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1.  INTRODUCTION

Harvests of the once abundant and commercially
valuable Mya arenaria soft-shell clam from mesoha-
line Maryland waters of Chesapeake Bay (USA) have
steadily declined, from peak levels in 1960−1971 to
consistently marginal commercial landings during
1991−2017 (Homer et al. 2011, Glaspie et al. 2018).
Similarly severe declines have been re ported for M.
arenaria populations of downstream Virginia waters
of Chesapeake Bay since 1968 (Glas pie et al. 2018).

Current drastically depleted populations of Chesa-
peake Bay M. arenaria may reflect the combined
effects of marginally managed harvest mortalities
and other predation events as well as impacts from
habitat degradation, climate change, and disease.

Potentially lethal diseases that are prevalent to date
among M. arenaria clams in Chesapeake Bay include
disseminated neoplasia (DN) and Perkinsus chesapeaki
infections. DN disease was rarely detected among
Chesapeake Bay soft-shell clams in 1979 but has been
prevalent in up to 76% of clams in some samples since
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ABSTRACT: Several historic investigations have reported intranuclear virus infections of Mya
arenaria soft-shell clams from the Atlantic coast of North America, but their descriptive details are
limited. Among numerous multi-clam samples of Chesapeake Bay M. arenaria that were analyzed
histopathologically during clam population surveys from 2000−2009, virus replication apparently
caused extreme hypertrophy among the infected nuclei of gill epithelial cells. Infected cells were
often abundant within the gill epithelia of affected clams, where their nuclear abnormalities sug-
gested compromised genetic controls of critical cellular physiological functions. Infection preva-
lences were generally elevated, reaching 90% in 25% of samples. A grand mean prevalence of
67% resulted for all (69) M. arenaria samples of the decadal investigation, which included 1934
individual clams. Infected nuclei of gill epithelial cells were microscopically conspicuous by their
extreme hypertrophic diameters of 10 μm or more and their prominent DNA-inclusion bodies.
Cells with abnormal, hypertrophic nuclei were often abundant in the epithelia of M. arenaria gills.
Transmission electron microscopy revealed abundant, replicating, icosahedral viral particles of
65−85 nm diameter within such hypertrophic nuclei. Viruses frequently occurred in paracrys-
talline nuclear arrays, showed granular internal contents, and had radial structures that suggested
capsid surface ornamentation. Normal heterochromatin of infected nuclei appeared emarginated
by dense central masses of replicating virions. Large, electron-dense DNA inclusion bodies rou-
tinely occurred at the internal margins of virus-infected nuclei. These may be virus replication
centers based on their ultrastructural features and close proximity to replicated viral particles.
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1983 (Farley et al. 1991, Dungan et al. 2002). Perkinsus
sp. infections were first reported among M. arenaria
clams in downstream Virginia waters of Chesapeake
Bay during the early 1950s (Andrews 1954) but were
only found in clams from mesohaline Maryland wa-
ters during recent de cades. Since 1990, P. chesapeaki
infections have been common among Maryland soft-
shell clams at elevated prevalences, up to 100% in
some samples (Mc Laughlin & Faisal 2000, Reece et al.
2008). Most recently, viral infections of the nuclei of
M. arenaria gill epithelial cells were found to be
prevalent among Chesapeake Bay clams (Homer et
al. 2011), but the identity and pathogenicity of the
virus agent of that gill epithelial cell nuclear hypertro-
phy disease (GENH) remain obscure.

Viral diseases are relatively common among bi valve
molluscs, and some are ex tremely virulent (Renault &
Novoa 2004). Several intranuclear viral infections have
been reported for M. arenaria in Mas-
sachusetts and New York waters, with
tentative taxonomic as signments for
the agent viruses and uncertainty
about their projected impacts on host
clams (Farley 1978, Koepp 1984). Re-
ported here are histological and ultra-
structural characteristics of pathogno-
monic nuclear hypertrophy lesions in
gill epithelia of in fected clams and their
apparent viral agent. Long-term epi-
zootiological trends are also reported
for the disease among M. arenaria of
mesohaline Chesapeake Bay waters
during a recent de cade (2000−2009).

2.  MATERIALS AND METHODS

2.1.  Clam samples

For pathological analyses, separate
samples of sympatric Mya arenaria
and Tagelus plebeius clams were col-
lected from benthic sediments in geo-
graphically widespread shallow sub-
tidal habitats in Maryland waters of
Chesapeake Bay (Fig. 1) during Mary-
land Department of Natural Resources
clam surveys of 2000−2009 (Dungan et
al. 2002, Homer et al. 2011). Live clams
were excavated from benthic sedi-
ments with a commercial hydraulic
escalator dredge that collected adults
and larger juveniles on a continuously

revolving mesh retention belt with openings of
6.5 cm2. To purge entrained sediments, representa-
tive clam species-samples were maintained sub-
merged within separate mesh containers for 1−5 d in
ambient estuarine waters with salinities of 7−14‰,
which were continuously pumped to laboratory hold-
ing tanks from the Tred Avon River at Oxford, Mary-
land, USA (https:// dnr. maryland. gov/ fisheries/ pages/
oxford/ location. aspx).

2.2.  Histopathology

From each species-sample, 30 live clams were hap-
hazardly selected, as available, and processed for
disease analyses by histopathology. Smaller M. are-
naria samples were processed and analyzed from
occasional samples that were collected from sites

Fig. 1. Maryland waters of Chesapeake Bay with several tributaries labeled.
Black areas: regions where clams were sampled during 2000−2009. After Homer 

et al. (2011)
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with sparse clam populations (Table 1). Separate gill
tissue samples were collected and processed for
transmission electron microscopy (TEM) from 4
selected samples of M. arenaria that collectively in -
cluded 43 clams. For different analyses whose results
are reported elsewhere, separate tissues of clams
from all samples were also secured and analyzed as
previously described (Dungan et al. 2002, Reece et
al. 2008).

Sample clams were measured, shucked from their
shells, and their muscular mantle margins and siphons
trimmed away. For histopathology, transverse- coronal
tissue slices of 5−8 mm thickness were excised across
entire clam bodies to include tissues of mantle, gill,
stomach, intestine, digestive gland, gonad, kidney,
and often heart (Howard et al. 2004). Histological
samples were preserved by immersion for 48 h in
Davidson’s formalin–alcohol–acetic acid (FAA) fixa-
tive before routine processing and embedding for
paraffin histology. Histological sections were cut at
5−6 μm thickness and mounted on microscope slides
coated with a poly-L-lysine adhesive. Histological sec-
tions were stained with Mayer’s hematoxylin and
eosin (MH&E) for routine histopathology, or with
Feulgen picromethyl blue (FPM) or 4’ 6-diamidino-2-
phenylindole (DAPI) for nucleic acid differentiation
(Howard et al. 2004, Molecular Probes 2010).

Comprehensive histopathological analyses to de tect
both known and unfamiliar diseases and parasites
were performed on slides from 69 geographically
diverse M. arenaria samples from 2000−2009, which
included tissues from 1934 individual soft-shell clams.
Similar analyses were also performed on histological
slides from 18 samples of sympatric T. plebeius,

which included tissues from 483 stout razor clams.
Prevalences of pathological conditions were calcu-

lated as the percent proportion of affected clams in
each sample, from which annual prevalence means
were calculated for all species-samples of a given
year. Relative abundances of gill lesions, character-
ized by hypertrophic epithelial cell nuclei, were
ranked as absent, light, moderate, or severe based on
abundances of lesions within their analyzed histolog-
ical sections (Margolis et al. 1982, Bush et al. 1997).
For GENH disease, clams whose sections showed no
lesions were ranked as unaffected, while those show-
ing 1−10, 11−100, or >100 lesions were respectively
ranked as lightly affected, moderately affected, or
severely affected.

2.3.  Electron microscopy

To investigate the possibility of viral infections as -
sociated with hypertrophic nuclei of gill epithelial
cells observed histologically, formalin-fixed, paraf-
fin-embedded (FFPE) clam gill tissues were excised
from selected histological blocks of tissues from
affected clams. Excised gill tissues were dewaxed,
rehydrated, post-fixed with primary glutaraldehyde
and secondary osmium tetroxide fixatives as de -
scribed below, and re-embedded in Epon 812 epoxy
resin for ultramicrotomy and examination by trans-
mission electron microscopy (TEM), as also de scribed
below. After icosahedral virus-like particles were
confirmed within hypertrophic epithelial cell nuclei
of FFPE clam gill tissue samples, dedicated gill tis-
sues were subsequently collected, fixed, and pro-
cessed for TEM from 43 live M. arenaria from 4 sites
in 2 mesohaline subestuaries of the Chester, Wye,
and Miles rivers (Fig. 1).

For dedicated TEM analyses, small pieces of live
gill tissues were gently excised for primary overnight
fixation at 4°C with 2.5% (w/v) glutaraldehyde in
0.2 M Millonig’s phosphate buffer (430 mOsm kg−1,
pH 7.6). Fixed tissue samples for TEM were stored in
the primary fixative at 4°C for several days while his-
tological sections from the sampled clams were ana-
lyzed microscopically to identify those with affected
gill epithelia. Selected primary-fixed gill tissue sam-
ples were subdivided into 2-mm pieces, post-fixed
overnight with 1% (w/v) osmium tetroxide in Mil-
lonig’s phosphate buffer, dehydrated through a
graded ethanol series, transferred to propylene oxide,
and then infiltrated and embedded with Spurr’s low-
viscosity epoxy resin. Thick sections (1 μm) from
epoxy blocks were stained with alkaline toluidine

89

Year Samples Clams Sample size (clams)
(n) (n) Range Mode

2000 8 240 30 30
2001 10 287 17−30 30
2002 8 215 25−30 25
2003 7 203 25−30 30
2004 9 270 30 30
2005 5 125 6−30 30
2006 6 108 3−35 na
2007 5 150 30 30
2008 6 135 7−30 30
2009 5 201 30−81 30

Totals 69 1934 3−81 30

Table 1. Mya arenaria samples and sample clams analyzed
histopathologically during 2000−2009 from Maryland wa-
ters of Chesapeake Bay. Clam samples from 2006 did not 

yield a single mode for clam numbers in samples (na)
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blue for brightfield microscopic evaluations to select
embedded subsamples for TEM analyses. Selected
blocks were trimmed as needed, and thin sections
(60 nm) were cut with an ultramicrotome and a dia-
mond knife. Thin sections were collected onto copper
grids, where they were sequentially stained with 2%
(w/v) ethanolic uranyl acetate and Reynold’s lead cit-
rate (Reynolds 1963, Graham & Orenstein 2007).
Stained sections were examined and imaged with
a Zeiss EM 10 transmission electron microscope at
80 kV acceleration.

3.  RESULTS

3.1.  Histopathology

Exhaustive histopathological analyses commonly
detected known clam diseases, including DN and
Perkinsus chesapeaki infections, among samples of
both Mya arenaria and Tagelus plebeius as well as
numerous other parasites and microscopic associates
(Dungan et al. 2002, Reece et al. 2008). Abnormal,
hypertrophic nuclei of epithelial cells were prevalent
and often abundant in the gill epithelia of M. are-

naria but were absent in the gill epithelia or other
tissues of the 483 (18 samples) sympatric razor clams
T. plebeius that were analyzed. Among all M. are-
naria species-samples, approximately 25% (17 of 69)
showed prevalences ≥90% for nuclear hypertrophy
lesions among clam gill epithelia.

In affected M. arenaria, dramatically hypertrophic
nuclei of gill epithelial cells had diameters of 10 μm
and larger, compared to diameters of approximately
3 μm for normal nuclei, and frequently contained one
or more prominent inclusion bodies (Fig. 2). Both
 histochemical Feulgen staining and fluorescence
staining with DAPI indicated that the granular nucle-
oplasms and prominent inclusion bodies of hyper-
trophic nuclei both contained DNA, as did the nuclei
of unaffected gill epithelial cells (Fig. 2b).

Pathologically hypertrophic GENH nuclei occurred
at variable abundances among the gill epithelial cells
of affected M. arenaria. In clams with severe abun-
dances of affected cells, hypertrophic nuclei occurred
throughout most gill epithelia. In cases with light and
moderate abundances of affected cells, hypertrophic
nuclei ranged from rare to common, with distribu-
tions that were focal, multifocal, or widespread among
clam gill epithelia. M. arenaria with moderate num-

Fig. 2. (a) Mya arenaria gill showing abundant hypertrophic nuclei (" example) among the distal epithelia of several adjacent
gill filaments. Affected nuclei show diameters greater than those of normal nuclei (arrow), as well as prominent basophilic in-
clusion bodies. Mayer's hematoxylin and eosin stain, scale bar = 20 μm. (b) Hypertrophic nuclei of cells in basal epithelia of
Mya arenaria gill filaments show abnormal diameters to 10 μm (" examples). Both the granular nucleoplasms and the con-
densed inclusion bodies of affected nuclei show red color, indicating DNA contents by the Feulgen picromethyl blue stain. For
color reference, DNA-rich condensed mitotic chromosomes in the nucleus of a proliferative, normal ciliated epithelial cell 

(arrow) show red staining shared by all imaged nuclei. Scale bar = 10 μm
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bers of affected cells typically showed foci of abnor-
mal GENH nuclei among either or both the basal
(Fig. 2b) and the distal (Fig. 2a) epithelia of both gill
filaments and gill demibranchs. Although normal
microanatomical features of M. arenaria gills were
notably disrupted in clams that showed moderate or
severe abundances of hypertrophic nuclei, neither
acute necrosis nor invasive secondary microbial
infections of affected gill epithelia were commonly
associated with such lesions, and elevated levels of
hemocyte infiltration were also absent.

3.2.  Electron microscopy

Histological analyses identified M. arenaria whose
gill epithelia were moderately or severely affected by
GENH lesions, including sample clams whose sepa-
rate gill tissue subsamples had been preserved for
TEM examinations. Selected gill tissue samples of 5
M. arenaria from different sample locations were
extensively analyzed by TEM with similar results.
Hypertrophic epithelial cell nuclei showed dimen-
sions several times greater than those of adjacent
unaffected nuclei, and their distended central areas
contained abundant icosahedral virions. Infected
nuclei showed apparent emarginated heterochro-
matin along with prominent electron-dense inclusion
bodies (Fig. 3a).

Within infected nuclei, assembled icosahedral
GENH virions often occurred in condensed para crys -
talline arrays (Fig. 3b) in which individual virions
showed diameters of approximately 65 nm. Within
paracrystalline arrays, geometric bands of virions
with different electron densities suggested that
lighter bands reflected obliquely sectioned virions of
a 3-dimensional array.

In addition to icosahedral symmetry, viral particles
assembled within infected nuclei of gill epithelial cells
showed elements of radial symmetry on close exami-
nation, suggesting that mature virions may have diam-
eters to 85 nm, including apparent radial capsid surface
projections (Fig. 3c). Compact internal genomic struc-
tures were not resolved within imaged nucleocapsids,
but their granular contents showed electron-dense
bodies that suggested punctate, dispersed nucleocap-
sid contents (Fig. 3c). Viral particles within the nuclei
of infected clam gill epithelial cells did not show
membrane envelopes, and virions were not observed
within cytoplasmic compartments of infected cells or
extracellularly dispersed among infected gill epithelia.

By TEM, large nuclear inclusion bodies correspon-
ding to the prominent Feulgen-positive, marginal

DNA inclusion bodies seen by light microscopy
(Fig. 2) were closely associated with replicated
intranuclear virions. The intimate physical proximity
of replicated nuclear virions and apparent electron-
dense icosahedral bodies within nuclear inclusion
bodies collectively suggest that such inclusion bodies
may represent intranuclear virus replication centers
(Fig. 3d).

3.3.  Epizootiology

Following recognition and presumptive confirma-
tion of this previously unrecognized viral disease, its
prominent hypertrophic nuclear lesions were consis-
tently diagnosed histopathologically at frequent high
prevalences among M. arenaria collected from all
sampled Chesapeake Bay clam habitats (Fig. 1).
Results of histopathological analyses of 1934 M. are-
naria from 69 samples that were analyzed during
2000−2009 showed mean annual prevalences of
GENH virus lesions of 18−90%, with an overall
decadal mean of 67%. (Fig. 4). Among all analyzed
samples of M. arenaria, 94% showed at least some
GENH virus lesions (65 of 69) and 25% showed
prevalences ≥90% (17 of 69). Prevalences in individ-
ual samples ranged widely, from 0−100%, but mod-
est standard deviations of annual prevalence means
indicated that the viral gill disease was both widely
distributed and occurred at consistently elevated
prevalences among most annual samples of soft-shell
clams from Chesapeake Bay (Fig. 4).

No gross concurrence of disease prevalences with
general trends for estuarine water salinities were
apparent. Mean annual prevalences declined during
the regional high-salinity drought years of 2000−
2002, remained relatively low during the subsequent
low-salinity freshet years of 2003−2005, and were
elevated again in the period of relatively moderate
salinities during 2006−2009 (Glaspie et al. 2018).
Since clam samples reported here were collected
haphazardly and predominantly during the rela-
tively warm months of May−September, robust an -
alyses for possible seasonal trends of gill viral infec-
tions were not possible with existing data.

4.  DISCUSSION

GENH is a viral disease that was prevalent among
Chesapeake Bay Mya arenaria clams of the current
investigation. Viral infections caused pathological
hypertrophy of the nuclei of infected gill epithelial
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cells. Although coincident acute necrosis or second-
ary microbial infections were not common among the
tissues of affected clams, pathological consequences
may functionally compromise infected cells whose

genomic expression controls are commandeered for
virus replication and packaging. Therefore, the dis-
ease may impair the critical feeding and respiratory
functions of M. arenaria gill tissues, especially in
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Fig. 3. (a) Distal epithelium of a Mya arenaria gill filament showing a hypertrophic, virus-infected nucleus (V), and several
smaller adjacent uninfected nuclei with normal, widespread heterochromatin (" examples). The infected nucleus shows emar-
ginated heterochromatin and a prominent, electron-dense inclusion body (I). Microvilli and cilia adorn the external, apical sur-
faces of epithelial cells, and clusters of electron-dense glycogen rosettes are common cytoplasmic elements (arrowhead). Scale
bar = 2 μm. (b) Part of the hypertrophic nucleus of a gill epithelial cell showing a central paracrystalline array of closely packed,
icosahedral virions surrounded by emarginated apparent nuclear heterochromatin. Views of nuclear membranes and a trans-
verse mitochondrion (lower left) reflect effective fixation. Scale bar = 2 μm. (c) High-magnification view of viral particles within
a paracrystalline array suggests punctate, granular genomic structures within icosahedral capsids with diameters to 85 nm when
apparent radial capsid projections are included. Scale bar = 85 nm. (d) A typical large nuclear inclusion body (I) lies against the
interior surface of the nuclear membrane of a virus-infected nucleus (arrow), in intimate physical association with replicated viri-
ons. Electron-dense, icosahedral subunits of the inclusion body suggest it to be a virus replication center. Scale bar = 300 nm
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common cases where infected epithelial cells are
abundant.

Including retrospective analyses following recogni-
tion and preliminary characterization of this unfamiliar
viral disease during 2004−2006, the disease was con-
sistently detected at high prevalences among M. are-
naria of all sampled Chesapeake Bay clam habitats
(Fig. 4). Strikingly similar hypertrophic nuclei were
previously reported and imaged by light micro scopy
within gill epithelia of 20% of the clams from a 1972
Massachusetts sample (Farley 1976), which were sub-
sequently proposed to reflect papovavirus infections
based on limited empirical evidence that did not ap-
parently include TEM confirmation (Farley 1978). How -
ever, abundant intranuclear, icosahedral virions were
imaged by TEM within similarly hypertrophic gill cell
nuclei of 41% of M. arenaria in 4 New York Bay sam-
ples in 1980. Those virions showed apparent diame-
ters of approximately 50 nm and were tentatively de-
scribed as a papilloma-like DNA virus (Koepp 1984).

Since the histological and ultrastructural character-
istics of the viral nuclear hypertrophy lesions re ported
here among gill epithelia of Chesapeake Bay M. are-
naria are respectively similar to histological lesions
described and imaged by Farley (1976) and to histo-
logical descriptions and a TEM image of Koepp (1984),
further investigations may confirm or refute the ap-
parent similarities of these lesions and in fections. De-
spite very similar general TEM presentations of hy-

pertrophic, virus-infected gill epi thelial
cell nuclei, the virus with a diameter of
65−85 nm within hypertrophic nuclei
of Maryland clams appears to be larger
than the virus of approximately 50 nm
diameter re ported in M. arenaria of
 upper New York Bay (Koepp 1984).

Its intranuclear assembly, its in -
timate association with prominent
nuclear inclusion bodies, and the his-
tochemical staining characteristics of
hypertrophic, virus-infected nuclei of
clam gill epithelial cells inconclu-
sively suggest a viral DNA ge nome.
Reported mollusc viruses with DNA
genomes commonly include members
of the families Polyomaviridae and
Papillo ma viridae (Arzul et al. 2017).
Al though the 65−85 nm diameter of
the reported GENH virus is large com-
pared to known viruses in those fami-
lies, it is similar to 60 nm nucleocap-
sids of a papova-like virus that caused
extreme nuclear hypertrophy in in -

fected epithelia of labial palps in Australian pearl
oysters (Norton et al. 1993).

Destructive herpesvirus infections are also fre-
quently reported among bivalve molluscs worldwide
(Renault & Novoa 2004, Batista et al. 2007), but the
GENH virus reported here is much smaller than typ-
ical herpesviruses and also lacks their typically
dense, central genomic core by TEM. Membrane
envelopes were never observed among intranuclear
GENH viral particles, and absent observations of
cytoplasmic or extracellular virions could not resolve
the presence or absence of herpesvirus-like mem-
brane envelopes there. Adenovirus infections of bi -
valve molluscs are not reported to date, though both
the size and the apparent radial capsid projections of
the reported GENH virus are familiar adenovirus
characteristics (Fong 1994).

Although a viral RNA genome is ostensibly plausi-
ble, the 65−85 nm diameter of the reported GENH
virus is small by comparison to known members of
the Paramyxoviridae, Orthomyxoviridae, and Retro-
viridae families of RNA viruses that replicate in host
cell nuclei (Hsiung et al. 1994).

Because continuous molluscan cell lines remain
unavailable for in vitro replication of mollusc viruses
(Arzul et al. 2017), confident taxonomic identification
of the GENH virus that is preliminarily reported
here, and perhaps elsewhere historically, may hinge
on successful isolation, sequencing, and analysis of
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Fig. 4. Mean annual prevalences (−SD) of gill epithelial cell nuclear hypertro-
phy virus lesions in gill epithelia of Chesapeake Bay Mya arenaria samples
from 2000−2009. Decadal mean = 67%. Numbers of analyzed annual samples
are appended above the bars for annual means. Target and modal size for all
samples: 30 clams. Since actual sample sizes varied, the numbers of analyzed
clams and sample size metrics for each survey year are listed separately (Table 1)



Dis Aquat Org 148: 87–94, 2022

its nucleic acid genome with modern bioinformatics
tools. The consistently prevalent and relatively abun-
dant viral gill lesions reported here suggest that M.
arenaria of Chesapeake Bay may be fruitful sources
of virus nucleic acids for sequencing and of histologi-
cal samples for rigorous confirmatory in situ hybrid -
ization assays with designed oligonucleotide probes
(Burreson 2008). Specific quantitative PCR assays
developed from an accurate virus genomic profile
will strengthen technical capabilities for de tection of
the virus in clam tissues and environmental samples.

Along with a rigorous taxonomic identification of
the widespread viral agent, pathological impacts of
the prevalent viral infections of M. arenaria gill cell
nuclei described here await empirical resolution. Pro-
cesses and mechanisms of virus dispersal and infec-
tion of new gill epithelial cells or new host clams
remain obscure, though waterborne virus dispersal
and assimilation are easily compatible with the
anatomical locations of apparent susceptible cells of
clam gill epithelia that intimately and extensively
contact estuarine habitat waters during feeding and
respiration. Such knowledge may credibly inform
and strengthen needed but absent tangible manage-
ment plans for the conservation and sustainably
managed exploitation of valuable remnant M. are-
naria populations in Chesapeake Bay that are af -
flicted by several epizootic diseases.
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