DISEASES OF AQUATIC ORGANISMS
Dis Aquat Org

Vol. 93: 43–49, 2010
doi: 10.3354/dao02283

Published December 7

Chronic and persistent viral hemorrhagic
septicemia virus infections in Pacific herring
P. K. Hershberger1,*, J. L. Gregg1, C. A. Grady1, L. Taylor1, J. R. Winton2
1

Marrowstone Marine Field Station, US Geological Survey – Western Fisheries Research Center, Nordland,
Washington 98358, USA
2
US Geological Survey – Western Fisheries Research Center, Seattle, Washington 98115, USA

ABSTRACT: Chronic viral hemorrhagic septicemia virus (VHSV) infections were established in a laboratory stock of Pacific herring Clupea pallasii held in a large-volume tank supplied with pathogenfree seawater at temperatures ranging from 6.8 to 11.6°C. The infections were characterized by viral
persistence for extended periods and near-background levels of host mortality. Infectious virus was
recovered from mortalities occurring up to 167 d post-exposure and was detected in normal-appearing herring for as long as 224 d following initial challenge. Geometric mean viral titers were generally as high as or higher in brain tissues than in pools of kidney and spleen tissues, with overall prevalence of infection being higher in the brain. Upon re-exposure to VHSV in a standard laboratory
challenge, negligible mortality occurred among groups of herring that were either chronically
infected or fully recovered, indicating that survival from chronic manifestations conferred protection
against future disease. However, some survivors of chronic VHS infections were capable of replicating virus upon re-exposure. Demonstration of a chronic manifestation of VHSV infection among
Pacific herring maintained at ambient seawater temperatures provides insights into the mechanisms
by which the virus is maintained among populations of endemic hosts.
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INTRODUCTION
Widespread in the NE Pacific Ocean, viral hemorrhagic septicemia virus (VHSV) is a rhabdovirus that is
highly virulent for Pacific herring Clupea pallasii,
Pacific sardines Sardinops sagax, Pacific sandlances
Ammodytes hexapterus, and other forage fishes, frequently causing disease (VHS) and mass mortalities in
free-ranging populations (reviewed by Hedrick et al.
2003). Once exposed, laboratory stocks of Pacific herring typically experience acute disease followed by
rapid mortality (Kocan et al. 1997), and epizootics in
the wild are likely initiated as a result of a combination
of environmental stressors and concentration or amplification mechanisms associated with viral shedding
from infected individuals within a school (Hershberger
et al. 2010a). Individuals that survive these epizootics
become refractory to disease, indicating the involve-

ment of a protective adaptive immune response (Kocan
et al. 2001, Hershberger et al. 2007, 2010b).
An apparent paradox exists when considering the
persistence of VHSV in natural populations of Pacific
herring where it is thought that high VHSV shedding
rates from infected individuals contribute to virus perpetuation through a process of continuous transmission
from infected to uninfected individuals (Kocan et al.
2001, Hershberger et al. 2010a). This means of perpetuation can only persist within a narrow range of the
basic reproduction number (R0), the average number of
infected individuals resulting from a single infected
host (Ostfeld 2009). R0 values much greater than one
would result in an epizootic cascade followed by a
paucity of susceptible hosts, and R0 values much below
this level would eventually result in virus attrition due
to ineffective transmission; in either case, the pathogen
would eventually be extirpated from the host popula-
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tion. Recognizing the unlikelihood that this narrow R0
range persists for extended periods in dynamic natural
systems like the NE Pacific, it is hypothesized that
alternative or complementary VHSV perpetuation
strategies exist in wild populations of Pacific herring.
Thus, while only acute manifestations of VHS have
been reported, lower levels of mortality are difficult to
observe in the ocean, and the occurrence of subacute
forms of the disease could easily go unnoticed. Recognition of subacute forms of VHS in Pacific herring,
analogous to those known to occur in cultured rainbow
trout Oncorhynchus mykiss in Europe (Smail 1999),
could offer an alternative means by which the virus
may be maintained in populations without the need for
exclusive reliance on transmission of acute disease
within a narrow R0 range.
Here, we report the results of long-term laboratory
studies of VHSV-exposed Pacific herring that resulted
in atypical disease manifestations that were characterized by tempered and prolonged mortality. The purpose of this study was to describe the kinetics of these
subacute VHS outbreaks and to determine whether
survivors were protected against future infections or
disease.

MATERIALS AND METHODS
Establishment of subacute and persistent VHSV
infections. Sub-acute and persistent VHSV infections
were initiated among laboratory-reared, age 1+ yr,
specific pathogen-free (SPF) Pacific herring (n = 3668).
The fish were housed in a 2.5 m diameter (3200 l) circular tank provided with flowing, processed (sand-filtered and ultraviolet-irradiated) seawater at ambient
temperatures that ranged from 6.8 to 11.6°C during the
year-long experiment. Viral exposure occurred by
discontinuation of the supply water to the tank and
addition of a relatively low dose of stock VHSV
(Genogroup IVa, isolate no. 99-292 from Atlantic
salmon in British Columbia, Canada); supply water to
the tank was restored after 1 h. The titer of waterborne
VHSV during the 1 h exposure period (1190 plaqueforming units [pfu] ml–1) was confirmed by plaque
assay of aliquots of the tank water onto polyethylene
glycol pre-treated epithelioma papulosum cyprini
(EPC) cells (Batts & Winton 1989). A second tank containing a control colony of SPF herring (n = 4076) was
handled similarly, except that an aliquot of phosphate
buffered saline (PBS) was added in lieu of VHSV;
absence of waterborne VHSV in the control tank during the 1 h PBS exposure was confirmed by plaque
assay. Mortalities were removed from both tanks daily;
tissues (brain and pooled kidney/spleen samples) were
aseptically removed from subsamples of the mortalities

and stored at –80°C until viral titers were enumerated
by plaque assay of tissue homogenates. Subsamples of
fish were periodically removed from the tanks and
used for additional experiments. All survivors were
euthanized 350 to 379 d post-exposure with an overdose of buffered tricaine methane-sulfonate (MS-222,
Western Chemical). The brain and a pool of kidney
and spleen tissue were removed from each of the survivors in the VHSV-exposed colony (n = 738) and a
subsample of those in the control colony (n = 20/348).
Tissues from all survivors were stored at 0 to 4°C (not
frozen) for < 24 h prior to determination of VHSV titer
by plaque assay.
Long-term persistence of VHSV in survivors. To
investigate the duration of viral persistence in Pacific
herring, subsamples were removed from the VHSVexposed and control colonies 224 d post-exposure and
transferred to smaller (260 l) triplicate tanks (n = 30
herring tank–1), where they were held for 14 d, a more
stressful condition that has been effective at amplifying low levels of VHS in herring and other species
(Kocan et al. 2001, Hershberger et al. 2006). Mortalities
were collected daily, and tissues (brain, kidney,
spleen) from all mortalities were pooled by replicate
tank. After 14 d, all survivors were euthanized with an
overdose of buffered MS-222; tissues (brain, kidney,
spleen) from all survivors were pooled by replicate
tank. Presence of VHSV in all tissue samples was
determined by plaque assay.
Susceptibility of persistently infected and fully recovered herring to acute VHS. To determine whether
groups of Pacific herring undergoing persistent VHS
infections were protected from acute manifestations of
the disease, subsamples of live herring were removed
from the VHSV-exposed and -unexposed colonies
106 d after the initial exposure and separated into 4
experimental groups: negative controls, positive controls, once-exposed controls, and re-exposed treatment.
Each experimental group consisted of triplicate 260 l
tanks containing 30 to 31 herring. The negative control
group consisted of herring from the PBS-exposed
colony that were re-exposed to PBS in the triplicate
tanks. The positive control group consisted of herring
from the PBS-exposed colony that were exposed to
VHSV for the first time in the triplicate tanks. The onceexposed control group consisted of herring from the
VHSV-exposed colony that were exposed to PBS in the
triplicate tanks. The re-exposed treatment groups consisted of herring from the VHSV-exposed colony that
were re-exposed to VHSV in the triplicate tanks. Challenge procedures were similar to those described
for the first exposure with the minor exception that
the mean waterborne exposure titer was 6.5 × 103 pfu
ml–1. Dead and moribund herring were sampled from
the tanks daily, and all survivors after 21 d were eutha-
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60
To determine whether Pacific herring
that had recovered from persistent
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9
VHSV
VHSV infections were protected from
40
future infection or disease, sub8
30
samples of herring were removed from
20
the VHSV-exposed and -unexposed
Control
7
colonies 343 d after the initial exposure
10
and separated into 4 experimental
6
0
groups, analogous to those described
0
4
8 12 16 20 24 28 32 36 40 44 48 52 56
previously. Exposure and challenge
Weeks post exposure
conditions were similar to those deFig. 1. Clupea pallasii. Chronic mortality following exposure of a colony of
scribed previously, with the minor exPacific herring to viral hemorrhagic septicemia virus (VHSV) in a large tank.
ceptions that triplicate tanks with a
Circle indicates the occurrence of the last VHSV-positive mortality (167 d postvolume of 760 l were stocked with 59 to
exposure). Triangle indicates the last day when positive survivors were known to
61 herring, and the mean VHSV expoexist in the exposed colony (224 d post-exposure). Dashed line indicates the
daily ambient temperature (°C) in the tanks, reported as the daily mean of
sure titer was 4.4 × 103 pfu ml–1. Dead
temperatures that were logged every 30 min
and moribund herring were sampled
from the tanks daily, and all survivors
was recovered exclusively from brain tissues of 23 morwere euthanized after 43 d. Viral enumeration protalities and exclusively from pooled kidney/spleen tiscedures were similar to those described previously.
sues from 6 mortalities. Geometric mean VHSV titers in
Statistics. Among replicated treatments, all statisbrain tissues were typically greater than or equal to
tical comparisons were performed using arcsinethose in kidney/spleen tissues (Table 1). Virus was not
transformed data; differences between groups were
detected in the tissues (brain or kidney/spleen pools)
assessed using single-factor analysis of variance
from any VHSV-exposed survivors that were eutha(ANOVA) followed by the Dunnett’s test for multiple
nized 350 to 379 d post-exposure (n = 738), nor was
comparisons. Statistical comparisons were considered
virus detected in any subsampled mortalities (n = 177)
significant when p < 0.05.
or survivors (n = 20) from the negative control colony.

RESULTS
Long-term persistence of VHSV in survivors
Establishment of chronic and persistent VHSV
infections
Chronic and persistent VHSV infections were initiated in a colony of Pacific herring and were characterized by a slight increase in VHS mortality 2 to 4 wk
post-exposure followed by near-background levels of
mortality that persisted for several months (Fig. 1). A
slight increase in mortality was observed at 25 to 28 wk
post-exposure that was unrelated to VHS, because an
analogous mortality pattern occurred in the colony of
negative controls and VHSV was not recovered from
the tissues of any mortalities that occurred during this
period. Prevalence of VHSV was 100% among mortalities occurring during the first 6 wk post-exposure and
declined to 8% by Week 24, after which the virus was
no longer detected (Table 1). VHSV was detected in
both brain and kidney/spleen pools from most viruspositive mortalities (n = 80/109); however, VHSV

VHSV persisted in the colony of exposed Pacific herring for at least 224 d post exposure. After transferring
subsamples of previously exposed herring to triplicate
tanks, VHSV was detected in tissue pools (brain, kidney, spleen) from mortalities (viral titer = 1.28 × 107 pfu
g–1) and survivors (viral titer = 1.28 × 104 pfu g–1) in one
of the triplicate tanks. Virus was not detected in any
tissue pools from herring (mortalities or survivors) in
the other 2 replicate treatment tanks or in any herring
from the negative control triplicates.

Susceptibility of persistently infected and fully
recovered herring to acute VHS
Groups of Pacific herring undergoing persistent
VHSV infections (106 d post-exposure) were partially
protected from acute manifestations of the disease.
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Table 1. Clupea pallasii. Recovery of viral hemorrhagic septicemia virus (VHSV) from the tissues of dead Pacific herring. Calculation of geometric mean VHSV tissue titers were calculated from positive tissues only. nd: no data (subsamples of dead herring
were not assayed for VHSV during these weeks); na: not applicable (none of the subsampled mortalities tested positive
for VHSV); pfu: plaque-forming units
Weeks postexposure

1
2
3
4–5
6
7
8
9–15
16
17
18
19
20
21
22
23
24
25+

Mortalities
Total
Subsampled

6
60
163
199
47
55
128
332
55
28
29
35
43
39
47
57
57
433

Kidney/spleen
% positive Geometric mean
titer (pfu g–1)

nd
23
8
nd
3
23
2
nd
29
25
5
18
37
21
28
25
24
199

nd
100
100
nd
67
52
0
nd
14a
40a
0
28a
19
24a
18
8a
4a
0

nd
3.3 × 107
> 4.0 × 104
nd
1.8 × 104
2.2 × 104
na
nd
1.4 × 106
1.8 × 105
na
4.9 × 105
6.4 × 105
1.6 × 104
4.8 × 104
4.0 × 104
1.2 × 103
na

% positive

Brain
Geometric mean
titer (pfu g–1)

nd
100
100
nd
100b
87c
100d
nd
17d
40b
20b
22
24d
24b
18
24e
8d
0

nd
2.2 × 107
> 4.0 × 104
nd
5.3 × 104
2.1 × 105
9.4 × 104
nd
9.1 × 105
1.3 × 105
8.0 × 102
7.9 × 106
4.2 × 105
2.2 × 105
3.3 × 104
6.1 × 104
7.1 × 103
na

a

VHSV was detected in the kidney/spleen pool but not the brain from 1 fish. VHSV was detected in the brain but not the
kidney/spleen pool from b1 fish, c7 fish, d2 fish, or e4 fish

Cumulative mortality (%)

Upon re-exposure to VHSV, cumulative mortality in
Among mortalities, VHSV was detected only in the rethe re-exposed treatment group (36.3%), was signifiexposed and positive control treatments (Table 2).
cantly less (p < 0.01, ANOVA, Dun100
nett’s test) than that of positive conPositive control
trols (85.8%), and similar to that of
Twice-exposed treatment
90
once-exposed controls (32.2%) and
Once-exposed control
negative controls (20.4%; Fig. 2).
Negative control
80
Virus was detected in pools of tissues
collected daily from mortalities in
70
all VHSV-exposed groups, including
the twice-exposed treatment, once60
exposed control, and positive control
50
groups (Table 2). Among pooled survivors at the end of the experiment,
40
VHSV was detected only in the positive control and re-exposed treatment
30
groups (Table 2).
Groups of Pacific herring that recov20
ered from chronic and persistent
VHSV infections (343 d post-expo10
sure) were largely refractory to VHS
0
(Fig. 3). Cumulative mortality among
0
5
10
15
20
the re-exposed treatment group
(3.7%) was similar to that of negative
Days after the second exposure
control (1.4%) and once-exposed conFig. 2. Clupea pallasii. Susceptibility of chronically infected Pacific herring to
trol (2.3%) groups, but significantly
acute viral hemorrhagic septicemia. All data points represent back-transformed
less (p < 0.05; ANOVA, Dunnett’s Test)
percentages corresponding to the means of arcsine-transformed proportions
from triplicate tanks; error bars indicate 2 SD from the mean
than that of positive controls (18.6%).
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(Fig. 1, Table 1). Although the duration of infection
within individual fish was not enumerated, long-term
persistence of the infection was demonstrated within a
population of previously exposed Pacific herring. Analogous persistent infections occur with European strains
of VHSV (Neukirch 1986), infectious hematopoietic
necrosis virus (LaPatra et al. 1995), and other rhabdoviruses, including rabies virus (Mattos et al. 2001),
and vesicular stomatitis virus (Sabin & Olitsky 1937).
In this study, the mechanisms of VHSV persistence
Persistently
Recovered
in
groups of previously exposed Pacific herring likely
infected
involved a combination of chronic infection in neuroRe-exposed treatment
logical tissues and continuous transmission or cycling
Mortalities
17/25
5/8
of the virus between individuals within the colony. For
Survivors
2/3
0/3
example, chronic neurotropic infections provide a
Once-exposed control
likely means of VHSV persistence within individuals
Mortalities
6/16
0/4
for extended periods; however, perpetuation of the
Survivors
0/3
0/3
virus within a collective population requires an addiPositive control
tional mechanism involving effective fish-to-fish transMortalities
29/36
22/22
Survivors
2/3
0/3
mission. This population-level maintenance of the
virus is likely driven by continuous cycling of VHSV
Negative control
Mortalities
0/16
0/3
from infected to uninfected or even to recovered indiSurvivors
0/3
0/3
viduals within a laboratory colony or within a wild population; the involvement of chronically infected individuals in this cycle, particularly as a source of
VHSV was not detected in tissue pools obtained from
sufficient levels of shed virus to allow fish-to-fish transsurvivors from any treatment group at the end of the
mission, requires further investigation. However, the
experiment (Table 2).
ability of previously exposed individuals within a population to become re-infected following their second
exposure to the virus, in lieu of any appreciable morDISCUSSION
tality, was demonstrated (Table 2).
The factors that determine the trajectory of VHS
In addition to acute manifestations of VHS in Pacific
(either acute or chronic) in Pacific herring are
herring which are well-documented (Kocan et al. 1997,
unknown, but likely involve environmental conditions
2001, Hershberger et al. 2006, 2007, 2010a,b), we found
during the periods of exposure and early infection.
that the disease can also manifest in this species as a
Qualitative observations indicate that experimental
chronic form that is characterized by viral persistence
tank size is often important in determining the VHS
within infected hosts for extended periods with neartrajectory in laboratory experiments, even when water
background levels of VHS-specific host mortality
exchange rate, loading density, and viral exposure titer
are normalized between tanks of dif50
ferent sizes (P. Hershberger & J. Gregg
Positive control
pers. obs.). Water temperature is likely
Twice-exposed treatment
40
an important determinant of VHS traOnce-exposed control
jectory because persistence of infecNegative control
30
tion in rainbow trout is inversely
related to temperature (Vestergård
20
Jørgensen 1974, 1982a,b), and VHSV
10
isolations from wild fish populations
tend to occur during periods of low
0
water temperature (Meyers & Winton
0
5
10
15
20
25
30
35
40
45
1995, Amos et al. 1998, Hedrick et al.
Days after second exposure
2003, Altuntas & Ogut 2010). At temFig. 3. Clupea pallasii. Susceptibility of Pacific herring to viral hemorrhagic sepperatures below about 4°C, VHS proticemia after recovering from chronic infections. All data points represent backceeds in a slower and more chronic
transformed percentages corresponding to the means of arcsine-transformed
proportions from triplicate tanks; error bars indicate 2 SD from the mean
form in which the virus can be de-

Cumulative mortality (%)

Table 2. Clupea pallasii. Detection of viral hemorrhagic septicemia virus (VHSV) in tissue pools from daily mortalities
and survivors after re-exposure of persistently infected (second VHSV exposure occurred 106 d after the initial exposure)
and recovered (second VHSV exposure occurred 343 d after
the initial exposure) Pacific herring. All daily mortalities and
all survivors at the end of the experiments were pooled by
replicate tank. Tissues pools from each fish consisted of kidney, spleen, and brain. Numerals indicate the number of
VHSV-positive tissue pools/total number of tissue pools
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tected in the brain of rainbow trout for as long as 379 d
post-exposure (Neukirch & Glass 1984, Neukirch
1986). Losses due to VHS are generally highest at temperatures between 9 and 12°C, at which the disease
becomes increasingly acute (OIE 2009); however, temperature optima for VHS epizootics are somewhat
dependent on host species (Enzmann et al. 1993). The
disease rarely occurs at temperatures above 18°C even
after experimental challenge (Castric & de Kinkelin
1984, Arkush et al. 2006), possibly because the fish
immune response to VHSV increases with temperature
(Konrad 1986), the synthesis of protective interferon
(de Kinkelin et al. 1982) occurs more quickly at elevated temperatures (Dorson & de Kinkelin 1974),
waterborne stability of VHSV decreases with temperature (Parry & Dixon 1997, Hawley & Garver 2008), and
in vitro replication of VHSV decreases rapidly at temperatures greater than 20 to 25°C (de Kinkelin &
Scherrer 1970, Isshiki et al. 2001, Arkush et al. 2006).
Additionally, abrupt changes in temperature to chronically infected Japanese flounder have been reported
to result in exacerbation of VHS (Iida et al. 2003); however, an analogous response among chronically infected Pacific herring did not occur (data not shown).
While the brain has been shown to be a potential site
for long-term persistence of fish rhabdoviruses such as
VHSV (Kruse & Neukirch 1989), isolation of virus from
the brain of chronically infected Pacific herring has
practical implications for surveillance among populations of wild fishes. For example, if viral assessment of
brain tissues was not included in these experiments,
21% (23/109) of the VHSV-positive herring would
have been misdiagnosed as negative by sampling only
kidney/spleen pools (Table 1); conversely, only 5.5%
(6/109) of the VHSV-positive herring would have been
misdiagnosed as negative by sampling only brain tissues. Additionally, VHSV titers in the brain of infected
Pacific herring were generally as high as or higher
than those in kidney/spleen pools, a pattern of viral
tropism that is similar to reports of chronic and neurotropic forms of VHS in European rainbow trout VHS
(Smail 1999). These results support the recommendations of the OIE (2009) that standard procedures for
determining VHSV prevalence in wild fish populations
should include collection of brain tissue as well as samples from the heart, kidney, and spleen for viral assays.
After surviving a sub acute outbreak of VHS, Pacific
herring became solidly immune to the acute form of
the disease (but not necessarily to re-infection), and
the level of protection conferred was similar to that of
herring surviving acute VHS manifestations (Kocan et
al. 2001, Hershberger et al. 2007, 2010b). Although the
immunological mechanisms of this adaptive response
remain unknown, the resulting immunity following
recovery from either the acute or chronic form of the

disease has important implications in forecasting the
potential for future VHS epizootics in wild populations.
For example, immunological screening tools can be
used to quantitatively assess the levels of herd immunity among herring populations resulting from prior
exposure to VHSV. While the original manifestation of
VHS (acute or subacute) does not appear to be critical
in determining the strength of the resulting herd
immunity, the fraction of the population mounting an
immune response and the duration of immunity conferred by either form of the disease require further
investigation.
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