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Development of a multiplex qPCR for the
quantification of three protozoan parasites of
the eastern oyster Crassosirea virginica
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Roxanna Smolowitz?, Marta Gomez-Chiarri'"*

1Department of Fisheries, Animal, and Veterinary Science, University of Rhode Island, Kingston, Rhode Island 02881, USA

2Aquatic Diagnostic Laboratory, Roger Williams University, Bristol, Rhode Island 02809, USA
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ABSTRACT: A multiplex quantitative PCR (qPCR) assay for the simultaneous detection of 3 eastern
oyster Crassostrea virginica parasites, Perkinsus marinus, Haplosporidium nelsoni, and H. costale,
was developed using 3 different fluorescently labeled hydrolysis probes. The primers and probe
from a previously validated singleplex qPCR for P. marinus detection were combined with newly
designed primers and probes specific for H. nelsoni and H. costale. The functionality of the multi-
plex assay was demonstrated on 2 different platforms by the linear relationship of the standard
curves and similar cycle threshold (Cr) values between parasites. Efficiency of the multiplex gPCR
assay on the Roche and BioRad platforms ranged between 93 and 101 %. The sensitivity of detec-
tion ranged between 10 and 100 copies of plasmid DNA for P. marinus and Haplosporidium spp.,
respectively. The concordance between the Roche and BioRad platforms in the identification of
the parasites P. marinus, H. nelsoni, and H. costale was 91, 97, and 97 %, respectively, with a 10-
fold increase in the sensitivity of detection of Haplosporidium spp. on the BioRad thermocycler.
The concordance between multiplex qPCR and histology for P. marinus, H. nelsoni, and H. costale
was 54, 57, and 87 %, respectively. Discordances between detection methods were largely related
to localized or low levels of infections in oyster tissues, and qPCR was the more sensitive diagnos-
tic. The multiplex qPCR developed here is a sensitive diagnostic tool for the quantification and
surveillance of single and mixed infections in the eastern oyster.

KEY WORDS: Crassostrea virginica - Eastern oyster - Diagnostic assay - Perkinsus marinus -

Haplosporidium nelsoni - Haplosporidium costale - qPCR

1. INTRODUCTION

The protozoan parasites Perkinsus marinus, Haplo-
sporidium nelsoni, and H. costale, the causative
agents of dermo disease, multinucleate sphere un-
known (MSX), and seaside organism (SSO), respec-
tively, are a significant cause of mortalities of wild
and farmed eastern oysters Crassostrea virginica
along the Gulf of Mexico and east coast of the USA
(Burreson & Ford 2004, Villalba et al. 2004, Soudant

*Corresponding author: gomezchi@uri.edu

et al. 2013). Recently, an outbreak of SSO was also
reported in Pacific oysters Crassostrea gigas in France
(ICES 2020). Low levels of these parasites in oysters
can occur with no obvious clinical impact, but at
higher infections, oysters become thin and watery as
tissue and shell growth is slowed, eventually leading
to death (Ray et al. 1953, Menzel & Hopkins 1955,
Barber et al. 1988).

These protozoan parasites are believed to enter C.
virginica through the filter feeding processes of the
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oyster, commonly first infecting the gill, mantle tis-
sues, and digestive gland (depending on the para-
site). H. nelsoni proliferates in the gill epithelium
before breaking through the basement membranes
underlying the gill epithelium and then entering the
circulatory system (Myhre & Haskin 1967, Farley
1968, Ford 2002). In advanced infection cases, para-
site cells may be easily observed in the vascular sys-
tem adjacent to the digestive gland as well as the
gills (Perkins 1969, Andrews & Castagna 1978). Alter-
natively, infectious H. costale are primarily found
surrounding the digestive system of C. virginica as
spores are ingested. The spores invade through the
gastric and digestive gland epithelium, become multi-
nucleated (similar to MSX), and then disseminate
throughout the vascular system of the oyster, but in
early cases are most often found histologically adja-
cent to the digestive system. Both H. nelsoni and H.
costale are similar in appearance, making identifi-
cation difficult through histological examination
(Perkins 1969, Ford & Tripp 1996). Traditionally, a
combination of rectum, mantle, and gill tissue sam-
ples is used for the detection of P. marinus using
Ray's fluid thioglycollate medium (RFTM) culture
assay (Ray 1952), based on the higher parasite abun-
dance in these tissues. Emergence of a new P. marinus
phenotype in the 1980s, showing a shift in the pres-
ence of the parasite from connective to epithelial
tissues, may have allowed for disease expansion
through increased transmission via feces (Carnegie et
al. 2021).

Prevalence and intensity of these 3 infections in the
natural environment vary by region and are heavily
influenced by environmental conditions. Increasing
temperature (>20°C) and salinity (>15 PSU) has been
shown to increase parasite load and the prevalence
of infection in the environment (Ford & Tripp 1996,
Burreson & Ford 2004, Villalba et al. 2004). Disease-
associated mortalities are responsible for large eco-
nomic losses to the aquaculture industry and to wild
oysters, as epizootic events have been recorded peri-
odically along the US Atlantic coast (Andrews &
Hewatt 1957, Haskin et al. 1966, Barber et al. 1997,
Sunila et al. 1999). Failure to monitor disease levels
could result in future mortality events, especially with
the transplant of healthy or naive individuals into ar-
eas where these parasites are present (Ford & Haskin
1987, Ragone Calvo et al. 2003). With the expansion
of oyster aquaculture and continuation of restoration
efforts, there is a greater need for monitoring pro-
grams that offer economic, accurate, and quick diag-
noses of these parasites. Shellfish-producing states in
the USA now require disease testing as part of their

Shellfish Strategic Plan, and some, such as Rhode Is-
land, set up biosecurity zones based on historical and/or
current parasite levels in various bodies of water
(CRMC 2012). The World Organisation for Animal
Health (OIE) lists P. marinus as a reportable disease
(Carnegie et al. 2016, OIE 2021).

Monitoring programs utilize a variety of diagnos-
tic techniques to assess the health and condition of
farmed and wild oysters. Conventional diagnostic
tools such as histology and RFTM allow for the visu-
alization or the culture of the parasite in infected tis-
sues, while in situ hybridization is a specialized tech-
nique used to verify a parasite in a tissue section. All
of these techniques require trained experts for accu-
rate diagnosis and can be costly and time consuming,
and some (e.g. in situ hybridization) are not practical
as a standard diagnostic technique (Ray 1952, Wood
& Andrews 1962, Andrews & Castagna 1978). PCR
provides a faster and more sensitive alternative to
conventional diagnostic methods, and has been ex-
tensively used in the diagnosis of these parasites
(Stokes et al. 1995, Robledo et al. 1998, Yarnall et al.
2000, Stokes & Burreson 2001). However, gel-based
PCR does not quantify the abundance of parasites in
the tissues, and thus, it does not replace the informa-
tion provided by conventional methods such as his-
tology and RFTM. Improved PCR assays such as real-
time or quantitative PCR (qPCR) have replaced
gel-based PCR methods (those in which final prod-
ucts from amplification are visualized through gel
electrophoresis) by providing a more sensitive and
quantitative measurement of pathogen presence in
oysters (Audemard et al. 2004, De Faveri et al. 2009,
Wilbur et al. 2012, Xie et al. 2013, Lépez-Sanmartin
et al. 2019, Arzul et al. 2022). Furthermore, qPCR
assays can be multiplexed to allow for more eco-
nomic and faster diagnostics. Multiplexing allows for
the simultaneous detection of multiple targets in a
single reaction through the use of multiple fluores-
cent dyes with non-overlapping wavelengths that
will recognize and differentiate between multiple
targets (i.e. species of parasites in this case).

The aim of this paper was to develop an efficient
and sensitive TagMan® multiplex gPCR assay for the
high-throughput detection and quantification of 3 eco-
nomically important oyster parasites. Oyster parasite
detection by multiplex qPCR was validated at the
University of Rhode Island (Kingston, RI) on a Roche
thermocycler and at Roger Williams University (Bris-
tol, RI) on a BioRad thermocycler, and performance
was compared against traditional techniques (e.g. his-
tology, singleplex qPCR, and gel-based PCR) to con-
firm assay functionality. This assay will reduce the
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cost of analysis by simplifying detection formats, thus
allowing for the sensitive detection of multiple para-
sites in a single reaction. The ease of use and speed
of the assay will allow for a more rapid routine diag-
nosis and a quicker corrective response, helping min-
imize production losses to the aquaculture industry.

2. MATERIALS AND METHODS
2.1. Sampling and DNA extraction

Live oysters or previously extracted genomic DNA
from infected oysters were donated from multiple
locations along the east coast of the USA (n = 130;
Table 1). Extractions were performed at the Univer-
sity of Rhode Island using a single or a high-through-
put Chelex DNA extraction protocol adapted from
Aranishi & Okimoto (2006). Sections of preserved (in
95% ethanol) mantle and gill tissue were weighed
and 5.0 mg were added to individual 1.5 ml micro-
centrifuge tubes or the wells of a 96-well deep-well
plate containing 100 or 200 pl of urea buffer, respec-
tively. Buffer was composed of 4 M urea, 1% Tween
20, 1% Triton X-100, 5% Chelex 100, and 5 ng Pro-
teinase K in deionized water. The samples were vor-
texed for 30 s and heated in an incubator (1.5 ml
tubes) or thermocycler (96-well plate) to 55°C for
60 min and then at 100°C for 8 min. For the high
throughput protocol, plates were vortexed at 30 and
60 min followed by centrifugation at 3500 x g for
20 min. For single extractions, 1.5 ml tubes were cen-
trifuged for 5 min at 15000 x g. Aliquots (100 pl) of
the supernatant were collected from each extraction
and added to a clean 1.5 ml tube or deep-well plate
containing 1 pl 100TE buffer (pH 8.0) (1 M Tris-HC1

Table 1. Oyster samples used in the validation of the multi-
plex qPCR assay. Samples (n = 130) were collected along the
Atlantic coast of the USA

Sources of samples

=]

Cape Fear River estuary, North Carolina
Delaware Bay, New Jersey
Long Island Sound, Connecticut
Pawcatuck River, Rhode Island
Point Judith Pond, Rhode Island
Mount Hope Bay, Rhode Island
Wellfleet, Massachusetts
Kennebec River, Maine
Damariscotta River, Maine
Bagaduce River, Maine
Pemaquid River, Maine

DRLP NN LN O
w N

>

[pH 8.0], 100 mM EDTA [pH 8.0]), 50 pl 7.5 M ammo-
nium acetate, and 400 pl 100 % ethanol to precipitate
the DNA. Samples were vortexed for 30 s and cen-
trifuged for 20 min at 15000 x g (single extractions)
or 3500 x g (96-well) to pellet the DNA. Ice-cold 70 %
ethanol (200 pl) was added to each well, vortexed
gently, and centrifuged for 5 min at 15000 x g (single
extractions) or 20 min at 3500 x g (96-well). Pellets
were washed 2 more times, air dried, and resus-
pended in 50 or 100 pl of 100TE buffer. The concen-
tration of DNA was quantified using a NanoDrop™
2000 spectrophotometer (Thermo Scientific™) and
diluted to 50 ng pl~! in nuclease-free water. Samples
were stored at —20°C until further use.

2.2. Primer and probe design

The complete sequence and partial sequences of the
small subunit ribosomal RNA (SSU rRNA) genes for
Haplosporidium costale (accession numbers U20858,
AF387122; Ko et al. 1995, Stokes & Burreson 2001)
and H. nelsoni (AB080597, U19538, X74131; Stokes
et al. 1995), as well as 47 other conserved sequences
(e.g. Minchinia, Bonamia, and Haplosporidium spp.)
were downloaded from GenBank and aligned with
MUSCLE to identify gene-specific regions for primer
and probe design (Edgar 2004). Using IDT's Oligo-
Analyzer™ tool, a single pair of conserved primers
was designed to amplify the same region for both
haplosporidian species, while TagMan® probes spe-
cific to H. nelsoni and H. costale were designed to
differentiate between these 2 parasites (Table 2). For
Perkinsus marinus detection, we used previously val-
idated primer and probe sequences from De Faveri et
al. (2009). The probe and primer sequences were rou-
tinely checked for specificity based on matches with
sequences in non-redundant genetic databases using
BLAST (last search performed on 28 March 2022).

2.3. Multiplex qPCR reaction

The multiplex assay was first optimized on the
LightCycler® 480 (Roche) qPCR machine at the Uni-
versity of Rhode Island. Reaction mix components
included 450 nM of the Haplosporidium spp. primers,
300 nM of the P. marinus primers, 75 nM of each spe-
cies-specific probe, 10 pl of LightCycler® 480 probes
master mix, and 2 pl of 50 ng ul~! DNA template. Dis-
tilled water was used to bring the final reaction vol-
ume to 20 pl. The thermal cycling protocol consisted
of a 95°C hold for 10 min followed by 45 cycles of
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Table 2. Oligonucleotide primers and probes used in multiplex qPCR assay. IAC: internal amplification control
Target Direction Sequence (5' — 3') Reference
Perkinsus marinus Forward CGC CTG TGA GTA TCT CTC GA De Faveri et al.
Reverse GTT GAA GAG AAG AAT CGC GTG AT (2009)
Probe 5'6-FAM/CGC AAA CTC GAC TGT GTT GTG GTG/3'BHQ _1
Haplosporidium sp. Forward ACA GGT CAG TGA TGC CCT TAG This study

Haplosporidium sp. Reverse

TSG RGA TTA CCY SGC CTIT C

H. costale Probe 5'Cy5/AAT GAC CCA GTC AGC GGG CCG A/3'BHQ_2
H. nelsoni Probe 5'HEX/TTG CAC GCA ACG AGT TCA ACCTTG CCT G/3'BHQ_1
IAC Forward GAC ATC GAT ATG GGT GCC G Nordstrom et al.
Reverse CGA GAC GAT GCA GCCATTC (2007)
Probe 5'Cy5/TCT CAT GCG TCT CCC TGG TGA ATG TGA ATG TG/3'BHQ_2

amplification (95°C for 15 s, 57°C for 1 min, and 72°C
for 1 s). Controls included deionized water, spiked
positive oyster genomic DNA (see Section 2.4), and
genomic DNA of naive oysters from the Gulf of Mexico
where MSX and SSO have not been detected in wide-
spread disease surveys (Ford et al. 2011, OIE 2021).

2.4. Preparation of standards and spiked
positive controls

Cloned targets for H. costale, H. nelsoni, and P.
marinus were prepared from genomic DNA from
Rhode Island infected oysters. Each target was
amplified using species-specific primers to the SSU
rRNA gene (Table 3) and cloned into the pCR™II-
TOPO® or pCR®4-TOPO® vector using an Invitro-
gen TOPO TA Cloning Kit. Plasmid DNA was iso-
lated from positive clones using a Qiagen Plasmid
Mini Kit and sequenced to confirm gene insert. Ten-
fold dilutions (10’-10' copies) of each target were
prepared as standards for each qPCR reaction. A high
and low positive oyster spiked control was prepared
by spiking pooled genomic DNA from 13 parasite-
free oysters (as determined by gel-based PCR and
histological examination) with 10° and 10? copies of
plasmid DNA, respectively, from each target.

2.5. Internal amplification control (IAC)

Biological samples may contain substances that de-
grade nucleic acids or inhibit the polymerase activity
of a PCR reaction (Hoorfar et al. 2004, Espy et al.
2006, Rodriguez et al. 2012). To screen for PCR inhi-
bition by the sample matrix in this assay, an IAC from
Nordstrom et al. (2007) (Table 2) was tested in 2 sep-
arate reactions with P. marinus and H. nelsoni. Due to
the identical use of fluorophore for the IAC probe, H.
costale was omitted. Samples included infected and
parasite-free oyster genomic DNA extracted using
the Chelex protocol described in Section 2.1 (n = 26).
The IAC was designed to give a cycle threshold (Cy)
value of 20 + 1 under non-inhibitory conditions regard-
less of the presence of parasites in the reaction mix-
ture (Nordstrom et al. 2007).

2.6. Sensitivity and specificity of qPCR multiplex

The sensitivity of the assay at diagnosing P. mari-
nus, H. nelsoni, and H. costale infections was evalu-
ated by comparing the multiplex qPCR Cr values for
each sample to other diagnostic methods such as his-
tology, gel-based PCR (Stokes & Burreson 2001), or
singleplex qPCR (De Faveri et al. 2009, Wilbur et

Table 3. Primers used for cloning of Haplosporidium nelsoni, H. costale, and Perkinsus marinus gene-specific sequences

Target Primer sequence Size (bp) Amplified region (gene) Reference

H. nelsoni 5'-TGG CAT TAG GTT TCA GAC CT-3' 725 SSU rRNA Russell et al. (2004)
5'-TSG RGA TTA CCY SGC CTT C-3' This study

H. costale 5'-CAC GACTTT GGC AGT TAGTTT TG-3"' 718 SSU rRNA Stokes & Burreson (2001)
5'-TSG RGA TTA CCY SGC CTT C-3' This study

P. marinus 5'-CGC CTG TGA GTA TCT CTC GA-3' 90 SSU rRNA De Faveri et. al. (2009)

5'-GTT GAA GAG AAG AAT CGC GTG AT-3'
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al. 2012). Analytical sensitivity was determined by
running 10-fold dilutions (10’-10! copies) of plasmid
DNA for each target. The lower limit of quantifica-
tion was defined as the lowest copy number that can
be accurately measured by multiplex gqPCR (i.e. Ct
values on the linear regression line). The efficiency
(E) of the amplification of each target was calculated
using the slope (S) of the linear regression line (E =
1015 — 1) of 10-fold dilutions of plasmid standards
for each target. In order to determine the specificity
of the primer sets (no probe present), a separate dis-
sociation curve analysis (i.e. melting curve analysis)
was performed using the SYBR Green qPCR assay on
the Roche platform following previously described
protocols (Roche Life Technologies 2012).

2.7. Reproducibility

A subsample of each extracted oyster tissue sample
(n = 34) was tested in duplicate by multiplex qPCR at
2 different laboratories and platforms, namely a
LightCycler® 480 thermocycler (Roche) at the Univer-
sity of Rhode Island and a CFX96C1000 thermocycler
(BioRad) at Roger Williams University, to evaluate
the reproducibility of the assay. Intra-assay variation
was assessed in samples by calculating the average
of the coefficient of variation (CV) of the replicate
wells within a single assay (CV = 6/ux100; where o
and w are the SD and mean of the data set, respec-

40 ~
—&— P. marinus
J —a&— H. nelsoni
a‘ —&— H. costale
E 30 T
o
c
n
9 4
c
|_
[0}
—_— 20 -
S
(G
1 0 T T T T T T T 1
0 2 4 6 8

Log copy number

Fig. 1. Standard curves for the amplification of Perkinsus
marinus, Haplosporidium nelsoni, and H. costale targets. The
efficiency (E) of the qPCR multiplex was evaluated by run-
ning 10-fold dilutions (107-10" copies) of plasmid DNA for
each target on the Roche Lightcycler® 480 platform. Data
show the mean + SD of 4 individual qPCR assays. P. marinus
(E=93.6%); H. nelsoni (E = 101.7%); H. costale (E =101.1 %)

tively). Inter-assay variation between qPCR plat-
forms was evaluated by calculating the average of
the CVs for an individual sample tested on each plat-
form. Variations <5 % were considered acceptable.

2.8. Histological analysis

Diagnosis was also performed by histology using a
subset of 121 of the 130 samples. Each oyster was
shucked and fixed in 10% formalin in seawater.
Standard cross sections were removed and pro-
cessed in paraffin using standard methods (Ford &
Tripp 1996, Howard et al. 2004). Paraffin slices were
cut to 6 pm, mounted on glass slides, and stained
using hematoxylin and eosin (H&E). Histological sec-
tions were analyzed using a compound microscope
(model varied by laboratory).

3. RESULTS
3.1. Specificity and sensitivity of qPCR multiplex

Blast analysis of the Haplospodium costale and H.
nelsoni probe sequences showed that these newly
designed probes were specific for each of the respec-
tive target species and did not fully match the
sequence for any other haplosporidian or marine pro-
tist (not shown). The sensitivity of the multiplex qPCR
assay was demonstrated by the broad linear range of
detection of 10-fold dilutions (107-10' copies) of plas-
mid DNA for each target (Fig. 1). The sensitivity of
detection was as low as 10 and 100 copies for Perkin-
sus marinus and Haplosporidium spp., respectively,
using the Roche LightCycler® 480 platform. The
reduced sensitivity of the assay in detecting H. nel-
soni and H. costale was reflected in the standard
curves by the non-linear amplification between 10
and 100 copies of plasmid DNA (Fig. 1). Dissociation
curve analysis of Haplosporidium spp. standards
revealed primer-dimer formation at low template
concentrations (10" and 10? copies; not shown). The
non-specific amplification was determined to be the
explanation for the reduced sensitivity of the assay in
detecting low target concentrations. For this reason,
the lower limit of quantification of these targets was
set at 10 copies (for P. marinus, Cy = 36) and 100
copies (for H. nelsoni and H. costale; Ct = 31) for the
Roche platform. The standard curves from 4 replicate
multiplex qPCR assays showed overlapping slopes
for each individual target, which suggested that the
reaction conditions were optimal (Fig. 1).
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Table 4. Oyster parasite multiplex gPCR diagnostic speci-
ficity. Multiplex qPCR diagnostic specificity evaluation
against singleplex qPCR (for Perkinsus marinus, De Faveri
et al. 2009; and Haplosporidium nelsoni, Wilbur et al. 2012)
and gel-based PCR (for H. costale, Stokes & Burreson 2001).
Rate indicates the number of samples in which both meth-
ods agreed/total number of samples tested. Concordance
between detection methods and qPCR platforms ranged
from 80 to 100 %

Multiplex Singleplex Gel-based
qPCR gPCR qPCR
P. marinus H. nelsoni H. costale

Rate % Rate % Rate %

Roche 5/5 100 8/9 89 6/6 100
BioRad 4/5 80 8/9 89 6/6 100

The percent concordance between multiplex gPCR,
singleplex qPCR for P. marinus and H. nelsoni, and
the gel-based PCR assay for H. costale detection was
80-100% (Table 4). The same primers and probe set
were used in the singleplex and multiplex assays for
P. marinus. This is not true for the gel-based PCR
assay for SSO, in which a larger amplicon is targeted
(Stokes & Burreson 2001), nor the singleplex assay
for H. nelsoni (different amplicons were targeted in
the multiplex assay as compared to the singleplex
developed by Wilbur et al. 2012). There were 2 dis-
cordant samples between PCR detection formats. One
of these samples was positive for H. nelsoni by single-
plex gPCR (Cr = 37) but negative by multiplex qgPCR
on both Roche and BioRad platforms. The remaining
discordant sample was negative by multiplex gPCR
on the BioRad platform but was positive for P. mari-
nus by singleplex qPCR (Ct = 18).

PCR inhibition by the sample matrix (oyster tissue)
was not detected in oyster samples extracted using
Chelex (n = 26), with all oyster samples showing Cr
values within the established limits of the IAC con-
trol (21 + 1) (data not shown).

3.2. Reproducibility

The performance of the multiplex assay at detecting
P. marinus and Haplosporidium spp. developed using
the Roche platform was reproducible on the BioRad
thermocycler with amplification efficiencies ranging
from 91 to 94 % (Table 5). Standard curves showed a
wide range of detection, 10’-10! copies of plasmid DNA
for all targets and in the BioRad platform and for
Perkinsus marinus in the Roche platform, and 107-102
for H. nelsoniand H. costale infections on the Roche

Table 5. Reproducibility of amplification efficiencies between

qPCR detection platforms. Efficiencies ranged from 91 to

106 % in the detection of Perkinsus marinus, Haplosporidium
nelsoni, and H.costale

P. marinus H. nelsoni H. costale
R? Efficiency R? Efficiency R? Efficiency
(%) (%) (%)

Roche 1.000 93
BioRad 0.981 91

0.995 106 0.995 105
0998 91 0999 94

platform (Figs. 1 & 2). Assay sensitivity and specificity
were evaluated between platforms by comparing the
Cr values of 34 samples of oyster genomic DNA. Con-
cordance in the diagnoses of the 34 samples ranged
from 91 % (for P. marinus) to 97 % (for both H. costale
and H. nelsoni) (Table 6; Table S1 in the Supplement at
www.int-res.com/articles/suppl/d151p111_supp.xlsx).
All of the samples that showed a different result be-
tween platforms had Cr values close to the detection
limit for each of the parasites tested. Inter-assay varia-
tion in the C values between platforms was shown to
be within limits (<5 %) for the detection of P. marinus
(2.54 = 1.72%), H. nelsoni (3.28 + 2.07 %), and H.
costale (2.02 = 1.65 %) (Table S1). Intra-assay variation
between replicate wells for an individual sample was
<2.0% on either platform for all targets (Table S2).

3.3. Concordance between histology and
multiplex qPCR

The overall concordance between histology and
qPCR for P. marinus, H. nelsoni, and H. costale was
54, 57, and 87 %, respectively (Table 7; Table S3).
Lack of concordance was, with a few exceptions noted
below, due to increased sensitivity of the qPCR as
compared to histology (false negatives by histology).

Samples tested for H. costale showed the lowest
discordance (13%) between histology and gPCR
(Table 7) of the 3 parasites tested, with most samples
testing negative by both methods (82 %). For all 3
parasites, Ct values of the samples that were positive
by both methods ranged from 15 to 36 (Table S3),
spanning the range from light to moderate (for H.
costale) or heavy (for H. nelsoni and P. marinus) infec-
tions. Eleven of these samples showed dual infections
for H. nelsoni and H. costale as detected by histology.

For P. marinus, light infections were frequently the
cause of discordances between histology and qPCR
(Table S3). Out of 56 samples, 26 (46 %) that were
negative by histology had Cr values ranging from 34
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Fig. 2. Comparison of multiplex gqPCR performance on 2
detection platforms. Standard curves from 2 multiplex runs
performed on 2 different platforms (Roche Lightcycler® 480
vs. BioRad CFX96C1000). Assay sensitivity was higher on the
BioRad platform with detection down to 10 copies of plasmid
DNA for (A) Perkinsus marinus, (B) Haplosporidium nelsoni,
and (C) H. costale, versus 100 copies of plasmid DNA for H.
nelsoni and H. costale on the Roche platform

to 36 (less than 100 copies plasmid DNA), with the
rest showing intermediate and advanced levels of P.
marinus infection (C; values ranging from 31 to 17,
corresponding to 10° to 10° copies of P. marinus SSU).
There were no samples that were positive by histol-
ogy but negative by qPCR (Table 7).

Table 6. Concordance between Roche and BioRad platforms
of samples tested by multiplex qPCR. Concordance is indi-
cated by the number of samples in each category (positive
by both platforms, negative by both platforms, etc.)/total
number of samples tested (n = 34), followed by percent of
samples in that category (in parentheses). The concordance
between Roche and BioRad thermocyclers ranged from 91 %
(for Perkinsus marinus) to 97 % (for both Haplosporidium
nelsoni and H. costale)

Roche/BioRad P. marinus H. nelsoni H. costale
Concordant +/+ 18/34 (53) 19/34 (56) 6/34 (18)
Concordant —/— 13/34 (38) 14/34 (41) 27/34 (79)
Not concordant +/— 3/34 (9) 0/34 (0) 1/34 (3)
Not concordant —/+ 0/34 (0) 1/34 (3) 0/34 (0)

Table 7. Concordance between multiplex qPCR and histology.
Concordance is indicated by the number of samples in each
category (positive by both methods, negative by both meth-
ods, etc.)/total number of samples tested (n = 121), followed
by percent of samples in that category (in parentheses)

qPCR/Histology  P. marinus H. nelsoni H. costale
Concordant +/+ 217121 26/121 6/121
(17.4) (21.5) (5.0)
Concordant —/— 44/121 43/121 99/121
(36.4) (35.5) (81.8)
Not concordant +/— 56/121 47/121 2/121
(46.3) (38.8) (1.7)
Not concordant —/+ 0/121 5/121 14/121
(0.0) 4.1) (11.6)

Light and intermediate infections (10%-10° copies,
Cr =29-31) were also responsible for 43 % (20 and 1,
respectively) of the 49 discordant samples that were
negative by histology for either H. nelsoni or H.
costale but positive by qPCR for the corresponding
parasite. Several samples negative by histology for
either parasite (6 for H. nelsoni and 1 for H. costale,
about 14 % of the discordant samples) but positive by
qPCR had a Ct <23, showing that a small percentage
of infections with 10*~10° copies of either H. nelsoni
or H. costale SSU were not detected by histology.

Interestingly, 14 samples were positive by histol-
ogy and negative by qPCR for H. costale (Table 7). Of
these 14 samples, 11 were positive for H. nelsoni by
qPCR and also by histology, with heavy levels of
infection, suggesting that, in this case, H. nelsoni was
misidentified as H. costale. Conversely, the 3 sam-
ples that were positive by histology and negative by
gPCR for H. nelsoni were also negative for H. costale
by qPCR, so no H. costale samples were misidenti-
fied as H. nelsoni in this study.
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Overall, based on gPCR detection, only 2 of the 121
samples (1.7 %) were positive for all 3 parasites (P.
marinus, H. nelsoni, and H. costale) (Table S3).

4. DISCUSSION

The multiplex qPCR assay was specific and sensi-
tive at detecting infections with the protozoan para-
sites Perkinsus marinus, Haplosporidium nelsoni,
and H. costale in the eastern oyster using 2 different
detection platforms. The low variation in the efficien-
cies between targets on each platform demonstrated
there was no significant competitive interference
between the targets in the assay. Furthermore, we
detected no PCR inhibition by the sample matrix
(oyster tissue extracted with the Chelex method)
using an internal amplification control. The perform-
ance of the multiplex in detecting Haplosporidium
spp. was 10-fold more sensitive on the BioRad than
the Roche platform, while P. marinus detection was
equivalent for both platforms at 10 copies of target
cloned plasmid DNA (SSU). The observed difference
in the sensitivity between platforms suggests that
some optimization of the assay should be performed
when adapting the assay to different platforms. The
dissociation curve analyses revealed some primer-
dimer formation at low H. nelsoni and H. costale tem-
plate concentrations. Primer-dimers reduce assay
efficiency by competing for reaction mix components
(Ruiz-Villalba et al. 2017). Further optimization to
minimize these effects would increase the sensitivity
of the assay in detecting low-level infections. Despite
the reduced sensitivity of the assay with the Roche
system, both platforms were in 91-97 % agreement
with the diagnoses of single and mixed infections,
confirming the specificity of either platform in detect-
ing P. marinus, H. nelsoni, or H. costale. Discordances
between detection formats occurred only in samples
that were at the lower end of the range of detection of
the gPCR assay on either platform. Furthermore, the
reproducibility of the assays was demonstrated by
the low intra- and inter-assay variation (<5%) be-
tween detection methods.

The sensitivity and specificity of the multiplex was
evaluated using a diversity of methods. First, despite
the increased diversity of haplosporidian species that
has been recently documented through sequencing
studies (Carnegie et al. 2014, Arzul & Carnegie 2015,
Pagenkopp Lohan et al. 2016, Catanese et al. 2018,
Davies et al. 2020, Lynch et al. 2020), the probes
developed in this research showed identical matches
for the whole length of the probe sequence with

sequences for the targeted species, H. costale and H.
nelsoni. Second, we compared the performance of
the multiplex PCR against singleplex qPCR for P.
marinus (De Faveri et al. 2009) and H. nelsoni (Wilbur
et al. 2012), and traditional gel-based PCR for H.
costale (Stokes & Burreson 2001) for a small number
of samples. For P. marinus detection, 1 out of 5 sam-
ples deemed positive (Ct = 18) by singleplex was
negative by multiplex qPCR on the BioRad platform.
Since the 2 methods use the same primer/probe
combination, potential reasons for this discordance
include user/technical error or target degradation
between the time the sample was first diagnosed
using singleplex PCR and when it was tested again
by multiplex qPCR. In regard to H. nelsoni infec-
tion in oysters, the singleplex and multiplex assays
showed a similar sensitivity and specificity, with dis-
agreements between detection formats only occur-
ring in a sample that was at the lower end of the
range of detection of the qPCR assay (i.e. light infec-
tions). These data suggest that multiplexing decreases
the sensitivity of this assay in detecting H. nelsoni. In
the case of detecting H. costale infection in oysters,
the multiplex qPCR assay was as sensitive as tradi-
tional gel-based PCR for SSO detection on both
qPCR platforms. The identical performance between
detection formats suggests that the sensitivity and
specificity were retained even when multiplexed.
We also compared the performance of the multi-
plex gPCR to histology. A relatively low level of con-
cordance was seen between histology and the multi-
plex qPCR. The majority of the samples showing a
lack of concordance between methods were positive
by multiplex qPCR for P. marinus and H. nelsoni but
negative by histology, suggesting that the multiplex
assay was more sensitive at detecting P. marinus and
H. nelsoni infections. It has been well documented
that PCR or qPCR methods are more sensitive than
histology, with histological inaccuracies occurring in
samples with low to moderate levels of (most likely
localized) infections (Marty et al. 2006, Wilbur et al.
2012). The relatively high frequency of false nega-
tives as detected by histology is proposed to be due
to the inherent difficulties of distinguishing single
cells from small protozoan parasites within oyster tis-
sues. Early single nucleated/spore forms of P. mari-
nus, H. nelsoni, and H. costale, especially when dis-
persed through tissues and not aggregated within an
area, are notoriously difficult to positively identify in
histological sections. Several of the samples that were
negative by histology but positive by qPCR, however,
showed Cr values consistent with moderate or heavy
infections. In this case, lack of detection by histology



Piesz et al.: Detection of protozoan parasites in oysters

119

could also be a consequence of tissue sampling pro-
cedures, as only a small thin section including the
mantle and gill is evaluated by histology, or due to
the occurrence of single infectious cells in various
locations of the tissues (not identifiable by histology).
Limitations from the tissue sampling procedures in
detecting low levels of very localized infections can
also lead to false negatives in the case of gPCR/PCR
testing, since small pieces of tissue are collected, pro-
cessed, and tested in these analyses, mainly to avoid
PCR inhibition by the matrix (Wilbur et al. 2012).

It is probable that the lack of concordance between
histology and gPCR in the case of H. costale was a
result of the misidentification of the Haplosporidium
parasites in histology samples, due to the difficulty
in distinguishing morphological variations between
species (Andrews & Castagna 1978, Stokes & Burre-
son 2001). For example, in this study, there were 14
samples that were positive by histology for H. costale
but negative by qPCR. Of these, 11 were also positive
for MSX by qPCR and identified as heavily infected
by histology, suggesting that the multinucleated and/
or the single-cell form belonging to H. nelsoni were
misidentified as H. costale. These results confirm that
gPCR assays are more sensitive at detecting and dis-
tinguishing between Haplosporidium spp. than tradi-
tional visual methods for diagnosis by histology. The
greater sensitivity and specificity of the qPCR mini-
mizes the need for expertise in distinguishing histo-
morphological differences (Stokes & Burreson 2001,
Xie et al. 2013). Moreover, this multiplex qPCR pro-
vides an advantage over a previously described
duplex qPCR assay that does not allow for the differ-
entiation between these 2 Haplosporidium spp. with-
out further analyses (Xie et al. 2013).

In conclusion, we have developed a multiplex assay
for the simultaneous detection of 3 protozoan parasites
that have significant economic and ecological impacts
on eastern oyster health in a single reaction. This as-
say has the advantage of being more sensitive and
less time consuming than other diagnostic methods,
further allowing for the specific detection of 2 related
Haplosporidium spp. that are not easily differentiated
using histological techniques. Implementing molecular
diagnostics with species-specific primers and probes
in routine oyster disease monitoring will increase the
specificity and sensitivity of detection as well as allow
for a more rapid and corrective response.
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