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Abstract

The diversity of sex determination systems in animals suggests that sex chromosomes

evolve independently across different lineages. However, the present data on these sys-

tems is largely limited and represented mainly by bilaterian animals. Sex chromosomes and

sex determination system based on cytogenetic evidence remain a mystery among non-

bilaterians, the most basal animals. Here, we investigated the sex determination system of a

non-bilaterian (Goniopora djiboutiensis) based on karyotypic analysis and identification of

locus of dmrt1, a known master sex-determining gene in many animals. Results showed

that among the three isolated dmrt genes, GddmrtC was sperm-linked. Fluorescence in situ

hybridization revealed that 47% of the observed metaphase cells contained the GddmrtC

locus on the shorter chromosome of the heteromorphic pair, whereas the other 53% con-

tained no GddmrtC locus and pairing of the longer chromosome of the heteromorphic pair

was observed. These findings provided the cytogenetic evidence for the existence of the Y

sex chromosome in a non-bilaterian animal and supports male heterogamety as previously

reported in other non-bilaterian species using RAD sequencing. The Y chromosome-spe-

cific GddmrtC sequence was most homologous to the vertebrate dmrt1, which is known for

its role in male sex determination and differentiation. Our result on identification of putative

sex chromosomes for G. djiboutiensis may contribute into understanding of the possible

genetic sex determination systems in non-bilaterian animals.

Introduction

Sex of animals is determined by either environmental sex determination (ESD), genetic sex

determination (GSD), or both. ESD is exhibited primarily by some reptiles, fish, and certain

species of invertebrates (crustaceans, worms, hydrozoans), in which the sex of the animal is

dictated by temperature or other environmental cues. GSD, on the other hand, is the most
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widely recognized sex determination mechanism in animals. In GSD, sex is generally deter-

mined by the presence of a sex chromosome that carries the key genes responsible for the

development of male or female-specific characteristics. Various GSD systems based on differ-

ent sex chromosome configurations have been reported in animals. These are male heterogam-

ety (XX/XY) in mammals and many insects; female heterogamety (ZZ/ZW) in birds, reptiles,

and Lepidoptera insects; homomorphic sex chromosomes in some reptiles; and haplodiploidy

in some arthropods [1–3]. The diversity and complexity of these sex determination systems

appear to have no clear evolutionary patterns, which formed the consensus understanding that

sex chromosomes evolve independently across different lineages [4, 5]. However, current

empirical data on sex determination systems of animals are still highly limited and biased

towards certain groups, as previous investigations are limited among the bilaterians. The GSD

system from a non-bilaterian animal might provide important insight into the sex determina-

tion mechanisms of basal animals, which may contribute to the overall understanding of the

evolution of sex determination systems and sex chromosomes in animals.

The conventional approach to identify the GSD system of an organism is based on cyto-

genetic methods. Using cytogenetic data, chromosome structures and organization are

revealed in karyotypes, from which sex chromosomes can be identified. This method serves as

the foundation for the discovery of various sex determination systems among many important

organisms [6–8]. Recent advancements in cytogenetic techniques include fluorescence in situ

hybridization (FISH) which can identify sex chromosomes through detection of sex-specific

genes or loci using fluorescent DNA probes. The most popular gene used for this FISH analysis

is the dsx and mab-3 related transcription factor 1 (dmrt1), a known master sex-determining

gene in some animals. This FISH technique has led to the identification of sex determination

systems of several animals such as the male heterogamety (XX/XY) for medaka fish Oryzias
latipes [9] and female heterogamety (ZZ/ZW) for both African clawed frog Xenopus laevis [10]

and domestic chicken Gallus gallus domesticus [11]. Recent approaches in identifying sex

determination systems have taken advantage of the applications of high-throughput sequenc-

ing to identify the sex-linked markers. This approach has been applied to many animal species

even without any prior robust cytogenetic information [12–14]. In fact, the XX/XY sex deter-

mination system in non-bilaterian animals was first inferred based on this method with the

use of RAD-sequencing and SNP markers [15]. However, this approach requires genetic data

from a high number of male and female individuals to differentiate sex-linked loci from the

polymorphic loci in the autosomes [16]. In addition, due to its current limitations, bioinfor-

matic and statistical tools are still being validated to accurately infer sex determination systems

using these data [17]. A karyotypic analysis which offers direct observation of the chromosome

structures and organization, as well as the loci of specific genes, might serve as important in-

situ reference to explore its sex determination system. Although several cytogenetic data from

non-bilaterians have been reported, all the species investigated are hermaphroditic, in which

their karyotypes may provide no information on their sex chromosomes and thus to their

GSD system [18–21]. Chromosome information from gonochoric non-bilaterian species

would provide the evidence for identifying the GSD system for these animals.

Hence, in this study, we provide the GSD system for a gonochoric non-bilaterian Goniopora
djiboutiensis based on cytogenetic data and FISH analysis. First, we karyotyped several meta-

phase cells to identify the presence of heteromorphic chromosome pairs, an indication of sex

chromosomes. We then isolated the sperm-specific dmrt and identified its locus in their chro-

mosomes. Here, we hypothesized that the dmrt locus is on one member of the heteromorphic

chromosome pair, providing the evidence for the presence of the male chromosome and vali-

date male heterogamety (XY) for G. djiboutiensis. We used G. djiboutiensis because of its com-

monality in many shallow coral reef ecosystems and established gonochorism [22, 23].
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Materials and methods

Sample collection and chromosome preparation

Eggs and sperms of the stony coral G. djiboutiensis were collected from separate colonies dur-

ing its spawning in Otsuki, Kochi, Japan (32.777˚N, 132.731˚E). Both colonies spawned on the

evening of August 29, 2021. Approximately 10 to 30 min after the male released its sperm, the

female began releasing eggs. Comparisons of skeletal morphology of the two sexes from which

the gametes were collected showed larger colony and wider corallite diameters in female than

in male (Fig 1A and 1B). Aside from the spawned gametes, the sexes of the animal were con-

firmed by the presence of mature eggs and sperms in the gonads through microscopic observa-

tion (Fig 1C and 1D). A portion of the collected gametes were preserved in EtOH for DNA

extraction, while the remaining gametes were combined and transferred in 0.2 μm filtered sea-

water to allow fertilization. The 12-hr-old embryos were then treated with 0.01% colchicine,

followed by treatment with hypotonic solution (seawater: dH20 = 1:1). Embryo samples were

preserved in Carnoy’s fixative (absolute methanol: glacial acetic acid = 3:1) until further pro-

cessing. Embryos were collected by centrifugation, and lipids were removed by 100% diethyl

ether for 4–6 h. Cells were centrifuged at 2000 × g for 2 min and then resuspended in 0.5 mL

of Carnoy’s fixative. Embryos were dissociated manually by rigorous pipetting. A cell suspen-

sion was dropped onto the slide and dried quickly by flame. For G-banding, dried chromo-

some slides were treated with 0.025% trypsin solution for 1 min, and then stained with 5%

Giemsa solution diluted with 0.06 M phosphate buffer (pH 6.8) for 2 min before washing with

dH20.

Thirty-three metaphase spreads were observed which represent both the highly condensed

and less-condensed chromosomes. Arm lengths of each chromosome were measured using

the Drawid software [24]. Karyotyping was based primarily on chromosome length, as clearly

revealed in DAPI staining. We used embryonic cells for chromosome analysis because they

contain a substantial number of actively dividing cells, suitable to obtain high-quality meta-

phase spreads. In addition, adult tissues of corals are known to harbor endosymbiotic microal-

gae in which cells can contaminate with the target coral cells during the chromosome

preparation. Collection of the samples was granted by permit no. 745 issued by Kochi prefec-

tural government office.

Dmrt amplicon preparation and RNA-seq

Genomic DNA from G. djiboutiensis sperm and eggs were extracted using Wizard Genomic

DNA Purification Kit (Promega, USA) according to manufacturer’s protocol. Since no refer-

ence genome for G. djiboutiensis is available during the time of the experiment, we amplified

the dmrt genes using its DM and DMA domain sequences, the known most conserved regions

in protein structure of the cnidarian dmrt gene [25]. The conserved amino acid sequences for

DM and DMA domains were obtained from http://pfam.xfam.org/, represented by a wide

range of animal taxa. Sequences were then blasted (tblastn) against the NCBI database of tran-

scriptome sequence assemblies from several cnidarian species. The mRNA transcripts were

aligned and transformed to protein sequences, from which degenerate primers were designed.

Forward degenerate primers were placed in DM domain, while reverse degenerate primers

were placed in DMA domain. PCR were performed using Emerald PCR master mix (Takara,

Japan) and sperm genomic DNA as a template. The PCR conditions were as follows: 30 cycles

of 98˚C for 20 s, 60˚C for 30 s, and 72˚C for 4 min. Target amplicon sizes based on the genome

analysis of Porites rus, the closest related species to G. djiboutiensis with genome data, were

excised from the gel and sequenced using the degenerate primers. From the sequence data,

PLOS ONE Cytogenetic evidence indicates male heterogamety in a non-bilaterian animal

PLOS ONE | https://doi.org/10.1371/journal.pone.0285851 May 18, 2023 3 / 16

http://pfam.xfam.org/
https://doi.org/10.1371/journal.pone.0285851


specific primers were then designed and used to re-amplify the gel-extracted DNA. Primer

walking was conducted for amplicon sizes greater than 1 kbp. PCR products containing target

amplicons were purified using AMPure XP beads (Pacific Biosciences, USA) before sequenc-

ing and probe preparation. We used the nearby internal primers for nested PCR to further

assess the gene presence in the egg genome. S1 Table shows all the degenerate and specific

primers used for each dmrt gene. Eight adult samples (4 males and 4 females) were collected

Fig 1. Morphological characteristics of male (left) and female (right) Goniopora djiboutiensis. (A) colony (B) corallites

(C) polyps and (D) portion of their gonads. sp: spermaries, n: nucleus, oo: oocyte.

https://doi.org/10.1371/journal.pone.0285851.g001
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for RNA extraction. The two males and two females were collected 3 months before spawning,

during the gametogenesis stage as confirmed from the histological analysis. The other 2 males

and 2 females were collected a day before spawning. Total RNA was extracted from following

the method described by the manufacturer’s protocol for the Trizol reagent (Ambion, USA).

Tissues from 0.5 g of coral fragments were solubilized with 2 ml of Trizol reagent and RNA

was subsequently extracted using 250 μl isopropanol. A 10 μg extracted RNA was treated with

5 units of Recombinant DNase I (Takara, Japan). The crude total RNA was then purified using

the standard ethanol precipitation. About 1 μg of total RNA were then sent for sequencing

library preparation using the MGIEasy Library Prep Set (MGI, China) and the 150 bp paired-

end reads were generated using the DNBSEQ-G400RS platform (MGI, China). Since no refer-

ence genome for G. djiboutiensis is available during the time of this study and de-novo tran-

scriptome assembly was not possible due to low sequence coverage, the three G. djiboutiensis
dmrt gene sequences were blasted against the G. lobata transcriptome assembly [26] to obtain

the corresponding transcript sequences. Trimmed and quality filtered RNA-Seq reads were

aligned to those reference transcripts using hisat2 [27] from which transcripts corresponding

to the isolated G. djiboutiensis dmrt genes were assembled. Using the generated SAM files, con-

sensus sequences of aligned reads were extracted using the Integrative Genomics Viewer

(IGV) software [28]. Putative transcripts were then blasted using blastx against the Uni-

ProtKB/Swiss-Prot(swissprot) database. Protein alignment was based on the result of online

BLASTP algorithm (https://blast.ncbi.nlm.nih.gov/) which gives an implicit alignment

between the query and search database. The tree was then constructed using Grishin (protein)

substitution model and FAST Minimum Evolution using the same online platform.

Probe preparation and FISH

FISH probes were prepared from purified amplicons using the Random Primed DNA Labeling

Kit (Roche, USA) according to the manufacturer’s protocol. The DNA was fluorescently

labeled directly using cyanine-3-dUTP (Cy3-dUTP) (Enzo, USA) or indirectly using digoxi-

genin-dUTP (DIG-dUTP)/anti-Digoxigenin-FITC (Roche, USA) at 37˚C for 15–18 h. Chro-

mosome slides of G. djiboutiensis were denatured in 70% formamide in 2x Standard Saline

Citrate (SSC) solution at 70˚C for 2 min, and then serially submerged in ice-cold 70%, 90%,

and 99% EtOH for 2 min each. About 1 μL each of the DNA probes of different labels were

mixed with 20 μL hybridization solution and then probe mixtures were denatured at 80˚C for

10 min. The probes were then gently placed onto the chromosomes denatured at 70˚C, 2 min

in 2x SSC, and slides were incubated at 37˚C overnight with constant moisture to allow

hybridization. Post hybridization washing was performed with 50% formamide in 2x SSC solu-

tion at 43˚C for 20 min and slides were subsequently submerged twice in 2x SSC at 37˚C for a

total of 8 min. The slides were then incubated twice in 1X phosphate-buffered detergent

(PBD) at 25˚C for 5 min. Hybridized chromosome slides were then counterstained with

DAPI-Vectashield (Vector Laboratories, USA) and viewed under an AxioImager A2 fluores-

cence microscope (Zeiss, Germany) equipped with an Axiocam MRm CCD camera (Zeiss,

Germany). Primers for the preparation of the control histone H3 probe were based on related

coral species Favites pentagona [29]. Images of suitable metaphase spreads from different

embryos were captured using the AxioVision software (Zeiss, Germany).

Results

Karyotyping and chromosome structure

Chromosome lengths from 10 representative karyotypes with similar mitotic stages (composed

of intermediately condensed chromosomes) showed the existence of two types of karyotypes
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(Fig 2A). The first karyotype (Fig 2A, blue trendline) has unpaired longest chromosome (tenta-

tively named chromosome 0) based on its conspicuous length and its lower centromeric index

compared to the next longest chromosome (Table 1). In addition, chromosome lengths alone

indicate that this karyotype has three copies of chromosome 3 (Fig 2B). However, a careful

inspection showed that one of the three chromosome 3 has a slightly different centromere

position (Fig 2B and 2C) based on its lower centromeric index (Table 1). Further investigation

using Giemsa staining also revealed that one of those 3 chromosomes has a different banding

pattern by having 1 heterochromatic region in the short arm and 3 heterochromatic regions in

the long arm (Fig 2C, 3* arrow). In contrast, the other two chromosome 3 have indistinguish-

able and lighter heterochromatin regions in the entire length of the chromosome. These obser-

vations suggest the presence of another unpaired chromosome (tentatively named

chromosome 3*). These two unpaired chromosomes (chromosome 0 and 3*) in several cells

are considered as the heteromorphic chromosome pairs, an indication of sex chromosomes.

Although the other 23 non-representative karyotypes, which composed of long (less con-

densed) and short (highly condensed) chromosomes, showed inconspicuous size differences

between each chromosome, identification of these heteromorphic pairs was still possible due

to their distinct centromere locations and other chromosome features (i.e., chromosome

width, stain intensity, secondary constriction).

Fig 2. Karyotyping of Goniopora djiboutiensis metaphase cells. (A) Stacked chromosome length (μm) profile from 10 representative metaphase cells showing

two types of karyotypes (blue and red trendline). (B) Karyotype c21 stained with DAPI showing the presence of heteromorphic pair composed of unpaired

longest chromosome (chromosome 0) and additional chromosome 3 (3*). (C) Giemsa-stained metaphase cell of same karyotype showing the unique G-

banding patterns of chromosome 3*. (D) Karyotype c22 stained with DAPI showing the pairing of the chromosome 0. (E) A metaphase cell of the same

karyotype stained with Giemsa showing the absence of chromosome 3* with its distinctive G-banding patterns.

https://doi.org/10.1371/journal.pone.0285851.g002
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The other karyotype (Fig 2A, red trendline) revealed that the chromosome 0 is paired

(Fig 2D). This observation is supported by the conspicuous longer sizes of their first 3 chromo-

some pairs (chromosomes 0–2) than the rest of the chromosomes (Fig 2D and 2E), as com-

pared with the karyotype with heteromorphic chromosome pairs in which one of those long

chromosomes was missing (Fig 2B). In addition, these karyotypes are characterized by the

absence of the unique chromosome 3*, as revealed in Giemsa staining (Fig 2E). The propor-

tion of the two karyotypes observed in mitotic cells of G. djiboutiensis is 52% (17/33) for karyo-

types with heteromorphic pair and 48% (16/33) for karyotypes with paired chromosome 0.

The ratio of the two identified karyotypes is approximately 1:1, indicating the presence of a

sex-specific karyotype. The average morphometrics of each identified chromosome pair from

the 33 analysed metaphase cells showed that the chromosomes 0–5 including the chromosome

3* are all submedian types of chromosomes, while the chromosomes 6–13 are all median types

(Table 1).

Characterization of the dmrt genes

Three dmrt genes were successfully isolated from the G. djiboutiensis. The genes were named

GddmrtA (996 bp, NCBI accession no. LC704528), GddmrtB (4284 bp, NCBI accession no.

LC704529), and GddmrtC (6762 bp, NCBI accession no. LC704530). As expected, all dmrt
sequences contained the DM and the DMA domain, a common gene architecture of the dmrt
(Fig 3A). Comparisons of the translated domains against that of wide range of animal groups

showed the highly conserved DM domains, while DMA domains are less conserved (Fig 3B).

Further inspection of the DM domains showed that among the three identified G. djiboutiensis
dmrt, GddmrtC is most homologous to the dmrt of these model organisms.

PCR amplification with sperm and egg genomes showed that GddmrtA and GddmrtB are

present in both gametes, while GddmrtC are present only in the sperm genome (Fig 3C, lane 8

and 9). To confirm any traces of the amplicon that may not have appeared visibly in the gel

Table 1. Average morphometrics of each chromosome pair from 33 metaphase cells of Goniopora djiboutiensis. Data are represented as mean ± SEM. Relative length

is the ratio of the average length of the chromosome pair to its longest chromosome. Centromeric index is the ratio of short arm to chromosome length. The formula and

classification are based on [30].

Chromosome # Short arm length (μm) Chromosome length (μm) Relative length Centromeric index X 100 Classification

0 1.83±0.53 5.96±1.53 0.99±0.02 30.78±3.88 Submedian

1 1.73±0.44 5.48±1.35 0.92±0.05 31.74±3.53 Submedian

2 1.75±0.47 5.13±1.18 0.86±0.07 34.24±4.63 Submedian

3* 1.73±0.4 4.92±1.15 0.84±0.07 35.3±2.96 Submedian

3 1.7±0.39 4.81±1.08 0.8±0.07 35.71±5.11 Submedian

4 1.49±0.55 4.44±1.03 0.74±0.05 33.67±9.15 Submedian

5 1.62±0.53 4.24±0.98 0.71±0.05 38.06±8.5 Submedian

6 1.62±0.48 4.11±0.97 0.69±0.04 39.94±8.5 Median

7 1.62±0.49 3.96±0.93 0.66±0.04 40.91±7.07 Median

8 1.61±0.41 3.83±0.9 0.64±0.05 42.29±7.02 Median

9 1.57±0.41 3.68±0.85 0.62±0.05 42.54±5.72 Median

10 1.57±0.39 3.53±0.77 0.59±0.05 44.3±4.77 Median

11 1.49±0.3 3.35±0.67 0.56±0.05 44.67±4.59 Median

12 1.38±0.28 3.09±0.55 0.52±0.06 44.77±4.84 Median

13 1.08±0.19 2.31±0.4 0.39±0.05 46.77±2.12 Median

*Chromosome is unpaired

https://doi.org/10.1371/journal.pone.0285851.t001
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electrophoresis, we conducted nested PCR which showed persistent absence of the target

GddmrtC band size (6.3 kbp) (Fig 3C, most right lane).

To determine the splicing sites of the sperm-specific GddmrtC gene, the sequence was

blasted against the transcriptome assembly of hermaphroditic Goniopora lobata (http://www.

comp.hkbu.edu.hk/~db/CoralTBase/index.php) [26]. The blast result (score: 542) outputs a

single isoform of mRNA transcript (1.3 kbp) which contains the highly similar DM domain

sequences and less similar DMA domain sequences. The RNA-Seq reads were then aligned to

that transcript to assemble the corresponding GddmrtC transcript for Goniopora djiboutiensis.
The GddmrtC gene map (Fig 3A) revealed the splicing sites in which the 50 splicing site features

the conventional GT/AG, a common splicing site for almost all eukaryotic genes [31, 32]. The

upstream of the 50 splicing site, which is an important recognition site for the U2 small nuclear

Fig 3. Sequence characterization of the 3 isolated dmrt genes (GddmrtA, GddmrtB, and GddmrtC) from Goniopora djiboutiensis. (A) Gene map showing

the splicing sites and the locations of the DM and DMA domains. The corresponding transcript sequences were constructed based on the assembled RNA-seq

reads. (B) Protein sequence alignment of the DM and DMA domains of the 3 dmrt genes along with sequences from model organisms. (C) Gel electrophoresis

image of the amplified dmrt genes and the control actin gene from sperm and egg genomes. Expected band size for GddmrtC (red arrow).

https://doi.org/10.1371/journal.pone.0285851.g003
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ribonucleoprotein, consists of the putative CCGTTAG branch point, polypyrimidine motif

CCTTTTT, and the consensus AG site in the 30 end of the intron [33]. The 6.2 kbp intron

region (37% GC content) contains no repetitive elements such as microsatellites and known

transposable elements based on RepeatMasker analysis (http://www.repeatmasker.org/).

Homology analysis of the translated coding regions of the three dmrt sequences revealed

that the sperm-linked GddmrtC is most homologous to the doublesex- and mab-3-related

transcription factor 1 (dmrt1) of the model organisms (Fig 4). Included in this cluster is the W

chromosome-linked dmrt (DM-W) of African clawed frog Xenopus laevis. The protein

sequence of the GddmrtA, on the other hand, is most homologous to Dmrtb1 identified in

mice and humans. The GddmrtB has the most divergent protein sequence, which appeared

between most of the animal dmrt and dmrt-dmd10 of Caenorhabditis elegans.

GddmrtC gene loci

FISH analysis revealed that the locus of the sperm-specific GddmrtC gene (Fig 5A, red signal)

was on the p-arm of a single chromosome. Karyotype showed that this chromosome is one of

the chromosome 3 and appears to be the shorter chromosome of the heteromorphic pair

(chromosome 3*) based on its unique centromere location. This revealed that the chromo-

some 3* contains the sperm-specific locus and possibly has the characteristics of the male

Fig 4. Distance-based tree of highly curated dmrt proteins and Goniopora djiboutiensis dmrt (GddmrtA, GddmrtB,

GddmrtC) predicted protein sequences. Protein alignment was based on BLASTP pairwise alignments and Grishin

(protein) substitution model. The tree was constructed using Fast Minimum Evolution method. Dmrt protein

sequences were obtained from UniProtKB database.

https://doi.org/10.1371/journal.pone.0285851.g004
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chromosome Y. The locus of the control FISH probe (histone H3 gene), on the other hand,

was detected on the chromosome pair of chromosome 12 (Fig 5A, green signal). This karyo-

type along with this FISH signal pattern was observed in 15 out of 32 (47%) metaphase spreads

analysed by FISH, which is comparable to the 52% with heteromorphic chromosome pairs

previously described. In addition, the unpaired longest chromosome in this FISH signal pat-

tern resembles the karyotypes with heteromorphic chromosome pairs (Fig 2A, blue trendline).

The other 53% (17/32) of FISH images showed no locus for GddmrtC as shown by hybrid-

ization signal only from the control H3 probe (Fig 5B, green signal). Interestingly, these 17

cells also revealed karyotypes with pairing of the chromosome 0, which appeared to be the kar-

yotypes previously described (Fig 2A, red trendline). The unpairing of the chromosome 0 in

karyotypes that contained the putative chromosome Y and its pairing in karyotypes that do

not contain the chromosome Y strongly suggests chromosome 0 as the female chromosome X.

The proportion of the two FISH patterns observed is 47% and 53% (approximately 1:1 ratio),

also indicating the presence of sex-specific karyotype.

To summarize, the result on karyotyping provided the evidence on the presence of hetero-

morphic chromosome pairs in almost half of the metaphase cells observed. Further, FISH anal-

ysis identified the locus of sperm-specific dmrt gene on the shorter chromosome of the

heteromorphic pair. Combining these two results implies male heterogamety and suggests

XX/XY sex determination system for G. djiboutiensis.

Fig 5. Locus identification of GddmrtC on the chromosomes of Goniopora djiboutiensis. (A) FISH image of metaphase spread with heteromorphic

chromosome pair showing the locus of GddmrtC (red) and the control histone H3 gene (green). (B) FISH image of metaphase spread with paired chromosome

0 showing the locus only from the control histone H3 gene (green).

https://doi.org/10.1371/journal.pone.0285851.g005
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Discussion

Heteromorphic chromosome pairs have already been observed in the karyotypes of non-bila-

terians, particularly among stony corals [29, 34–36]. First attempts to identify these hetero-

morphic chromosome pairs as sex chromosomes were conducted in the chromosomes of

Acropora solitaryensis [34] and Acropora pruinosa [36] using sperm DNA as the FISH probe.

Although results showed intense hybridization signal on one member of the heteromorphic

pair, this did not provide clear evidence whether the hybridized chromosomal region is com-

posed of sperm-specific gene sequences.

In chromosomes of story coral Favites pentagona, a FISH probe from 18S ribosomal DNA

(rDNA) sequences also showed intense hybridization signal on a single chromosome [29].

Studies have shown that repetitive 18S rDNA sequences, along with 28S and 5.8S, are part of

the Nucleolar Organizing Region (NOR), known to reside in the sex chromosomes of some

animals [37, 38]. In Drosophila melanogaster, this NOR in the sex chromosomes functions in

the pairing of X and Y chromosomes during the metaphase I stage of meiosis [39]. The find-

ings from F. pentagona, may infer that the 18S rDNA sequence can be used as FISH marker to

identify the sex chromosomes. However, the 18S rDNA sequences are not exclusively located

in the sex chromosomes, as it is also known to reside in the autosomes [40–42]. A better

method is to use sex-specific genes as FISH probes to identify either the male or female sex

chromosomes. Our study developed for the first time a FISH probe from sperm-specific dmrt
gene to identify the male sex chromosomes in non-bilaterians.

Two of the isolated dmrt (GddmrtA and GddmrtB) are found to be non-sex specific. The

GddmrtA is most homologous to Dmrtb1, which is autosomal in humans and plays a role in

the entry of spermatogonia into meiosis [43]. GddmrtB, on the other hand, appears to be

related to Caenorhabditis elegans dmrt-dmd10 which functions in promoting neural signal of

sensory receptor activation [44], a role not related to sex determination or gamete develop-

ment. The autosomal characteristics of the Dmrtb1 and the functional role of the dmrt-dmb10
may support the non-sex specificity of the GddmrtA and GddmrtB, although there is greater

possibility that chromosomal locations of certain genes might vary across different species. In

contrast, the sperm-specific GddmrtC was most homologous to the dmrt1, in which experi-

mental evidence has shown its involvement in male sex determination and differentiation by

controlling the male gonad development [45–47]. In birds, the dmrt1 gene is also linked to

male Z-chromosome and knocking down the gene in males leads to transformation of the

developing male gonads to female gonads [11]. The nucleotide sequence of the GddmrtC
showed its highest similarity to the dmrt of Acropora millepora (AmDM1). Expression study of

AmDM1 showed that it undergoes alternative splicing that produces a transcript having both

the dmrt domains (DM and DMA) and an alternative transcript having the DMA domain only

[48]. The alternative transcript with the DMA domain only seems more involved in sex deter-

mination based on its higher expression during late embryonic stages when sex-specific gonad

germ cells start to develop [48]. These studies on male-specificity and homology of the

GddmrtC to dmrt1 highly suggest its role as the master-sex determining gene in G. djiboutien-
sis and verify its potential use as chromosomal marker to identify the male sex chromosomes.

It is important to note the possibility of existence of other sex-linked dmrt genes and their

alternative spliced transcripts in G. djiboutiensis because the reference genomes and transcripts

used in this study are from other species.

We found a single locus for the sperm-specific GddmrtC and that locus is located on the

shorter chromosome of the heteromorphic chromosome pairs. These observations led to iden-

tification of the putative Y chromosome on G. djiboutiensis. Dmrt has also been reported to be

sex chromosome-linked in other higher animals. For instance, DM-containing gene DMY is Y
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chromosome-linked in medaka fish Oryzias latipes (XX/XY system) [9], female-specific

DM-W linked to W chromosomes of African clawed frog Xenopus laevis (ZZ/ZW system)

[10], linkage of dmrt1 in Z chromosome of domestic chicken Gallus gallus domesticus (ZZ/ZW

system) [11], and linkage of iDMY in Y chromosome of Eastern spiny lobster Sagmariasus ver-
reauxi [49]. Among the non-bilaterians, a study showed that in Hydra, the dmrt locus is on

their homomorphic chromosome pair [50], but whether the pair is an autosome or sex chro-

mosomes remains unknown. In case that this chromosome pair functions as their sex chromo-

some implies that its mechanism of sex determination may not be influenced by the single

dmrt gene in the sex chromosome but rather mediated by dosage compensation or locus inac-

tivation. There is limited information on the role of the number and action of the dmrt locus

on the sex determination of non-bilaterians. The most recognized study on mechanism on sex

determination among non-bilaterians is on Hydra, showing that its sex was determined by the

presence of specific germline stem cells [51]. In that study, male polyps were found to originate

from sperm-restricted stem cells, while female polyps originate from egg-restricted stem cells.

Despite this discovery, the role of sex-determining genes and sex chromosomes in the forma-

tion of these sex-specific germ line cells has not been investigated yet in non-bilaterians. Our

discovery of the Y chromosome-linked dmrt gene in G. djiboutienesis requires further investi-

gation of its potential role as the master sex-determining gene in non-bilaterians. Likewise,

future studies must also consider the possible influence of ESD on the role of these sex chro-

mosomes and its associated dmrt genes.

The locus of the sperm-specific dmrt on the shorter chromosome of heteromorphic pair in

the half of the population of cells analysed indicates male heterogamety and suggests XX/XY

sex determination system for G. djiboutiensis. This is the first report on the cytogenetic identi-

fication of sex determination system using the locus of sex-specific gene in non-bilaterians.

This method circumvents the problems associated with identifying the sex chromosomes

based on traditional chromosome staining such as G-banding. Our findings therefore support

the XX/XY sex determination system for gonochoric cnidarian, initially proposed based on

genomic markers from the population of Corallium rubrum (Order Anthozoa) [15]. However,

in C. rubrum, none of its dmrt analogs was found to be sex-specific or sex chromosome-spe-

cific. This is in contrast with our findings showing the linkage of one dmrt gene in the Y chro-

mosome of G. djiboutiensis. Considering no dmrt is sex-linked in gonochoric C. rubrum, we

speculate that the key genes involved in sex determination vary across different taxa of non-

bilaterians.

The possible XX/XY sex determination system of cnidarian, as represented by precious

coral C. rubrum and stony coral G. djiboutiensis, is similar with that of the mammals. However,

cytogenetic study of other non-bilaterians such as in Hydra (Hydrozoan) showed no hetero-

morphic pairs, and its sex chromosomes might be homomorphic [21, 50]. Between the non-

bilaterians and mammals are other various modes of sex determination system. These are

male heterogamety (XX/XY) also in many insects; female heterogamety (ZZ/ZW) in birds,

reptiles and Lepidoptera insects; homomorphic sex chromosomes in some reptiles; and haplo-

diploidy in some arthropods [1]. These convoluted patterns of sex determination system sup-

port the consensus understanding that sex chromosomes evolve independently across

different lineages of animals. The evolutionary convergence of male heterogamety between

highly distant animals is not surprising, as the XX/XY sex determination system is also mani-

fested by many dioecious plants. It is widely proposed that the evolutionary process that results

in this diversification of the sex determination systems involves the degeneration of the chro-

mosome that acquired a sex-determining function. This degeneration is caused by the suppres-

sion of the non-recombining parts of the sex chromosome, which ensures that the

advantageous alleles for a particular sex are linked and always coinherited [52, 53]. These

PLOS ONE Cytogenetic evidence indicates male heterogamety in a non-bilaterian animal

PLOS ONE | https://doi.org/10.1371/journal.pone.0285851 May 18, 2023 12 / 16

https://doi.org/10.1371/journal.pone.0285851


chromosome events appeared to be continuous and reoccur frequently across different taxa,

creating sex chromosome divergence and heteromorphy [1]. However, the time and the evolu-

tionary pressure that drives sex chromosome evolution in animals is poorly understood. Esti-

mates based on genomic data of the avian and gecko sex chromosomes revealed that the Z and

W sex chromosomes started to differentiate at least 140 million-120 million years ago, before

the split of most basal extant lineages [54]. In the case of male heterogamety, the time when

the X and Y started to differentiate in any animal taxa has not been investigated, probably due

to rare synapomorphy between large animal lineages. Within non-bilaterians, differentiated

sex chromosomes was observed for anthozoans [15, 34, 36] and homomorphic sex chromo-

somes for hydrozoans [21, 50]. Because the phylogeny of the two taxa has not been established

yet, it is difficult to confirm whether heteromorphic chromosomes evolved from homomor-

phic chromosomes in non-bilaterians. The other closely related invertebrate to non-bilaterians

with known sex determination system is the Caenorhabditis elegans (X0), in which sex deter-

mination is not according to sex-limiting chromosomes but based on the counting mechanism

of the X chromosome doses relative to the autosomes [55]. However, whether the sex determi-

nation in non-bilaterians depends on dosage composition of X rather than the role of the sex-

determining gene in Y needs further investigation. Evaluating the sex determination systems

from a wide range of animal taxa, either through cytogenetics or genomic analysis, would pro-

vide a better understanding in the patterns of lineage-specific evolution of sex chromosomes

and GSD system in animals.
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28. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative Geno-

mics Viewer. Nat Biotechnol. 2011; 29: 24. https://doi.org/10.1038/nbt.1754 PMID: 21221095

29. Kawakami R, Taguchi T, Vacarizas J, Ito M, Mezaki T, Tominaga A, et al. Karyotypic analysis and isola-

tion of four DNA markers of the scleractinian coral Favites pentagona (Esper, 1795) (Scleractinia,

Anthozoa, Cnidaria). Comp Cytogenet. 2022; 16: 77–92. https://doi.org/10.3897/COMPCYTOGEN.

V16.I1.79953 PMID: 35437459

30. Levan A, Fredga K, Sandberg AA. Nomenclature for centromeric position on chromosomes. Hereditas.

1964; 52: 201–220. https://doi.org/10.1111/j.1601-5223.1964.tb01953.x

31. Burset M, Seledtsov IA, Solovyev V v. SpliceDB: database of canonical and non-canonical mammalian

splice sites. Nucleic Acids Res. 2001; 29: 255–259. https://doi.org/10.1093/NAR/29.1.255 PMID:

11125105

32. Shapiro MB, Senapathy P. RNA splice junctions of different classes of eukaryotes: sequence statistics

and functional implications in gene expression. Nucleic Acids Res. 1987; 15: 7155–7174. https://doi.

org/10.1093/nar/15.17.7155 PMID: 3658675

33. Maniatis T, Reed R. The role of small nuclear ribonucleoprotein particles in pre-mRNA splicing. Nature.

1987; 325: 673–678. https://doi.org/10.1038/325673a0 PMID: 2950324

34. Taguchi T, Mezaki T, Iwase F, Sekida S, Kubota S, Fukami H, et al. Molecular cytogenetic analysis of

the scleractinian coral Acropora solitaryensis veron & Wallace 1984. Zoolog Sci. 2014; 31: 89–94.

https://doi.org/10.2108/zsj.31.89 PMID: 24521318

35. Taguchi T, Tagami E, Mezaki T, Vacarizas JM, Canon KL, Avila TN, et al. Karyotypic mosaicism and

molecular cytogenetic markers in the scleractinian coral Acropora pruinosa Brook, 1982 (Hexacorallia,

Anthozoa, Cnidaria). Coral Reefs. 2020; 39: 1415–1425. https://doi.org/10.1007/s00338-020-01975-x

PLOS ONE Cytogenetic evidence indicates male heterogamety in a non-bilaterian animal

PLOS ONE | https://doi.org/10.1371/journal.pone.0285851 May 18, 2023 15 / 16

https://doi.org/10.1073/pnas.1905298116
http://www.ncbi.nlm.nih.gov/pubmed/31484763
https://doi.org/10.1111/mec.15245
http://www.ncbi.nlm.nih.gov/pubmed/31538682
https://doi.org/10.1508/cytologia.82.205
https://doi.org/10.1508/cytologia.82.205
https://doi.org/10.3897/CompCytogen.v10i1.5699
http://www.ncbi.nlm.nih.gov/pubmed/27186338
https://doi.org/10.11352/scr.16.33
https://doi.org/10.3897/COMPCYTOGEN.V12I4.32120
https://doi.org/10.3755/galaxea.14.115
https://doi.org/10.1080/07924259.2012.752766
https://doi.org/10.1080/07924259.2012.752766
https://doi.org/10.3897/CompCytogen.v11i4.20830
http://www.ncbi.nlm.nih.gov/pubmed/29302295
https://doi.org/10.1007/s00018-013-1288-2
http://www.ncbi.nlm.nih.gov/pubmed/23463235
https://doi.org/10.1186/S12864-019-5744-8/FIGURES/3
https://doi.org/10.1186/S12864-019-5744-8/FIGURES/3
https://doi.org/10.1038/nmeth.3317
http://www.ncbi.nlm.nih.gov/pubmed/25751142
https://doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
https://doi.org/10.3897/COMPCYTOGEN.V16.I1.79953
https://doi.org/10.3897/COMPCYTOGEN.V16.I1.79953
http://www.ncbi.nlm.nih.gov/pubmed/35437459
https://doi.org/10.1111/j.1601-5223.1964.tb01953.x
https://doi.org/10.1093/NAR/29.1.255
http://www.ncbi.nlm.nih.gov/pubmed/11125105
https://doi.org/10.1093/nar/15.17.7155
https://doi.org/10.1093/nar/15.17.7155
http://www.ncbi.nlm.nih.gov/pubmed/3658675
https://doi.org/10.1038/325673a0
http://www.ncbi.nlm.nih.gov/pubmed/2950324
https://doi.org/10.2108/zsj.31.89
http://www.ncbi.nlm.nih.gov/pubmed/24521318
https://doi.org/10.1007/s00338-020-01975-x
https://doi.org/10.1371/journal.pone.0285851


36. Vacarizas J, Taguchi T, Mezaki T, Okumura M, Kawakami R, Ito M, et al. Cytogenetic markers using

single-sequence probes reveal chromosomal locations of tandemly repetitive genes in scleractinian

coral Acropora pruinosa. Sci Rep. 2021; 11: 11326. https://doi.org/10.1038/s41598-021-90580-1

PMID: 34059722

37. Born GG, Bertollo LAC. An XX/XY sex chromosome system in a fish species, Hoplias malabaricus, with

a polymorphic NOR-bearing X chromosome. Chromosome Research. 2000; 8: 111–118. https://doi.

org/10.1023/A:1009238402051 PMID: 10780699

38. Pardue M lou Hsu TC. Locations of 18S and 28S ribosomal genes on the chromosomes of the Indian

muntjac. Journal of Cell Biology. 1975; 64: 251–254. https://doi.org/10.1083/jcb.64.1.251 PMID: 1109234

39. McKee BD, Karpen GH. Drosophila ribosomal RNA genes function as an X-Y pairing site during male

meiosis. Cell. 1990; 61: 61–72. https://doi.org/10.1016/0092-8674(90)90215-Z PMID: 2156630

40. de Souza-Firmino TS, Alevi KCC, Itoyama MM. Chromosomal divergence and evolutionary inferences

in Pentatomomorpha infraorder (Hemiptera, Heteroptera) based on the chromosomal location of ribo-

somal genes. PLoS One. 2020; 15: e0228631. https://doi.org/10.1371/JOURNAL.PONE.0228631

PMID: 32017800

41. Grozeva S, Kuznetsova VG, Anokhin BA. Karyotypes, male meiosis and comparative FISH mapping of

18S ribosomal DNA and telomeric (TTAGG) n repeat in eight species of true bugs (Hemiptera, Hetero-

ptera). Comp Cytogenet. 2011; 5: 355. https://doi.org/10.3897/CompCytogen.v5i4.2307 PMID: 24260641

42. Cabral-de-Mello DC, Oliveira SG, de Moura RC, Martins C. Chromosomal organization of the 18S and

5S rRNAs and histone H3 genes in Scarabaeinae coleopterans: Insights into the evolutionary dynamics

of multigene families and heterochromatin. BMC Genet. 2011; 12: 1–12. https://doi.org/10.1186/1471-

2156-12-88/FIGURES/5

43. Hilbold E, Bergmann M, Fietz D, Kliesch S, Weidner W, Langeheine M, et al. Immunolocalization of

DMRTB1 in human testis with normal and impaired spermatogenesis. Andrology. 2019; 7: 428–440.

https://doi.org/10.1111/andr.12617 PMID: 30920770

44. Mason DA, Rabinowitz JS, Portman DS. dmd-3, a doublesex-related gene regulated by tra-1, governs

sex-specific morphogenesis in C. elegans. Development. 2008; 135: 2373–2382. https://doi.org/10.

1242/DEV.017046 PMID: 18550714

45. Matson CK, Murphy MW, Griswold MD, Yoshida S, Bardwell VJ, Zarkower D. The mammalian doublesex

homolog DMRT1 is a transcriptional gatekeeper that controls the mitosis versus meiosis decision in male

germ cells. Dev Cell. 2010; 19: 612–624. https://doi.org/10.1016/j.devcel.2010.09.010 PMID: 20951351

46. Matson CK, Murphy MW, Sarver AL, Griswold MD, Bardwell VJ, Zarkower D. DMRT1 prevents female

reprogramming in the postnatal mammalian testis. Nature. 2011; 476: 101–105. https://doi.org/10.

1038/nature10239 PMID: 21775990

47. Raymond CS, Murphy MW, O’Sullivan MG, Bardwell VJ, Zarkower D. Dmrt1, a gene related to worm

and fly sexual regulators, is required for mammalian testis differentiation. Genes Dev. 2000; 14: 2587–

2595. https://doi.org/10.1101/gad.834100 PMID: 11040213

48. Miller SW, Hayward DC, Bunch TA, Miller DJ, Ball EE, Bardwell VJ, et al. A DM domain protein from a

coral, Acropora millepora, homologous to proteins important for sex determination. Evol Dev. 2003; 5:

251–258. https://doi.org/10.1046/j.1525-142X.2003.03032.x PMID: 12752764

49. Chandler JC, Fitzgibbon QP, Smith G, Elizur A, Ventura T. Y-linked iDmrt1 paralogue (iDMY) in the

Eastern spiny lobster, Sagmariasus verreauxi: The first invertebrate sex-linked Dmrt. Dev Biol. 2017;

430: 337–345. https://doi.org/10.1016/j.ydbio.2017.08.031 PMID: 28864068

50. Anokhin BA, Hemmrich-Stanisak G, Bosch TCG. Karyotyping and single-gene detection using fluores-

cence in situ hybridization on chromosomes of Hydra magnipapillata (Cnidaria: Hydrozoa). Comp Cyto-

genet. 2010; 4: 97–110. https://doi.org/10.3897/compcytogen.v4i2.41

51. Nishimiya-Fujisawa C, Kobayashi S. Germline stem cells and sex determination in Hydra. International

Journal of Developmental Biology. 2012; 56: 499–508. https://doi.org/10.1387/ijdb.123509cf PMID:

22689373

52. Charlesworth B. Model for evolution of Y chromosomes and dosage compensation. Proc Natl Acad Sci

U S A. 1978; 75: 5618–5622. https://doi.org/10.1073/pnas.75.11.5618 PMID: 281711

53. Bergero R, Charlesworth D. The evolution of restricted recombination in sex chromosomes. Trends

Ecol Evol. 2009; 24: 94–102. https://doi.org/10.1016/j.tree.2008.09.010 PMID: 19100654

54. Nam K, Ellegren H. The chicken (Gallus gallus) Z chromosome contains at least three nonlinear evolu-

tionary strata. Genetics. 2008; 180: 1131–1136. https://doi.org/10.1534/genetics.108.090324 PMID:

18791248

55. Villeneuve AM, Meyer BJ. The regulatory hierarchy controlling sex determination and dosage compen-

sation in: Caenorhabditis elegans. Adv Genet. 1990; 27: 117–188. https://doi.org/10.1016/S0065-2660

(08)60025-5 PMID: 2190446

PLOS ONE Cytogenetic evidence indicates male heterogamety in a non-bilaterian animal

PLOS ONE | https://doi.org/10.1371/journal.pone.0285851 May 18, 2023 16 / 16

https://doi.org/10.1038/s41598-021-90580-1
http://www.ncbi.nlm.nih.gov/pubmed/34059722
https://doi.org/10.1023/A%3A1009238402051
https://doi.org/10.1023/A%3A1009238402051
http://www.ncbi.nlm.nih.gov/pubmed/10780699
https://doi.org/10.1083/jcb.64.1.251
http://www.ncbi.nlm.nih.gov/pubmed/1109234
https://doi.org/10.1016/0092-8674%2890%2990215-Z
http://www.ncbi.nlm.nih.gov/pubmed/2156630
https://doi.org/10.1371/JOURNAL.PONE.0228631
http://www.ncbi.nlm.nih.gov/pubmed/32017800
https://doi.org/10.3897/CompCytogen.v5i4.2307
http://www.ncbi.nlm.nih.gov/pubmed/24260641
https://doi.org/10.1186/1471-2156-12-88/FIGURES/5
https://doi.org/10.1186/1471-2156-12-88/FIGURES/5
https://doi.org/10.1111/andr.12617
http://www.ncbi.nlm.nih.gov/pubmed/30920770
https://doi.org/10.1242/DEV.017046
https://doi.org/10.1242/DEV.017046
http://www.ncbi.nlm.nih.gov/pubmed/18550714
https://doi.org/10.1016/j.devcel.2010.09.010
http://www.ncbi.nlm.nih.gov/pubmed/20951351
https://doi.org/10.1038/nature10239
https://doi.org/10.1038/nature10239
http://www.ncbi.nlm.nih.gov/pubmed/21775990
https://doi.org/10.1101/gad.834100
http://www.ncbi.nlm.nih.gov/pubmed/11040213
https://doi.org/10.1046/j.1525-142X.2003.03032.x
http://www.ncbi.nlm.nih.gov/pubmed/12752764
https://doi.org/10.1016/j.ydbio.2017.08.031
http://www.ncbi.nlm.nih.gov/pubmed/28864068
https://doi.org/10.3897/compcytogen.v4i2.41
https://doi.org/10.1387/ijdb.123509cf
http://www.ncbi.nlm.nih.gov/pubmed/22689373
https://doi.org/10.1073/pnas.75.11.5618
http://www.ncbi.nlm.nih.gov/pubmed/281711
https://doi.org/10.1016/j.tree.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/19100654
https://doi.org/10.1534/genetics.108.090324
http://www.ncbi.nlm.nih.gov/pubmed/18791248
https://doi.org/10.1016/S0065-2660%2808%2960025-5
https://doi.org/10.1016/S0065-2660%2808%2960025-5
http://www.ncbi.nlm.nih.gov/pubmed/2190446
https://doi.org/10.1371/journal.pone.0285851

