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ABSTRACT

The eastern oyster, Crassostrea virginica, is divided into four populations along the
western North Atlantic, however, the only published mitochondrial genome sequence
was assembled using one individual in Delaware. This study aimed to (1) assemble C.
virginica mitochondrial genomes from Texas with pooled restriction-site-associated
DNA sequencing (ezRAD), (2) evaluate the validity of the mitochondrial genome
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assemblies including comparison with Sanger sequencing data, and (3) evaluate genetic
differentiation both between the Delaware and Texas genomes, as well as among three
bays in Texas. The pooled-genome-assembled-genomes (PAGs) from Texas exhibited
several characteristics indicating that they were valid, including elevated nucleotide

diversity in non-coding and the third position of codons, placement as the sister

haplotype of the genome from Delaware in a phylogenetic reconstruction of Crassostrea
mitochondrial genomes, and alack of genetic structure in the ND4 gene among the three
Texas bays as was found with Sanger amplicons in samples from the same bays several
years prior. In the comparison between the Delaware and Texas genome, 27 of 38 coding
regions exhibited variability between the two populations, which were differentiated
by 273 mutations, versus 1-13 mutations among the Texas samples. Using the full

PAGs, there was no additional evidence for population structure among the three Texas
bays. While population genetics is rapidly moving towards larger high-density datasets,
studies of mitochondrial DNA (and genomes) can be particularly useful for comparing
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historic data prior to the modern era of genomics. As such, being able to reliably compile
mitochondrial genomes from genomic data can improve the ability to compare results
across studies.

Subjects Genetics, Genomics, Marine Biology, Zoology, Population Biology
Keywords ezRAD, Mitochondrial genome, Crassostrea virginica, Sanger sequencing

INTRODUCTION

Eastern oysters are an ecologically important foundation species that creates habitat and
promotes biodiversity of fish and invertebrates (NOAA, 2007; Kroeger, 2012). Oyster reefs
provide many benefits to the ecosystem and human economics, but over-extraction and
habitat degradation have led to the worldwide collapse of many reefs (Beck et al., 2011;
Grabowski et al., 2012). The importance of oyster reefs has focused research efforts on
the effects of their loss on marine communities and ways to restore oyster reefs (Gregalis,
Johnson ¢ Powers, 2009; Rezek et al., 2017). Oyster reefs diversify the landscape and stabilize
the shoreline, reducing the impacts from erosion and flooding (Grabowski et al., 2012).
Further, oysters improve water quality and reduce turbidity through denitrification,
removal of chlorophyll and bacterial biomass, and by recycling nutrients (NOAA, 2007;
Kroeger, 2012). Yet, with the presence of global oyster industries, only 15% of the world’s
natural oyster reef habitat remains (Kroeger, 2012).

In addition to being ecologically important, oysters have been an economically and
nutritionally important fishery throughout human history in the Gulf of Mexico (Ricklis,
1996). Oysters were first locally overexploited in North America in the early 1600’s and
various management plans and laws have been passed since then including some of the
earliest in 1658 and 1679 (Kirby, 2004). Over time, the center of the fishery for C. virginica
has shifted from the mid-Atlantic region to the Gulf of Mexico as stocks are depleted
(Kirby, 2004; Tunnell, 2017). In the Gulf of Mexico, oysters rank as the second most
valuable shellfish fishery (Tunnell, 2017). In 2017, the Gulf of Mexico yielded more than
8,000 metric tons of oysters, over 73% of the total U.S. production (NOAA Fisheries Office of
Science and Technology, 2019). Within this region, Texas supplied about 20% to Gulf coast
production and about 14% to overall US production (NOAA Fisheries Office of Science and
Technology, 2019). To maintain this resource, it is crucial to develop conservation strategies
that promote sustainable harvest and the maintenance of genetic diversity in the face of
human-induced population bottlenecks. In order to develop successful management plans,
understanding the biology and population connectivity patterns of C. virginica in the Gulf
of Mexico is important (Beck et al., 2011).

Crassostrea virginica (Gmelin, 1791) populations span the length of the North American
coast from St. Lawrence Bay, Canada to the Yucatan Peninsula, Mexico (Galtsoff, 1964;
Fig. 1A). Four genetically distinct populations have been identified using mitochondrial
(Reeb & Avise, 1990; Hare ¢ Avise, 1996; Varney et al., 2009) and nuclear DNA (Buroker,
1983; Karl & Avise, 1992; King, Ward & Zimmerman, 1994; Hare & Avise, 1996; Hoover
& Gaffney, 2005; Anderson et al., 2014), showing three population boundaries: (1) the
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Atlantic, (2) the Eastern Gulf of Mexico, and (3) the Western Gulf of Mexico (Fig. 1A). The
population boundary in the Western Gulf of Mexico, located near Corpus Christi and Port
Aransas, Texas, is shifting northward as the Central/South American population expands
into the Gulf of Mexico (King, Ward ¢ Zimmerman, 1994; Varney et al., 2009; Anderson et
al., 2014). Despite multiple distinct population segments only one complete mitochondrial
DNA genome of the eastern oyster (Crassostrea virginica) is available in the U.S. National
Center for Biotechnology Information, GenBank (Milbury ¢» Gaffney, 2005). This oyster
was collected in Delaware along the Atlantic coast, and the mitochondrial genome was
sequenced as part of assembling the entire C. virginica genome (Gdmez-Chiarri et al., 2015).

Next-generation sequencing (NGS) is becoming increasingly wide-spread in population
genetic studies; however, historic research has often been performed using single or
multiple mitochondrial loci making it difficult to make direct comparisons unless secondary
sequencing of the mitochondrial loci is performed (Hurst & Jiggins, 20055 van Dijk et al.,
2014). The ability to create mitochondrial genome assemblies by mapping NGS data to
a reference genome allows for contemporary high-resolution sequencing to continue
without sacrificing the ability to compare to historic mitochondrial based work, which
is of particular importance in a system as ecologically and economically important as C.
virginica.

Here we demonstrate a method to: (1) assemble mitochondrial genomes with pooled
restriction site associated DNA sequences (ezRAD; Toonen et al., 2013) from the northern
Gulf of Mexico C. virginica population, (2) confirm that the mitochondrial genomes
generated by pooled ezZRAD are reliable by testing whether it conforms to expectations of
mitochondrial DNA, and (3) assess the performance of population genetic inferences by
comparison with a previously unpublished survey of genetic diversity with ND4 mtDNA
using Sanger sequencing of individuals. Finally, we perform a population genetic analysis
on the full mitochondrial genomes to evaluate genetic diversity and population structure
across the mitochondrial genome of C. virginica within the northern Gulf of Mexico
population, in the region where the population boundary is currently shifting north (King,
Ward & Zimmerman, 1994; Varney et al., 2009; Anderson et al., 2014).

METHODS

Collection and RADseq sample preparation

Fifty-eight C. virginica oysters were collected in the summer of 2013 from three bays
along the mid-Texas Gulf coast: Copano Bay, San Antonio Bay, and Matagorda Bay
(Fig. 1B). DNA from C. virginica mantle tissue was extracted using the Omega E-Z 96®
Tissue DNA Kit. Gel electrophoresis on a 1% agarose gel in 1x Tris-acetate-EDTA (TAE)
was used to assess the length distribution of isolated DNA fragments in all samples.
Beckman-Coulter SPRIselect paramagnetic beads were used to isolate high molecular
weight DNA using 0.4x bead to sample reaction ratio. Inspection of size-selected samples
was conducted using gel electrophoresis and samples exhibiting successful removal of
low molecular weight DNA were used for ezZRAD library preparation (Toonen et al.,
2013). DNA concentrations were obtained with the Biotium AccuBlue High-Sensitivity
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Figure 1 Map of population structure of C. virginica and sampling locations. Map (A) showing the
distribution of C. virginica including areas of observed genetic breaks separating the four distinct popu-
lations. Map (B) of the sampling locations of this study along the Coastal Bend of Texas, USA, including:
Copano, Matagorda, and San Antonio Bays, near the boundary between the Western Gulf of Mexico and
Central/South American populations.

Full-size & DOI: 10.7717/peerj.12205/fig-1
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fluorescence assay on a Molecular Devices SpectraMax M3 plate reader. Sample DNA
concentrations were then equalized and pooled (9-10 individuals/pool, 2 pools/bay). The
DNA was not barcoded by individual and thus we were unable to assign sequence reads to
individuals, only to pools of individuals. Pooled ezZRAD libraries were prepared with the
[Nlumina TruSeq Nano DNA LT kit (Toonen et al., 2013) in the Genomics Core Laboratory
at Texas A&M University - Corpus Christi. Modifications to the ezZRAD protocol, such as
incorporating the with-bead technique (Fisher et al., 2011), were used to reduce cost and
minimize losses of DNA. Pools of genomic DNA were purified with Beckman-Coulter
AmpureXP beads, eluted with nanopure water and digested with the isoschizomers, Mbol
and Sau3Al. AmpureXP beads remained in the samples and were reactivated with PEG
(3M NacCl in 20% polyethylene glycol) upon completion of each reaction step. Samples
were then processed following the Illumina TruSeq DNA Sample Prep Kit protocol at 1/3rd
reaction volumes, and libraries were quantitated using the Kapa Library Quantification Kit
on an Applied Biosystems StepOnePlus Real-Time PCR system. Library concentrations
were normalized, and the libraries were sent to the Genomic Sequencing and Analysis
Facility at the University of Texas at Austin for paired-end 100 bp sequencing on an
[lumina HiSeq 2500.

Sequence processing and mitochondrial genome assembly
After sequencing, FAsTQC (Andrews, 2010) was used to assess the quality of the sequences.
Trim GaLore! (Krueger, 2015) was used to remove adapters, restriction site sequences, base
pairs with a Phred quality score below 15, and any reads that were below 50 base pairs in
length after trimming. The trimmed reads were mapped to the existing Atlantic C. virginica
mitochondrial genome using the Bwa MEM Burrows-Wheeler Aligner (Li ¢ Durbin, 2010)
to assemble pooled-genome-assembled genomes (PAGs) for each of the six pools of Texas
oysters. All discussion of genomes from here forward refers to mitochondrial genomes. To
differentiate between a genome assembly of a single individual and multiple individuals, we
followed the terminology of Parks et al. (2017); metagenome-assembled genomes, MAGs)
and termed genomes assembled from multiple individuals as pooled-genome-assembled
genomes (PAGs). Prior to genotyping, alignments were filtered if they did not exceed
an alignment score threshold of 50. Variants (SNPs) were called using FREEBAYES with
the ploidy-aware -j option (Garrison ¢» Marth, 2012) and filtered if the overall depth of
coverage was less than 10 or the PHRED quality was less than 30. Additionally, all indels
and SNPs containing more than one alternative allele were filtered from this analysis. A
northern Gulf of Mexico consensus PAG was constructed from the six pooled libraries
using Cavener’s (1987) method. Bases with a read depth less than 3 were considered
to not have been reliably sequenced and were excluded from creation of the consensus
sequence. The northern Gulf of Mexico consensus PAG was annotated based on the existing
Atlantic mitochondrial genome to investigate the relative number of SNPs in coding versus
noncoding regions of the genome.

Pool-specific consensus PAGs were generated by assigning each position to the base
representing more than 50% of the sample within the pool. Any base that was not sequenced
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in a pool was coded as N. If a position had exactly 50% of the reference and alternate base,
then IUPAC nucleotide codes were used.

Mitochondrial genome structure
We tested if the Gulf of Mexico consensus PAG met Chargaft’s second rule of parity
(Chargaff, 19515 Rudner, Karkas & Chargaff, 1968) using a pair of x? tests to determine if
the frequency of adenine is similar to thymine and if the frequency of guanine is similar to
cytosine. To compare the percentage of adenine and thymine to the reference mitochondrial
genome from the Atlantic, we performed an exact binomial test, testing if the observed AT
frequency in our consensus sequence differed from that found in the reference genome.
As a method of confirming the validity of the PAGs, we tested the well-established
hypotheses that there will be relatively more SNPs in non-coding regions of the genome
and in the third-codon position of coding regions. To test if the PAGS follow these
hypotheses, the frequency of SNPs was determined based on both codon position and
sequence type (control, other non-coding, gene, tRNA, or rRNA regions of the sequence)
and was analyzed using a x? test based on the null hypothesis that each position and
sequence type is equally likely to contain a SNP based on the frequency of occurrence
within the genome.

Population genetics

We performed a basic population genetic analyses at the continental scale, comparing the
level of genetic differentiation between the Atlantic and Gulf of Mexico and at the local
scale investigating population structure among sampled Texas Bays near the population
break between the Gulf of Mexico and Central/South American C. virginica populations.
First, Kimura’s two-parameter genetic distance was calculated using the R package APE
(Kimura, 19805 Paradis & Schliep, 2018) to measure the level of genetic differentiation
between the Atlantic and Gulf of Mexico consensus sequences. We additionally, created
a haplotype network of the six consensus PAGs and the reference Atlantic genome using
only the positions with a single base present across all seven genomes using the POPART
implementation of the TCS network algorithm (Clement et al., 2002; Leigh ¢» Bryant, 2015).

To analyze the population diversity and structure among the three bays we calculated
the average nucleotide diversity across all bays (Nei ¢ Li, 1979). We also performed an
AMOVA to calculate the global Fcr among bays (Excoffier, Smouse & Quattro, 1992). Due
to the pooled nature of the mitochondrial sequencing, we also calculated the Fsc of pools
within bays. The AMOVA was performed using the PEGAs implementation within POPPR
(Paradis, 2010; Kamvar, Tabima ¢ Griinwald, 2014).

A maximum-likelihood phylogenetic tree was created using one representative
mitochondrial genome from each Crassostrea species available on NCBI, the consensus Gulf
of Mexico PAG derived here, and Ostrea as an outgroup. The whole mitogenome markers
were aligned and trimmed to a shared 24,715 bp core region using Msa (Bodenhofer et al.,
2015), which includes insertions. The best model of nucleotide evolution as identified by
minimizing BIC and determined to be a GTR+G+I model. Initial trees were determined
using neighbor joining with stochastic branch swapping and nearest neighbor interchange
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used to identify the maximume-likelihood tree. Branch support was assessed using 1,000
bootstrap replicates and stochastic branch rearrangement. Determination of the best
model of nucleotide evolution and tree construction and bootstrapping was performed
using PHANGORN (Schliep, 2011).

Collection and sanger sequencing

To compare the diversity and population structure results from PAGS with those obtained
with traditional sequencing, we utilized a previously unpublished study that targeted
NADH dehydrogenase subunit 4 gene (ND4) using PCR and Sanger sequencing. This
locus was originally selected due to its high degree of variability, but here it was a
convenient dataset to compare results from the different methodologies. Oysters were
purchased in 2007 from local suppliers which were harvested from the same three bays as
the sampling for RAD sequencing (Copano, Matagorda, San Antonio Bays). Oysters were
refrigerated or frozen prior to being shucked and stored in 70% ethanol. Total genomic
DNA was extracted from approximately 25 mg of gill and/or mantle tissue from up to 26
oysters from each location (Copano: 23, Matagorda: 26, San Antonio: 21) using a Qiagen
DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA). The ND4 was amplified
using the following primers: F1: 5-TCAGATTATTGCGATGACTAATGC-3"and R1: 5'-
GTGGCCCACAAATCTCACTTT -3’and F2: 5-TCAGATTATTGCGATGACTAATGC-
3’and R2: 5-GTGGCCCACAAATCTCACTTT-3". Primers were amplified using the
following conditions: 1X GoTaq Green (Promega), 1uM each primer, approximately 10
nM DNA in a 20 pL reaction. Thermocycling conditions consisted of an initial denaturation
step of 2 min at 95 °C, 35 cycles 0of 95 °C for 305, 55 °C for 30 s, and 72 °C for 1 min, followed
by a final elongation step at 72 °C and an indefinite hold at 4 °C. PCR product was then sent
to MCLabs (San Francisco, CA USA) for purification and sequencing in both directions
with the same primers. Sequences were cleaned and aligned in Sequencher Version 4.8
(Gene Codes, Ann Arbor, MI, USA) and trimmed to 1149 bp. All sanger-sequenced ND4
haplotypes can be found on GenBank (Accession: JN208241 —JN208352).

Comparison of ND4 results between Sanger sequencing and

RAD sequencing

To compare the results from the RAD and Sanger sequencing we repeated the calculations
of nucleotide diversity and among bay population structure using both the ND4 locus
extracted from the PAGs and the Sanger sequenced ND4 locus. We compared the resulting
nucleotide diversities using 10,000 Monte Carlo simulations to determine if the observed
difference in estimated nucleotide diversities is significant (North, Curtis & Sham, 2002).
Due to differences in sampling design, we compared the Fsr derived from Sanger sequencing
with the Fcr derived from the ND4 locus of the PAGs generated with RAD sequencing.

RESULTS

The optimized ezRAD library preparation protocol resulted in 97% of the 38,180,502
sequence reads passing quality trimming. After sequence trimming, 95% of reads were
between 91 and 94 base pairs in length. Of these reads, 47,213 (0.13%) mapped to the
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Delaware oyster mitochondrial genome from the Atlantic population, and the remaining

reads were assumed to be from the C. virginica nuclear genome. We recovered 98% of the
C. virginica mitochondrial genome, with only 308 out of 17,244 nucleotides sequenced in

fewer than two reads (Fig. 2). After filtering, we detected 661 SNPs with a median depth of
coverage of 69 and 16,275 monomorphic bases with a median depth of coverage of 45.

Composition of the mitochondrial PAGs

The northern Gulf of Mexico Crassostrea virginica mitochondrial consensus PAG contains
17,244 base pairs, with a nucleotide composition of 4,473 adenine (26%), 5,854 thymine
(34%), 2,782 cytosine, (16%), 3,824 guanine (22%), 308 A/T/C/G (1.8%), one A/G
(0.01%), and two C/T (0.01%). The nucleotide composition did not follow Chargaft’s
second rule of parity (A%~T% x?(1) = 184.68, p << 0.001, G%~C% x?*(1) = 164.36,

p <<0.001, (Chargaff, 1951; Rudner, Karkas ¢ Chargaff, 1968) where purine - pyrimidine
pairs are expected to occur in equal proportions (A%~T% and G%~C%), but violations
of Chargaff’s rule are commonly observed in other mitochondrial genomes (Nikolaou ¢
Almirantis, 2006; Mitchell ¢ Bridge, 2006). Indeed, the Delaware mitochondrial genome

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 8/21


https://peerj.com
https://doi.org/10.7717/peerj.12205/fig-2
http://dx.doi.org/10.7717/peerj.12205

Peer

from the Atlantic population had very similar nucleotide composition (A: 26%, T: 35%,
C: 16%, G: 22%) and also did not follow Chargaff’s second rule of parity (A%~T%
X%y = 115.44, p << 0.001, G%~C% x*(1) = 88.72, p << 0.001). There was an
overabundance of thymine (33.95%) relative to adenine and an under-abundance of
cytosine (16.13%) relative to guanine. The total number of AT base pairs was greater than
that of GC base pairs, which was expected because it is known that the non-coding control
region is AT-rich to facilitate strand separation at the onset of DNA replication. The AT
composition for the northern Gulf of Mexico mitochondrial genome was 61.0% (95% CI
60.2%—61.7%) which is not significantly different from the Atlantic mitochondrial genome
(61.1%, p =0.765, Milbury & Gaffney, 2005).

All coding regions of the mitochondrial genome had at least 97% sequencing coverage
except the second location encoding tRNA-Met which was sequenced across 44.8% of the
sequence (Table 1). Polymorphisms occurred within all protein and rRNA coding regions
and 12 of the 23 tRNA coding regions. Polymorphisms occurred more frequently than
expected in both non-coding regions (6.2%) and the third position of codons (7.9%) and
less frequently in the first (2.1%) and second positions (1.0%, X2(6) =632.11, p < 0.0001,
Fig. 3A). Additionally, among non-coding regions the control region had the highest
proportion of SNPs (7.6%) while all other non-coding regions had a 5.2% frequency of
SNPs. Both non-coding regions had higher genetic diversity than coding regions. Further
we found that protein coding genes had a higher frequency (4.4%) of SNPs than either
tRNA (1.2%) or rRNA (1.6%) encoding regions which were similar (x?( ) = 331.19,

p < 0.0001, Figs. 3B, 4).

Phylogeny, haplotype network & population structure

The consensus PAG from the northern Gulf of Mexico was found to be sister to the C.
virginica mitochondrial genome representing the northern Atlantic population (Fig. 5) with
a genetic distance of 0.022 and high bootstrap support (100%). In agreement with other
studies, we found the most closely related species to C. virginica is C. gasar (Fig. 5, Cavaleiro
et al., 2016; Wang et al., 2021; Salvi et al., 2021). The Alectryonella plicatula positioned
sister to Crassostrea gigas is a possibly misidentified C. gigas specimen (Salvi et al., 2021).
The clade containing C. gigas, C. angulata, C. sikamea, C. ariakensis, C. hongkongensis,

C. nippona, C. iredalei, and C. belcheri has been alternatively reclassified as the genus
Magallana (Salvi, Macali & Mariottini, 20145 Salvi ¢ Mariottini, 2016). The six consensus
PAGs from the northern Gulf of Mexico were much more closely related to each other
(1-14 mutational differences; Fig. 6), than to the Atlantic mitochondrial genome (273-284
mutational differences). Using the six consensus bay PAGs we observed a nucleotide
diversity of 0.00241 (£0.0012) and found no population structure among bays (Fcr =
—0.037; p=0.999) but did observe a significant pool effect within bays (Fsc = 0.198;

p < 0.001), as was the case for NDA4.

Comparison of genetic diversity and structure between PAGs

and sanger sequence (ND4)

There was no evidence of a significant difference in the nucleotide diversity calculated
from samples using Sanger sequencing or the ND4 locus extracted from the PAGs (7
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Table 1 Median coverage and number of each type of base found in each genetic feature of the mitochondrial genome.

Feature type Feature Median Number of Number of SNPs ~ Number of Percentage of = SNP percent
coverage  invariant bases unsequenced  feature
bases sequenced
Non-Coding Control Region 36 728 60 44 94.7 7.6
Non-Coding Other Non-Coding 21 1126 62 77 93.9 5.2
Gene ATP6 40 647 26 2 99.7 3.9
Gene COX2 10 662 11 20 97.1 1.6
Gene COX3 25 840 32 0 100.0 3.7
Gene COXI 52 1547 66 10 99.4 4.1
Gene CYTB 49 1145 54 14 98.8 4.5
Gene ND1 212 855 57 24 97.4 6.2
Gene ND2 30 945 38 13 98.7 3.9
Gene ND3 992 333 18 3 99.2 5.1
Gene ND4 68 1256 68 26 98.1 5.1
Gene ND4L 33 276 4 100.0 1.4
Gene ND5 80 1569 90 99.5 5.4
Gene ND6 45.5 439 19 99.1 4.1
rRNA Large Subunit 1 40 711 10 100.0 1.4
rRNA Large Subunit 2 10 730 8 10 98.7 1.1
rRNA Small Subunit 90.5 956 20 13 98.7 2.0
tRNA tRNA-Ala 63 64 2 0 100.0 3.0
tRNA tRNA-Arg 43 65 1 0 100.0 1.5
tRNA tRNA-Asn 38 70 0 0 100.0 0.0
tRNA tRNA-Asp 23 69 2 0 100.0 2.8
tRNA tRNA-Cys 26 63 4 0 100.0 6.0
tRNA tRNA-GIn 151 65 2 2 97.1 3.0
tRNA tRNA-Glu 101 69 0 0 100.0 0.0
tRNA tRNA-Gly 47 65 0 0 100.0 0.0
tRNA tRNA-His 101 64 1 0 100.0 1.5
tRNA tRNA-Ile 926 65 1 0 100.0 1.5
tRNA tRNA-Leu 1 8 67 0 0 100.0 0.0
tRNA tRNA-Leu 2 96 71 0 0 100.0 0.0
tRNA tRNA-Lys 14 68 0 0 100.0 0.0
tRNA tRNA-Met 1 80 63 1 0 100.0 1.6
tRNA tRNA-Met 2 7 30 0 37 44.8 0.0
tRNA tRNA-Phe 70 65 1 0 100.0 1.5
tRNA tRNA-Pro 13 68 1 0 100.0 1.4
tRNA tRNA-Ser 1 5 71 0 0 100.0 0.0
tRNA tRNA-Ser 2 3 74 0 0 100.0 0.0
tRNA tRNA-Thr 57 68 1 0 100.0 1.4
tRNA tRNA-Trp 27 66 1 0 100.0 1.5
tRNA tRNA-Tyr 17 75 0 0 100.0 0.0
tRNA tRNA-Val 15 65 0 0 100.0 0.0
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= 0.00427 £ 0.0023, 7 = 0.00302 % 0.0017 respectively, p = 0.479). Neither exhibited
statistically significant population structure among bays (Sanger: Fst = 0.0059, p =0.191;
PAGs: Fcr = —0.0130; p =0.725). However, we did find a significant pool effect within
bays (Fsc =0.107; p=0.002) when analyzing only the ND4 locus.

DISCUSSION

Assessment of mitochondrial PAG validity

In comparison to the first, unoptimized, ezZRAD datasets (Toonen et al., 2013), the
optimized library preparation protocol employed here yields higher quality data (2.78%
of reads were filtered for low-quality versus 46.00 £ 7.21% SE filtered for low-quality by
Toonen et al., 2013). The increased quality of the resulting data was suitable to assemble
mitochondrial genome sequences as a byproduct. The ability to assemble mitochondrial
genomes from ezRAD data has also been demonstrated for corals (Tisthammer et al., 2016).
The small percentage of reads that mapped to the C. virginica mitochondrial genome
(0.13%) was expected because mitochondrial DNA comprised a small percentage of the
total targeted RAD loci. Indeed, the nuclear genome of C. virginica has approximately 675
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Figure 5 Mitochondrial Genome based phylogeny of Crassostrea spp. Maximum-likelihood phyloge-
netic relationships among Crassostrea spp. based on their mitochondrial genomes. Text in parentheses af-
ter species names are the accession numbers for each sequence used and numbers on the tree represent
bootstrap support values (any bootstrap support values less than 60% are not displayed). The scale bar
represents the proportion of sites that segregate the partial genomes.
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million nucleotides (Goldberg et al., 1975) and the mitochondrial genome is only 17,244
nucleotides (Milbury & Gaffney, 2005).

The assembly of the pooled mitochondrial genomes from several oysters produced
PAGs with patterns of genetic variation that met a priori expectations. In comparison to
the previously published mitochondrial genome, there was a nearly identical distribution
of nucleotides (61.0% A/T compared to 61.1% A/T) and nucleotide diversity. While
Chargaff’s (1968) rule of parity was violated, it is also violated by the published C. virginica
genome (Milbury ¢ Gaffney, 2005). This result is ubiquitous in animal mitochondria
and has been linked to the method of mitochondrial replication in animals (Nikolaou ¢
Almirantis, 2006). To further validate the PAGs, we tested the hypotheses that there should
be increased genetic diversity in non-coding regions (Kimura, 1991) and in the third codon
position (wobble position; Crick, 1966; Kimura, 1991). The PAGs met the predictions of
increased genetic diversity in both non-coding regions and in the third codon position
within coding regions (Fig. 3).

There was no evidence for rearrangements of the mitochondrial genome of C. virginica
in the northern Gulf of Mexico population relative to that in the North Atlantic, nor were
they expected. Ren et al. (2010) found that six Pacific species of Crassostrea exhibited no
gene rearrangements, and we know of no examples of rearrangements within a Crassostrea
species. Ren et al. (2010) did identify 6 transpositions and 3 duplications of tRNAs between
Pacific Crassostrea spp. and C. virginica, demonstrating that there can be differences among
species within the genus. In the present study, there was a low percent of tRNA-Met 2
sequences with >3x coverage (48%) relative to other regions (93.9-100%, Table 1), but
visual inspection of the alignment maps revealed that there were a small number of well
aligned reads across pools that anchor tRNA-Met 2 in the same position as in the North
Atlantic C. virginica. The only other locations that were not spanned by any reads had the
recognition site of the restriction enzymes we used to digest the genome, and thus we would
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not expect reads to span those positions unless they had polymorphisms that affected their
digestion. It should be noted that constructing PAGs by mapping to a reference genome
will generally only work well when there are no chromosomal rearrangements, otherwise
de novo assembly would be required.

Comparison of RAD PAGs to sanger amplicons and genome
assembly

Both the population genetic structure inferred with Sanger sequenced ND4 amplicons and
the evolutionary reconstructions based on whole mitogenomes produced the similar results
when using RAD PAGs or the original data source. In the evolutionary reconstruction of
Crassostrea mitochondrial genomes, the Gulf of Mexico consensus PAG and northern
Atlantic genome were statistically significant sister haplotypes, demonstrating the utility
of PAG data for phylogenetic analysis. Further, there were no significant differences
between the estimated nucleotide diversity or population structure in the ND4 locus
using either traditional Sanger sequencing methods or the mitochondrial PAGs derived
from RAD sequencing data. It is important, however, to process multiple pools from
the same location to flag artifacts associated with pooled RAD sequencing. Indeed, there
was structure detected between two pools of RAD data from the same bay likely due

to artifacts, but no structure was detected between bays, as with the Sanger data. The
consistency of these suggests that future research using NGS techniques like ezZRAD that
allow mitochondrial reconstruction can be directly compared to historic research using
only mitochondrial loci. This is likely to be particularly helpful in documenting temporal
shifts in spatial population structure or genetic diversity as it allows for comparisons to
previously published research. It is also useful for identifying the species given that the
present DNA barcoding databases are mostly comprised of mitochondrial sequences for
marine animals, and it can be problematic to genetically assign species identity with RAD
data sets from non-model species.

While it would have been ideal to directly Sanger sequence the same individuals that
were subjected to ezRAD, we did not have the resources to do this. However, demonstrating
a similar lack of population genetic structure across the same bays, albeit at different time
points, and comparing phylogenetic divergence within the northern Gulf of Mexico PAGs
with their divergence from the northern Atlantic mitochondrial genome constructed from
Sanger data does provide support that the PAGs are valid.

Phylogeny and population genetic structure of C. virginica
The northern Gulf of Mexico C. virginica PAGs were significantly differentiated from the
northern Atlantic C. virginica genome. Among the Texas PAGs, we found an average genetic
divergence of 0.049%, which was 44-fold less than between Texas and the northern Atlantic,
suggesting the possibility of cryptic speciation and warranting further investigation (Hebert
et al., 2004; Ward, 2009).

When using the complete PAGs, there was no population structure among the surveyed
Copano, Matagorda, and San Antonio bays. South Texas bays and estuaries are typified
by long residence times due to minimal freshwater inflow and tidal mixing with the bays
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we surveyed ranging from ~50 days up to more than 350 days (Solis ¢» Powell, 1998).
Given that the larval duration of C. virginica is estimated to be only 15 -25 days, our initial
assumption would be minimal gene flow between distinct populations in the bays (Kennedy,
1996). However, there is primarily wind driven direct exchange of surface water between
bays through the Gulf Intracoastal Waterway (Schroeder & Wiseman, 1998; East, 2001)
which is likely to promote geneflow. This may be the mechanism facilitating transport of
larvae near the surface between bays without entering the Gulf of Mexico. The distribution
of C. virginica larvae in the water column is a result of the specific physical characteristics of
the system (e.g., stratification, flow velocities) and their interaction with biological aspects
(e.g., swimming, selective feeding, larval stage; (Dekshenieks et al., 1996; Finelli ¢ Wethey,
2003; Kim et al., 2010). Hence, there might be occasions which facilitate the exchange of
larvae between bays directly through the linked surface waters.

CONCLUSION

As reduced representation genome sequencing becomes more commonly used in
population genetic research, it becomes difficult to incorporate previous findings using
lower density markers. Various mitochondrial markers have seen widespread use in
population and phylogenetic studies as well as species delimitation and other research
avenues. Here we demonstrated the validity of mitochondrial sequence data extracted
from ezRAD libraries for both population and phylogenetic inquiry. This allows studies
using the higher density markers the ability to compare results to previous research using
mitochondrial markers.

ACKNOWLEDGEMENTS

This manuscript was the result of a senior capstone Project of Excellence in the TAMU-CC
Honors Program. This research would not have been possible without the laboratory
and technical assistance of Courtney Lee, Jackie Reuther, and Evan Krell. We would also
like to thank Melissa McCutcheon and Lynette Strickland for helpful discussion on the
manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The initial ND4 Sanger sequencing research was supported by a 2007 Texas Research
Development Fund Grant to R Deborah Overath and 2008 Texas Research Development
Grant to R Deborah Overath and Brandi L. Kutil. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
2007 Texas Research Development Fund.

2008 Texas Research Development Grant.

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 15/21


https://peerj.com
http://dx.doi.org/10.7717/peerj.12205

Peer

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Chani R. Rue conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

e Jason D. Selwyn conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

e Patricia M. Cockett, Lauren Gurski and Luz Angela Lépez de Mesa performed the
experiments, prepared figures and/or tables, authored or reviewed drafts of the paper,
and approved the final draft.

e Bryan Gillis, Philip Jose, Brandi L. Kutil and Sharon F. Magnuson performed the
experiments, authored or reviewed drafts of the paper, and approved the final draft.

e R Deborah Overath and Delbert Lee Smee conceived and designed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.

e Christopher E. Bird conceived and designed the experiments, analyzed the data, prepared

figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:
The raw ezRAD sequences are available at GenBank: SAMN18515112-SAMN18515117.
The Sanger sequenced NADH dehydrogenase subunit 4 gene are available at GenBank:
JN208241 —JN208352.

Data Availability
The following information was supplied regarding data availability:
All data and code are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12205#supplemental-information.

REFERENCES

Anderson JD, Karel W], Mace CE, Bartram BL, Hare MP. 2014. Spatial genetic features
of eastern oysters (Crassostrea virginica Gmelin) in the Gulf of Mexico: northward
movement of a secondary contact zone. Ecology and Evolution 4:1671-1685
DOI 10.1002/ece3.1064.

Andrews S. 2010. FastQC: a quality control tool for high throughput sequence data.
Available at http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 16/21


https://peerj.com
https://www.ncbi.nlm.nih.gov/sra/SAMN18515112
https://www.ncbi.nlm.nih.gov/sra/SAMN18515117
http://www.ncbi.nlm.nih.gov/nuccore/JN208241
http://www.ncbi.nlm.nih.gov/nuccore/JN208352
http://dx.doi.org/10.7717/peerj.12205#supplemental-information
http://dx.doi.org/10.7717/peerj.12205#supplemental-information
http://dx.doi.org/10.7717/peerj.12205#supplemental-information
http://dx.doi.org/10.1002/ece3.1064
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://dx.doi.org/10.7717/peerj.12205

Peer

Beck MW, Brumbaugh RD, Airoldi L, Carranza A, Coen LD, Crawford C, Defeo O,
Edgar GJ, Hancock B, Kay MC, Lenihan HS, Luckenbach MW, Toropova CL,
Zhang G, Guo X. 2011. Oyster reefs at risk and recommendations for conservation,
restoration, and management. BioScience 61:107—-116 DOI 10.1525/bio.2011.61.2.5.

Bodenhofer U, Bonatesta E, Horej$-Kainrath C, Hochreiter S. 2015. msa: an
R package for multiple sequence alignment. Bioinformatics 31:3997-3999
DOI 10.1093/bioinformatics/btv494.

Buroker NE. 1983. Population genetics of the American oyster Crassostrea virginica
along the Atlantic coast and the Gulf of Mexico. Marine Biology 75:99-112
DOI 10.1007/BF00392635.

Cavaleiro NP, Solé-Cava AM, Melo CMR, Almeida LG de, Lazoski C, Vasconcelos ATR.
2016. The complete mitochondrial genome of Crassostrea gasar (Bivalvia: Ostreidae).
Mitochondrial DNA Part A 27:2939-2940 DOI 10.3109/19401736.2015.1060450.

Cavener DR. 1987. Comparison of the consensus sequence flanking translational
start sites in Drosophila and vertebrates. Nucleic Acids Research 15:1353-1361
DOI 10.1093/nar/15.4.1353.

Chargaff E. 1951. Structure and function of nucleic acids as cell constituents. In:
Federation proceedings, 654—659.

Clement M], Snell Q, Walker P, Posada D, Crandall KA. 2002. TCS: estimating gene ge-
nealogies. In: Parallel and distributed processing symposium, international proceedings,
184.

Crick FHC. 1966. Codonanticodon pairing: The wobble hypothesis. Journal of Molecular
Biology 19:548-555 DOI 10.1016/50022-2836(66)80022-0.

Dekshenieks MM, Hofmann EE, Klinck JM, Powell EN. 1996. Modeling the vertical
distribution of oyster larvae in response to environmental conditions. Marine Ecology
Progress Series 136:97—-110 DOI 10.3354/meps136097.

East JW. 2001. Discharge Between San Antonio Bay and Aransas Bay, Southern Gulf
Coast, Texas, May—1999. U.S. Geological Survey in cooperation with Texas Water
Development Board, Fact Sheet 082-01.

Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of molecular variance inferred from
metric distances among DNA haplotypes: application to human mitochondrial DNA
restriction data. Genetics 131:479-491 DOIT 10.1093/genetics/131.2.479.

Finelli CM, Wethey DS. 2003. Behavior of oyster (Crassostrea virginica) larvae in flume
boundary layer flows. Marine Biology 143:703-711 DOI 10.1007/500227-003-1110-z.

Fisher S, Barry A, Abreu J, Minie B, Nolan J, Delorey TM, Young G, Fennell TJ, Allen
A, Ambrogio L. 2011. A scalable, fully automated process for construction of
sequence-ready human exome targeted capture libraries. Genome Biology 12:R1
DOI 10.1186/gb-2011-12-1-r1.

Galtsoff PS. 1964. The american oyster Crassostrea virginica Gmelin. US Fish and Wildlife
Service Fishery Bulletin 64:1-4380.

Garrison E, Marth G. 2012. Haplotype-based variant detection from short-read sequenc-
ing. ArXiv preprint. arXiv:1207.3907.

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 17/21


https://peerj.com
http://dx.doi.org/10.1525/bio.2011.61.2.5
http://dx.doi.org/10.1093/bioinformatics/btv494
http://dx.doi.org/10.1007/BF00392635
http://dx.doi.org/10.3109/19401736.2015.1060450
http://dx.doi.org/10.1093/nar/15.4.1353
http://dx.doi.org/10.1016/S0022-2836(66)80022-0
http://dx.doi.org/10.3354/meps136097
http://dx.doi.org/10.1093/genetics/131.2.479
http://dx.doi.org/10.1007/s00227-003-1110-z
http://dx.doi.org/10.1186/gb-2011-12-1-r1
http://arXiv.org/abs/1207.3907
http://dx.doi.org/10.7717/peerj.12205

Peer

Goldberg RB, Crain WR, Ruderman JV, Moore GP, Barnett TR, Higgins RC, Gelfand
RA, Galau GA, Britten RJ, Davidson EH. 1975. DNA sequence organization in the
genomes of five marine invertebrates. Chromosoma 51:225-251.

Gomez-Chiarri M, Warren WC, Guo X, Proestou D. 2015. Developing tools
for the study of molluscan immunity: The sequencing of the genome of the
eastern oyster, Crassostrea virginica. Fish ¢ Shellfish Immunology 46:2—4
DOI 10.1016/j.£51.2015.05.004.

Grabowski JH, Brumbaugh RD, Conrad RF, Keeler AG, Opaluch JJ, Peterson CH,
Piehler MF, Powers SP, Smyth AR. 2012. Economic valuation of ecosystem services
provided by oyster reefs. BioScience 62:900-909 DOI 10.1525/bi0.2012.62.10.10.

Gregalis KC, Johnson MW, Powers SP. 2009. Restored oyster reef location and de-
sign affect responses of resident and transient fish, crab, and shellfish species in
mobile Bay, Alabama. Transactions of the American Fisheries Society 138:314—327
DOI 10.1577/T08-041.1.

Hare MP, Avise JC. 1996. Molecular genetic analysis of a stepped multilocus cline in the
American oyster (Crassostrea virginica). Evolution 50:2305-2315.

Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM. 2004. Identification of birds
through DNA barcodes. PLOS Biology 2:e312 DOI 10.1371/journal.pbio.0020312.

Hoover CA, Gaffney PM. 2005. Geographic variation in nuclear genes of the eastern
oyster, Crassostrea Virginica Gmelin. Journal of Shellfish Research 24:103—113
DOI10.2983/0730-8000(2005)24[103:GVINGO]2.0.CO;2.

Hurst GD, Jiggins FM. 2005. Problems with mitochondrial DNA as a marker in
population, phylogeographic and phylogenetic studies: the effects of inherited
symbionts. Proceedings of the Royal Society B: Biological Sciences 272:1525-1534
DOI 10.1098/rspb.2005.3056.

Kamvar ZN, Tabima JF, Griinwald NJ. 2014. Poppr: an R package for genetic analysis of
populations with clonal, partially clonal, and/or sexual reproduction. Peer] 2:e281
DOI 10.7717/peer;j.281.

Karl SA, Avise JC. 1992. Balancing selection at allozyme loci in oysters: implications from
nuclear RFLPs. Science 256:100-102 DOI 10.1126/science.1348870.

Kennedy VS. 1996. Biology of larvae and spat. In: Kennedy VS, Newell RIE, Eble AF, eds.
The Eastern Oyster: Crassostrea virginica, College Park, MD: University of Maryland
Sea Grant Publications, 371-421.

Kim C-K, Park K, Powers SP, Graham WM, Bayha KM. 2010. Oyster larval trans-
port in coastal Alabama: dominance of physical transport over biological be-
havior in a shallow estuary. Journal of Geophysical Research: Oceans 115:C10019
DOI 10.1029/2010JC006115.

Kimura M. 1980. A simple method for estimating evolutionary rates of base substitutions
through comparative studies of nucleotide sequences. Journal of Molecular Evolution
16:111-120 DOI 10.1007/BF01731581.

Kimura M. 1991. The neutral theory of molecular evolution: a review of recent evidence.
Japanese Journal of Genetics 66:367—386 DOI 10.1266/jjg.66.367.

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 18/21


https://peerj.com
http://dx.doi.org/10.1016/j.fsi.2015.05.004
http://dx.doi.org/10.1525/bio.2012.62.10.10
http://dx.doi.org/10.1577/T08-041.1
http://dx.doi.org/10.1371/journal.pbio.0020312
http://dx.doi.org/10.2983/0730-8000(2005)24[103:GVINGO]2.0.CO;2
http://dx.doi.org/10.1098/rspb.2005.3056
http://dx.doi.org/10.7717/peerj.281
http://dx.doi.org/10.1126/science.1348870
http://dx.doi.org/10.1029/2010JC006115
http://dx.doi.org/10.1007/BF01731581
http://dx.doi.org/10.1266/jjg.66.367
http://dx.doi.org/10.7717/peerj.12205

Peer

King TL, Ward R, Zimmerman EG. 1994. Population structure of eastern oys-
ters (Crassostrea virginica) inhabiting the Laguna Madre, Texas, and adjacent
bay systems. Canadian Journal of Fisheries and Aquatic Sciences 51:215-222
DOI 10.1139/194-307.

Kirby MX. 2004. Fishing down the coast: historical expansion and collapse of oyster
fisheries along continental margins. Proceedings of the National Academy of Sciences
of the United States of America 101:13096-13099 DOI 10.1073/pnas.0405150101.

Kroeger T. 2012. Dollars and Sense: economic benefits and impacts from two oyster reef
restoration projects in the Northern Gulf of Mexico. The Nature Conservancy 101.

Krueger F. 2015. “Trim galore.” A wrapper tool around Cutadapt and FastQC to
consistently apply quality and adapter trimming to FastQ files. Available at
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore.

Leigh JW, Bryant D. 2015. popart: full-feature software for haplotype network construc-
tion. Methods in Ecology and Evolution 6:1110-1116 DOI 10.1111/2041-210X.12410.

Li H, Durbin R. 2010. Fast and accurate long-read alignment with Burrows—Wheeler
transform. Bioinformatics 26:589-595 DOI 10.1093/bioinformatics/btp698.

Milbury CA, Gaffney PM. 2005. Complete mitochondrial DNA sequence of the eastern
oyster Crassostrea virginica. Marine Biotechnology 7:697-712
DOI 10.1007/510126-005-0004-0.

Mitchell D, Bridge R. 2006. A test of Chargaff’s second rule. Biochemical and Biophysical
Research Communications 340:90-94 DOI 10.1016/j.bbrc.2005.11.160.

Nei M, Li WH. 1979. Mathematical model for studying genetic variation in terms of
restriction endonucleases. Proceedings of the National Academy of Sciences of the
United States of America 76:5269-5273 DOI 10.1073/pnas.76.10.5269.

Nikolaou C, Almirantis Y. 2006. Deviations from Chargaft’s second parity rule in
organellar DNA: insights into the evolution of organellar genomes. Gene 381:34—41
DOI10.1016/j.gene.2006.06.010.

NOAA. 2007. Status review of the eastern oyster (Crassostrea virginica). Report to the
National Marine Fisheries Service, Northeast Regional Office, February 16, 2007.
NOAA Tech. Memo. NMFS F/SPO-88:105..

North BV, Curtis D, Sham PC. 2002. A note on the calculation of empirical P values
from Monte Carlo procedures. American Journal of Human Genetics 71:439-441
DOI 10.1086/341527.

Paradis E. 2010. pegas: an R package for population genetics with an integrated—modular
approach. Bioinformatics 26:419—420 DOI 10.1093/bioinformatics/btp696.

Paradis E, Schliep K. 2018. ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R. Bioinformatics 35:526-528.

Parks DH, Rinke C, Chuvochina M, Chaumeil P-A, Woodcroft BJ, Evans PN, Hugen-
holtz P, Tyson GW. 2017. Recovery of nearly 8,000 metagenome-assembled
genomes substantially expands the tree of life. Nature Microbiology 2:1533—1542
DOI 10.1038/541564-017-0012-7.

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 19/21


https://peerj.com
http://dx.doi.org/10.1139/f94-307
http://dx.doi.org/10.1073/pnas.0405150101
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore
http://dx.doi.org/10.1111/2041-210X.12410
http://dx.doi.org/10.1093/bioinformatics/btp698
http://dx.doi.org/10.1007/s10126-005-0004-0
http://dx.doi.org/10.1016/j.bbrc.2005.11.160
http://dx.doi.org/10.1073/pnas.76.10.5269
http://dx.doi.org/10.1016/j.gene.2006.06.010
http://dx.doi.org/10.1086/341527
http://dx.doi.org/10.1093/bioinformatics/btp696
http://dx.doi.org/10.1038/s41564-017-0012-7
http://dx.doi.org/10.7717/peerj.12205

Peer

Reeb CA, Avise JC. 1990. A genetic discontinuity in a continuously distributed species:
mitochondrial DNA in the American oyster, Crassostrea Virginica. Genetics
124:397-406.

Rezek RJ, Lebreton B, Roark EB, Palmer TA, Pollack JB. 2017. How does a restored
oyster reef develop? An assessment based on stable isotopes and community metrics.
Marine Biology 164:54 DOI 10.1007/500227-017-3084-2.

Ricklis RA. 1996. The Karankawa Indians of Texas: An Ecological Study of Cultural
Tradition and Change. Austin, TX: University of Texas Press.

Rudner R, Karkas JD, Chargaff E. 1968. Separation of B. subtilis DNA into complemen-
tary strands, I. Biological properties. Proceedings of the National Academy of Sciences
of the United States of America 60:630—635 DOT 10.1073/pnas.60.2.630.

Salvi D, Berrilli E, Garzia M, Mariottini P. 2021. Yet another mitochondrial genome
of the Pacific cupped oyster: the published mitogenome of Alectryonella plicatula
(Ostreinae) is based on a misidentified Magallana gigas (Crassostreinae). bioRxiv
DOI10.1101/2021.06.19.449104.

Salvi D, Macali A, Mariottini P. 2014. Molecular phylogenetics and systematics of the
bivalve family ostreidae based on rrna sequence-structure models and multilocus
species tree. PLOS ONE 9:€108696 DOI 10.1371/journal.pone.0108696.

Salvi D, Mariottini P. 2016. Molecular taxonomy in 2D: a novel ITS2 rRNA sequence-
structure approach guides the description of the oysters’ subfamily Saccostreinae and
the genus Magallana (Bivalvia: ostreidae). Zoological Journal of the Linnean Society
179:263-276 DOI 10.1111/z0j.12455.

Schliep KP. 2011. phangorn: phylogenetic analysis in R. Bioinformatics 27:592—593
DOI 10.1093/bioinformatics/btq706.

Schroeder WW, Wiseman W]J. 1998. Geology and hydrodynamics of Gulf of Mexico
estuaries. In: Bianchi TS, Pennock JR, Twilley RR, eds. Biogeochemistry of Gulf of
Mexico estuaries. New York, New York, USA: Wiley, 3-28.

NOAA Fisheries Office of Science and Technology. 2019. Commercial landings query.
Available at https:// foss.nmfs.noaa.gov/ apexfoss/ {2 p=215:200 (accessed on 07
September 2019).

Solis RS, Powell GL. 1998. Hydrography, mixing characteristics, and residence times of
Gulf of Mexico estuaries. In: Biogeochemistry of Gulf of Mexico estuaries. New York:
Wiley.

Tisthammer KH, Forsman ZH, Sindorf VL, Massey TL, Bielecki CR, Toonen R]J. 2016.
The complete mitochondrial genome of the lobe coral Porites lobata (Anthozoa:
scleractinia) sequenced using ezZRAD. Mitochondrial DNA Part B 1:247-249
DOI 10.1080/23802359.2016.1157770.

Toonen RJ, Puritz JB, Forsman ZH, Whitney JL, Fernandez-Silva I, Andrews KR,
Bird CE. 2013. ezRAD: a simplified method for genomic genotyping in non-model
organisms. Peer] 1:¢203 DOI 10.7717/peerj.203.

Tunnell JW. 2017. Shellfish of the Gulf of Mexico. In: Ward CH, ed. Habitats and
Biota of the Gulf of Mexico: before the Deepwater Horizon Oil Spill: volume 1: water
quality, sediments, sediment contaminants, oil and gas seeps, coastal habitats, offshore

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 20/21


https://peerj.com
http://dx.doi.org/10.1007/s00227-017-3084-2
http://dx.doi.org/10.1073/pnas.60.2.630
http://dx.doi.org/10.1101/2021.06.19.449104
http://dx.doi.org/10.1371/journal.pone.0108696
http://dx.doi.org/10.1111/zoj.12455
http://dx.doi.org/10.1093/bioinformatics/btq706
https://foss.nmfs.noaa.gov/apexfoss/f?p=215:200
http://dx.doi.org/10.1080/23802359.2016.1157770
http://dx.doi.org/10.7717/peerj.203
http://dx.doi.org/10.7717/peerj.12205

Peer

plankton and benthos, and shellfish. New York: Springer New York, 769-839
DOI 10.1007/978-1-4939-3447-8_8.

Van Dijk EL, Auger H, Jaszczyszyn Y, Thermes C. 2014. Ten years of next-generation se-
quencing technology. Trends in Genetics 30:418—426 DOI 10.1016/j.tig.2014.07.001.

Varney RL, Galindo-Sanchez CE, Cruz P, Gaffney PM. 2009. Population genetics of the
eastern oyster Crassostrea virginica (Gmelin, 1791) in the Gulf of Mexico. Journal of
Shellfish Research 28:855—-865 DOI 10.2983/035.028.0415.

Wang Q, Liu H, Teng W, Yu Z, Liu X, Xie X, Yue C, Li D, Liang M, Li Q. 2021. Charac-
terization of the complete mitochondrial genome of Alectryonella plicatula (Bivalvia:
ostreidae). Mitochondrial DNA Part B 6:1581-1582
DOI 10.1080/23802359.2021.1915205.

Ward RD. 2009. DNA barcode divergence among species and genera of birds and fishes.
Molecular Ecology Resources 9:1077-1085 DOI 10.1111/7.1755-0998.2009.02541 x.

Rue et al. (2021), PeerJ, DOI 10.7717/peerj.12205 21/21


https://peerj.com
http://dx.doi.org/10.1007/978-1-4939-3447-8_8
http://dx.doi.org/10.1016/j.tig.2014.07.001
http://dx.doi.org/10.2983/035.028.0415
http://dx.doi.org/10.1080/23802359.2021.1915205
http://dx.doi.org/10.1111/j.1755-0998.2009.02541.x
http://dx.doi.org/10.7717/peerj.12205

