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Because Kemp’s ridley sea turtles (Lepidochelys kempii) are critically endangered and
closely related to the vulnerable olive ridleys (L. olivacea), it is essential for forensic
investigations and conservation efforts to distinguish these species when only skeletal
elements remain. DNA extraction and analysis by DNA sequencing of genetic markers is
the only method to determine species identity reliably, yet these methods are significantly
compromised when DNA becomes degraded. To evaluate the role that time and
environment play in obtaining high-quality DNA sequencing data, we placed skeletal
elements of a terrestrial mammal (Bos taurus) and L. kempii in a supratidal and subtidal
environment for 3 years. Bi-annual sampling revealed that after 3 years, mitochondrial
DNA (mtDNA) consistently identified each species from each environment. Our results
show that mtDNA recovery from bone and identification for Kemp’s ridley sea turtles
was possible up to 3 years in both environments. All sequencing data obtained was
accurate and robust, but DNA sequencing results were not consistent after 664-days
of exposure. Our findings led us to conclude that if sufficient DNA is extracted from
bone samples, then high-quality sequence data can be obtained, and the resulting
sequence data accurately reflects the reference sequence for the given gene marker.
This study provides evidence that DNA can be extracted and analyzed from challenging
biological substrates, like bone, when these substrates are exposed to seasonally
dynamic maritime environmental conditions for up to 3-years.

Keywords: mitochondrial DNA, species identification, Lepidochelys kempii, environmental exposure, skeletal
DNA extraction

Frontiers in Marine Science | www.frontiersin.org 1 June 2021 | Volume 8 | Article 646455

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.646455
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.646455
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.646455&domain=pdf&date_stamp=2021-06-18
https://www.frontiersin.org/articles/10.3389/fmars.2021.646455/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-646455 June 14, 2021 Time: 13:56 # 2

Krestoff et al. Kemp’s Ridley Skeletal DNA Evaluation

INTRODUCTION

Modern forensic and conservation investigations depend heavily
on DNA samples for the identification of individuals and/or
populations of species. However, these investigations often are
hindered by DNA degradation and insufficient quantities of
genetic material, which is influenced by time, type of tissue, and
the environment. The importance of environmental exposure has
been well documented in soft tissues (e.g., blood, saliva); for
example, UV light (Hall et al., 2014), high levels of humidity
and temperature (Dissing et al., 2010; Al-Kandari et al., 2016),
and submergence in fresh or saltwater (Borde et al., 2008;
Frippiat et al., 2017; Helmus et al., 2018; Meixner et al., 2020).
However, these studies investigated a controlled set of variables
in a laboratory setting, rather than field exposures, and often for
only days or weeks.

The effects of environmental exposure on DNA degradation in
hard tissues (bones, teeth) has also been examined, including UV
exposure, high levels of humidity and temperature, burial, and
submergence in fresh or saltwater (Perry et al., 1988; Schwartz
et al., 1991; Alaeddini et al., 2010). Again, interpretations were
limited by either brief time intervals or utilization of samples
from a variety of locations to extend the exposure interval. Other
complicating issues with DNA degradation studies in both soft
and ossified tissue include the use of terrestrial mammals as a
test organism, even in aqueous environments, and for studies
of aquatic wildlife, the use of environmental DNA (eDNA)
rather than decomposing tissue samples (Eichmiller et al., 2016;
Sassoubre et al., 2016; Collins et al., 2018). Few, if any, studies
have examined the feasibility of obtaining high-quality DNA
sequencing results for species identification and conservation
in marine vertebrate skeletal remains following environmental
exposure. In addition to wildlife forensic and investigative
applications, recent studies have demonstrated the usefulness
of osteo-molecular identification techniques to emergent, novel
studies of skeletochronology, dietary growth analyses, foraging
ecology, geospacial satellite tracking, and migration ecology
(Gredzens and Shaver, 2020; Ramirez et al., 2020). A more
comprehensive knowledge of DNA longevity in maritime skeletal
remains, particularly in endangered and threatened species,
informs conservation, protection, and research initiatives.

All sea turtles are protected by the U.S. Endangered Species
Act (ESA). Kemp’s ridleys (Lepidochelys kempii) are critically
endangered and found only in the Gulf of Mexico and along
the U.S. Atlantic coast (Wibbels and Bevan, 2019). They are
closely related to olive ridleys (L. olivacea), which has only
one subpopulation protected by the ESA and are commercially
harvested worldwide (Abreu-Grobois and Plotkin, 2008). Both
species migrate internationally, and conservation biologists have
been able to identify and track subpopulations through sequence
differences in mitochondrial DNA (mtDNA). Due to female
philopatry, in which pregnant females usually return to the
beaches where they hatched, and because mtDNA is maternally
inherited, individual haplotypes can be associated with specific
beaches of origin (Allard et al., 1994; Duchene et al., 2012;
Patricio et al., 2017; Frandsen et al., 2020). Combining the

genetic data with GPS and satellite tracking reveals migratory
pathways for sea turtles (Dutton et al., 2019; Gredzens and
Shaver, 2020). Mixed stock analyses, the analysis of a group of
subjects from several populations, have been used to indicate
where individuals originated (Bolker et al., 2007; Jones et al.,
2018). As more haplotypes are identified and more mixed stocks
are connected to their natal beaches, foraging grounds can be
linked to specific natal beaches and foraging habitats can be
monitored and protected for populations in decline.

Kemp’s ridley populations continue to suffer negative impacts
associated with environmental perturbation, climate change,
entanglement, marine debris, chemical pollution, and incidental
by-catch (National Marine Fisheries Service [NMFS], and
U.S. Fish and Wildlife Service [FWS], 2015). Additionally,
mass morbidity/mortality events occur secondary to rapid
unanticipated declines in near-coastal ocean water temperatures.
Significantly impacted are juveniles who undergo seasonal
migrations to shallow water feeding grounds toward the margins
of their distributional range, often as far north as Nova Scotia,
Canada (Liu et al., 2019). Inherent small size, increased surface-
to-volume ratio, and estuarine foraging behaviors contribute to
the victimization of these animals in periodic, hypothermic mass
mortality events (National Marine Fisheries Service [NMFS], and
U.S. Fish and Wildlife Service [FWS], 2015).

Integral to the process of monitoring sea turtles in this manner
is the ability of an investigator to obtain high-quality DNA
sequencing results from a wide variety of biological substrates.
Most conservation studies obtain DNA from blood and tissues
from living sea turtles, but only after a complicated and
redundant permitting process (Paul and Sikes, 2013). While the
analysis of living sea turtles is necessary to establish a reference
dataset for sea turtle haplotypes, evidence collected during the
investigation of environmental crimes, incidences of poaching,
accidental deaths, and other unexplained mortality events often
produces more challenging samples. Taphonomic changes in
marine vertebrate remains are often rapidly progressive in
oceanic and maritime-terrestrial environments (Lord and Burger,
1984a,b; Anderson and Bell, 2014). Frequently, evidentiary
samples mainly consist of skeletal remains. This is particularly
pronounced in marine vertebrates of small size. In many sea
turtles, evolutionary adaptations associated with underwater
locomotion have resulted in bones characterized by a more
significant predominance of lighter cancellous bone (spongy
bone) than seen in their terrestrial counterparts (Rhodin, 1985;
Houssaye, 2012; Nakajima et al., 2014). Although the overall
number of cells within a cancellous bone is increased, the
amount of structural protection and support provided to the cells
within a cancellous bone is decreased compared to the bone of
terrestrial species.

Consequently, there is less cortical bone, the usual target
for skeletal DNA extraction, in a sea turtle’s skeleton. It is
unknown whether DNA extracted from sea turtle remains
recovered from supratidal (terrestrial) and subtidal (ocean)
environments can produce high-quality DNA sequences that
can be used for species identification. Therefore, the intent of
this study was to investigate the long-term viability of mtDNA

Frontiers in Marine Science | www.frontiersin.org 2 June 2021 | Volume 8 | Article 646455

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-646455 June 14, 2021 Time: 13:56 # 3

Krestoff et al. Kemp’s Ridley Skeletal DNA Evaluation

for DNA sequencing analysis from environmental conditions
that are representative of forensic casework. To investigate
this phenomenon, mtDNA was extracted from Kemp’s ridley
skeletal remains following prolonged exposure to supratidal and
subtidal environments.

MATERIALS AND METHODS

Sample Collection
Bone samples from two small juvenile (1–2 years old) male
Kemp’s ridleys that expired due to cold shock and one
domestic cow were used for this study. We used domestic
cattle (Bos taurus) bones as a terrestrial mammal control
specimen to evaluate the length of time amplifiable DNA can
be obtained after environmental exposure and the effectiveness
of Proteinase K (Pro K) vs. Collagenase Type II (CTII) in
bone demineralization during DNA extraction. Our approach
investigated if DNA sequencing data from the Kemp’s ridley
remains were linked to the animal’s bone structure or the
environmental factors alone. The Kemp’s ridley remains were
recovered by a NOAA stranding/rehabilitation organization.
Bone samples were obtained post-necropsy (NOAA Greater
Atlantic Region ESA Permit TE01150C), disarticulated, and
prepared according to McElreath (2018). On July 16, 2016,
samples were placed in mesh bags and secured within lobster
traps to prevent scavenging. One set of samples was submerged
(= subtidal) to a depth of 3–9 m in a small cove at the
Shoals Marine Laboratory (Appledore Island, ME) to protect
the samples/traps from storms and to ensure submergence
regardless of the tide. The other set was located 200 m inland
(= supratidal). The locations were chosen to represent realistic
environments where marine animal remains would typically be
found. A terrestrial mammal comparison control was selected to
facilitate the contemporaneous investigation of comparative early
phase sea turtle and marine mammal maritime diagenesis.

The study sites were located on Appledore Island (42◦ 59′
14′′′ N, 70◦ 36′ 49′′′ W) 9.5 km from the nearest mainland
point at Rye, NH, and the largest/highest (39 ha, 0.8 km
east-west, 1.0 km north-south; 20 m highest altitude) of nine
islands forming the Isles of Shoals archipelago (McElreath,
2018). The Isles of Shoals falls within the Northern Coastal
Shelf of the Gulf of Maine and is characterized by a variety
of habitat types and complex bathymetry (Sowers et al., 2020).
The Shoals are typified by ecologically diverse and climatically
dynamic oceanic environs, in part due to proximity to the Gulf
of Maine Coastal Current. The northern and eastern shores
are exposed, subjected to the ever-present oceanic swells of
varying amplitude and frequency and the violent Nor’easters
(34–63 km), particularly in winter (Nichols and Nichols, 2008).
The west and south shores are protected. Because of the
small size of the island virtually all terrestrial vegetation is
subjected to the damaging salt spray, although taxa more
common along the eastern shore display increased tolerance to
maritime exposure than those on the protected shore (reviewed
in Nichols and Nichols, 2008). Marine algae also reflect the
exposed/protected dichotomy, with some species more abundant

and more adapted to one area over the other. Terrestrial
temperatures peak from June through September (ca. 15–20◦C)
with lows in January and February (−1.0 to−0.5◦C)1. Nearshore
water temperatures at the Isles vary according to tides and
protected/exposed coast (colder on exposed) but range from 2
to 21◦C during the year. The study location is representative
of seasonally dynamic, near-shore maritime environs of the
Western North Atlantic.

The subtidal site was located in a small (40 × 80 m during
low tide) extension of Babb’s Cove on the western shore, draining
into the Cove via a 1–2 m channel during low tides but
continuous with the Cove during high tides. On hot summer
days during low tide, temperatures in the isolated pool can be
considerably warmer than Babb’s Cove. The site was chosen
because of the high degree of protection and concomitantly,
the only beach on the island (a proxy for areas most likely
to accumulate sea turtle remains), although intense westerly
storms in the winter coinciding with the high tide can create
water motion sufficient to move the submerged cages a few
meters. The substratum is composed of small cobble and
shell hash, continuously covered with diatom and microalgal
films and seasonally abundant species of filamentous algae
(all indicative of substratum stability). Crabs, small lobsters,
snails, and microcrustaceans are abundant. Cages were placed
in the deepest part of the pool (∼5 m), ensuring submergence
throughout the tidal cycle (−0.5 to +3.4 m). Supralittoral
cages were placed in short to moderate-height shrub thicket
∼95 m due east of the subtidal cages, an area never subjected
to seawater submergence (although fine sea spray undoubtedly
can reach the area during violent westerly storms). Grasses
enveloped the cages during summer but died back in winter. In
addition to logistical and research facilities considerations, the
study location was selected to reflect the approximate northerly
bounds of the Kemp’s ridley distributional range and maximize
the potential negative impacts of environmental conditions and
seasonal exposure on skeletal DNA longevity.

Twelve sets of Kemp’s ridley and cattle bone fragments,
from all parts of the skeleton, were collected over 3 years:
from the supratidal and subtidal environments in September
and May/June until 2019, when they were collected only in
September. Samples were double-sealed in plastic bags and
shipped overnight in insulated packaging to the University of
Central Oklahoma, where they were stored at −20◦C upon
arrival. The bone samples collected represented a variety of
samples that could be encountered in forensic science and
conservation casework. While the variation in bone sizes and
structures evaluated is a strength of this study, we must also
acknowledge that our sampling method could not resolve the
role that the size and structure of a given bone sample had on
obtaining a high-quality DNA sequence. In total, 26 bone samples
representing 13 timepoints (including initial baseline samples)
and two exposure conditions were analyzed. The number of time
series analytical replicates was limited by regulatory restrictions
on Kemp’s ridley carcass availability and the morphological
juvenescence of the acquired specimens.

1https://www.ndbc.noaa.gov/view_climplot.php?station=iosn3&meas=at
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Bone Pulverization and Demineralization
A 0.5 g of each bone sample at each time point was excised using a
Dremel tool and documented photographically. Each portion was
cleaned according to the DNA Solutions “Bone Demineralization
and Isolation Protocol” (DNA Solutions, 2016), then submerged
individually into liquid nitrogen until brittle: ∼20 min for the
L. kempii samples and ∼40 min for the B. taurus samples. Each
portion of the bone samples was then pulverized with a Bone
Morselizer (DDP Medical Supply, St. Petersburg, FL), returned to
room temperature, and divided into two < ∼0.25 g subsamples.
Each ∼0.25 g subsample was then treated with either Pro K or
CTII. In accordance with Barrett (2015) protocol, 675 µL of
Tissue and Cell Lysis Buffer (TCL Buffer; Epicentre/Lucigen, WI)
was added to 750 µL of 0.5 M EDTA, 75 µL of Pro K or 50 mg/mL
CTII, and 60 µL of 1M DTT. The samples were vortexed for 30
s. The Pro K treated samples were placed in a tube agitator at
56◦C for 24 h, whereas the CTII treated samples were placed into
a tube agitator at 37◦C for 5 h and then at 56◦C for an additional
19 h. Four reagent blanks (RB-CTII LK, RB-CTII BT, RB-ProK
LK, and RB-ProK BT) were generated and processed with each
turtle and cow sample set for the duration of the study. Finally,
the resulting solutions were divided into three 300 µL replicates
and transferred to 2 mL tubes; the remaining demineralization
solution was stored at−20◦C.

Extraction, Quantification, and
Amplification
All replicate samples and reagent blanks were purified using
the MasterPureTM Complete DNA and RNA Purification Kit
(Epicentre/Lucigen) according to the manufacturer’s protocol
(Epicentre, 2012), then quantified using the Qubit 4 Fluorometer
(Thermo Fisher Scientific) and the Quant-iTTM PicoGreenTM

dsDNA Assay Kit (Invitrogen). The working buffer for extraction
contained: 10 µL of 20X TE buffer with 190 µL of ultra-pure
water and 1 µL of Quant-iTTM PicoGreen R© dsDNA reagent. Two
microliters of each replicate DNA extraction were added to 198
µL of the working buffer and measured with the Quant-iTTM

dsDNA high-sensitivity assay.
The mtDNA primer set for L. kempii was developed to

achieve two specific outcomes: (1) provide sufficient genetic
differentiation to distinguish between L. kempii and L. olivacea
species and (2) maintain minimal sequence variation within the
L. kempii population. The mitochondrial NADH:ubiquinone
oxidoreductase core subunit 4 (MT-NAD4) genetic marker was
selected for this study because it satisfied both conditions. As
mentioned above, the intent of this study was to investigate
the long-term viability of mtDNA for DNA sequencing
analysis following prolonged environmental exposure. The
selection of a genetic marker or markers that possessed high
genetic polymorphisms would introduce an error that could
not be accounted for or controlled otherwise. In short, our
analysis would not be able to distinguish between a sequence
polymorphism or DNA damage resulting from environmental
exposure. Both mtDNA primers for L. kempii were generated
using sequence data obtained from GenBank for the MT-NAD4

gene (accession number MN136058.1) and the B. taurus primer
set was generated to amplify the mitochondrial cytochrome
b (MT-CYB) gene (accession number KT260196), both using
Geneious Prime software v2019.2.3 (Kearse et al., 2012). The
MT-NAD4 amplicon was 371 bp long and was generated using
the following primers: F–5′AAGCTCATGTAGAAGCCCCA-
3′, R–5′TGTTCGGCTGTGAGTTCGTT-3′. The MT-CYB
amplicon was 284 bp long and was generated using the
following primers: F–5′ACCAGCCTGCTCTTCATCAC-3′,
R-5′CGAGAGGTGCAGGAAGAAGG-3′. The PCR master
mix for both the Pro K treated and CTII treated mtDNA
contained: 17.1 µL DNA-free water, 1.2 µL of 10 µM forward
mtDNA primer, 1.2 µL of 10 µM reverse mtDNA primer, 1
µL of GoTaq R© Hot Start Polymerase (Promega), and 3.5 µL of
Failsafe buffer K (Epicentre/Lucigen) for the L. kempii samples
or buffer I (Epicentre/Lucigen) for the B. taurus samples. If the
concentration of either Pro K or CTII purified DNA was > 10
ng/µL, 1 µL was added to the master mix; if <5 ng/µL, 3 µL of
purified DNA was added. In both cases, the amount of water in
the PCR master mix was adjusted to a reaction volume of 25 µL.
The thermocycler (Applied Biosystems, GeneAmp PCR System
9700) was set to run under the following conditions: 2 min at
94◦C; 15 s at 95◦C, 1 min at 55◦C, and 20 s at 72◦C for 30 cycles;
10 min at 72◦C, and hold at 4◦C.

Cycle Sequencing
PCR amplicons were purified with ExoSAP-IT PCR Product
Cleanup Reagent (Applied Biosystems) by combining 10 µL
of the PCR amplicons and 4 µL of ExoSAP-IT, incubating
in a thermocycler for 15 min at 37◦C, and 15 min at 80◦C.
PCR amplicons generated for both L. kempii and B. taurus
were prepared for sequencing as detailed in the BigDyeTM

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
2016). The sequencing reaction master mix contained: 4 µL
DNA-free water, 8 µL of BigDye Ready Reaction Mix (RR-
100), and 4 µL 3 µM forward (or reverse) mtDNA per
sample and was added to 4 µL of PCR amplified template
DNA. The thermocycler was set to run under the following
conditions: 1 min at 96◦C; 10 s at 96◦C, 5 s at 55◦C, and
4 min at 60◦C for 30 cycles; hold at 4◦C. All samples were
purified with Performa R© Spin Columns (EdgeBio) according
to the manufacturer’s protocol. Following the cycle sequencing
reaction, all samples were placed onto the Applied Biosystems
3500 Genetic Analyzer with 10 µL of DNA standard from
the BigDye 3.1v kit added into two wells for redundancy.
Sequencing protocol was set for Short Sequencing (200–300
bp), running module FastSeq36_POP7 with dye set ZI, and
the following settings modified from default: 2,480 s run
time, 8.5 kV run voltage, 1.2 kV injection voltage, and 520
s data delay. The primary analysis protocol was set for
BDTv3.1PA_Protocol-POP7 and was unmodified. No secondary
analysis protocol was selected.

Sequence Data Analysis
Sequence data obtained were aligned with Geneious Prime
software v2019.2.3 (Kearse et al., 2012), utilizing the Geneious
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Alignment tool with default settings. The resulting sequence
alignments were manually trimmed to exclude the primer
regions before extracting consensus sequences. A selection of
reference gene regions were obtained from GenBank (accession
numbers: L. kempii- MN136058.1, MN136059.1, MN136060.1,
and MN136061.1; B. taurus- KT260195.1 and KT260195.1),
aligned with the samples, and trimmed to the appropriate
length for further comparison. These reference sequences were
chosen primarily based on the availability of reference genomes
at NCBI at the time of analysis. Maximum likelihood trees
were estimated with the Hasegawa-Kishino-Yano (HKY) model
and were generated with bootstrap resampling 1000 times
using MEGA-X software (Kumar et al., 2018). L. kempii
maximum likelihood trees were constructed using MT-NAD4
gene reference sequence data for L. olivacea (DQ486893.1,
NC028634.1, and JX454991.1) and C. mydas (JX454976.1,
JX454990.1, and NC000886.1) obtained from NCBI. B. taurus
maximum likelihood trees were constructed using MT-CYB
gene reference sequence data for B. javanicus (D34636.1 and
D82889.1) and B. grunniens (NC006380.3). The quality scores of
each sample’s untrimmed consensus sequence were opened using
FASTQC2 and then compiled using MulitQC software (Ewels
et al., 2016) to generate phred score graphs for each sequence
at every nucleotide. Average phred scores and the average
quantities were log10 normalized for repeated ANOVA analyses
(SPSS Statistics software3). Phred score and DNA quantity values
for both species were pooled for inter-species comparisons
to determine if there were significant differences between the
average values for both data sets. The analysis performed in this
study sought to evaluate the persistence and quantity of skeletal
mtDNA within sea turtle remains after prolonged exposure to
subtidal and supratidal environments and determine how long a

2https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
3https://www.ibm.com/products/spss-statistics

high-quality DNA sequencing result could be identified from the
mtDNA within the remains.

RESULTS

DNA Quantity
Overall, the L. kempii samples yielded a higher DNA
concentration than the B. taurus samples at each time point
and condition tested (Table 1). Compared to B. taurus samples,
L. kempii samples prepared using Pro K yielded 9.3 times more
DNA, while CTII samples yielded 6.6 times more DNA. Using
the log10 of the average DNA quantities acquired from the
triplicate samples, significantly (P < 0.05, one-way ANOVA)
more DNA was recovered from the L. kempii (Pro K mean:
0.985 and CTII mean: 0.935) samples than from B. taurus
(Pro K mean: 0.252 and CTII mean: 0.263) samples. For both
L. kempii and B. taurus, the terrestrial samples resulted in
substantially higher DNA yields than the marine samples; 9.5
times more for L. kempii and 37 times more for B. taurus
samples. However, less variability was observed between
exposure dates for the marine samples, but this could result
from having less DNA coming from marine samples. Barrett
(2015) demonstrated the effectiveness of CTII compared
to Pro K for hard tissue DNA extractions in human bone
samples that had not been exposed to damaging environments.
However, in this experiment, the DNA yields between CTII
and Pro K treated samples were not statistically significant. The
averaged quantity of L. kempii and B. taurus DNA declined
dramatically throughout the 3-year experiment. Interestingly,
the DNA concentration for the terrestrial L. kempii samples
increased at both the 323- and 664-day time point before
declining (Figure 1A). While the increased yield is unclear,
the variability of the bone type between time point may
have played a role.

TABLE 1 | Average and standard deviation values for DNA concentrations following DNA extraction from bone for Pro K and CTII treatment.

Sample Exposure (Days) Average quantity (ng/µL) ± Std Dev

L. kempiiPro K L. kempii CTII B. taurusPro K B. taurus CTII

RB NA 0 ± 0 0.07 ± 0.01 0.07 ± 0.12 0.133 ± 0.03

0716 Baseline 0 32.93 ± 4.20 8.25 ± 2.86 1.07 ± 0.87 1.45 ± 0.10

0916 Terra 61 22.63 ± 4.55 13.00 ± 0.35 13.79 ± 4.61 11.37 ± 1.05

0916 Ocean 67 1.69 ± 0.13 2.18 ± 0.85 0.07 ± 0.06 0.33 ± 0.02

0617 Terra 323 21.40 ± 2.92 22.60 ± 3.75 22.75 ± 14.43 14.27 ± 2.03

0617 Ocean 323 1.58 ± 0.51 1.79 ± 0.19 0.345 ± 0.18 0.85 ± 0.20

0917 Terra 424 36.80 ± 2.88 45.67 ± 2.36 7.93 ± 2.63 6.69 ± 0.89

0917 Ocean 424 2.58 ± 0.82 3.55 ± 0.09 4.27 ± 2.07 5.12 ± 0.17

0518 Terra 664 46.27 ± 12.62 24.13 ± 0.42 10.42 ± 3.71 3.19 ± 0.43

0518 Ocean 664 3.43 ± 0.57 4.24 ± 0.29 0.15 ± 0.13 0.27 ± 0.09

0918 Terra 787 15.87 ± 2.10 22.17 ± 3.71 8.15 ± 2.86 3.60 ± 0.45

0918 Ocean 787 3.26 ± 0.45 3.58 ± 0.07 0.35 ± 0.12 0.37 ± 0.05

0919 Terra 1,151 15.50 ± 0.20 30.50 ± 1.59 3.27 ± 0.82 2.00 ± 0.08

0919 Ocean 1,152 3.69 ± 1.00 3.94 ± 0.57 0.35 ± 0.40 0.64 ± 0.18

All DNA concentrations were measured using Qubit 4 Fluorometer. All measurements were recorded in ng/µL, and all Too Low to Count results were tabulated as zero.
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FIGURE 1 | (A) Average DNA quantities recovered from L. kempii and B. taurus bone samples from terrestrial and marine environments over 3-years. DNA extracted
from L. kempii and B. taurus bone samples were plotted as a function of exposure length in days ranging from 61/67- to 1151/1152-days. The four experimental
conditions represented are L. kempii terrestrial exposure (L. kempii Terra), L. kempii marine exposure (L. kempii Ocean), B. taurus terrestrial exposure (B. taurus
Terra), and B. taurus marine exposure (B. taurus Ocean). Because Pro K and CTII treatment groups demonstrated no statistical differences, all data represented in
this figure is the aggregate of both the Pro K and CTII treatment groups. (B,C) Experimental DNA sequences generated from DNA extracted from L. kempii and
B. taurus bone are underlined in green. All L. kempii and B. taurus sequence data were consistent no matter the experimental condition or time of exposure;
therefore, sequence data for each species was simplified to “L. kempii—combined” and “B. Taurus—combined.” Reference sequences used in the construction of
all tress are by list genus/species name and then by their GenBank accession number. All trees were constructed using the Hasegawa-Kishino-Yano model;
bootstrap values are located at each node. (B) Maximum Likelihood tree for the L. kempii MT-NAD4 genetic marker. (C) Maximum Likelihood tree for the B. taurus
MT-CYB genetic marker.

DNA Sequencing and Species
Identifications
Throughout the 3-year study, 47 of the 52 experimental
conditions and time points tested produced high-quality DNA
sequencing results for both L. kempii MT-NAD4 and B. taurus
MT-CYB genetic markers (Table 2). Under five experimental
conditions, DNA extracted from L. kempii bone failed to produce
viable DNA sequences, but the most surprising outcome was
that high-quality DNA sequence data was obtained under the

most extreme environmental condition tested, submerged for
1,152 days. In general, sequence quality, as measured by phred
score, decreased as a function of time for both L. kempii MT-
NAD4 and B. taurus MT-CYB gene markers no matter the
extraction treatment (Pro K or CTII). At every experimental
condition tested, the sequence quality scores for B. taurus MT-
CYB varied considerably compared to L. kempii MT-NAD4
results, yet the sequencing quality variation did not affect the
production of consensus sequences for these data. Examining
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TABLE 2 | Average and standard deviation values for phred scores following DNA sequencing for Pro K and CTII treatment.

Sample Exposure (Days) Average phred scores ± Std Dev

L. kempii MT-NAD4 Pro K L. kempii MT-NAD4 CTII B. taurus MT-CYB Pro K B. taurus MT-CYB CTII

0716 Baseline 0 46.7 ± 1.0 46.7 ± 1.0 40.3 ± 0.8 30.0 ± 14.2

0916 Terra 61 46.5 ± 1.8 44.0 ± 1.8 39.0 ± 1.9 31.5 ± 12.7

0916 Ocean 67 41.5 ± 2.3 45.0 ± 3.5 36.7 ± 3.7 27.8 ± 15.2

0617 Terra 323 46.7 ± 1.5 46.5 ± 1.0 40.0 ± 1.7 32.3 ± 12.1

0617 Ocean 323 44.2 ± 6.2 46.5 ± 0.5 34.5 ± 4.4 29.0 ± 14.3

0917 Terra 424 38.2 ± 10.2 46.8 ± 1.3 34.8 ± 12.5 31.7 ± 12.1

0917 Ocean 424 38.0 ± 8.0 41.0 ± 2.8 30.0 ± 13.2 27.7 ± 15.0

0518 Terra 664 40.2 ± 9.0 43.7 ± 1.0 33.3 ± 11.0 29.8 ± 13.3

0518 Ocean 664 No Data No data 26.8 ± 15.2 26.2 ± 14.2

0918 Terra 787 46.5 ± 1.0 45.3 ± 0.8 37.2 ± 6.8 29.2 ± 13.7

0918 Ocean 787 44.5 ± 2.2 36.8 ± 8.6 29.0 ± 14.6 28.8 ± 13.7

0919 Terra 1,151 No Data No data 33.2 ± 9.3 31.5 ± 13.0

0919 Ocean 1,152 44.8 ± 1.6 No data 29.0 ± 12.8 28.7 ± 15.1

Phred quality scores listed here were averaged from the six replicate samples at each experimental condition. All reagent blank controls did not produce sequencing
results and were therefore omitted.

the averaged phred scores across all data, one can observe that
41 of the 52 experimental conditions tested produced phred
quality scores of 29 or greater (base call accuracy of ∼99.87%).
Overall, there was no difference (P = 0.424, one-way ANOVA)
in DNA quality between the L. kempii (Pro K mean: 1.4051
and CTII mean: 1.294) and B. taurus (Pro K mean: 1.5351
and CTII mean: 1.4704) samples (log10 of the averages of
triplicate samples). All sequencing data produced across the
entirety of the experiment, both for L. kempii and B. taurus
samples, was consistent with the gene marker reference sequences
obtained for NCBI. As such, the abundance of sequence data was
simplified to “L. kempii—combined” and “B. taurus—combined”
for maximum likelihood analysis. Maximum likelihood trees
estimated using the HKY model showed the MT-NAD4 gene
marker sequenced from DNA extracted from L. kempii bone
samples grouping exclusively (bootstrap = 95) with the L. kempii
reference sequences (Figure 1B). Similarly, the B. taurus MT-
CYTB gene marker sequences grouped exclusively with B. taurus
reference sequences (bootstrap = 100) and not with domestic
yak (Bos grunniens) or banteng (Bos javanicus) (Figure 1C).
When considered together, one can conclude that if sufficient
DNA is extracted from bone samples, then high-quality sequence
data can be obtained, and the resulting sequence data accurately
reflects the reference sequence for the given gene marker.

DISCUSSION

Mitochondrial and nuclear DNA has been successfully extracted
from cetacean and shark remains, even after stranding incidents
or many years on display as trophies (Morin et al., 2007;
Ahonen and Stow, 2008). A pilot study conducted a controlled
experiment using freshwater tubs exposed to the environment to
determine individual kits’ success rate at extracting nuclear DNA
(nuDNA) from waterlogged pig bones over 6 months. Cartozzo
et al. (2018) observed a decrease in DNA quality from each
porcine sample location over the duration, which they attributed

to the hydrolysis of the DNA while submersed. Additionally,
successful extractions of mtDNA that were of a high enough
quality for species identification have been achieved from avian
skeletal remains exposed to warm, shallow, hypersaline lagoon
environments for up to 3 months (Koczur et al., 2017). Recently,
a shipment of ivory was recovered after being shipwrecked for
almost 500 years. de Flamingh et al. (2020) found that 71% of
the tusks recovered had enough nuclear and mitochondrial DNA
for species and population identifications. There have even been
skeletal nuDNA identifications from human remains found fully
submerged in freshwater environments after 3 years (Crainic
et al., 2002; Cavalcanti et al., 2017) and partial success after 4 years
for nuDNA identifications in saltwater environments (Fredericks
et al., 2013). However, few studies of skeletal DNA extractions,
human or marine animal, have been conducted with an extended
time series or with consistent environmental exposure between
samples to evaluate environmental effects on DNA quantity and
sequence quality.

Previous work has demonstrated the detrimental effect
of saltwater on human DNA recovery (Borde et al., 2008;
Frippiat et al., 2017; Helmus et al., 2018; Meixner et al.,
2020). Our results support the tenant that terrestrial samples
generally yield higher DNA quantities than samples experiencing
prolonged exposure to marine environments. Additionally,
we found that the use of mtDNA gene markers to identify
skeletal remains of Kemp’s ridley sea turtles is possible and
accurate up to 3 years in maritime-terrestrial and submerged
marine environments, however, the consistency of obtaining a
sequencing result declined dramatically at and after 664 days
of environmental exposure. In general, when comparing DNA
quantity and sequencing quality, a correlation was not observed;
however, obtaining a high-quality DNA sequencing result that
can resolve species identity remains a possible and even
probable outcome following 3 years of terrestrial and marine
environmental exposure.

The increase in the amount of DNA extracted after 1 year
was an unexpected result but may best be explained by variation
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in cortical thickness, non-source-sample contamination, and/or
increased demineralization efficiency on more degraded samples.
A positive relationship between cortical thickness and DNA
extraction has been well documented in human skeletal remains
(Latham and Miller, 2019) and might explain the variation
observed in our study. Our study did not account for the
contribution that bacterial genomes might have had to the overall
DNA yields. Even though our bone DNA extraction protocol
cleaned the bone’s external surface, it is unknown how pervasive
bacteria are in 3-year-old bone samples. The observation that
more DNA was extracted from terrestrial samples than their
marine counterparts indicates that the coextraction of bacterial
genomes is a real possibility. Surprisingly, the L. kempii samples
in both environments yielded more DNA than the B. taurus
samples, despite having thinner bones. The difference in bone
morphology is the logical cause of these differences, and
additional studies are needed to determine the role that bone
physiology plays on DNA extraction processes.

Despite previous studies demonstrating the detrimental effects
of saltwater on skeletal DNA (Perry et al., 1988; Schwartz et al.,
1991; Alaeddini et al., 2010), our study shows that even with
a lower concentration of extracted DNA, the marine L. kempii
DNA sequences had comparable or better phred quality scores
than terrestrial samples with higher DNA yields. Our DNA
sequencing results revealed two important aspects related to
DNA sequencing quality and accuracy following environment
exposure: (1) the sequencing quality of the L. kempii MT-NAD4
or B. taurus MT-CYB gene markers is not affected by prolonged
exposure, and (2) marine environments do not artificially alter
the DNA sequence that is obtained. It is logical to conclude that
the marine environment is not as detrimental to DNA as once
thought. Additional research is needed, but consistent colder
temperatures and lower UV radiation might begin to explain the
persistence of DNA in marine environments. While our study
cannot predict which experimental conditions will yield a DNA
sequence, we can state that if sufficient DNA is extracted from
bone samples, then high-quality sequence data can be obtained,
and the resulting sequence data accurately reflects the reference
sequence for the given gene marker.

CONCLUSION

In conclusion, mtDNA can be used to distinguish skeletal
remains of the critically endangered Kemp’s ridley (L. kempii)
from the closely related and vulnerable olive ridley (L. olivacea)
after 3 years of continuous subtidal or supratidal exposure.
For L. kempii samples, the quantity of DNA extracted from
bone diminished as a function of time in both the marine and
terrestrial environments, but DNA quantity was not predictive of
a high-quality DNA sequencing result. Overall, when comparing
the effects of prolonged subtidal or supratidal exposure to
a marine reptile and a terrestrial mammal, marine exposure
negatively impacts the amount of DNA extracted from both
organisms. This study’s significance resides in the accurate
identification of a challenging biological substrate (bone) under
challenging conditions (subtidal or supratidal exposure) using

a mitochondrial gene marker after 3 years. These findings
further inform forensic and conservation communities that
current DNA analysis techniques are potentially viable on ossified
tissues following prolonged exposure to seasonally dynamic
maritime environmental challenges; therefore, the breadth of
biological substrates on which DNA analysis can be performed
should be significantly expanded. Utilizing the information
in this study, discovered sea turtle skeletal remains can now
be more successfully analyzed, identified, and linked back to
migration routes or poaching hotspots, thereby furthering our
understanding of both natural and illegal mortality events
adversely impacting Kemp’s ridley individuals and populations.
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