor, or TDF (Berta, et al., 1990). 

As stated previously, primary sex development in mammals relies on 

chromosomal differentiation—relying specifically on the Y chromosome—versus 

environmental influence (Gilbert, 2000). Additionally, primary sex refers to an animal 

either having testes or ovaries, whereas secondary sex determination is the formation of 

male and female sex characteristics, such as a penis and scrotum versus a cervix, uterus, 

and mammary glands, respectively (Gilbert, 2000). Primary sex development relies on 

the chromosomal makeup of an individual, whereas secondary sex development is 

usually reliant on hormones secreted from the gonads (Gilbert, 2000). Unlike in some 

species, most notably insects, mammals have no default sex, as “the formation of ovaries 

and testes are both active, gene-directed processes” (Gilbert, 2000). 

Mammalian male sex differentiation and genes 

One of the most critical genes identified in male differentiation and development 

is called SRY, or sex-determining region of the Y chromosome (Gilbert, 2000). The 
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discovery of the SRY gene was an incredible breakthrough in understanding the 

mammalian sex development system and allowed further development of other “sex 

manipulation technologies” (Xie, et al., 2020), some of which will be discussed later. The 

SRY gene developed approximately 250 MYA (million years ago), and developed to be Y 

specific (Graves, 2006). In human embryo development, at approximately seven weeks, 

the SRY gene becomes active and encodes for a “unique transcription factor that activates 

a testis-forming pathway” (Hake, 2008). Once this pathway has been activated and the 

gonads begin to develop, the gonads start to secrete the hormones testosterone, the 

testosterone derivative 5-dihydrotestosterone, and AMH (anti-Müllerian hormone) 

(Hake, 2008). The testosterone hormones aid in the development of secondary sex 

structures, while AMH specifically degrades the Müllerian ducts that would otherwise 

form into female secondary sex structures (Hake, 2008). It is important to note that 5-

dihydrotestosterone is more potent than testosterone and is directly related to developing 

the external sex organs, whereas testosterone is more involved in Wolffian duct 

differentiation and development (Gilbert, 2000). Additionally, according to studies done 

in mice gonadal development, the Sry gene (equivalent to the SRY gene in humans) is 

expressed before and during gonadal development, but then stops expression once 

development is complete (Gilbert, 2000). (For the sake of simplicity, as well as to avoid 

confusion, all SRY genes, regardless of species, from now on will be referred to as SRY.) 

An additional sex determining gene that has been identified in relation to SRY is 

Sox9 (Gilbert, 2000), as is seen in Figure 1. This gene, however, is autosomal, meaning it 

is not found on the Y chromosome (Gilbert, 2000). In 1999, Huang and colleagues 

conducted a study on a human subject that presented male genital abnormalities (Huang, 
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et al., 1999). It was discovered that the individual was genetically XX but contained a 

duplicated copy of the Sox9 gene, which resulted in development of abnormal male 

genitalia despite there being no SRY gene present, suggesting that an extra copy of Sox9 

is enough for male sex development (Huang, et al., 1999). While the SRY gene is 

mammal specific, the Sox9 gene is found in all vertebrate animals (Gilbert, 2000). The 

Sox9 gene has been hypothesized to be the “older and more central sex determination 

gene” (Gilbert, 2000), although in mammals it has been replaced by the SRY gene in the 

sequential order of hormone activation in sex development. 

Another gene worth noting is DMRT1, which is also an autosomal gene (Hake, 

2008). In mammals, two copies of DMRT1 are required, even if the subject contains the 

necessary SRY gene (Hake, 2008). This DMRT1 gene is an essential member of the 

pathway started by SRY that develops the male gonads (Hake, 2008). It is interesting to 

note that the DMRT1 gene is found on the Z chromosome in chickens, indicating that 

only a homozygous ZZ individual—which is male—will intrinsically have the two 

necessary DMRT1 genes required in the differentiation pathway (Hake, 2008), unlike the 

two required autosomal copies in mammals. 
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Figure 1. The male hormonal sex determination pathway (adapted from Gilbert, 2000). 

Mammalian female sex differentiation and genes 

As previously stated, the X chromosome is highly conserved among vertebrates, 

suggesting that its function and encoding genes are also highly conserved (Graves, 2006). 

 In placental mammals that carry the XX genotype without interference from Sox9 

duplication or translocation of SRY, the sex organ development pathway differentiates 

into female development. Following the conversion of the genital ridge into the 

bipotential gonad (initiated by the genes LHX9, SF1 and WT1), the X chromosome genes 

WNT4α and DAX1 begin the pathway for female primary sex development (Gilbert, 

2000), as illustrated in Figure 2. Once the gonadal primordia have developed into ovaries, 

they make thecal and granulosa cells, which in turn begin to produce the hormone 

estrogen (Gilbert, 2000). Estrogen then aids in the development of the Müllerian ducts 

into the uterus, oviducts, and part of the vagina, followed by the development of the 

secondary sex development (Gilbert, 2000). In subjects that contain only one X (i.e., 

XO), the individual will develop as female with ovaries, though the ovaries cannot be 
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maintained and either degrade or are infertile, indicating that two copies of the X 

chromosome are required for successful female sex organ development (Gilbert, 2000). It 

has been confirmed in equine mares that the genes located on the inactivated X 

chromosome are required for development and maintenance of adult ovarian growth in 

mares (Mäkinen, et al., 2010). 

Although one could argue that the female sex is “default” due to the process 

previously laid out, it becomes clear that both testes and ovary development are active 

processes involving specific sex chromosomes, pathways, and hormones (Gilbert, 2000). 

 

Figure 2. The female hormonal sex determination pathway (adapted from Gilbert, 2000). 

Significance of Sex Determination 

Forensic investigation, archeology, and anthropology 

 Identification of sex provides useful data in situations ranging from criminal cases 

to mummy identification. In many of these situations, the identity of the subject of 
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interest is either unknown—such as a criminal person of interest—or all other indicators 

of sex have degraded except for osteological analysis, such as with archeological finds.  

 In criminal investigations, fingerprints at a crime scene are invaluable to help 

identify a subject. However, this is only useful information when the owner of the 

fingerprints has previously been recorded in a database. Tissue or blood left at a crime 

scene, though, can be used to identify the sex of the culprit or the victim, along with other 

identifying markers (Kholief, et al., 2017). Additionally, DNA evidence collected from 

cases decades ago can now be analyzed due to scientific advances that can either 

condemn or exonerate suspects (National Institute of Justice and Office for Victims of 

Crime, 2001).  

 In archeology and anthropology, subjects of interest are often reduced to only 

skeletal remains by the time they are analyzed. In some situations, such as mummies or 

other burial sites, remains are preserved in a fashion where osteological observation is 

possible and can lead to identifying the sex of the subject. However, this analysis is not 

always accurate, and there are many more situations where a grave site and the skeletal 

remains have been disturbed over time, and the sex of a subject cannot be identified 

simply through observation. In these situations, DNA can be extracted from the bone 

material—typically teeth if available, due to their resilient nature (Kholief, et al., 2017)—

and sex can be identified using PCR methods. 
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Ecological studies 

 In North America, many cervid species (e.g., deer and elk) are regularly hunted 

for food and game. In South Asia and Africa, Bengal tigers and African elephants are the 

targets of illegal poaching and trading, and in South Korea protected and endangered 

species of mammals and birds are poached (Karmacharya, et al., 2018; Archie, et al., 

2011). In each of these cases, proper identification of the animals harvested or poached is 

essential to proper monitoring of populations as well as protecting species and pursuing 

poachers (Lindsay, et al., 2018; Archie, et al., 2011). 

Management of sex ratios 

In some industries, such as dairy farms or meat production, female or male 

offspring are preferable, respectively. Being able to separate sperm based on sex or to be 

able to know the sex of embryos before in vitro fertilization (IVF) treatment can provide 

great benefit to industry workers, both in saving time and increasing revenue. In addition, 

knowing the sex of a fetus before birth can be utilized in pre-birth livestock sales (da 

Cruz, et al., 2021). 

According to a 2019 statistical report, in vitro embryo production (IVP) was most 

commonly practiced in cattle, horses, sheep, and goats, resulting in 1,031,567 cattle, 

6,303 horse, 1,137 sheep, and 748 goat IVP transferrable embryos (Viana, 2019). With 

costs of the process ranging from approximately $1,000-$7,500, depending on species 

and location (Hamer, 2019; Flatrock Reproduction Services, LLC., 2021; Glickman, 
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2017), and success rates ranging from 40-70% (also depending on species) (Pinto, 2016; 

Pinto, 2016), the ability to accurately sex an embryo before the implantation can 

significantly decrease costs for pregnancies when a specific sex of offspring is desired. 

Correct sex harvest and export 

The ability to correctly identify harvested and marketed meat is essential for both 

legal and religious purposes in countries such as India, where Hinduism is the 

predominant religious practice, and the slaughter and consumption of female cattle is 

legally banned (Gokulakrishnan, et al., 2012). 

 In addition, some countries, particularly in Europe, must “ensure correct 

allocation of export refunds” based on the sex of the meat that is imported or exported 

(Gokulakrishnan, et al., 2012). 

Methods of Sex Identification 

There are three categories of sex, genetic sex, phenotypic sex, and gender (Purves, 

et al., 2001), the first two of which have already been discussed at some length. The 

authors of Neuroscience suggested that to better understand and discuss these three 

categories, “it is helpful to think of genotypic sex as largely immutable, phenotypic sex as 

modifiable…and gender as a more complex construct that is determined culturally as well 

as biologically” (Purves, et al., 2001). That said, it is necessary in the study of sex 
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determination, and therefore this project, to not refer to the sex of a subject as gender, 

given that gender can be a “subjective perception of [one’s] sex” (Purves, et al., 2001), 

but rather female or male sex, whether it be primary or secondary sex.  

The exception to primary and secondary sex being the same would be for 

individuals who are intersex, also known as hermaphroditism, or disorders of sex 

development (DSDs) (U.S. National Library of Medicine, 2022). Although these cases 

are rare, it is necessary to note that with many of the identification methods discussed 

below, contradicting results would occur for these individuals, denoting that they either 

work for primary sex identification or secondary sex identification, but not both 

(Peterson, 2020). 

In the case for some fish, reptile, and bird species, there is no readily identifiable 

sexual dimorphism between male and female subjects (Gamble, et al., 2014). Therefore, 

creative and atypical means of direct analysis must be utilized for sexual identification, or 

sex identification must wholly rely on indirect means of analysis. 

Though the topic of sex identification for intersex individuals and non-

mammalian species is interesting, it does not directly fall under the scope of this work, so 

though it is mentioned, it is not explored in depth. 
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Direct analysis 

Visual detection 

 Visual detection of sex can be at both the organism as well as cellular level. At 

the organism level, primary and secondary sex characteristics are identified by examining 

a subject and looking for these organs. Issues in identification arise, however, from the 

required expertise in knowing inter-species differences in developmental age, skeletal 

structure, muscle development, etc., as well as the necessity for at least some of the 

genitalia to be externally visible. Further complications arise when dealing with species 

such as the spotted hyena, whose morphology places the females as larger than their male 

counterparts, as well as possessing an enlarged and elongated clitoris, or a “pseudo-

penis” (Cooke, 2019). 

 To be considered in tandem with visual detection of primary and secondary sex 

characteristics is osteological identification, which uses skeletal measurements to identify 

the sex of a subject. This inspection, however, requires that a subject has reached sexual 

maturity, considering that growth and skeletal changes occur leading to maturity. 

However, this method can be all but pointless in situations such as archeological or 

paleontological instances where a complete skeletal record is not available. 

 Cellular detection of sex is done through karyotyping, created by taking an image 

of a cell’s chromosomes. Typically karyotyping is used to identify an abnormal number 

of chromosomes, such as Trisomy 21, but it can also be used to identify whether a cell—

and therefore an individual—has two X chromosomes or one X chromosome and one Y 

chromosome (National Human Genome Research Institute, n.d.). 
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Endoscopy 

 According to Stephen J. Divers, the first published use of endoscopy for sex 

identification was in 1978 in conscious birds (Divers, 2015). Procedural elements have 

continued to change and advance, mostly using human pediatric cystoscopy equipment 

(Divers, 2015). A benefit of this means of identification is the immediate result in 

identification without having to wait for lab results, in addition to being able to identify 

abnormalities (Divers, 2015). However, the procedure does require knowledge and 

training in how to conduct an endoscopy in general as well as specifically with the 

subject species, and on occasion the capability and expertise to administer anesthesia 

(Divers, 2015). 

In addition to avian species, endoscopic sex identification has been used in 

reptiles (most often used in chelonians and monomorphic lizards), small mammals, and 

fish (Divers 2015). In species where there is little to no sexual dimorphism or external 

genitalia, such a procedure can be indispensable. 

Ultrasound 

 Ultrasound was first developed as a means for maritime navigation for 

submarines in World War I (Hvistendahl, 2011). Following World War I, it was used in 

medicine for procedures ranging from treating tumors to assisting in craniotomies 

(Hvistendahl, 2011). However, it wasn’t until 1950s when the Scottish obstetrician Ian 

Donald used ultrasound to demonstrate that a human fetus in utero could be observed 

with the technology (Hvistendahl, 2011). Since x-rays cannot be performed without 
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damaging the growing fetus, ultrasound provides an indispensable means of not only 

identifying the sex of the fetus but also being able to monitor growth and health as well. 

 The practical use of ultrasound is constrained, though, when the subject cannot be 

observed, such as animal populations in remote areas where the technology either cannot 

be transported, or human interaction must be limited for the ecological sake of the 

species. 

Indirect analysis 

Antigen detection and X-linked enzymes 

 Antigen detection is not a highly accurate means of sex detection, especially 

compared to other methods, but it is worth noting in the sense that there is a difference 

between mammal cells that belong to male or female. Eichwald and Silmser discovered 

in 1955 that histocompatible skin grafted onto a female mouse from a male mouse was 

rejected (Goldberg, et al., 1988). Although it was not the original goal of the study, the 

researchers identified the antigen and titled it H-Y, due to its link to the Y chromosome 

(Goldberg, et al., 1988). Cells that are H-Y positive can be detected either through 

culturing cells in H-Y antiserum, causing the H-Y positive cells to lyse, or “by indirect 

immunofluorescence assays using polyclonal or monoclonal antibodies” (Peterson, 

2020). 

 Due to females having two copies of the X chromosome, there is a short period in 

development where both chromosomes are active before one of the chromosomes has 

been turned off for dosage compensation (Balderman, et al., 2011). During this window, 
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analysis can be done on how much X-linked enzyme activity there is, with a higher 

amount indicating that the subject is female (Peterson, 2020). 

PCR  

Since the inception of polymerase chain reaction (PCR), this method has become 

“one of the most widely used…in molecular biology” (Grens, 2019), particularly for 

scientists studying the nature and expression of genetic information. Biochemist Kary 

Mullis is the individual credited for creating PCR in 1983, and in 1993 received the 

Nobel Prize in chemistry for his work (Kossakovski, 2021). However, there is some 

controversy over who invented it and when it was actually invented. Some references site 

Kary Mullis as creating PCR in 1983 (Grens, 2019), yet others list the date as 1985 

(Nobel Prize Outreach AB, n.d.). Arthur Kornberg discovered DNA polymerase in 1956, 

but it was Fredrick Sanger who identified “a method involving a DNA polymerase, a 

primer, and nucleotide precursors,” and, therefore, all the required components for PCR 

(Cheriyedath, 2018; Kaunitz, 2015). Though Sanger was not the individual who 

specifically named the method and published information regarding PCR, he is the one 

who discovered all the components before Mullis. Regardless, PCR has become a basic 

laboratory procedure in almost any lab dealing with DNA, such as “genetic cloning [or] 

sequencing and measurement of gene expression,” (Kaunitz, 2015). Since 2020, PCR has 

become more common among the general public due to its place in detecting the SARS-

CoV-2 virus, or the COVID-19 virus, from swabbed samples. 

A general PCR reaction requires the combination of six reagents: deoxynucleotide 

triphosphates (dNTPs), magnesium chloride (MgCl2), forward and reverse primers, DNA 
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polymerase, the DNA template, and a reaction buffer (GeneScript, 2022). Though all 

components can be purchased and added separately, the dNTPs, DNA polymerase, and 

reaction buffer can all be procured as a “master mix”. Master mixes contain all the 

needed elements except for the primers and DNA template. Additionally, different types 

of polymerases, such as those used for Hot-Start or High-Fidelity PCR reactions, can also 

be purchased as a specialized master mix (Thermo Fisher Scientific, n.d.).  

PCR today, however, would not be the efficient and simple procedure it has 

become without the previous discovery of Taq DNA polymerase. DNA polymerase was 

discovered by Arthur Kornberg, as stated previously, and then Taq polymerase was 

discovered and isolated from the thermophilic bacterium Thermus aquaticus in 1976, 

though it wasn’t utilized for PCR until 1988 (Thermo Fisher Scientific, n.d.). This novel 

use of Taq DNA polymerase is what allowed future automation via thermocycling 

machines to occur, whereas use of DNA polymerase required the polymerase to be added 

before each cycle, with some cycling parameters reaching up to 40 cycles (Thermo Fisher 

Scientific, n.d.). Additionally, “hot start” Taq polymerase began development in the late 

1980s as well, though creation of the hot start polymerase was laborious and often 

produced cross-contamination (Thermo Fisher Scientific, n.d.). However, since the 2003 

creation of the first “Phusion High Fidelity DNA polymerases,” hot start polymerases are 

now easily mass produced by multiple companies and have become affordable for labs to 

purchase (Thermo Fisher Scientific, n.d.). 

PCR functions primarily upon heating and cooling a sample in a particular cycle. 

Before the invention of thermocycling machines, this was accomplished by heating 

multiple water or dry baths to the pre-determined temperatures, then switching the 
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samples between the various temperatures after the allotted time (Merck KGaA, n.d.). 

This process was, indeed, laborious and involved practice, so the advent of thermocyclers 

was a major improvement in the capability to conduct a PCR assay. In fact, in 2013 the 

company miniPCR bio started producing miniaturized and portable PCR machines, 

approximately the size of a “tissue box” (Kossakovski, 2021; Amplyus, 2022), greatly 

improving the energy efficiency and simplicity of the thermocycler (Kossakovski, 2021). 

qPCR  

The original PCR process was expanded in the mid 1990s, producing real-time or 

quantitative PCR (Deepak, et al., 2007). PCR was already a revolutionary step in 

understanding genetic information, but quantitative PCR (qPCR) has continued that 

revolution, for example, via its application in viral quantitation, gene expression 

quantitation, DNA mutation measurement, and cancer phenotyping (Bio-Rad 

Laboratories, Inc., n.d.; Bradford, et al., 2017; Thermo Fisher Scientific – US, n.d.). An 

additional benefit of qPCR is that it can still be applied in the original PCR setting (i.e., 

qualitative analysis in gel electrophoresis), but the quantitative data collected has allowed 

the PCR process to become more effective and powerful in research. In short, qPCR 

gives the option of qualitative (visual confirmation of the presence or absence of a target 

sequence) and quantitative (number of copies of an amplicon) nucleic acid detection. 

RNA or DNA may be extracted and used for qPCR assays, though RNA 

extraction is slightly more complicated than DNA extraction due to the need for 

hypersensitive and proper sterile precautions due to the inherently unstable structure of 

RNA.  
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Some downstream analysis for RNA via qPCR requires reverse transcription 

qPCR, or qRT-PCR. Reverse transcription qPCR, for the sake of this review and to avoid 

confusion, will be abbreviated as qRT-PCR (quantitative reverse transcription PCR). 

qRT-PCR can be conducted in either two-steps or one-step. With either process, RNA is 

reverse transcribed into copy DNA (cDNA), which is then used as the template for the 

qPCR. For two-step qRT-PCR, the overall reaction takes place in two separate tubes. The 

first tube will be for the reverse transcription reaction, and the second tube will be for the 

qPCR.  

qPCR relies on reporter molecules, or probes, for detection and, therefore, 

analysis of nucleic acids, be it DNA or RNA. These probes function based on the 

principle of FRET, or fluorescent resonance energy transfer (Real-time PCR handbook, 

n.d.). The mechanics of how FRET is utilized depends on the construction of the reporter 

molecule.  

FRET can be explained as using two dye colors: red (quencher) and green 

(reporter). Green reporter dye has a higher energy emission due to green having a shorter 

wavelength compared to red. When the green dye is excited, the excitation energy will 

transfer to the red dye if the two dyes are within a certain proximity to each other; energy 

is being transferred from a higher level to a lower level (Real-time PCR handbook, n.d.). 

The transfer of energy results in a phenomenon called “quenching,” thus the name 

quencher for the red dye. However, when the dyes are further apart from each other, the 

energy from the green dye will not be transferred to the red dye, and, thus, green 

fluorescence will be emitted. 
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In general, there are two categories of qPCR reporter molecules: binding dyes and 

sequence specific probes (Real Time PCR, 2021). Binding dyes include SYBR® Green, 

EVA Green, and similar derivatives, and sequence specific probes include molecular 

beacons, TaqMan® probes, FRET hybridization probes, and Scorpion® primers (Real 

Time PCR, 2021). Although there isn’t necessarily a particular advantage of using one 

type of reporter molecule over another, the need for specificity as well as ease of use are 

two important considerations when choosing what type of reporter molecule would best 

fit the research to be conducted; ultimately, fluorescence is what is being measured. 

The PCR cycling process of qPCR is the exact same as traditional PCR, except 

that a qPCR specific machine is needed to measure the fluorescence of each thermal 

cycle in real-time (Real-time PCR handbook, n.d.). The qPCR machine has “optical 

detection [modules] to measure the fluorescence signal generated during each 

amplification cycle as the fluorophore binds to the target sequence” (What is Real-Time 

PCR (qPCR), 2021). In addition, because the entire quantitation process takes place 

inside the closed instrument in sealed tubes or plates, contamination is greatly reduced 

and “the need for postamplification manipulation is eliminated” (What is Real-Time PCR 

(qPCR), 2021). The amplification product is analyzed and quantified as the reaction 

progresses inside the instrument and is recorded after each cycle, resulting in a true real-

time measurement (What is Real-Time PCR (qPCR), 2021). 

Due to the advanced capabilities qPCR provides for research, some of its 

applications are the quantifiable detection of amplification products in real time, 

detecting two to four sequence targets using multicolor beacons, allelic discrimination 

assays, better detection of single point mutations or single nucleotide polymorphisms 
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(SNPs), and SNP genotyping (Chen, et al., 2016). In addition, qPCR is “widely used for 

the quantitative measurement of gene copy number (gene dosage) in transformed cell 

lines or the presence of mutant genes” (What is Real-Time PCR (qPCR), 2021). This is 

particularly helpful in understanding the up- or down-regulation of genes in response to 

environmental effects, or in response to introduced drugs and medicine, which is possible 

by “measuring changes in cellular [messenger RNA (mRNA)] levels” (What is Real-

Time PCR (qPCR), 2021). 

Three major disadvantages are worth discussing with regards to using qPCR 

versus traditional PCR. The first is the limited capacity for multiplexing, which limits 

simultaneous detection to two to four target sequences (Zhang, et al., 2021). Second, the 

development of appropriate and viable protocols requires a great deal of technical skill 

and learning. Finally, perhaps one of the largest disadvantages is the cost of the required 

instrument(s) and associated analysis software, which can range anywhere from $15,000 

to $160,000 (although typical prices fall between $25,000 to $60,000) (Hren, 2018). 

Although the disadvantages are quite formidable, the advantageous pay-off can be 

worth the extra effort and investment. Quantitative PCR instruments have an average run-

time of around one hour but can be fine-tuned to be even less than an hour (Chai Inc., 

n.d.). The instrument design also allows for a large number of samples to be loaded, some 

allowing for 200 samples a day to be processed, and the contained and closed set-up of 

the reaction also reduces the risk of contamination. Other benefits include the sensitivity 

of the instrument, efficiency combined with thermal stability, the quantifying of results, 

the software driven operation, and the similarity of cost of each sample when compared 

to traditional PCR (Rogers-Broadway, et al., 2015). 
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DNA probe 

 In 1985, David Page used DNA hybridization with probes corresponding to a 

region of the Y chromosome to discover that a small portion of the Y chromosome had 

translocated onto an X chromosome for an individual who was genotypically female but 

phenotypically male (Hake, et al., 2008). Hybridization probes have been developed for 

the DRMT1 gene in chickens to identify sex based on the gene’s location on the Z 

chromosome (Hake, et al., 2008). This process of highlighting a region of DNA using a 

probe is called fluorescent in situ hybridization, or FISH (Whyte, et al., 2007). 

RAA-CE/RAA-LFD 

 Recombinase-aided amplification, or RAA, is an “isothermal amplification 

technology with the advantages of rapidity, simplicity, and low cost…[and] is completed 

within 15-30 [minutes]” (Xue, et al., 2020). Capillary electrophoresis (CE) and lateral 

flow dipstick (LFD) combines RAA with either of these visual result procedures. One 

study conducted using both RAA-CE and RAA-LFD focused on the fish species 

Cynoglossus semilaevis, chosen due to the species’ “typical mode of sex determination… 

[with a] small genome and relatively large amount of studies on sex-determination 

genetics” (Nie, 2021). The authors conducted the RAA-CE and RAA-LFD assays and 

discovered that either assay shows expected and dependable results. However, RAA-LFD 

shows particular promise due to the “operational simplicity, rapidity, and potential…on-

site application for fish sex identification” (Nie, et al., 2021). 
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Figure 11. Portion of Macaca mulatta DDX3X/DDX3Y sequences with created Homo 

sapiens/Macaca mulatta-specific primer pair. The primers are indicated in red, and the 

matching primer sites are in blue. Based on the published sequences, the DDX3X 

amplicon is 386 base pairs in length, and the DDX3Y amplicon is 424 base pairs in 

length. 
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Sus scrofa 

The Sus scrofa DDX3X (NC_010461.5) and DDX3Y (NC_010462.3) sequences 

were aligned using the EMBL-EBI emboss needle pairwise sequence alignment tool. A 

suitable area of indels (X-sequence indels: 154 base pairs total; Y-sequence indels: 2 base 

pairs total) was identified as a potential primer site, and primers were designed to flank 

the indel region. The forward primer sequence is 5’ 

GTTGAACAAGATACTATGCCACCAA 3’ and the reverse primer sequence is 5’ 

CAGATGCTTGCTCGTGATTTC 3’. The 5’ end location of the forward and reverse 

primers on the X chromosome are 37,000,618 and 37,000,773, respectively, while the 5’ 

end location of the forward and reverse primers on the Y chromosome sequence are 

9,158,259 and 9,157,956, respectively. Based on the published sequences, he length of 

the X chromosome amplicon is 175 base pairs, and the length of the Y chromosome 

amplicon is 327 base pairs long (shown in Figure 12), suggesting that the Y chromosome 

DDX3Y gene contains insertions in the targeted area versus deletions. 
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Figure 12. Portion of Sus scrofa DDX3X/DDX3Y sequences with created species-specific 

primer pair. The primers are indicated in red, and the matching primer sites are in blue. 

Based on the published sequences, the DDX3X amplicon is 175 base pairs in length, and 

the DDX3Y amplicon is 327 base pairs in length. 
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Figure 14. PAGE gels representative of PCR results for Sus scrofa. Size reference used is 

Forever Ladder 100-500 bp (in 100 bp increments) (Seegene, Seoul South Korea). NTC 

is the no template control for the PCR assay. (a) Sus scrofa female (lanes 2-7) and male 

(lanes 8-13). (b) Sus scrofa female (lanes 2-5) and male (lanes 6-9). Based on the 

published sequences, the DDX3X amplicon is 175 base pairs in length, and the DDX3Y 

amplicon is 327 base pairs in length. 

Discussion 

The objective of this study was to analyze the DDX3X and DDX3Y gene 

sequences in Macaca mulatta and Sus scrofa for polymorphisms that would allow for the 

design of a single PCR primer pair with a built-in PCR amplification control that could 

determine the sex in male and female genomic samples, for each of these species. The in 

silico alignment for each species’ DDX3X and DDX3Y sequences and subsequent 

polymorphism analysis suggested that there were suitable indel regions that could be 

spanned by PCR primers that would yield sex-specific amplicons in their respective 
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species. Therefore, the secondary goal was the creation and subsequent test of a novel 

primer pair for sex identification in Macaca mulatta and Sus scrofa genomic samples by 

utilizing polymorphisms in the DDX3X gene and the associated DDX3Y homolog. 

Qualitative visualization showed there are distinct DDX3X and DDX3Y amplicons for 

Macaca mulatta (the expected DDX3X amplicon is 386 base pairs, and the expected 

DDX3Y amplicon is 424 base pairs) and Sus scrofa (the expected DDX3X amplicon is 

175 base pairs, and the expected DDX3Y amplicon is 327 base pairs).  

However, the actual amplicon sizes observed following gel electrophoresis in the 

Macaca mulatta assay were larger than the expected amplicons sizes for the DDX3X and 

DDX3Y sequences, indicating that there are more base pairs in the amplified region than 

what was shown in the published NCBI sequence. Regardless of the differing sizes of the 

predicted and actual amplicon sizes for the Macaca mulatta assay, the designed primers 

are suitable in spanning a region of indel regions that can be identified via the designed 

primers and utilized in a quick and cost-effective way to identify sex in Macaca mulatta 

(in addition to other closely related macaque species and mandrills), and Sus scrofa. In 

other words, as expected, DNA from female subjects produced one band, and DNA from 

male subjects produced two bands for each species in a gel electrophoresis. The 100% 

accuracy of sex identification in these species’ genomic samples using the designed 

primers using PCR indicates that the primers are viable for use in sex identification in 

these species. These designed primers and assays provide an alternative means of sex 

identification for instances of lab work, embryo sexing and transfer, and wildlife studies. 

Summarily, the species-specific analysis concluded that there are suitable indel 

regions in DDX3 for PCR amplification in Macaca mulatta and Sus scrofa. In what 
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represents a meaningful contribution to the field from this methodology, these indel 

regions can be identified via the designed primers and utilized in an efficient, quick, and 

cost-effective way to identify sex without the need for multiplex or the risk of false 

identification. 
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