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Abstract

Mercury is a widespread environmental contaminant with exposures eliciting a well-documented
catalog of adverse effects. Yet, knowledge regarding the underlying mechanisms by which
mercury exposures are translated into biological effects remains incomplete. DNA methylation is
an epigenetic modification that is sensitive to environmental cues, and alterations in DNA
methylation at the global level are associated with a variety of diseases. Using a liquid
chromatography tandem mass spectrometry-based (LC-MS/MS) approach, global DNA
methylation levels were measured in red blood cells of 144 wild American alligators (A//igator
mississippiensis) from 6 sites with variable levels of mercury contamination across Florida’s
north-south axis. Variation in mercury concentrations measured in whole blood was highly
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associated with location, allowing the comparison of global DNA methylation levels across
different “treatments” of mercury. Global DNA methylation in alligators across all locations was
weakly associated with increased mercury exposure. However, a much more robust relationship
was observed in those animals sampled from locations more highly contaminated with mercury.
Also, similar to other vertebrates, global DNA methylation appears to decline with age in
alligators. The relationship between age-associated loss of global DNA methylation and varying
mercury exposures was examined to reveal a potential interaction. These findings demonstrate that
global DNA methylation levels are associated with mercury exposure, and give insights into
interactions between contaminants, aging, and epigenetics.
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1. Introduction

Epigenetic modifications (alteration of gene expression rather than genetic code) can
mediate a variety of environmental influences on organisms. Advances in understanding the
molecular nature of epigenetic modifications provides opportunities for studies aimed at
elucidating the interplay between specific modifications and environmental factors.
However, due to computational and/or economic constraints, many experimental approaches
for examining epigenetic modifications are prohibitive at the population level. Although
some studies have begun to examine epigenome-by-environment interactions in human
populations, the aforementioned impediments have restricted the majority of wildlife studies
in terms of both the species and the number of individuals (Alvarado et al., 2014; Calvanese
et al., 2009; Christensen et al., 2009). Over the past decade, direct measurement of changes
in global DNA methylation using liquid chromatography-tandem mass spectrometry (LC-
MS/MS) has become a viable approach, and the inherent advantage of this approach (cost,
throughput, simplicity) make it suitable for both environmental applications and studies at
the population level (Kok et al., 2007; Le et al., 2011; Liu et al., 2009; Ma et al., 2009;
Parrott et al., 2014; Quinlivan and Gregory, 2008b; Song et al., 2005). In this study, LC-
MS/MS was used to characterize changes in global DNA methylation in a long-lived
environmental sentinel to investigate the relationship between a fundamental epigenetic
modification and whole blood mercury concentrations.

The American alligator (Alligator mississippiensis) is a long-lived (~80 years) apex predator
that displays high site fidelity (Elsey et al., 2008; Lance, 2003). These characteristics
provide an ideal model in which to study the long-term effects of chronic environmental
contaminant exposures on the epigenome. Alligators are also an economically important
natural resource across the southeastern United States as they are both commercially
harvested for meat and leather, as well as recreationally harvested for personal consumption.
Mercury (Hg) has been a contaminant of growing concern across the state of Florida since
the 1980s, when concentrations in higher trophic level species such as large-mouth bass
(Micropterus salmoides) and alligators were found to be above the United States
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Environmental Protection Agency’s Human Health Advisory level of 0.30 ug/g at several
locations (Delany et al., 1988; Lange et al., 1994; Ware et al., 1990). In particular, the
Florida Everglades has been identified as a ‘hotspot’ region for mercury accumulation, due
to the unique environmental conditions of that ecosystem (e.qg., hydroperiod, warm
temperatures, shallow water depths) that promote the methylation of mercury (Julian, 2013).
Elevated concentrations of mercury found in the Everglades are reflected throughout the
trophic levels of the biota, from apple snails (Pomacea paludosa) to alligators (Eisemann et
al., 1997; Heaton-Jones et al., 1997; Jagoe et al., 1998; Kannan et al., 1998; Rumbold et al.,
2002; Ugarte et al., 2005; Yanochko et al., 1997). Mercury has been shown to cause
reproductive and neurological impairment as a function of direct exposure and consumption
of contaminated prey (Crump and Trudeau, 2009; Frederick and Jayasena, 2010; Heath et
al., 2005; Khan and Tansel, 2000; Kurland et al., 1960). This is problematic for all trophic
levels in the Everglades, as the bioaccumulation of mercury in this ecosystem begins at the
base of the food web (Julian, 2013; Khan and Tansel, 2000). Other effects, such as
inflammation and tissue necrosis, have been observed in internal organs of adult spotted sea
trout (Cynoscion nebulosus) from areas highly contaminated with mercury (Adams et al.,
2010). However, the mechanisms by which mercury affects various organs and systems need
to be further elucidated, particularly for long-lived species undergoing chronic exposure.

DNA methylation, consisting of the covalent addition of a methyl-group to the 5" carbon of
cytosine, is an epigenetic modification functioning in roles that include regulating gene
expression, promoting chromosome stability, and silencing the transcription of transposons
(Di Giacomo et al., 2013; Parrott et al., 2014; Rodriguez et al., 2006). Alterations to the
methylome can occur at specific loci or more broadly across the genome. While methods of
resolving the methylome at base pair resolution allow for the identification of loci-specific
alterations, analyses of the comprehensive methylome at base pair are not currently feasible
at the population level. However, measures of global DNA methylation can be made across a
large number of samples and DNA methylation at the global level is intimately linked to one
carbon metabolism as this process provides key methyl donors for both maintenance and de
novo DNA methylation (Anderson et al., 2012; Parrott et al., 2014). Alterations to one-
carbon metabolism, either through environmental or genetic factors, have been shown to
influence measures of global DNA methylation (Drake et al., 2015; Kruman and Fowler,
2014). Further, while targeted approaches can provide understanding of the influence of
DNA methylation on transcriptional activity at a specific locus, they are not able to provide
insights into the other aforementioned broader roles of DNA methylation.

Studies in humans and other lab models have demonstrated the highly dynamic nature of
DNA methylation patterning across the vertebrate lifespan. Shortly after fertilization, the
maternal and paternal pronuclei undergo genome-wide demethylation and subsequently
begin to acquire tissue- and cell-type specific methylomes during development and
differentiation (Brandeis et al., 1993; MacDonald and Mann, 2014). Later in life, variation in
the DNA methylome becomes tightly associated with age, with global measures of genomic
DNA methylation consistently found to decline as a function of increasing age (Bollati et al.,
2009; Fuke et al., 2004; Hannum et al., 2013; Heyn et al., 2012). However, the drivers of
these age-associated changes in DNA methylation are not known. In humans, lifestyle and
environmental factors such as diet, smoking, alcohol consumption, traffic pollution, and
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exposures to endocrine disrupting compounds have all been associated with altered levels of
global DNA methylation (Bromer et al., 2010; Christensen et al., 2009; Dolinoy et al., 2007;
Guo et al., 2014; Rusiecki et al., 2008). Previous reports have shown that exposure to certain
metals (e.g., arsenic, cadmium, copper, mercury) can negatively affect global DNA
methylation (Arita and Costa, 2009; Argos et al., 2015; Niedzwiecki et al., 2013; Tellez-
Plaza et al., 2014). Moreover, it is known that specific metals can interact to produce varying
biological responses (Raymond and Ralston, 2004; Yang et al., 2010). However, the
molecular mechanisms by which environmental factors, such as metals, influence DNA
methylation in natural populations remain unclear.

In this study, we aimed to investigate the presence of trace metals in an environmental model
and interrogate potential associations with global DNA methylation, with a particular focus
on mercury, as its impact throughout the southeastern United States has been well-
documented (Facemire et al., 1995). Very few studies to date have examined how mercury
exposures might affect the epigenome, especially in free-living animals (Basu et al., 2013;
Hanna et al., 2012; Pilsner et al., 2010). In one study, indirect measures of global DNA
methylation weakly trended negative with increasing mercury levels in brain tissues from
polar bears (Ursus maritimus). However, a clear correlation was not observed (Pilsner et al.,
2010). Studies using captive animals have shown that there is a relationship between DNA
hypomethylation in brain tissue and environmentally relevant concentrations of mercury for
mink (Neovison vison), but not for fish (Perca flavescens) or chickens (Gallus gallus) (Basu
et al., 2013). However, current literature does not provide a clear consensus regarding the
relationship between DNA methylation and Hg exposures. Here, we report our findings
examining the relationship between direct measures of global DNA methylation and
mercury concentrations, as well as sixteen other metals, in blood samples collected from
adult and sub-adult alligators from 6 different sites distributed along Florida’s north-south
axis. Whereas the cellular heterogeneity associated with mammalian blood samples has
resulted in controversy and provides challenges for interpreting epigenetic data, red blood
cells (RBCs) in non-mammalian vertebrates are nucleated and provide a relatively
homogenous cellular composition ideal for epigenetic studies (Reinius et al., 2012). Further,
collection of RBCs in alligators is non-lethal, minimally invasive, and allows for sampling a
large population of animals. Here, we take advantage of these aspects to explore the
hypothesis that long-term mercury exposure is linked to measures of DNA methylation.

2. Materials and Methods

2.1 Sample Collection

Animals were collected by researchers with the Florida Fish and Wildlife Conservation
Commission and the Medical University of South Carolina using guidelines provided by the
American Society of Ichthyologists and Herpetologists (ASIH, 2004). Animals were
selected at random from sites known to have either a low, moderate, or high concentrations
of mercury in the upper trophic levels (Delany et al., 1988; Hord et al., 1990). In this study,
we use measures of body length (snout-vent length (SVL)) as a proxy for age. Two size
classes were noted in this study, sub-adult (45 cm < SVL < 90 cm) and adult (SVL = 90 cm),
based on a previous report in Florida pertaining to reproductive maturity (Woodward et al.,
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1992). Twenty-four alligators, 12 sub-adults and 12 adults of both sexes included (Tables Al
and A2), were sampled from each location during the spring of 2012 (Fig 1A). Whole blood
was collected from the post-occipital venous sinus with a sterile needle and syringe
immediately following capture as described by Myburgh et al. (2014). Whole blood samples
were then transferred to 8 mL lithium-heparin Vacutainer blood collection tubes (BD,
Franklin Lakes, NJ), and kept on wet ice for no longer than 5 h. For mercury measures,
whole blood was frozen at —80 °C until analysis. Red blood cell samples were collected
from a separate tube by centrifugation, fixed in RNA Later (Sigma-Aldrich, St. Louis, MO),
and frozen at —80 °C until DNA extraction.

2.2 Trace Metal Analysis

For analysis of mercury and sixteen other trace elements (aluminum (Al), vanadium (V),
chromium (Cr), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic
(As), selenium (Se), rubidium (Rb), strontium (Sr), molybdenum (Mo), cadmium (Cd), tin
(Sn) and lead (Pb)) whole blood samples were thawed, gently rocked for homogenization
and divided into subsamples for analysis. The mass fraction of total mercury was determined
in one aliquot (100 L) of alligator whole blood with a direct mercury analyzer (DMA-80,
Milestone, Shelton, CT), utilizing National Institute of Standards and Technology (NIST)
Standard Reference Material (SRM) 3133, Mercury Standard Solution, for external
calibration and SRM 955¢ Level 3, Toxic Metals in Caprine Blood, as a control material,
certified for total mercury at 17.8 + 1.6 ng/g. The replicated measurements of the control
material had an average value of 18.7 ng/g + 1.45 ng/g, falling within the confidence interval
(16.2 — 19.4 ng/g). Replicated unknown samples were analyzed throughout the sample
queue, with a relative standard deviation (RSD) of 0.7%. Procedural and field blanks were
analyzed concurrently, by use of an empty sample vessel or Milli-Q water, respectively. If
blanks were found to be above the detection limit, the samples were blank corrected. Total
mercury (THg) was measured as previous studies of reptiles and birds have shown that
methylmercury comprises greater than 70% of the total mercury content in whole blood, and
in the species most closely related to the American alligator, the ratio is 100% when mercury
concentrations are above 1,000 ng/g and drop to 70% at concentrations below 1000 ng/g
(Bergeron et al., 2007; Rimmer et al., 2005). This measurement is used as a proxy for the
most biologically relevant form of mercury, methylmercury, until species specific
information regarding the ratio of methylmercury to total mercury in crocodilian whole
blood becomes available.

The second aliquot of whole blood was used to measure total trace element concentrations.
Approximately 0.25 g of sample and 0.25 g of internal standard (Ru, Y, Sc, High-Purity
Standards, Charleston, SC) were weighed into a pre-cleaned Teflon digestion vessel (CEM,
Matthews, NC). After the addition of 3.5 mL of high purity nitric acid (Optima, Fisher,
Pittsburg, PA), samples were digested in a CEM MARS Xpress microwave (Microwave
Accelerate Reaction System, CEM, Matthews, NC), set at a maximum temperature of

210 °C holding for 15 min. Samples were diluted to 50 g in 3% high purity hydrochloric
acid prior to analysis. The samples were measured on a Thermo X2 quadrupole inductively
coupled plasma-mass spectrometer (ICP-MS) system (software build, 2.6.0.334; Thermo,
Waltham, MA), equipped with a standard introduction system and an ESI SC4 auto-sampler
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(Elemental Scientific, Omaha, NE). The procedural blanks, field blanks and control
materials were treated in a similar manner to the samples.

The ICP-MS was tuned daily using a standard 1 ng/g multi-element tuning solution
(Solution “F”, Thermo, Wilmington, DE). The ICP-MS was operated in two collision cell
modes utilizing 8 % H, in 92 % He or 1 % NH3 in 99 % He as the collision gas to help
eliminate isobaric interferences. Quadrupole MS routine methods utilize peak jumping, with
each of five replicate runs consisting of 50 sweeps, and a dwell time of 25 ms. Seronorm
Trace Metals in Whole Blood L-3 standard solution (Sero, Bilingstad, Norway Lot#
1112691) was used as a control material for ICP-MS analysis. The main trace element of
interest, Selenium, measured an average value of 204.5 ng/g with a standard deviation of 9.7
ng/g across all control material replicates; falling within the acceptable range of 256.6

+ 51.9 ng/g. All other trace metals were within acceptable range for sample analysis (Al, Cu,
Zn, As, Rb, Sr, Pb) or were found to be below the limits of detection (V, Cr, Mn, Co, Ni,
Mo, Cd, Sn). Replicated unknown samples were analyzed throughout the sample queue,
with a relative standard deviation (RSD) of 0.1 %, 4 %, 4 %, 7 %, 1 %, 5 %, 4 %, and 1 %
for Al, Cu, Zn, As, Se, Rb, Sr and Pb, respectively. Data were blank corrected based on the
procedural blanks analyzed within the same day. Working external calibration standards
were prepared by gravimetric dilution of primary standard NIST SRM 3100 series solutions.
First order linear fits were applied to each isotope analyzed and the slope and intercept
resulting from the curve was used to calculate the mass fraction of trace elements in the
blood samples.

2.3 DNA Isolation

DNA was extracted following the protocol from RBCs preserved with RNA Later using the
Promega total DNA Isolation kit (Madison, WI). DNA concentration and purity was
assessed by measuring optical density using a NanoDrop UV-Vis Spectrophotometer
(Thermo, Wilmington, DE).

2.4 Preparation of Deoxyribonucleoside Solutions and Calibration

2’-deoxyguanosine monohydrate (dG, Sigma Aldrich, St. Louis, MO) and 5-methyl-2’-
deoxycytidine (5mdC, Santa Cruz Biotechnology Inc., Dallas, TX) were used as the
deoxyribonucleoside standards. Initial stock solutions of each deoxyribonucleoside standard
were made by gravimetric addition of ~10 mg neat standard into 10 mL of Milli-Q water to
produce ~1000 ng standard/mg water solutions. To enhance solubility, sodium hydroxide
pellets (402.24 mg, Sigma Aldrich, 97 % ACS reagent) were gravimetrically added to the
dG stock solution. Using the initial stock solutions, 20 ng standard/mg water working
solutions were prepared by gravimetric addition. The final calibration solutions included the
gravimetric addition of 200 mg of the 20 ng/mg dG solution and varying amounts of the 20
ng/mg 5mdC solution to produce twelve increments from 0.1 % to 10 % solutions of 5mdC
to dG (each calibration solution was analyzed in quadruplicate).

2.5 Hydrolysis of Final Calibration Solutions and Whole Blood DNA Extracts

To hydrolyze genomic DNA into individual nucleosides, the method described by Quinlivan
and Gregory (2008) was used and modified as follows (Quinlivan and Gregory, 2008a). The
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genomic DNA extracted from whole blood (18 pL at [20 pg/uL]) was added to hydrolysis
buffer in a 1:1 ratio (final volume = 36 uL). Both the genomic DNA samples and the final
calibration curve solutions (18 L of each final calibration solution and 18 pL of hydrolysis
buffer) were incubated at 37 °C for 11 h in an Innova 4200 Incubator (New Brunswick
Scientific, Edison, NJ). The hydrolysis buffer was made as previously reported by Quinlivan
and Gregory (2008), with the Tris-HCI Buffer at a pH = 7.75 (Quinlivan and Gregory,
2008a). To confirm hydrolysis, aliquots of 5 samples were assessed with their non-
hydrolyzed counterparts via 1% agarose gel electrophoresis (Figure Al). Post-hydrolysis, 30
pL of each hydrolyzed sample/calibration solution and 40 pL of Milli-Q water were added to
autosampler vials, for a final volume of 70 pL. Using calculated amounts (ng) in each
calibration vial, gravimetrically derived weight ratios were calculated for 5mdC to dG. The
weight ratios (x-axis) were used to construct calibration lines for the % 5mdC to dG.

2.6 LC-MS/MS Method

LC-MS/MS was employed to directly calculate the proportion of methylated deoxycytosine
(5mdC) to deoxyguanosine (dG) within genomic DNA extracted from RBCs.
Deoxyribonucleosides, (5mdC and dG) present in the DNA extracts, calibration solutions,
and blanks were chromatographically separated using an Agilent 1100 LC and Autosampler.
The deoxyribonucleosides were separated on a temperature-controlled (20 °C) Kinetex C18
column (100 x 3.0 mm, 2.6 um, Phenomenex, Torrance, CA). After each injection (7.5 pL),
separation of the nucleosides was achieved using the solvent mixtures of (A) Optima LC-MS
grade acetonitrile (ACN, Fisher Scientific, Fair Lawn, NJ) with 0.1 % formic acid ((98 %,
EMD, Germany) and (B) water with 0.1 % formic acid in a gradient as follows: 0 to 1 min
(100 % B), 1 to 14 min (92 % B), 14 to 15 min (100 % B), and continued from 15 to 20 min
for re-equilibration, with a flow rate of 250 pL/min. Other deoxyribonucleosides, such as 2’-
deoxycytidine (dC, Sigma-Aldrich, St. Louis, MO), thymidine (T, Sigma-Aldrich, St. Louis,
MO), 2’-deoxyadenosine monohydrate (dA, Sigma Aldrich), and 5-hydroxymethyl-2’-
deoxycytidine (5hmdC, Berry and Associates, Dexter, M), were also separated using the
described method (Figure A2). To assess the reproducibility of the LC-MS/MS assay and
serve as a Quality Control (QC) measure, three separate aliquots of a pooled DNA sample
were prepared and each was analyzed in triplicate (RSD < 10 %). The alligator whole blood
DNA extracts (1= 122), calibration solutions (r7=13), QC samples (s7= 3) and blanks (n=
3) were queued in randomized sets and analyzed in triplicate. Blank replicates were
randomly analyzed every 30 samples during the sample queue (in triplicate).

Chromatographically separated deoxyribonucleosides were detected by multiple reaction
monitoring (MRM) using an AB Sciex API 4000 triple quadrupole mass spectrometer
(equipped with a TurboV electrospray ionization source). Operation of the LC and MS was
controlled using Analyst software (v.1.52, SCIEX, Framingham, MA). The method
employed scheduled MRM, which was set to scan using a 180 s scan window from the
retention times noted in Table A3. The target scan time for each MRM scan was 2 s. The
MRM transition for each deoxyribonucleoside (Q1 mass (Da) — Q3 mass (Da)), and the
tune-optimized compound-specific MS/MS parameters are also shown in Table A3. The
tune-optimized source parameters were: collisionally activated dissociation (8.0); curtain gas
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(15 psi); gas 1 (50 psi); gas 2 (30 psi); source temperature (500 °C); interface heater (on);
and ion spray voltage (5000 V).

2.7 Global DNA Methylation Quantitation

Peaks for each nucleoside were integrated using the Analyst quantitation software. The
percent global methylation (% 5mdC, or 5mdC/dG) was calculated using a calibration curve
constructed by relating the calibration solution peak area ratios to the gravimetrically
determined weight ratios of 5mdC and dG, as previously described, with some modification
(contribution of deoxyribonucleoside adducts was negligible and were not factored into this
analysis) (Parrott et al., 2014; Quinlivan and Gregory, 2008b). To normalize differences in
ionization efficiency between 5mdC and dG, the dG peak area was multiplied by a response
factor (0.8971) before the peak area ratio was calculated, as previously described using an
equimolar solution (Parrott et al., 2014). The QC and calibration solutions were run
throughout the sample queue and the resultant calibration line is shown in Figure A3 (r2 =
0.9994). Peak areas for each deoxyribonucleoside in each sample (7= 3) were corrected
(dG, as previously described), and averages as well as the % of 5mdC were calculated using
the calibration line.

2.8 Statistical Analysis

All trace element data failed to meet the assumptions of normality and homoscedasticity
based on the Shapiro-Wilk Goodness of Fit Test and Levene’s Test for Unequal Variances.
After the trace element data were logyq transformed, THg measurements met the parametric
assumptions; the remaining trace metal measurements did not. Linear Regression, Spearman
Correlation, and Pearson Product Moment Correlations were used to compare the trace
element data to the DNA methylation data, where appropriate. Student’s T-tests were used to
assess differences in THg concentration and DNA methylation pattern due to sex. No
significant differences were found and both sexes were grouped for the remaining analyses.
The Two-Way Factorial ANOVA was used to compare mercury concentrations found at each
of the six sites, with the Tukeys’ HSD Multiple Comparison post-hoc test for comparisons
among sites and age classes. An ANCOVA analysis was not used as all the parameters did
not meet the assumptions, particularly the homogeneity of regression. All statistical analyses
were conducted using GraphPad (Prism 6, La Jolla, CA) and JMP 11 (SAS, Cary, NC).
Statistical significance was determined by p < 0.05 for all tests.

3. Results and Discussion

3.1 Variation in total mercury levels in alligators is site and age-class dependent

Total mercury (THg) concentrations in whole blood of adult American alligators from 6 sites
in Florida (Fig 1A) were measured. Values are expressed on a wet mass basis. At each site,
adults were found to have greater concentrations of mercury than sub-adults. Statistically
significant differences between size classes were only seen at the three locations with the
greatest mercury concentrations (WCA2A, WCA3A, and Kissimmee) (Fig 1B, Tables Al
and A2). Comparisons of mercury concentrations across the sites revealed significant
differences among many of the groups (Fig 1B, Table A4). With exception of one site, Lake
Trafford, increasing concentrations of mercury were observed towards the southern part of
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the state (Fig 1B). Animals sampled at the two sites within the Everglades, WCA2A and
WCAB3A, were observed to have the greatest concentrations of mercury. These findings are
consistent with previous studies identifying the Everglades region as a whole but,
particularly WCA3A, as a ‘hotspot’ for mercury accumulation, with animals from this
region demonstrating elevated mercury concentrations in comparison to animals from other
regions of the state (Delany et al., 1988; Heaton-Jones et al., 1997; Julian, 2013).

Interestingly, there appeared to be an increasing gradient of mercury concentrations along
the north-to-south axis, through the central Florida drainage system, from Lake Kissimmee
to the Everglades (Figure A5, A), although it should be noted that for adults, mercury
concentrations in WCA2 were slightly higher than in WCAS3 (Fig 1B). The trend in mean
mercury concentration for the “high mercury” sites (Kissimmee, WCA2, and WCA3) was
found to be 417, 1570, 1330 ng/g, in adults and 160, 560, and 680 ng/g, in sub-adults,
respectively. In comparison, mercury in the northern-central “low mercury” sites
(Lochloosa, St. John’s River, Trafford) were over three times lower than those in the
Everglades for sub-adults (over five times lower for adults) (Table A5). Previous localized
atmospheric sources, such as medical waste incineration, have been thought to contribute
significantly to the deposition of mercury in the Everglades in the 1980’s and 1990°’s
(Frederick et al., 2005). Reductions in these local sources of mercury emissions in the early
1990’s resulted in a concomitant reduction in mercury concentration in resident Everglades
fish and wildlife; however, atmospheric deposition of mercury, dominated by global sources,
have persisted with relatively stable amounts of deposition since that time (Florida
Department of Environmental Protection, 2013; Julian et al., 2015). The unique hydrology
of the Everglades continues to enable the rapid conversion of mercury to the biologically
available form which accumulates to concentrations in biota that are potentially unsafe for
human consumption (Frederick et al., 2005; Julian, 2013). The increasing concentrations of
mercury observed in animals from Lake Kissimmee to the Everglades locations suggests that
anthropogenic influence could be an additional source of mercury in this drainage system.
This series of connected watersheds begins north of Lake Kissimmee, drains through part of
urban Orlando and nearby tourist attractions, which both add to the water effluent being
filtered through the more southern watersheds. This drainage system continues through
central Florida down through the Everglades to Florida Bay (Figure A5, A) (Florida
Department of Environmental Protection and Restoration, 2015). Mercury concentrations in
animals from the three sites that are not part of this drainage system, Lochloosa Lake, St.
John’s River and Lake Trafford (Fig A5, B), were below those concentrations observed in
the Everglades, despite Lake Trafford’s close proximity to the WCAs. The combined effects
of the anthropogenic influence on the central Florida drainage system and the unique
biogeochemical characteristics of the Everglades that control production, transport, binding,
and bioaccumulation of methylmercury, provides a unique location to study a chronic
environmental “treatment” of mercury in the organisms that reside there.

3.2 DNA hypomethylation is associated with mercury exposure

The relationship between global measures of DNA methylation and concentrations of all
trace elements quantified (Al, Cu, Zn, As, Se, Rb, Sr, Pb and THg) was investigated.
Decreased measures of global DNA methylation (5mdC/dG) were weakly, but significantly
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correlated to increasing mercury concentrations across all individuals by linear regression (p
=0.04; r2 = 0.04) (Fig 2A). However, correlations between global DNA methylation and
other trace elements were not observed (Table A5). To test if the negative relationship
between global DNA methylation and THg concentrations was different across sampling
sites, each site was analyzed independently. The relationships between global DNA
methylation and THg were found to be significantly different and varied widely across sites
(Fig 2B; Fs5, 107 = 3.05, p = 0.01). The relationship appeared more pronounced in alligators
from Kissimmee (p = 0.02; R2 = 0.27), and WCA2A (p = 0.04; R? = 0.28), two of the sites
with the greatest concentrations of THg (Fig 2B). A significant relationship was not
observed at WCA3A. There was no discernible relationship between global DNA
methylation and THg at the three sites with the lowest measured Hg concentrations. Taken
together, these data suggest that higher Hg exposures are linked to decreases in global DNA
methylation in alligators living in areas with higher, but not lower, levels of Hg
contamination.

Alligators from the sites with the least THg also appear to have greater selenium
concentrations when compared to other locations; however, the relationship was not
statistically significant (Table A5). Selenium has been shown to have a protective role in
ameliorating deleterious effects associated with mercury exposure, as it facilitates the
demethylation process (Burger and Gochfeld, 2011; Ralston and Raymond, 2010; Raymond
and Ralston, 2004; Yang et al., 2008). Ralston and Raymond (2010) propose that a selenium
to mercury (Se: Hg) molar ratio above 1:1 may afford protection from the effects of mercury
exposure in rodents. There are many factors to consider apart from the singular molar ratio,
as not all selenium measured is biologically available for demethylation of mercury, and
therefore not available to aid in mercury detoxification. Still, reporting molar ratios has been
deemed an acceptable basis of comparison (Burger and Gochfeld, 2011). Alligators
examined in this study demonstrated a wide range of Se:Hg molar ratios, with the animals
from the locations with greater mercury concentrations, having lower Se:Hg ratios (Table
ADb). The adult animals from the Everglades locations demonstrated Se:Hg molar ratios
below 1:1, suggesting that these individuals might be more susceptible to the effects of
mercury exposure (Table A5) (Ralston and Raymond, 2010). In this study, lower Se:Hg
ratios are associated with decreased methylation, possibly due to the inability of selenium to
counteract mercury efficiently when mercury is present in much greater concentrations.
However, the variation in Se:Hg ratios reported in this study appear to be driven more by
changes in Hg rather than Se, and therefore prevent strong conclusions about the protective
effect of Se in these animals.

The relationship between global DNA methylation and THg concentrations in different size
classes was also examined. This relationship was different across the two size classes (F1 115
=7.00, p < 0.01), with a significant inverse relationship observed between the larger and
sexually mature adult animals (p = 0.02), but not for sub-adults (Fig 2C), or between the
sexes (data not shown). Because adults were found to have greater THg levels than sub-
adults, these findings further suggest that only at the higher ranges of exposure does mercury
contamination begin to affect the methylome. Pilsner et al. (2010) examined global DNA
methylation and THg in the brains of polar bears (Ursus maritimus), and found no
correlation between the two. In addition, mean THg concentrations in bear brains were
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lower those observed in the studies of other wildlife (Bastos et al., 2015; Fortin et al., 2001;
Heaton-Jones et al., 1997). However, the size class of bears sampled was heavily skewed
toward sub-adults. If the relationship between global DNA methylation and mercury
exposure is size class-dependent in brain tissue from polar bears as it appears to be in whole
blood from alligators, our findings in this study might explain why no correlation was
observed by Pilsner et al. (2010). Diet is also known to affect DNA methylation patterns and
maternal ingestion of endocrine disrupting contaminants has been shown to cause
hypomethylation in the offspring of female mice (Dolinoy et al., 2007). Thus, while
maternal effects rather than chronic exposure cannot be ruled out, the observed relationship
in adults but not sub-adults supports a model in which chronic and/or bioaccumulation
negatively impacts global DNA methylation in these animals.

3.3 Age-associated DNA methylation loss and relationship to THg levels

The effect of site and size class on global measures of DNA methylation was then examined.
A two-way ANOVA revealed that global DNA methylation is significantly associated with
both site (Fs 107 = 2.80, p = 0.02) and size class (F1 107 = 12.33, p < 0.001), with adults
categorically displaying decreased global DNA methylation when compared to sub-adults

(Fig 3).

The differences in global DNA methylation for sub-adults compared to adults is consistent
with previous studies in which captive juvenile alligators were found to have increased
measures of global methylation when compared to wild adults (Parrott et al., 2014).
Alligators undergo prolonged growth and in many cases, measures of animal length serve as
the closest proxy to age available. In an effort to further explore the relationship between
global DNA methylation and alligator size (and age) class, a linear regression analysis was
performed incorporating all captured animals and a weak, yet significant inverse relationship
was found between global DNA methylation and snout-vent length (Fig 3C; r2 = 0.04, p =
0.03). Taken together, both categorical and continuous analyses suggest that similar to
humans, alligators undergo age-associated loss of global DNA methylation. However, when
linear regression analyses were performed on either adults or sub-adults alone (Figure A4),
there was no apparent link between length and DNA methylation, suggesting that instead of
a continuous loss over time, age-associated global methylation loss might be more
punctuated and occur over the course of sexual maturation.

In Figure 3A, the differences between sub-adult and adult global DNA methylation appear
more pronounced in alligators captured at sites observed to have the greatest concentrations
of THg (Kissimmee, WCA2A, and WCA3A). In light of the finding that increased THg
concentrations are associated with decreased global DNA methylation, it is hypothesized
that alligators living in sites with the greatest concentrations of THg could undergo a more
pronounced age class-associated reduction in global DNA methylation. We tested for an
interaction between THg exposure and size-class on measures of global DNA methylation.
We categorized the three sites with the highest THg (WCA2A, WCAS3A, and Kissimmee) as
“high mercury” and three sites with the lowest THg (Lochloosa, Trafford, and St. Johns
River) as “low mercury.” We performed a two-way ANOVA with mercury level and size
class set as independent variables and observed a significant interaction between them
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(F1,117 = 6.23, p = 0.014). To investigate this interaction more closely, the average THg
concentration for each site was plotted against the ratio of adult to sub-adult global DNA
methylation (Fig. 3D). Interestingly, the three sites with the greatest concentrations of THg
showed the most dramatic size class-associated loss of DNA methylation, with WCA3A,
WCAZ2A, and Kissimmee adults retaining only 91%, 92%, and 93%, respectively, of the
global DNA methylation levels measured in their sub-adult counterparts. In contrast, adult
alligators living in the three sites with the lowest THg concentrations retained greater than
95% of the DNA methylation observed in their sub-adult counterparts. Because the vast
majority of DNA methylation takes place only within the context of CpG dinucleotides, it is
important to note that small percentage changes in global methylation (relative to all
cytosines) represents a substantially larger change in the proportion of methylated CpG
dinucleotides. Further, both linear (r2 = 0.55, p = 0.09) and 2" order polynomial regressions
(R2=0.80, p = 0.27) yielded models suggestive of a trend in which those alligators living in
sites with the greatest THg concentrations undergo the most age-associated decrease in
global DNA methylation.

Conclusions

By utilizing a long-lived sentinel species, we demonstrate that global measures of genomic
DNA methylation are negatively associated with high mercury exposure, aging, and also
identify a possible link connecting environmental exposures to the age-associated loss of
global DNA methylation. While global measures provide a feasible approach to examine
DNA methylation across large numbers of animals, it is still unclear what regions of the
genome undergo epigenetic remodeling in response to mercury exposures and aging.
Christensen et al. (2009), found that DNA methylation in humans increased in the context of
CpG islands and decreased outside of islands as a function of aging. A similar study found
that centenarians displayed hypomethylation in all regions of the genome except CpG
islands when compared to newborns (Heyn et al., 2012). Experiments aimed at elucidating
the alligator methylome at the base pair level are needed in order to better understand how
the epigenome changes as a function of aging and if age-associated changes in humans are
broadly conserved in non-mammalian vertebrates. Future studies examining if both mercury
exposure and aging affect specific and overlapping regions of the methylome will reveal
insights into mechanisms by which environmental factors impact the aging process.
Interactions between environmental factors and fundamental aging processes could
potentially shape aging trajectories and affect the downstream development of age-
associated health outcomes.
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Figurel.
Map of Florida showing the six sites from which American alligators (A/ligator

mississippiensis) were sampled in this study (A). The mean (+ SD) total mercury
concentrations (ng/g, wet mass) in alligator whole blood partitioned as a function of size
class and sampling location in Florida (B). Significantly different mean mercury
concentrations are denoted by different letters (significance noted by p < 0.05).
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Global measures of DNA methylation in whole blood samples from American alligators
(Alligator mississippiensis) from Florida. All individuals (7= 119) are plotted either (A) all
together, (B) according to site, or (C) according to size class. Results of linear regression
analyses are reported. Top and bottom lines in (A) represent 95% confidence intervals.
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Influence of site and size class (age) on global measures of DNA methylation in the
American alligators (Alligator mississippiensis) sampled in Florida using whole blood (THg
analysis) and red blood cells (DNA methylation analysis). (A) Box-and-whisker plots of
global DNA methylation measures across site and age class. (B) Across all individuals, sub
adults have greater measures of global DNA methylation when compared to adults. (C)
Snout-vent length is plotted against 5mdC/dG for each individual. Results of a linear
regression analysis is reported, dotted line demarcates the sub-adults and adults. (D) The
proportion of global DNA methylation in adults relative to sub-adults from the same site is
plotted against the mean concentrations of THg measured for each site. r? values are
reported for linear regression analyses; R2 values are reported for non-linear regression

analyses.
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