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1 | INTRODUCTION

Abstract

To date, the taxonomic status and phylogenetic affinities within Hyphessobrycon,
even among other genera in Characidae, remain unclear. Here, we determined five
new mitochondrial genomes (mitogenomes) of Hyphessobrycon species (H. elachys,
H. flammeus, H. pulchripinnis, H. roseus, and H. sweglesi). The mitogenomes were all
classical circular structures, with lengths ranging from 16,008 to 17,224 bp. The type
of constitutive genes and direction of the coding strand that appeared in the mitog-
enomes were identical to those of other species in Characidae. The highest value of
the Ka/Ks ratio within 13 protein-coding genes (PCGs) was found in ND2 with 0.83,
suggesting that they were subject to purifying selection in the Hyphessobrycon genus.
Comparison of the control region sequences among seven Hyphessobrycon fish re-
vealed that repeat units differ in length and copy number across different species,
which led to sharp differences in mitogenome sizes. Phylogenetic trees based on the
13 PCGs did not support taxonomic relationships, as the Hyphessobrycon fish mixed
with those from other genera. These data were combined to explore higher level
relationships within Characidae and could aid in the understanding of the evolution
of this group.
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(Mathubara & Toledo-Piza, 2020). Characidae is one of the most pop-

ular ornamental fish groups in the world, with great economic value

Characidae is the most diverse family of tropical fish, with approx-
imately 163 genera and more than 1,050 valid species, of which
231 have been described in the last 10 years. This family richness
accounts for about 52% of all species in the order (Mirande, 2019;
Paz et al., 2014; Verissimo-Silveira et al., 2010). Most members of the
Characidae are small-sized fish of <8 cm in standard length, reach-
ing as much as 20 cm in some predatory genera. Fish of this family
are characterized by a small adipose fin on the caudal peduncle, and
most species have small, beautiful bodies and gentle temperaments

(Mirande, 2019; Sun et al., 2021). Many fish of the family are known
in the aquarium market under the popular name of “tetras” (Camacho
et al., 2020; Leggatt & Devlin, 2020; Liu, Sun, et al., 2020; Liu, Xu,
et al., 2020; Paz et al., 2014). Until now, the classification of tetra fish
is mainly based on morphological characteristics. Indeed, molecular
phylogeny might differ from morphological classification within tetra
fish (Liu, Sun, et al., 2020; Liu, Xu, et al., 2020; Mirande, 2019).

The high diversity of Neotropical freshwater fish has been chal-
lenging to classify (DoNascimiento et al., 2017; Mirande, 2019;
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Silva et al., 2020). Although the complex biogeographic patterns
of some of these taxa (extending over vast continental areas) have
been the focus of much research recently, Characidae, which have
small body size and relatively uniform morphology, are still poorly
understood. Furthermore, new genera and species in this family
are being validated and described (Albornoz-Garzon et al., 2019;
DoNascimiento et al., 2017; Faria, et al., 2020; Faria, et al., 2020;
Mathubara & Toledo-Piza, 2020). Hyphessobrycon, one of the rich-
est genera of vertebrates with 109 species, is the most diverse fish
genus that dominates vertebrate neotropical freshwater. Native to
the Neotropics, Hyphessobrycon is widely distributed from southern
Mexico to Argentina (Rio de la Plata), with the greatest species di-
versity found in the Amazon River basin (Faria, Bastos, et al., 2020;
Faria, Lima, et al., 2020; Paz et al., 2014). Classifying the genus and
even the entire family of Characidae is currently challenging.

The mitochondrial genome (mitogenome) is a highly conserved,
typically double-stranded, circular molecule. In vertebrates, the mi-
togenome is approximately 15-18 kb in length and consists of 13
protein-coding genes (PCGs), 2 ribosomal RNAs (rRNAs), and 22
transfer RNAs (tRNAs). The outer ring is a heavy chain, while the
inner ring is a light chain, and most genes are transcribed by the
heavy chain (Bernt, Braband, et al., 2013; Bernt, Donath, et al., 2013;
Kurabayashi & Ueshima, 2000; Liu, Sun, et al., 2020; Liu, Xu,
et al., 2020). Because of their small size, simple structure, low level
of recombination, maternal inheritance, relatively high evolution
rate, and conserved gene components, the mitogenome has been
one of the most popular tools widely applied in taxonomy, popula-
tion genetics, and evolutionary biology (Brown et al., 1979; Ciloglu
et al., 2020; Sharma et al., 2020; Zhang, Gao, et al., 2020; Zhang,
Sun, et al. 2020).

Considering the limited research using molecular data to infer
taxonomic relationships, it is necessary to make comprehensive
comparisons of morphological and genetic features of many spe-
cies, to better understand the phylogenetic relationships with
Characidae (Mirande, 2019). Our study on five new mitogenomes
of Hyphessobrycon will help to improve the current classification
of tetra fish by comparing the differences between mitogenomes
of fish belonging to the same genus. Specifically, the mitochon-
drial characteristics of these five species, including gene order, ge-
nome size, nucleotide composition, codon usage, tRNA secondary
structure, and noncoding control region (CR), were comparatively
analyzed. This study provides new insights into the phylogeny and
classification of tetra fish.

2 | MATERIALS AND METHODS
2.1 | Ethics statement

The collection and sampling of the specimens were reviewed and ap-
proved by Nanjing Forestry University. All specimens for this study
were collected in accordance with Chinese laws. All the experiments

were performed with animal welfare and care.
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TABLE 1 The primers used for mitochondrial amplification

Primer

name Region Primer sequence (5'-3’)
Hyp-1-F 12S-ND1 F: TGCTTAATATTACATATGGA
Hyp-1-R R: CCGATTCAGGCTAGCAATCA
Hyp-2-F ND1-ND2 F: ACGAGAAGACCCTATGGAGC
Hyp-2-R R: GACCAAGYTCTGCCCGGA
Hyp-3-F ND2-COXI F: TATCCCATATCTTCTGAATG
Hyp-3-R R: GCAATTAGTGATATTAAGG
Hyp-4-F COXI-COXII F: TTCTGCTTCTTTCTTCCGAT
Hyp-4-R R: ACAGCCAATTTAACAGCCGG
Hyp-5-F COXII- ATP6 F: GAACATATGAATACACGGAC
Hyp-5-R R: ACAAAGACGTATGCTTGAAT
Hyp-6-F ATP6-COXIII F: GGGATACGAAACCAACCAAC
Hyp-6-R R: GTATCAGGCGGCTGCCTCAA
Hyp-7-F COXIII-ND5 F: TACTTAACCTTGGTTAGAGC
Hyp-7-R R: GAGGTGTTTAGGGCTTCAA
Hyp-8-F ND5-NDé6 F: CAACCTCAACTAGCATTTAT
Hyp-8-R R: CCTATTTTTCGGATATCTTG
Hyp-9-F ND6-Cytb F: CCTGCTGGTGTAGCTTAACC
Hyp-9-R R: GCCTTGTTGTTTTGATGTGTG
Hyp-10-F Cytb-16S F: GCCTACGCCATCCTCCGATC
Hyp-10-R R: TGGGTCAGGTTGTGTCCTGG

2.2 | Sample collection and DNA extraction
Five Hyphessobrycon fish, including Hyphessobrycon elachys,

Hyphessobrycon flammeus, Hyphessobrycon pulchripinnis,
Hyphessobrycon roseus, and Hyphessobrycon sweglesi, were used for
this study. These fish were bought from Nanjing Pet Market (Nanjing,
China). The tail fin of each specimen was cut off after morphological
identification described by the FishBase (available at https://www.
worldfishcenter.org/fishbase). Genomic DNA (gDNA) was isolated
from each fin using a FastPure Cell/Tissue DNA Isolation Mini Kit
(Vazyme™, Nanjing, China) according to the manufacturer's proto-
col. The concentration and integrity of gDNA were tested using gel
electrophoresis. High-quality gDNAs were then stored at -20°C for

future experiments.

2.3 | PCR amplification and sequencing

According to the already published mitogenomes of Characidae spe-
cies (H. herbertaxelrodi: MT769327.1, H. megalopterus: MT185596.1,
Hemigrammus bleheri: LC074360.1, and Gephyrocharax atracauda-
tus: MH636341.1), ten pairs of universal primers were designed for
PCR amplification (Table 1). PCR was performed with Taq Master
Mix (Vazyme, Nanjing, China) under the following conditions: 3 min
initial denaturation at 95°C, followed by 35 cycles of 30 s at 95°C,
30 s at 55-60°C, and 1-3 min at 72°C, and a final elongation for
5 min at 72°C. After gel electrophoresis, PCR products were sent
to the TSINGKE Biological Technology (Nanjing, China) for Sanger

sequencing.
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2.4 | Sequence analysis

Sequences were spliced using DNAstar V.7.0. The BLAST CD-search
(available at https:/www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
and MITOS Webserver (available at http:/mitos.bioinf.uni-leipzig.de/
index.py) were used to detect conserved domains (Benson et al., 2018;
Bernt, Braband, et al., 2013; Bernt, Donath, et al., 2013; Burland, 2000).
The gene maps of these fish mitogenomes were generated with the
OGDRAW Server (available at https://chlorobox.mpimp-golm.mpg.de/
OGDraw.html) (Greiner et al., 2019). The formulas “AT-skew = (A - T)/
(A +T)" and “GC-skew = (G - C)/(G + C)” were used to measure nucleo-
tide bias (Perna & Kocher, 1995). Codon usage and amino acid composi-
tion were analyzed in MEGA X and image rendered by PhyloSuite v1.2.1
(Kumar et al., 2018; Zhang, Gao, et al., 2020; Zhang, Sun, et al., 2020).
The rate of nonsynonymous substitutions (Ka), rate of synonymous sub-
stitutions (Ks), and ratio of Ka/Ks were determined using DnaSP V.6.0
for these five Hyphessobrycon species (Rozas et al., 2017). tRNA genes
were identified using tRNAscan-SE Search Server (available at http:/
lowelab.ucsc.edu/tRNAscan-SE/) (Chan & Lowe, 2019). Some tRNAs
not detected by tRNAscan-SE were determined in the unannotated re-
gions by sequence similarity to tRNAs of other fish.

2.5 | Phylogenetic analyses

In addition to five newly sequenced mitogenomes, 33 species from

26 genera of Characiformes, Cyprinus carpio from Cypriniformes,

Hyphesobrycon roseus

17,246bp

and Lateolabrax japonicus from Perciformes were used for phylo-
genetic analyses. Their accession numbers and information are
listed in Table S1. After sequence alignment and model predic-
tion using MAFFT v7.313 and ModelFinder, phylogenetic analyses
were conducted for each dataset using Bayesian inference (Bl) and
maximum likelihood (ML) methods available in the PhyloSuite v1.2.1
(Kalyaanamoorthy et al., 2017; Katoh & Standley, 2013; Zhang, Gao,
et al., 2020; Zhang, Sun, et al., 2020). Bl analyses were performed
with MrBayes 3.2.6 (Huelsenbeck & Ronquist, 2001) and run for a
million generations, with tree sampling every 100 generations and
a burn-in of 25% trees, while ML analyses were performed using
the TIM2+F+R5 model in the IQ-TREE (Nguyen et al., 2015). Clade
support was assessed using a nonparametric bootstrap with 1,000
replicates, and phylogenetic trees were viewed and edited in iTOL
(available at https://itol.embl.de/) (Letunic & Bork, 2021).

3 | RESULTS AND DISCUSSION
3.1 | Genome organization and base composition

The complete mitogenomes of the five fish were typically circular,
double-stranded molecules: 17,224 bp long for H. elachys, 16,008 bp
for H. flammeus, 17,020 bp for H. pulchripinnis, 17,046 bp for H. roseus,
and 16,080 bp for H. sweglesi (Figure 1). Among these fish, H. flam-
meus had the smallest mitochondrial genome with 16,008 bp, while
H. elachys had the largest (17,224 bp) due to large-scale duplication.

Hyphesobrycon pulchripinis

£

[ complex I(NADH deydrogenase)
[0 complex IV(cytochrome ¢ oxidase)
[ ATP synthase

[ other genes

B transfer RNAs

[l ribosomal RNAs

[T origin of replication

FIGURE 1 Mitochondrial genomes of Hyphessobrycon elachys (a), Hyphessobrycon flammeus (b), Hyphessobrycon pulchripinnis (c),

Hyphessobrycon roseus (d), and Hyphessobrycon sweglesi ()
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Mitogenomes of the five fish encoded all 37 typical mitochondrial
genes (13 PCGs, 22 tRNAs, and 2 rRNAs) and one noncoding CR.
Twenty-six genes were transcribed from the majority strand (J
strand), and the remaining nine genes were from the minority strand
(N strand) in these five mitogenomes. The gene orders of the five
fish (Figure 1; Table S2) were found to be identical to those of two
other species of this genus that have been previously sequenced
(Liu, Sun, et al., 2020; Liu, Xu, et al., 2020; Yan et al., 2020).

The skewness of the base composition in nucleotide sequences
was used to measure the relative numbers of A to T (AT-skew) and
G to C (GC-skew), and the nucleotide compositions of 19 complete
or nearly complete mitogenomes in Characidae were investigated
by calculating the percentages of AT-skew and GC-skew (Figure 2).
The results of the nucleotide skew statistics showed that the AT-
skews in PCGs, tRNAs, and rRNAs of five whole mitogenomes were
almost all positive, while the GC-skews were all obviously negative.

The low GC-skew values among the analyzed mitogenomes (-0.269

A TlSkeW

- -0.221) indicated the occurrence of more Cs than Gs, which was
also observed in other announced Characidae fish mitogenomes.
The pattern of nucleotide skewness in Hyphessobrycon mitochon-
drial genomes is consistent with those of most other Characidae
(Xu et al., 2015; Brandao-Dias et al., 2016; Chen et al., 2016; Li
etal., 2016; Zhang et al., 2016; Barreto et al., 2017; Isaza et al., 2016;
Liu et al., 2019; Liu, Sun, et al., 2020; Liu, Xu, et al., 2020; Yan
et al.,2020).

Eight gene overlaps were observed in the H. elachys mitogenome
with sizes ranging from 2 to 15 bp, adding up to 32 bp; 10 gene
overlaps in the H. flammeus mitogenome with sizes ranging from 2
to 14 bp, adding up to 35 bp; 10 gene overlaps in the H. pulchrip-
innis mitogenome with sizes ranging from 1 to 14 bp, adding up to
33 bp; 10 gene overlaps in the H. roseus mitogenome with sizes rang-
ing from 1 to 11 bp, adding up to 27 bp, and 8 gene overlaps in the
H. roseus mitogenome with sizes from 1 to 14 bp, adding up to 31 bp
(Table S2). Additionally, the longest overlap region (15 bp) in the five

GCl Skew
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FIGURE 2 Nucleotide composition of various datasets of mitogenomes. Hierarchical clustering of Characidae species (y-axis) based on

the AT-skew and GC-skew
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mitogenomes was located between ATP8 and ATPé. All five species
have two identical overlap regions including COXI-tRNA-Ser (11 bp)
and ND4L-ND4 (5 bp, except for H. elachys with 4 bp).

3.2 | PCGs and codon usage
PCG lengths of the mitogenomes were 11,806 bp for H. elachys,

11,438 bp for H. flammeus, 11,355 bp for H. pulchripinnis, 11,450 bp
for H. roseus, and 11,461 bp for H. sweglesi, accounting for 68.5%,

ND4L ND4

NDS ND6 Cytb

71.5%, 66.7%, 67.2%, and 71.3% of their entire make-ups, respec-
tively (Figure 1; Table S2). One PCG (NDé) was transcribed from
the N strand, while the remaining 12 genes were from the J strand
(Figure 1 and Table S2). The sizes of 13 PCGs ranged from 165 (ATP8)
to 1,840 bp (ND5) in these five mitogenomes. All mitogenomes
showed similar characteristics including the smallest size of ATP8
and the largest size of ND5 among PCGs.

Almost all PCGs in the five newly sequenced mitogenomes start
with the standard ATG codon, except ATPé in H. sweglesi that starts
with the CTG codon (Table S2). Two other unusual initiation codons,
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TTG and GTG, have previously been reported in Characidae (such as
in Paracheirodon innes: KT783482.1, Astyanax paranae: KX609386.1,
and Oligosarcus argenteus: MF805814.1) (Silva et al., 2016).
Furthermore, four termination codons were found in the PCGs of
the five mitogenomes, namely TAA, TAG, AGG, and T (Table S2).
In all mitogenomes, the occurrence frequency of the termination
codon TAA was higher than those of the other three termination
codons, while the termination codon AGG occurred the least.

Summaries of the relative synonymous codon usage (RSCU) and
number of amino acids in 13 PCGs were calculated for the five mitoge-
nomes, as shown in Figure 3. The amino acid compositions and RSCUs
of these mitogenomes were found to be largely similar. Further, we
calculated Ka/Ks ratios for each PCG of these mitogenomes, as shown
in Figure 4, and Ka/Ks ratios of five species were compared in turn
with each other. In evolutionary analysis, it is necessary to understand
the rate at which Ks and Ka mutations occur, analyzing their ratios
to detect selective pressures, if any, among PCGs. In this study, the
PCGs of the assessed five species evolved under purifying selection as
a whole, with COX | and COX Il having the lowest evolutionary rate,
and ND1 having the highest sequence variability. The Ka/Ks values
of H. elachys and H. flammeus (0.05) were much lower than those of
H. elachys or H. flammeus and the other three species (range: 2.10-
3.01) in ND1.

3.3 | rRNA and tRNA genes

Two rRNA genes (12S and 16S rRNAs) were transcribed from the
J strand in the five mitogenomes. The large rRNA (16S rRNA) was
found between tRNA-Val and tRNA-Leu, while the small rRNA
(12S rRNA) was located between tRNA-Phe and tRNA-Val. Lengths
ranged from 945 to 952 bp in 12S rRNA and from 1,669 to 1,679 bp
in 16S rRNA in the mitogenomes.

Twenty-two tRNAs of H. elachys, H. flammeus, H. pulchripinnis,
H. roseus, and H. sweglesi mitogenomes were scattered discontin-
uously over the entire mitogenome (Table S2). The tRNA regions
of these five mitogenomes were 1,556, 1,555, 1,561, 1,558, and
1,559 bp, accounting for 9.0%, 9.7%, 9.2%, 9.1%, and 9.7% of the
whole mitogenomes, respectively. These five mitogenomes have 22
typical tRNA genes, with eight transcribed from the N strand and 14
from the J strand. The sizes of these tRNAs ranged from 68 to 74 bp.
Except for tRNA-Phe of H. sweglesi, all the tRNAs could be folded
into secondary structures. The peculiar structures of tRNAs have
also been reported in previous studies (Yuan et al., 2015). The ten
most diverse tRNAs of all the five genomes are shown in Figure 5.
Except for the classic AU and CG pairs, a number of mismatched base
pairs were found in different stems. Fifteen AC mismatches, 10 UU
mismatches, 8 CU mismatches, 3 AA mismatches, 3 CC mismatches,
1 AG mismatch, 1 GG mismatch, 2 extra single A, 2 extra single U, 1
extra single C, and 1 extra single G nucleotide were found in these

ten groups of tRNAs.

34 | CR

CR is located between the genes tRNA-Pro and tRNA-Phe. This
region is responsible for regulating transcription and replication.
A + T contents in the CRs of the five mitogenomes were 67.7%,
76.2%, 73.2%, 66.4%, and 78.4%, respectively. According to pre-
vious reports, the CRs of fish vary significantly between different
species and even within the same species (Buroker et al., 1990; Cui
et al., 2010; Gong et al., 2015; Padhi, 2014). Among Hyphessobrycon
fish, H. flammeus had the smallest CR length with 294 bp, while
H. herbertaxelrodi had the largest with 1,622 bp (Figure 6). Further,
H. elachys had the longest tandem repeats with a size of 1,024 bp,
while the other species have relatively small sizes ranging from 353
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to 875 bp. The repeat units differ in length and copy number across
various Hyphessobrycon species. Hence, the evident differences in

CRs were mainly caused by repeat units.

3.5 | Phylogenetic relationships

Because of the limited mitogenome sequences of Characidae, we in-
cluded only 33 species in addition to the five newly sequenced spe-
cies from 26 genera of Characiformes in the phylogenetic analyses

and selected two fish among Cypriniformes (C. carpio) and Perciformes

(L. japonicus) as outgroups to root the phylogenetic tree to under-
stand the evolutionary relationships of Hyphessobrycon with other
genera within the Characidae family. Phylogenetic trees of Bl and ML
analyses were constructed based on 13 PCG nucleotide sequences
from 40 species (Figure 7). The topological structures of the result-
ing trees were exactly similar to each other. Most nodes were rather
highly supported (PP > 0.567 in Bl analyses and also supported in
the ML tree). According to the phylogenetic tree, these mitogenomes
of Characidae were classified together. The existing taxonomic clas-
sification of Characidae on NCBI (https:/www.ncbi.nlm.nih.gov/

taxonomy) and ITIS (https:/www.itis.gov/) is different. In this article,
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we mainly classified them according to the phylogenetic tree based
on complete mitogenomes. Recent molecular hypotheses suggested
that some traditional suprageneric taxa of Characiformes require re-
vision. Serrasalmidae and Bryconidae, traditionally regarded as the
subfamilies of Characidae, have been suggested to be recovered (Abe
et al., 2014; Calcagnotto et al., 2005; Mirande, 2009). This point is also
supported in the phylogenetic tree of this paper. Piaractus brachypo-
mus did not cluster with species from the Characidae, but with species
from other families. Brycon nattereri and Salminus brasiliensis clustered
together but not with the Characidae species. H. pulchripinnis and
H. sweglesi were classified together, while H. elachys, H. flammeus, and
H. roseus were classified with other species of different genera and
slightly away from the other fish of the same genus, which showed
similarity to previous reports (Guimaraes et al., 2019, 2020). Although
the species in Paracheirodon were classified together, Astyanax and
Hyphessobrycon species were not classified together, indicating that
there may be some problems with the basis of classification. The re-
sult was indeed quite different from the existing classification system,
although it only involved 27 genera in Characiformes. Additionally,
we found that many species of the same genus have large differences
in morphological characteristics, while species from different genera
have similar morphological characteristics, which we hope to verify in
future studies.
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