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Abstract

The conventional theory of concerted evolution has been used to explain the lack of sequence variation in
ribosomal RNA (rRNA) genes across diverse eukaryotic species. However, recent investigations into rRNA genes
in flatfish genome have resulted in controversial findings. This study focuses on 18S rRNA genes of the widely
distributed tongue sole, Cynoglossus abbreviatus (Pleuronectiformes: Cynoglossidae), aiming to explore sequence
polymorphism. Five distinct 18S rDNA sequence types (Type A, B, R1, R2, and R3) were identified, suggesting a
departure from concerted evolution. A combination of general criteria and variations in highly conserved regions
were employed to detect pseudogenes. The results pinpointed Type A sequences as potential pseudogenes due to
significant sequence variations and deviations in secondary structure within highly conserved regions. Three
types (Type R1, R2, and R3) were identified as recombinants between Type A and B sequences, with simple
crossing over and gene conversion as the most likely recombination mechanisms. These findings not only
contribute to rRNA pseudogene identification but also shed light on the evolutionary dynamics of rRNA genes in

teleost genomes.
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1 Introduction

Nuclear ribosomal RNA genes (rDNA) are typically organized
as large tandem repeat arrays on eukaryotic chromosomes
(Edger et al., 2014), consisting of three rDNAs (188, 5.8S, and 28S)
interspersed with internal transcribed spacers (ITS1 and ITS2)
and an intergenic spacer region (IGS) (Hillis and Dixon, 1991).
For a long time, rDNA has been considered a prime example of
concerted evolution. Two prevailing mechanisms, unequal cross-
ing over and gene conversion, have been widely accepted to ex-
plain the homogenization process of -DNA sequences (Nagylaki
and Petes, 1982; Smith, 1974). They suppose that all tandem re-
peat units evolve collectively to preserve sequence consistency.
However, recent researches have uncovered instances of IDNA
sequence polymorphism that challenge this paradigm, revealing
a non-concerted or incomplete concerted evolution manner
(Gong et al., 2019; Guo et al., 2021; Prudkovsky et al., 2023). Some
hypotheses have been proposed to explain this phenomenon,
wherein new genes arise from repeated duplication events, with
some duplicates retained and others mutating into pseudogenes
over time due to deleterious mutations (Nei et al., 1997; Nei and
Rooney, 2005).

Pseudogenes have emerged as a primary contributor to -DNA
polymorphism (Gong et al., 2019; Kolarik et al., 2021; Meng et al.,
2022). Due to the blurred distinction between ribosomal func-

tional gene and pseudogene sequences, and a lack of translation
products of both functional genes and pseudogenes, it remains a
challenging task to identify ribosomal pseudogenes. While most
ribosomal pseudogenes share common features, including short-
er sequence length, lower GC content, lower minimum free en-
ergy (MFE), less stable secondary structure, and increased inser-
tion/deletion (indel) sites, exceptions exist (Gong et al., 2016a,
2021; Harpke and Peterson, 2008). A more convincing criterion
involves comparative analysis of conserved regions, as even
slight variations in the highly conserved regions will possibly al-
ter secondary structure and impact functionality. Mutations at
highly conserved sites in 18S and 5.8S rDNA, as well as variations
in the secondary structure 5.8S rRNA, have proven useful in
pseudogene identification (Gong et al., 2021; Meng et al., 2022).
Hence, combining general criteria with mutations at highly con-
served sites is a prudent approach for distinguishing pseudo-
genes from multiple rDNA genes.

Recombination also contributes to intragenomic rDNA poly-
morphism when rDNA follows a non-concerted evolution pat-
tern, resulting in recombinants featuring multiple sequence
types. Typically, recombinants involve combinations of function-
al genes and pseudogenes or different pseudogene variants
(Meng et al., 2022; Wu et al., 2016). In the stone flounder Kareius
bicoloratus genome, for instance, Xu et al. (2009) revealed the

Foundation item: The Basic Scientific Research Operating Expenses of Zhejiang Provincial Universities under contract 2021JZ003; the
Zhoushan Science and Technology Bureau under contract No. 2021C21007; the Natural Science Foundation of Zhejiang Province un-
der contract Y21C190023; the National Natural Science Foundation of China under contract 31272273.

*Corresponding author, E-mail: miaozl@zjou.edu.cn



Gong Li et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 8, P. 98-103 99

first recombination event in rDNA in flatfish genome. In their
study, four ITS1 sequences were detected as recombinants
between functional genes and pseudogenes. In the red-spotted
tongue sole Cynoglossus zanzibarensis genome, two ITS2 se-
quences were identified as recombinants between divergent
paralogues, marking the first ITS2 recombination in animal rDNA
(Gong et al., 2016b). In a recent study characterizing an 18S (par-
tial)-ITS1-5.8S-1TS2-28S (partial) rDNA sequence in the Cyno-
glossus trigrammus genome, two types of recombinants were
identified between functional gene and pseudogene sequences
(Meng et al., 2022).

Previous studies suggested that simple crossing over, mul-
tiple crossing over, gene conversion (Lee et al., 2016; Smith, 1976;
Stadler, 1959), and even accidental “jumping PCR” events can
generate recombinants (Pddbo et al., 1990). Crossing over can be
subdivided into simple crossing over and multiple crossing over.
The former involves one recombination site, resulting in a single
exchange between paralogues. The latter captures two or more
recombination sites, leading to multiple exchanges and the gen-
eration of more complex recombinants (Navarro et al., 1997).
Gene conversion, unlike crossing over, generates recombinants
by non-reciprocally exchanging. In other words, the “acceptor”
sequence is partially replaced by the sequence from the “donor”,
while the sequence of the donor remains unchanged (Roman,
1985). Experimental factors, such as “jumping PCR” by chance,
may also produce pseudomorphic recombinants, particularly
when long tandem repeat sequences (e.g. rDNA) act as PCR tem-
plates (Alaeddini et al., 2010; Pddbo et al., 1990). In “jumping
PCR’”, Taq polymerase terminates extension prematurely and
adds one or more extra adenosines (A) to the end of the prema-
ture product. In the next cycle, this premature product will act as
a primer and recombine with other tandem repeats. Thus, after
repeated replication, the recombinants generated by “jumping
PCR” will be featured with autoidiomorphic As or Ts at the re-
combination sites.

Pleuronectiformes (flatfish) serve as a vital taxon for studies
on species origin and adaptive evolution due to their specialized
body plans. Recent studies have revealed variations in the evolu-
tionary patterns of rRNA genes within flatfish genomes. For ex-
ample, the rRNA gene in the majority of Cynoglossidae genomes
exhibits incomplete concerted evolution (Gong et al., 2018b,
2021), while those in closely related Soleidae genomes follow a
concerted evolution manner (Gong et al., 2018a). While in-
creased ITS (ITS1 and ITS2) sequence polymorphism in flatfish
genomes has been attributed to their moderate amplification
lengths (Gong et al., 2016b; Meng et al., 2022), studies of long ri-
bosomal RNA coding genes (e.g. 18S rRNA) have been scarce
(Gong et al., 2016a; Xu et al., 2009). This study centers on the
widely distributed tongue sole, Cynoglossus abbreviates (Luo,
2020), to investigate 18S rDNA sequence polymorphism. Our res-
ults reveal substantial intra-individual variations in 18S rDNA se-
quences, allowing for the analysis of functional genes, putative
pseudogenes, and their recombinants. These results not only en-
rich our understanding of ribosomal pseudogene identification
criteria but also provide valuable insights into the evolutionary
manner of rRNA genes.

2 Materials and methods

2.1 Sampling and DNA sequencing

Two specimens of C. abbreviatus were collected from Ningbo,
Zhejiang Province, and Rizhao, Shandong Province, China, and
immediately stored in 95% ethanol. Genomic DNA was extracted

from muscle tissue samples following the marine animal genom-
ic DNA extraction kit’s instructions (Tiangen Biotech Co., China).
A pair of universal primers (18SF: 5'- TCTGGTTGATTCTGCCAG
TAG - 3"and 18SR: 5’ - ATGATCCTTCCGCAGGTTCA - 3") (Xu
et al., 2009) was employed to amplify the complete 18S rDNA se-
quence. PCR was conducted in 50 mL volumes containing 4.0 mol/L
MgCl,, 0.8 mol/L of each dNTP, 1.0 mol/L of each primer, 2.0 U of
Taq polymerase (TaKaRa, Beijing, China), 5.0 ml of 10 x Taq buf-
fer, and approximately 100 ng of DNA template. The PCR cycling
conditions included an initial denaturation at 94°C for 2 min, fol-
lowed by 35 cycles at 94°C for 1 min, an annealing temperature of
52°C for 2.5 min, elongation at 72°C for 2 min, and a final exten-
sion at 72°C for 10 min. The PCR products were purified using the
TaKaRa Agarose Gel DNA Purification Kit (TaKaRa, Beijing,
China) and subsequently inserted into the pMD19-T vector
(TaKaRa, Beijing, China). Positive clones were subjected to bid-
irectional sequencing using an ABI 3 730 DNA sequencer (Ap-
plied Biosystems, USA).

2.2 Sequence alignment and polymorphism analysis

Sequence alignment was performed using ClustalX 2.0 (Lar-
kin et al., 2007), with manual inspection using BioEdit v7 (Hall,
1999). Base composition and polymorphic sites were determined
using MEGA X (Kumar et al., 2018). Haplotype diversity (Hd) and
nucleotide diversity (r) analyses were conducted using DNAsp
software (Librado and Rozas, 2009). Secondary structures were
predicted using the RNAfold web server, with all default paramet-
ers (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.
cgi). Minimum free energy (AG at 37°C) was estimated to com-
pare structural stability.

2.3 Identification of recombination and pseudogenes

Recombination analysis was conducted using the RDP 4 pro-
gram (Martin et al., 2015). Pseudogene identification followed
general criteria, including shorter sequence length, lower GC
content, lower minimum free energy (MFE), and less stable sec-
ondary structure (Bailey et al., 2003; Li et al., 2017; Zuriaga et al.,
2015). Additionally, the presence of variable sites within highly
conserved 18S sequences and deviations from the consistent sec-
ondary structure were considered for detecting putative pseudo-
genes.

3 Results and discussion

3.1 18S rDNA sequence polymorphism

A total of 25 isolate clones were obtained (Genbank accession
no. OR794293-0OR794317), representing complete 18S rDNA se-
quences from two C. abbreviatus specimens (12 from Ningbo,
Zhejiang Province, and 13 from Rizhao, Shandong Province). Se-
quence length showed considerable variability, ranging from
1 869 base pairs (bp) to 1 909 bp. Sequence alignment revealed
that three main 18S rDNA sequence types: Type A (11 clones)
with a consistent length of 1 909 bp, Type B (3 clones) with a con-
sistent length of 1 869 bp, and Type R (11 clones) with varying
lengths between 1 871 bp to 1 903 bp. Further analysis confirmed
Type R sequences as recombinants between Type A and B. Two
recombination sites were identified, resulting in three types of re-
combinants (Type R1, R2, and R3) that contributed to length het-
eroplasmy among recombinants (Table 1, Fig. 1).

In addition to length variation, the main 185 rDNA sequence
types differed in terms of GC content, minimum free energy, sec-
ondary structure, and the number of variable sites. Type A and R1
sequences exhibited slightly higher GC content (57.7%-57.8%)
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Table 1. 18S rDNA sequence polymorphism in Cynoglossus abbreviatus genome

Type A Type B TypeR1 Type R2 Type R3 All
No. of clone 11 3 7 2 2 25
Length/bp 1909 1869 1903 1875 1871 1869-1 909
No. of haplotype 10 2 7 2 2 23
Haplotype diversity 0.982 0.667 1.000 1.000 1.000 0.993
Variable site 52 9 26 22 1 215
Parsimony-informative site 18 0 2 0 0 149
Nucleotide diversity (1) 0.006 4 0.003 2 0.004 1 0.0117 0.000 5 0.032 8
GC content*/% 57.7 54.5 57.8 54.8 56.1 57.0
Minimum free energy*/(kcal-mol-!) -762.7 -710.9 -764.1 -711.3 -740.1 -751.7

Note: * indicates average GC content and minimum free energy.

than other types (54.5%-56.1%), while Type B sequences had the
lowest GC content at 54.5%. Correspondingly, Type A and R1 se-
quences had higher minimum free energy values (absolute
value), while Type B sequences exhibited the lowest minimum
free energy (-710.9 kcal/mol) (Table 1). Secondary structures
were predicted based on the minimum free energy principle,
with Type R1 and A sharing almost identical secondary struc-
tures. Type R2, R3, and B sequences displayed similar secondary
structures. Notably, these secondary structures corresponded
closely to sequence similarities (Fig. S1).

The rRNA gene family has traditionally been thought to un-
dergo concerted evolution, leading to homogenization among all
repetitive units. However, increasing evidence (Gong et al., 2019;
Guo et al., 2021; Prudkovsky et al., 2023), including our findings
in this study, has demonstrated the coexistence of multiple se-
quence types within a single genome. This observation suggests
that the mechanisms of concerted evolution may not adequately
counteract variation forces. The choice between concerted evolu-
tion or non-concerted evolution highly depends on the interplay
between the homogenization processes and the mutation rate.
When the rate of mutation surpasses the effectiveness of homo-
genization processes, new copies of genetic units emerge over
time. In this context, our discovery of three distinct 18S rDNA se-
quence types, especially the recombination events, indicates that
18S rRNA genes are undergoing a highly dynamic evolutionary
process.

3.2 Recombinants between divergent 18S rDNA paralogues

In this study, three primary 18S rDNA sequence types (Type
A, B, and R) were identified, with one of them (Type R) classified
as a recombinant. Further analysis revealed that Type R se-
quences consisted of three recombinant types (Type R1, R2, and
R3). Type R1 and R2 sequences shared the same recombination
site (site 1 792) between Type A and B sequences. Type R1 se-
quences were composed of Type A sequence in the upstream re-
gion (1 bp-1792 bp) and Type B sequence in the downstream region
(1793 bp-1 913 bp), while Type R2 sequences exhibited the op-
posite nucleotide composition, featuring Type B sequence in the
forward part (1 bp-1 792 bp) and Type A sequence in the remain-
ing part (1 793 bp-1 913 bp). Type R3 had an additional recom-
bination site (site 1 181) and consisted of three segments from
Type A and B sequences. The upstream (1 bp-1 181 bp) and
downstream sequence (1 793 bp-1 913 bp) originated from Type
B, with the intermediate sequence (1 182 bp-1 792 bp) derived
from Type A. However, the corresponding recombinant type
(Type R4) was not detected (Fig. 1b).

As mentioned in the introduction, simple or multiple cross-
ing over, gene conversion and experimental “jumping PCR” can
result in recombination. In this study, only one recombination
site was detected in Type R1 and Type R2. Interestingly, these two

types of recombinants exactly form the complementary counter-
part between Type A and Type B, separated by the same recom-
bination site (site 1 792) (Fig. 2b). Consequently, the generation
of Type R1 and Type R2 can easily be explained by simple cross-
ing over through reciprocally exchanged process.

Regarding the Type R3 sequence, simple crossing over is not
appropriate to explain the recombination event, because it pos-
sesses two recombination sites (sites 1 181 and 1 792). Then, it is
naturally to consider the multiple crossing over hypothesis. We
assume that the sequence breaks concurrently at sites 1 181 and
1 792; theoretically, it will produce two types of recombinants
through reciprocally exchanged processes after rejointing. Type
R3 is one type of the recombinants after a multiple crossing over
process; however, its reciprocal counterpart (Type R4) has not
been detected (Fig. 2c). Gene conversion can generate recombin-
ants by non-reciprocally exchanging between the “acceptor” and
“donor” sequences. In such way, only one type of recombinant
will be generated. Here, Type A sequence serves as the “donor”,
and Type R3 sequence serves as the “acceptor”, which can be ex-
plained by gene conversion perfectly (Fig. 2d). However, we can-
not guarantee whether Type R4 was naturally absent or just
missed artificially because of the limited clones (25 clones) selec-
ted randomly.

Of course, experimental factors, such as “jumping PCR” by
chance, may also produce pseudomorphic recombinants, espe-
cially when long tandem repeat sequences act as PCR templates
(Alaeddini et al., 2010; Pd#bo et al., 1990). Here, the tandem re-
peat 18S rDNA works as a template, providing a prerequisite for
jumping PCR. According to the possible processes of jumping
PCR, the recombinants will be featured with autoidiomorphic As
or Ts at the recombination sites. In this study, a triplet guanine
(G) follows the first recombination site (site 1 181) in the recom-
binants. In the second recombination site (site 1 792), a double
cytimidine (C) exists in Type R1 and R3; and a double guanine
(G) exists in Type R2. Neither As nor Ts were present in the re-
combination sites, which did not align with the characteristics of
“jumping PCR”. Hence, “jumping PCR” is not a suitable explana-
tion for the recombinants in this study.

3.3 18S rRNA pseudogene identification

Identifying rRNA pseudogenes presents a complex and essen-
tial challenge. Typically, pseudogenes exhibit characteristics,
such as shorter sequence length, lower GC content, reduced min-
imum free energy (MFE), and less stable secondary structure
(Meng et al., 2022; Mighell et al., 2000; Zuriaga et al., 2015).
However, it is worth noting that exceptions to this general cri-
terion have been documented, as discussed in the introduction
(Gong et al., 20164, 2021; Gong et al.,Harpke and Peterson, 2008).
For example, two types of 18S rDNA sequences coexist in Cyno-
glossus melampetalus genome, with Type A sequences being
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Type A
TypeR1
Type R2
Type R3
Type B

TCTGGTTGAT
TCTGGTTGAT
TCTGGTTGAT
TCTGGTTGAT
TCTGGTTGAT

Type A
TypeR1
Type R2
Type R3
Type B

ATCGCTCCTC
ATCGCTCCTC
ATCGCTCCAA
ATCGCTCCAA
ATCGCTCCAA

Type A
TypeR1
Type R2
Type R3
Type B

GACCGCCCGC
GACCGCCCGC
TCACCCCCGC
TCACCCCCGC
TCACCCCCGC

Type A
TypeR1
Type R2
Type R3
Type B

CTTCATTCGA
CTTCATTCGA
TCTCATTCGA
TCTCATTCGA
TCTCATTCGA

Type A
TypeR1
Type R2
Type R3
Type B

CATCCAAGGA
CATCCAAGGA
CATCCAAGGA
CATCCAAGGA
CATCCAAGGA

CGTTCACGAG
CGTTCACGAG
CTTTAACGAG
CTTTAACGAG
CTTTAACGAG

Type A
Type R1
Type R2
Type R3
Type B

Type A
Type R1
Type R2
Type R3
Type B

CCGGCGGGTC
CCGGCGGGTC
CTGGCGG-TC
CTGGCGG-TC
CTGGCGG-TC

TypeA AAAAATCAGA
TypeR1 AAAAATCAGA
Type R2 AARAATTAGA
Type R3 AAAAATTAGA
Type B AAAAATTAGA

TypeA AGAGGAACGG
Type R1 AGAGGAACGG
Type R2 AGAGGGACGG
Type R3 AGAGGGACGG
Type B AGAGGGACGG

TypeA GGAGGTTCGA
Type R1 GGAGGTTCGA
Type R2 GGAGGTTCGA
Type R3 GGAGGTTCGA
TypeB GGAGGTTCGA

TypeA GTTCCGGGGG
Type Rl GTTCCGGGGE
Type R2 GTTCCGGGGG
Type R3 GTTCCGGGGG
TypeB GTTCCGGGGG

TypeA CGGAAAGGAT
Type Rl CGGAAAGGAT
Type R2 CGGAAAGGAT
Type R3 CGGAAAGGAT
TypeB CGGAAAGGAT

TypeA CTAACTAGTT
TypeR1 CTAACTAGTT
Type R2 CTAAATAGTT
Type R3 CTAACTAGTT
TypeB CTAAATAGTT

TypeA GCACGCGCGC
Type R1 GCACGCGCGC
Type R2 GCACGCGCGC
Type R3 GCACGCGCGC
TypeB GCACGCGCGC

TypeA AATTCCAAGT
Type R1 AATTCCAAGT
Type R2 AATTCCCAGT
Type R3 AATTCCAAGT
Type B AATTCCCAGT

TypeA CGGGGCTTCA
Type Rl CGGGG--TCG
Type R2 CGGGGCTTCA
Type R3 CGGGG--TCG
TypeB CGGGG--TCG

b

TCTGCCAGTA
TCTGCCAGTA
TCTGCCAGTA
TCTGCCAGTA
TCTGCCAGTA

CGTTACTTGG
CGTTACTTGG
CGTTACTTGG
CGTTACTTGG
CGTTACTTGG

CCTTCCCCGC
CCTTCCCCGC
GTTGCGCCGC
GTTGCGCCGC
GTTGCGCCGC

ATGTCTGCCC
ATGTCTGCCC
ATGTCTGCCC
ATGTCTGCCC
ATGTCTGCCC

AAGCAGCAGG
AAGCAGCAGG
AGGCAGCAGG
AGGCAGCAGG
AGGCAGCAGG

GAACCATTGG
GAACCATTGG
GACCCATTGG
GACCCATTGG
GACCCATTGG

CTCCGAGAGT
CTCCGAGAGT
CGCCGCGAGG
CGCCGCGAGG
CGCCGCGAGG

GTGTTCAAAG
GTGTTCAAAG
GTGTTCAAAG
GTGTTCAAAG
GTGTTCAAAG

CCGGGGGCAT
CCGGGGGCAT
CCGGGGGCAT
CCGGGGGCAT
CCGGGGGCAT

AGACGATCAG
AGACGATCAG
AGACGATCAG
AGACGATCAG
AGACGATCAG

GAGTATGGTT
GAGTATGGTT
GAGTATGGTT
GAGTATGGTT
GAGTATGGTT

TGACAGACGG
TGACAGACGG
TGACAGATTG
TGACAGACGG
TGACAGATTG

GCGCGGCCAC
GCGCGGCCAC
ACGCGGCC-C
GCGCGGCCAC
ACGCGGCC-C

TACACTGACC
TACACTGACC
CACACTGACT
TACACTGACC
CACACTGACT

AAGCGCGGGT
AAGCGCGGGT
AAGCGCGGGT
AAGCGCGGGT
AAGCGCGGGT

GGCGCTGACC
GCAACGGCCC
GGCGCTGACC
GCAACGGCCC
GCAACGGCCC
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GCATATGCTT
GCATATGCTT
GCATATGCTT
GCATATGCTT
GCATATGCTT

ATAACTGTGG
ATAACTGTGG
ATAACTGTGG
ATAACTGTGG
ATAACTGTGG

TCGCCGGTGT
TCGCCGGTGT
TCGC-GGTG-
TCGC-GGTG-
TCGC-GGTG-

TATCAACTTT
TATCAACTTT
TATCAACTTT
TATCAACTTT
TATCAACTTT

CGCGCAAATT
CGCGCAAATT
CGCGCAAATT
CGCGCAAATT
CGCGCAAATT

AGGGCAAGTC
AGGGCAAGTC
AGGGCAAGTC
AGGGCAAGTC
AGGGCAAGTC

CGAGGCTTAC
CGAGGCTTAC
CGAG-CTCAC
CGAG-CTCAC
CGAG-CTCAC

CAGGCCCccCca
CAGGCCCCCA
CAGGCCCCC-
CAGGCCCCC-
CAGGCCCCC-

TCGTACTGTG
TCGTACTGTG
TCGTATTGTG
TCGTATTGTG
TCGTATTGTG

ATACCGTCGT
ATACCGTCGT
ATACCGTCGT
ATACCGTCGT
ATACCGTCGT

GCAAAGCTGA
GCAAAGCTGA
GCAAAGCTGA
GCAAAGCTGA
GCAAAGCTGA

AGGGCTCTTT
AGGGCTCTTT
ATAGCTCTTT
AGGGCTCTTT
ATAGCTCTTT

CCCCGCGGCC
CCCCGCGGCC
CCCTGCGGTC
CCCCGCGGCC
CCCTGCGGTC

GAGTCAGCGT
GAGTCAGCGT
GGATCAGCGT
GAGTCAGCGT
GGATCAGCGT

CACAAGCTCG
CACAAGCTCG
CATAAGCTCG
CACAAGCTCG
CATAAGCTCG

CGGCCGCGTG
TGGCGGAGCG
CGGCCGCGTG
TGGCGGAGCG
TGGCGGAGCG

non-concerted evolution
replication

Type A

—
Type B

GTCTCAAAGA TTAAGCCATG
GTCTCAAAGA TTAAGCCATG
GTCTCAAAGA TTAAGCCATG
GTCTCAAAGA TTAAGCCATG
GTCTCAAAGA TTAAGCCATG

CAATTCCAGA GCTAATACAT
CAATTCCAGA GCTAATACAT
CAATTCTAGA GCTAATACAT
CAATTCTAGA GCTAATACAT
CAATTCTAGA GCTAATACAT

CGGGCCGGTC
CGGGCCGGTC
CGCGCGGG-
CGCGCGGG-
CGCGCGGG

GCCTCCCCTG
GCCTCCCCTG
-G
-G
-G

CGATGGTACT
CGATGGTACT
CGATGGTACT
CGATGGTACT
CGATGGTACT

CTCCGCGTCT
CTCCGCGTCT
TTCTGTGCCT
TTCTGTGCCT
TTCTGTGCCT

ACCCACTCCC
ACCCACTCCC
ACCCACTCCC
ACCCACTCCC
ACCCACTCCC

GGCACGGGGA
GGCACGGGGA
GGCTCGGGGA
GGCTCGGGGA
GGCTCGGGGA

TGGTGCCAGC
TGGTGCCAGC
TGGTGCCAGC
TGGTGCCAGC
TGGTGCCAGC

AGCCGCGGTA
AGCCGCGGTA
AGCCGCGGTA
AGCCGCGGTA
AGCCGCGGTA

CCCGCCGGGT
CCCGCCGGGT
CGCCT---GT
CGCCT---GT
CGCCT---GT

CCCGGTGCCC
CCCGGTGCCC
cccaGe-cce
cccAGc-ccc
CCCAGC-CCC

GTCGCCTGAA
GTCGCCTGAA
GTCGCCTGAA
GTCGCCTGAA
GTCGCCTGAA

TTGCCGCAGC
TTGCCGCAGC
T-ACCGCAGC
T-ACCGCAGC
T-ACCGCAGC

CTGCTAGAGG
CTGCTAGAGG
CCGCTAGAGG
CCGCTAGAGG
CCGCTAGAGG

TGAAATTCTT
TGAAATTCTT
TGAAATTCTT
TGAAATTCTT
TGAAATTCTT

AGTTCCGACC
AGTTCCGACC
AGTTCCGACC
AGTTCCGACC
AGTTCCGACC

GTAAACGATG
GTAAACGATG
ATAAACGATG
ATAAACGATG
ATAAACGATG

AACTTAAAGG
AACTTAAAGG
AACTTARAGG
AACTTAAAGG
AACTTAAAGG

AATTGACGGA
AATTGACGGA
AATTGACGGA
AATTGACGGA
AATTGACGGA

CTCGATCCCG
CTCGATCCCG
CTCGATTCTG
CTCGATCCCG
CTCGATTCTG

TGGGTGGTGG
TGGGTGGTGG
TGGGTGGTGG
TGGGTGGTGG
TGGGTGGTGG

CGCGGCCAAC
CGCGGCCAAC
GGCGTTCAAC
CGCGGCCAAC
GGCGTTCAAC

TTCTTAGATG
TTCTTAGATG
TTCTTAGAGG
TTCTTAGATG
TTCTTAGAGG

GTGTCTACCC
GTGTCTACCC
GTGTCTACCC
GTGTCTACCC
GTGTCTACCC

TTCGCCGAGA
TTCGCCGAGA
TTCGCCGAGA
TTCGCCGAGA
TTCGCCGAGA

CGTTGACTAA
CGTTGACTAA
CGTTGATTAA
CGTTGACTAA
CGTTGATTAA

GTCCCTGCCC
GTCCCTGCCC
GTCCCTGCCC
GTCCCTGCCC
GTCCCTGCCC

CCGAGAAGAC GATCGAACTT
CCGAGAAGAC GATCGAACTT
CCGAGAAGAC GATCGAACTT
CCGAGAAGAC GATCGAACTT
CCGAGAAGAC GATCGAACTT

break

CAAGTCTAAG
CAAGTCTAAG
CAAGTCTAAG
CAAGTCTAAG
CAAGTCTAAG

GCCGACGAGC
GCCGACGAGC
GCCAACGAGC
GCCAACGAGC
GCCAACGAGC

Acccccccce
ACccccccecce
GCGCCCCGGC
GCGCCCCGGC
GCGCCCCGGC

ACCATGGTGA
ACCATGGTGA
ACCATGGTGA
ACCATGGTGA
ACCATGGTGA

GGTAGTGACG
GGTAGTGACG
GGTAGTGACG
GGTAGTGACG
GGTAGTGACG

ATTCCAGCTC
ATTCCAGCTC
ATTCCAGCTC
ATTCCAGCTC
ATTCCAGCTC

TGCCTCTCGG
TGCCTCTCGG
TGCCTCTCGG
TGCCTCTCGG
TGCCTCTCGG

TAGGAATAAT
TAGGAATAAT
TAGGAATAAT
TAGGAATAAT
TAGGAATAAT

GGACCGGCGC
GGACCGGCGC
GGACCGGCGC
GGACCGGCGC
GGACCGGCGC

CCGACCCGCG
CCGACCCGCG
CCAACTAGCG
CCAACTAGCG
CCAACTAGCG

AGGGCACCAC
AGGGCACCAC
AGGGCACCAC
AGGGCACCAC
AGGGCACCAC

TGCATGGCCG
TGCATGGCCG
TGCATGGCCG
TGCATGGCCG
TGCATGGCCG

GACAAGTGGA
GACAAGTGGA
GACAAGTGGA
GACAAGTGGA
GACAAGTGGA

GGCGCGGGTA
GGCGCGGGTA
GGCGCGGGTA
GGCGCGGGTA
GGCGCGGGTA

TTTGTACACA
TTTGTACACA
TTTGTACACA
TTTGTACACA
TTTGTACACA

GACTATCTAG
GACTATCTAG
GACTATCTAG
GACTATCTAG
GACTATCTAG

TACACACGGC
TACACACGGC
TACACACGGC
TACACACGGC
TACACACGGC

CGGTACAGTT
CGGTACAGTT
CGGTACAGTT
CGGTACAGTT
CGGTACAGTT

GCTGACCCTC
GCTGACCCTC
GCTGACCC-
GCTGACCC-
GCTGACCC--

CCCCGGGGAT
CCCCGGGGAT

-CCGGGGAT

CCCCACTTTG
CCCCACTTTG
C---GCTTTG
C---GCTTTG
C---GCTTTG

GTGACTCTGG
GTGACTCTGG
GTGACTCTAG
GTGACTCTAG
GTGACTCTAG

CCACGGGTAA
CCACGGGTAA
CCACGGGTAA
CCACGGGTAA
CCACGGGTAA

CGGGGAATCA
CGGGGAATCA
CGGGGAATCA
CGGGGAATCA
CGGGGAATCA

AAARATACCA
AAAARATACCA
AAAAATAACA
AAAAATAACA
AAAAATAACA

ATGCAGAGCT
ATGCAGAGCT
ATACAGGACT
ATACAGGACT
ATACAGGACT

CAATAGCGTA
CAATAGCGTA
CAATAGCGTA
CAATAGCGTA
CAATAGCGTA

TCTTAAAGTT
TCTTAAAGTT
TCTTAAAGTT
TCTTAAAGTT
TCTTAAAGTT

cGececececececce
ceeceeececece
cececece--
ceecececeee--
cececceeee--

GGATGCCCTT
GGATGCCCTT
GGATGCTCTT
GGATGCTCTT
GGATGCTCTT

GGAATAGGAC
GGAATAGGAC
GGAATAGGAC
GGAATAGGAC
GGAATAGGAC

CCCGGTTCTA
CCCGGTTCTA
TCCGGTTCTA
TCCGGTTCTA
TCCGGTTCTA

AAGACGGGCT
AAGACGGGCT
AAGACGGACG
AAGACGGACG
AAGACGGACG

AAAGCGAAAG
AAAGCGAAAG
AAAGCGAAAG
AAAGCGARAG
AAAGCGAAAG

ATCCGGCGGC
ATCCGGCGGC
ATCCGGCGGC
ATCCGGCGGC
ATCCGGCGGC

GTTATACCCA
GTTATACCCA
GTTATACCCA
GTTATACCCA
GTTATACCCA

CAGGAGTGGA
CAGGAGTGGA
CAGGAGTGGA
CAGGAGTGGA
CAGGAGTGGA

GCCTGCGGCT
GCCTGCGGCT
GCCTGCGGCT
GCCTGCGGCT
GCCTGCGGCT

TTCTTAGTTG
TTCTTAGTTG
TTCTTAGTTG
TTCTTAGTTG
TTCTTAGTTG

GTGGAGCGAT
GTGGAGCGAT
GTGGAGCGAT
GTGGAGCGAT
GTGGAGCGAT

GCGTCAGTCA
GCGTCAGTCA
AT-TCAGCCA
GCGTCAGTCA
AT-TCAGCCA

CGCGAGATGG
CGCGAGATGG
CACGAGATTG
CGCGAGATGG
CACGAGATTG

ACCCGCTGAG
ACCCGCTGAG
ACCCGCTGAA
ACCCGCTGAG
ACCCGCTGAA

CCCCGCTCGT
CCCCGCTCGT
CCCCACTCGT
CCCCGCTCGT
CCCCACTCGT

CCGCCCGTCG
CCGCCCGTCG
CCGCCCGTCG
CCGCCCGTCG
CCGCCCGTCG

CTACTACCGA
CTACTACCGA
CTACTACCGA
CTACTACCGA
CTACTACCGA

AGGAAGTAAA AGTCGTAACA
AGGAAGTAAA AGTCGTAACA
AGGAAGTAAA AGTCGTAACA
AGGAAGTAAA AGTCGTAACA
AGGAAGTAAA AGTCGTAACA

rejoining

ACACTGCGAA
ACACTGCGAA
ACACTGCGAA
ACACTGCGAA
ACACTGCGAA

GCGTGCATTT
GCGTGCATTT
GCGTGCATTT
GCGTGCATTT
GCGTGCATTT

ATAACCTCGA
ATAACCTCGA
ATAACCTCGA
ATAACCTCGA
ATAACCTCGA

GGGTTCGATT
GGGTTCGATT
GGGTTCGATT
GGGTTCGATT
GGGTTCGATT

CTT-CGAGGC
CTT-CGAGGC
CTTTCGAGGC
CTTTCGAGGC
CTTTCGAGGC

GCTGCAGTTA
GCTGCAGTTA
GCTGCAGTTA
GCTGCAGTTA
GCTGCAGTTA

CGCTGGGTGT
CGCTGGGTGT
AACTGAGTGT
AACTGAGTGT
AACTGAGTGT

TTTTGTTGGT
TTTTGTTGGT
TTTTGTGGGT
TTTTGTGGGT
TTTTGTGGGT

CATTTGCCAA
CATTTGCCAA
CATTTGCCAA
CATTTGCCAA
CATTTGCCAA

TGACCCGCCG
TGACCCGCCG
TGACCCGCCG
TGACCCGCCG
TGACCCGCCG

TAATTCGACT
TAATTCGACT
TAATTTGACT
TAATTCGACT
TAATTTGACT

TTGTCTGGTT
TTGTCTGGTT
TTGTCTGGTT
TTGTCTGGTT
TTGTCTGGTT

AGCAATAACA
AGCAATAACA
AGCAATAACA
AGCAATAACA
AGCAATAACA

GATGGGGACC
GATGGGGACC
GATAGGGACT
GATGGGGACC
GATAGGGACT

TTGGATGGTT
TTGGATGGTT
TTGGATGGTT
TTGGATGGTT
TTGGATGGTT

AGGTTTCCGT
AGGTTTCCGT
AGGTTTCCGT
AGGTTTCCGT
AGGTTTCCGT

TGGCTCATTA AATCAGTTAT
TGGCTCATTA AATCAGTTAT
TGGCTCATTA AATCAGTTAT
TGGCTCATTA AATCAGTTAT
TGGCTCATTA AATCAGTTAT

AAAACCCACG
AAAACCCACG
AAAACCCACG
AAAACCCACG
AAAACCCACG

ATCAGAACCC
ATCAGAACCC
ATCAGA-CCC
ATCAGA-CCC
ATCAGA-CCC

GGCCCCCCGT
GGCCCCCCGT
TGCCCTCCGT
TGCCCTCCGT
TGCCCTCCGT

GCCGATCGCT
GCCGATCGCT
GCCGATCGCT
GCCGATCGCT
GCCGATCGCT

CCGGAGAGGG
CCGGAGAGGG
CCGGAGAGGG
CCGGAGAGGG
CCGGAGAGGG

AGCCCGAGAA
AGCCCGAGAA
AGCCTGAGAA
AGCCTGAGAA
AGCCTGAGAA

GAATGGGTGC
GAATGGGTGC
GAATGAGTAC
GAATGAGTAC
GAATGAGTAC

CCTGCAATTG
CCTGCAATTG
CCTGTAATTG
CCTGTAATTG
CCTGTAATTG

AAAAGCTCGT
AARAGCTCGT
AAAAGCTCGT
AAAAGCTCGT
AAAAGCTCGT

AGTTGGATTT
AGTTGGATTT
AGTTGGATCT
AGTTGGATCT
AGTTGGATCT

CCTCGCCGGG
CCTCGCCGGG
CCCGGTCGGG
CCCGGTCGGG
CCCGGTCGGG

GCCCGAAGCG
GCCCGAAGCG
GTCCGAAGCG
GTCCGAAGCG
GTCCGAAGCG

TCTC
TCTC
TTTCTCTCTC
TTTCTCTCTC
TTTCTCTCTC

TGAACCCGGG
TGAACCCGGG
TGAACT-GGG
TGAACT -GGG
TGAACT-GGG

GAATGTTTTC
GAATGTTTTC
GAATGTTTTC
GAATGTTTTC
GAATGTTTTC

ATTAATCAAG
ATTAATCAAG
ATTAATCAAG
ATTAATCAAG
ATTAATCAAG

CEGGAAACCA
CEGGARACCA
-Geeaaacca
-GGGAAACCA
-GGGAAACCA
2
AACCTCACCC
AACCTCACCC
AACCTCACCC
AACCTCACCC
AACCTCACCC

GGCAGCGTCC
GGCAGCGTCC
GGCAGCGTCC
GGCAGCGTCC
GGCAGCGTCC

CAACACGGGG
CAACACGGGG
CAACACGGGA
CAACACGGGG
CAACACGGGA

ACGAACGAGA
ACGAACGAGA
ACGAACGAGA
ACGAACGAGA
ACGAACGAGA

AATTCCGATA
AATTCCGATA
AATTCCGATA
AATTCCGATA
AATTCCGATA

GGTCTGTGAT
GGTCTGTGAT
GGTCTGTGAT
GGTCTGTGAT
GGTCTGTGAT

GCCCTTAGAT
GCCCTTAGAT
GCCCTTAGAT
GCCCTTAGAT
GCCCTTAGAT

ACTTTCCCCC
ACTTTCCCCC
ATTATTTCCC
ACTTTCCCCC
ATTATTTCCC

GGGGGTTGAA
GGGGGTTGAA
GGGGATTGCA
GGGGGTTGAA
GGGGATTGCA

CTCGGATCGG
CTCGGATCGG
CTCGGATCGG
CTCGGATCGG

TAGTGAGGTC
TAGTGAGGTC
TAGTGAGGTC
TAGTGAGGTC
TAGTGAGGTC

AGGTGAACCT GCGGAAGGAT
AGGTGAACCT GCGGAAGGAT
AGGTGAACCT GCGGAAGGAT
AGGTGAACCT GCGGAAGGAT
AGGTGAACCT GCGGAAGGAT

recombinants

CTCGGATCGG T

GGTCCCTTTG
GGTCCCTTTG
GGTTCCTTTG
GGTTCCTTTG
GGTTCCTTTG

AGGGTAGGCG
AGGGTAGGCG

GGCGGCGACG
GGCGGCGACG
GGCGGCGACG
GGCGGCGACG
GGCGGCGACG

ACGGCTACCA
ACGGCTACCA
ACGGCTACCA
ACGGCTACCA
ACGGCTACCA

ACTCTAAACC
ACTCTAAACC
ACTTTAAATC
ACTTTAAATC
ACTTTAAATC

CGGGATCGAG
CGGGATCGAG
CGGGATCGAG
CGGGATCGAG
CGGGATCGAG

TTTACCTTGA
TTTACCTTGA
TTTACTTTGA
TTTACTTTGA
TTTACTTTGA

GCCATGATTG
GCCATGATTG
GCCATGATTA
GCCATGATTA
GCCATGATTA

AACGAAAGTC
AACGAAAGTC
AACGAAAGTC
AACGAAAGTC
AACGAAAGTC

GAGTCTTTGG
GAGTCTTTGG
AAGTCTTTGG
GAGTCTTTGG
AAGTCTTTGG

GGCCCGGACA
GGCCCGGACA
GGCCCGGACA
GGCCCGGACA
GGCCCGGACA

CTCTGGCATG
CTCTGGCATG
CTCTGGCATG
CTCTGGCATG
CTCTGGCATG

GTCCGGGGCC
GTCCGGGGCC
GTCCGGGGCT
GTCCGGGGCC
GTCCGGGGCT

GCCAACGAGG
GCCAACGAGG
ATGAACGAGG
GCCAACGAGG
ATGAACGAGG

TCchGCCGEET
TCH-CCG--C

©
il

Q.

CAT [1913]
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360]
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[1680]
[1680]
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[1800]
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Fig. 1. Sequence alignment of distinct 18S rDNA sequences within the Cynoglossus abbreviatus genome (a) and a schematic repres-
entation illustrating the plausible recombinant generation process (b). Dashes (-) indicate deletions or insertions, with colors used to
distinguish different types of sequences.

slightly shorter (4 bp) and having slightly lower GC content
(0.2%) compared to Type B sequences. However, the secondary
structure of Type A sequences is more stable, with a higher MFE

(absolute value), which contradicts the expectations based solely
on length and GC content. To resolve this, the authors compared
the conserved regions of these sequences with those of 21 closely
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b. Simple cross over

A B [
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Fig. 2. A schematic illustration depicting potential mechanisms
for the formation of recombinants.

related species and found that Type B sequences had specific in-
sertions in highly conserved regions. Consequently, Type B se-
quences were classified as pseudogenes. Similar cases have oc-
curred in the 18S rDNA of C. lineolatus (Gong et al., 2016a) and
the 5.8S rDNA of Mammillaria (Harpke and Peterson, 2008).
Therefore, a combination of general criteria and deviation in
highly conserved regions may be a reliable approach for identify-

Z. GCTGGCGG- TCCGCCGCGA GGCGAG-CT- ACCGCCT--- GTCCCAGC-C
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ing pseudogenes.

In this study, Type B sequences were considered putative
pseudogenes based on general criteria, including their shorter
sequence length, lower GC content, and lower MFE. However,
due to the limited number of clones, other features, such as hap-
lotype diversity and variable sites, were not considered. In order
to verify this inference, we compared the 18S rDNA sequences
with those of 15 other Soleoidei species. Interestingly, Type B se-
quences were highly conserved across these species. In contrast,
Type A sequence exhibited notable variations, including 25 spe-
cific singleton sites and 16 specific insertions (Fig. 3). Addition-
ally, we compared the secondary structures of different 18S rDNA
types, using the functional sequences of Paraplagusia japonica
(Cynoglossidae) as reference. This analysis revealed that Type B
sequences had a highly conserved secondary structure similar to
that of the functional 18S rRNA of P. japonica, including the min-
imum free energy (Fig. S1). Conversely, Type A and other recom-
binant sequences exhibited greatly divergent structures. Pseudo-
genes are expected to accumulate mutations even in conserved
regions, and the substantial sequence variations and secondary
structure deviation in Type A sequences strongly indicate that
they are putative pseudogenes. Therefore, we recommend using
a combination of general criteria and variations at highly con-
served sites as a robust approach for pseudogene identification.
In many cases, the latter criterion carries more weight.

CCTGCCTCTC GGCGCCCCCT C--GATGCTC TTAGCTGAGT GTCCCG--CG GGGTCCGAAG

INTE
o=

Fig. 3. Sequence alignment of 18S rDNA in Soleoidei species (partial). The specific singleton sites and insertions in C. pur_A are la-
belled with solid circles and triangles; respectively. Dots (.) denote the conserved sites, dashes (-) denote the deletion or insertion. Ab-
breviations in 16 Soleoidei species are as follows. Z. zeb: Zebrias zebrinus; Z. qua: Zebrias quagga; Z. cro: Zebrias crossolepis; P. pav:
Pardachirus pavoninus; S. ova: Solea ovata; S. sen: Solea senegalensis; B. ori: Brachirus orientalis; D. cad: Dagetichthys cadenati; C. iti:
Cynoglossus itinus; C. rou: Cynoglossus roulei C. oli: Cynoglossus oligolepis; C. bro: Cynoglossus browni; P. jap: Paraplagusia japonica;
C. pun: Cynoglossus puncticeps; C. zan: Cynoglossus zanzibarensis; C.abb_B: Cynoglossus abbreviatus Type B; C.abb_A: Cynoglossus ab-

breviatus Type A.
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