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ABSTRACT: A duplex quantitative polymerase chain reaction (QPCR) assay was developed to simul-
taneously quantify the myxozoan parasite Parvicapsula minibicornis in river water samples and
detect inhibition, which may compromise recognition of the target organism. The assay combines a
TagMan MGB probe specific to the nuclear small subunit ribosomal RNA gene of P. minibicornis and
a commercial TagMan Exogenous Internal Positive Control. P. minibicornis is endemic to freshwaters
of the Pacific Northwest of North America and contributes to reduced fish health in Klamath River
(Oregon/California) salmonids. The prevalence of P. minibicornis in these fish can reach 100 %, and
infection can result in glomerulonephritis and impaired kidney function. To better understand the
temporal and spatial occurrence of this parasite in the Klamath River basin, water samples were
taken from 7 mainstem sites and 5 tributaries along the 400 km river from March through September
2006. The samples were filtered, and the captured DNA was extracted and tested for the presence of
P. minibicornis with the duplex QPCR assay. The parasite was present throughout the river over the
entire sampling period, but its distribution and abundance varied spatially and temporally by over
2 orders of magnitude. Spore densities were lowest in March (spring) and peaked in June/July (sum-
mer) when site variance was also greatest. Inhibition levels also varied. The assay is able to detect
1 actinospore (the life cycle stage infective to fish) in 11 of water and offers an alternative to sampling
fish to monitor this pathogen and develop management options.
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INTRODUCTION

Concerns about the effects of disease on salmonid
populations in the Klamath River basin have increased
over the past decade. The Klamath River extends for
over 400 km from south-central Oregon to the Pacific
Ocean in northern California, USA, and native popula-
tions of coho salmon Oncorhynchus kisutch have been
identified as an evolutionarily significant unit of a spe-
cies and listed as threatened since 1997 (National
Research Council 2004). In addition, low numbers of
Chinook salmon O. tshawytscha have resulted in
severe harvest restrictions, which led to the declara-
tion of a commercial fishery failure in 2006. A mass
die-off of returning adult salmon in 2002 and the con-
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tinuing high yearly loss of juvenile fish have prompted
efforts to understand disease epidemiology in this
system.

The myxozoan parasites Ceratomyxa shasta and Par-
vicapsula minibicornis are recognized as adversely af-
fecting fish health in the Klamath River (Nichols & Foott
2006, Nichols & True 2007). Both pathogens share their
vertebrate (salmonid fish) and invertebrate (polychaete)
hosts (Bartholomew et al. 1997, 2006), and their geo-
graphic distributions overlap (Bartholomew et al. 2007).
Ceratomyxa shasta has been implicated as a significant
source of out-migrant mortality in juvenile fall Chinook
salmon (Foott et al. 2004a, Stocking et al. 2006) and
causes abdominal distension from excessive ascite pro-
duction, lethargy, and inappetence and can become sys-
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temic (Conrad & Decew 1966, Schafer 1968,
Bartholomew et al. 1989). Less information exists regard-
ing the impacts of P. minibicornis on Klamath River
salmonids. It has been present in the Klamath River since
at least the early 1990s (Foott et al. 2004b), and pre-
valence can reach 100 % in juvenile Chinook salmon
during their summer seaward migration (Nichols &
True 2007) and greater than 90 % in returning adult
Chinook and coho salmon and steelhead (Bartholomew
et al. 2007). The parasite can cause kidney damage
(glomerular nephritis) and hypoproteinema and may af-
fect osmoregulation during freshwater/saltwater transi-
tion. C. shasta and P. minibicornis commonly co-occur,
and infections with both parasites may have synergistic
effects (Nichols et al. 2007).

Pathogen monitoring (spatial and temporal distribu-
tion and abundance) is an integral part of developing
management strategies to reduce the impact of disease
on free-ranging and wild fish populations. Analysis of
water samples using quantitative (or real-time) PCR
(QPCR) is a relatively new method that allows both
detection and quantification of specific parasites (e.g.
Audemard et al. 2004, McBeath et al. 2006) and may
replace the traditional use of caged susceptible hosts
(Hallett & Bartholomew 2006). Two molecular assays
(1 PCR and 1 QPCR) have been developed to detect
Parvicapsula minibicornis DNA in fish tissue (St-
Hilaire et al. 2002, True et al. 2009). QPCR offers the
best approach for screening water samples; however,
since development of the assay, multiple strains of P.
minibicornis have been documented from different
hosts and geographic locations (Atkinson et al. 2007)
and the region of the small subunit ribosomal RNA
(sstTRNA) gene targeted by the original QPCR is not
conserved among all isolates. This, coupled with the
specific processing requirements of water samples,
impelled us to redesign the primers and QPCR
methodology. Incorporation of an internal positive con-
trol (IPC) in an assay to assess for inhibition enables
distinction between true (no parasite DNA present)
and false (parasite DNA present but inhibitors have
interfered with the reaction) negatives. This study
describes the development of a duplex QPCR to both
detect P. minibicornis and assess inhibition in river
water samples and its field application to document the
distribution and abundance of the parasite in the Kla-
math River in 2006.

MATERIALS AND METHODS

Duplex QPCR assay design. Primer and probe selec-
tion: Parvicapsula minibicornis (Pm): The mid-region of
the nuclear 18S ssTRNA gene was targeted to maximize
variation between myxozoan species and to address the

variation detected among P. minibicornis isolates from
different hosts and locations. A Clustal W alignment
was constructed to highlight regions conserved among
the P. minibicornis isolates (6, plus AF201375 and
DQ231038) but which varied from other species within
the genus (P. pseudobranchicola AY308481, P. asym-
metrica AY584191, and P. unicornis AY584190). A Taq-
Man minor groove binding (MGB) probe and primers
specific for Pm were manually designed with Applied
Biosystems (ABI) Primer Express software version 2.0
following ABI guidelines and those in Bustin (2004).
The FAM-labeled probe (‘Pm-duplex-P’) is: 5" TGT
CCA CCT AGT AAG GC; the forward primer (‘Pm-du-
plex-F'): 5" AAT AGT TGT TTGTCG TGC ACTCTG T;
and the reverse primer (‘Pm-duplex-R'): 5' CCG ATA
GGC TAT CCA GTA CCT AGT AAG which produce
an amplicon of 72 nt. The probe was ordered from ABI
and the primers from Invitrogen. An NCBI nucleotide
BLAST search was conducted with each primer and
probe sequence to confirm specificity to Pm. The
primers were checked for lack of dimerization using the
ABI software. To confirm amplification of a fragment of
expected size, the primers were used in a regular PCR
with known positive samples, and the products were vi-
sualized on a 2 % agarose gel.

Inhibition indicator: The commercially available
TagMan Exogenous IPC Reagents kit (ABI) was used
to test for inhibition. This includes a VIC-labeled probe
and primer mix and DNA (nt sequences not disclosed).
Different combinations of concentrations of the IPC
reagents (relative to the manufacturer's recommenda-
tion: 1%, 0.5%, and 0.25x 10x stock primer/probe mix
and 1x and 0.5x stock 50x DNA), Pm components (50 to
800 nM primers; 200 nM probe), and target DNA were
assessed for compatibility and best performance (low-
est cycle threshold [Ct] value and highest delta nor-
malised reporter [ARn]).

In the final Pm/IPC duplex-QPCR assay, the 20 nl
reaction volume comprised 800 ptM of each Pm primer,
200 pM of Pm probe, 1.0 pl IPC probe/primer mix
(0.5x), 0.2 pl IPC DNA (0.5x), 10 pl TagMan Universal
PCR Master Mix (ABI), 0.5 pl stock BSA (10 mg ml™;
final concentration of 250 ng ul™!; Hallett & Bartho-
lomew 2006), and 1 pl DNA template. Reactions were
performed in an ABI PRISM 7500 Sequence Detection
System in ABI MicroAmp AE optical 96 well reaction
plates, with 50 cycles of standard thermal cycling con-
ditions. A positive control (parasite DNA) and a nega-
tive control (non-template = molecular grade water)
were included in each reaction run. The assay thresh-
olds were set manually at 0.05 for Pm and 0.015 for the
IPC. All sensitivity and specificity tests used the duplex
Pm/IPC QPCR.

Sensitivity and standards: Parasite DNA: Reference
standards were prepared of Pm actinospores (Fig. 1)
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Fig. 1. Parvicapsula minibicornis. Two spore morphotypes in

its life cycle; fresh, unstained, viewed under a coverslip with

Nomarski interference contrast. The actinospore (A) is re-

leased from the polychaete host and infects salmonids,

whereas the myxospore (M) is released from the fish host and
infects the polychaete

from infected polychaetes Manayunkia speciosa col-
lected from Tree of Heaven (lower Klamath River, Cal-
ifornia, USA). The host worm was gently squashed
under a coverslip to release spores, which, with the aid
of a compound microscope (phase contrast and 100x
magnification), were transferred using modified glass
pipettes onto fractured microscope coverslips and air
dried, then added to 2 ml microfuge tubes. Three sets
of references were prepared. A single spore was added
to a microfuge tube, with dampened filter paper (con-
sistent with field water samples; n = 4) and without
paper (n = 3), and 10 (n = 2) spores were added to tubes
with paper. These references were processed like the
field water samples for direct comparison, and 1 pl of
sample was run in triplicate in the QPCR. A 10-fold
serial dilution series (n = 3) was made from the purified
DNA of the 1-spore samples processed without paper
and 4 pl of sample run in triplicate.

Synthetic template: A 10-fold serial dilution of artifi-
cial template of the 72 nt 18S ssTRNA target region of
the parasite (custom primer from Invitrogen) ranging
from 9.62 to 9.62 x 103 copies (35 zg to 3.5 pg; DNA
quantified with a NanoDrop ND-1000 Spectropho-
tometer) per reaction (4 pl of sample) was prepared to
evaluate the duplex assay. A standard curve of the
dilution Ct values was generated, and the amplifica-
tion efficiency (E) was estimated by the formula E =
107Ys — 1, where s is the slope of the curve. To deter-
mine the influence of the IPC on quantification of our
target in the duplex assay, a subset of the synthetic
template standards (9.62 to 9.62 x 10° copies) was also
assayed in a Pm singleplex assay, which used the
duplex assay conditions but with water substituted for
the IPC reagents.

Specificity: The assay was tested on other local
myxozoans including Ceratomyxa shasta, Myxobolus
insidiosus, and M. squamalis, and uninfected salmonid
and polychaete host tissue. Fifteen different Parvicap-
sula minibicornis genetic isolates from a range of hosts
(coho, Chinook, sockeye salmon Oncorhynchus nerka,
pink salmon O. gorbuscha, and polychaetes) were also
assessed.

Field water samples. Collection: Samples were col-
lected along the length of the Klamath River from the
Williamson River (easterly headwaters) to below the
mouth of the Trinity River (west) to investigate spatial
distribution of the parasite and temporal density pat-
terns.

Two sets of water samples were collected in 2006.
The first was obtained in coordination with fish sentinel
exposures in April (24 to 28), May (15 to 18), June (20 to
23), July (18 to 20), and September (12 to 15). Collection
sites included 2 upper Klamath River (UKR) sites, viz.
the Williamson River tributary (river kilometer [Rkm]
441) and Keno Eddy (Rkm 368), and 5 mainstem lower
Klamath River (LKR) sites: R-Ranch (Rkm 292), Beaver
Creek (Rkm 258), Seiad Valley (Rkm 207), Saints Rest
Bar (Rkm 73), and Tully Creek (Rkm 62; Fig. 2). Tripli-
cate 11 samples were taken manually at the exposure
site when fish were placed in the water and approxi-
mately 72 h later when the fish were removed.

The second set of water samples was collected bi-
weekly from March through August at 5 mainstem
sites below Iron Gate Dam (LKR): R-Ranch, Beaver
Creek, Seiad Valley, Orleans (Rkm 96), and Tully
Creek. Samples were also collected monthly at the
mouths of 4 tributaries in the LKR: Shasta River
(Rkm 284), Scott River (Rkm 229), Salmon River
(Rkm 106), and Trinity River (Rkm 71). Triplicate 11
samples were taken at each site.

All samples were transported on ice and then refrig-
erated until filtration, which occurred within 24 h of
collection.

Filtration and DNA extraction: The water samples
were filtered and the retained DNA extracted follow-
ing the methods described by Hallett & Bartholomew
(2006). Briefly, each 11 sample was filtered through a
5 pm cellulose membrane filter (Millipore) using a vac-
uum pump. Samples containing considerable particu-
late matter were divided for filtering then recombined
during application to the column. The filter disc was
folded to fit into a 2.0 ml microfuge tube and frozen
prior to being cut into strips and the DNA lysed with
360 pl ATL buffer (QIAGEN). Following extraction
using the QIAGEN DNeasy Blood and Tissue kit (pro-
tocol for animal tissues), the DNA was eluted in 120 nl
buffer AE. Each field sample was assayed in duplicate,
and if the SD of the pair was greater than 1 Ct, they
were rerun.
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Fig. 2. Klamath River (Oregon, California; USA) showing sites of water collection in 2006. Numbers are river kilometers from
mouth (Pacific Ocean). Rectangles represent dams; Iron Gate Dam is impassable to fish and segregates the upper river from the
lower. Inset shows location in North America

Assessment and reduction of inhibition: Samples
were considered inhibited if their Ct value was
retarded relative to a control, although the color of the
sample (amount of particulate matter retained on the
filter and subsequent clarity of the extracted DNA)
provided an initial indication of the amount of inhibi-
tion. Initial spiking tests showed that the degree of
inhibition (from none to complete) differed from field
site to site, and thus each location had to be assessed at
each time point.

In addition to modifying the extraction protocol to
include an additional wash with buffer AW2, we inves-
tigated 2 other post-extraction/pre-amplification meth-
ods to reduce the effects of inhibition: addition of the
chemical GeneReleaser (BioVentures; Jiang et al.
2005), and dilution with water. Both required a balance
between minimizing inhibition and maximizing para-
site DNA such that inhibitors were reduced either
through removal or dilution while ensuring that the
target DNA was present in sufficient quantity to permit
detection (1 parasite spore = 1 infectious unit and pro-
vided a positive control). The effectiveness of GeneRe-
leaser was assessed at a range of concentrations and
included water as a control. The product was mixed
with extracted DNA and the sample incubated, cen-
trifuged, and the 'cleaned’ supernatant used in subse-
quent QPCRs.

Based on these results, 1 of each triplicate water
samples from each site was subjected to the duplex
QPCR, and all 3 samples were diluted 1:40 if inhibition

(Ct difference between sample and control >2) was
indicated. We then used 4 pl of the diluted stock DNA
eluate in the QPCR. If inhibition remained high
(>2 Ct), samples were repurified (see Hallett &
Bartholomew 2006 for details) and rerun.

Data analysis: The final Ct values for field samples
were adjusted for both dilution and inhibition for stan-
dardization. To adjust for dilution, the Ct values were
reduced by 3 cycles. To adjust for inhibition, the differ-
ence in the IPC Ct value between the pure water con-
trols and field water samples was subtracted from the
water sample Parvicapsula minibicornis Ct value. A
sample was considered positive if both wells fluo-
resced in the QPCR, otherwise a Ct value of 42 was
designated. The adjusted Ct values of the triplicate
samples collected at each time point and site were
averaged and the SD determined. The IPC and a P.
minibicornis positive control run in quadruplicate on
each plate enabled assessment of intra- and inter-plate
variation (SD and coefficient of variation, CV). The
amount of target DNA (i.e. Pm ssTRNA gene), mea-
sured as a Ct value, was translated to number of para-
site spores using reference samples with known quan-
tities of parasite (see above).

Water sample data from June (see Fig. 5) were ana-
lyzed using a 1-way analysis of variance (ANOVA; S-
Plus 8.0) to determine if there was a significant differ-
ence in Ct values between sites, and a Generalized
Least Squares analysis compared sites to Beaver
Creek.
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RESULTS
Duplex QPCR assay
The Pm QPCR primers amplified a product of

expected size in the regular PCR. In the duplex assay,
Pm Ct values did not change substantially with differ-

ent Pm primer concentrations (with the exception of Sample Singleplex Duplex Duplex
the lowest primer concentration, 50 nM), unlike the Pm Pm IpC
ARn (Table 1); thus the primer concentration with the ct

highest ARn was selected for the final assay. The IPC Pm107? 20.1 (0.1) 20.4 (0.0) 32.9 (0.4)
primer and probe mix (used with 1.0x IPC DNA) was Pm10° 24.2 (0.1) 24.5 (0.2) 31.1 (0.4)
more affected by the different Pm primer concentra- Pm10° 27.5(0.2) 28.0 (0.0) 31.0 (0.2)
tions at 0.25x than at 0.5x. The only difference in out- 52182 g};é (8-1) gég (8-;) 2} 8 (8 (1))
put values in reactions u51.ng 1.0x or 0.5x IPC DNA was Pm10? 37:8 :0:4; 37:8 50:2; 311 EO 2;
the expected 1 Ct. In the final duplex assay, the IPC (all Pm10! ud ud 31.0 (0.1)
reagents used at 0.5 ABI recommended concentra- NC ud ud 31.0 (0.2)
tions) fluoresced at 27/28 cycles when the target Pm ARn

DNA was present in quantities equal to or less than Pm107 5 (0.0) 1.9 (0.0) 0.2 (0.0)
~10° to 10° copies or 3 to 30 fg (Ct 24 to 26) of the ssr- Emigi (8 g) i g (8-8) g; (8-8)
RNA gene, W.thh would equate to. ~1000 spores (see P$104 EO O; 18 EOZO; 022 EOZO;
below). At higher Pm concentrations, the IPC was Pm10° 1(0.2) 1.7 (0.1) 0.2 (0.0)
impaired and fluoresced later. Comparison of the Pm Pm10? 0(0.1) 1.6 (0.3) 0.2 (0.0)
primers and probe in a singleplex and duplex assay Pm10' 0(0.0) 0.0 (0.0) 0.2 (0.0)
indicated slightly better performance in the absence of NC 0(0.0) 0.0(0.0) 0.2 (0.0)

the IPC (Table 2). Samples in the singleplex fluoresced
earlier, and the magnitude of their signal (ARn) was
greater (~0.5) compared to the duplex. The Ct differ-
ence, however, was <1, and this was comparable to
other sources of intra-assay variation.

The combined Pm/inhibition assay was sensitive
enough to detect a single actinospore of Pm: 1 nl of
extracted DNA (120 pl eluate) of single spores coex-
tracted with filter paper fluoresced at 37.1 cycles (n = 4;
SD 0.4), whereas 1 pul of extracted DNA (120 pl eluate)
from single spores alone fluoresced at 34.7 cycles (n =
3; SD 2.2), indicating a 10-fold loss in DNA caused by

Table 2. Parvicapsula minibicornis. QPCR assay. Comparison

of mean (SD) Ct and ARn values for a dilution series of Pm ar-

tificial template in a singleplex (Pm assay components alone)

and duplex (combined Pm and IPC assay). Samples were run

in triplicate. IPC reagents were used at 0.5x. NC: negative

control contained molecular grade water; ud: Ct undetected
within 50 cycles

the necessary filtration method for environmental sam-
ples. The 10 spore samples with filter paper fluoresced
at34.1 (n=2; SD 0).

A dilution series of the single spore samples showed
that the detection limit of the assay (i.e. not all 3 wells
of a sample fluoresced beyond this point) is about 40
cycles. A similar threshold presented for the synthetic
template series. The assay could detect 96.2 copies
(3.5 ag) of the ssTRNA gene (i.e. all 3 wells fluoresced)

Table 1. Parvicapsula minibicornis (Pm). Pm/IPC (internal positive control) duplex QPCR optimization: assessment (mean [SD]

Ct and ARn) of different Pm primer and IPC concentrations. The concentration of the Pm probe was a constant 200 nM. Samples

were run in duplicate. A low target template sample that would be more sensitive to assay changes was used as the source of Pm.

IPC DNA was used at 1.0 strength. The final assay used the combination with lowest Ct and highest ARn (in bold): 800 nM
Pm primers and 0.5x IPC

Pm primer 0.5x IPC 0.25x IPC

concentration Ct ARn Ct ARn

(nM) Pm IPC Pm IPC Pm IPC Pm IPC
800 33.7 (0.5) 25.5(0.0) 1.5 (0.0) 0.2 (0.0) 33.6 (0.2) 31.5(0.4) 1.4 (0.1) 0.1(0.0)
600 34.0 (0.1) 25.3(0.1) 1.3(0.0) 0.2(0.0) 33.6 (0.4) 30.8 (0.4) 1.5(0.0) 0.1(0.0)
400 34.3 (0.2) 25.4(0.2) 1.2 (0.0) 0.2 (0.0) 34.0 (0.1) 30.3 (0.3) 1.4 (0.0) 0.1(0.0)
300 34.4 (0.1) 25.4(0.2) 1.1 (0.0) 0.2(0.0) 34.1 (0.2) 30.0 (0.8) 1.3 (0.0) 0.1(0.0)
150 36.0 (0.1) 25.8(0.1) 0.8 (0.0) 0.2 (0.0) 36.2 (0.1) 29.8 (0.4) 0.9 (0.0) 0.1(0.0)
50 44.1 (1.4) 25.8(0.1) 0.2 (0.1) 0.2 (0.0) 35.6 (0.9) 30.1 (0.2) 1.1 (0.2) 0.1(0.0)
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but not as few as 9.62 copies (i.e. not all 3 wells
fluoresced).

The detection threshold in the serial dilution series of
the 1-spore samples averaged 1.6 x 10~ spores, which
indicated that each spore had approximately 1.6 x 10*
copies of the ssTRNA gene. An alternative method to
derive copy numbers, comparing Ct values from the 1-
spore samples to those of the artificial template whose
copy numbers are known, indicated that 1 spore had
approximately 3.5 x 10* copies of the gene.

The standard curve generated from 10-fold serial
dilutions of the artificial template was linear over 9 logs
from 9.62 to 9.62 x 10'° copies (mean Ct 38.5 and 3.0,
respectively; Fig. 3). The slope of the curve was
—4.0257, with a y-intercept of 44.694 and squared cor-
relation coefficient (R?) of 0.9994. The amplification
efficiency was 77.2%.

The assay was specific for Parvicapsula minibicornis,
and all genetic isolates fluoresced with ARn values
consistent with the standards.

Field water samples
Inhibition

A ratio of sample to GeneReleaser of 1:6 was most
effective at reducing inhibition; however, this concen-
tration affected detection of the IPC. Dilution of the
eluted DNA with water proved most effective. In either
set of water samples, most (96 %) showed some degree
of inhibition; 51 % varied from the control by <1 Ct,
whereas 13 to 15% were >2 Ct higher. April had the
most samples with the most inhibition. Dilution
reduced the amount of inhibition, but samples would
usually still register low inhibition.

10 1 .

4+ 20 4 o

C

y =-4.026x + 44.69
R2 = 0.9994

30 1

40 4 s

1 2 3 4 5 6 7 8 9 10 11
Log quantity per ssTRNA gene copy number)

Fig. 3. Parvicapsula minibicornis. Standard curve derived
from 10-fold serial dilutions of synthetic ssTRNA template in
the duplex P. minibicornis/IPC QPCR assay

Assay variation

The intra-assay variation assessed for 6 plates
ranged from 0.2 to 1.7 SD and 0.7 to 5.1 % CV for the
Pm control and 0.1 to 0.3 SD and 0.3 to 1.0 % CV for the
IPC. Inter-plate variation was 1.1 SD and 3.4 % CV for
Pm and 0.2 SD and 0.7% CV for the IPC. The inter-
plate mean Ct for Pm was 32.5 and for the IPC 27.5.

Parasite abundance and distribution

Parvicapsula minibicornis was detected at all Kla-
math River mainstem sites tested (Fig. 4). Of the sites
sampled in March, none tested positive (>1 spore 17!
until spring. At most sites, spore abundance increased
from March to June/July from 1 spore I"! to as high as
~100 spores "' at Williamson River, Beaver Creek, and
Seiad Valley. At the latter 2 sites, prevalence clearly de-
creased thereafter; however, at the remaining sites a
pattern was not clear. Unlike any other site, relatively
high levels of parasite (10 to 100 spores 17!) were sus-
tained at Williamson River throughout the collection
period. There was little variation in parasite abundance
between sites at the beginning of spring (March/April),
but this became pronounced in June with densities
varying by 2 orders of magnitude (Fig. 5). A 1-way
ANOVA indicated that differences in parasite levels in
June were significant (F= 15.03, df =7, p < 0.0001). A
Generalized Least Squares analysis comparing the Ct
values of sites to Beaver Creek indicated that 5 of the 7
differed significantly; Seiad Valley and the Williamson
River were not significantly different (p = 0.3525 and
0.1077, respectively). The greatest variation among site
triplicates occurred when the parasite was present in
low levels (high Ct values) and/or 1 or more samples
was negative (and designated Ct 42).

The parasite was only present in low numbers (1 spore
1! or less) in most tributary samples (data not shown).
The exceptions were the Trinity River in the LKR, which
on 3 occasions (in March, June, and August) had >1 to
<10 spores 1! and the Williamson River in the UKR,
which consistently had parasite abundance >10 spores
1! (Fig. 4).

The 2 water sample sets, sentinel and biweekly,
rarely overlapped. They shared 4 LKR sites, R-Ranch,
Beaver Creek, Seiad Valley, and Tully Creek, but only
1 time point, 20 June. The data presented a similar pat-
tern, except at Tully Creek (Fig. 5).

DISCUSSION

Duplex QPCR assay

True et al. (2009) developed a singleplex QPCR
assay to detect the myxozoan Parvicapsula minibicor-



Hallett & Bartholomew: Duplex QPCR for Parvicapsula minibicornis 45

0 [ I Williamson R

y M Sy 't

24 . DAMS

. Keno Eddy
36 . i
38
34 DAMS R-Ranch
36 ¢
38 f
40

Beaver Ck

20 Seiad Valley
32 .

34

36 -

38

40

34
Orleans
36
38
40

34 Saints Rest Bar
36 .

38 {
34 Tully Ck

36
38

40

Ct

L]
e

MAR | APR | MAY | JUN l JUL | AUG I SEP

Fig. 4. Parvicapsula minibicornis. Distribution and abundance at 8 sites in the Klamath River from the headwaters at Williamson

River to Tully Creek in the lower river as determined from QPCR detection of DNA in water samples (biweekly and sentinel) col-

lected from March through September 2006. Rectangles represent dams; Iron Gate Dam blocks fish passage and separates the 2

upper Klamath River sites from the remainder in the lower Klamath River. Each data point is the mean of three 11samples and er-

ror bars are +1 SD (at 2 time points in May, the 3 samples were inadvertently combined during processing and there is no error

bar). The cycle threshold (Ct) is displayed on the y-axis; lower Ct values indicate that more parasite DNA is present. Shaded
region: <1 actinospore 1!
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Fig. 5. Parvicapsula minibicornis. Abundance (QPCR detec-
tion of DNA) in water samples collected on 20 June 2006 from
mainstem Klamath River sites and the Williamson River head-
water. The greatest spatial variation in the river was observed
this month. Each data point is the mean of three 11 water sam-
ples and error bars are + 1 SD. Lower Ct values indicate that
more parasite DNA is present; a difference of ~3.3 Ct equals a
10-fold difference in DNA. Shaded region: <1 actinospore 1.
Grey lines denote dams and the division of upper and lower
Klamath River. WR: Williamson River, KE: Keno Eddy, RR: R-
Ranch, BC: Beaver Creek, SV: Seiad Valley, SRB: Saints
Rest Bar, TC: Tully Creek

nisin fish tissue, and Bartholomew et al. (2007) applied
the assay to river water samples to quantify water-
borne stages of the parasite. Here we report develop-
ment of a duplex QPCR to detect the different genetic
strains of P. minibicornis (Atkinson et al. 2007) and
concurrently test for assay inhibition.

An initial objective was to develop a triplex QPCR to
simultaneously detect Ceratomyxa shasta and Parvi-
capsula minibicornis, the 2 most prevalent myxozoan
parasites present in the Klamath River, as well as to
test for inhibition in the water samples and thereby
reduce processing efforts and costs. However, because
such an assay would be qualitative rather than quanti-
tative at the low concentrations (1 spore 1"!) in water
samples (P. Grass & B. Whitmire pers. comm.), we
focused on a duplex assay: either C. shasta/P. minibi-
cornis, C. shasta/inhibition (IPC), or P. minibicornis/
inhibition. We assessed all 3 combinations, adjusting
primer and DNA concentrations (data not shown). Ini-
tial compatibility trials showed that the C. shasta
primers and probe were incompatible with those of
either the IPC or P. minibicornis. Only the P. minibicor-
nis/inhibition assay performed equally well in duplex
as in singleplex, and specificity and sensitivity trials
continued with this combination.

Inhibitors present in environmental water samples
can interfere with the QPCR and give inaccurate val-
ues for the target organism. Previously, to test for PCR
inhibition and distinguish false negatives from true tar-
get negatives, we spiked a duplicate set of water sam-

ples with low concentrations of target DNA (Hallett &
Bartholomew 2006); any variation from the reference
Ct suggested the presence of inhibitors (Bustin &
Nolan 2004). Incorporating an IPC in a duplex QPCR
enabled indirect but concurrent testing of samples for
inhibition.

Other researchers have used an IPC similarly, but
did not describe how their sample final Ct values were
adjusted to reflect any detected inhibition (McBeath et
al. 2006, Swango et al. 2006, Behets et al. 2007); in
most cases, inhibited samples in these studies were
diluted and rerun. We compared the IPC Ct values of
our field samples to laboratory controls and adjusted
the final sample Ct value for low levels of inhibition.
Samples exhibiting high levels of inhibition (Ct differ-
ence >2) were further processed and rerun. Our lab tri-
als demonstrated that high concentrations of the target
organism (<Ct 26) also retarded the IPC Ct values, but
none of the field samples fluoresced earlier than Ct 28
(equivalent to >100 spores 1!); thus we attributed any
change in IPC Ct value to non-target inhibition.

The IPC used a different set of primers and probe
than Parvicapsula minibicornis and thus provided an
indication of inhibition rather than an exact measure,
but enabled adjustment of sample Ct values to better
reflect the real parasite abundance and allow sample
comparisons. To avoid the amplification of the IPC tar-
get at the expense of P. minibicornis, we halved the
manufacturer's recommendation for its primer and
probe concentration. We also reduced the IPC tem-
plate to render it more susceptible to adverse assay
conditions and better mimic the target; normally, a
quantity of IPC template would be used that ensures
amplification even in the presence of large amounts of
the target of interest or inhibitors (Phillips 2004). In our
assessment of the IPC, we checked that the level of
inhibition was altered by the concentration of the sam-
ple, and that the final adjusted Ct values of a set of
field replicates were approximately equal irrespective
of treatment. Repurification of all samples that showed
any level of inhibition would be too costly. Dilution was
the best alternative, although in some cases the inhibi-
tion could not be sufficiently diluted without also co-
diluting the parasite beyond its detection level. In
these cases, the sample would be re-purified.

The IPC from ABI is pre-optimized, but we further
limited the concentration of the IPC reagents in the
duplex assay to avoid compromising the amplification
efficiency of the target reaction since the target and
IPC DNA templates likely differ in concentration. The
amplification efficiency of the duplex QPCR was low
(77.2%), but we were restricted in our choice of
primers and probe to an ssTRNA sequence region con-
served among the Parvicapsula minibicornis isolates
but which differed from other species. We were never-
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theless able to detect the smallest theoretical infectious
unit (1 spore) in a 1 1 water sample. This sensitivity is
likely by virtue of the high number of copies of the
ssTRNA gene in each spore. We estimated 10* copies,
10-fold more than suggested by the data in True et al.
(2009). This discrepancy may be resolved by increas-
ing the number of single spore replicates analyzed as
well as by using unextracted spores directly in the
duplex assay.

To develop standard curves, it is recommended to
amplify standards and unknowns from the same
source of DNA (Bustin 2004), but obtaining high spore
counts (i.e. 100) of either life cycle stage of Parvicap-
sula minibicornis is problematic. The parasite cannot
be cultured, and while the prevalence of infection in
the fish host is high (Bartholomew et al. 2007), it is rare
to find mature myxospores as they are apparently
excreted upon formation (Bartholomew et al. 2006). In
contrast, numerous mature actinospores can be identi-
fied within the polychaete host, but the natural preva-
lence is low (Bartholomew et al. 2007) plus develop-
ment of the actinospore is asynchronous and other
stages are also present within the host (Bartholomew
et al. 2006). Thus, although we were able to translate
Ct values into numbers of spores based on low num-
bers of individually collected spores, we also used syn-
thetic template, which was available in high concen-
trations suitable for performing serial dilution series
and associated standard curves, to evaluate assay
performance.

Parasite spatial and temporal distribution in the
Klamath River

Real-time or quantitative PCR analysis of water sam-
ples provides data on the distribution and abundance
of specific pathogens independent of their hosts.
Assays have now been developed for a range of impor-
tant human, fish, and shellfish aquatic pathogens from
protozoans to crustaceans (see Guy et al. 2003, Haug-
land et al. 2005, Audemard et al. 2006, Hallett &
Bartholomew 2006, McBeath et al. 2006). We used a
duplex QPCR assay to map the occurrence of Parvicap-
sula minibicornis in the Klamath River in 2006.

This study is part of ongoing investigations con-
ducted by multiple agencies researching the epidemi-
ology of salmonid diseases in the Klamath River with
the goal of developing a baseline model that addresses
factors regarding fish health. It expands on the data of
Bartholomew et al. (2007), who reported the riverine
spatial distribution of Parvicapsula minibicornis at only
1 time point (June 2004), and that of Foott et al. (2007),
who reported the temporal distribution (over 3 mo) at
only 1 river locale, whereas herein we examined both

spatial and temporal distribution and abundance of the
parasite over 7 mo (March through September 2006)
throughout the river basin.

We detected the parasite throughout the Kla-
math mainstem with levels indicative of as high as
100 spores I'! at some sites. In contrast to the UKR
headwater tributary (Williamson River), the 4 LKR trib-
utaries sampled did not contribute significant parasite
numbers to the mainstem (generally <1 spore 1! river
water). Highest levels (>1<10 spores 1!) were detected
in water samples from the Trinity River, and this was
the only tributary examined in which infected fish
were identified by Bartholomew et al. (2007).

The spatial trend of Parvicapsula minibicornis was
consistent between June 2004 (Bartholomew et al.
2007) and 2006, with the Williamson River and the
river reach between Beaver Creek and Seiad Valley
being a zone of high abundance in both years. In the
upper basin, the spatial distribution of the parasite
below the Williamson River is unknown; only low lev-
els were detected at Keno Eddy, the only other site
sampled here. A pattern was evident in the LKR. Para-
site levels were low in the 20 Rkm below Iron Gate
Dam, then increased at approximately the confluence
with the Shasta River for about 70 Rkm, decreasing
again downstream of Seiad Valley. Combined with the
prevalence of infection in polychaetes (Bartholomew et
al. 2007), these data suggest that parasite distribution
is likely affected by dilution relative to distance from
its source of release, and little local input from tribu-
taries. Actinospores released from infected poly-
chaetes are the likely source of the parasite from May
through August, with myxospores from adult fish con-
tributing in the months of September through January
as they return to spawn.

There were seasonal differences in abundance of
Parvicapsula minibicornis, with release beginning in
late March and peaking in late June to mid-July. At
sites where parasite levels were high, abundance
clearly decreased by late July. However, the lack of
data for August and the inability to distinguish myxo-
spores from actinospores make it difficult to deter-
mine if a second peak of release occurs in the fall
(September).

The Williamson River differed from the majority of
sites sampled in not having a distinct peak in abun-
dance, as parasite levels remained relatively high
throughout the collection period. This likely reflects
the different infection dynamics in this part of the
basin, which is physically segregated from the LKR by
a series of dams that block the passage of anadromous
salmonids (Fig. 2). Thus the infectious cycle in the
upper basin is apparently maintained in the resident
redband rainbow trout or stocked hatchery rainbow
trout (Bartholomew et al. 2007).
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The water sampling findings in the LKR were consis-
tent with observance of the parasite in its fish host in
other studies. Three main species of LKR anadromous
salmonids, Chinook and coho salmon and steelhead,
are susceptible to Parvicapsula minibicornis (Bartho-
lomew et al. 2007, Nichols & True 2007, Stone et al.
2008). The first detection of the parasite in water sam-
ples coincided with the emergence of these salmonid
fry in the spring. Juveniles then migrate downstream
in spring and summer, depending on the species, and
hatchery stocks are released into the mainstem at this
time. Whereas fall Chinook salmon steadily move
downstream throughout the summer, spring Chinook
may reside in streams for 1 yr or more before they
move to the ocean, coho salmon spend the first 14 to
18 mo in fresh water, and winter steelhead may spend
between 1 and 3 yr in fresh water (National Research
Council 2004). Peak parasite abundances in water
samples from late spring/early summer overlapped
with the migration period but were not consecutive
with Rkm. The first detections in migrating juvenile
salmon in 2006 were in mid-March and peaked in mid-
July, a pattern that was delayed in comparison to pre-
vious years (Nichols & True 2007). Recovery of a
tagged sub-population of juvenile Chinook salmon
released from just below Iron Gate Dam in 2006
showed that 2 wk after hatchery release, over 60 % of
these fish were infected with P. minibicornis, and by
3 wk, 100 % were infected (Nichols & True 2007). The
prevalence of infection in unmarked migrants cap-
tured at the Shasta River confluence was high, indicat-
ing that the infectious zone extends upriver of Beaver
Creek.

Chinook and steelhead juveniles may persist in
mainstem pools throughout summer, whereas coho are
uncommon (National Research Council 2004). Despite
residing the least in the mainstem, coho still experi-
enced a Parvicapsula minibicornis incidence of 59 %
(Nichols & True 2007).

Adult spring Chinook reenter the LKR the earliest, in
April through July, and aggregate in deep pools for 2
to 4 mo before spawning, whereas the other stocks
return in the fall and spawn (National Research Coun-
cil 2004). Parvicapsula minibicornis prevalences rang-
ing from 55 to 100 % have been recorded in returning
hatchery stocks (Bartholomew et al. 2007). More direct
comparisons of parasite abundance and infection of
fish could have been drawn from our sentinel studies,
but unfortunately molecular assessment of ‘unex-
posed’ control fish indicated that they had become
infected at their rearing source (hatchery), prior to the
intentional river exposure of their cohort.

Data from analysis of water samples show that,
despite sharing both its vertebrate and invertebrate
host with another myxozoan parasite, Ceratomyxa

shasta, Parvicapsula minibicornis has a slightly differ-
ent temporal and spatial distribution. The ‘hot spots’
for both parasites were the same; however, P. minibi-
cornis was present earlier in the year (low numbers in
March 2006 [spring]), in greater numbers, and at more
sites. The similar overall distribution suggests that the
parasites are maintained by relatively high numbers of
infected polychaetes in the Williamson River in the
UKR and above Beaver Creek in the LKR. One reason
for the higher abundance of P. minibicornis in compar-
ison to C. shasta may be its replication rate in the poly-
chaete host. Polychaetes infected by P. minibicornis
were observed to harbor at least an order of magnitude
more parasites than those infected by C. shasta, likely
a result of their smaller spore size and development
location (Bartholomew et al. 2006). Another factor that
may contribute to the observed broader distribution of
P. minibicornis is its mechanism of release from the
salmonid host. Myxospores of this parasite are shed in
the urine of infected fish and thus may be broadcast
more widely than C. shasta, which is most likely
released in high numbers upon death of the fish host at
specific locations (e.g. adult spawning grounds).

Parvicapsula minibicornis appears endemic to fresh
waters of the Pacific Northwest of North America and
thus there is potential for negative impacts on
salmonid fishes throughout its range. First reported
from the Fraser River in British Columbia, Canada
(Kent et al. 1997), it is now known from as far south as
the Sacramento River in California (K. Nichols pers.
comm.). Whereas adult sockeye salmon are reported to
be most severely affected by the parasite in the north-
ern extent of this range (Jones et al. 2003), in the Kla-
math River severe infections occur in juvenile Chinook
salmon (Bartholomew et al. 2007, Nichols & True 2007,
Stone et al. 2008). However, the prognosis of infection
in juvenile fish is unknown, and they may recover if
they survive the anemia and osmoregulatory problems
related to the glomerulonephritis associated with the
infection (Nichols & True 2007).

QPCR assessment of water samples offers a faster,
more cost-effective means of detecting parasites than
using sentinel fish, and is more sensitive than conven-
tional PCR. However, the assay cannot distinguish
between the 2 spore stages (actinospore and myx-
ospore) in the parasite’s life cycle or between infective
and dead organisms. Furthermore, as highlighted
above, the assay is subject to inhibition. Altogether, it
provides a means for rapid evaluation of parasite levels
and correlation of these with changes in river condi-
tions. In 2006, river flows during April, May, and June
were higher than average; thus the data presented
here provide a baseline for comparison. We plan to
extend the field season and collect samples throughout
the year to map annual fluctuations in abundance. Fur-
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ther research linking these parasite levels to biological
effects on Chinook and coho salmon should allow esti-
mates of mortality and the opportunity for immediate
management responses.
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