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INTRODUCTION

Chinook salmon Oncorhynchus tshawytscha are a
fundamental source of sustenance, economics, and
culture in Alaska and the Pacific Northwest (USA),
providing food for marine mammals, predatory
fishes, seabirds, and terrestrial animals (including
humans), and providing marine-derived nutrients to
river banks after spawning (Cederholm et al. 1999).
Chinook salmon spawning in the upper reaches of

the Yukon River drainage undertake one of the
longest migrations (between 2400 and 3200 km)
known for any salmonid (Behnke 2002). Chinook
salmon returns from 2007 to 2009 were lower than
expected based on reported spawning escapements
in the brood years (JTC 2008, 2009, 2011). In
response, a Chinook salmon directed commercial
fishery on the Yukon River mainstem did not occur in
2008 and 2009 for the first time in almost a decade
(JTC 2011), and the subsistence fishery was reduced
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ABSTRACT: Ichthyophonus is a protozoan parasite of Alaska Chinook salmon Oncorhynchus
tshawytscha. In this study, we determined whether spawning Chinook salmon in the Yukon River
drainage exhibited a measurable stress response (i.e. elevated plasma cortisol concentrations) and
detectable changes in selected blood plasma chemistry parameters when infected with Ichthyo -
phonus. The resulting alevin were also analyzed for any differences in blood plasma chemistry
caused by parental infection with Ichthyophonus. In 2010, 2011, and 2012, spawning adult
 Chinook salmon were collected from the Salcha River, Alaska, USA, and the prevalence of
Ichthyophonus in these fish was 7.8, 6.3, and 8.3%, respectively. Fish with no clinical signs of
Ichthyophonus and Ichthyophonus-positive parents were cross-fertilized to investigate potential
second-generation effects as a result of Ichthyophonus infection. We found no significant differ-
ence in cortisol concentrations in blood plasma between Ichthyophonus-positive and -negative
adults or between alevin from Ichthyophonus-positive and -negative parents. There were no sig-
nificant differences in blood plasma parameters (e.g. alanine aminotransferase, creatine kinase,
glucose) of Ichthyophonus-negative and -positive adults, with the exception of aspartate amino-
transferase, which was significantly higher in plasma of Ichthyophonus-negative adults. All clini-
cal chemistry parameters for alevin resulting from both Ichthyophonus-negative and -positive
 parents were not significantly different. Based on this study, which has a limited sample size and
low prevalence of Ichthyophonus, offspring of Chinook salmon appear to suffer no disadvantage
as a result of Ichthyophonus infection in their parents on the Salcha River.
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by up to 50% (JTC 2011, 2013, 2014). In 2014, all
 Chinook salmon harvest, including subsistence, was
closed on the Yukon River. In 2015, the run was still
below the historical average, but escapement into
Canada was met and some subsistence fishing was
allowed (ADF&G 2015). While the ultimate cause(s)
for the continued run failures of Chinook salmon
remain unknown, infectious diseases play a role in
some other salmon population declines (Kocan et al.
2004, Kocan & Hershberger 2006). Disease may be a
contributing factor, either due to pathogen-induced
mortality, reduced fecundity, or the inability of Chi-
nook salmon to successfully migrate and spawn.

Ichthyophonus is a marine-derived protozoan para-
site infecting a variety of marine and anadromous
fish species, including salmonids (McVicar 1999,
Kocan et al. 2004, Tierney & Farrell 2004, Gavryu-
seva 2007). This parasite was identified in the mid-
1980s after fishers reported white papules on the
heart, liver, and musculature of Chinook salmon
returning to spawning tributaries in Alaska (Kocan et
al. 2004). By the early 2000s, Ichthyophonus preva-
lence had reached 25 to 30% in Chinook salmon in
the mainstem of the Yukon River (Kocan et al. 2003,
2004), and appears to be cyclical over time (Zuray et
al. 2012). As Chinook salmon abundance fluctuates,
prevalence of the disease also changes (Kocan et al.
2004, Zuray et al. 2012), as is typical of a parasite
cycle where increased numbers of individuals in an
area can increase the incidence of disease and vice
versa (Altizer et al. 2006). Evidence suggests that
Ichthyophonus may cause pre-spawning mortality in
Chinook salmon (Kocan et al. 2004, 2006, 2009).
Since 2003, the prevalence of Ichthyophonus in Chi-
nook salmon has declined continuously and appears
to be correlated with a greater than 50% decline in
the population abundance of Chinook salmon in the
Yukon River (Zuray et al. 2012). Infection with Ich -
thyo phonus reduces oxygen uptake and exercise
capabilities (Tierney & Farrell 2004), and fish appear
to compensate by increasing heart mass and cardiac
output (Kocan & Hershberger 2006). This results in
lower stamina and swim speed (Kocan et al. 2009).
Due to these effects, Ichthyophonus prevalence can
be higher in lower parts of the Yukon River com-
pared with the spawning grounds as fish die before
reaching their final destination (Kocan & Hersh-
berger 2006).

Environmental stressors are well recognized for
their impact on fish health (Marcogliese 2004), and
disease caused by Ichthyophonus may be exacerbat-
ing morbidity of salmon in Alaska (Hamazaki et al.
2013). In-river conditions in the Yukon River have

changed over the past 30 yr, with June water temper-
atures having increased by approximately 2.5°C
(Kocan et al. 2004, Kahler et al. 2007). Temperature
changes influence disease processes in poikilo-
therms (Finn & Nielson 1971), by causing higher par-
asite loads, faster die-offs, and reduced swimming
performance with increased temperature (Kocan et
al. 2009). Stress lowers the ability of fish to maintain
homeostasis and carry out actions crucial for en -
durance, growth, and reproduction (Schreck 1982).
The most common glucocorticoid hormone found in
salmonids is cortisol (Donaldson 1981, Passino 1984),
which is often utilized as a gauge of stress (Fevolden
et al. 1993) and serves as a reliable bioindicator of
stress in fishes. In general, increased cortisol levels
are associated with increased disease susceptibility
(Pickering & Pottinger 1989, Fevolden et al. 1993).
Elevated levels of blood glucose (GLU) are another
indicator of stress in fishes (Van Waarde et al. 1990,
Wendelaar Bonga 1997).

Measurement of blood plasma parameters can be
useful indicators of tissue damage due to disease or
other stressors (Grizzle & Kiryu 1993, McPherson &
Pincus 2011), and monitoring the health of free-
ranging animal populations does not necessarily
require lethal procedures when utilizing blood. Dis-
eases, such as Ichthyophonus, cause heart and
skeletal muscle inflammation, which has been posi-
tively correlated with increased levels of aspartate
aminotransferase (AST) and creatine kinase (CK)
(Marty et al. 1998, Yousaf & Powell 2012). The in -
volvement of these enzymes in acute and chronic
disease processes, in particular with regard to tissue
damage, makes these blood plasma parameters
good potential bioindicators for the necrotic and
inflammatory action associated with Ichthyophonus
infection.

The purpose of this study was to determine
whether Chinook salmon exhibit a measurable stress
and physiological response to infection with Ich -
thyophonus. We hypothesized that spawning Chi-
nook salmon infected with Ichthyophonus would
exhibit a stress response resulting in higher concen-
trations of cortisol and GLU compared with Ichthyo -
phonus-negative salmon, as well as measureable
increases in tissue damage indicators (e.g. alanine
aminotransferase [ALT], AST, and CK). We further
hypothesized that cortisol concentrations and some
blood plasma parameters, such as CK and AST,
 propagate to the second generation, such that off-
spring produced by Ichthyophonus-positive parents
would differ from those of Ichthyophonus-negative
parents.
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MATERIALS AND METHODS

Sample collection

In 2010 and 2011, Chinook salmon were sampled
via electrofishing from the Salcha River, Alaska
(approximately river km 39 at the following coordi-
nates: 64.472°N, 146.971°W). In summer 2010, we
collected 51 Chinook salmon (27 females, including 3
freshly dead, and 24 males) from 29 July to 1 August.
On 19 July 2011, we sampled 32 Chinook salmon (15
females and 17 males). On 26 July 2012, we sampled
12 Chinook salmon (6 females and 6 males) at
the Salcha River boat ramp (64.464°N, 146.967°W);
these fish were captured using rod and reel sport
fishing gear. The lower sample size and different
capture gear used in 2012 was due to permit restric-
tions as a result of low Chinook salmon returns to the
Yukon and Salcha Rivers.

After capture, adult Chinook salmon were held in
net pens (1.2 × 1.2 × 2.4 m, with a 3.8 cm mesh) for
1 to 2 d, and were maintained in the river current for
continuous water flow. Fish were held at a maximum
density of 12 fish pen−1, with males and females kept
separated. The ripeness of females was characterized
by loss of skein structure, and was determined by
gentle palpation of the belly and deposition of eggs
through the ovipositor. Milt was readily available
from males upon capture; therefore, female ripeness
determined when fertilization could commence. Fish
were euthanized by cranial concussion, followed by
exsanguination via the caudal vein by cutting the
peduncle. Whole blood was collected in sterile BD
Vacutainers® coated with sodium heparin and cen-
trifuged at 1900 × g for 10 min (VWR® Clinical 50
Centrifuge). Next, plasma was pipetted into cryovials
and immediately flash frozen in liquid nitrogen.
Once all samples were collected and the site was
thoroughly cleaned for the day, samples were trans-
ported to the University of Alaska Fairbanks and
stored at −80°C until analysis.

To avoid cross-contamination with Ichthyophonus
across fish and samples, tissues were collected using
extreme care with sterile, disposable sampling sup-
plies. The ventral surface of each fish was cleaned of
mucus and blood and cut with a sterile blade to
expose the heart. All fish were examined internally
for typical clinical signs of Ichthyophonus infection,
which can be observed as white papules on the heart,
liver, or kidney (Fig. 1A). A piece of cardiac muscle
(~1 g) was removed with a second sterile blade and
cultured in MEM-5 supplemented with 5% fetal
bovine serum, penicillin, streptomycin, and gen-

tamycin (Kocan & Hershberger 2006). The tissue was
then incubated at 14°C and examined daily for
Ichthyophonus schizonts (Fig. 1B) to confirm clinical
infection with Ichthyophonus at the State University
of New York, Syracuse, NY (Whipps et al. 2006). A
second subsample of cardiac muscle was placed in
95% ethanol and shipped to Purdue University, West
Lafayette, IN, for molecular confirmation of infec-
tion. The presence of Ichthyophonus 18S rDNA was
 evaluated using polymerase chain reaction (PCR) fol-
lowing the procedure described by Whipps et al.
(2006). While molecular confirmation positively iden-
tifies Ichthyophonus, the culture method determines
whether the parasite is viable in the host.

Analysis of plasma chemistry and alevin
homogenates

Spawning Chinook salmon blood plasma was ana-
lyzed with an Abaxis VetScan using the comprehen-
sive diagnostic profile reagent rotor and the avian/
reptilian profile plus rotor. The following diagnostic
parameters were analyzed (usually within 8 h of col-
lection) in Chinook salmon plasma samples: albumin
(ALB), alkaline phosphatase (ALP), ALT, amylase
(AMY), AST, bile acids (BA), blood urea nitrogen
(BUN), calcium (Ca), CK, cortisol, creatinine (CRE),
globulin (GLOB), GLU, potassium (K), sodium (Na),
phosphorus (P), uric acid (UA), total bilirubin (TB),
and total protein (TP). For alevin, the diagnostic
parameters listed above were determined on total
body homogenates after Franson (1982). In 2010,
alevin were obtained from this study’s fertilization
trial (Floyd-Rump 2015). In 2011 and 2012, the
Alaska Department of Fish and Game (ADF&G) Divi-
sion of Sport Fish in Fairbanks collected spawning
Chinook salmon from the Salcha River for rearing
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Fig. 1. (A) Clinical signs of Ichthyophonus infection in the
heart of a spawning Chinook salmon Oncorhynchus tshawy -
tscha; white diffuse lesions are visible. (B) Ichthyophonus
spores at 50× magnification. Photos by L. Horstmann-Dehn 

(A) and C. Whipps (B)
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offspring in the state hatchery, and the resulting
alevin were acquired for analysis in this study;
parentage (i.e. Ichthyophonus-positive or -negative
was known for all alevin). Approximately 1 g of tissue
(or ~5 alevin) was placed in a glass homogenization
tube, and then 9 ml of cold phosphate buffer (0.1 M,
pH 7.4) were added to the tube for homogenization
(Franson 1982). Using a glass rod, the sample was
homogenized for 2 to 3 min, or until all large particu-
lates were dissolved. Next, the sample was cen-
trifuged for 20 min at 1000 × g, and supernatants
were removed using a serological pipette. Samples
were refrigerated at 4°C immediately after prepara-
tion and were analyzed on an Abaxis VetScan Clas-
sic, using a comprehensive diagnostic profile reagent
rotor and an avian/reptilian profile plus rotor, within
4 h of homogenization.

Cortisol radioimmunoassay

Cortisol concentrations were determined using a
solid phase single antibody radioimmunoassay (RIA)
(Siemens Coat-A-Count® Kit). Plain 12 × 75 mm
polypropylene tubes were used in duplicate for all
samples and standards. Cortisol calibrators contain-
ing 0.0, 5, 10, 50, 100, 200, and 460 ng of cortisol per
ml in processed human serum were used to create a
standard curve. Before Chinook salmon plasma sam-
ples were tested, the assay was validated with tests
for parallelism (Fig. 2A) and accuracy (Fig. 2B). For
each sample, 25 µl of each standard was added to
each tube in duplicate, with the zero calibrator added
to the nonspecific binding tube. Then 1 ml of 125I
 cortisol was added to every tube, and all tubes
were incubated in a water bath for 45 min at 37°C.
Sample reactivity was determined with a gamma
counter. Any samples that had a 10% or greater dif-
ference in counts between duplicates or counts out-
side the range of the standard curve were diluted
and reanalyzed.

Cortisol extraction and assays of alevin
homogenates

Cortisol concentrations were assessed in total body-
homogenized alevin using the solid phase single anti-
body RIA as described above. One individual alevin,
weighing approximately 0.2 g, was placed in a 2 ml
cryovial with 1.7 mm ceramic homogenizing beads,
and then 1 ml of 200 proof ethanol was added to this
cryovial. All samples were homogenized for 45 s using

a Disruptor Genie® at a speed of 6.5 m s−1. The sam-
ples were then iced, and these steps were repeated a
total of 8 times to ensure proper homogenization.
Samples were centrifuged for 10 min at 3000 × g
(Beckman GS-6R), and then 0.5 ml of the supernatant
was aspirated into 13 × 100 mm disposable glass cul-
ture tubes and evaporated under compressed nitrogen
gas, while incubating in a 25°C water bath. The super-
natant residue was purified in a series of extractions
using ethanol:acetone (4:1 v/v), diethyl ether, acetoni-
trile, and hexane (Kellar et al. 2006). After the final ex-
traction, hexane was added, and the bottom layer was
aspirated and then evaporated under nitrogen. The fi-
nal sample was stored at −80°C.

Before analysis, the sample homogenates were
reconstituted in 500 µl of phosphate-buffered saline
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Fig. 2. (A) Serial dilutions of cortisol (% binding) from undi-
luted to 1:16 pooled spawning Chinook salmon Oncorhyn-
chus tshawytscha plasma (open circles), plotted with a corti-
sol kit standard (closed circles) versus log-standard mass (ng
ml−1) indicating displacement by the pool parallel to that of
the standard. (B) Chinook salmon plasma cortisol (ng ml−1)
added 1:1 to each of the assay standards (ng ml−1), with a
slope of 0.93 (R2 = 0.99) indicating 93% accuracy of the assay 

in the measurement of plasma cortisol
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(pH 7.5) with 1% bovine serum albumin. Samples
were sonicated using a Tissue Tearor (BSP 780CL-07)
for 3 min at the highest setting. Cortisol concentra-
tions were then measured as described above.
Because some samples contained low cortisol con-
centrations, samples were rerun at a higher sample
volume. Cortisol assays on alevin were validated (i.e.
parallelism and accuracy) as described for plasma
samples. The parallelism test passed, and the accu-
racy of the assay in the measurement of Chinook
salmon alevin cortisol of total body homogenates was
85%.

Statistical analyses

Standard descriptive statistics were compiled, i.e.
mean, median, standard deviation (±1 SD), and data
range. The statistical program package R was used
for all statistical tests, with an alpha of 0.05 con -
sidered significant (R Development Core Team
2008). Within R, a Shapiro-Wilk’s normality test and
Bartlett’s test for equal variances were performed to
assess if data met assumptions for ANOVA. Data
were not normally distributed with unequal vari-
ances; therefore, a non-parametric Kruskal-Wallis
test was used to assess differences between Ichthyo -
phonus-positive and -negative spawning adults,
male and female spawning adults (Ichthyophonus-
negative only), and their resulting offspring. Princi-
pal components analysis (PCA) was performed on
all clinical chemistry parameters for adults and
alevin using PRIMER-E (Version 6.1.16) to assess
the combined effects of all variables when compar-
ing Ichthyophonus-negative and -positive fish and
their offspring. PCA done for alevin was normalized.
In addition, multidimensional scaling on a Bray-
Curtis similarity matrix without data transformation
was performed for adult Chinook salmon plasma
and alevin clinical chemistry parameters using
PRIMER-E (stress of 0.10 is fair and >0.2 is poor;
Kruskal 1964).

RESULTS

In 2010, we collected 51 Chinook salmon (27
females [3 dead], 24 males), of which 4 were Ichthyo -
phonus-positive (3 females, 1 male; 7.8% preva-
lence). Note that 1 male and 3 female plasma sam-
ples were hemolyzed and therefore were not usable
for blood chemistry analysis; these fish are not
included in the sample sizes, and none of these fish

tested positive for Ichthyophonus. In 2011, 15 fe -
males and 17 males were sampled, of which 2 males
were infected with Ichthyophonus (6.3%). In 2012,
we sampled 12 salmon (6 males, 6 females), and only
1 male was positive for Ichthyophonus (8.3%). There
was complete concordance between the 2 diagnostic
methods, i.e. culture and PCR, in all years. However,
1 individual sampled in 2010 displayed clinical signs
of Ichthyophonus, but was not positive by either cul-
ture or PCR; this fish was considered Ichthyophonus-
negative. Plasma chemistry parameters and cortisol
concentrations for spawning Chinook salmon are
given in Table 1. Variables were not significantly (p >
0.05) different between Ichthyo phonus-positive and -
negative spawning Chinook salmon (Table 1), with
the exception of AST, which was significantly lower
in Ichthyophonus-positive adults (p = 0.03). CK
ranged from 0.0 ± 0.0 U l−1 for Ichthyophonus-posi-
tive adults to 1041.1 ± 2678.2 U l−1 for Ichthyophonus-
negative adults, but differences were not signifi-
cantly different (p = 0.27) due to large SDs. PCA
supports the overall lack of difference between
Ichthyophonus-positive and -negative adult Chinook
salmon (Fig. 3). The first principal component (PC)
using blood parameters of spawning Chinook salmon
explained 88.0% of the variability, and the second
PC explained 10.2% (Fig. 3A). However, PCA
showed 2 groups of salmon that separated due to
high concentrations of CK, but no clear  pat tern
emerged (Fig. 3A) after this analysis. When CK was
removed from the PCA (Fig. 3B), 2 groups were still
noticeable, and separation appeared to be mostly
due to sex, although not in a uniform manner
(Fig. 3B). The separation was driven by a positive
loading of AST and PHOS in PC1, and a negative
loading of cortisol in PC1 (Fig. 3B; PC1 explained
84.5% of the variation, and PC2 explained 13.0%).

All plasma chemistry parameters for Ichthyo -
phonus-negative spawning Chinook salmon were
analyzed between males and females (Table 2). Vari-
ables were not significantly different (p > 0.05) be -
tween male and female salmon, with the exception of
ALB (p = 0.0004), ALP (p = 0.0003), and cortisol (p =
0.01), all of which were significantly higher in
females compared with males.

All clinical chemistry parameters as well as cortisol
for Chinook salmon alevin produced by Ichthyo -
phonus-positive and -negative adults were not sig-
nificantly different (p > 0.05); concentrations of all
parameters are summarized in Table 3. The PCA of
clinical chemistry parameters of alevin showed no
separation of the 2 groups. PC1 explained 22.4% of
variability and PC2 explained 13.7% for a cumula-
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Ichthyophonus- Ichthyophonus- p Literature values 
positive negative for teleosts

Albumin (g ml−1)
Mean 0.04 ± 0.01 0.03 ± 0.01 0.17 0.018−0.024
Median 0.04 0.03 Folmar (1993)
Range 0.03−0.05 0.01−0.07 Atlantic salmon

Alkaline phosphatase (U l−1)
Mean 100.7 ± 14.5 95.0 ± 83.5 0.14 100.0−300.0
Median 102.5 77.0 Folmar (1993)
Range 76.0−114.0 12.0−702.0 Rainbow trout

Alanine aminotransferase (U l−1)
Mean 324.2 ± 190.5 278.6 ± 350.9 0.23 74.7−118.8
Median 302.5 186.0 Chen et al. (2003)
Range 109.0−587.0 2.5−2000.0 Nile tilapia

Amylase (U l−1)
Mean 9.8 ± 5.5 14.8 ± 9.7 0.20 819.0
Median 9.0 13.0 Gu et al. (2013)
Range 2.5−18.0 0.0−55.0 Atlantic salmon

Aspartate aminotransferase (U l−1)
Mean 227.7 ± 557.7 1043.3 ± 865.5 0.03 202−351
Median 0.0 1364.0 Folmar (1993)
Range 0.0−1366.3 0.0−2192.0 Atlantic salmon

Bile acids (µmol l−1)
Mean 17.5 ± 0.0 17.5 ± 0.0 1.00 21.0
Median 17.5 17.5 Gu et al. (2013)
Range NA NA Atlantic salmon

Blood urea nitrogen (mg ml−1)
Mean 0.03 ± 0.03 0.03 ± 0.02 0.93 0.11
Median 0.03 0.03 Davidson et al. (2014)
Range 0.01−0.08 0.00−0.16 Rainbow trout

Total calcium (mg ml−1)
Mean 0.13 ± 0.02 0.12 ± 0.02 0.21 0.53
Median 0.13 0.12 Hasler et al. (2011)
Range 0.10−0.16 0.08−0.16 Chinook salmon

Creatine kinase (U l−1)
Mean 0.0 ± 0.0 1041.1 ± 2678.2 0.27 900−4100
Median 0.0 0.0 Folmar (1993)
Range NA 0.0−9826.0 Striped mullet

Cortisol (ng ml−1)
Mean 390.0 ± 430.0 560.0 ± 440.0 0.29 297.0
Median 310.0 440.0 McConnachie et al. (2012)
Range 3.0−104.0 50.0−174.0 Pink salmon

Creatinine (mg ml−1)
Mean 0.001 ± 0.0 0.001 ± 0.0008 0.93 0.005
Median 0.001 0.001 Sandnes et al. (1988)
Range NA 0.000−0.006 Atlantic salmon

Globulin (g ml−1)
Mean 0.010 ± 0.007 0.010 ± 0.008 0.34 0.034
Median 0.020 0.010 Lepic et al. (2014)
Range 0.002−0.020 0.000−0.030 Vimba bream

Glucose (mg ml−1)
Mean 2.62 ± 0.95 2.59 ± 1.14 0.18 0.3−0.8
Median 2.80 2.47 Folmar (1993)
Range 1.10−3.50 0.32−5.87 Rainbow trout

Table 1. Plasma chemistry parameters of spawning Chinook salmon Oncorhynchus tshawytscha (Ichthyophonus-positive: n =
3 females, 4 males; and Ichthyophonus-negative: n = 39 females, 42 males) sampled from the Salcha River, 2010 to 2012. A
Kruskal-Wallis test was used, and p ≤ 0.05 was considered significant (given in bold); H0: mean ranks of the 2 populations are
equal. For plasma parameters that did not have any variation in value, NA replaces the range for that parameter. Literature 

values for plasma or serum of teleost fishes are provided for comparison

(Table continued on next page)
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Ichthyophonus- Ichthyophonus- p Literature values 
positive negative for teleosts

Potassium (mmol l−1)
Mean 5.6 ± 2.3 4.7 ± 2.8 0.11 3.65
Median 4.8 4.6 Hasler et al. (2011)
Range 3.4−8.5 0.0−8.5 Chinook Salmon

Sodium (mmol l−1)
Mean 133.5 ± 25.0 114.9 ± 35.9 0.07 165.3
Median 130.0 122.5 Hasler et al. (2011)
Range 112.0−180.0 1.0−180.0 Chinook salmon

Phosphorus (mg ml−1)
Mean 0.15 ± 0.05 0.12 ± 0.04 0.79 0.61
Median 0.13 0.11 Hasler et al. (2011)
Range 0.11−0.25 0.06−0.26 Chinook salmon

Uric acid (mg ml−1)
Mean 0.01 ± 0.003 0.02 ± 0.002 0.71 0.006
Median 0.02 0.02 Haman et al. (2012)
Range 0.01−0.02 0.01−0.02 Atlantic sharpnose

Total bilirubin (mg ml−1)
Mean 0.006 ± 0.002 0.007 ± 0.009 0.82 0.003−0.080
Median 0.050 0.006 Folmar (1993)
Range 0.004−0.008 0.002−0.070 Rainbow trout

Total protein (g ml−1)
Mean 0.04 ± 0.01 0.04 ± 0.01 0.38 0.05
Median 0.04 0.05 Hasler et al. (2011)
Range 0.03−0.05 0.03−0.08 Chinook salmon

Table 1 (continued)

Fig. 3. (A) Principal components analysis of clinical
chemistry parameters of spawning Chinook salmon
Oncorhynchus tshawytscha: albumin, alkaline phos-
phatase, alanine aminotransferase (ALT), amylase,
aspartate aminotransferase (AST), bile acids, blood
urea nitrogen, calcium, creatine kinase (CK), corti-
sol, creatinine, globulin, glucose (GLU), potassium,
sodium, phosphorus (PHOS), uric acid, total biliru-
bin, and total protein. Red (blue) triangles represent
Ichthyophonus-positive (-negative) fish. PC1 ex -
plains 88.0% of the variability, and PC2 accounts for
10.2%, for a total of 98.2% of the explained variabil-
ity. Vectors for select variables are shown (black
lines), and vector length indicates the importance of
the variable contribution. (B) PCA of blood plasma
parameters of spawning Chinook salmon, excluding
CK. ‘1’ indicates female and ‘0’ indicates male fish.
PC1 explains 84.5% of variability and PC2 explains
13.0% of variability, totaling 97.4% of the explained 

variability
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tive 36.1% (Fig. 4). There was no apparent influence
of parental sex for Ichthyophonus-positive adults on
the resulting alevin, but sample sizes were too small
for a meaningful comparison. Multidimensional scal-
ing on a Bray-Curtis similarity matrix without data
transformation on clinical chemistry parameters for
adults and alevin also showed no dissimilarities
between Ichthyophonus-positive or negative individ-
uals or offspring (stress = 0.09 and 0.01 for adults and
alevin, respectively).

DISCUSSION

Analyzing blood plasma parameters, such as corti-
sol, GLU, and AST, are simple techniques that can
provide important information about the physiologi-
cal status of an animal (Chen et al. 2004). In this
study, we investigated the effect of infection with
Ichthyophonus on spawning Chinook salmon plasma
chemistry and potential second-generation effects.
We did not find any differences in basic clinical
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Male Female p

Albumin (g ml−1)
Mean 0.003 ± 0.001 0.004 ± 0.001 0.0004
Median 0.003 0.004
Range 0.001−0.005 0.002−0.007

Alkaline phosphatase (U l−1)
Mean 66.1 ± 36.2 126.0 ± 101.0 0.0003
Median 53.0 101.0
Range 12.0−184.0 56.0−702.0

Alanine aminotransferase (U l−1)
Mean 293.5 ± 396.9 269.4 ± 277.0 0.74
Median 192.0 203.0
Range 34.0−2000.0 2.5−1526.0

Amylase (U l−1)
Mean 14.4 ± 7.1 14.5 ± 11.6 0.33
Median 15.0 12.0
Range 2.5−29.0 0.0−55.0

Aspartate aminotransferase (U l−1)
Mean 1182.8 ± 790.9 786.7 ± 911.5 0.12
Median 1481.5 0.0
Range 0.0−2131.0 0.0−2192.0

Bile acids (µmol l−1)
Mean 17.5 ± 0.0 17.5 ± 0.0 1.00
Median 17.5 17.5
Range NA NA

Blood urea nitrogen (mg ml−1)
Mean 0.03 ± 0.02 0.04 ± 0.03 0.24
Median 0.03 0.03
Range 0.01−0.07 0.0−0.2

Total calcium (mg ml−1)
Mean 0.12 ± 0.02 0.12 ± 0.02 0.96
Median 0.12 0.11
Range 0.09−0.16 0.08−0.16

Cortisol (ng ml−1)
Mean 39.5 ± 34.9 68.0 ± 46.7 0.01
Median 31.8 55.2
Range 4.9−141.0 0.3−174.2

Creatine kinase (U l−1)
Mean 1169.7 ± 2941.4 761.3 ± 2196.9 0.28
Median 0.0 0.0
Range 0.0−9826.0 0.0−8725.0

Table 2. Plasma chemistry parameters of Ichthyophonus-negative male (n = 42) and female (n = 39) spawning Chinook salmon
Oncorhynchus tshawytscha from the Salcha River, 2010 to 2012. A Kruskal-Wallis test was used, and p ≤ 0.05 considered sig-
nificant (given in bold); H0: mean ranks of the 2 populations are equal. For plasma parameters that did not have any variation 

in value, NA replaces the range for that parameter

Male Female p

Creatinine (mg ml−1)
Mean 0.001 ± 0.005 0.001 ± 0.009 0.20
Median 0.001 0.001
Range 0.0−0.003 0.0−0.006

Globulin (g ml) −1

Mean 0.01 ± 0.08 0.05 ± 0.2 0.27
Median 0.01 0.09
Range 0.0−0.03 0.0−1.5

Glucose (mg ml−1)
Mean 2.6 ± 1.1 2.6 ± 1.2 0.78
Median 2.4 2.5
Range 0.3−5.0 0.3−5.9

Potassium (mmol l−1)
Mean 5.2 ± 2.8 4.3 ± 2.7 0.11
Median 5.8 4.3
Range 0.0−8.5 0.0−8.5

Sodium (mmol l−1)
Mean 121.7 ± 26.0 110.3 ± 42.7 0.44
Median 124.0 121.0
Range 50.0−180.0 1.0−180.0

Phosphorus (mg ml−1)
Mean 0.13 ± 0.046 0.12 ± 0.033 0.65
Median 0.12 0.12
Range 0.055−0.26 0.063−0.19

Uric acid (mg ml−1)
Mean 0.01 ± 0.05 0.01 ± 0.03 0.93
Median 0.01 0.01
Range 0.01−0.02 0.01−0.02

Total bilirubin (mg ml−1)
Mean 0.006 ± 0.003 0.009 ± 0.011 0.13
Median 0.005 0.007
Range 0.002−0.001 0.002−0.007

Total protein (g ml−1)
Mean 0.05 ± 0.01 0.04 ± 0.01 0.33
Median 0.05 0.04
Range 0.03−0.06 0.03−0.06
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chemistry parameters of spawning adults on their
terminal spawning grounds as a function of infection
with Ichthyophonus, with the exception of AST,
which was substantially higher in Ichthyophonus-
negative salmon. Similarly, no differences were ob -
served in clinical chemistry parameters of the result-
ing offspring.

Cortisol has been identified as one of the principal
steroid hormones in spawning salmonids (Idler et al.
1964), and corticosteroids play a vital role in the

catabolism of protein for delivery of metabolic en -
ergy in salmonids (Freeman & Idler 1973). Female
salmonids generally have higher levels of cortisol
than males (Idler et al. 1959, Folmar 1993, Berg et al.
2004), and this was observed in the current study as
well (Table 2). Higher cortisol levels in female
 Chinook salmon could be due to increased estrogen
experienced during spawning, which can trigger
the salmon hypothalamic-pituitary-interrenal axis,
whereas in males, exogenous androgens do not have
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Ich-positive Ich-negative p

Albumin (g ml−1)
Mean 0.005 ± 0.001 0.005 ± 0.001 0.93
Median 0.005 0.005
Range 0.002−0.005 0.002−0.005

Alkaline phosphatase (U l−1)
Mean 2.5 ± 0.0 2.2 ± 0.8 0.14
Median 2.5 2.5
Range NA 0.0−2.5

Alanine aminotransferase (U l−1)
Mean 30.9 ± 14.7 30.5 ± 12.7 0.65
Median 28.0 26.3
Range 17.3−58.0 14.7−57.3

Amylase (U l−1)
Mean 2.1 ± 0.9 2.3 ± 0.7 0.68
Median 2.5 2.5
Range 0.0−2.5 0.0−2.5

Aspartate aminotransferase (U l−1)
Mean 62.5 ± 38.8 51.4 ± 21.6 0.37
Median 42.7 44.0
Range 38.5−144.0 32.1−117.7

Bile acids (µmol l−1)
Mean 17.5 ± 0.0 17.5 ± 0.0 1.00
Median 17.5 17.5
Range NA NA

Blood urea nitrogen (mg ml−1)
Mean 0.01 ± 0.0 0.01 ± 0.0 1.00
Median 0.01 0.01
Range NA NA

Total calcium (mg ml−1)
Mean 0.02 ± 0.00 0.02 ± 0.00 1.00
Median 0.02 0.02
Range NA NA

Cortisol (ng ml−1)
Mean 0.9 ± 0.4 0.9 ± 0.7 0.66
Median 0.9 0.8
Range 0.3−1.0 0.3−4.0

Creatine kinase (U l−1)
Mean 3342.0 ± 1556.8 5900.1 ± 4162.4 0.48
Median 3146.8 4273.3
Range 2119.8−11097.3 2681.3−14462.0

Table 3. Total body homogenate clinical chemistry parameters for alevin produced by Ichthyophonus (Ich)-positive (n = 5) and
Ich-negative (n = 30) Chinook salmon Oncorhynchus tshawytscha sampled in 2010 to 2012. A Kruskal-Wallis test was used,
and p ≤ 0.05 was considered significant; H0: ranks of the 2 populations are equal. For clinical chemistry parameters that did 

not have any variation in value, NA replaces the range for that parameter

Ich-positive Ich-negative p

Creatinine (mg ml−1)
Mean 0.001 ± 0.000 0.001 ± 0.000 1.00
Median 0.001 0.001
Range NA NA

Globulin (g ml−1)
Mean 0.0 ± 0.0 0.0 ± 0.0 1.00
Median 0.0 0.0
Range NA NA

Glucose (mg ml−1)
Mean 0.40 ± 0.09 0.46 ± 0.16 0.68
Median 0.39 0.44
Range 0.27−0.59 0.28−0.80

Potassium (mmol l−1)
Mean 6.9 ± 2.0 5.6 ± 1.8 0.13
Median 6.9 4.9
Range 4.7−10.5 3.0−8.9

Sodium (mmol l−1)
Mean 180.0 ± 0.0 180.0 ± 0.0 1.00
Median 180.0 180.0
Range NA NA

Phosphorus (mg ml−1)
Mean 0.48 ± 0.16 0.58 ± 16.40 0.17
Median 0.45 0.50
Range 0.30−0.83 0.29−0.89

Uric acid (mg ml−1)
Mean 0.015 ± 0.006 0.014 ± 0.002 0.82
Median 0.014 0.014
Range 0.011−0.018 0.012−0.018

Total bilirubin (mg ml−1)
Mean 0.002 ± 0.004 0.002 ± 0.002 0.52
Median 0.002 0.002
Range 0.002−0.003 0.002−0.003

Total protein (g ml−1)
Mean 0.010 ± 0.001 0.010 ± 0.001 0.94
Median 0.010 0.010
Range 0.007−0.01 0.005−0.01
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this effect (Carruth et al. 2000). Cortisol has also been
identified as an important bioindicator for disease
(Pickering et al. 1982, Pickering & Pottinger 1989).
Chronic increased levels of cortisol increase suscep-
tibility to disease, decrease immune response, and
increase wound healing time (Pickering & Pottinger
1989, Godbout & Glaser 2006). Cortisol reduces
inflammation in the body, and will increase in blood
with infection or disease (Barnes & Adcock 2009).
Chinook salmon infected with Renibacterium sal -
mon inarum, the causative agent of bacterial kidney
disease, had significantly higher blood plasma corti-
sol levels than healthy fish (Mesa et al. 1999). We did
not find a significant difference in blood plasma
 cortisol concentrations between Ichthyo phonus -
negative and -positive spawning Chinook salmon.
This could be due to adrenal exhaustion; Chinook
salmon cortisol is high at the beginning of migration,
and prolonged chronic high cortisol levels could lead
to adrenal exhaustion, resulting in low cortisol levels
at the end of their spawning migration (Mc -
Connachie et al. 2012). Adrenal failure may occur
due to the initial increase in number of adrenal cells
due to gonadal development followed by marked
 hyperplasia in the adrenal gland, followed by rapid

degeneration (Robertson & Wexler 1959).
It is also feasible that the limited sample
size of Ichthyo phonus- infected salmon in
this study reduced the ability to  detect a
difference.

Chinook salmon that spawn in Yukon
River tributaries travel over 1600 km to
their spawning areas (Healey 1991). Blood
enzyme levels fluctuate through out the
duration of their spawning migration
(Wagner & Congleton 2004), with AST
levels reaching their maximum levels dur-
ing spawning (Hlavová 1989). However,
as Chinook salmon reach their terminal
spawning grounds, they are undergoing a
down-regulation of protein biosynthesis
and enzyme activity and continued down-
regulation of muscle proteins and most
glycolytic enzymes (Hane et al. 1966,
Miller et al. 2009). AST is a vitamin B6 de-
pendent enzyme that is important for
amino acid metabolism (Ford et al. 1980)
and is found in liver, heart, and skeletal
muscle (Ford et al. 1980). Although female
salmonids generally have higher levels of
AST (Shahsavani et al. 2010), we did not
detect a significant difference between
males and females in the current study.

We showed that Ichthyophonus-negative fish had sig-
nificantly higher AST levels compared with positive
fish. Concentrations of AST in farmed Atlantic salmon
were 202 to 351 U l−1 (Sandnes et al. 1988), similar to
the Ichthyophonus-positive fish in this study, while
AST in negative fish was more than 4 times higher
(Table 1). Similarly, Nile tilapia Oreochromis niloticus
affected with nephrocalcinosis also had lower AST
concentrations than healthy fish, which was attributed
with disease progression (Chen et al. 2003). In con-
trast, Marty et al. (1998) found significantly higher
AST levels in Ichthyophonus-positive Pacific herring
Clupea pallasii due to severe inflammation. The same
effect may not have been seen in our study due to de-
creased enzyme activity at the end of a long spawning
migration. It is also possible that deficiency in zinc or
magnesium, as well as vitamin B12, as a direct result
of inflammation (John & Mahajan 1979), can down-
regulate AST activity (Yousaf & Powell 2012), thus ex-
plaining lower levels of inflammation indicators in
Ichthyophonus-positive fish, particularly at the end of
spawning migration.

CK has been used as a bioindicator of damage to
CK-rich tissues, such as the heart, skeletal muscle,
brain, and spermatozoa, and it is also an indicator of
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Fig. 4. Principal components analysis of clinical diagnostic parameters
of Chinook salmon Oncorhynchus tshawytscha alevin total body
homogenates (as listed in Fig. 3). Red (blue) triangles represent alevin
from Ichthyophonus-positive (-negative) parents (F: female; M: male).
PC1 explained 22.4% of variability, PC2 explained 13.7% of variability,
for a total of 36.1% variability explained. Vectors for select variables are
shown (black lines), and vector length indicates the importance of the 

variable contribution
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cardiac infarction (Baird et al. 2012). In our study, CK
presented with large SDs and was either present or
not measurable. As a result, we found no difference
in CK between disease presence or between sexes.
However, it is interesting that all Ichthyophonus-
positive fish had no detectable levels of CK, while
negative fish had a wide range of concentrations.
These results could indicate that diseased fish experi-
ence a range of enzyme depletion, which could be
caused by many things, such as blood pH or tempera-
ture shift (Okamoto et al. 1987, Wagner & Congleton
2004). Reduced CK activity has been observed in pa-
tients with liver disease, connective tissue disease,
and rheumatoid arthritis, and reflects the overall de-
cline in muscle mass and reduced physical
activity (Stucki et al. 1996, Rosalki 1998). A decline in
muscle mass after the long spawning migration could
be a reasonable explanation for low CK levels in
some individuals, especially Ichthyophonus-positive
salmon. However, there is no significant difference in
muscle protein of Ichthyophonus-positive and -nega-
tive salmon (Floyd-Rump 2015). Reduced physical ac-
tivity (and associated low CK) in salmon after reach-
ing the spawning ground is a possibility as well, and
the non-detectable enzyme activities found in
Ichthyophonus-positive fish could indicate that they
are moribund. Similar to our study, Chen et al. (2003)
found that diseased tilapia had significantly lower CK
enzyme activity compared with healthy controls.
However, CK levels in healthy lake trout Salvelinus
namaycush were on average 2315.8 ± 1401.9 U l−1

(Edsall 1999), which is higher than the values we de-
tected (Table 1). These results also show that there
can be high variability in CK activity. Fish exposed to
low environmental oxygen concentrations had in -
creased levels of CK to make ATP available to anoxic
muscles (Myers et al. 1985, Van Waarde et al. 1990). It
is therefore possible that salmon in the current study
with elevated levels of CK experienced anoxic condi-
tions in their musculature due to exercise associated
with the long migration. At the end of their spawning
migration, fish may not be able to maintain high
blood oxygen levels, thereby driving other enzymes,
such as CK, to higher levels. CK levels can also be
high during spawning (Hlavová 1989), and as men-
tioned previously, spawning activities depend on ac-
cumulated glycogen stores (French et al. 1983, Miller
et al. 2009). The reliance on glycogen in turn
indicates anaerobic metabolism (Pagnotta & Milligan
1991). During burst-type exercise in fish, muscles rely
almost entirely on anaerobic metabolism of glycogen
(Pagnotta & Milligan 1991). Overall, physiological
changes associated with spawning and the spawning

migration may confound any differences due to dis-
ease in these fish. Alternatively, severely diseased
fish may be experiencing pre-spawning mortality
and do not reach their final spawning grounds.

Maternal body condition at the time of spawning
can affect the quality of salmon offspring (Bromage
et al. 1992). Steroids, such as cortisol, are taken up by
developing oocytes and may affect the developing
eggs (Fevolden et al. 1991, de Jesus et al. 1993,
Hwang & Wu 1993, Eriksen et al. 2006). Stressed fish
produce eggs with higher cortisol concentrations,
and this can hinder growth and development of the
oocyte (Pankhurst & Van Der Kraak 1997). However,
as described previously, females in general have
higher cortisol concentrations (Idler et al. 1959, Fol-
mar 1993), and there could be a built-in protective
mechanism against the transfer of maternal steroids
(Schreck et al. 2001), particularly in salmonids where
chronic stress is part of their life history. Mecha-
nisms, such as regulation of substance transfer, from
the mother to the egg and controlling timing of repro-
duction may have been developed to buffer eggs
from deleterious effects of stressors, such as migra-
tion (Schreck et al. 2001). In the current study, we did
not detect any differences in whole-body clinical
chemistry parameters of alevin from Ichthyophonus-
positive and -negative parental Chinook salmon.
This result is not completely unexpected, as we did
not find any differences in blood plasma chemistry in
spawning adult Chinook salmon between Ichthyo-
phonus-positive and -negative fish, with the excep-
tion of AST. Maternal effects of spawning are likely
outweighing any disease-related effects. Cortisol
concentrations in healthy, unstressed juvenile Chi-
nook salmon were near zero (Strange et al. 1978),
which is similar to the results of this study (Table 3).

In the current study, several caveats must be taken
into consideration. Most importantly, only a limited
sample size was available for analysis. Samples
obtained during this study relied on adequate
escapement to the Salcha River spawning tributary
and associated permission to sample. Yukon River
Chinook salmon returns have been below expecta-
tions for several years, so in 2011 and 2012, we were
unable to obtain independent samples separate from
ADF&G. In addition, Ichthyophonus prevalence dur-
ing the study years was low, and combined with an
overall low availability of salmon led to sample size
limitation in the Ichthyophonus-positive group. A
larger sample size may have enabled us to describe
variability associated with spawning as well as dis-
ease-related changes in blood chemistry parameters
to greater effect. It is likely that values for uninfected
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fish are accurate because of the sample size evalu-
ated, but given the small sample size for infected fish,
it is unlikely to capture that information. Further,
sampling Ichthyophonus-infected fish on the spawn-
ing grounds may inadvertently select for the success-
fully surviving or less affected part of the salmon
population, while other fish infected with the parasite
may die during their migration.

We have shown that infection with Ichthyophonus
does not appear to influence blood plasma chemistry
parameters of Chinook salmon or their resulting
alevin on the Salcha River. However, physiological
changes and stress associated with spawning may
confound any effects as a result of Ichthyophonus
infection. Future studies should compare terminal
spawning ground blood chemistry values to values at
the beginning and mid-way through their freshwater
migration. It is likely that Chinook salmon females
may have a protective mechanism that shields the
eggs (and resulting offspring) from any deleterious
changes in plasma chemistry connected with spawn-
ing. The stress imposed on Chinook salmon during
their freshwater spawning migration may be greater
than the effects of disease, therefore masking any
effects caused by Ichthyophonus.

Acknowledgements. We thank ADF&G for their cooperation
with this project. This project was supported by the Pollock
Conservation Cooperative Research Center through a grant
awarded to L.A.H.D. Fish resource permits were issued by
ADF&G for the sampling years 2010 to 2012 (SF2010-129,
SF2011-068, and SF2012-071, respectively). This study was
authorized by the University of Alaska Fairbanks Institu-
tional Animal Care and Use Committee under permit no.
170553-3. We thank T. Redington, A. Behr, and T. Hyer at
ADF&G for essential assistance in the field and generously
allowing us to sample adults and gametes from the ADF&G
hatchery egg takes in the Salcha River. We thank C. Whipps
at the State University of New York for Ichthyophonus
 culture and K. Nichols at Purdue University for PCR of
Ichthyophonus 18S rDNA. We gratefully acknowledge the
following individuals for their help in the field: B. Walker,
S. Vega, N. Farnham, P. McCall, and J. M. Seymour, and A.
Steeves for logistical assistance. Thanks also to K. Mashburn
for laboratory assistance, and T. Sutton for support and edi-
torial guidance.

LITERATURE CITED

ADF&G (Alaska Department of Fish and Game) (2015) 2015
Yukon River summer salmon fishery news release #71
summer announcement #62, Yukon River subdistricts 
4-B and 4-C subsistence fishing schedule. News Release.
Division of Commercial Fisheries 1-2. Alaska Depart-
ment of Fish and Game, Anchorage, AK

Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M,
Rohani P (2006) Seasonality and the dynamics of infec-
tious diseases. Ecol Lett 9: 467−484

Baird MF, Graham SM, Baker JS, Bickerstaff GF (2012) Cre-
atine-kinase-and exercise-related muscle damage impli-
cations for muscle performance and recovery. J Nutr
Metab 2012: 960363

Barnes PJ, Adcock IM (2009) Glucocorticoid resistance in
inflammatory diseases. Lancet 373: 1905−1917

Behnke R (2002) Trout and salmon of North America. Simon
and Schuster, The Free Press, New York, NY

Berg AH, Westerlund L, Olsson PE (2004) Regulation of
 Arctic char (Salvelinus alpinus) egg shell proteins and
vitellogenin during reproduction and in response to 
17β-estradiol and cortisol. Gen Comp Endocrinol 135: 
276−285

Bromage N, Jones J, Randall C, Thrush M, Davies B,
Springate JD, Barker G (1992) Broodstock management,
fecundity, egg quality, and the timing of egg production
in the rainbow trout (Oncorhynchus mykiss). Aquacul-
ture 100: 141−166

Carruth LL, Dores RM, Maldonado TA, Norris DO, Ruth T,
Jones RE (2000) Elevation of plasma cortisol during the
spawning migration of landlocked kokanee salmon
(Oncorhynchus nerka kennerlyi). Comp Biochem Physiol
C Toxicol Pharmacol 127: 123−131

Cederholm CJ, Kunze MD, Murota T, Sibatani A (1999)
Pacific salmon carcasses:  essential contributions of nutri-
ents and energy for aquatic and terrestrial ecosystems.
Fisheries 24: 6−15

Chen CY, Wooster GA, Getchell RG, Bower PR, Timmons
MB (2003) Blood chemistry of healthy, nephrocalcinosis-
affected and ozone-treated tilapia in a recirculation sys-
tem, with application of discriminant analysis. Aquacul-
ture 218: 89−102

Chen CY, Wooster GA, Bowser PR (2004) Comparative
blood chemistry and histopathology of tilapia infected
with Vibrio vulnificus or Steptococcus iniae or exposed
to carbon tetrachloride, gentamicin, or copper sulfate.
Aquaculture 239: 421−443

Davidson J, Good C, Welsh C, Summerfelt ST (2014) Com-
paring the effects of high vs. low nitrate on the health,
performance, and welfare of juvenile rainbow trout
Oncorhynchus mykiss within water recirculating aqua-
culture systems. Aquacult Eng 59: 30−40

de Jesus EG, Hirano T, Inui Y (1993) Flounder metamorpho-
sis:  its regulation by various hormones. Fish Physiol
Biochem 11: 323−328

Donaldson EM (1981) The pituitary interrenal axis as an
indicator of stress in fish. In:  Pickering AD (ed) Stress and
fish. Academic Press, London, p 11−47

Edsall CC (1999) A blood chemistry profile for lake trout.
J Aquat Anim Health 11: 81−86

Eriksen MS, Bakken M, Espmark A, Braastad BO, Salte R
(2006) Prespawning stress in farmed Atlantic salmon
Salmo salar:  maternal cortisol exposure and hyperther-
mia during embryonic development affect offspring sur-
vival, growth and incidence of malformations. J Fish Biol
69: 114−129

Fevolden SE, Refstie T, Roed KH (1991) Selection for high
and low cortisol stress response in in Atlantic salmon
(Salmo salar) and rainbow trout (Oncorhynchus mykiss).
Aquaculture 95: 53−65

Fevolden SE, Refstie T, Gjerde B (1993) Genetic and pheno-
typic parameters for cortisol and glucose stress response
in Atlantic salmon and rainbow trout. Aquaculture 118: 
205−216

Finn JP, Nielson NO (1971) The effect of temperature varia-

234

https://doi.org/10.1111/j.1461-0248.2005.00879.x
https://doi.org/10.1155/2012/960363
https://doi.org/10.1016/S0140-6736(09)60326-3
https://doi.org/10.1016/j.ygcen.2003.10.004
https://doi.org/10.1016/0044-8486(92)90355-O
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11083023&dopt=Abstract
https://doi.org/10.1577/1548-8446(1999)024%3C0006%3APSC%3E2.0.CO%3B2
https://doi.org/10.1016/S0044-8486(02)00499-4
https://doi.org/10.1016/j.aquaculture.2004.05.033
https://doi.org/10.1016/j.aquaeng.2014.01.003
https://doi.org/10.1007/BF00004581
https://doi.org/10.1577/1548-8667(1999)011%3C0081%3AABCPFL%3E2.0.CO%3B2
https://doi.org/10.1111/j.1095-8649.2006.01071.x
https://doi.org/10.1016/0044-8486(91)90072-F
https://doi.org/10.1016/0044-8486(93)90457-A
https://doi.org/10.1002/path.1711050404


Floyd-Rump et al.: Ichthyophonus effects on salmon blood plasma chemistry

tion on the inflammatory response of rainbow trout.
J Pathol 105: 257−268

Floyd-Rump T (2015) Physiological effects of the parasite
Ichthyophonus on spawning Chinook salmon and their
offspring in a Yukon River tributary. MS thesis, Univer-
sity of Alaska Fairbanks, Fairbanks, AK

Folmar LC (1993) Effects of chemical contaminants on blood
chemistry of teleost fish:  a bibliography and synopsis of
selected effects. Environ Toxicol Chem 12: 337−375

Ford GC, Eichele G, Jansonius JN (1980) Three-dimensional
structure of a pyridoxal-phosphate-dependent enzyme,
mitochondrial aspartate aminotransferase. Proc Natl
Acad Sci USA 77: 2559−2563

Franson JC (1982) Enzyme activities in plasma, liver and kid-
ney of black ducks and mallards. J Wildl Dis 18: 481−485

Freeman HC, Idler DR (1973) Effects of corticosteroids on
liver transaminases in two salmonids, the rainbow trout
(Salmo gairdnerii) and the brook trout (Salvelinus fonti-
nalis). Gen Comp Endocrinol 20: 69−75

French CJ, Hochachka PW, Mommsen TP (1983) Metabolic
organization of liver during spawning migration of sock-
eye salmon. Am J Physiol 245: R827−R830

Gavryuseva TV (2007) First report of Ichthyophonus hoferi
infection in young coho salmon Oncorhynchus kisutch
(Walbaum) at a fish hatchery in Kamchatka. Russ J Mar
Biol 33: 43−48

Godbout JP, Glaser R (2006) Stress-induced immune dysreg-
ulation:  implications for wound healing, infectious dis-
ease and cancer. J Neuroimmune Pharmacol 1: 421−427

Grizzle JM, Kiryu Y (1993) Histopathology of gill, liver, and
pancreas, and serum enzyme levels of channel catfish
infected with Aeromonas hydrophila complex. J Aquat
Anim Health 5: 36−50

Gu J, Krogdahl A, Sissener NH, Kortner TM, Gelencser E,
Hemre GI, Bakke AM (2013) Effects of oral Bt-maize
(MON810) exposure on growth and health parameters in
normal and sensitised Atlantic salmon, Salmo salar L.
Br J Nutr 109: 1408−1423

Haman KH, Norton TM, Thomas AC, Dove AD, Tseng F
(2012) Baseline health parameters and species compar-
isons among free-ranging Atlantic sharpnose (Rhizopri-
onodon terraenovae), bonnethead (Sphyrna tiburo), and
spiny dogfish (Squalus acanthias) sharks in Georgia,
Florida, and Washington, USA. J Wildl Dis 48: 295−306

Hamazaki T, Kahler E, Borba BM, Burton T (2013) Impact of
Ichthyophonus infection on spawning success of Yukon
River Chinook salmon Oncorhynchus tshawytscha. Dis
Aquat Org 106: 207−215

Hane S, Robertson OH, Wexler BC, Krupp MA (1966)
Adrenocortical response to stress and ACTH in Pacific
salmon (Oncorhynchus tshawytscha) and steelhead trout
(Salmo gairdnerii) at successive stages in the sexual
cycle. Endocrinology 78: 791−800

Hasler CT, Donaldson MR, Sunder RPB, Guimond E and
others (2011) Osmoregulatory, metabolic, and nutritional
condition of summer-run male Chinook salmon in rela-
tion to their fate and migratory behavior in a regulated
river. Endang Species Res 14: 79−89

Healey MC (1991) Life history of Chinook salmon (Onco-
rhynchus tshawytscha). In:  Groot C, Margolis L (eds)
Pacific salmon life histories. University of British Colum-
bia Press, Vancouver, BC, p 313−393

Hlavová V (1989) Enzyme activities in the blood plasma of
grayling, Thymallus thymallus (Linn.), in the breeding
season. J Fish Biol 34: 779−789

Hwang PP, Wu SM (1993) Role of cortisol in hypoosmoregu-
lation in larvae of the tilapia (Oreochromis mossambi-
cus). Gen Comp Endocrinol 92: 318−324

Idler DR, Ronald AP, Schmidt PJ (1959) Biochemical studies
on sockeye salmon during spawning migration:  VII.
Steroid hormones in plasma. Can J Biochem Physiol 37: 
1227−1238

Idler DR, Freeman HC, Truscott B (1964) Steroid hormones
in the plasma of spawned Atlantic salmon (Salmo salar)
and a comparison of their determination by chemical and
biological assay methods. Can J Biochem 42: 211−218

John MJ, Mahajan CL (1979) The physiological response of
fishes to a deficiency of cyanocobalamin and folic acid.
J Fish Biol 14: 127−133

JTC (Joint Technical Committee of the Yukon River U.S./
Canada Panel) (2008) Yukon River salmon 2007 season
summary and 2008 season outlook. Regional Information
Report No. 3A08-01. Alaska Department of Fish and
Game, Division of Commercial Fisheries, Anchorage, AK

JTC (2009) Yukon River salmon 2008 season summary and
2009 season outlook. Information Report No. 3A09-01.
Alaska Department of Fish and Game, Division of Com-
mercial Fisheries, Anchorage, AK

JTC (2011) Yukon River salmon 2010 season summary and
2011 season outlook. Information Report No. 3A10-01.
Alaska Department of Fish and Game, Division of Com-
mercial Fisheries, Anchorage, AK

JTC (2013) Yukon River salmon 2012 season summary and
2013 season outlook. Regional Information Report 3A13-
02. Alaska Department of Fish and Game, Division of
Commercial Fisheries, Anchorage, AK

JTC (2014) Yukon River salmon 2013 season summary and
2014 season outlook. Regional Information Report 3A14-
01. Alaska Department of Fish and Game, Division of
Commercial Fisheries, Anchorage, AK

Kahler E, Burton T, Hamazaki T, Borba BM, Jasper JR, Dehn
LA (2007) Assessment of Ichthyophonus in Chinook
salmon within the Yukon River Drainage, 2004. Fishery
Data Series No. 07-64. Alaska Department of Fish &
Game, Anchorage, AK

Kellar NM, Trego ML, Marks CI, Chivers SJ, Danil K, Archer
FI (2006) Determining pregnancy from blubber in three
species of delphinids. Mar Mamm Sci 22: 1−16

Kocan R, Hershberger P (2006) Differences in Ichthyo -
phonus prevalence and infection severity between upper
Yukon River and Tanana River Chinook salmon, Onco-
rhynchus tshawytscha (Walbaum), stocks. J Fish Dis 29: 
497−503

Kocan R, Hershberger P, Winton J (2003) Effects of Ichthyo -
phonus on survival and reproductive success of Yukon
River Chinook salmon. Federal Subsistence Fishery
Monitoring Program, Final Project Report No. FIS 01-
200. US Fish and Wildlife Service, Office of Subsistence
Management, Fishery Information Services Division,
Anchorage, AK

Kocan R, Hershberger P, Winton J (2004) Ichthyophoniasis: 
an emerging disease of Chinook salmon, Oncorhynchus
tshawytscha in the Yukon River. J Aquat Anim Health
16: 58−72

Kocan R, LaPatra S, Gregg J, Winton J, Hershberger P
(2006) Ichthyophonus-induced cardiac damage:  a mech-
anism for reduced swimming stamina in salmonids.
J Fish Dis 29: 521−527

Kocan R, Hershberger P, Sanders G, Winton J (2009) Effects
of temperature on disease progression and swimming

235

https://doi.org/10.1002/etc.5620120216
https://doi.org/10.1073/pnas.77.5.2559
https://doi.org/10.7589/0090-3558-18.4.481
https://doi.org/10.1016/0016-6480(73)90131-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6660327&dopt=Abstract
https://doi.org/10.1134/S106307400701004X
https://doi.org/10.1007/s11481-006-9036-0
https://doi.org/10.1577/1548-8667(1993)005%3C0036%3AHOGLAP%3E2.3.CO%3B2
https://doi.org/10.1017/S000711451200325X
https://doi.org/10.7589/0090-3558-48.2.295
https://doi.org/10.3354/dao02657
https://doi.org/10.1210/endo-78-4-791
https://doi.org/10.3354/esr00343
https://doi.org/10.1111/j.1095-8649.1989.tb03357.x
https://doi.org/10.1006/gcen.1993.1168
https://doi.org/10.1139/o59-137
https://doi.org/10.1139/o64-025
https://doi.org/10.1111/j.1095-8649.1979.tb03502.x
https://doi.org/10.1111/j.1748-7692.2006.00001.x
https://doi.org/10.1111/j.1365-2761.2006.00743.x
https://doi.org/10.1577/H03-068.1
https://doi.org/10.1111/j.1365-2761.2006.00745.x
https://doi.org/10.1111/j.1365-2761.2009.01059.x


Dis Aquat Org 122: 223–236, 2017

stamina in Ichthyophonus-infected rainbow trout, Onco-
rhynchus mykiss (Walbaum). J Fish Dis 32: 835−843

Kruskal JB (1964) Multidimensional scaling by optimizing
goodness of fit to anonmetric hypothesis. Psychometrika
29: 1−27

Lepic P, Stara A, Turek J, Kozak P, Velisek J (2014) The
effects of four anaesthetics on haematological and blood
biochemical profiles in vimba bream, Vimba vimba. Vet
Med 59: 81−87

Marcogliese DJ (2004) Parasites:  small players with crucial
roles in the ecological theater. EcoHealth 1: 151−164

Marty GD, Freiberg EF, Meyers TR, Wilcock J, Farver TB,
Hinton DE (1998) Viral hemorrhagic septicemia virus,
Ichthyophonus hoferi, and other causes of morbidity in
Pacific herring Clupea pallasi spawning in Prince
William Sound, Alaska, USA. Dis Aquat Org 32: 15−40

McConnachie SH, Cook KV, Patterson DA, Gilmour KM,
Hinch SG, Farrel AP, Cooke SJ (2012) Consequences of
acute stress and cortisol manipulation on the physiology,
behavior, and reproductive outcome of female Pacific
salmon on spawning grounds. Horm Behav 62: 67−76

McPherson R, Pincus M (2011) Henry’s clinical diagnosis
and management by laboratory methods, 22nd edn.
Elsevier, Philadelphia, PA

McVicar AH (1999) Ichthyophonus and related organisms.
In:  Woo PTK, Bruno DW (eds) Fish diseases and disor-
ders. Viral, bacterial and fungal infections. CABI Pub-
lishing, New York, NY, p 661−687

Mesa MG, Maule AG, Poe TP, Schreck CB (1999) Influence
of bacterial kidney disease on smoltification in sal -
monids:  Is it a case of double jeopardy? Aquaculture 174: 
25−41

Miller KM, Schulze AD, Ginther N, Li S, Patterson DA, Far-
rell AP, Hinch SG (2009) Salmon spawning migration: 
metabolic shifts and environmental triggers. Comp
Biochem Physiol Part D Genomics Proteomics 4: 75−89

Myers CL, Weiss SJ, Kirsh MM, Shlafer M (1985) Involve-
ment of hydrogen peroxide and hydroxyl radical in the
‘oxygen paradox’:  reduction of creatine kinase release by
catalase, allopurinol or deferoxamine, but not by super-
oxide dismutase. J Mol Cell Cardiol 17: 675−684

Okamoto N, Nakase K, Sano T (1987) Relationships between
water temperature, fish size, infective dose and
Ichthyophonus infection of rainbow trout (Salmo gaird-
nerii). Bull Jpn Soc Sci Fish 53: 581−584

Pagnotta A, Milligan CL (1991) The role of blood glucose in
the restoration of muscle glycogen during recovery from
exhaustive exercise in rainbow trout (Oncorhynchus
mykiss) and winter flounder (Pseudopleuronectes ameri-
canus). J Exp Biol 161: 489−508

Pankhurst NW, Van Der Kraak G (1997) Effects of stress on
reproduction and growth of fish. In:  Iwama GK, Picker-
ing AD, Sumpter P, Schreck CB (eds) Fish stress and
health in aquaculture. Cambridge University Press, New
York, NY, p 73−93

Passino DRM (1984) Biochemical indicators of stress in
fishes; an overview. In:  Cairns IM, Hudson PV, Nriagu
JO (eds) Contaminant effects on fishes. Wiley, New York,
NY, p 37−48

Pickering AD, Pottinger TG (1989) Stress responses and
disease resistance in salmonid fish:  effects of chronic

elevation of plasma cortisol. Fish Physiol Biochem 7: 
253−258

Pickering AD, Pottinger TG, Christie P (1982) Recovery of
the brown trout, Salmo trutta L., from acute handling
stress:  a time course study. J Fish Biol 20: 229−244

R Development Core Team (2008) R:  a language and envi-
ronment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna

Robertson OH, Wexler BC (1959) Hyperplasia of the adrenal
cortical tissue in Pacific salmon (genus Oncorhynchus)
and rainbow trout (Salmo gairdnerii) accompanying sex-
ual maturation and spawning. Endocrinology 65: 225−238

Rosalki SB (1998) Low serum creatine kinase activity. Clin
Chem 44: 905

Sandnes K, Lie O, Waagbo R (1988) Normal ranges of some
blood chemistry parameters in adult farmed Atlantic
salmon, Salmo salar. J Fish Biol 32: 129−136

Schreck CB (1982) Stress and rearing of salmonids. Aqua-
culture 28: 241−249

Schreck CB, Contreras-Sanchez W, Fitzpatrick MS (2001)
Effects of stress on fish reproduction, gamete quality, and
progeny. Aquaculture 197: 3−24

Shahsavani D, Mohri M, Kanani HG (2010) Determination of
normal values of some blood serum enzymes in
Acipenser stellatus Pallas. Fish Physiol Biochem 36: 
39−43

Strange RJ, Schreck CB, Ewing RD (1978) Cortisol concen-
trations in confined juvenile Chinook salmon (Oncorhyn-
chus tshawytscha). Trans Am Fish Soc 107: 812−819

Stucki G, Brühlmann P, Stoll T, Stucki S, Willer B, Michel BA
(1996) Low serum creatine kinase activity is associated
with muscle weakness in patients with rheumatoid
arthritis. J Rheumatol 23: 603−608

Tierney KB, Farrell AP (2004) The relationships between
fish health, metabolic rate, swimming performance and
recovery in return-run sockeye salmon, Oncorhynchus
nerka (Walbaum). J Fish Dis 27: 663−671

Van Waarde A, Van den Thillart G, Erkelens C, Addink A,
Lugtenburg J (1990) Functional coupling of glycolysis
and phosphocreatine utilization in anoxic fish muscle. An
in vivo 31P NMR study. J Biol Chem 265: 914−923

Wagner T, Congleton JL (2004) Blood chemistry correlates
of nutritional condition, tissue damage, and stress in
migrating juvenile Chinook salmon (Oncorhynchus
tshawytscha). Can J Fish Aquat Sci 61: 1066−1074

Wendelaar Bonga SE (1997) The stress response in fish.
Physiol Rev 77: 591−625

Whipps CM, Burton T, Watral VG, St-Hilaire S, Kent ML
(2006) Assessing the accuracy of a polymerase chain
reaction test for Ichthyophonus hoferi in Yukon River
Chinook salmon Oncorhynchus tshawytscha. Dis Aquat
Org 68: 141−147

Yousaf MN, Powell MD (2012) The effects of heart and
skeletal muscle inflammation and cardiomyopathy syn-
drome on creatine kinase and lactate dehydrogenase
levels in Atlantic salmon (Salmo salar L). Sci World J
2012: 741302

Zuray S, Kocan R, Hershberger P (2012) Synchronous
cycling of ichthyophoniasis with Chinook salmon density
revealed during the annual Yukon River spawning
migration. Trans Am Fish Soc 141: 615−623

236

Editorial responsibility: Anindo Choudhury,
De Pere, Wisconsin, USA

Submitted: November 9, 2015; Accepted: October 27, 2016
Proofs received from author(s): January 16, 2017

https://doi.org/10.1007/BF02289565
https://doi.org/10.1007/s10393-004-0028-3
https://doi.org/10.3354/dao032015
https://doi.org/10.1016/j.yhbeh.2012.05.001
https://doi.org/10.1016/S0044-8486(99)00012-5
https://doi.org/10.1016/j.cbd.2008.11.002
https://doi.org/10.1016/S0022-2828(85)80067-5
https://doi.org/10.2331/suisan.53.581
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1757776&dopt=Abstract
https://doi.org/10.1007/BF00004714
https://doi.org/10.1111/j.1095-8649.1982.tb03923.x
https://doi.org/10.1210/endo-65-2-225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9590359&dopt=Abstract
https://doi.org/10.1111/j.1095-8649.1988.tb05341.x
https://doi.org/10.1016/0044-8486(82)90026-6
https://doi.org/10.1016/S0044-8486(01)00580-4
https://doi.org/10.1007/s10695-008-9277-3
https://doi.org/10.1577/1548-8659(1978)107%3C812%3ACCICJC%3E2.0.CO%3B2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8730112&dopt=Abstract
https://doi.org/10.1111/j.1365-2761.2004.00590.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2295625&dopt=Abstract
https://doi.org/10.1139/f04-050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9234959&dopt=Abstract
https://doi.org/10.3354/dao068141
https://doi.org/10.1100/2012/741302
https://doi.org/10.1080/00028487.2012.683476



