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EFFECTS OF THERMAL STRESS AND OCEAN ACIDIFICATION ON THE EXPRESSION OF

THE RETROTRANSPOSON STEAMER IN THE SOFTSHELL MYA ARENARIA

MICHAEL P. LESSER,1,2* MEGAN M. THOMPSON1† AND CHARLES W. WALKER1

1Department of Molecular, Cellular and Biomedical Sciences, University of New Hampshire, Durham,
NH 03824; 2School of Marine Science and Ocean Engineering, University of New Hampshire, Durham,
NH 03824

ABSTRACT The softshell Mya arenaria is an ecologically and commercially important bivalve mollusc that develops a fatal

cancer known as disseminated neoplasia or hemocyte leukemia. This cancer, like many human cancers, involves the master

control gene of apoptosis, p53. This gene is also known to interact with retrotransposons, and a growing body of evidence suggests

that p53 actually controls retrotransposon expression and subsequently oncogenesis. The recent description of a retrotransposon

(i.e., Steamer) in adult M. arenaria and its potential involvement in the oncogenesis of hemocyte leukemia has been suggested.

Juvenile clams, previously shown not to develop hemocyte leukemia, were exposed to climate-related changes in seawater

temperature and pH predicted for the year 2100. All juvenile softshells do express the retrotransposon Steamer. When juvenile

clams are exposed to predicted climate-related changes in temperature and pH in the Gulf of Maine, it significantly induces

Steamer expression, specifically in treatments where clams were exposed to low pH. For juvenile individuals of M. arenaria and

potentially other bivalves, Steamer may be a candidate biomarker for exposure to ocean acidification conditions.

KEYWORDS: Steamer, climate change, ocean acidification,Mya arenaria, softshell, clam, cancer, apoptosis, retrotransposon

INTRODUCTION

The softshell Mya arenaria (Linnaeus, 1758) is found

worldwide in marine soft-bottom ecosystems where it is eco-
logically important in the coupling of water column pro-
ductivity to benthic consumers and as food for numerous
predators. Another critical function of softshells is the bio-

turbation of sediments and associated pore water constituents
(e.g., dissolved inorganic nutrients) to and from the sediment–
water interface that mediates the biogeochemistry and ecotox-

icology of sediment habitats (Norkko & Shumway 2011). In
addition, although the softshell fishery in New England has
increased in value, landings in recent years have declined sig-

nificantly. Significant population declines of M. arenaria have
been observed throughout New England, but specifically in the
Gulf of Maine (GOM). Although some of these declines have
been attributed to increasing seawater temperatures and ocean

acidification (Salisbury et al. 2008, Balch et al. 2012), the most
significant causes of population declines have been predation by
the introduced European green crab (Carcinus maenas), overf-

ishing, and a fatal cancer of softshells known as disseminated
neoplasia or clam hemocyte leukemia (Beal & Kraus 2002,
Walker et al. 2011). Interestingly, mortality by crab predation is

focused on juvenile clams having less than 30 mm shell length
(SL), whereas mortality from leukemia occurs in adult clams
having 40–80 mm SL. Mortality by hemocyte leukemia can be

as high as 10% of the adult population that survives green crab
predation.

Despite the considerable amount of information available
on the molecular mechanisms that characterize this disease

(e.g., Walker et al. 2011), the current data available on the eti-
ology of clam hemocyte leukemia support environmental/
toxicological and/or a viral/retrotransposon origin (Böttger

et al. 2008, Arriagada et al. 2014). The strongest evidence,

however, has suggested a viral origin with possible environ-

mental induction of the disease (Böttger et al. 2008). Studies
also show that the disease can be transferred to noncancerous
clams by injection of hemocytes, lysed hemocytes, or hemo-

lymph alone from leukemic clams (Taraska & Böttger 2013).
There is also evidence supporting the presence of a retrovirus in
diseased clams (House et al. 1998, AboElkhair et al. 2009,

Walker et al. 2011, Taraska & Böttger 2013), as well as evidence
against a viral origin casting doubt that the pathology of clam
leukemia has a viral etiology (AboElkhair et al. 2012).

Recently, a long terminal repeat retrotransposon, a transpos-
able element named Steamer, has been described from the ge-
nomes of normal and leukemic clam hemocytes (Arriagada
et al. 2014). The expression of this retrotransposon has been

reported to be 50-fold to 200-fold greater in leukemic hemocytes
than in normal hemocytes, and it has been suggested that
transmission of the cancer between clam populations occurs by

the release of cancerous hemocytes and subsequent uptake via
filter feeding by naı̈ve populations or the release of retro-
transposons from cancerous clams and their uptake by naı̈ve

clams (Arriagada et al. 2014). A subsequent publication using
microsatellite markers (Metzger et al. 2015) reported that
populations of diseased clams along the eastern seaboard of the
United States were genetically differentiated from each other

but contained leukemic hemocytes of a single genetic (i.e.,
clonal) lineage supporting the hypothesis that the disease is
transmitted horizontally.

It is well known that malignant tumors starting from a single
cell generally show a high degree of intragenomic heterogeneity.
This heterogeneity results from the accumulation of genetic

mutations and epigenetic changes as cells divide many times,
resulting in cancerous cells that are genetically different from
each other even at the level of individual cells within a single

tumor (Crespi & Summers 2005), or in leukemia (Li et al. 2016).
There is no a priori reason to expect rapidly dividing cancerous
clam hemocytes to not exhibit some level of intragenomic het-
erogeneity as well. In addition, there is no direct evidence that

transmission of this lineage occurred via filter feeding of
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released cancerous hemocytes over the last 40 y, from lower to
higher latitudes, as suggested by the investigators. There is also

no mechanism where a clonal cancerous cell lineage could re-
main genetically homogeneous over a 40-y-period of time as
Metzger et al. (2015) suggest unless there is a selective sweep for
every single mutation that arises.

Assessing whether these cells are similar to the respective
host or whether they are clonal in nature using polymorphic
markers such as microsatellites or single-nucleotide poly-

morphisms (SNP) is appropriate (Crawford & Oleksiak 2016).
Both the microsatellite and SNP data from Metzger et al.
(2015), however, do not appear to include a rigorous evaluation

of the appropriate sample sizes required from each population,
the use of an adequate number of microsatellites or SNP in the
analysis of genetic differentiation, the neutrality of the markers
to make sure they are not under selection, especially in the

case of cancerous cells (Marusyk & Polyak 2010), and the
linkage disequilibrium properties of the markers (Selkoe &
Toonen 2006). In addition, retrotransposons are known to be

expressed in response to environmental stress and are important
regulators of gene expression as it relates to adaptation/
acclimatization to stress (Casacuberta & Gonzáles 2013). Ret-

rotransposons are also known to be an important source of
genetic novelty that selection can act on and drive evolutionary
changes (Tiwari et al. 2018). Patterns of expression for retro-

transposons must, therefore, be interpreted cautiously when
natural samples are taken across wide environmental gradients
(i.e., latitude).

From an ecological, or oceanographic, context, there is also

no evidence for how the transmission of this disease would be
accomplished from a southwest to northeast direction in the
GOM, considering the prevailing physical oceanography where

currents flow primarily from a northeast to southwest direction.
Specifically, although the genetic evidence does provide support
for the clonal nature of this retrotransposon in populations of

leukemic hemocytes, the authors should have undertaken a
seascape genetics approach, which would have incorporated
many ecological aspects on the horizontal transmission of this
disease as well as a more robust genetic analysis (sensu Selkoe

et al. 2016). In addition, there are no data on whether cancerous
hemocytes are actually released by clams, on the dose de-
pendence required for cancerous hemocytes to establish disease,

on the long-term survivability of hemocytes in seawater, on
whether clams can actually filter and retain hemocytes, and if
they can, how do these hemocytes then gain access into the

hemolymph to proliferate?
The GOM is experiencing one of the fastest rates of increase

in seawater temperature in the world, in addition to ocean

acidification, and lower primary productivity in near coastal
environments (Salisbury et al. 2008, Balch et al. 2012,Mills et al.
2013, Pershing et al. 2015). Given the correlation of Steamer
expression with a cancerous state in Mya arenaria (Arriagada

et al. 2014), and that retrotransposons can also differen-
tially express themselves in response to environmental stress
(Casacuberta & Gonzáles 2013), an experiment on the expres-

sion of Steamer in juvenile individuals of the softshell M. are-
naria exposed to current, and predicted, changes in seawater
temperature and pH (i.e., ocean acidification) for the GOMwas

conducted. The specific aimwas to test the role of abiotic factors
in the expression of Steamer in clams that are not known to
develop hemocyte leukemia.

MATERIALS AND METHODS

Animal Husbandry

One-year-old sibling clams having 1.5–2.4 cm SL, measured
as the anterior/posterior axis of shell, from the Downeast In-
stitute (Beals, ME) aquaculture hatchery facility were used for

the experiment in spring 2014. Approximately 20 individual
clams were placed in each of the aquaria described in the fol-
lowing paragraphs and fed every 4–5 days with Shellfish Diet

1800 (Red Mariculture Inc.) containing Isochrysis sp., Pavlova
sp., Thalassiosira weissflogii, and Tetraselmis sp. Adult clams
were simultaneously collected from mudflats on the coast of

New Hampshire to ground truth the assay described in the
following paragraphs. Bleeding of hemolymph from adult and
juvenile clams was accomplished by withdrawing 50 mL of he-

molymph from the pericardial sinus of each animal using a
sterile 1-mL syringe and either a 21 or 26-gauge hypodermic
needle. The samples of hemolymph were placed in 96-well flat-
bottomed plates, incubated at 4�C for 2 h, and scored for their

cancerous state using a Zeiss IM inverted microscope as de-
scribed by Taraska and Böttger (2013). Clams were maintained
at 12�C and 33 salinity, as measured with a calibrated YSI

Model 63 pH and conductivity meter (YSI, Yellow Springs,
OH) at the University of New Hampshire, and split into two
experimental arrangements as described in the following

paragraphs.

Experiments on the Effects of Temperature and pH Stress on

Steamer Expression

Clams were subjected to bubbled CO2 at 380 and 560 ppm
and temperature treatments of 10–12�C and 16–18�C typical of

current and predicted temperatures in coastal GOMwaters on a
14:10 L/D cycle at 100 mmol quantam–2 sec–1. The experimental
system (Aquatic Habitats benchtop) included two closed cir-

culating systems, each using natural seawater run through a
biofilter, particulate filter, and carbon filter, and constantly
aerated. Each experimental unit has two shelves of individual

aquaria (n¼ 12 each shelf) with a volume of 3 L and a flow rate
9 L h–1. Two tanks of 60 L for each experimental unit contained
natural seawater that was adjusted to the experimental pH de-
termined using a feedback system of pH control (i.e., pH stat

control method) with computer-controlled solenoids for bub-
bling CO2 gas using a Qubit Q-pH Control System-4 (Qubit
Systems Inc., Kingston, ON, Canada). All aquaria were con-

tinuously monitored for temperature, salinity, and pH, al-
though samples were taken at the end of the experiment to
quantify carbonate chemistry by measuring pH, total alkalinity

(TA), dissolved inorganic carbon (DIC), and CO2 to be used
with the salinity and temperature data to calculate the aragonite
saturation state of the seawater. For these experiments, the

seawater pH values, predicted from the CO2 concentrations,
local salinity, and temperature, were ;8.1 (natural seawater)
and 7.9, respectively, based on the IPCC 2001, 2007 B2 climate
model for CO2 concentrations of 380 and 560 ppm (Caldeira &

Wickett 2003). After 14 days of acclimating to ambient condi-
tions, one experimental unit was maintained at 10–12�C, and
the other unit had its temperature increased to 16–18�C. After

8 days of acclimation, a random collection of clams was made
from each experimental unit (n ¼ 20–30). After this collection,
each experimental system was split and exposed to an ambient
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CO2 concentration of 380 ppm (n ¼ 6 aquaria) and 560 ppm
(n¼ 6 aquaria), based on the B2 climate model, for 13 days after

which an additional set of clams (n ¼ 20–30) was randomly
collected from each experimental unit. Before freezing, experi-
mental clam tissues were removed from their shells and placed
in RNAlater (Qiagen) and stored at –20�C until analysis. As a

result of this protocol, four treatments were tested: ambient T�C
and pH (AmbNorm, n ¼ 31), ambient T�C and low pH
(AmbLow, n¼ 11), elevated T�C and normal pH (HiNorm, n¼
23), and elevated T�C and low pH (HiLow, n ¼ 16).

Treatment effects, temperature, pH, and their interaction
in the experiment were analyzed using analysis of variance

(ANOVA) after transformation as ratios are a priori not nor-
mally distributed. Significant effects were then subject to
multiple-comparison testing and transformed values were back-
transformed for presentation.

pH, DIC, TA, and CO2 Measurements of Seawater

Independent samples of seawater (n¼ 3) were collected from

the reservoir tanks of each experimental unit at the beginning,
after 8d, and at the end of the experiment and analyzed for TA,
pH, and DIC. Total alkalinity was analyzed using an Apollo
Sci-Tech AS-A2 automated analyzer, which uses the Gran ti-

tration procedure. These analyses have a precision of 0.1%. The
pH was measured from the same sample using a Thermo Orion
combination electrode (precision; ±0.027 pH units). Dissolved

inorganic carbon was analyzed from acidified 1–3 mL samples
using an Apollo Sci-Tech DIC analyzer that typically achieves a
precision of 0.1%. Certified reference materials were used to

ensure the precision of the TA and pH determinations (Dickson
et al. 2007). pCO2 and the aragonite saturation state (W) were
analyzed using CO2SYS software modified to reflect calcium

ion (Ca++) variability. These analyses were run at the directly
measured experimental temperature and salinity using the in-
organic carbon dissociation constants of Millero et al. (2006).
The estimated accuracy of the pCO2 determination using this

method is ±9.9 matm.

RNA Extraction, Sequencing, and Assembly

Clam samples equaling approximately 0.5 cm2 were blotted
to remove any excess RNAlater, and 1 mL Qiazol (Qiagen)

containing a 5-mm steel bead (Qiagen) was added and homoge-
nized for 2 min at 50 Hz. All centrifugations for RNA extraction,
precipitation, and purification were performed at 4�C. The su-

pernatant for all samples were transferred to a new tube, and 200
mL chloroform was added, followed by vigorous shaking for 15
sec. After incubating on ice for 15 min, the samples were centri-

fuged for 15 min at 12,000 3 g. The upper aqueous phase was
transferred to a new tube, and 500 mL ice-cold isopropanol was
added. The samples were inverted five times before incubating
overnight at –20�C. The samples were then centrifuged at

14,0003 g for 10 min, washed with 75% ethanol, and centrifuged
at 14,000 3 g for 5 min. The pellet was resuspended in 100 mL
RNase-free water, followed by the addition of 10 mL 3M sodium

acetate (pH 5.2) and 250 mL 100% ethanol. The samples were
vortexed for 10 sec, incubated for 30min at –20�C, and centrifuged
at 12,000 3 g for 15 min. A second wash was performed by ali-

quoting 1 mL of 75% cold ethanol after centrifugation at
14,000 3 g for 5 min. The pellet was resuspended in RNase-free
water, quantitated, and stored at –80�C.

RNA extracted from the posterior adductor muscle of adult
clams (n ¼ 5 noncancerous and n ¼ 5 cancerous) included an

additional PVP step in which 100 mL PVP/NaCl solution (18 M
polyvinylpyrrolidone and 1.4 M NaCl) was added to 100 mL of
sample and incubated for 10 min at room temperature. After
centrifugation at 15,000 3 g for 15 min at room temperature,

7.5 M LiCl was added to the supernate for a final concentration
of at least 2.5 M LiCl. The samples were incubated for 45 min
at –20�C and centrifuged for 20 min at 14,000 in 4�C. The
resulting pellet was resuspended in RNase-free water, and its
concentration quantified.

cDNA Synthesis and Real Time Quantitative PCR

Extracted RNA was treated with TURBO DNase (Thermo-
Fisher) as per the manufacturer�s directions followed by cDNA
generation with ProtoScript II First Strand cDNA Synthesis Kit

(NewEngland BioLabs) as per themanufacturer�s directions using
random primers and the easy protocol. Reactions for real-time
PCR included Luna Universal qPCR Master Mix (New England

BioLabs), used as per the manufacturer�s instructions, primers to
amplify the EF1, and Steamer genes (Arriagada et al. 2014). The
primers for Steamerwere clamRT-F, 5# tgc gtc gga aac cgg tct tgg;
clamRT-R, 5# caa cca ctc ggc gcc cgt at, and for the housekeeping

gene EF1 clamEF1F, 5# gaa gga tga ggg aaa aga ggg; clamEF1R,
5# cac att ttc ctg cta tgg tgc at working stock solutions of 100 nM
for Steamer (clamRT-F/clamRT-R) and 200 nM for EF1 (cla-

mEF1F/clamEF1R).
Quantitative real-time PCR (qPCR) was performed in an

Applied Biosystems 7300 fast real-time PCR system (Thermo-

Fisher) using a thermoprofile of 95�C for 10min and 40 cycles of
95�C for 10 sec and 60�C for 20 sec. Relative expression was
calculated from the PCR efficiencies of Steamer and the

housekeeping gene EF1, and the crossing point deviation of an
unknown versus control sample as described by Pfaffl (2001).

RESULTS

Consistent with the pCO2 measurements across treatments,
the calculated pHT for experimental seawater in those treat-

ments representing normal pHT varied from 8.06 to 8.08,
whereas the low pH treatment group varied from 7.93 to 7.95
(Table 1). These values are consistent with current and pre-

dicted seawater pHT for the B2 climate model (Caldeira &
Wickett 2003).

The treatment effects on the expression levels of Steamer,

relative to the housekeeping gene EF1, in adult clams with he-
mocyte leukemia were higher than those in normal clams but
were not significantly different (two-tailed t-test, df 8, t-

ratio ¼ –1.294, P ¼ 0.23) from each other (Fig. 1). All juvenile
clams used in the experiment were noncancerous based on the
cytological examination as described earlier by Taraska and
Böttger (2013), and the treatment effects on the expression of

Steamer were found to be significant (ANOVA: F3,77 ¼ 3.112,
P ¼ 0.031). Multiple comparison testing showed that there
was a significant interaction between temperature and pH

(Tukey�s HSD, P < 0.05) such that the independent effects of
temperature and pH can no longer be considered as they are
confounded. TheAmbLow treatment exhibited the highest level

of expression for Steamer (Tukey�s HSD, P < 0.05), whereas the
HiLow treatment had significantly lower expression (Tukey�s
HSD,P < 0.05). The Control andHiNorm showed intermediate
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levels of expression (Fig. 2). Taken together, the expression of

Steamer in juvenile clams changes when exposed to pH and
temperature for the year 2100, but only the low pH treatment is
distinguishable from the other treatment groups.

DISCUSSION

Adult clams known to be cancerous express higher levels of
the retrotransposon Steamer than noncancerous adult clams,
but not significantly so in this study (Fig. 1). Adult clams in this

study encompassed individuals in a moderate to fully leukemic
state based on the morphology of the hemocytes. This vari-
ability in expression of Steamer has been previously shown (e.g.,

Arriagada et al. 2014) and illustrates the lack of a consistent
relationship between Steamer expression and cancerous state of
the individual clams (see Fig. 2, Arriagada et al. 2014), where
even moderately cancerous adult clams are not significantly

different from noncancerous clams in their levels of Steamer
expression. Juvenile clams less than 20 mm SL used here were
free of hemocyte leukemia and have been shown in other studies

not to develop leukemia after injection of leukemic hemolymph

filtered at 0.2 mm (Taraska & Böttger 2013). Despite this, all
clams used in this study expressed the retrotransposon Steamer,
as has been shown in other studies on the hemocytes of non-

cancerous Mya arenaria (Arriagada et al. 2014, Metzger et al.
2015) and other species of bivalves (Metzger et al. 2016, 2018,
Paynter et al. 2017). Exposure to predicted pCO2 concentra-

tions and temperatures for the year 2100, based on the B2 cli-
mate model, had a significant effect on Steamer expression
(Fig. 2). Expression levels generally observed in this study were

in the same range as observed in Arriagada et al. (2014) for
normal clam hemocytes and for a large number of clams with
hemocyte leukemia in that study. In this experiment, exposure
to both higher temperatures and lower pH resulted in the lowest

expression of Steamer, even lower than the control conditions,

TABLE 1.

Values for directly measured and calculated carbonate chemistry parameters for the experimental treatments (n$ 3 each
treatment). Parameters of carbonate seawater chemistry were calculated from total alkalinity, pCO2, temperature and salinity

using the free-access CO2Calc package.

Treatment

TA (%SD)*

(mmol kg–1 SW)

DIC (%SD)†

(mmol kg–1 SW)

pCO2 (%SD)*

(matm) pHT† VCa† VAr†

Ambient T�C and pH (AmbNorm) 2,272 ± 16 2,067 ± 23 369 ± 15 8.076 3.607 2.298

Ambient T�C and low pH (AmbLow) 2,401 ± 12 2,252 ± 23 573 ± 17 7.930 2.860 1.822

High T�C and Ambient pH (HiNorm) 2,198 ± 19 1,981 ± 27 377 ± 21 8.055 3.820 2.455

High T�C and low pH (HiLow) 2,418 ± 21 2,235 ± 12 555 ± 24 7.948 3.426 2.202

SW, seawater; DIC, dissolved inorganic carbon; pHT, total scale; WCa, saturation state of calcite; WAr, saturation state of aragonite.

* Directly measured.

† Calculated.

Figure 1. Steamer expression in adult softshells Mya arenaria. There

were no significant differences (two-tailed t-test, df 8, t-ratio$ –1.294,

P$ 0.23) between leukemic and normal clams.

Figure 2. Steamer expression in juvenile clams exposed to varying

seawater temperatures and pH. Significant treatment effects (ANOVA:

F3,77$ 3.112, P$ 0.031) were detected, and superscripts indicate the

results of multiple comparison testing (Tukey�s HSD). Similar super-

scripts indicate no significant differences between treatments. AmbNorm,

ambient temperatures and pH; AmbLow, ambient temperatures and low

pH; HiNorm, high temperatures and normal pH; and HiLow, high

temperatures and low pH.
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whereas the highest levels of Steamer expression occurred in the
low pH–alone treatment. Ries et al. (2009) observed that the

calcification rate decreased significantly when exposed to a range
of elevated pCO2 conditions in several species of molluscs, in-
cluding M. arenaria, which indicates a physiologically stressful
exposure to low pH.Although the range of pCO2 conditions used

byRies et al. (2009) and the experiment described here include the
predictions of the B1 climate model, they do not reflect the most
physiologically extreme pH conditions that softshells might be

exposed to (Waldbusser & Salisbury 2014). In the coastal habitats
of the GOM, the sediments and associated porewaters exhibit low
pH values and saturation states as a result of riverine input of low

pH water (Salisbury et al. 2008). This causes low rates of calcifi-
cation and a significant source of seasonal juvenile mortality ofM.
arenaria (Salisbury et al. 2008, Green et al. 2009, Ries et al. 2009).
Neither of the temperature regimes in these experiments are rep-

resentative of the maximum seasonal temperature exposures that
clams would experience in late summer during immersion at low
tide (Newell & Hidu 1986).

It is unknown whether clam leukemia occurs as a result of the
high expression of Steamer, which then leads to genomic in-
stability, mutations, and oncogenesis (Burns 2017), or whether

the development of hemocyte leukemia results in higher Steamer
expression. Clam hemocyte leukemia has highly conserved
mechanistic underpinnings with several human cancers (e.g.,

acute myelogenous leukemia and colon carcinoma), and previous
studies have identified many of the genes in the p53 apoptogenic
pathways that are conserved between this protostome and deu-
terostome humans after 400M+ years of separation from a

common ancestor (Walker et al. 2011). In clams without leuke-
mia, the expression of the control gene of apoptosis, p53
(Kruiswijk et al. 2015, Kastenhuber & Lowe 2017), can induce

apoptosis in the hemocytes of environmentally stressed animals
before they become leukemic (Walker et al. 2011). This occurs as
the p53 protein enters the nucleus of stressed normal cells and

induces gene pathways related to the initiation of apoptosis, thus
eliminating unhealthy cells in clams from in vivo natural pop-
ulations before they become cancerous; however, in fully leuke-
mic hemocytes, the p53 protein is blocked from entering the

nucleus through its binding to an overexpressed cytoplasmic
Hsp70 protein called mortalin (Kelley et al. 2011, Walker et al.
2011). This results in the retention and inactivation of the p53

protein in the cytoplasm. As a result, clam hemocytes become
immortalized, their cell division proceeds without normal cell
cycle controls, and a fatal leukemia results (Walker et al. 2006,

Walker & Böttger 2008, 2011, 2012). So, the identified common
denominators in the development of clam hemocyte leukemia are
the overexpression of mortalin protein, p53 and associated pro-

teins, and the viral retrotransposon, Steamer. Although the
mechanistic understanding of the relationship between mortalin
and p53 in the oncogenesis of normal to leukemic hemocytes is
very good, the role of Steamer is not.

Steamer is a member of the widespread Gypsy long terminal
repeat family of retrotransposons which make up less than 1%
genomes that have been examined (Thomas-Bulle et al. 2018)

and are found in many bivalve molluscs. An emerging theme in
cancer biology, especially those cancers involving mutations to
p53 that represent pathologies directly related to the presence

and genomic instability created by retrotransposons, is that a
major role of p53 is to constrain the expression of transposable
elements which have p53 DNA-binding sites (Levine et al. 2016,

Wylie et al. 2016, Tiwari et al. 2018). It follows that if retro-
transposons can cause DNA damage or DNA damage occurs

as a result of environmental stress such as exposure to thermal
stress or ocean acidification, with increased levels of oxidative
stress and subsequent damage to DNA (Lesser 2006), then p53
will be involved because of its central role in sensing and

repairing DNA damage. In addition, retrotransposon in-
tegration may be interpreted by the cell as DNA damage such
that p53 would also be involved (Tiwari et al. 2018). Wylie et al.

(2019) showed experimentally, using gene complementation
studies in Drosophila and zebrafish models, that normal p53
alleles could suppress transposons, but that mutant p53 alleles

could not. The conclusions drawn from this study, and others, is
that from an evolutionary perspective, p53 evolved to constrain
retrotransposon expression and that when retrotransposons are
activated in the presence of mutated p53, genomic instability

occurs and oncogenesis can proceed (Wylie et al. 2016, Tiwari
et al. 2018). For hemocyte leukemia in Mya arenaria, this ap-
pears to be a reasonable path of study on the etiology of this

regularly fatal disease of adult clams.
For juvenile clams that do not develop hemocyte leukemia,

the combined effects of temperature stress and pH do not elicit

expression levels of Steamer that have been associated with the
presence of clam hemocyte leukemia, and where higher levels of
Steamer expression were observed (i.e., low pH treatment), they

compare well with the mean value reported previously in leu-
kemic adult clams (Arriagada et al. 2014). Given previous re-
sults on the inability to induce hemocyte leukemia in juvenile
clams (Taraska & Böttger 2013), there is no reason to assume

that leukemia was induced in these juvenile clams under the
experimental conditions described as there was less than 3%
mortality in clams across all treatments during the experiment.

Whether the high level of expression reported here is evi-
dence of genomic instability and oncogenesis in clams exposed
to low pH, or part of a more general stress response to changes

in the environment, is unknown. Retrotransposons, however,
have been reported to be a component of the acclimation re-
sponse (Casacuberta & Gonzáles 2013), making Steamer a
potential candidate marker for the response to ocean acidifi-

cation that deserves additional study.

CONCLUSIONS

1. Juvenile Mya arenaria have not been observed to have, or

develop, hemocyte leukemia, but do express the retro-
transposon Steamer.

2. Experimental exposure to predicted climate-related changes
in temperature and pH for the GOM significantly induced

Steamer expression, specifically in treatments where clams
were exposed to low pH.

3. In juvenile individuals of Mya arenaria, and potentially

other bivalves, Steamer may be a candidate biomarker for
exposure to ocean acidification conditions, and additional
studies should be carried out to develop this potential mo-

lecular marker.
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