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ABSTRACT: In Great Bay Estuary, New Hampshire, USA, Haplosporidium nelsoni and Perkinsus
marinus are 2 active pathogens of the eastern oyster Crassostrea virginica (Gmelin), that cause
MSX (multinucleated sphere with unknown affinity 'X') and dermo mortalities, respectively.
Whereas studies have quantified infection intensities in oyster populations and determined
whether these parasites exist in certain planktonic organisms, no studies thus far have examined
both infectious agents simultaneously in water associated with areas that do and do not have oyster
populations. As in other estuaries, both organisms are present in estuarine waters throughout the
Bay, especially during June through November, when oysters are most active. Waters associated
with oyster habitats had higher, more variable DNA concentrations from these pathogenic organ-
isms than waters at a non-oyster site. This finding allows for enhanced understanding of disease-
causing organisms in New England estuaries, where oyster restoration is a priority.
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1. INTRODUCTION

Eastern oysters Crassostrea virginica are a founda-
tion species in estuaries where they reside, providing
sanctuary for juvenile marine life, buffering effects of
extreme weather (Brandon et al. 2016), and removing
nitrogen from the ecosystem via filter feeding (New-
ell et al. 2005). In Great Bay Estuary (GBE), New
Hampshire, eastern oyster populations have declined
dramatically (Beck et al. 2011). Research focused on
restoration efforts in GBE (Grizzle et al. 2021) can be
enhanced by examining reasons for eastern oyster
decline, specifically the diseases multinucleated
sphere with unknown affinity ‘X' (MSX) (caused by
Haplosporidium nelsoni) and dermo (caused by Per-
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kinsus marinus). In 1995, an H. nelsoni epizootic event
linked to increases in both temperature and salinity
led to unusually high levels of oyster mortality in Pis-
cataqua River (Barber et al. 1997). At the present time,
both MSX and dermo disease are prevalent in GBE
oysters (Eckert 2016). In 2018, MSX infections were
found in roughly 10% of the population, and dermo
infections in roughly 80% of the population (Patter-
son & Sullivan 2020).

To gain a better understanding of the distribution
and etiology of both diseases in GBE, this study
examined occurrence of H. nelsoni and P. marinus
DNAs in water at a native oyster reef, an oyster farm,
and a site lacking native oyster reefs or oyster farms,
throughout oyster spawning and harvest season
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(June through November) using a molecular test
(quantitative competitive PCR, or QCPCR) to simul-
taneously detect and quantify the disease agent
DNAs. This accurate and economical method entails
co-amplification of target DNA with known quan-
tities of competitor DNA to allow for relative quantifi-
cation of DNA from 2 different parasite loci without
fluorescent labeling (Zentilin & Giacca 2010). Similar
methodology was used for H. nelsoni (Day et al. 2000)
and for P. marinus (Yarnall et al. 2000), in both cases
producing specific and sensitive detection.

2. MATERIALS AND METHODS
2.1. Study location and sites

Great Bay is a well-mixed estuary located along the
North American Atlantic coast near the southern
portion of the Gulf of Maine in New Hampshire. Three
study sites were selected based on known locations
of oyster groups in GBE. Nannie Island had a native
oyster reef that has been declining over recent years,
was protected from harvest, and had a total oyster
population of roughly ~60000 oysters, situated on
3.6 ha bottom (https://www.nature.org/en-us/about-
us/where-we-work/united-states/new-hampshire/
oyster-restoration-in-the-great-bay-estuary/). The
oyster farm situated in Little Bay had ~400 000 culti-
vated oysters on a leased bottom area of 4 ha. The ref-
erence site at Adams Point had no detectable oysters
over a bottom area of 3.5 ha (Fig. 1). All sampling sites
were ~2.5 m deep at high tide, had similar bottom type,
and constituted ~10 m? area. Oysters deployed at
the farm in this study were an MSX-resistant strain de-
rived from the Haskin northeast high survival (NEH)
diploid oyster obtained from Muscongus Bay Aqua-
culture. (Haskin & Ford 1979, Ford & Haskin 1987,
Guo 2021).

2.2. Samples

Water was subsampled from samples collected for
a weekly survey of plankton from June through
November 2020, except during instances of adverse
weather or unsafe conditions (27 weeks, n = 78 water
samples) (Stasse et al. 2022). All sampling occurred
on the same day in the same order, except when con-
ditions were unsafe to sample. Two replicate hori-
zontal surface tows were made using a 64-pm mesh
net (31 cm diameter) according to standard operat-
ing procedures laid out by the US Environmental Pro-
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Fig. 1. Great Bay Estuary (with a regional inset of US New

England states bordered in black). Sampling sites (orange

points) included an oyster reef at Nannie Island (NI), an

oyster farm near Fox Point (FP), and a site lacking a substan-

tial oyster population between the other 2 sites near Adams
Point (AP)

tection Agency (https://cfpub.epa.gov/si/si_public_
record_report.cfm?Lab=NHSRC&dirEntryld =284802)
and summarized briefly here. Tows were conducted
~0.3 m below the surface for approximately 2 min,
resulting in ~38 m?® of water sampled per tow. Due
to strong and extreme tidal currents in GBE, sample
volume was verified by use of a flow meter situated
in the mouth of the net. Organisms and particles
captured were preserved with formalin sucrose
(Haney & Hall 1973) on board the vessel. Although
formalin sucrose is known to fragment DNA, it was
observed that the sizes of PCR products were suffi-
ciently small as to not be adversely affected by the
formalin.

2.3. DNA extraction and quantification

Each water sample was later 0.2-pm filtered
(Pall™), and each filter was placed into a bead beat-
ing tube of the QIAGEN DNeasy PowerWater kit
(GEN) for DNA extraction. Quantity and quality of
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extracted DNA was determined using TapeStation™
Genomic DNA ScreenTape analysis protocol (Agi-
lent). The concentration of each DNA sample was
standardized to 5 ng ul~! and used in QCPCR to
determine relative amounts of Haplosporidium nel-
soni and Perkinsus marinus.

2.4. QCPCR for detection and quantification of
H. nelsoni and P. marinus

Each DNA extract was tested to ensure there was no
PCR inhibition. All assays included positive and neg-
ative controls. Prior to QCPCR, detection of H. nel-
soni and P. marinus DNA from water samples was
accomplished using a single PCR reaction with primers
HnPm-A and HnePsp-B (W. T. Brooks unpubl. data)
(Table 1). Controls included DNA from algae in the
vicinity (Ulva sp.) that did not amplify with primers
(negative) and a DNA extract of whole oyster that
previously had been diagnosed by histology to be
infected by both MSX and dermo that amplified with
the primer set (positive). For specimens showing one
or both parasites in initial diagnostic reactions, sub-
sequent quantification was performed. Five reactions,
one for each competitor concentration, were pre-
pared as 30 pl cocktails of 15 pl of Taq, 0.8 pl of 4 mM
spermidine, 5 pl of 10 uM primer mix, 1.5 pl of 5 mg
ml~! BSA, 1.67 pl of one competitor, 5 pl (25 ng) of
template DNA, and 1.03 pl of water. Thermocycling
occurred with these parameters: 95°C for 2 min; 23
cycles of 95°C for 30 sec, 57°C for 30 sec, and 72°C for
30 sec; and a final extension at 72°C for 5 min. This
included addition of competitive DNA of similar base
pair length (281 bp) to H. nelsoni and P. marnius
amplicons (335 bp and 368 bp, respectively) previously
generated using the HnPm-A and HnePsp-BC primers
(W.T. Brooks unpubl. data) (Table 1). The competitor
was serially diluted to the following concentrations:
0.250, 0.125, 0.025, 0.012 and 0.002 pg ul”, resulting
in roughly logarithmic concentration steps. Controls
for QCPCR were the same as the PCR controls. Ampli-
fication products were electrophoresed in adjacent
wells of 5% Criterion™ TBE polyacrylamide gel (Bio-
Rad), stained with GelRed Nucleic Acid Stain (Thomas
Scientific), and visualized using a blue light transillu-
minator (ThermoFisher Scientific).

Fragment fluorescence was quantified using Adobe
Photoshop to obtain integrated density of each band.
Instances where the intensity of competitor band and
either target band appeared equal were classified as a
‘zone of equivalence' for the DNA of each parasite.
Where a zone of equivalence was intermediate be-

tween 2 adjacent lanes, the concentration was esti-
mated mathematically by interpolation from the 2
known values bounding the zone of equivalence to
determine 'competition equivalence point' for DNA
level of each parasite.

2.5. Analysis

Estimated concentrations of H. nelsoni and P. mari-
nus DNA amplified from water samples were normal-
ized for filtration and dilution volumes. Data were
transformed using a Box-Cox transformation. Dunn's
tests were performed among the 3 groups independ-
ently for both infectious agents to determine if there
was an overall difference among sites for detected
quantities of H. nelsoni and P. marinus. Time series
regressions were performed for each parasite sep-
arately with temperature and over time. All analyses
were performed in R (v 4.3.3, R Core Team 2020).

3. RESULTS

The collection, preservation, and extraction meth-
ods yielded approximately 100 pl of extracted DNA
at a concentration range of 5.1—13.2 ng ul! free
of PCR inhibitors. At least 1 of the 2 pathogens was
detected in every water sample (n = 78), but there
were no clear trends in presence or absence of either
parasite DNA, neither spatially (both p > 0.5) nor
temporally (both p > 0.1). Levels of Haplosporidium
nelsoni DNA in GBE exhibited a seasonal pattern, ris-
ing throughout July to an August peak and then
decreasing throughout September to low levels. Very
high levels of H. nelsoni (>0.1 pg m~3) were found
from late July through late August. During the summer,
the level of H. nelsoni DNA was significantly higher at
the reef site than at the farm site (p = 0.001), and both
reef and farm were significantly higher than the refer-
ence site (p < 0.001 for both locations) (Fig. 2A). The
highest concentration of H. nelsoni DNA was found
on 19 August at the reef (Fig. 3). At the inception of

Table 1. Primers (W. T. Brooks unpubl. data) used for PCR
and quantitative competitive PCR (QCPCR)

Primer Sequence

HnPm-A  5'-AGC CAT GCATGT CTAAGT ATA A-3'

HnePsp-B  5'-GAT GTG GTA GCC GTT TCT CAG G-3'

HnePsp-BC 5'-GAT GTG GTA GCC GTT TCT CAG GGC
CCATAT CCTACC GTC AAG C-3'
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Fig. 2. Comparison of (A) Haplosporidium nelsoni and (B) Perkinsus marinus DNA levels in waters at an oyster farm, oyster reef,

and a non-oyster reference site in Great Bay Estuary, New Hampshire. Sites with the same lowercase letter are not significantly

different from one another; those with different lowercase letters are significantly different at p <0.01. Box: inter-quartile range
(IQR); bold solid line: mean; whiskers: 1.5 x IQR,; black dots: DNA levels of H. nelsoni and P. marinus

the study in late spring, Perkinsus marinus DNA
already was quite high at both oyster sites and dif-
fered significantly among the 3 sites (p < 0.001). The
oyster sites maintained levels of P. marinus DNA that
were significantly higher than at the reference site
(p < 0.001) throughout the period of examination
(Fig. 2B). The highest concentration for P. marinus
was found on 9 June at the farm site.

Although not an overall goal of this project, post
hoc PCR tests were performed on 10 individual oyster
larvae (D-hinge), 2 unidentified bivalve larvae, and 2
crab zoeae. Four of the oyster larvae yielded positive
PCR results for H. nelsoni, and none of the other
plankters tested positive for either parasite.

4. DISCUSSION

Both MSX and dermo have caused catastrophic
damage to eastern oyster populations along the east-
ern US Atlantic coast. Haplosporidium nelsoni abun-
dance is influenced by complex relationships among
salinity, temperature, parasite burden, and other fac-
tors (Burreson & Ford 2004). The parasite has optimal
infectivity at high salinities, and GBE salinities are

consistently >20 ppt (Stasse et al. 2022). The mode by
which H. nelsoni infects oysters, while studied exten-
sively, still is not fully understood (Ford et al. 2018).
Potential intermediate hosts have been tested (Mes-
serman & Bowden 2016), as well as direct transmission
among oysters, and these have not been found to be
successful mechanisms of transmission. Determining
the sources of DNA that were detected in this study
(i.e. were there spores in the water, were oyster larvae
infected, was there another organism carrying the pa-
thogen, etc.) is a route for further research that could
help identify the means for infection transmission.
Perkinsus marinus requires temperatures above 20°C
and salinities from 12—15% to proliferate in eastern
oysters, but it can survive throughout the winter at
temperatures as low as 0—5°C and at salinities <5%
(Andrews & Hewatt 1957). These conditions occur in
GBE, providing the opportunity for P. marinus to per-
sist. Contrary to H. nelsoni, the transmission of P.
marinus is known; trophozoites from dead, infected
oysters enter oyster haemocytes (Tasumi & Vasta
2007), reproduce, and dermo disease eventually leads
to mortality. Once the oyster dies from infection, tro-
phozoites released into the water cause subsequent
infection in other oysters (Alavi et al. 2009). The ob-
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Fig. 3. Trends in water concentration of H. nelsoni and P. mari-
nus DNA in Great Bay Estuary, New Hampshire

served trend in GBE water levels of P. marinus and the
high levels in June that coincided that year with a
week of high temperatures may be a signal of an
oyster die-off that could have led to increased infec-
tion in July and August. Since zoospores are released
into the water after oysters die, the increased P. mari-
nus levels observed in November may be related to
high oyster mortality in the autumn season.

The importance of water monitoring to examine
transmission dynamics of these 2 parasites has been
highlighted (Audemard et al. 2006, Messerman &
Bowden 2016, Gignoux-Wolfsohn et al. 2021). Inves-
tigators have queried individual plankters for H. nel-
soni (Ford et al. 2018) and did not detect a non-oyster
host. Investigators have detected free-living stages of
P. marinus in environmental waters using methodolo-
gies that include centrifugation, histology, immuno-
chemistry, and RT-PCR (Ragone Calvo et al. 2003,
Audemard et al. 2004, Ellin & Bushek 2006, Dungan
et al. 2012). The present study introduces a single
QCPCR assay to detect and quantify DNAs of H. nel-
soni and P. marinus simultaneously. Significantly
higher concentrations of H. nelsoni DNA were found
in late season at both oyster reef (p = 0.001) (maxi-
mum = 2.5 pg m°) and oyster farm water samples
(maximum = 0.9 pg m~3). Noting that there was a
much higher density of oysters at the farm than on the
reef, the lower levels of parasite DNA in farmed oyster
water are most likely due to predominance at the farm
of oysters selectively bred for MSX-resistance versus

wild oysters on the reef. Our observation of no clear
temporal progression in DNA quantity is similar to
observations of P. marinus cells in the water column
(Ragone Calvo et al. 2003), i.e. early and late season
‘spikes' as opposed to a progression of interval aver-
age parasite abundance as observed in James River, a
tributary of Chesapeake Bay (Audemard et al. 2006).
Inspection of Fig. 3 may appear to illustrate ‘steps' of
parasite DNA. This is an artifact of the logarithmic-
scale competitor dilutions used in this study, where
interpolated DNA concentrations are clustered around
the competitor points (Fig. 3). Future studies using
this technique should include competitor dilutions on
a linear scale (e.g. 0, 0.5, 1.0, 2.0, and 3.0 pg ul‘l).

QCPCR is a method accessible to even the most
modestly outfitted laboratory and, with simple post-
PCR manipulation, could be employed in diverse
systems to survey for DNA from pathogens and de-
termine whether they are individual cells or incor-
porated in other plankters. Even so, determining spe-
cies abundance from DNA concentration is extremely
challenging as there is a complex relationship be-
tween the two (Jo & Yamanaka 2022). The trends
observed in abundance of H. nelsoni and P. marinus
throughout GBE waters offer several avenues for
further research and aid in environmental monitor-
ing. Presence of H. nelsoni DNA in the water suggests
that either H. nelsoni occurs as infective particles in
the water or is within another planktonic organism.
The post hoc PCR test of oyster, bivalve, and crab lar-
vae collected from GBE water samples adds to what is
learned from the prior study of plankters to determine
their ability to act as an intermediate host for H. nel-
soni (Ford et al. 2018). The revelation that 4 of 10 indi-
vidual oyster larvae tested were positive for H. nelsoni
DNA indicates that oyster larvae could be a potential
venue by which MSX disease spreads, and this war-
rants a thorough study.
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