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39  Abstract

40  The genomes of newly formed natural or artificial polyploids may experience rapid
41 gene loss and genome restructuring. In this study, we obtained tetraploid hybrids
42  (4n=148, 4nJB) and triploid hybrids (3n=124, 3nJB) derived from the hybridization of
43  two different subfamily species Carassius cuvieri (%, 2n = 100, JCC) and
44  Megalobrama amblycephala (4 , 2n = 48, BSB). Some significant morphological and
45  physiological differences were detected in the polyploidy hybrids compared with their
46  parents. To reveal the molecular traits of the polyploids, we compared the liver
47  transcriptomes of 4nJB, 3nJB and their parents. The results indicated high proportion
48  chimeric genes (31 > %) and mutated orthologous genes (17 > %) both in 4nJB and
49  3nJB. We classified 10 gene patterns within three categories in 4nJB and 3nJB
50 orthologous gene, and characterized 30 randomly chosen genes using genomic DNA
51  to confirm the chimera or mutant. Moreover, we mapped chimeric genes involved
52  pathways and discussed that the phenotypic novelty of the hybrids may relate to some
53  chimeric genes. For example, we found there is an intragenic insertion in the K+
54  channel kcnk5b, which may be related to the novel presence of the barbels in 4nJB.
55  Our results indicated that the genomes of newly formed polyploids experienced rapid
56  restructuring post-polyploidization, which may results in the phenotypic and
57  phenotypic changes among the polyploidy hybrid offspring. The formation of the
58  4nJB and 3nJB provided new insights into the genotypic and phenotypic diversity of

59  hybrid fish resulting from distant hybridization between subfamilies.
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61 Introduction

62  Distant hybridization is defined as above-specific or interspecific crossing, and is a
63  useful strategy to produce hybrid offspring with altered genotypes and phenotypes [1],
64  or with different ploidies [2-4]. Allopolyploids, resulting from interspecific which
65 combinations of two or more differentiated genomes, are more prevalent in plants
66  than in vertebrates [5-7]. Previous research has suggested that the reasons for this
67  difference include genome shock or dramatic genomic restructuring[6]; environmental
68  fluctuations[7]; barriers to sex determination, physiological and developmental
69  constraints; especially nuclear—cytoplasmic interactions and related factors[8].
70  However, to date, the mechanisms underlying this difference between plants and
71 vertebrates are unknown.

72 In the wild, research on polyploidy is limited by the the availability of plant and
73 animal materials, because allopolyploids were usually formed hundreds or even
74  thousands of years ago, and their original diploid parental species are often extinct or
75 unknown [9, 10]. Thus, as model systems, synthetic allopolyploids represent excellent
76  genetic materials to study and characterize drastic genomic changes at early
77  evolutionary stages. Fish are one of the minority of vertebrates in which polyploidy
78  clearly exists (amphibians and reptiles also show polyploidy)[11]. Fish chromosomes
79  display plasticity, and thus it is easier to produce synthetic allopolyploids using
80  distant hybridization between fishes.

81 In the fish catalog, the Japanese crucian carp (Carassius cuvieri) (JCC) with 100
82  chromosomes belongs to the Cyprininae subfamily, and the blunt snout bream

83  (Megalobrama amblycephala) (BSB) with 48 chromosomes belongs to the Cultrinae
4
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84  subfamily[12]. In this study, we successfully obtained tetraploid (4n=148, 4nJB) and
85 triploid (3n=124, 3nJB) hybrids by crossing JCC @ and BSB . Interestingly, both
86  4nJB and 3nJB showed phenotypic differences compared with their parents. Such as
87  4nJB hybrids have one pair barbels but their parents have no barbels, and 3nJB have
88  slightly prominent eyes compared with their parents. In addition, the 4nJB are
89  bisexual fertility, but 3nJB are sterile. Thus, these hybrids are an appropriate model to
90 investigate the relationships between phenotypes and genotypes in hybrid fish, and to
91 study instantaneous allopolyploidization and the crucial changes that immediately
92  follow hybridization.

93 Previous studies indicated that hybridization followed by allopolyploidization
94 cause drastic genetic and genomic imbalances, including chromosomal
95 rearrangements[13, 14]; transpositions[15]; deletions and insertions[16]; dosage
96 imbalances[17]; a high rate of DNA mutations and recombinations[18, 19]; and other
97 non-Mendelian phenomena[20, 21]. However, little is known about the molecular
98  mechanisms underlying these changes in new allopolyploids. The next-generation
99  sequencing data provided in this study provides resources to address such questions as
100  how hybridization affects gene variation that could lead to biological characters in
101 nascent hybrid fish. In this study, we performed RNA-seq on liver tissue samples
102 from 4nJB, 3nJB and their parents (JCC and BSB) to reveal the molecular traits of the
103 polyploids hybrid fish. This is the first report of tetraploid and triploid hybrids
104  produced by crossing female Japanese crucian carp and male blunt snout bream. The

105  production of two new hybrid offspring has significance in fish genetic breeding and
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106  evolutionary studies.

107  Materials and Methods

108  Ethics statement

109  Administration of Affairs Concerning Animal Experimentation Guidelines states that
110  approval from the Science and Technology Bureau of China and the Department of
111 Wildlife Administration is not necessary when the fish in question are not rare or not
112 near extinction (first-class or second-class state protection level). Therefore, approval

113 is not required for the experiments conducted in this study.
114  Formation of triploid and tetraploid hybrids

115  Individuals of Japanese crucian carp (JCC), blunt snout bream (BSB), the tetraploid
116  Fy hybrids (4nJB) and triploid F; hybrids (3nJB) of female JCC > male BSB were
117  obtained from the Engineering Research Center of Polyploid Fish Breeding and
118  Reproduction of the State Education Ministry, China, located at Hunan Normal
119  University. During the reproductive seasons (from April to June each year) in 2013,
120 2014 and 2015, 20 mature females and 20 mature males of both JCC and BSB were
121 chosen as parents. The crossings were performed in four groups. In the first group, the
122 JCC was used as the female parent, and the BSB was used as the male parent. In the
123 second group, the female and male parents were reversed. In the third group, the male
124  JCC and female JCC were allowed to self-mate (crossing of brothers and sisters). In
125  the fourth group, male and female BSB were used for self- mating. The mature eggs
126  and sperm of JCC and BSB were fertilized and the embryos were developed in culture

127  dishes at a water temperature of 19-20 °C. In each group, 5000 embryos were taken at
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128  random for the examination of the fertilization rate (number of embryos at the stage of
129  gastrula/number of eggs), the hatching rate (number of hatched fry/number of eggs)
130  and early survival rate (number of surviving fry/ number of hatched fry). The hatched
131 fry were transferred to the pond for further culture.

132 Measurement morphological traits of triploid and tetraploid hybrids

133 The ploidy levels of F; hybrids were confirmed by measuring DNA content, forming
134  chromosomal karyotypes and using the erythrocyte nuclear volume. The methods
135  refer to previous study[22, 23]. The morphology and fertility of 4nJB and 3nJB were
136  also examined. The examined measurable traits included the average values of the
137 whole length (WL), the body length (BL) and width BW, the head length (HL) and
138 width (HW), and the tail length (TL) and width (TW). Using these measurements, the
139  following ratios were calculated: WL/B, BL/BW, BL/HL, HL/HW, TL/TW and
140 BW/HW. The examined countable traits included the number of dorsal fins,
141 abdominal fins, anal fins, lateral scales, and upper and lower lateral scales. For both
142  measurable and countable data, we used SPSS software to analyze the covariance of
143  the data between the hybrid offspring and their parents. At 15 months old, 20 4nJB
144  and 20 3nJB individuals were randomly sampled to examine their gonad development
145 by histological sectioning. The methods refer to previous study[24]. The gonadal
146  stages were classified according to Liu’s standard series for cyprinid fish[25].

147  Transcriptome sequencing and analysis

148 cDNA library construction, transcriptome sequencing and quality control

149 At 15 months old, three fish of each type were picked randomly and euthanized using
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150  2-phenoxyethanol (Sigma, USA) before being dissected. Liver tissues were excised
151  and immediately placed in RNALater (Ambion, USA), following the manufacturer’s
152 instructions, for storage. RNA was isolated according to the standard Trizol protocol
153  (Qiagen, Valencia, CA, USA), and quantified using an Agilent 2100 Bioanalyzer
154  (Agilent, Santa Clara, CA, USA). The RNA used for subsequent cDNA library
155  construction was a pooled sample from the liver tissue of the three different
156  individuals.

157 The four cDNA libraries representing each type of fish (4nJB, 3nJB, JCC and
158  BSB) were constructed from 2 pg of mRNA. Each library was sequenced using an
159  Illumina HiSeq™ 2000/2500. From the generated raw reads, the read adaptors and
160  low-quality reads were removed and the clean reads from each library were examined
161  using software FastQC. Transcriptome de novo assembly was carried out using a
162  short-reads assembly program (Trinity) [26], with three independent software
163  modules called Inchworm, Chrysalis, and Butterfly. Principal component analysis
164  (PCA) of 4 liver transcriptomes was applied to examine the contribution of each
165 transcript to the separation of the classes[27, 28].

166 Contig annotation was performed using five public databases (nonredundant (Nr);
167  Swiss-Prot; Kyoto Encyclopedia of Genes and Genomes (KEGG); Clusters of
168  Orthologous Groups (COG) and Gene Ontology (GO)). BLASTX alignment (e-value
169 < 1e®) between contigs and protein databases was performed, and the best-aligned
170  results were used to decide the sequence direction of the contigs. After screening the

171 sequences (alignment length < 100 bp), accession numbers of the genes were obtained
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172 from the BLASTX results. Then, Go terms of annotated sequences were obtained
173 using Ensembl BioMart[29]. WEGO software was used to analyze the GO annotation
174  [30]. To identify putative orthologs between the hybrid offspring and the parents, the
175  sequences from the four assembled transcriptomes were aligned using reciprocal
176 BLAST (BLASTN) hit with an e-value of 1e°[31]. Four sequences were defined as
177  orthologs if each of them was the best hit of the other and if the sequences were
178  aligned over 300 bp. Meanwhile, the nucleotide sequences were aligned using the
179  BioEdit program (version 7.0.9) [32].

180  Variation and detection of chimeric patterns

181 High-quality reads were remapped to BSB reference genome with
182 Burrows-Wheeler Alignment tool (BWA) [33] to detect variants among 4nJB, 3nJB,
183  JCC and BSB, and their distributions. Because divergence within most shared copies
184  of both JCC and BSB was less than 5%, the maximum mismatch of hits was set as 5
185  per 100 bp read. This parameter setting (maximum mismatch of 5%) ensured that
186  reads from half of the orthologs were mapped to the genome as the mapping ratio of
187  the blunt snout bream is about 50%. After obtaining the BAM files, we recorded the
188  mapped region of each sample on the reference genome. Variations from regions
189  overlapped by both parents and tetraploid (triploid) hybrids were extracted from the
190 alignments using both mpileup from the SAMtools package[34], and the GATK
191  [35-37] pipeline for RNA-seq. Candidate variations were filtered based on a
192  variation-quality score >20, and depth >3 reads. VCFtools [38] was used to compare

193  variations among both parents and tetraploid (triploid) hybrids identified by both
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194  methods.

195 The distribution patterns of variations in tetraploid and triploid hybrids compared
196  to both parents were analyzed and the distributions of chimeric loci were retained for
197  downstream analysis. Mutation patterns were defined as follows: first,
198  parents-variants, where the sequence was same as one parent but different from the
199  other parent; second, offspring-specific-variants, such as DNA insertions, DNA
200 deletions or locus mutations; third, chimeric-variants, single or multiple fragments
201  consisting of continuous, alternating variations from parents-specific variants. Within
202  a gene-region, several segmental fragments potentially consisted of different exons.
203  Thus, offspring mutations were associated with segments. Genes with single or
204 multiple exons derived only from one parent were classified as being of
205  maternal-origin or paternal-origin (patterns 1 and 2). Genes of offspring with specific
206  variations but no chimeric patterns were identified as having mutations (patterns 3-8).
207  If parent-specific variations aligned alternately within a continuous fragment, or
208 occurred alternately in non-continuous fragments, the genes was classified as a
209 chimera containing a parental crossing hotspot (patterns 9-10). Only genes with
210 fragments per kilobase of transcript per million mapped reads (FPKM) values > 0.3
211 were classified by pattern. Redundant genes (the same gene name and pattern of
212 variation) in the Japanese crucian carp-based analyses were removed.

213  PCR validation for 30 chimeric genes and mutated kcnk5b gene

214 Artificial chimeras might have existed within some 4nAT and 3nAT sequences. To
215  verify the accuracy of sequencing assembly and estimate the genomic changes, thirty

10
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216  genes were chosen randomly from each pattern to validate the chimeric pattern. The
217  genomic DNAs were extracted from the liver tissue of JCC, BSB and their hybrid
218  offspring by routine approaches[39]. Polymerase chain reaction (PCR) primers were
219  designed based on the conserved regions of homologous gene from JCC, BSB, 4nJB
220 and 3nJB (Table S1). The PCR was performed in a volume of 50 ul with
221 approximately 160 ng of genomic DNA, 3 mm of MgCl,, 400 mm of each dNTP, 0.6
222 mm of each primer, and 1.8 unit of Taq polymerase (Takara). The cycling program
223 included 35 cycles of 94°C for 30 sec, 52-59°C for 30 sec, and 72°C for 1-5 min,
224  with a final extension of 10 min at 72°C. Amplification products were separated on a
225  1.2% agarose gel using TBE buffer. PCR products within the expected size range
226 were extracted and purified using a gel extraction kit (Sangon, Shanghai, China) and
227  ligated into the pMD18-T vector. The plasmids were amplified in DH5a. The inserted
228  DNA fragments subjected to Sanger sequencing using an ABI 3730 DNA Analyzer
229  (Applied Biosystems, Carlsbad, CA, USA). To determine sequence homology and
230 variation among the fragments, the sequences were aligned using BioEdit[32] and
231 ClustalW2 (see URLs: www.ebi.ac.uk/Tools/es/cgi-bin/clustalw?). In addition, those
232 validated genes identified from blunt snout bream reference-genome were combined
233 to detect the structural changes.

234

235 RESULTS

236 Formation and measurement morphological traits of triploid and tetraploid
237  hybrids

11
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238  Each cross combination had a different of fertilization rate, hatching rate and early
239  survival rate (Table 1). Allopolyploid hybrid fish were only generated from female C.
240  cuvieri x male M. amblycephala (Fig. 1 C and D). The ploidy levels of F; hybrids
241 were confirmed by measuring their DNA content (Table 2), counting chromosomal
242 numbers, chromosomal karyotype analysis (Table 3, Figure 1 E and F), and
243  erythrocyte nuclear volume determination (Table 4, Figure 1 I and J). The results
244  showed that two types of F; hybrids were obtained: tetraploid (4n = 148) and triploid
245  (3n=124) hybrids.

246 Measurable and countable traits were examined in each sample of BSB, JCC,
247  4nJB and 3nJB hybrids (Figurel, Tables 5 and Tables 6). For morphological traits, the
248  4nJB (Figure 1C) and 3nJB (Figure 1D) showed obvious differences from JCC
249  (Figure 1A) and BSB (Figure 1B). Most of the morphological data in 4nJB and 3nJB
250  were significantly different from those in JCC and BSB (Tables 5 and Tables 6),
251  suggesting that the traits varied in the allopolyploid hybrid offspring. Something
252 interesting phenotypic variation occurred in hybrid offspring; for example, 4nJB have
253 one pair barbels but their parents have no barbels; and the eyes of 3nJB are slightly
254  prominent compared with their parents.

255  Histological sectioning was used to examine gonad development in 4nJB and 3nJB.
256  The testes of the 15-month-old 4nJB were at stage IV, in which a number of
257  secondary spermatocytes were observed in the seminiferous tubules (Figure 1 G, the
258  right). The ovaries of the 15-month-old 4nJB were at stage 11, were rich in oocytes in
259  synchronized development and were characterized by the location of the yolk nucleus

12
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260  near the cell nucleus (Figure 1 G, the left). In addition, during the reproductive season,
261  the water-like semen and the mature eggs could be stripped out from the two-year-old
262 male and female 4nJB individuals, respectively. The male 4nJB and female 4nJB
263 were used for self-mating and viable F, hybrids (details not shown) were produced.
264  These results suggested that 4nJB are fertile, but at a reduced rate compared with their
265  parents. By contrast, there were three types of gonadal structure in the triploid hybrids.
266  The first type was testis-like gonads that comprised many lobules containing
267 numerous spermatides. Some degenerated spermatids were found and no mature
268  spermatozoa were observed (Figure 1 H, the right). The second type was ovary-like
269  gonads comprising many nests of small, undeveloped cells and a few small growing
270  oocytes, as well as enlarged and degenerated oocytes (Figure 1 H, the left). The third
271  type only had fat tissue where the gonads should have been and neither testes nor
272 ovaries were observed. In the reproductive season, no milt or eggs could be stripped
273 out from the one and two-year old males and females of 3nJB. These results suggest

274  that the 3nJB hybrids are sterile.
275  Liver transcriptome analysis

276 cDNA libraries were prepared from liver RNA samples from 3nJB, 4nJB and both
277  parents (JCC and BSB). The libraries were subjected to next-generation sequencing
278  and the sequencing reads were processed to obtain clean reads. The clean reads for
279  these libraries have been uploaded to the NCBI Sequence Read Archive site (http://
280  www.ncbi.nlm.nih.gov/sra/; accession nos. SRX1999729, SRX685580, SRX1998501

281 and SRX1999073 .

13
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282 We identified 4740 orthologous genes (Table S2) among the transcriptomes of
283  3nJB, 4nJB and their parents. Based on these orthologous genes and the distribution
284  of cDNA variations, chimeric gene patterns were identified in 4nJB and 3nJB. We
285  classified 10 gene patterns within three categories in 3nJB and 4nJB (Figure 2, Table
286 7). The first category includes patterns 1 and 2 (Figure 2 A and B), in which the genes
287  are not chimeras or offspring-specific variations but are derived exclusively from one
288  parent. Patterns 1 represents a gene from JCC and patterns 2 represents a gene from
289  BSB. The first category comprised 44.50% and 49.86% of genes in the overlapping
290 mapped regions in 4nJB and 3nJB, respectively. The second category includes
291  patterns 3-8 (Figure 2 C-H, respectively), which are chimeric genes with
292  offspring-specific variations, such as DNA insertions, DNA deletions or locus
293  mutations. Patterns 3 and 4 represent a gene from JCC and BSB, respectively, but
294  with locus mutations; patterns 5 and 6 represent a gene from JCC and BSB,
295  respectively, but with DNA deletions; patterns 7 and 8 represent a gene from JCC and
296  BSB, respectively, but with DNA insertions. The second category comprised 23.82%
297  and 17.82% of genes in overlapping mapped regions in 4nJB and 3nJB, respectively.
298  The third category includes patterns 9—-10(Figure 2 | and J), where chimeric genes
299  have single or multiple fragments comprising continuous, alternating variations from
300 parents-specific variants, with or without offspring-specific variations. Patterns 9
301 represent a gene from JCC, but with single or multiple fragments comprising
302  continuous, alternating variations from BSB. Patterns 10 represent a gene from BSB,
303  but with single or multiple fragments comprising continuous, alternating variations

14
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304 from JCC. The third category comprised 31.68% and 32.32% of genes in overlapping

305  mapped regions in 4nJB and 3nJB, respectively.
306 Chimeric genes validated in parental and hybrid fishes

307  The altered gene patterns were confirmed at the genomic level by PCR amplification
308 and Sanger sequencing. Sanger sequencing validated 22 of the tested 30 chimeric
309  genes, suggesting that the bioinformatics analysis identified 73.3% of chimeric genes
310 correctly). For example, both Basic helix-loop-helix family member e41(bhlhe41)
311 (Figure S1) and TATA-box binding protein associated factor 8(taf8) (Figure S2) are
312 exclusively from JCC in 4nJB; both Phosphatidylinositol binding clathrin assembly
313  protein (picalma) (Figure S3) and RNA binding motif protein 19 (rbm19) (Figure S4)
314  are exclusively from JCC in 3nJB; A-Raf proto-oncogene, serine/threonine kinase
315  (araf) (Figure S5), SEC24 homolog C, COPII coat complex component(sec24c)
316  (Figure S6), Chondroitin polymerizing factor a (chpfa) (Figure S7), SNAP associated
317  protein(snapin) (Figure S8) and Tuberous sclerosis la (tscla) (Figure S9) are
318  exclusively from BSB in 3nJB; Tripartite motif containing 71(trim71) (Figure S10)
319  and RAN binding protein 9 (ranbp9) (Figure S11), have some DNA locus mutations
320 in both 3nJB and 4nJB; Phosphatidylinositol binding clathrin assembly protein
321  (picalma) (Figure S3) has three bases deleted in 4nJB; Hexamethylene bis-acetamide
322 inducible 1 (heximl) (Figure S12) also has some base deleted in 4nJB; SET
323  translocation (myeloid leukemia-associated) B (setb) (Figure S13) has three base
324 inserted in 4nJB; Tetratricopeptide repeat domain 4 (ttc4) (Figure S14) and

325  Immediate early response 5 (ier5) (Figure S15) also have some base inserted in 4nJB;

15
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326 Pleckstrin homology-like domain, family B, member 2a (phldb2a) (Figure S16) has
327  one fragment derived from BSB and other fragments derived from JCC both in 3nJB
328 and 4nJB; CD2-associated protein (cd2ap) (Figure S17) has one fragment derived
329 from BSB and other fragments derived from JCC in 4nJB; Mahogunin, ring finger 1b
330 (mgrnlb) (Figure S18) has one fragment derived from BSB and other fragments
331 derived from JCC in 3nJB; Beta-carotene oxygenase 2a (bco2a) (Figure S19) has one
332 fragment derived from JCC and other fragments derived from BSB both in 3nJB and
333  4nJB; Kruppel-like factor 6a (klféa) (Figure S20) and SR-related CTD-associated
334 factor 1(scafl) (Figure S21) has one fragment derived from JCC and other fragments
335 derived from BSB in 4nJB. Calcium/calmodulin-dependent protein kinase 1l gamma
336 (camk2g) (Figure S22) has one fragment derived from JCC and other fragments
337  derived from BSB in 3nJB;

338 The sequences of 22 homologous genes for 4nJB and 3nJB are available at NCBI
339  GenBank (Table S3). Moreover, we mapped these validated chimeric genes from the
340  4nJB and 3nJB transcriptomes to the homologous genes in the BSB reference genome
341  to determine the structural changes (S1-22_Fig). PCR analysis kcnk5b showed that
342 kcnk5b has some missense mutations and 12 bp insertion in 4nJB (Figure 4).

343 Disscussion

344  Few hybridization and allopolyploidization studies have focused on animals. This
345  study provided new insights into allopolyploidization related genomic variation in
346  vertebrates and a preliminary genomic characterization of 4nJB and 3nJB, revealing
347  significant insights into the evolution and genome function of allopolyploid animals.
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348  The formation mechanism of allopolyploid fish

349  Distant hybridization is a useful approach to produce polyploid hybrid lineages in
350 plants and animals. However, much remains unknown about the processes and
351 consequences of allopolyploidization[40]. Previous studies have concluded that
352  distant hybridization is more likely to form diploid or triploid hybrids in the first
353  generation when the parents have the same chromosome number. However, there
354  have been few reports that tetraploid and triploid hybrids are formed in the first
355 generation of distant hybridization when the parents have different chromosome
356  numbers [2, 24].

357 In general, allopolyploid formation can result from three events: the first is
358  somatic chromosome doubling in a diploid hybrid; the second is the fusion of two
359  unreduced gametes after failure of reduction divisions in meiosis; and the third is
360  unreduced (diploid) gametes fusion with normal haploid gametes to form triploids [3,
361 41, 42]. In this study, both tetraploid and triploid hybrids were produced by crossing
362 female Japanese crucian carp and male blunt snout bream. Somatic chromosome
363  doubling after fertilization is the most likely explanation for the formation 4nJB
364  (Figure 5, right). Somatic chromosome doubling in certain creatures is related to a
365 failure of cell division following mitotic doubling. It may arise in the zygote, early
366 embryo, or meristem of a plant, and will ultimately results the formation of
367  polyploidy tissues and polyploids species [43, 44]. The naturally occurring tetraploid
368 among Lamarckian primrose was produced by zygote chromosome doubling [45].
369 The 3nJB formation probably occurred because second polar body extrusion was
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370  inhibited during the second division of meiosis (Figure 5, left). It plays an important
371  role that the sister chromatids do not separate or the second polar body cannot release
372 normally in the second meiotic division. Triploids appeared in the descendants of the
373  open-pollinated diploid Crepis capillaris, and they appeared to have been produced
374 by the fusion of reduced haploid gametes and unreduced diploid gametes [44] Both
375 allotetraploid and allotriploid have to experience genomic changes for surviving.

376  The related mechanisms of high frequency chimeric and mutated genes

377  The survival of allopolyploid offspring may be driven severely by the potential
378  comprehensive effects related to genomic structural change. Previous studies showed
379 that the genomes of newly formed natural or artificial polyploids may experience
380 rapid gene loss, genome restructuring, and altered patterns of gene expression [46-50].
381  Polyploids of Tragopogon [51, 52], Brassica [10, 53], and wheat [54, 55], exhibit
382  relatively high levels of genomic rearrangements.

383 The tetraploid and triploid hybrids reported here, which were produced from
384  different subfamilies with the JCC and BSB genomes, indicated a “genetic melting”
385  of the two organisms. We identified patterns of variation among orthologous genes in
386 the newly formed hybrids, and demonstrated high proportions of chimeric and
387  mutated genes in the hybrid genomes. The main effect of distant hybridization is to
388  cause genetic variation in the hybrid offspring [2]. JCC and BSB belong to different
389  subfamily and have different number chromosome. Using them as parents for the

390 hybridization, it increases nuclear-nuclear and nuclear-cytoplasmic incompatibility
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391  between the two different species, which easily gives rise to drastic genomic
392  imbalances in allopolyploid hybrids [56].

393 The high frequency of chimeric and mutated genes may be driven by erroneous
394  DNA excision between homologous parental genes [57]. In allopolyploids, genome
395  changes (deletions, duplications, and translocations) are usually caused by large-scale
396  DNA repair via recombination, nonhomologous end-joining or transposon activity
397  [58-61]. Studies in Brassica napus polyploids indicated that homoeologous pairing
398  recombination is a key mechanism for genome restructuring [62, 63]. Genetic
399  recombination also has been reported in allopolyploid clawed frogs [64] and
400  salamanders [65]. Abnormalities of DNA or RNA repair, such as dysfunction of RAD
401  or other genes and pathways, may contribute to the high rate of homologous
402  recombination in the polyploidy hybrids [61, 66]. Both in 4nJB and 3nJB, chimeric
403  genes and mutated genes were involved directly involved in the regulation of cell
404  cycle and DNA damage response and repair (Figure 3).

405 The 4nJB and 3nJB contain combinations of the JCC and BSB genomes in a
406  common nucleus, which might have allowed homologous chromosomes reciprocal
407  exchange and gene conversion to occur more easily, leading to large genetic changes
408 in the newly formed 4nJB and 3nJB. The common occurrence of chimeric genes and
409  mutated genes that both exists in two different ploidies hybrid fish might result from
410 different processes that relate to chimeras: imprecise excision of an unpaired
411  duplication during large-loop mismatch repair or replication slippage [67]. Chimeric
412  genes and mutational genes might have formed after the two different genomes
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413 merged and before the whole genome duplication that leads to allopolyploidization
414  [67]. Recent reports of higher mutation rates in heterozygotes support this possibility.

415 Previous studies showed that repetitive elements (including transposable
416  elements and tandem repeats) play an irreplaceable role in generating new chimerical
417  genes, which flanking the paralogs can mediate recombinations to form chimeras [68].
418  Hybridization and allopolyploidization might trigger extensive transposon activity,
419  which can result in extensive chimeric regions [49, 60, 69-71]. Our previous study
420 showed that some new transposons could burst allopolyploid hybrids genomic and
421 driving for genomic evolution [72]. Some transposable elements are capable of
422  mobilizing adjacent sequence, thus new chimeric genes were generated [68, 73, 74].
423 In additional, during the process of DNA replication, double-strand break (DSB) is
424  more likely occur at tandem repeats locus and then the chimera is formed through
425  recombination between different sequences in the process of DSB repair. Our
426  analyses cannot identify the exact mechanism.

427  The morphological and physiological differences related to chimeric genes and
428  mutated genes

429 At the molecular level, we still know relatively little about diverse genetic
430  mechanisms underlie novel phenotypes traits in hybrids. The hypothesis that
431 particular genetic mechanisms influence the outcome of hybridization via their effect
432 on phenotypes has been tested severely in very few systems [75-78]. Structural
433 variation of hybrids offspring, including chromosomal rearrangements, gene insertion
434  or loss and transposable element distribution, can produce substantial morphological
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435  and physiological effects and directly impact recombination rate and reproductive
436 compatibility with their parental species [79, 80]. The differences of parental genome
437  structure can induce further restructuring after recombination of the hybrid genomes
438  [[58]. Both chimeric genes and mutated genes might produce gene structural changes
439  that would decrease the activity of an encoded enzyme activity or its fidelity, by
440  affecting normal transcriptional processing, thus may relate to morphological and
441 physiological changes in the hybrids [81].

442 The phenotypic characteristics of 4nJB (Figure 1C) and 3nJB(Figure 1D) showed
443  obvious differences compared with JCC(Figure 1A) and BSB(Figure 1B). The most
444  obvious variation was that the 4nJB had barbels while there were no barbels in the
445  3nJB hybrids or their parents (Figure 4A). Studied zebrafish another longfin (alf)
446 mutant showed that potassium channel, subfamily K, member 5b (kcnk5b) mutations
447  lead to proportionally enlarged fins and barbels [82]. In this study, we found there is
448  some missense mutation and an intragenic insertion in the K+ channel kecnk5b, which
449  may be related to the novel presence of the barbels in 4nJB (Figure 4 B and C). The
450  genomic changes in 4nJB led to the spontaneous development of barbels, which is of
451 huge evolutionary significance. In terms of fertility, the two types of hybrids showed
452  different characteristics. Histological observation showed that the 4nJB had normal
453  gonadal development (Figure 1, G and H) and produced mature sperm and eggs.
454  Further self-mating experiments proved that the 4nJB had reduced fertility. However,
455  the gonadal development of 3nJB was retarded, asynchronous and exhibited abundant
456  polymorphisms. Genetic recombination not only generates novel gene combinations
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457  and phenotypes, but also might damage the karyotype and lead to aberrant meiotic
458  behavior and reduced fertility [58]. The 4nJB have reduced fertility, which might have
459  been caused by aberrant meiotic behavior. The 3nJB are completely infertile, which
460  might have been caused by incompatible genomes and abnormal expression and
461  regulation of genes related to gonad development [83, 84].

462 In addition, allopolyploidization occurs less frequently in vertebrates than in
463  plants, possibly because of the severe effect of genome shock, leading to greatly
464  reduced viability of F; hybrid offspring [6-8]. In this study, the two different ploidy
465  allopolyploid hybrid fish were produced by same parents; however, the proportion of
466  variant orthologous genes in 4nJB (54.3%) was higher than in 3nJB (49.1%). The
467  result showed that although the genomes of two types of hybrids shared the same
468  origin, they experienced different degrees of variation. On the basis of the
469  chromosomal number and karyotypes of 4nJB and 3nJB, 4nJB appears to have two
470  sets of chromosomes from JCC and two sets from BSB, and 3nJB appears to have two
471 sets of chromosomes from JCC and one set from BSB. We speculated that mutations
472 and recombination of the genomes of the 4nJB hybrids were easier to induce because
473 the different combination of chromosome numbers caused different variations in the
474  genome.

475

476

477  Supporting information
478

479  Tables Sl
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480  Table S1. Primers sequences used in the PCR.

481  Table S2. Information on the homologous genes from allotetraploid hybrids (4nJB),
482  allotriploid hybrids (3nJB), Japanese crucian carp (JCC) and blunt snout bream
483  (BSB).

484  Table S3. The orthologous genes among the transcriptomes of 3nJB, 4nJB and their
485  parents (JCC and BSB).

486  Figures Sl

487  Figure S1. Diagram and alignment of bhlhe41l from Japanese crucian carp (JCC),
488  blunt snout bream (BSB), tetraploid(4nJB) and triploid (3nJB). (A): Schematic map of
489  relationships between the reference genome, Sanger sequences and contigs of the de
490  novo assembly. (B): Sequence alignment for bhlhe4l.

491

492  Figure S2. Diagram and alignment of taf8 from Japanese crucian carp (JCC), blunt
493  snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
494  Schematic map of relationships between the reference genome, Sanger sequences and
495  contigs of the de novo assembly. (B): Sequence alignment for taf8.

496

497  Figure S3. Diagram and alignment of picalma from Japanese crucian carp (JCC),
498  blunt snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
499  Schematic map of relationships between the reference genome, Sanger sequences and
500  contigs of the de novo assembly. (B): Sequence alignment for picalma.

501
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502  Figure S4. Diagram and alignment of rbom19 from Japanese crucian carp (JCC), blunt
503 snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
504  Schematic map of relationships between the reference genome, Sanger sequences and
505  contigs of the de novo assembly. (B): Sequence alignment for rom19.

506

507 Figure S5. Diagram and alignment of araf from Japanese crucian carp (JCC), blunt
508 snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
509  Schematic map of relationships between the reference genome, Sanger sequences and
510  contigs of the de novo assembly. (B): Sequence alignment for araf.

511

512

513  Figure S6. Diagram and alignment of sec24c from Japanese crucian carp (JCC), blunt
514 snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
515  Schematic map of relationships between the reference genome, Sanger sequences and
516  contigs of the de novo assembly. (B): Sequence alignment for sec24c.

517

518  Figure S7. Diagram and alignment of chpfa from Japanese crucian carp (JCC), blunt
519  snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
520  Schematic map of relationships between the reference genome, Sanger sequences and
521  contigs of the de novo assembly. (B): Sequence alignment for chpfa.

522
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Figure S8 Diagram and alignment of snapin from Japanese crucian carp (JCC), blunt
snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for snapin.

Figure S9. Diagram and alignment of tascla from Japanese crucian carp (JCC), blunt
snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for tascla.

Figure S10. Diagram and alignment of trim71 from Japanese crucian carp (JCC),
blunt snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for trim71.

Figure S11. Diagram and alignment of ranbp9 from Japanese crucian carp (JCC),
blunt snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for ranbp9.

Figure S12. Diagram and alignment of heximl from Japanese crucian carp (JCC),

blunt snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
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545  Schematic map of relationships between the reference genome, Sanger sequences and
546  contigs of the de novo assembly. (B): Sequence alignment for hexim1.

547

548  Figure S13 Diagram and alignment of setb from Japanese crucian carp (JCC), blunt
549  snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
550  Schematic map of relationships between the reference genome, Sanger sequences and
551  contigs of the de novo assembly. (B): Sequence alignment for setb.

552

553  Figure S14 Diagram and alignment of ttc4 from Japanese crucian carp (JCC), blunt
554  snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
555  Schematic map of relationships between the reference genome, Sanger sequences and
556  contigs of the de novo assembly. (B): Sequence alignment for ttc4.

557

558  Figure S15. Diagram and alignment of ier5 from Japanese crucian carp (JCC), blunt
559  snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
560  Schematic map of relationships between the reference genome, Sanger sequences and
561  contigs of the de novo assembly. (B): Sequence alignment for ier5.

562

563  Figure S16. Diagram and alignment of phldb2a from Japanese crucian carp (JCC),
564  blunt snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
565  Schematic map of relationships between the reference genome, Sanger sequences and
566  contigs of the de novo assembly. (B): Sequence alignment for phldb2a.
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Figure S17. Diagram and alignment of cd2ap from Japanese crucian carp (JCC), blunt
snout bream (BSB) and tetraploid hybrids (4nJB). (A): Schematic map of
relationships between the reference genome, Sanger sequences and contigs of the de

novo assembly. (B): Sequence alignment for cd2ap.

Figure S18. Diagram and alignment of mgrnlb from Japanese crucian carp (JCC),
blunt snout bream (BSB), triploid hybrids (3nJB) and tetraploid hybrids (4nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for mgrnlb.

Figure S19. Diagram and alignment of bco2a from Japanese crucian carp (JCC), blunt
snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for bco2a.

Figure S20. Diagram and alignment of kilféa from Japanese crucian carp (JCC), blunt
snout bream (BSB) and tetraploid hybrids (4nJB). (A): Schematic map of
relationships between the reference genome, Sanger sequences and contigs of the de

novo assembly. (B): Sequence alignment for klf6a.

27


https://doi.org/10.1101/082222

bioRxiv preprint doi: https://doi.org/10.1101/082222; this version posted October 20, 2016. The copyright holder for this preprint (which

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure S21. Diagram and alignment of scafl from Japanese crucian carp (JCC), blunt
snout bream (BSB) and tetraploid hybrids (4nJB). (A): Schematic map of
relationships between the reference genome, Sanger sequences and contigs of the de

novo assembly. (B): Sequence alignment for scafl.

Figure S22. Diagram and alignment of camk2g from Japanese crucian carp (JCC),
blunt snout bream (BSB), tetraploid hybrids (4nJB) and triploid hybrids (3nJB). (A):
Schematic map of relationships between the reference genome, Sanger sequences and

contigs of the de novo assembly. (B): Sequence alignment for camk2g.
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854  Table 1 Fertilization rate, hatch rate and early survival rate of the different groups

Fish type Fertilization rate (%) Hatch rate (%) Early survival rate (%)
BSB xBSB 99.5 89.6 83.1
JCC xJCC 98.4 86.2 82.5
JCC xBSB 86.1 66.4 75.7
BSB <JCC 85.7 0.5 0
855
856
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Table 2 Mean DNA content of BSB, JCC, 3nJB and 4nJB hybrids

Fish type DNA Ratio
content Observed Expected
BSB 68.8
JCC 94.72
3nJB 124.3 3nJB/(JCC+0.5BSB)=0.96* 1
4nJB 157.43 4nJB/(JCC+BSB)=0.96" 1

The observed ratio was not significantly different (P > 0.05) from the expected ratio.
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861
862 Table 3 Examination of chromosome number in BSB, JCC, 3nJB and 4nJB hybrids
Fish tvoe No. in Distribution of chromosome number
P metaphase <48 48 <100 100 <124 124 <148 148
BSB 200 9 191
JCC 200 15 185
3nJB 200 38 162
4nJB 200 31 179
863
864
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Table 4 Mean erythrocyte nuclear volume measurements for BSB, JCC, 3nJB and
4nJB hybrids

Fish type Major Minor Volume Volume Ratio
axis(um) axis(um) (pum®) Observed Expected
BSB 5.07 £0.47 244 +0.80 15.76 +1.92
JCC 5,09 £0.27 2.92+0.20 22.66 +2.42
3nJB 6.86 £0.70  3.16 £0.33  35.76 £1.67 3nJBL/(JCC+0.5BSB)=1.17* 1
4nJB 7.38+056 3.24+034 4053=+1.42 4nJBL/(JCC+BSB)=1.05° 1

The observed ratio was not significantly different (P > 0.05) from the expected ratio.

44


https://doi.org/10.1101/082222

bioRxiv preprint doi: https://doi.org/10.1101/082222; this version posted October 20, 2016. The copyright holder for this preprint (which

877
878
879

880
881
882

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table 5 Comparison of the measurable traits between the hybrid offspring and JCC

and BSB
Fish type WL/BL BL/BW BL/HL HL/HW TL/TW BW/HW
BSB 1.19+0.03 237+0.03 475+0.04 1.14+0.03 1.08=+0.04 2.09 +0.04
Jcc 124 +0.02 222+0.15 3.70+0.21 1.17+0.06 0.81+0.01 1.78 +0.09
3nJB 1.16 £0.03 2.28+0.13 3.80+0.25 1.03+0.07 1.05=+0.08 1.72 +£0.11
4nJB 1.21 #0.03 235+0.12 3.81+0.14 1.12+0.06 1.02+0.08 1.83 +0.10
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Table 6 Comparison of the countable traits between the hybrid offspring and JCC and BSB

. No. of lateral No. of upper No. of lower No. of dorsal No. of abdominal .
Fish type . . No. of anal fins
scales lateral scales lateral scales fins fins
50.90 +0.91 (52—
BSB 19) 9.65+0.49 (9-10)  10.05 +0.69 (9-11) Il +25.85 +0.59 (Il 25-27) 9.00 +0.55 (8-10) 11+ 8.65 +0.49 (111 8-9)
33.15+0.35
JCC (32-34) 7.5+0.42 (6-8) 7.6 £0.31(5-7) 11 +19.35 +0.86 (Il 18-20) 9.05 +0.75 (8-10) 11 +6.45 +0.31 (Il 6-7)
3345+
3nJB 0.74(32-34) 7.7 £0.51 (7-8) 7.45 +0.60 (7-9) I +17.25 +£1.07 (111 15-20) 7.65 +0.67 (6-9) 11 +7.20 +0.61 (I11 6-8)
32.05 +
4nJB 7.1 +0.31 (7-8) 7.95 +0.22 (7-8) 11 +17.35 +0.49 (111 17-18) 8.70 +0.47 (8-9) I +7.15 £0.37 (111 7-8)

0.22(32-33)
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1 Table 7 Gene numbers of each variation pattern in tetraploid and triploid using
2 Japanese crucian carp as reference
Categories Patterns Tetraploid Triploid
Biparental-origin genes 1-2 2109 2363
Genes with specific mutations 3-8 1129 845
Chimeric genes 9-10 1502 1532
3
4

47


https://doi.org/10.1101/082222

bioRxiv preprint doi: https://doi.org/10.1101/082222; this version posted October 20, 2016. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

5
’.’o:.'. e :, '., .
e §F o9,
N Ay -
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(Carassius cuvieri) (Megalobrama amb!ycephala)
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Allotetraploid hybrids (4n=148) Allotriploid hybrids (3n=124)
6
7 Figure 1. The chromosomal trait, gonadal development, erythrocytes and appearance of Japanese
8  crucian carp (2n = 100), blunt snout bream (2n = 48), and their tetraploid and triploid F; hybrid
9  offspring. Appearance of JCC, BSB, 4nJB and 3nJB hybrids: (A) JCC; (B)BSB (C) 4nJB; (D) 3nJB.

10  Chromosome and Karyotypes in 4nJB and 3nJB: (E) The metaphase chromosome spreads of 4nJB
11 (4n =148); (F) The metaphase chromosome spreads of 3nJB (3n =124). The ovarian and testis
12 microstructure of 3nJB and 4nJB: (G) 4nJB; (H) 3nJB. Erythrocytes of the 4nJB and 3nJB: (I)
13 Normal erythrocytes with one nucleus and unusual erythrocytes with two nuclei (arrows) in a 4nJB; (J)
14 Normal erythrocytes with one nucleus and unusual erythrocytes with two nuclei (arrows) in a 3nJB.
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19
20 Figure 2. Schematic diagrams of gene patterns for 3nJB and 4nJB from hybridizing JCC (J) and BSB

21 (B). Magenta bars marked J-variation denote offspring fragments with JCC-specific variants, blue
22 bars marked B-variation show BSB-specific variants, and black bars marked F-variation show
23 offspring-specific variants. Genes were classified as three categories. The first category include
24 patterns 1-2 (A and B), which are not chimeras and offspring-specific variations and the genes are
25 derived exclusively from one parent. The second category includes patterns 3-8(C—H, respectively) in
26 which genes with offspring-specific variations, such as DNA insertions or the DNA deletions or the
27 DNA locus mutations. The third category includes patterns 9-10 (I and J) where chimeric genes have
28  single or multiple fragments consisting of continuous, alternating variations from parents-specific
29  variants, and with or without offspring-specific variations.
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Figure 3. Representative chimeric genes involved pathways (map modified from KEGG pathway
ko05200). Genes in Red frames are chimeric genes detected in allopolyploid hybrids. Pathways in dark
blue frames are chimeric genes involved pathways.
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Figure 4. The 4nJB phenotype is related to gain-of-function mutations within the K* channel kcnk5b.
(A) The 4nJB had a pair of short barbels while there were no barbels in their parents (B) 4nJB harbor
an intragenic insertion and missense mutations in kcnk5b. (C) The amino acids variation in the 4nJB
compared with JCC.
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Figure 5. lllustration of allopolyploids. For simplicity, only one pair of homologous chromosomes
(either in red or blue) is shown in a diploid. (2) Formation of an allotriploid by doubling maternal
chromosomes. (b) Formation of an allotetraploid by interspecific hybridization followed by
chromosome doubling. Both allotetraploid and allotriploid have to experience genomic changes for
surviving.
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