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Pacific abalone (Haliotis discus hannai) is an economically important marine shellfish for aquaculture and is distributed throughout eastern Asia. Although a lot of genetic breeding work has been carried out, chromosome identification in abalone is still a challenging task. Here, we developed a set of BACs to be chromosome-specific probes in Pacific abalone, and to study chromosome evolution in the related species. Through BAC paired-end sequencing and sequence alignment, we were able to in silico anchor 168 BACs onto 18 pseudochromosomes of Pacific abalone genome. After selecting 42 BACs that contained DNA inserts with minimal repetitive sequences, we validated them through PCR and Fluorescence in situ hybridization (FISH) test. As a result, We obtained specific FISH signals for 26 clones on the chromosomes of Pacific abalone with at least one BAC mapped per chromosome. We also applied the chromosome-specific BAC-FISH probes to a close relative of Pacific abalone, Xishi abalone (H. gigantea), which revealed that chromosome 13 and 15 between the two species underwent a chromosomes rearrangement event. This study provides the first set of chromosome-specific probes for the family Haliotidae, which can serve as an important tool for future cytogenetics and genomics research.
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1 Introduction

The family Haliotidae, which contains only one genus (Haliotis), includes more than 70 abalone species (Nguyen et al., 2022). Some of which are significant commercial fishery resources and aquaculture species (Morash and Alter, 2015). Abalone karyotypes exhibit distinct geographic characteristics, with cytogenetic studies classifying the species into three groups based on their chromosome numbers and karyotypes: European species (2n = 28), Indo-Pacific species (2n = 32) and Northeast and Northwest Pacific species (2n = 36) (Franchini et al., 2010). However, although there are clear differences in karyotypes among abalones in different geographic locations, there is still a lack of cytogenetic tools that enable further chromosome studies. The chromosomes of the family Haliotidae are small, have similar sizes and arm ratios, and are different to identify through karyotypic measurement (Palma-Rojas and von Brand, 2008; Amar-Basulto et al., 2011). As such, it is evident that traditional cytogenetic tools are insufficient for effective abalone chromosome identification.

Fluorescence in situ hybridization (FISH) is an essential technique in identifying abalone chromosomes. FISH with chromosome-specific probes offers a rich and dependable source of markers for cytogenetic research including cytogenetic map, chromosome identification, chromosome rearrangement, and chromosome evolution across specie (Pinkel et al., 1986; Yang et al., 2019; Bielski et al., 2020; do Vale Martins et al., 2021). Chromosome-specific FISH probes were developed using various approaches, such as DOP-PCR following microdissection or flow sorting (Telenius et al., 1992; Vandewoestyne et al., 2009), as well as screening BACs from a constructed library (Dong et al., 2000), and synthesizing bulky oligonucleotides based on the assembled genomes (Han et al., 2015). With the improvement of genome assembly level in recent years, the efficiency of screening and obtaining chromosome-specific probes has been greatly enhanced, both for BAC screening and bulk oligonucleotide synthesis (Han et al., 2015; Dong et al., 2018).

The Pacific abalone, Haliotis discus hannai is one of the most commercially important marine shellfish for aquaculture which is distributed throughout eastern Asia (Wang et al., 2015). Given its high market value and nutrient content, the research on this species has received significant attention, not only in aquaculture technology, but also in nutrition, ecology, molecular and cell biology (Sekino and Hara, 2007; Kobayashi and Kijima, 2010; An et al., 2011; Nie et al., 2012). What’s more, the genetic map and chromosome-level reference genomes of Pacific Abalone are available and had been applied in genetic breeding research (Liu et al., 2006; Nam et al., 2017). In the 1980s, Arai et al. (Arai et al., 1982) firstly reported the karyotype of Pacific Abalone, and the results showed that Pacific Abalone has 36 chromosomes, and the karyotype formula was 2n= 20m+16sm. However, the karyotype of Pacific Abalone was revealed with variation in different research (Arai et al., 1982; Okumura et al., 1995; Cai et al., 2013). Banding and FISH were carried out to provided markers for identifying individual chromosome of Pacific Abalone (Cai et al., 2010; Wang et al., 2015). However, there is no method to identify the whole set chromosomes in Pacific Abalone yet. The Xishi abalone, H.gigantea is a closely related species of Pacific Abalone, which is a valuable commercial species alone the coast of Japan and was introduced in to China in 2003 (Luo et al., 2010). In chromosome morphology, Xishi abalone and Pacific abalone are basically the same (Miyaki et al., 1997). However, interspecific variation in chromosome structure is common in this genus (Franchini et al., 2010), so whether the internal structure of chromosomes between the two species is similar still needs further study. In this study, we used chromosome-specific BAC clones as probes to construct a cytogenetic map and identify chromosome in H. discus hannai through multiple FISH. We also tested the cross-species universality of the probes in its cross relative, H.gigantea in order to explore the differences in chromosome structure between the two abalone species.




2 Materials and methods



2.1 Abalone collection and chromosome preparations

Samples of abalones for chromosome preparation used in this study were all collected from the Fuda Abalone Aquaculture Co. Ltd., Fujian Province, China. Chromosome preparations were obtained according to the conventional method with slight modifications (Cai et al., 2010). The trochophores were collected with filter mesh cultured in 0.03% colchicine at 20~25°C for 1 hour. Then the trochophores were exposed to 0.075 mol/L KCl solution for 1 hour, fixed three times for 30 min each with ethanol/glacial acetic acid (3:1), and stored at -20°C until use. Fixed larvae were dissociated into fine pieces in 50% acetic acid solution, the resulting cell suspensions were dropped onto preheated slides and air dried. Then heating 1-3 hours in a 60°C hot plate. The chromosome preparations were preserved at -20°C for Fluorescence in situ hybridization.




2.2 Construction and quality evaluation of BAC library

The construction of the H. discus hannai BAC library followed previously published methods (Luo et al., 2006; Zhang et al., 2022). Firstly, High molecular genomic DNA was extracted from the adductor muscle of H. discus hannai and digested with HindIII restriction enzyme into 110 - 220 kb. Then, the size-selected DNA fragments were ligated with HindIII-digested pHZAUBAC1 vector (Eight Star Bio-tech Co., Ltd., Wuhan, China). After the ligation products were transformed into Escherichia coli strain DH10B T1 Phage-Resistant (Invitrogen), the transformed cells were plated on LB agar plates supplemented with appropriate chloramphenicol, X-gal, and IPTG. At last, the clones were randomly picked and arrayed into 384-well plates containing LB media and then frozen at -80°C. Thirty random clones were selected to evaluate the quality of the BAC library. The extracted plasmids were digested with I-Sce I enzyme (Fermentas), as previously described (Shi et al., 2011). And then the pulsed-field gel electrophoresis was used to examine the size of the inserted fragments and the nulling rate.




2.3 Paired end sequencing and in silico mapping of BACs

The methodology was based on previous studies (Zhang et al., 2022). A total of 1044 BAC clones were selected randomly from the BAC library of H. discus hannai. The paired-end sequences of the BAC clones were obtained by Sanger sequencing with Applied Biosystems 3730 DNA Analyzer. The Phred (http://www.phrap.org/) and Seqclean (https://sourceforge.net/projects/seqclean) were used for quality control of BAC end sequences (BESs). Then, the end sequences were aligned to the reference genome of H. discus hannai (not published data) using Blast (Altschul et al., 1997), with an E-value threshold of 1 × 10−5. In subsequent analysis, the sequences of insert of the mapped BACs were deduced according to the genomic sequences between the paired BESs. And then, the size and the content of repetitive sequences was estimated. The repetitive sequences were found by using Repeatmasker (http://www.repeatmasker.org/RepeatMasker/). The BACs with insert size around the estimated average were selected as candidate chromosome specific cytogenetic markers, and their position of BACs on the chromosome was visualized with Mapchart v2.30.




2.4 Validation of candidate chromosome-specific BAC clones

Refer to previous methods for validating candidate clones (Zhang et al., 2022). PCR method was used to verify the correspondence between BAC clones and pseudochromosomes. The primers were designed using Primer Premier 5 software based on the deduced sequence of the BAC insert, and were synthesized by BGI Genomics Inc. PCR was carried out using a commercially available kit following the manufacturer’s instructions, with amplification conditions including pre-denaturation at 94°C for 3 min, followed by 40 cycles of denaturation at 94°C for 30 s, annealing at Tm for 30 s, and extension at 72°C for 30 s. The results of the PCR amplification were evaluated by analyzing the number and size of the products using 1% agarose gel electrophoresis.

FISH experiment was performed following the methods published previously with minor modifications (Cai et al., 2010). In this study, BACs were labeled with either Digoxigenin or biotin. The resulting labeled probe was added to a hybridization solution consisting of 50% deionized formamide and 2 × SSC, following denaturation at 72°C for 8 min and cooling on ice for over 10 min. Slides of chromosome preparations were performed by treating them with 75% formamide/2×SSC at 74°C for 2.5 min, followed by dehydration in a gradient ethanol solution. After hybridizing the probe solution with denatured chromosomes on the slides overnight at 37°C, the slides were washed with 10% formamide/2×SSC, and twice with 4×SSC before adding 10 μg/mL anti-Digoxigenin-fluorescein rhodamine 100 μL or 10 μg/mL streptavidin 100 μL onto the slide. Subsequently, the slides were incubated in a wet box filled with 2 × SSC for 30 min. Once the coverslip was removed, the slides were washed again with 4×SSC-0.1% Triton for 5 min, and then twice with 4×SSC for 5 min each time. Following a slight cleaning with purified water, the slides were air-dried at room temperature and treated with DAPI (4’,6-diamidino-2-phenylindole) in 20 μL. The exposed slide was visualized using an Olympus epifluorescence microscope equipped with a CCD camera, capturing gray-scale images for each color channel through a digital image capture system (Olympus DP 80). Background subtraction and image feature intensification were carried out following the previous studies (Zhang et al., 2022). And the chromosome pairing and alignment were performed in Adobe photoshop CC 2017.




2.5 Application of chromosome specific probes

H. gigantea is a closely related species to the Pacific Abalone, sharing similar karyotypic characteristics with H. discus hannai. In order to examine the variations in genome sequence structure between these two species and assess the cross-species adaptability of the developed H. discus hannai BAC-FISH probes, the BESs of H. discus hannai were aligned with the reference genome of H. gigantea (unpublished data). Based on the results of this sequence alignment, clones demonstrating significant differences in expected positions between the two species selected for further FISH validation.





3 Results



3.1 Construction and quality evaluation of BAC library in H. discus hannai

A BAC library of H. discus hannai was construed using DNA extracted from the muscle of a male. The library contains 16,128 BAC clones, and its quality was evaluated by examining thirty randomly selected clones with pulsed field gel electrophoresis (Supplementary Figure 1). No empty clone was found while some clones were polyclonal. The size of the insert fragments ranged from 110 kb to 170 kb, with an average of 143.3 kb (Supplementary Figure 2). Extrapolating from the above results, the library was estimated to cover 1.2 times genome of H. discus hannai.




3.2 Screening for the chromosome-specific BACs of H. discus hannai in silico

A total of 1044 BAC clones were randomly selected from the BAC library for paired end sequencing and subjected to paired-end sequencing (The number of clones to be sequenced is determined by the genome coverage of the BAC library and the average insertion fragment size of the BAC clone). Subsequently, 1908 high-quality BAC end sequences (BESs) were obtained (Table 1), with an average length of 949 bp and a range of 100 bp to 1200 bp. Using BLAST analysis, 245 BAC sequences were identified that corresponded to the 18 chromosomes of H. discus hannai. These sequences were demonstrated good collinearity and sequence specificity.


Table 1 | Overview of the BAC end sequences (BESs) of H. discus hannai.



To minimize the effect of repeat sequences on FISH analysis, the BAC sequences were screened using RepeatMasker against the high-repeat H. discus hannai DNA database to filter repeat sequences (Supplementary Table 1). Following this step, a total of 168 BAC clones were identified and distributed across 18 chromosomes of H. discus hannai for use in chromosome identification. The genomic locations of these BACs were documented in detail in Supplementary Table 1 and visualized in Figure 1. According to the putative content of repeat sequences and chromosome position, 3 clones for each chromosome were selected for further PCR and FISH verification (Figure 1).




Figure 1 | Genomic localization of BAC clones on the reference genome of H. discus hannai. The cloned clone representation shown in the figure will be used for further FISH verification. Red and green indicating passed and unpassed, respectively.






3.3 PCR and FISH verification of chromosome-specific BAC clones of H. discus hannai

To verify the in-silico location of the BACs, a pair of primers were designed for each clone based on the putative insertion sequence (Supplementary Table 2). PCR analysis of the BAC clones using the primers resulted in the amplification of a single product of the expected length. The representative results of PCR verification were shown in Supplementary Figure 3. There finding confirm the accuracy of the predicted locations of the BACs.

The detection of selected BACs clones using FISH was carried out based on two criteria: (1) production of a single pair FISH signals and (2) collinearity with the putative adjacent BACs. A total of 26 BACs was verified, with at least one verified clone for each chromosome of H. discus hannai. The signals pattern of these probes on the chromosome of H. discus hannai is shown in Supplementary Figure 4, while the position of 26 chromosome-specific BAC clones on metaphase chromosome was showed in Figure 2. The unpassed BAC clones were rechecked with independent FISH test with single BAC.




Figure 2 | Eighteen individual chromosomes of Pacific abalone with dual-color FISH signals derived from BAC clones. The expected chromosome location of BAC clones is shown on the right side. The corresponding metaphases seen in Supplementary Figure 4. Red and green correspond to digoxigenin- and biotin-labeled probes.






3.4 Chromosomal rearrangement revealed by a Cross-species FISH

The BESs of H. discus hannai were mapped to the reference genome of H. gigantea. The results showed that there were 200 pairs of end sequences aligned to the genome of H. gigantea (Supplementary Figure 5). Based on the localization results of Abalone, we selected the clones whose BAC clones had different chromosomal positions between the two species for cytogenetic verification. Two BACs derived from the Chr13, and two BACs derived from the Chr15 were further examined through FISH.

The results showed that 37-I07 and 31-F15 were co-located on the on the chromosome 13 of H. gigantea (Figure 3), which implied that the chromosome-specific FISH probe of H. discus hannai might be partially applied to H. gigantea. In H. discus hannai, the clones 31-F15 and 37-I07 were found to be co-located on the short arm of a chromosome, with clone 31-F15 being located near the telomere. However, in H. gigantea, clone 31-F15 and 37-I07 were located on different short arms of chromosomes, and clone 31-F15 was positioned near the centromere. A similar observation was made on chromosome 15. In H. discus hannai, the clones 37-B03 and 31-I13 were found to be located on different short arms of the chromosome. However, in H. gigantea, they were both positioned on the same short arm of the chromosome. The location of chromosome specific clones of chromosome 13 and 15 revealed that chromosome rearrangement might have occurred between the H. discus hannai and the H. gigantea.




Figure 3 | The location of Chromosome-specific probes on chromosome 13 and 15 in the H. discus hannai and H. gigantea. (A) Localization of clones (37-I07 and 31-F15) on the metaphase of H. discus hannai; (B) Localization of clones (37-I07 and 31-F15) on the metaphase of H. gigantea; (C) Localization of clones (37-B03 and 31-I13) on the metaphase of H. discus hannai; (D) Localization of clones (37-B03 and 31-I13) on the metaphase of H. gigantea; (E, F) Chromosome cloning refers to the distribution of chromosomes in different species. The diagram presented here shows a comparison between a schematic representation and a normal chromosome, highlighting the occurrence of chromosomal rearrangements among different species. DD represents the H. discus hannai; SS represents the H. gigantea; The green and red blocks on the diagram represent the locations where signals occur. Bar represents 5 μm for metaphase chromosome.







4 Discussion

As far as we know, of all the species of Haliotidae described, only 18 species have been karyotyped (Franchini et al., 2010). Summarizing these studies, it can be found that the number of abalone chromosomes is geographically regular, with the original H. tuberculate having the fewest number of chromosomes (28) (Arai and Wilkins, 1986; Colombera and Tagliaferri, 2014), followed by species living in tropical areas (32) and epigenetic species (36) (Nakamura, 1986; Arai et al., 1988; Ebied et al., 2000; Van der Merwe and Roodt-Wilding, 2008; Cai et al., 2010). The distribution of chromosomes also verifies the evolution theory of abalone. Although lots of studies have given new insight into the phylogenetic status of Haliotidae, the mechanism involve in chromosomal variability are still unknown. The cytogenetic research of Haliotidae mainly focused on the traditional karyotype analysis, chromosome banding and chromosome localization of rDNA (Okumura et al., 1995; Hernández-Ibarra et al., 2007; Wang et al., 2015). But the chromosome evolution in Haliotidae may be more dynamic beyond the previous knowledge. For instance, the karyotype reported previously in the literature for H. discus hannai showed a small difference in the chromosomal structure. Arai et al. found a chromosome composition of 10M +8SM, Okumura et al. found 11M + 7SM, while Wang et al. found a rare type of 10M + 7SM +1ST (Arai et al., 1982; Okumura et al., 1995; Wang et al., 2015). What’s more, the number of NORs and rDNA clusters always varied in many species of Haliotidae revealed by chromosome banding technique and FISH (Gallardo-Escárate et al., 2005; Wang et al., 2015). Therefore, more cytogenetic research should be carried out to build a set of tools for chromosome identification in abalone.

Chromosome-specific BACs have proven to be excellent bridges between DNA and chromosomes (Dong et al., 2000; Schubert et al., 2001). Traditional methods of screening these BACs from constructed library using 3D-PCR were very inefficient and tedious (Taboada et al., 2014), as the power of the chromosome painting probe was often compromised by a high content of repetitive sequence or the innate incorrect location (Trifonov et al., 2009). However, in this study, a bioinformation-based method was used to efficiently screen chromosome specific BACs for chromosome identification in Haliotidae. The method resulted in a higher throughput and more informative approach, with 172 BACs being in silico anchored to the chromosomes. Increasing the number of BACs for ending sequencing could improve the results further, while the negative impact of repetitive sequence could be minimized by evaluating them with bioinformation methods. With the recent assembly of chromosome-level genomes in 135 mollusks species (https://www.ncbi.nlm.nih.gov/) and the BAC libraries in many shellfish species to support the research on genome and genes (Zhang et al., 2008; Jiang et al., 2016; Ma et al., 2019), the information-based method would be a promising way to screen chromosome-specific BACs for chromosome identification.

The versatility of BAC as chromosome- specific probes has been demonstrated across various species, starting with mammalian species and expanding to include many others (Rens et al., 2006). For example, cross-species BAC-FISH painting has been used to study tomato and potato chromosome 6, revealing previously unknown chromosomal rearrangements (Szinay et al., 2012). In strawberry, chromosome-specific oligo probes have shown that the karyotype is highly conserved across 16 different species (Qu et al., 2021). FISH mapping has also been used in fish, with the use of SATA and telomeric probes to identify three fusions in O. karonge that are not present in the typical karyotype (Mota-Velasco et al., 2010). In this study, four chromosome-specific BACs derived from H. discus hannai were hybridized with chromosomes of H. gigantea, which revealed chromosomal specific probes can also be used interchangeably between abalone species, providing a research foundation for subsequent studies on abalone chromosomal evolution.

H. discus hannai and H. gigantea both originated from North America (Lee and Vacquier, 1995). The two species are capable mating and produce offspring, indicating a close genetic relationship between them (Luo et al., 2010). Previous research has shown that both the H. discus hannai and the H. gigantea have the same number of chromosomes and the same chromosome karyotype (Miyaki et al., 1997; Cai et al., 2010). However, there is a difference in the number of rDNA loci between H. discus hannai and H. gigantea, with the former having fewer loci (Wang et al., 2015). This suggests that during the evolutionary process, recombination of repetitive sequences may have occurred in these two abalone species. In fact, karyotype rearrangements are very common in this genus. For example, the karyotype and genome size analysis of Haliotis maidae and three other abalone suggested that there were some preferential karyotype rearrangements during the evolution of the genus (Franchini et al., 2010). Cytogenetic data about three California abalone species showed that significant chromosomal rearrangements occurred during the evolution of Haliotidae on the California coast (Gallardo-Escárate and Del Río-Portilla, 2007). In this study, we found that chromosome 13 and 15 between the two species underwent a chromosome rearrangement event. The results confirmed the conjecture obtained by previous karyotype analysis, and the application potential of chromosome-specific probes developed in this study will be further explored in the future, so as to contribute more data to solving the problem of abalone chromosome evolution.




5 Conclusion

This study aims to develop a comprehensive set of chromosome-specific BAC-FISH probes that cover all chromosomes in H. discus hannai. The probes were not only useful for improving chromosome identification in metaphase spreads, but also for linking metaphase chromosomes to pseudochromosome of the assembled genome. Additionally, partial cross-species applicability of the developed chromosome-specific BAC-FISH probes in H.gigantea was demonstrated, and cross-species FISH, revealed that there have been chromosome rearrangements in certain chromosomes between the two species. This study marks the first successful development of a chromosome-specific BAC-FISH probe set for Haliotidae, which will enhance the ability to perform cytological studies on abalone species and provide new insight into genome structure and evolution in Haliotidae.
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