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‘Department of Medicine and Epidemiology, School of Veterinary Medicine, University of California,
Davis, Davis, CA, United States, 2California Animal Health and Food Safety Laboratory, San Bernardino,
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Acipenserid herpesvirus 2 (AciHV-2) is a large double-stranded DNA virus in the
family Alloherpesviridae that causes catastrophic outbreaks in young naive white
sturgeon (Acipenser transmontanus) populations, with mortalities of up to 80%.
Survivors of these infections are suspected to remain latently infected. The gram-
positive zoonotic bacterium Streptococcus iniae is another important sturgeon
pathogen that causes severe myositis and up to 50% mortality during natural
outbreaks. Throughout the last decade, co-infections of AciHV-2 and S. iniae
have been reported in cultured white sturgeon in California resulting in severe
presentations of piscine streptococcosis. This phenomenon of herpesvirus and
streptococcus co-infection appears to span multiple taxa since in humans, it is
recognized that a Human herpesvirus 3 infection (VZV) is a negative prognostic
indicator for pediatric Invasive Group A Streptococcal infections (IGASI). While a
decrease in humoral immunity caused by VZV has been hypothesized as a
potentially important factor in IGASI cases, no natural animal model exists to
study this process. Moreover, no studies have investigated these reported co-
infections in white sturgeon. Therefore, the goal of this study was to investigate
the effects of a recent AciHV-2 infection on the outcome of a subsequent S. iniae
challenge in white sturgeon fingerlings. When fish were infected with 102 colony
forming units (CFU) of S. iniae intramuscularly (IM), a statistically significant
decrease in survival of 41% was detected in the co-infection group compared
to the S. iniae group (p-value < 0.001). This difference was not observed when
fish were infected with 10® CFU of S. iniae IM. At this lower infection dose,
however, a statistically significant downregulation of tnfa was observed in the
spleen of fish in the co-infection group compared to the S. iniae group (p-value =
0.0098). Analysis of serum from survivors revealed a statistically significant
reduction in anti-S. iniae serum IgM and serum serotransferrin in fish from the
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co-infection group compared to the S. iniae group (p-value = 0.0134 and p-value
= 0.0183, respectively). Further studies are indicated to determine what
interactions lead to the decreased production of pathogen-specific IgM,
serotransferrin, and TNFa in the host.

KEYWORDS

WSHV-2, invasive group A streptococcal infection, IGASI, varicella, immunomodulation,
latency, aquaculture, streptococcosis
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GRAPHICAL ABSTRACT

Effects of a Previous Acipenserid herpesvirus 2 Infection on a Streptococcus iniae
Challenge in White Sturgeon (Acipenser transmontanus)

Recent AciHV-2 infection leads to altered immune response during S. iniae challenge as it pertains to antibody
production, serotransferrin levels, and TNFa expression, with an infection-dose-dependent decrease in survival
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1 Introduction

The white sturgeon (Acipenser transmontanus) is an
anadromous fish native to the Pacific Coast of North America
(Kelly, 2019) and a central part of the multi-million-dollar
aquaculture industry. This species alone accounts for 95% of
caviar and sturgeon meat production (Ethier, 2014), and
generates an annual revenue of over 200 million dollars in
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exports for the western region of the United States (Carocci et al.,
2004). These aquaculture practices provide substantial returns to
producers, generate local employment opportunities, and allow for
conservation of wild populations by offering a sustainable
alternative to wild-caught fish. Continued expansion of the
industry, however, is limited partially by infectious disease.
Acipenserid herpesvirus 2 (AciHV-2, also known as White
sturgeon herpesvirus 2 or WSHV-2) is a large double-stranded
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DNA virus in the family Alloherpesviridae reported to cause
epidermal ulceration, lethargy, inappetence, and erratic swimming
(Watson et al, 1995; Lepa and Siwicki, 2012) with up to 50%
mortality during natural outbreaks (Hanson et al., 2006; Goodwin,
2012; Mugetti et al., 2020). Streptococcus iniae (S. iniae), a gram-
positive, opportunistically zoonotic bacterium that can cause severe
myositis and up to 50% mortality during natural outbreaks, is
another important pathogen of cultured white sturgeon (Nguyen
et al., 2020; Pierezan et al., 2020). In the last decade, co-infections of
AciHV-2 and S. iniae have been reported in cultured white sturgeon
in California, resulting in severe presentations of piscine
streptococcosis (Soto et al., 2017). This emerging presentation is
particularly intriguing as S. iniae infections are typically associated
with stress events when causing severe disease in white sturgeon
(Nguyen et al., 2020; Pierezan et al., 2020), suggesting that
immunomodulation is needed for the bacteria to behave with
increased pathogenicity.

This herpesvirus-host-bacteria interaction phenomenon has
been described in humans, as it pertains to pediatric Invasive
Group A Streptococcal infections (IGASI), which have been
increasing in prevalence over the last two decades worldwide
(Frere et al., 2016; Suarez-Arrabal et al., 2019). Presentations are
varied but serious and include necrotizing fasciitis (Wilson et al.,
1995; Sturgeon et al., 2015), endocarditis (Laskey et al., 2000), toxic
shock syndrome (Strom et al., 2017), and cellulitis (Oyake et al.,
2000). These infections may cause long-term morbidity requiring
extended hospitalizations and have a mortality rate of
approximately 4% (Laupland et al., 2000; Strom et al, 2017). A
known risk factor for a worse prognosis and more severe clinical
presentation is a preceding varicella zoster infection, caused by
Human herpesvirus 3 (also known as Varicella-Zoster Virus -
VZV), which has been detected in 15-30% of IGASI cases in
children and increases the risk of acquiring IGASI by 58 fold
(Laupland et al., 2000; Sturgeon et al., 2015; Freére et al., 2016).
Canada, one of the few countries to enact a universal VZV
vaccination program, reported a decrease in IGASI severity, but
no significant impact on the annual mean rate or overall mortality
rate (Frere et al,, 2016). Health disparities and disinformation are
factors to consider in the success of vaccine programs (Nicoli and
Appay, 2017) and there are countries where VZV vaccines are not
available at this time.

While a decrease in humoral immunity of the host caused by
VZV has been hypothesized as a potential important factor in
IGASI (Laupland et al., 2000), the mechanisms underlying the
association between VZV infection and IGASI have not been
elucidated. Similarly, while AciHV-2 has been detected in various
cases throughout the years, little is known about this virus’
pathogenesis and no studies have investigated its potential role in
these reported co-infections in white sturgeon.

A particularity about herpesviruses is that they have been
described to have a myriad of mechanisms to modulate the host’s
immune response in order to establish and maintain latency (Speck
and Ganem, 2010; Cohen, 2020). In latency, a reversible state
achieved after the active outbreak, the full genome of the virus is
maintained in the host cell with limited gene expression and no
production of viral particles (Speck and Ganem, 2010). Depending
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on the viral species, herpesviral DNA is maintained as a circular
episome (free in the nucleus or tethered to a chromosome) or
integrated into the cellular chromosomes near the telomeric
junction (Cohen, 2020). Even though the switch to latency
severely decreases gene expression, part of the strategy of long-
term persistence in the host is to focus efforts on protection from
the immune system by immunomodulation, which can be initiated
during the active lytic cycle of the virus or throughout the transition
to latency. Latency has been extensively studied in mammalian
herpesviruses, particularly in those affecting humans (Jarvis and
Nelson, 2007; Speck and Ganem, 2010; Cohen, 2020), and continues
to be a topic of active research, but little is known about the
Alloherpesviridae family members including AciHV-2 (Stingley
et al.,, 2003; Eide et al.,, 2011; Reed et al., 2014). As a member of
the Herpesvirales order, and based on research done thus far
involving other important alloherpesviruses such as Cyprinid
Herpesvirus 3 (CyHV-3) (Eide et al,, 2011; Reed et al,, 2014), it is
suspected that AciHV-2 has the potential for latency establishment.
While this process may not cause direct mortality or clinical signs, it
can have detrimental effects when it comes to the host’s ability to
clear other pathogens of interest if immunomodulation is indeed
occurring. This may be the case in both pediatric IGASI and the
reported white sturgeon AciHV-2/S. iniae co-infections, where the
transcriptional profiles of the herpesviruses may be affecting
humoral immunity establishment against the bacteria as well as
other unrelated pathways that play a role in protection
against streptococcosis.

These natural co-infections in the white sturgeon represent an
outstanding opportunity to develop an animal model to study the
complex interactions that may be taking place between the
herpesvirus, the immune system of the host, and the bacteria
(Miller and Neely, 2005). This model would be particularly
relevant because previous studies have proposed S. iniae as a
good candidate for use in animal models in translational research
regarding S. pyogenes, S. agalactiae, and S. pneumoniae due to
causing similar clinical presentations and having several
homologous virulence factors (Miller and Neely, 2005; Baiano
and Barnes, 2009). Finally, the study of this phenomenon using
the white sturgeon model simultaneously supports a vital
aquaculture industry in the United States.

Therefore, this study aimed to assess the hypothesis that a
recent, potentially latent, AciHV-2 infection in white sturgeon
increases mortality caused by S. iniae and affects the host
immune response when compared to single pathogen infections.

2 Materials and methods
2.1 Viral inoculum preparation

White Sturgeon Skin (WSSK-1) cells (Hedrick et al.,, 1991)
were seeded in T75 flasks at approximately 90% confluency in
Minimum Essential Media (MEM; Corning Inc, Corning, NY)
supplemented with 7.5% Fetal Bovine Serum (FBS; Genesee, El
Cajon, CA), L-glutamine (Gibco, Grand Island, NY), and
Penicillin/Streptomycin (Gibco, Grand Island, NY) at 20°C.
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After 24 hours, these cells were used to propagate AciHV-2 isolate
UCD3-30 (Watson et al., 1995) passage number 8 from stock. Ten
days post-inoculation, the infected cell cultures were collected and
centrifuged at 1900 g for 10 min. A 1 mL aliquot of the
supernatant was used to determine the median tissue culture
infectious dose of each viral inoculum using the Reed-Muench
method (Lei et al., 2021). The remaining supernatant was used in
the challenges below.

2.2 Bacterial inoculum preparation

Streptococcus iniae WS-10A (Pierezan et al., 2020) was revived
from frozen stock on trypticase soy agar supplemented with 5%
sheep’s blood (SBA; University of California, Biological Media
Services) grown at 30°C for 48 hours. A 0.5 McFarland standard
was generated in sterile phosphate-buffered saline (PBS)
corresponding to an optical density measurement of 0.15 at 600
nm, read on a UV/Vis photometer (BioPhotometerPlus, Eppendorf
AG). The McFarland was diluted 1:10 in sterile PBS.

2.3 Fish screening and acclimation

White sturgeon fry (n = 1000; average weight ~ 1 g) were
obtained from a commercial producer and grown in a 259-gallon
circular tank for four months with a flow-through system supplied
with well water (18 — 20°C) and supplemental aeration maintaining
8 - 9 mg/L of dissolved oxygen. Fish were fed 4% of their body
weight daily of a combination of ground and 1 mm salmon sink
pellet feed (Skretting: a Nutreco company, Stavanger, Norway) via
an automatic feeder. Water temperature was monitored daily and
dissolved oxygen was measured weekly.

An arbitrary sample of 12 white sturgeon fry was selected for
general health assessment and infectious agent screening. Briefly,
fish were euthanized with 1000 mg/L (ppm) buffered tricaine
methanesulfonate (MS-222, 1:1 sodium bicarbonate; Syndel USA,
Ferndale, WA) and assessed grossly for any external lesions. Skin
scrapes and gill clips were evaluated microscopically for evidence of
external parasites. Coelomic swabs were plated on tryptic soy agar
supplemented with 5% sheep blood (Biological Media Service,
University of California-Davis, CA) and incubated at 20°C for 7
days for bacterial assessment. Whole bodies were 1) pooled, 2)
diluted 1:5 in MEM supplemented with 2% FBS, L-glutamine, and
Penicillin/Streptomycin, 3) processed using a Stomacher 80
Laboratory Blender (Tekmar Company, Cincinnati, OH), 4)
brought to a 1:50 final dilution in an antibiotic mixture (FBS,
Gentamycin (10 mg/mL; Gemini Bio Products, West Sacramento,
CA), Fungizone (amphotericin B 10 mg/mL; Sigma, St. Louis, MO)
and HEPES (Mediatech Inc, Manassas, VA), 5) incubated overnight
at 10°C, 6) and plated in duplicate onto WSSK-1 and White
Sturgeon Spleen (WSS-2) (Hedrick et al., 1991) cells seeded 24
hours in advance at 90% confluency in 12-well plates with MEM
supplemented with 2% FBS, L-glutamine, HEPES, and Penicillin/
Streptomycin. In addition, the tissue pellet from the virology
process was used to screen for AciHV-2 using a recently
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developed quantitative PCR (Quijano Carde et al., 2024). No
external parasites, pathogenic bacteria, or viruses were identified
during this screening process. All protocols and procedures using
these fish were ethically reviewed and approved by the University of
California Institutional Animal Care and Use Committee.

2.4 Laboratory controlled challenges

For the first challenge, henceforth referred to as the “pilot
challenge”, white sturgeon fingerlings (n = 144; average weight =
10 g) were used. A subgroup of 96 fish was exposed to a 5.1 x 10
Median Tissue Culture Infectious Dose (TCIDso)/mL bath (Lei
et al,, 2021) of AciHV-2 for 1 hour. The remaining 48 fish were
exposed to the same volume of sterile MEM supplemented with 2%
FBS, L-glutamine, and Penicillin/Streptomycin for 1 hour and
served as negative controls. For purposes of reproducibility, the
fish were exposed in 5-gallon tanks. Each tank had 3 L of water, 3
mL of the virus stock or sterile cell culture media, and 12 fish. The
virus aliquot used had 5.1x10° TCIDso/mL. Fish were maintained at
18-20°C in 5-gallon circular tanks, fed 1% of their body weight of 1
mm-salmon sink pellet feed once daily, and monitored closely.
Mortality was recorded for 80 days and a pectoral fin clip was
collected from every mortality (n = 37) to quantify AciHV-2 viral
load via qPCR (Quijano Carde et al., 2024). Survivors of each group
were then arbitrarily sorted into duplicate 35-gallon rectangular
flow-through tanks (23 fish/group) to generate four treatment
groups (Negative control, AciHV-2 infected, S. iniae infected, and
AciHV-2/S. iniae co-infected). Fish were allowed to acclimate to
their new environment for four days while the temperature was
raised 1°C per day until reaching 22-24°C via commercial
submersible water heaters (Aqueon, Franklin, WI). Fish in the S.
iniae infected, and AciHV-2/S. iniae co-infected groups were
subjected to an S. iniae challenge following published protocols
using a 10° CFU of S. iniae per mL suspension (0.1 mL per fish in
the epaxial musculature for a final dose of 10% CFU per fish) under
anesthesia (100 ppm buffered MS-222) after a netting stress event
(two 30 sec periods out of the water within a net with 30 sec in the
water within the net in between) (Nguyen et al., 2020). Fish in the
Negative control, and AciHV-2 infected groups were treated
similarly but were injected with 0.1 mL of PBS intramuscularly in
the epaxial musculature. During the anesthetic event, a pectoral fin
clip sample was collected from each fish for assessment of AciHV-2
pre-bacterial challenge via qPCR (Quijano Carde et al., 2024).
Mortality was monitored for 21 days and the cumulative percent
mortality (CPM) per treatment was calculated. Pectoral fin clips and
spleen samples were collected from each mortality and stored at
-80°C for molecular testing via AciHV-2 (Quijano Carde et al,
2024) and S. iniae (Lopez-Porras et al., 2019) qPCR, respectively.
All survivors were euthanized with 1000 ppm of buffered MS-222.
Pectoral fin clips were collected from all survivors for testing of
AciHV-2 via qPCR (Quijano Carde et al., 2024).

For the second challenge, henceforth referred to as the “large-
scale challenge”, white sturgeon fingerlings (n = 720; average weight =
12 g) were used. A subgroup of 360 fish was exposed to a 5.96 x 10
TCIDsy/mL bath (Lei et al, 2021) of AciHV-2 for 1 hour. The
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remaining 360 fish were exposed to the same volume of sterile MEM
supplemented with 2% FBS, L-glutamine, and Penicillin/
Streptomycin for 1 hour and served as negative controls. For
purposes of reproducibility, the fish were exposed in 35-gallon
tanks. Each tank had 26 L of water, 77.5 mL of the virus stock or
sterile cell culture media, and 180 fish. The virus aliquot used had
2x10° TCIDso/mL. Fish were then relocated and maintained at 18-20°
C in 259-gallon circular tanks, fed 1% of their body weight of 1 mm-
salmon sink pellet feed once daily, and monitored closely. Mortality
was recorded for 44 days and a pectoral fin clip was collected from
every mortality (n = 180) to quantify AciHV-2 viral load via qPCR
(Quijano Carde et al., 2024). Survivors of each group were then
arbitrarily sorted into triplicate 35-gallon rectangular flow-through
tanks (20 fish/tank) to generate four treatment groups (Negative
control, AciHV-2 infected, S. iniae infected, and AciHV-2/S. iniae co-
infected; 60 fish/group). Fish were allowed to acclimate to their new
environment for four days while the temperature was raised 1°C per
day until reaching 22-24°C via commercial submersible water heaters
(Aqueon, Franklin, WI). Fish in the S. iniae infected, and AciHV-2/S.
iniae co-infected groups were subjected to an S. inige challenge
following published protocols using a 10’ CFU of S. iniae per mL
suspension (0.1 mL per fish in the epaxial musculature for a final dose
of 10° CFU per fish) under anesthesia (100 ppm buffered MS-222)
after a netting stress event (two 30 sec periods out of the water within
a net with 30 sec in the water within the net in between) (Nguyen
et al., 2020). This bacterial concentration was lower than the one used
in the pilot challenge discussed above in order to reduce mortalities
and thus have enough fish for immune response assessment
sampling. Fish in the Negative control, and AciHV-2 infected
groups were treated similarly, but were injected with 0.1 mL of PBS
intramuscularly in the epaxial musculature. Mortality was monitored
for 28 days and the cumulative percent mortality (CPM) per
treatment was calculated. Pectoral fin clips and spleen samples
were collected from each mortality and stored at -80°C for
molecular testing via AciHV-2 (Quijano Carde et al,, 2024) and S.
iniae (Lopez-Porras et al., 2019) qPCR, respectively. Two fish per
tank were euthanized with 1000 ppm buffered MS-222 on day 15
post-injection. The spleen of each euthanized fish was collected
aseptically and incubated individually in 0.5 mL of RNAlater
(Thermofisher Scientific, Waltham, MA) overnight at 4°C before
being transferred to -80°C for storage until reverse-transcription
qPCR (RT-qPCR) analysis. In addition, a pectoral fin clip and
spleen sample were collected from each euthanized fish for
molecular testing via AciHV-2 (Quijano Carde et al,, 2024) and S.
iniae (Lopez-Porras et al, 2019) qPCR, respectively. At least five
moribund individuals per group were euthanized throughout the
study and submitted for histological analysis in 10% neutral-buffered
formalin (pH 7.2) after fixing for a minimum of 24 hours.
Representative tissues (skin, skeletal muscle, gastrointestinal tract,
oral cavity, brain, eyes, heart, gills, liver, kidney, spleen, and
reproductive tract) were processed routinely, embedded in paraffin,
sectioned at 4 m, and stained with hematoxylin and eosin (H&E) or
Gram stain. Slides were scored based on four categories: “degree of
erosion/ulceration”, “distribution of erosion/ulceration”, “percentage
of section affected”, and “muscle necrosis”. At 28 days post-injection,
all survivors were euthanized with 1000 ppm of buffered MS-222. Ten
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euthanized individuals per group of this time point were used for the
collection of blood, fin clip samples, spleen samples, and swabs as
described in the remainder of this paragraph. At least 0.8 mL of blood
was collected individually in microcentrifuge tubes (with no
anticoagulant) from the caudal vein. Clotted blood was then
centrifuged at 10,000 g for 5 min and the serum was stored
individually at -20°C until enzyme-linked immunosorbent assay
(ELISA) and Western Blot analysis. Re-isolation of bacteria from
the posterior kidney and brain swabs was performed in SBA. Pectoral
fin clips and spleen samples were collected for molecular testing via
AciHV-2 (Quijano Carde et al,, 2024) and S. iniae (Lopez-Porras
et al., 2019) qPCR, respectively. A spleen sample was also collected
aseptically and immersed in 0.5 mL of RNAlater (Thermofisher
Scientific, Waltham, MA) overnight at 4°C before being transferred
to -80°C for storage until reverse-transcription qPCR (RT-qPCR)
analysis. A graphical representation of the timeline of the large-scale
challenge can be found in Supplementary Figure 1.

2.5 Pathogen quantification and gene
expression assay

Genomic DNA from fin and spleen samples was isolated using
the DNeasy Blood & Tissue kit (QIAGEN, Hilden, Germany) with
the following modifications: tissues were incubated with ATL buffer
and proteinase K at 56°C for 1 hour and samples were incubated
with AL buffer at 56°C for 10 minutes. Isolated DNA was stored at
-20°C until analysis using the recently developed AciHV-2 qPCR
(Quijano Carde et al., 2024) and the previously published S. iniae
qPCR (Lopez-Porras et al., 2019). Positive controls were included in
each assay, consisting of purified genomic DNA extracted from the
original inoculums described above in sections 2.1 and 2.2 (107
copies/reaction). The DNA concentration and quality of each
sample and control were assessed spectrophotometrically
(Nanodrop; Thermofisher Scientific, Waltham, MA) and all
samples and controls were diluted in sterile water to 50 ng/uL
before being used in the qPCR reactions, for a total of 250 ng of
DNA per 12 pL reaction. All samples and controls were run in
triplicate while using the TagMan Environmental Master Mix on
the QuantStudio3 Real-Time PCR System (Thermofisher Scientific,
Waltham, MA).

Total RNA from spleen samples, as well as genomic DNA, were
isolated using the AllPrep DNA and RNA Mini Kit (QIAGEN,
Hilden, Germany). The DNA and RNA concentration and quality
of each sample were assessed spectrophotometrically (Nanodrop).
The DNA samples were used for qPCR as described above. The
RNA samples were reversed transcribed to cDNA using the High-
capacity RNA-to-cDNA kit (Thermofisher Scientific, Waltham,
MA). The cDNA samples were diluted 1:2 in sterile water and
used to quantify transcript abundance of cytokines, acute-phase
proteins, and other molecules involved in various immune
pathways from the innate and adaptive responses (Serum
Amyloid A - saa, Major Histocompatibility Complex Class II -
mhcll, Interleukin 17 - il17, Interferon Regulatory Factor 8 - irf8,
and Tumor Necrosis Factor alpha - tnfo) via previously published
reverse-transcription qPCR (RT-qPCR) (Soto et al., 2021; Soto
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et al., 2022) protocols. The expression of the Elongation Factor and
Beta Actin genes was used to normalize the gene expression data
and all samples were run in duplicate. The primer sequences used in
this study can be found in Supplementary Table 1.

2.6 Detection of serum anti-S. iniae IgM in
challenge survivors

An indirect enzyme-linked immunosorbent assay (ELISA) was
performed following previously published protocols (Heckman
et al., 2022) with modifications. Briefly, S. iniae (isolate WS-10A)
was grown from stock on SBA at 28°C for 48 hours. The bacteria
was resuspended in coating buffer (1% poly-L-lysine in carbonate-
bicarbonate) to an optical density (OD) of 0.245 at 600
nm. Immulon 2HB Flat Bottom Microtiter 96-well plates
(Thermofisher Scientific, Waltham, MA) were coated with 100 puL
of bacterial suspension per well and incubated overnight at 4°C.

The plates were washed three times with low-salt wash buffer
(LSWB; 0.02 M Trizma base, 0.38 M NaCl, 0.05% Tween-20, pH
7.3) and a 250 UL suspension of blocking buffer (5% skim milk
powder in double-distilled water) added to each well before
incubation at room temperature for 3 hours. Following
incubation, the plates were washed again three times with LSWB.
The white sturgeon serum samples collected at the end of the
challenge were diluted 1:200 in LSWB containing 1% bovine serum
albumin (BSA; Sigma) and 100 pL of the diluted serum or sterile
PBS was added to respective plate wells in duplicate. Plates were
then incubated overnight at 4°C.

The plates were washed five times with high-salt wash buffer
(HSWB; 0.02 M Trizma base, 0.5 M NaCl, 0.01% Tween-20, pH
7.7), including a 5 min soak on the last wash. Mouse anti-sturgeon
IgM monoclonal antibodies (Aquatic Diagnostics Ltd, UK) were
diluted 1:75 in PBS and 100 pL added to each well. The plates were
incubated at room temperature for 1 hour before washing five times
with HSWB, including a 5 min soak. Goat anti-mouse IgG with
conjugated horseradish peroxidase (Sigma-Aldrich, St. Louis, MO)
was diluted 1:3000 in LSWB with 1% BSA and 100 puL was added to
each well. The plates were incubated at room temperature for 1
hour and then washed with HSWB five times, including a 5 min
soak on the last wash. Each well received 100 UL of substrate
solution (ABTS 1-component microwell peroxidase substrate kit;
SeraCare Life Sciences, Milford, MA) and the plates were incubated
at room temperature for 30 min. The reaction was terminated by
adding 100 UL of stop solution (0.01% Sodium Dodecyl Sulfate in
distilled water) to each well. Absorbance at 410 nm was measured
using a Cytation 5 Cell Imaging Multimode Reader (BioTek,
Winooski, VT) and standardized against the PBS controls.

2.7 Detection of serum serotransferrin in
challenge survivors

Serum serotransferrin (STF-2) levels were determined following

previously published protocols (Soto et al., 2022). Briefly, the protein
concentration in each serum sample was determined using the Pierce
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BCA Protein Assay Kit (Thermofisher Scientific, Waltham, MA). An
aliquot of 25 ug of total protein per sample was denatured in Laemmli
buffer (Bio-Rad Laboratories, Hercules, CA) for 5 min at 95°C.
Samples were loaded into Mini-PROTEAN® TGX Stain-Free " 4-
15% gels (Bio-Rad Laboratories, Hercules, CA) and separated using
the Mini-PROTEAN® Tetra Cell gel apparatus (Bio-Rad
Laboratories, Hercules, CA) for 50 min at 150 v. Total protein per
sample was imaged using the stain-free application on the ChemiDoc
MP imager (Bio-Rad Laboratories, Hercules, CA). Gels were then
activated and transferred onto 0.22 um nitrocellulose (STF)
membranes (Azure Biosystems, Dublin, CA) using the Trans-Blot®
Turbo' ™' Mini-size Transfer Stacks and the Trans-Blot® Turbo
Transfer System (Bio-Rad Laboratories, Hercules, CA) for 3 min.
Total protein per sample was imaged again as described above.
Membranes were immediately transferred to the blocking buffer of
5% non-fat dry milk in PBS with Tween (PBSTW; 1.37 M NaCl, 27
mM KCl, 100 mM Na,HPO,, 18 mM KH,PO,, pH 7.4, 0.1% (w/v)
Tween 20) and incubated with gentle agitation for 2 h at room
temperature. Each blot was then incubated with the following
primary/secondary antibody combination: 1) chicken anti-sturgeon
serotransferrin (1:500, Somru BioScience Inc., Charlottetown, PE,
CA) and 2) donkey anti-chicken IgY"™"(IgG) (H + L) (1:10,000
Jackson ImmunoResearch Laboratories, Inc.). The primary
antibody was diluted in its blocking buffer (5% non-fat dry milk in
PBS with Tween) and incubated for 18 hours at 4°C with gentle
agitation, while the secondary antibody was diluted in its blocking
buffer (5% non-fat dry milk in PBS with Tween) and incubated for
1 h at room temperature with gentle agitation. All protein bands were
visualized using ClarityTM Western ECL Substrate Chemiluminescent
Detection Reagent (Bio-Rad Laboratories, Hercules, CA) prior to
image acquisition and visualized using a ChemiDoc MP Imaging
System (Bio-Rad Laboratories, Hercules, CA). Image analysis was
performed using Image Lab™ Software (Bio-Rad Laboratories,
Hercules, CA). The data is presented as the ratio of protein of
interest expressed as a “fold difference” to the loading control,
normalized to total protein levels.

2.8 Statistical analysis

The CPM was assessed using Kaplan-Meier survival analysis
with a Mantel-Cox test. All data, except survival data, was assessed
for normality with a D’Agostino-Pearson omnibus K2 test.
Differences between groups for the viral and bacterial loads were
determined using unpaired t-tests and Mann-Whitney tests as
appropriate for the desired comparison. The significance of
differences in relative gene expression levels between treatments
was calculated using a one-way ANOVA or a Kruskal-Wallis test as
appropriate followed by a Holm-Sidak’s multiple comparison test
(with a single pooled variance) or a Dunn’s multiple comparison
test, respectively. The IgM quantification between groups was
assessed with a one-way ANOVA and a Sidak’s multiple
comparison test (with a single pooled variance). The STEF-2
quantification between groups was assessed with a Kruskal-Wallis
test and a Dunn’s multiple comparison test. The histopathologist
was not blinded as to treatment group identity and the
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histopathological scores were compared via one-way ANOVA and a
Sidak’s multiple comparison test (with a single pooled variance). All
results were considered significant at p-values < 0.05.

3 Results
3.1 Challenge

During the AciHV-2 portion of both challenges, the sturgeon in
the AciHV-2 infected group began showing clinical signs seven days
post-immersion. Clinical signs included erythema (Figure 1A),
lethargy, splenomegaly (Figure 1B), decreased feed intake,
buoyancy abnormalities, epidermal ulcerations (Figure 1C), and
acute mortality. In addition, it was common to find moderate to
severe colonization of the mouth and opercular cavities by
oomycetes (Figure 1D) in fish displaying severe clinical signs. The
experimental group experienced a decrease in survival of 40%
(pilot) and 50% (large-scale) compared to the negative control,
with mortalities starting 18 days post-infection (pilot challenge,
Figure 2A) and eight days post-infection (large-scale challenge,
Figure 3A). Survivors had no overt clinical signs 52 days (pilot
challenge) and 40 days (large-scale challenge) post-immersion, with
only sporadic mortalities observed in the following days before the
bacterial co-infection (Figures 2A, 3A, respectively). When
assessing viral load in the mortalities, 89% in the pilot challenge
(Figure 2C) and 94% in the large-scale challenge (Figure 3C) tested
positive via QPCR with a mean viral load of 10° copies in the pilot
challenge (Figure 2B) and 10>* copies (large-scale challenge,

10.3389/faquc.2024.1306518

Figure 3B) per g of total DNA. Two fish in the negative control
group died during the large-scale challenge and they both tested
negative for AciHV-2 via qPCR (Figure 3C). Finally, a screening of
AciHV-2 via qPCR was performed in the pilot challenge prior to the
bacterial infection and only 0.06% of fish tested positive for AciHV-
2 (Figure 2D).

During the co-infection portion, the sturgeon infected with S.
iniae began developing clinical signs 24 hours post-injection in both
the pilot and the large-scale challenges (Figure 4A). Clinical signs
included lethargy, inappetence or anorexia, injection site ulceration
(Figures 4B-D), and acute mortality. In the pilot challenge, the co-
infection group had a statistically significant decrease in survival of
41% compared to the S. iniae group and 36% compared to AciHV-2
group (Figure 5A). The trends in mortality in the large-scale
challenge were consistent with the pilot challenge, with the co-
infected group showing a decrease in survival of 7.8% compared to
the S. iniae group and 9.1% compared to the AciHV-2 group, but
this was only statistically significantly different when compared with
the AciHV-2 group and not when compared to the S. inige group
(Figure 6A). In addition, mortalities started in the co-infection group
24 hours earlier than in the S. iniae group during both the pilot and
large-scale challenges (Figures 5A, 6A, respectively). In terms of viral
and bacterial loads of the challenge mortalities, there was no
statistical difference in loads between groups (Figures 5B, C, 6B,
C). During the pilot challenge, only four individuals tested positive
for AciHV-2 and there was no statistical difference in viral load
between groups (p-value = 0.5538, Figure 5D). During the large-scale
challenge, all euthanized individuals for gene expression sampling
tested negative for AciHV-2 and S. iniae via qPCR (n = 6 per group

FIGURE 1

Clinical signs in white sturgeon during AciHV-2 challenge. White sturgeon fingerlings were exposed to a 5.1x102 TCIDso/mL (pilot challenge) or a
5.96x102 TCIDso/mL (large-scale challenge) bath for 1 hour. Morbidity and mortality were monitored for 44 (large-scale challenge) to 80 (pilot
challenge) days after immersion. These are representative images of clinical signs and gross changes observed in both challenges during the AciHV-
2 outbreak portion of the experiments. (A) Erythema surrounding pelvic fins in a fresh mortality. (B) Splenomegaly in a fresh mortality. Pectoral fins
had been clipped for diagnostic purposes post-mortem. (C) oomycetes colonization in an euthanized fish. (D) Epidermal ulceration medial to the left
eye in a fresh mortality. The white arrows point towards the lesions described.
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FIGURE 2
Acipenserid Herpesvirus 2 (AciHV-2) challenge during pilot challenge. A 1- hour static immersion challenge with 5.1x10% TCIDso/mL) of Acipenserid
Herpesvirus 2 (AciHV-2) was performed (n=96). A negative control group was treated similarly but sterile cell culture media was used instead of virus
suspension (n=48). Mortality was monitored for 80 days and mortalities were tested for AciHV-2 via qPCR of pectoral fin DNA. Survivors were tested
for AciHV-2 via quantitative polymerase chain reaction (QPCR) of DNA extracted from the pectoral fin of each fish. (A) The solid shapes represent the
mean cumulative mortality at each day. The different experimental groups are color-coded. A statistically significant reduction in survival is seen in
the AciHV-2 exposed group when compared with the negative control group. (B) The solid dots represent the mean viral load of sampled
mortalities, with the standard error of the mean plotted. Four mortalities in the AciHV-2 group had undetermined Ct values and are not displayed in
this graph. The mean viral load among mortalities was 10° copies/ug total DNA. (C) The bars represent the number of samples tested for AciHV-2 via
gPCR, color-coded by gPCR result. This shows that 89% of the mortalities in the AciHV-2 group tested positive for AciHV-2 via gPCR. (D) The solid
dots represent the mean viral load of sampled survivors, with the standard error of the mean plotted. Only three individuals tested positive with a
mean viral load of 10*° copies/ug total DNA

at 15 days post-bacterial infection and n = 10 per group at 28 days  erosion and ulceration scores were only statistically significantly
post-bacterial infection). increased in the groups infected with AciHV-2 (Figures 7A-C, p-

Histopathological analysis of at least five moribund or fresh  value < 0.0001). In addition, while lesions in fish exposed to S. iniae
mortalities per group during the large-scale challenge revealed that ~ were most often characterized by muscle necrosis, none of the
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Acipenserid Herpesvirus 2 (AciHV-2) challenge during large-scale challenge. An immersion challenge model was performed by exposing white
sturgeon fingerlings to a 5.96x102 TCIDso/mL bath or a sterile cell culture media bath for 1 hour. Mortality was monitored for 44 days after
immersion and mortalities tested for AciHV-2 via quantitative polymerase chain reaction (QPCR). Survivors were weighed at the end of the challenge
(A) The solid shapes represent the mean cumulative mortality at each day. The different experimental groups are color-coded. A statistically
significant reduction in survival is seen in the AciHV-2 exposed group when compared with the negative control group. (B) The solid dots represent
the mean viral load of sampled mortalities, with the standard error of the mean plotted. Both mortalities in the negative control group and 11
mortalities in the AciHV-2 group had undetermined Ct values and are not displayed in this graph. The mean viral load among mortalities was 10%*
copies/ug total DNA. (C) The bars represent the number of samples tested for AciHV-2 via gPCR, color-coded by qPCR result. This shows that 94%
of the mortalities in the AciHV-2 group tested positive for AciHV-2 via gPCR, while none of the mortalities in the negative control group tested
positive for AciHV-2 via qPCR. There is a strong association between an AciHV-2 positive status and the experimental group.

infected groups had statistically significant muscle necrosis scores
present in the sections analyzed when compared to the negative
control (Figure 7D). However, it is important to note that the
injection site may have been absent in certain slides evaluated,
affecting the overall score per group. Representative images of the
lesions used for histopathological scoring can be found in
Supplementary Figure 2. In fish infected with AciHV-2, lesions
were often centered on the epithelium (skin and oral mucosa) and
were characterized by areas of erosion and ulceration (Figures 8C, D,
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G). Secondary colonization of these areas of ulceration by bacteria
(Figures 8D, G) and/or oomycetes (Figure 8C) was common. In fish
infected with S. iniae, lesions were most pronounced at the injection
site and were characterized by degeneration and necrosis of the
myocytes surrounding the injection site, as well as large numbers of
coccoid bacteria (Figures 8E, H). There also appeared to be large
numbers of intravascular coccoid bacteria, consistent with septicemia.
Fish infected with both AciHV-2 and S. iniae typically exhibited
epithelial lesions and/or injection site lesions.
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FIGURE 4

Clinical signs and gross changes in white sturgeon during AciHV-2 and S. iniae co-infection challenge. White sturgeon fingerlings were exposed to a
5.1x10% TCIDso/mL (pilot challenge) or a 5.96x10? TCIDso/mL (large-scale challenge) bath for 1 hour or an equivalent volume of sterile cell culture
media. Survivors were then injected with 10% CFU S. iniae per fish or 0.1 mL of sterile Phosphate Buffered Saline. Clinical signs and mortality were
monitored for 28 days. (A) Injection site for the S. iniae intramuscular challenge in an anesthetized white sturgeon fingerling. (B) Mild cutaneous
ulceration at the injection site in a fresh mortality. (C) Moderate to severe ulceration at the injection site in a fresh mortality. (D) Moderate to severe
ulceration at the injection site with subdermal hemorrhage. The white arrows point towards the lesions described.

3.2 Immune-related gene
expression assessment

At 15 days post-bacterial infection during the large-scale
challenge, there was a statistically significant downregulation of tnf-
o transcripts in the spleen of fish in the co-infection group compared
to both single pathogen groups (Figure 9A, p-value = 0.0098). In
addition, there was a statistically significant downregulation of irf8
transcripts in the co-infection group compared to the negative
control group (Figure 9B, p-value = 0.0374). Finally, there was a
statistically significant downregulation of saa transcripts in all
infected groups compared to the negative control group
(Figure 9D, p-value 0.0472). These changes were not present at 28
days, but there was a statistically significant downregulation of saa
transcripts in the groups infected with S. iniae compared to the
AciHV-2 group (Figure 10D, p-value 0.0323).

3.3 Humoral immunity assessment

Assessment of anti-S. iniae IgM present in the serum of
challenged fish revealed a statistically significant reduction in
anti-S.iniae serum IgM in fish from the coinfection group
compared to fish in the S. iniae group (Figure 11, p-value = 0.0134).
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3.4 Acute-phase protein analysis

Assessment of acute phase proteins in the serum of survivors of
the co-infection challenge revealed a statistically significant decrease in
serum serotransferrin 2 in the groups previously exposed to AciHV-2
compared to the negative control and S. iniae groups (Figure 12).

4 Discussion

The Herpesvirales order is characterized by the ability to establish
latency, and this process can lead to changes to the
immunocompetence of the host (Cohen, 2020). While this has not
been explored for AciHV-2, reports of co-infections in white sturgeon
(Soto et al.,, 2017) similar to human pediatric IGASI (Laupland et al.,
2000) suggest there is an interaction between the infectious agents and
the host that impacts disease outcome. Neither of these presentations
across taxa has been investigated in a controlled environment and the
study of this co-infection scenario in white sturgeon may inform
future studies regarding human pediatric IGASI. Therefore, our initial
studies aimed to perform a pilot challenge to assess the hypothesis that
a recent, potentially latent, AciHV-2 infection in white sturgeon
fingerlings would increase mortalities by a subsequent S. inige
infection. Results revealed that the co-infection group had a
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Acipenserid Herpesvirus 2 (AciHV-2) and Streptococcus iniae (S. iniae) co-infection pilot challenge. An immersion challenge model was performed
by exposing white sturgeon fingerlings to a 5.1x102 TCIDso/mL AciHV-2 bath or a sterile cell culture media bath for 1 hour. Survivors of this
challenge at 80 days were re-sorted into groups of 23 fish per treatment. Fish received either 108 CFU of S. iniae or sterile Phosphate Buffered Saline
in the epaxial musculature. Mortality was monitored for 21 days after injection and mortalities were tested for AciHV-2 and S. iniae via quantitative
polymerase chain reaction (qPCR). (A) The solid shapes represent the mean cumulative mortality at each day, with standard error of the mean
plotted. The different experimental groups are color-coded. The black stars indicate statistical significance between the bracketed groups and p
values are stated below. Results reveal that the S. iniae group that was previously infected with AciHV-2 had a statistically significant decrease in
survival of 41% compared to S. iniae alone and of 36% compared to AciHV-2 alone. (B) The solid dots represent the mean viral load of sampled
mortalities, with the standard error of the mean plotted. Only the AciHV-2 group mortalities tested positive for AciHV-2 via gPCR. (C) The solid dots
represent the mean bacterial load of sampled mortalities, with the standard error of the mean plotted. There was no statistical difference in bacterial
loads between groups. This also shows that 100% and 45% of the mortalities in the S. iniae and in the co-infection groups, respectively, tested
positive for S. iniae. There is a strong association between an S. iniae positive status and the experimental group (p value < 0.0001). (D) The solid
dots represent the mean viral load of sampled survivors, with the standard error of the mean plotted. Experimental groups are color-coded. There

was no statistical difference in viral load between groups.

statistically significant decrease in survival of 41% compared to the S.
iniae group and of 36% compared to AciHV-2 group (Figure 5A).
This provided proof of concept that a recent, potentially latent,
AciHV-2 infection has a profound impact on the outcome of a
subsequent S. iniae infection in white sturgeon. While it was
hypothesized that this was going to be the case based on natural
cases of piscine streptococcosis in white sturgeon that also had
AciHV-2 (Soto et al, 2017), these results are consistent with
additional reports on S. iniae-virus co-infections in other fish
species. For example, Japanese flounder (Paralichthys olivaceus)
experiences statistically increased mortality when infected with S.
iniae 1 week after an aquabirnavirus (ABV) infection compared
with fish infected with S. iniae alone (Pakingking et al., 2003). To
the authors” knowledge, however, our study is the first to investigate it
in the context of a herpesvirus infection in sturgeon during what is
suspected to be the latent phase (80 days post-infection, 30 days past
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the last mortality of the active outbreak, with no AciHV-2 detectable
in fin tissue of the majority of survivors — Figures 3A, D).

A large-scale challenge was then performed to investigate
aspects of the immune system potentially affected by AciHV-2
and leading to altered interactions between the host and S. iniae. For
the large-scale challenge presented here, while following similar
trends to the pilot challenge (Figure 5A), there was no significant
difference in survival between the co-infection group and the S.
iniae group (Figure 6A). The primary differences between the pilot
and large-scale challenge experiments were time between viral and
bacterial infection (80 vs 44 dpi, respectively) and bacterial dose
(10% vs 10° CFU/fish, respectively). While the overall lower
mortality rate may preclude statistical significance, this still raises
interesting questions into the effect of timing and bacterial
infectious dose in co-infections, and these concepts have been
investigated before for S. iniae in other co-infections.
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Acipenserid Herpesvirus 2 (AciHV-2) and Streptococcus iniae (S. iniae) co-infection large-scale challenge. An immersion challenge model was

performed by exposing white sturgeon fingerlings to a 5.96x10% TCIDso/mL AciHV-2 bath or a sterile cell culture media bath for 1 hour. Survivors of
this challenge at 44 days were re-sorted into groups of 60 fish (triplicate tanks of 20 fish each) per treatment. Fish received either 10 CFU of S. iniae
or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and mortalities tested for AciHV-2
and S. iniae via quantitative polymerase chain reaction (QPCR). (A) The solid shapes represent the mean cumulative mortality at each day, with
standard error of the mean plotted. The different experimental groups are color coded. A statistically significant reduction in survival is seen in all
infected groups when compared to the negative control, except for the AciHV-2 group. When comparing infected groups among themselves, the
co-infection group has the lowest survival, showing a statistically significant reduction compared to the AciHV-2 group. (B) The solid dots represent
the mean viral load of sampled mortalities, with the standard error of the mean plotted. There was no statistical difference in viral loads between
groups. This also shows that 67% and 45% of the mortalities in the AciHV-2 and in the co-infection groups, respectively, tested positive for AciHV-2.
There is a strong association between an AciHV-2 positive status and the experimental group (p value = 0.0027). (C) The solid dots represent the
mean bacterial load of sampled mortalities, with the standard error of the mean plotted. There was no statistical difference in bacterial loads
between groups. This also shows that 89% and 45% of the mortalities in the S. iniae and in the co-infection groups, respectively, tested positive for

S. iniae. There is a strong association between an S. iniae positive status and the experimental group (p value < 0.0001).

In terms of the bacterial infection dose, a study assessing S. iniae
infections in tilapia (Oreochromis niloticus) showed that infection dose
had an impact on the mortality rate observed only if high-density
conditions were present (Shoemaker et al, 2000). High-density
environments have been associated with immunosuppression in fish
due to eliciting a physiologic stress response (Aidos et al., 2020). Our
two studies combined seem to support that both factors (high bacterial
infection dose and immunomodulation) must be present in order to

impact mortality in a statistically significant manner.
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In terms of the timing of the infection, in the ABV-S. iniae study
using Japanese flounder mentioned above, the authors observed
that if they infected the flounder with S. iniae 3 weeks post ABV
infection rather than 1-week, no difference in mortality was
observed between co-infection and single pathogen groups
(Pakingking et al., 2003). The authors suggest that active
replication of ABV, which happens during early infection, may be
required to induce immunosuppression and worsen the outcome of

the S. iniae infection. In our large-scale challenge, fish were infected
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FIGURE 7
Histopathologic evaluation of tissues from mortalities of the co-infection challenge. An immersion challenge model was performed by exposing
white sturgeon fingerlings to a 5.96x10% TCIDso/mL Acipenserid herpesvirus 2 (AciHV-2) bath or a sterile cell culture media bath for 1 hour. Survivors
of this challenge at 44 days were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 10° CFU of S. iniae or
sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and at least 5 mortalities from each
challenged group (S. iniae group and AciHV-2 group: n = 9 each; co-infection group: n = 5) were submitted for histopathologic analysis. The
negative control representatives (n = 10) were submitted as euthanized survivors at the end of the study. (A) The “degree of erosion/ulceration”
category was scored from 0-3 per slide where O represented no erosion or ulceration, 1 represented loss of superficial epithelial cells (erosion), 2
represented loss of epidermis/mucosal epithelium (ulceration), and 3 represented loss of dermis/underlying connective tissue. (B) The “distribution of
erosion/ulceration” category was scored from 1-2 per slide where O represented no erosion or ulceration, 1 represented focal erosion or ulceration,
and 2 represented multifocal erosion or ulceration. (C) The “percentage of section affected” category was scored from 0-4 per slide where O
represented no erosion or ulceration, 1 represented less than 25% of the section affected, 2 represented between 25% and 50% of the section
affected, 3 represented between 51% and 75% of the section affected, and 4 represented more than 75% of the section affected. (D) The "muscle
necrosis” category was scored from 0-1 per slide where O represented no muscle necrosis present, and 1 represented muscle necrosis present.
Results reveal that the degree of, distribution of, and percentage of section affected with erosion/ulceration appears to be driven by the AciHV-2
infection. In addition, none of the infected groups had significant muscle necrosis present in the sections analyzed. Values represent mean with
standard error of the mean plotted.
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FIGURE 8
Histopathological findings during co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a
5.96x102 TCIDso/mL Acipenserid herpesvirus 2 (AciHV-2) bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days
were re-sorted into groups of 60 fish (triplicates of 20 fish) per treatment. Fish received either 10° CFU of S. iniae or sterile Phosphate Buffered
Saline in the epaxial musculature. Mortality was monitored for 28 days after injection and at least 5 mortalities from each challenged group (S. iniae
group and AciHV-2 group: n = 9 each; co-infection group: n = 5) were submitted for histopathologic analysis. The negative control representatives
(n = 10) were submitted as euthanized survivors at the end of the study. (A, B) the negative control showed no overt pathology (H&E). (C, D) the
AciHV-2 group showed ulceration - loss of epithelium, and exposure of underlying connective tissue/cartilage (C) or skeletal muscle (D) with
secondary oomycete (C) or bacterial (D) colonization (H&E). (E) the S. iniae group showed regionally extensive rhabdomyonecrosis with large
numbers of intralesional coccoid bacteria (HGE). (F) the S. iniae group showed regionally extensive rhabdomyonecrosis with large numbers of
intralesional Gram-positive bacteria (Gram stain). (G) the co-infection group showed ulceration - loss of epidermis, and exposure of underlying
connective tissue/cartilage with secondary colonization by bacteria (H&E). (H) the co-infection group showed regionally extensive
rhabdomyonecrosis with large numbers of intralesional coccoid bacteria (H&E). The black arrows point towards the lesions described.
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Gene expression at 15 days post co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a
5.96x102 TCIDso/mL bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish
(triplicates of 20 fish) per treatment. Fish received either 10° CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality
was monitored for 28 days after injection. Two fish per tank (six fish per group) were euthanized at 15 days post-injection and spleens were
collected for reverse transcription quantitative polymerase chain reaction (RT-gqPCR) of important players in the immune response, using elongation
factor and beta-actin as housekeeping genes. Results are plotted as the mean and standard error of the mean. Results reveal a statistically significant
transcriptional downregulation of tumor necrosis factor alpha (tnfa - A) in the coinfection group compared to the single pathogen groups, as well as
some differential transcription of interferon regulatory factor 8 (irf8 - B) and serum amyloid a (saa - D) when compared to the negative control. A is
for tumor necrosis factor alpha, B is for interferon regulatory factor 8, C is for cathelicidin, D is for serum amyloid A, E is for major histocompatibility

complex I, and F is for interleukin 17.

with S. iniae 44 days after the AciHV-2 immersion compared to 80
days post-immersion in the pilot challenge. It is possible that the
transcriptional profile of AciHV-2 is different this early after the
active outbreak and the immunomodulatory effects are thus distinct
from later in its life cycle, which has been described for multiple
herpesviruses of mammals (Ye et al., 2011; Rozman et al., 2022).
Further comparative studies are warranted to tease apart the
contribution to mortality of bacterial infectious dose and of
bacterial infection timing in relation to viral infection during this
co-infection scenario.

It is well described that latency is not a static, but rather a
dynamic state where the virus is mostly dormant, yet the
transcriptional profile is not fixed. For example, low levels of lytic
gene expression have been detected in cells harboring Herpes
Simplex Virus 1 (HSV-1) in the absence of any other evidence of
reactivation (Bloom, 2016). Furthermore, studies have also shown
that within a population of cells latently infected with HSV-1, a sub-
population of those cells can go through transient reactivation while
the remaining cells still lack detectable infectious virus or viral lytic
transcripts (Bloom, 2016). Given this information, the term latency
is applicable only at the cellular level rather than the tissue level.
This is important to consider when we assess the effects of the viral
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population on the immune system of the host. In theory, at any time
after the initial outbreak, herpesviruses have the capacity to benefit
from the immunomodulation obtained through the expression of
specific latency-associated transcripts while going through
reactivation events that ensure passing progeny to new hosts. In
this study, our main hypothesis suggests that the potentially latent
AciHV-2 interacts with the immune system of the white sturgeon in
a way that changes the fish’s interaction with S. iniae. In the pilot
challenge, fin clips were collected from all survivors prior to the
bacterial infection (Figure 2D), from all mortalities after
the bacterial infection (Figure 5B), and from all survivors after
the bacterial infection (Figure 5D) to test AciHV-2 detection via
qPCR as a marker of reactivation. When assessing the distribution
of positive fish throughout the tanks, it is most notably observed
that for the co-infection group there is one fish in Tank 1 that was
positive during the pre-bacterial infection timepoint that is not
detected positive again (Supplementary Figure 3, Tank 1 of the co-
infection group) and two fish in Tank 2 that test negative during the
pre-bacterial infection timepoint but positive during the survivor
timepoint (Supplementary Figure 3, Tank 2 of the co-infection
group). These results are evidence of the population undergoing
some level of herpesviral reactivation. Further studies are needed to
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Gene expression at 28 days post co-infection challenge. An immersion challenge model was performed by exposing white sturgeon fingerlings to a
5.96x10% TCIDso/mL bath or a sterile cell culture media bath for 1 hour. Survivors of this challenge at 44 days were re-sorted into groups of 60 fish
(triplicates of 20 fish) per treatment. Fish received either 10° CFU of S. iniae or sterile Phosphate Buffered Saline in the epaxial musculature. Mortality was
monitored for 28 days after injection. Ten fish per group were euthanized at 28 days post-injection and spleens were collected for reverse transcription
quantitative polymerase chain reaction (RT-gPCR) of important players in the immune response, using elongation factor and beta actin as housekeeping
genes. Results are plotted as the mean and standard error of the mean. Results reveal a statistically significant transcriptional downregulation of serum
amyloid a (saa - D) in the groups infected with bacteria when compared to the AciHV-2 group. A is for tumor necrosis factor alpha, B is for interferon
regulatory factor 8, C is for cathelicidin, D is for serum amyloid A, E is for major histocompatibility complex I, and F is for interleukin 17.

show that AciHV-2 achieves latency in a cell population and then to
evaluate if latency is maintained in a subpopulation of cells while
these reactivation events occur.

It is established that mammalian herpesviruses have multiple
pathways for regulating host cellular immune competency, resulting
in immune system evasion (Alcami, 2003; Alibek et al., 2014; Crow
et al,, 2016). The potential for this has also been demonstrated to a
lesser extent for certain herpesviruses that affect fish (Piazzon et al.,
2015; Lu et al,, 2021; Zhou et al., 2021). The evasion mechanisms are
diverse, including complement activation inhibition, impaired
antigen presentation via numerous pathways, apoptosis and
natural killer cell inhibition, interferon signaling interference, and
others (Chang et al., 2004; Sehrawat et al., 2018). From the host side,
results revealed a significant transcriptional downregulation of tnfo.
at 15 days post-bacterial infection in the co-infection group
compared to the S. iniae group (Figure 9A). This transcriptional
downregulation is not maintained at 28 days post-bacterial
infection (Figure 10A). The cytokine TNFa, a potent
inflammatory modulator reported to have a prominent pro-
inflammatory role while also participating in regulating the
extent and duration of the immune response, is mainly produced
by activated macrophages, T lymphocytes, and natural killer
cells, but it is also expressed at lower levels by various other
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cells, including fibroblasts, smooth muscle cells, and even tumor
cells. Some studies have specifically looked at the augmenting effects
of TNFo on B cell proliferation and immunoglobulin production
(Pasparaki et al., 1996), which suggests that the transcriptional
downregulation of tnfar in the spleen at 15 days post-bacterial
infection in this study could be having an impact on antibody
response. This was supported by the significant decrease in serum
anti-S. iniae IgM in fish from the co-infection group compared to
fish in the single-pathogen group (Figure 11) as had been suggested
for pediatric IGASI (Laupland et al., 2000). While a decrease in
humoral immunity could be playing a role in this co-infection
during the late stages of the disease, and it is most concerning for
survivors of the co-infection that were to encounter S. iniae again as
older fish in the caviar production pipeline, it is unclear at this time
if this would be significant in the acute onset of disease where most
mortalities were detected during the challenges in this study (first 10
days post-bacterial infection, Figures 5A, 6A). It is important to
note though that teleost B cells have been shown to have phagocytic
and intracellular killing capacity (Ye and Li, 2020), which may play
a role in early immune response against S. iniae. More studies are
warranted to determine which B cell populations are being affected
during these co-infection scenarios and to describe the timeline of
humoral immunity development in white sturgeon against S. iniae.
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FIGURE 11

Detection of Serum Anti-S. iniae IgM in Survivors of Co-infection
Challenge. An immersion challenge model was performed by
exposing white sturgeon fingerlings to a 5.96x10% TCIDso/mL bath
or a sterile cell culture media bath for 1 hour. Survivors of this
challenge at 44 days were re-sorted into groups of 60 fish
(triplicates of 20 fish) per treatment. Fish received either 10® CFU of
S. iniae or sterile Phosphate Buffered Saline in the epaxial
musculature. Mortality was monitored for 28 days after injection and
whole blood was collected from the caudal vein of 10 survivors per
group. Serum was obtained from the whole blood samples and an
indirect enzyme-linked immunosorbent assay (ELISA) was
performed to detect anti-S. iniae IgM. The solid shapes represent
the mean relative absorbance using an OD40s5-410, With standard
error of the mean. The p values calculated between groups is stated
in each comparison bracket. Results reveal that the S. iniae group
that was previously infected with AciHV-2 had a statistically
significant decrease in serum anti-S. iniae IgM levels compared to
the group that received S. iniae alone.

Recently, sequencing of the full genome of AciHV-2
demonstrated that one of the open reading frames of AciHV-2,
ORF 101, has the TNFRSF14_teleost conserved domain (Quijano
Carde et al., 2024). This is present in members of the TNF Receptor
superfamily, which are common targets for viral manipulation due to
their important roles in the regulation of immune responses as well as
viral entry (Tiwari et al, 2005; Rakus et al, 2017). While further
characterization of ORF 101 in AciHV-2 is needed to understand its
expression patterns and effects on the host, other teleost herpesviruses
have been shown to influence tnfor expression. For example, Cyprinid
Herpesvirus 3 (CyHV-3) has been shown to encode two TNFR
homologs, of which one causes upregulation of tnfo (Zhou et al,
2021). To our knowledge, AciHV-2 alone has not been shown to
change expression patterns of tnfor in the spleen, but this changes
during the co-infection state. Further studies are indicated to
determine what interactions lead to the decreased transcript
abundance of tnfo. and of pathogen-specific IgM in the host, and
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FIGURE 12

Detection of Serum Serotransferrin in Survivors of Co-infection
Challenge. An immersion challenge model was performed by
exposing white sturgeon fingerlings to a 5.96x102 TCIDso/mL bath
or a sterile cell culture media bath for 1 hour. Survivors of this
challenge at 44 days were re-sorted into groups of 60 fish
(triplicates of 20 fish) per treatment. Fish received either 10® CFU of
S. iniae or sterile Phosphate Buffered Saline in the epaxial
musculature. Mortality was monitored for 28 days after injection and
whole blood was collected from the caudal vein of 10 survivors per
group. Serum was obtained from the whole blood samples and
Western Blotting was performed to identify Serotransferrin 2 (STF-2)
in the samples. The solid shapes represent the mean normalized
fold expression, with standard error the mean plotted. The p values
calculated between groups are stated in each comparison bracket
Results reveal that the co-infection and AciHV-2 groups had a
statistically significant decrease in serum STF-2 levels compared to
the group that received S. iniae alone and the negative control.

to understand the temporal transcriptional patterns of the host and
AciHV-2, particularly as it pertains to the expression of tnforand ORF
101. Assessing translation to determine if these gene expression
changes lead to effects at the protein level is also warranted.

The impact of co-infection on the production of the acute-phase
protein serotransferrin 2 (STF-2), which has been shown to play a role
in the inflammatory response during certain infections in white
sturgeon (Soto et al., 2021), was also assessed. Fish exposed to
AciHV-2 (both single pathogen and co-infection) had a significant
decrease in STF-2 serum levels compared to the Negative control and
S. iniae groups (Figure 12) at 28 days post-bacterial infection. This
finding provides an alternate or perhaps complementary hypothesis on
the mechanism behind the decreased anti-S. iniae IgM levels in the
serum of fish in the co-infection group (Figure 11). Serotransferrin 2 is
a protein in the transferrin family, which is known for its iron
transportation role. Because of its ability to bind iron, serotransferrin
is considered part of the immune response where it creates an iron-
limited environment that is not conducive to pathogen replication,
including S. iniae (Stafford and Belosevic, 2003). This function alone
has been identified as a mechanism against herpesvirus as well
(Maffettone et al., 2008). Nonetheless, even though this direct
mechanism could explain the worsened disease state observed in the
co-infection group, serotransferrin has an additional function related
to immunity against herpesviruses as it has been described to be a
primary activator of fish macrophages, an important antigen-
presenting cell to CD4+ T cells in fish (Stafford and Belosevic, 2003).
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Evidence indicating that CD4+ T cells are vital for herpesvirus control
continues to emerge (Walton et al, 2013). This is particularly
highlighted in both susceptibility to and reactivation of herpesviruses
when human host has a CD4+ T cell deficiency (Komanduri et al,
2001). CD4+ T cells play a role in herpesvirus control not only by using
helper functions, but also by using direct effector functions that impact
viral replication via secreted interferon (IFN) gamma and TNFo
(Casazza et al,, 2006). Finally, CD4+ T cells are also involved in a
robust and appropriate humoral response, being shown to be necessary
for the generation of plasma and memory B cells, as well as germinal
center establishment and responses (Elong Ngono et al., 2019). Given
the importance of CD4+ T cell response in the control of herpesviral
infections, both during the Iytic and latent stages, it has been described
that herpesviruses have a variety of strategies to manipulate CD4+ T
cell responses (Walton et al., 2013). A potential mechanism by which
AciHV-2 - white sturgeon - S. inige interactions lead to an inferior
antibody response against S. iniae during a co-infection may involve
the potential effects of AciHV-2 on the general CD4+ T cell population
via a decrease in serotransferrin. Affected CD4+ T cells have been
reported to have decreased production of TNFo as well as inhibited
cytotoxic effector functions in human and murine cytomegalovirus
infections (Walton et al., 2013). This may indicate that the
downregulation of TNFo may be related to the poor activation of
both fish macrophages and CD4+ T cells.

The results from this study support an altered immune response
in the co-infection group, including the hypothesized impaired
humoral immunity against S. iniae and additional impacts to
important players of the innate immune response. Further studies
are indicated to determine what interactions lead to the decreased
production of pathogen-specific IgM in the host. Piscine
streptococcosis is a significant emerging disease of white sturgeon
with the capacity to cause outstanding losses in white sturgeon
aquaculture, particularly considering its effect on subadult
populations. Our understanding of the circumstances under
which S. iniae causes significant disease and the mechanisms
responsible for creating the ideal scenario for this to occur will
focus prevention and therapeutic programs in aquaculture farms.
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