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Abstract

Background: The allotetraploid hybrid fish (4nAT) that was created in a previous study through an intergeneric
cross between red crucian carp (Carassius auratus red var, @) and common carp (Cyprinus carpio L, &) provided an
excellent platform to investigate the effect of hybridization and polyploidization on the evolution of 55 rDNA. The
55 rDNAs of paternal common carp were made up of a coding sequence (CDS) and a non-transcribed spacer (NTS)
unit, and while the 5S rDNAs of maternal red crucian carp contained a CDS and a NTS unit, they also contained a
variable number of interposed regions (IPRs). The CDSs of the 5S rDNAs in both parental fishes were conserved,
while their NTS units seemed to have been subjected to rapid evolution.

Results: The diploid hybrid 2nF; inherited all the types of 55 rDNAs in both progenitors and there were no signs of
homeologous recombination in the 55 rDNAs of 2nF, by sequencing of PCR products. We obtained two segments
of 55 rDNA with a total length of 16,457 bp from allotetraploid offspring 4nAT through bacterial artificial
chromosome (BAC) sequencing. Using this sequence together with the 55 rDNA sequences amplified from the
genomic DNA of 4nAT, we deduced that the 55 rDNAs of 4nAT might be inherited from the maternal progenitor
red crucian carp. Additionally, the IPRs in the 5S rDNAs of 4nAT contained A-repeats and TA-repeats, which was not
the case for the IPRs in the 55 rDNAs of 2nF;. We also detected two signals of a 200-bp fragment of 55 rDNA in the
chromosomes of parental progenitors and hybrid progenies by fluorescence in situ hybridization (FISH).

Conclusions: We deduced that during the evolution of 55 rDNAs in different ploidy hybrid fishes, interlocus gene
conversion events and tandem repeat insertion events might occurred in the process of polyploidization. This study
provided new insights into the relationship among the evolution of 55 rDNAs, hybridization and polyploidization,
which were significant in clarifying the genome evolution of polyploid fish.
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Background
Most teleosts have undergone a teleost-specific genome

of unreduced diploid sperms and eggs generated by dip-
loid 2nF,. Then, the males and females of allotetraploid

duplication and cyprinids have emerged as the most eco-
nomically important teleost family [1]. Red crucian carp
(Carassius auratus red var., 2n = 100) and common carp
(Cyprinus carpio L., 2n = 100) belong to two different
genera of cyprinid, and bisexual fertile allotetraploid fish
(4nAT) are the intergeneric hybrid between them [2].
The first two generations of hybrids were not tetraploid
fishes. The tetraploid hybrids came from the fertilization
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4nF; hybrids generated diploid sperm and diploid eggs,
which were fertilized to form the allotetraploid 4nF,,
thereby producing a bisexual fertile tetraploid fish popu-
lation. Thus, two processes were involved in forming the
allotetraploid fish population, first hybridization then
polyploidization. In vertebrates, unlike in plants, poly-
ploidy tends to be lethal. Therefore, the successful devel-
opment of the allotetraploid fish was significant, and
provided a new model to understand the evolution of
allopolyploid animals.

The 5S rDNAs in higher eukaryotes are tandemly
arrayed and composed of a 120-bp conserved coding
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sequence (CDS) and variable non-transcribed spacer
(NTS) units [3], and play critical roles in ribosome
folding and functionality. Data from molecular analysis
studies demonstrate the existence of 5S rDNA variants
[4, 5] within individuals and species of fungi [6], plants
[7], and animals [8]. The long-term evolution of these
variants may be mediated by a mixed mechanism involv-
ing birth-and-death and concerted evolution [9], and the
occurrence rates varied in different genera. Because of
the special structure of the 5S rDNA multigene, 5S
rDNA is a good marker for a better understanding of
the variability, organization, and evolution of fish species
[10, 11]. In most eukaryotes, the 5S rDNAs are detected
in distinct areas of the genome, organized as one or
more tandemly repeated clusters, and their chromo-
somal locations can be detected by fluorescence in situ
hybridization (FISH). In some cases, 5S rDNAs are inter-
spersed with other multicopy genes, such as histones,
45S rDNAs, and repeated trans-spliced leader sequences
[12]. However, the multiple localizations of 5S rDNAs
and their non-colocalization with the major ribosomal gene
[13], nucleolus organizer regions, and sex chromosomes
are commonly found in fishes [14]. Further, the chromo-
somal locations of 5S rDNAs may vary among polyploid
hybrids and their parental species [15], which make 5S
rDNAs useful in analyzing the hereditary relationships
among them.

Almost all previous molecular analyses of 5S rDNAs
were based on PCRs, which unambiguously detected
genetic mutations in the CDS and NTS regions of 5S
rDNAs, but failed to reveal their array characteristics in
genomes. To address this problem, we considered that
bacterial artificial chromosome (BAC) clones inserted
with large genomic DNA segments may provide a good
solution. We used blood taken from 4nF,, to construct a
BAC library of allotetraploid fish [16], and some of the
materials and data from that study have been used in
the present study. While it is clear that the allotetra-
ploids witnessed the fusion of two different genomes of
both progenitors, knowledge of the changes that oc-
curred in the genomes of the allotetraploid hybrids in
the evolutionary process over more than 20 generations
is limited. Further, the kind of impact that hybridization
and polyploidization may have had on the allotetraploid
genes is also unknown. In the present study, we aimed
to provide some insights into the genetic and 5S rDNA
evolution of allotetraploid fish. First, we conducted a
detailed structural analysis of 5S rDNAs in diploid and
tetraploid hybrids of red crucian carp x common carp to
determine if the evolution of 5S rDNAs involved a
conversion event. Second, we carried out a comparative
analysis of the 5S rDNAs among diploid and tetraploid
hybrid fishes and their parental species to decipher the
genetic evolution of 55 rDNAs in hybrid progenies.
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Methods

PCR amplification and sequencing of 5S rDNAs

The fish samples in this study were collected from the
Engineering Center of Polyploid Fish Breeding of National
Education Ministry located at Hunan Normal University,
China. The PCR templates were extracted from genomic
DNA (extracted from blood) of red crucian carp (RCC),
common carp (CC), and their diploid hybrid 2nF; and
tetraploid hybrid 4nF,, (ten individuals in each of the four
sample groups). Fish blood was collected with sterile
injectors. To minimize the suffering we caused to fish,
narcotic drugs was fed before blood sampling. One pair of
primers (5'-TATGCCCGATCTCGTCTGATC-3" and 5'-
CAGGTTGGTATGGCCGTAAG C-3') [17] was synthe-
sized by Sangon Biotech (Shanghai) Co., Ltd. The PCR
cycles were as follows: 94 °C for 5 min; 30 cycles of
denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s,
and elongation at 72 °C for 1 min; and last extension at
72 °C for 10 min. Mixtures of the obtained PCR fragments
were cloned using Escherichia coli DH5a. A total number
of 160 positive clones (40 clones for each type of fish)
were tested by PCR and then sequenced by Nanjing
Genscript. Homologous 5S rDNA sequences were aligned
using Clustal W software (version 1.7).

Access to 5S rDNA sequences in the 4nAT BAC library

We aligned the amplified genomic and BAC full-length
5S rDNA sequences to obtain better results, because the
lengths of the sequences gained by PCR were limited.
One hundred BAC clones were picked randomly from
the 4nAT BAC library for BAC-ends sequencing by
Nanjing Genscript. The BAC-ends sequencing was
performed on ABI 3730 xI machines and the BAC-end
sequences were analyzed by PHRED software. The vec-
tor sequences in the BAC-end sequences were cut out with
the NCBI-VecScreen tool (https://www.ncbi.nlm.nih.gov/
tools/vecscreen) and the BAC-end sequences were identi-
fied by Blastx searches, using an E-value threshold of
le — 10. After the BAC-end sequences were annotated, 5S
rDNA segments were detected in BAC clone 4nAT-150B4,
which was then picked for full-length sequencing. The se-
quencing and assembly of the 4nAT-150B4 BAC clone was
performed using Illumina next-generation sequencing tech-
nology and PacBio RS platform. Thereafter, the 5S rDNA
sequence in the 4nAT-150B4 BAC (BAC-type 5S) was
marked by RepeatMasker (http://www.repeatmasker.org/).

Identification of heterozygosity of 4nAT

To determine if the 4nAT individuals we analyzed con-
tain chromosomic regions from both parental lines, red
crucian carp and common carp, we compared the BAC
full length sequence 4nAT-150B4 with the genomes of
both RCC and CC by local Blastn.
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Comparison of 55 rDNAs of hybrid fishes and parental
species

To identify all the types of 5S rDNA repeats in the parental
progenitors, the homologous 5S rDNA sequences (listed in
Table 1) were compared with the genomes of both parental
progenitors by local Blastn alignments. Whole-genome
sequencing of the maternal RCC was completed in our
laboratory together with Yunnan University, China. The
genomic data are unpublished (http://rd.biocloud.org.cn/).
The genome sequence of the paternal CC was downloaded
from the NCBI genome website (http://www.ncbi.nlm.nih.-
gov/genome/?term=common%20carp). Because the 5S
rDNA genes are composed of conserved CDSs and variable
NTSs, we aligned only the 82-bp NTS regions in the 5S
rDNA sequences of RCC, CC, and their hybrids progeny
2nF; and 4nAT.

Fluorescence in situ hybridization with a 200-bp probe
The chromosomal locations of the 5S rDNAs of diploid
hybrid 2nF,, tetraploid hybrid 4nF,,, and their diploid
progenitors were analyzed by FISH. Chromosome prepa-
rations were carried out as described previously [18].
FISH was performed according to the method described
by Masaru and Hideo with minor modifications [17].
The FISH probe was a 200-bp 5S rDNA repeat sequence
amplified from the genomic DNA of the paternal pro-
genitor and labeled with Dig-11-dUTP using a PCR DIG
Probe Synthesis Kit (Roche, Germany).

Results

5S rDNA of 4nAT detected in a BAC sequence

The BAC-ends sequencing of 100 4nAT BAC clones
produced 176 BAC-end sequences, and the 55 rDNA
was identified in BAC clone AT150B4 (GenBank acces-
sion number: KJ424358). The BAC AT150B4 sequence
is 87,673 bp long and contains two segments of 5S
rDNA: 55—a and 5S-b (Fig. 1). The 5S rDNA fragments
5S—a and 5S-b were inserted into the third intron of G
gene (positions 61,013 bp to 72,269 bp) and upstream of
L gene (positions 82,474 bp to 87,673 bp) and contained
20 and 10 5S rDNA repeats, respectively. The 5S rDNA
repeats in the BAC sequence were composed of a 120-
bp CDS, 82-bp NTS, and 138-bp interposed region
(IPR). Some of the IPRs contained A-repeats and TA-
repeats. The longest and shortest 5S rDNA repeats in
the BAC AT150B4 sequence were 964 bp and 201 bp,
respectively. The 964-bp repeat contained five 138-bp
IPRs between the 120-bp CDS and the 82-bp NTS.
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Heterozygosity of 4nAT

By compared the BAC full length sequence 4nAT-150B4
with the genomes of RCC and CC, the characterization
of genetic makeup of the BAC clone was obtained. The
heterozygosity of 4nAT was confirmed by the genetic
constitutions of 4nAT-150B4 BAC sequence (Fig. 2). In
the BAC full length sequence, 34.29% of it was inherited
from RCC genome, 27.14% of it was inherited from CC
genome, 31.43% of it was variant DNA and 7.14% of it
was conservative DNA.

5S rDNA organization in the four different fish species

All the 5S rDNA sequences obtained by PCR and
BLAST in the genomes of both progenitors, contained
the 120-bp CDS and 82-bp NTS units (Fig. 3), and many
of the 5S rDNA sequences in the maternal RCC
contained varying numbers of 138-bp IPRs that did not
contain the A-repeat and TA-repeat. The 5S rDNA se-
quences in the paternal CC did not contain 138-bp IPRs.
The CDS regions of the 5S rDNAs in both progenitors
were conserved, while the average similarity of the vari-
able NTS regions between the two species was only
59.2%. The diploid hybrids 2nF; inherited all the types
of 5S rDNAs identified in both parents, and no new type
of 5S rDNA was found in 2nF;. No A-repeat or TA-
repeat were detected in the 138-bp IPR regions of the 5S
rDNA sequences in 2nF;. Among the four fish species
studied, the genetic variations of the 5S rDNA repeats
were quite small in different individuals from the same
species.

Most of the 5S rDNA repeats in BAC clone AT150B4
were composed of a CDS, NTS, and IPR, and only a
small number of them did not contain an IPR. We
obtained all of the 5S rDNAs detected in the BAC
sequence by PCR, except for the 55 rDNA repeats that
contained more than four 138-bp IPRs. A total of 72,138-
bp IPR regions were detected in the BAC sequence and
29.2% and 8.3% of them contained an A-repeat or TA-
repeat, respectively.

Comparison of the 82-bp NTS units of 55 rDNA in the four
different fish species

The 82-bp NTS units of the 5S rDNA sequences in the
four studied species were less conserved than the CDS
regions. We detected 22 mutation sites between the 82-
bp NTS sequences of 55 rDNA in the maternal and
paternal progenitors (Fig. 4). The alignment shows that
the first two 82-bp NTS units of 2nF; were inherited
from the paternal progenitor with four mutation sites in

Table 1 The 55 rDNA sequences used to compare with genomes of both progenitors

Fish Species RCC CcC

2nF, 4nFy,

GenBank numbers KM359663 KM359667

KM359672, KM359673 KM359675, KM359679
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Fig. 1 Two 55 rDNA segments detected in the BAC clone AT150B4 sequence. K: uncharacterized protein K02A2.6-like Xenopus (Silurana) tropicalis;
G: G2/M phase-specific E3 ubiquitin-protein ligase-like isoform X2 (Danio rerio); L: uncharacterized protein LOC101883163 (Danio rerio). The
numbers in the figure correspond to base positions of the BAC AT150B4 sequence. The arrows indicate the transcriptional direction of the three
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2nF;-2, and the last two 82-bp NTS units of 2nF; were
inherited from the maternal progenitor (Fig. 4). All the
82-bp NTS units of 5S rDNA amplified from the 2nF;
genomic DNA that contained 138-bp IPRs were inher-
ited from RCC, indicating that no homeologous recom-
bination had occurred between the 55 rDNA sequences
of the parental progenitors. For the 5S rDNA sequences
obtained from BAC clone AT150B4 and amplified from
the allotetraploid hybrid 4nAT, all of the 82-bp NTS
units in 4nAT were inherited from maternal RCC and
some mutational sites were detected (Fig. 4). The statis-
tical analyses of the similarities of 82-bp NTS units
between RCC and 2nF;, CC and 2nF;, RCC and 4nAT,
and CC and 4nAT (Table 2) showed that the similarity
of 82-bp NTS units between RCC and 2nF; (mean
81.4%) was not statistically different than that between
CC and 2nF; (mean 79.3%) (u® = 0.064 < upgs = 1.645).
However, the similarity of 82-bp NTS units between
RCC and 4nAT (mean 91.1%) was extremely significantly
higher than that between CC and 4nAT (mean 62.0%)
(U = 2.839 > ugo; = 2.326).

Chromosomal locations of 5S rDNAs

The above analyses have revealed that 200-bp 5S rDNA
repeats emerged in the genomes of both progenitors,
and diploid hybrid 2nF; and tetraploid hybrid 4nAT.
Therefore, we used the 200-bp 5S rDNA sequence amp-
lified from paternal CC as a FISH probe to discover the
chromosomal locations of the 55 rDNAs. We detected
two 200-bp 5S rDNA signals in the chromosomes of
each fish species (Fig. 5). The results indicated that the
FISH signals of RCC chromosomes (Fig. 5a) were stron-
ger than those of CC chromosomes (Fig. 5b). For the
diploid hybrid fish 2nF;, a strong and a weak FISH signal
were obtained, which indicated that one cluster of 5S
rDNA was inherited from RCC, while the other was
from CC (Fig. 5¢). Unlike the 2nF;, the two FISH signals

detected in allotetraploid hybrid fish 4nAT were both
strong (Fig. 5d), which implied both of the 55 rDNA
clusters were probably inherited from maternal RCC.

Discussion

The difference between two types of 5S rDNAs relies
mainly on the different features of the NTS unit, such as
length and nucleotide variation. The NTS units seem to
have been subject to rapid evolution. In the natural
tobacco allotetraploids, Nicotiana tabacum [19] and Ni-
cotiana rustica [20], two 55 rDNA families were identi-
fied that differed in the length of the NTS sequence.
Similar differences in the NTS units have been described
in 5S rDNAs from fishes such as Oreochromis niloticus,
Oncorhynchus mykiss, Coregonus [21], Merluccius [10],
and Rhizoprionodon sharks [22]. The nucleotide com-
position of the 82-bp NTS units varied in the 5S rDNAs
from RCC and CC. Further, in RCC, some of the 5S
rDNA sequences contained 138-bp IPRs, while the 5S
rDNAs of CC had no IPRs. Therefore, we consider that
the 5S rDNAs in the parental progenitors belong to two
different classes.

In general, the genome of hybrid progeny would almost
certainly mutate. For instance, evidence at a molecular
level showed that chromosomal rearrangements took place
rapidly in a newly formed diploid hybrid sunflower Helian-
thus anomalus [23]. However, as we stated above, two 5S
rDNA classes, which were inherited from both progenitors,
were found in diploid hybrid 2nF;. This result demon-
strated that during the hybridization process of maternal
RCC and paternal CC, the 5S rDNAs of the two progeni-
tors were inherited independently, and showed an absence
of homeologous recombination and interlocus gene con-
version. However, a chimeric 5S rDNA has been observed
in the genome of diploid and triploid hybrids of a female
grass carp (Ctenopharyngodon idellus, Cyprinidae, 2n = 48)
cross with male blunt snout bream (Megalobrama

Fig. 2 Genetic constitutions of the BAC clone 4nAT-150B4 full length sequence. The red color represents genomic DNA derived from RCC and

the green color represents genomic DNA derived from CC. The variant DNA and conservative DNA are marked in blue and black, respectively.
Variant DNA refers to DNA sequence that was absent in both parental genomes and conservative DNA refers to DNA sequence that was present

in both genomes




Ye et al. BMC Genetics (2017) 18:75

Page 5 of 8

CDS NTS cDS NTS
rec ¢ IR B
cDS NTS 2nF1 cDs NTS
2nF2
4*! Polyploidization
¢ Breeding
[ 4nF22  nts
r, A-Repeat l TA-Repeat
Fig. 3 Organization of the 55 rDNA sequences detected in parental progenitors and hybrid offspring. The 82-bp NTS units in the 55 rDNA
sequences in red crucian carp and common carp are marked in red and orange, respectively. The 138-bp IPRs are marked in blue. The three
processes, hybridization, polyploidization, and breeding, are marked in different background colors. The highly similar regions in the 55 rDNA
sequences of different fishes are marked in the same color
J/

amblycephala, Cyprinidae, 2n = 48) [24]. Because the par-
ents involved in the two cross combinations have identical
chromosomal numbers, it cannot be concluded that the 5S
rDNA sequences of the parents will certainly not be recon-
structed in the process of distant hybridization in fish.
However, it is reasonable that no signs of homeologous re-
combination were detected in the 5S rDNA sequence of
diploid 2nF; if the 5S rDNAs of the parental progenitors
were distributed on non-homeologous chromosomes. Al-
though, as suggested previously, intergenomic recombin-
ation was probably a major factor that contributes to
genomic changes in newly synthesized hybrids [25].

Unlike the formation of allopolyploid plants [15, 25, 26],
which is generally a result of distant hybridization, allote-
traploid fish 4nAT were not generated from the distant
hybridization of RCC and CC but from the fertilization of
unreduced gametes produced by diploid 2nF,. Why there
is this difference is still unknown. What is known, is the

NTS units of 5S rDNAs in hybrid lineages have changed
greatly after the process of tetraploidization. Our current
results showed that the similarity of the 82-bp NTS units
of 5S rDNA was significantly higher between 4nAT and
RCC than between 4nAT and CC. In addition, the similar-
ity of 82-bp NTS units of 5S rDNA in 4nAT and RCC
showed no difference when compared with that of differ-
ent 82-bp NTS units of 55 rDNA in 4nAT. It can be
supposed that the CC-type 82-bp NTS units of 55 rDNAs
detected in diploid 2nF; might no longer existed in tetra-
ploid hybrids. However, because the genome of 4nAT is
complicated, and the sample in this research was limited,
so we cannot absolutely concluded that all of the 4nAT in-
dividuals do not contain CC-type 82-bp NTS units. It is
important to point out that the hybridity of 4nAT was
validated by tangible evidence [27]. We also noticed that
the 5S rDNAs of 4nAT not only contained 138-bp IPRs
(unlike the 5S rDNAs of RCC, the 5S rDNAs of CC did

RCC-1:
RCC-2:
CC-1:
cc2:
2nF1-1:
2nF1-2:
2nF1-3:
2nF1-4:

4nAT-1:
4nAT-2:
4nAT-3:
4nAT-4:

Fig. 4 Multiple alignment of the 82-bp NTS units of 55 rDNAs in parental progenitors and hybrid progenies. Two representative 82-bp NTS units
of both parental fishes and four representative 82-bp NTS units of both diploid hybrid 2nF; and allotetraploid fish 4nF,, are shown. The nucleotide
sites in red and green background are red crucian carp-specific locus and common carp-specific loci, respectively. The nucleotide sites in gray
background are loci that vary in the hybrid progeny. The dashes represent gaps

a a3

...... G
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Table 2 Statistical analyses of the 82-bp NTS units of 55 rDNA among different fish

Fish species RCC CcC

2nF, (68.3-98.7)%, mean 81.4% (53.7-100.0)%, mean 79.3% u® = 0.064
4nF5, (85.4-98.7)%, mean 91.1% (52.4-72.0)%, mean 62.0% u® = 2839

not contain 138-bp IPRs), but the 138-bp IPRs contained
A-repeats and TA-repeats. Considering slipped-strand
mispairing is responsible for the evolution of tandem
repeats, we deduced that the insertion of A-repeats and
TA-repeats may be the result of slipped-strand mispairing
during the polyploidization. Two strong FISH signals were
detected in the tetraploid hybrid chromosomes, as well as
in the maternal progenitor RCC, while one strong and
one weak signals were detected in the diploid hybrid
chromosomes. In allopolyploid tobacco, the 55 rDNA
structural organization characteristics of the parental spe-
cies have generally been preserved [7]. Similarly, interlocus
homogenization at 5S rDNA has not been observed in
allopolyploid Gossypium species [28]. In the synthetic
allopolyploid Triticum x Aegilops, little or no change of
parental 5S rDNA repeats was observed; thus, interlocus
gene conversion and interlocus homogenization had not
occurred for the 5S rDNAs [15]. Why the 5S rDNAs of
the tetraploid hybrid fish species in this study were different
from the 5S rDNAs of polyploid plants may be explained as
follows. The allopolyploid plants were generated passively
from distant hybridization, while the tetraploidization of
the hybrid lineage in this research was an active process

quite independent of distant hybridization. Certainly, the
interaction rate of sequences share a certain level of
homology would increase when the chromosome number
of hybrid fish doubled to 200. Biased gene conversion of 5S
rDNAs in the hybrid lineage seems to have occurred during
the process of tetraploidization.

Conclusions

It is notable that the N'TS units of 5S rDNAs in the paren-
tal red crucian carp and common carp species were differ-
ent from each other. After a comprehensive analysis of 5S
rDNAs in diploid 2nF;, we found the 5S rDNAs of both
parental progenitors were inherited stably during the
process of hybridization. However, tandem repeat insertion
events occurred in the allotetraploid fish during the process
of polyploidization. Additionally, the 5S rDNAs in the
allotetraploid fish probably underwent an interlocus gene
conversion event along with tetraploidization based on our
current data. Admittedly, hard evidence is still lacking to
explain why this was the case. However, our findings will
be very valuable for improving our knowledge about how
hybridization and polyploidization can affect the evolution
of genes in hybrids.

Fig. 5 Location of 55 rDNA on chromosomes of hybrid fish 2nF; and 4nAT and their parental species (detected by FISH). a Maternal red crucian
carp. b Paternal common carp. ¢ Diploid hybrid fish 2nF;. d Allotetraploid hybrid fish 4nAT. Scale bar = 3 um
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BES: BAC-ends; CC: Common carp; CDS: Coding sequence; FISH: Fluorescence
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