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Abstract—North American river sturgeons of the genus Scaphirhynchus include three species: S. platorynchus,
S. albus and S. suttkusi that live in the Missouri, Mississippi, and Mobile basin. All species of Scaphirhynchus
are threatened, endangered or critically endangered due to a combination of factors including of habitat loss
and over-harvesting. Genetic tools have been applied for conservation studies in this group, however, the tet-
rapolyploid nature of the genome of these species have brought a huge challenge to development of nuclear
markers for these species and limited knowledge that could be obtained, such as the phylogenetic intrarela-
tionships and population genetics of this genus. Moreover, unintentional hybridization arose from two species
of Scaphirhynchus (S. platorynchus and S. albus) that share the same spawning space. To address the problem
of species identification and provide genetic markers for population genetic studies on Scaphirhiynchus, we
developed a bioinformatics pipeline to find SNP markers, based on comparison between single-copy loci of
diploid gar and two released autotetraploid genomes of Acipenseriformes. We found 77 SNPs at single-copy
loci and 642 SNPs at double-copy loci after filtering. Both the single-copy and double-copy loci supported
the same phylogenetic relationship among the three species, in which S. albus and S. platorynchus were more
closely related to each other than either of them to .S. suttkusi. The principal component analysis using these
SNPs also showed that S. albus and S. platorynchus were close to each other. The SNP markers developed in this
study should facilitate further researches on population genetics and conservation of the Scaphirhiynchus sturgeons.
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INTRODUCTION

Acipenseriformes (sturgeons and paddlefishes) is
an ancient lineage of primitive teleosts, dating back to
the mid-Jurrasic. The Acipenseriformes consists of
one extinct “fossil” family (fPeipiaosteidae) and two
extant families: Acipenseridae, Polyodontidae. The
extant species of Acipenseriformes are distributed in
fresh and salt waters of the Palearctic realm (Europe,
temperate Asia, North America and North Africa),
most of which are endangered worldwide or extinct
due to a combination of over-harvesting and habitat
loss (Birstein and Bemis, 1997; Haxton et al., 2016),
such as the already extinct Chinese paddlefish (Pse-
phurus gladius) (Zhang et al., 2020).

The genus Scaphirhynchus include three sturgeon
species, S. platorynchus (shovelnose sturgeon), S. albus

(pallid sturgeon), and S. suttkusi (Alabama sturgeon),
all of which are threatened, endangered or critically
endangered. The pallid sturgeon has similar character-
istics and ecological niches to shovelnose sturgeon
(Murphy et al., 2007) and both are found in the Mis-
souri and Mississippi Rivers. Alabama sturgeon is now
only believed to exist in the lower Alabama River
according to eDNA monitoring (Janosik et al., 2021).
The striking morphological similarities between pallid
sturgeon and shovelnose sturgeon can make it difficult
to differentiate them especially at small size. More-
over, unable to find its own spawning habitat, pallid
sturgeon is forced to share spawning ground with the
more common shovelnose sturgeon, which can lead to
unintentional hybridization (Schrey et al., 2011).
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Since the 1990s, a repertoire of molecular markers
has been developed for conservation and phylogenetic
research of the Acipenseriformes. Molecular markers
that have been used on sturgeons include mitochon-
drial DNA (mtDNA) (Krieger et al., 2000; Birstein
et al., 2009), random amplified polymorphic DNA
(RAPD) (Comincini et al., 1998), amplified fragment
length polymorphic (AFLP) DNA markers (Ludwig,
2008), and microsatellites (McQuown et al., 2000;
Ludwig et al., 2001; Schrey and Heist, 2007; Chas-
saing et al., 2011; Liu et al., 2017). Previous phyloge-
netic inference and population studies on Acipenseri-
formes relied heavily on mtDNA markers, using either
a single mtDNA gene or whole mitochondrial genome
sequences (Shen et al., 2020; Sheraliev and Peng,
2020). Nevertheless, mtDNA has known limitations
including maternal inheritance. Sets of microsatellites
were developed to distinguish species of sturgeon.
Genotyping unhatched sturgeon embryos using
microsatellites can identify the parentage of the
embryos and may be necessary where multiple acip-
enseriform species or hybrids occur (Liu et al., 2017).

Single nucleotide polymorphisms (SNPs), one of
the latest-generation molecular markers, occur at high
frequencies in both animal and plant genomes
(Khlestkina and Salina, 2006). The development of
SNP markers allows researchers to automatize and
also enhance the effectiveness of genotype analysis,
but few SNP markers have been developed for stur-
geons. Eichelberger et al. (2014) employed three SNP
assays to screen sturgeon embryos and larvae collected
from the upper Missouri River basin, one mtDNA
SNP and two nuclear SNPs. The mtDNA SNP is
located in a conserved region of the mtDNA genome
and is presumably fixed between paddlefish and stur-
geon. Specific multilocus genotypes at two nuclear
SNPs occurred in 98.9% of wild adult pallid sturgeon
but only in 3% of shovelnose sturgeon sampled in the
upper Missouri River potentially providing a diagnos-
tic molecular site to aid in discriminating species.

Polyploidization, a common phenomenon in ani-
mals and plants (Van De Peer et al., 2017), makes the
use of the nuclear markers in phylogenetic analyses
difficult and also increases inefficiency in develop-
ment of nuclear markers using conventional methods.
Searching conserved sequences based on multi-
sequence alignment provides a new method to develop
large scale nuclear markers (Li et al., 2007, 2017,
Rothfels et al., 2013; Zeng et al., 2017). A set of single-
copy loci was identified from Lepisosteus oculatus by
comparing genome sequences of multiple model fish
species, comprising 13837 exon-coding loci used in
gene enrichment studies of “ancient fishes” (Jiang
et al., 2019).

All acipenseriforms are ployploid (Ludwig et al.,
2001) but lack whole reference genome sequence data.
As a result, there has been a strong dependence on
haploid mitochondrial data for studying the phyloge-
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netic relationships of acipenseriforms, with nuclear
data rarely being used (e.g., Shen et al., 2020; Sher-
aliev and Peng, 2020). As with all lineages, it is diffi-
cult to address phylogenetic relationships within the
Acipenseriformes with only mitochondrial data
(Krieger et al., 2008). Luo et al. (2019) mined tran-
scriptome data comparing a reference genome from
spotted gar and identified nuclear protein-coding
markers for Acipenseriformes. However, the effect of
polyploidy in acipenseriforms on phylogenetic recon-
struction and how to differentiate the multi copy loci
were not explicitly addressed.

In this study, we developed a bioinformatics pipe-
line to extract single-copy and double-copy coding
loci from autotetraploid species of Scaphirhynchus. We
then: (1) compare a published sturgeon and paddlefish
genomes to the single-copy loci of the spotted gar
(Lepisosteus oculatus); (2) compare sequencing reads
from our target enrichment of autotetraploid species to
the loci identified in the first step; (3) assemble the
sorted reads and extracted SNP loci for the targeted
species. This approach is used as a test, or proof-of-
concept, to develop SNP markers for Scaphirhynchus.

MATERIALS AND METHODS

Samples and DNA extraction. Four individuals
from the three species of Scaphirhynchus were sam-
pled, including one specimen of .S. albus (coded as
S. albus), two specimens of S. platorynchus (coded as
S. platorynchus-1, S. platorynchus-2) and one speci-
men of S. suttkusi (coded as S. suttkusi). All Scaphi-
rhynchus samples were preserved in 70% ethanol and
archived at —4°C prior to DNA extraction. Genomic
DNA extracted from tissue samples was measured
using NanoDrop 3300 Fluorospectrometer (Thermo
Fisher Scientific, Waltham, MA, USA).

Baits design and synthesis. Markers were identified
through comparing eight fish genomes using a bioin-
formatics tool, EvolMarkers (Li et al., 2012). The sets
of single-copy markers were generated and used to
design baits to capture species in three different
research projects conducted in the authors’ labora-
tory. The baits were designed on sequences from Lep-
isosteus oculatus comprising 13837 loci used in
“Basal,” “Acipen” and “Otomor” projects (Jiang et al.,
2019). Biotinylated RNA baits of 120 bp were synthe-
sized with 2X tiling for the loci targeted (MYcroarray,
Ann Arbor, Michigan).

Library preparation, target enrichment and Illumina
sequencing. Library preparation and target enrichment
followed Yuan et al. (2016). All final enriched and
indexed products were pooled in equimolar concen-
trations, and the concentration of the pooled sample
was measured using a NanoDrop 3300 Fluorospec-
trometer. The pooled sample was then sequenced on
an [llumina HiSeq 2500 sequencer (Illumina, Inc, San
Diego, CA, USA).

No. 7 2022



DEVELOPMENT OF SINGLE NUCLEOTIDE POLYMORPHISM MARKERS

Identification of target loci. The chromosome-level
genome assemblies of Acipenser ruthenus (Chenget al.,
2021) (accession number: GCA 010645085.1) and
Polyodon spathula (Du et al., 2020) (accession num-
ber: GCA_017654505.1) were downloaded from the
NCBI database. Both P. spathula and A. ruthenus are
autotetraploid species. The single-copy loci of Lep-
isosteus oculatus were aligned to these sturgeon and
paddlefish genomes to retrieve conserved single-copy
loci and conserved double-copy loci of sturgeon (Fig. 1).
To do this, the sequences of target loci of Lepisosteus
oculatus were first aligned to reference autotetraploid 1
(P. spathula) using BLASTN with an e-value cut off of
0.0001. There were three possible outcomes of the
alignment: (1) target locus (Figs. 1a, 1a') only aligned
to one chromosome in one position; (2) target locus
(Fig. 1b) aligned two chromosomes with one position
at each corresponding chromosome; (3) target locus
(Fig. 1c) aligned to multiple chromosomes (=3) or
aligned to multiple positions on one chromosome (not
showed in Fig. 1). The loci found from the first out-
come were deemed single-copy loci. Loci identified in
the second outcome were considered double-copy
loci. Other loci from the third outcome were dis-
carded. The single and double-copy loci were aligned
to the genome of the second autotetraploid reference
genome (A. ruthenus) to filter for conserved loci in
both autotetraploid species (Fig. 1). Finally, the
sequence of conserved single-copy loci and double-
copy loci were extracted from the A. ruthenus chromo-
somes (species of Scaphirhynchus are closer to
A. ruthenus than P. spathula) for subsequent target
gene reads mapping and assembly for the four individ-
uals of Scaphirhynchus.

Read assembly. The raw reads of target autotetra-
ploids of the genus Scaphirhynchus were parsed to sep-
arate files according to the index on the adapter.
Adapter sequences and low-quality bases (Q < 20)
were trimmed using Trim_galore (https://github.
com/FelixKrueger/TrimGalore). Numbers of clean
reads and total bases were calculated using an in-
house python script (sum.py). Then, the fastq format
of reads was converted to fasta format. The forward
strand read (R1) and reverse complement of the
reverse strand read (R2) were concatenated with a
string of “NNNNN?”. Then duplicates of the merged
reads (R1, R2) were removed using the Seqgkit (Shen
et al., 2016). Next, the reads were parsed into either
single-copy locus (the highest score) or double-copy
locus (the top two highest scores) according to the
score (score = alignment_length — 2*{number of mis-
match_bases} — 2.5 * {number of gap open}) com-
puted based on the results of BLASTN (e-value cut off
of 0.001). The parsed reads were assembled into con-
tigs using ABySS (Simpson et al., 2009) with “—k 31”.
Next, all contigs from each gene of every species were
scored by comparing to the reference sequence using
the Biopython module written in Python. The high-
score contigs were re-aligned to the reference genome
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to verify the orthology using BLASTN. Potential par-
alogs were discarded if the best hit was not aligned to
target region in the reference.

Call consensus and SNP calling. The assembled
contigs of different samples and species were aligned
using MAFFT (Katoh et al., 2002) with default set-
tings (Fig. 2). Consensus was calculated based on the
multiple alignment using an in-house python script
(consensus.py). Then the corresponding clean reads
were separately mapped to the consensus (conserved
single-copy loci and conserved double-copy loci)
using BWA-MEM ( Li, 2013) with default parameter
settings. SNP calling was performed using the
BCFtools mpileup and the output vcf files were pro-
cessed with VCFtools (parameter: -max-missing 1 -
remove-indels -recode -recode-INFO-all) to remove
indels and positions with missing data.

PCA analysis and phylogenetic inference. Filtered
vcf files of SNPs were used as input in the Rstudio for
PCA analysis with vcfR package (Knaus and Griin-
wald, 2017). For phylogenetic analysis, the vcf files of
SNPs were converted to phylip, fasta and nexus format
file using vcf2phylip. The corresponding nucleotide in
the genome assembly of A. ruthenus at the position of
SNPs were concatenated to set as the outgroup during
the reconstruction of phylogenetic trees, which were
reconstructed using the maximum likelihood method
implemented in IQ-TREE (Nguyen et al., 2015) with
AUTO model and 1000 bootstrap replicates.

RESULTS AND DISCUSSION

Conserved loci from reference species Acipenser
ruthenus and Polyodon spathula. Using the 60 assem-
bled chromosomes of Acipenser ruthenus and Polyodon
spathula, we identified 1921 conserved single-copy
loci and 10914 double-copy loci in A. ruthenus (Fig. 3).
The top 10 chromosome id with maximum number of
loci (total of conserved single-copy loci and conserved
double-copy loci) were NC_048323.1, NC_048324.1,
NC_048325.1, NC _048326.1, NC _048327.1,
NC_048328.1, NC_048329.1, NC _048332.1,
NC _048334.1, NC_048335.1.

It was evident that the number of loci decreased as
the order of chromosome id changed from
NC _048323.1 to NC_048381.1; concordant with the
decrease in chromosome length from longer to shorter.
The number of single-copy loci was 17.6% of the num-
ber of double-copy loci. The difference in numbers of
classified loci (single-copy vs. double-copy) may
result from the short history of dipolization of the
genome of A. ruthenus (Du et al., 2020). Limited by
the few available whole genome resources for Acipens-
eriformes, we herein only identified the conserved sin-
gle-copy loci and conserved double-copy loci using
A. ruthenus and P. spathula.

Target enrichment of Scaphirhynchus using con-
served loci. The number of clean reads obtained of
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Fig. 1. Scheme of bioinformatics pipeline to identify efficient conserved loci of target autotetraploid Acipenser ruthenus.

these four samples ranged from 60792 to 9308420
while the total number of nucleotide bases of clean
reads ranged from 9013590 to 499115094 bp after
removing adapters and trimming low-quality bases
(Table 1). The average number of captured conserved
single-copy loci was 779 and conserved double-copy
loci was 5241. The sample with the maximum number
of captured conserved single-copy loci and conserved
double-copy loci was S. platorynchus-1 while the min-
imum number of captured sing-copy loci and double-

copy loci was S. suttkusi (Table 1). Forty-one single-
copy loci and 317 double-copy loci were captured in all
samples of Scaphirhynchus.

The average length of reads in S. albus, S. platoryn-
chus-2 and S. sutttkusi was about 150 bp while that of

S. platorynchus-1 was approximately 100 bp. There
was a positive correlation between the number of cap-
tured loci and number of clean reads in these four
samples. The small number of captured conserved sin-
gle-copy loci and conserved double-copy loci resulted
JOURNAL OF ICHTHYOLOGY  Vol. 62
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Fig. 2. Scheme of reads assembly, consensus and SNP calling. Program consists of three parts.

from the minimum number of loci captured in S. suz-
tkusi. We only identified the target loci in the coding
region, though the non-coding flanking regions also
have the potential SNPs of utility in conservation
genetic and phylogeny reconstruction approaches.

SNP screening for Scaphirhynchus. We extracted a
total of 7838 SNPs (735 conserved single-copy loci
and 7103 conserved double-copy loci) from the bam
file mapped from one individual of S. albus, two indi-
viduals of S. platorynchus and one individual of .S. su?-
tkusi. Seventy-seven SNP sites at single-copy loci were
chosen by filtering the position with missing data
while 642 SNP sites at double-copy loci were kept
after filtering (Fig. 4). The top 5 chromosome id
regions that contained the maximum number of SNPs
(both conserved single-copy loci and conserved dou-
ble-copy loci) were NC_048324.1, NC_048330.1,
NC_048332.1, NC 048335.1, NC 048346.1. The
majority of SNPs at conserved single-copy loci were

Table 1. Statistics of clean reads and captured loci

found in NC_048330.1. Seventy-seven SNPs located
in the consensus sequence of conserved single-copy
loci correspond to eight different chromosomes in
A. ruthenus (Fig. 5). The 1 Mb window size screened
with the highest density of SNPs were located in the
chromosome named NC_048330.1. 642 SNPs from
conserved consensus double-copy loci were located
on 26 chromosomes in A. ruthenus and the screened
1 Mb window size with top two highest density of
SNPs were located in the chromosome named
NC_048324.1 and NC_048346.1.

Differences in the number of conserved loci
changed with the length of chromosomes, number of
the selected SNPs at conserved loci was not correlated
with the length of corresponding chromosomes. This
may result from the missing data in different samples.
It was noted that the most of SN Ps located at the con-
sensus of conserved single-copy loci corresponding to
NC_048330.1 and the screened 1 Mb window size

Captured conserved
Sample ID Clean reads Total clean Total loci

number reads bases . . .

single-copy loci double-copy loci
S. albus 3374408 499115094 877 6093 6970
S. platorynchus-1 9308420 952215312 1246 7651 8897
S. platorynchus-2 2314076 341121238 771 5516 6287
S. suttkusi 60792 9013590 220 1705 1925

JOURNAL OF ICHTHYOLOGY Vol.62 No.7 2022
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Fig. 3. The identified 1921 conserved single-copy loci (@) and 10914 conserved double-copy loci ([O) at different chromosomes

of Acipenser ruthenus.

with highest density of SNPs was also located at this
chromosome. Similarly, for SNPs at conserved dou-
ble-copy loci, the screened 1Mb window size with top
2 highest density of SNPs were located at two chromo-
somes with the top 2 highest number of SNPs. Due to
the limitation of sample size, the number of SNPs
found were also limited and linkage disequilibrium of
these SNPs cannot be calculated.

Distinguishing species of Scaphirhynchus based on
PCA and phylogenetic analysis. From the result of PCA
analysis only using the 77 SNPs at single-copy loci
(Fig. 5a), we found that two individuals of S. platoryn-
chus (S. platorynchus-1, S. platorynchus-2) clustered
closer to one another. One individual of .S. albus and
one individual of S. suttkusi were distinct from both
S. platorynchus-1, 2. These three species can be clearly
distinguished. When using 642 SNPs at conserved
double-copy loci (Fig. 5b), the result was similar.

JOURNAL OF ICHTHYOLOGY  Vol. 62

The maximum likelihood (ML) phylogeny based
on the 77 SNPs at conserved single-copy loci (Fig. 6)
showed that the two individuals of S. platorynchus are
sister (S. platorynchus-1, S. platorynchus-2) to one
another and that they are sister to S. albus, with S. sut-
tkusi sister to bother species of Scaphirhynchus; though
there is very little support at any inferred node. A sim-
ilar result was found in the tree reconstructed using
642 SNPs from conserved double-copy loci, the
exception being the different branch lengths of the
species of S. platorynchus (S. platorynchus-1, S. plato-
rynchus-2). The topology of these two ML phyloge-
netic tree was same. The different branch lengths of
two individuals of S. platorynchus (Fig. 6) may result
from the limited SNP numbers at single-copy loci or
part of these SNPs were also species-specific SNPs.
This result is in agreement with the results of the PCA
analysis. The three species of Scaphirhynchus can be

No. 7 2022
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Fig. 4. The identified 7838 SNPs of Scaphirhynchus at consensus of conserved single-copy () and double-copy loci () corre-

sponding to different chromosomes.

distinguished using the target gene capture and bioin-
formatic analysis pipeline.

Different from the strategy of our method here,
Luo et al. (2019) developed an approach to generate
new nuclear protein-coding (NPC) markers for phy-
logenetic analysis using a transcriptome plus reference
genome. This strategy of their method may have been
the best choice at the time as the chromosome-level
genome assemblies of A. ruthenus and P. spathula
hadn’t yet been published. They used four new tran-
scriptomes of sturgeon and the L. oculatus genome as
a database and analyzed this database to screen candi-
date single-copy genes to develop NPC markers and
found the conserved regions of exons based on multi-
sequence alignment. The phylogenetic relationships
within Order Acipenseriformes were highly resolved
according to the novel nuclear markers they found.
They made progress in the resolution and reconstruc-
tion of phylogenetic relationships of Acipenseri-
formes, which is very difficult due to the huge chal-
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lenge of species with multiple levels of ployploidy in
this order. Similarly, we here used chromosome-level
genome assembly of reference autotetraploid A. ruthenus
and P. spathula as a database and then searched the
single-copy nuclear gene of L. oculatus in the database
to find conserved single-copy and double-copy loci.
This may be better than using transcriptome as expres-
sion of some genes in the transcriptome were few and
would lessen the total number of single-copy nuclear
genes found. Herein we tested this method to find
SNP markers using four sampled individuals of
Scaphirhynchus. Our method successfully distin-
guished the three species of Scaphirhynchus and pro-
posed a resolution for the phylogenetic relationship of
the genus Scaphiriiynchus. The utility of this method is
anticipated to facilitate further studies about the pop-
ulation structure, identification of hybrid species,
conservation and phylogeny of Acipenseriformes spe-
cies and other tetraploid fishes.
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Fig. 5. Density of 77 SNPs of Scaphirhynchus at consensus of conserved single-copy loci and conserved double-copy loci corre-
sponding to different chromosomes in A. ruthenus. The color bar represents the number of SNPs within 1Mb window size;
(a) SNP density of 77 SNPs located at conserved single-copy loci; (b) SNP density of 642 SNPs located at conserved double-
copy loci.
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Fig. 6. Clustering of Scaphirhynchus species based on PCA analysis of SNPs and reconstructed ML phylogenetic trees based on
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copy loci, (b) PCA result based on 642 SNPs at conserved double-copy loci, (c) ML trees using 77 SNPs at conserved single-
copy loci, (d) ML trees using 642 SNPs at conserved double-copy loci.

CONCLUSIONS

We developed a bioinformatics pipeline for finding
SNP markers from polyploid Scaphirhynchus using
target enrichment data. SNP markers found in this
pipeline can be applied to a range of species identifica-
tion and phylogenetic questions, and for conservation
genetics of endangered sturgeons and paddlefishes.
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