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A B S T R A C T

Ganglioneuritis was the primary pathologic change in infected abalone associated with Haliotid herpesvirus 1
(HaHV-1) infection, which eventually became known as abalone viral ganglioneuritis (AVG). However, the
distribution of HaHV-1 in the other tissues and organs of infected abalone has not been systemically investigated.
In the present study, the distribution of HaHV-1-CN2003 variant in different organs of small abalone, Haliotis
diversicolor supertexta, collected at seven different time points post experimental infection, was investigated with
histopathological examination and in situ hybridization (ISH) of HaHV-1 DNA. ISH signals were first observed in
pedal ganglia at 48 h post injection, and were consistently observed in this tissue of challenged abalone. At the
same time, increased cellularity accompanied by ISH signals was observed in some peripheral ganglia of mantle
and kidney. At the end of infection period, lesions and co-localized ISH signals in infiltrated cells were detected
occasionally in the mantle and hepatopancreas. Transmission electron microscope analysis revealed the presence
of herpes-like viral particles in haemocyte nuclei of infected abalone. Our results indicated that, although HaHV-
1-CN2003 was primarily neurotropic, it could infect other tissues including haemocytes.

1. Introduction

Since the first report of mass abalone mortalities associated with
herpes-like viruses in 1999 (Bai et al., 2019a; Wang et al., 2004), Ha-
liotid herpesvirus 1 (HaHV-1) infection has emerged as a serious threat
to captive and wild abalone populations in China mainland, Taiwan and
Australia (Chang et al., 2005; Corbeil et al., 2016; Hooper et al., 2007;
Zhang et al., 2004). HaHV-1 infections can cause an acute, highly le-
thal, ganglioneuritic disease that affects both adult and juvenile aba-
lone (Corbeil et al., 2012; Hooper et al., 2012). Major lesions are con-
fined to nervous tissues, centered on the cerebral, pleuropedal and
buccal ganglia, the cerebral commissure, and the peripheral nerves
arising from the ganglia (Chang et al., 2005; Hooper et al., 2007). The
disease was thus named “abalone viral ganglioneuritis” (AVG) (Corbeil
et al., 2010). To date, species known to be susceptible to AVG are small

abalone, Haliotis diversicolor supertexta, in China mainland and Taiwan,
greenlip abalone (Haliotis laevigata), blacklip abalone (Haliotis rubra),
brownlip abalone (Haliotis laevigata) and the hybrid of greenlip and
blacklip abalone in Australia (Bai et al., 2019a; Chang et al., 2005;
Corbeil et al., 2016). At least two species, the Pacific abalone (Haliotis
discus hannai) from China, and the blackfoot paua (Haliotis iris) from
New Zealand, are highly resistant to this virus (Bai et al., 2019a; Corbeil
et al., 2017).

HaHV-1 is known to cause acute mortality of abalone (Bai et al.,
2019a; Chang et al., 2005; Hooper et al., 2007; Wang et al., 2004). Viral
diseases with a subacute to chronic course have been reported as crack
shell disease, and was observed in H. discus hannai in northern China
(Wang et al., 1997). Homology of the viruses involved in acute and
subacute to chronic mortalities currently cannot be excluded or con-
firmed (OIE ad hoc Group, 2008). Phylogenetic analysis showed that
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HaHV-1 variants collected from China mainland, Taiwan and Australia
are closely related, however, it also showed a closer relationship be-
tween the Taiwanese and Australian variants than the China mainland
variant HaHV-1-CN2003 (Bai et al., 2019b). In 2009, an abalone her-
pesvirus pathotype associated with chronic mortality was detected in
cultivated H. diversicolor supertexta in Taiwan and caused persistent
mortalities for several months. Only a small number of abalone died
daily (Chen et al., 2016). The acute abalone herpesvirus infection was
mainly neurotropic and caused ganglioneruitis (Chang et al., 2005),
however, the progressive infection of the chronic abalone herpesvirus
pathotype was haemocytotropic, causing haemocyte aggregation in the
hemolymph vessels (Chen et al., 2016). Although the complete genome
sequences of the chronic abalone herpesvirus pathotype are not avail-
able, a high level of genetic divergence was anticipated between the
two pathotypes according to the initial DNA sequence characterization
(Chen et al., 2016).

Recently, we identified high HaHV-1 DNA loads and pathological
changes in both mantles and hepatopancreas of H. diversicolor supertexta
challenged with the China mainland variant (HaHV-1-CN2003) (Bai
et al., 2019a; Bai et al., 2019b). In addition, infiltrated cells resembling
haemocytes were found to be infected with herpes-like viral particles
(Bai et al., 2019a). These findings have enabled a more comprehensive
understanding of the tissue tropism and the progress of HaHV-1 infec-
tion.

2. Materials and methods

2.1. Origin of abalone and acclimation period

On April 24, 2018, approximately 200 H. diversicolor supertexta (size
range from 35.36 to 46.21 mm, n = 30) were transferred by air from
Xiamen to the aquaculture facilities of Yellow Sea Fisheries Research
Institute (YSFRI) in Qingdao. The abalone were cultivated in five 50-L
tanks (approx. 40 abalones in each tank) supplied with aerated, sand
filtered sea water maintained at approx. 18 °C, and fed with seaweed
(Laminaria japonica). The seawater was changed daily during the ac-
climation period of 20 days. At the end of acclimation (May 14, 2018),
30 individuals were selected randomly, and all tested negative to
HaHV-1 by qPCR (quantitative PCR) as described below.

2.2. Inoculum preparation.

Viral inoculum was prepared from an infected H. diversicolor su-
pertexta presenting a high HaHV-1 DNA detection level. These infected
abalone were collected during the challenge experiment in 2016 as
described by Bai et al. (2019a), and stored immediately with shell at
−80 °C. The original source of HaHV-1 variant (HaHV-1-CN2003) was
traced back to a naturally infected abalone collected from Guangdong
Province, China in 2003. The abalone had shown clinical signs similar
to those of abalone viral disease occurring in 1999 in China (Wei et al.,
2018). The protocol for inoculum preparation of Ostreid herpesvirus 1
(OsHV-1) was used to prepare tissue homogenates (Schikorski et al.,
2011) except that natural seawater (0.22 µm membrane filtered) was
used in all dilution steps. Negative control tissue homogenates were
prepared from healthy H. diversicolor supertexta using the same pro-
tocol. Filtered tissue homogenates were stored at 4 °C until use (within
24 h). An aliquot of 200 μl infected tissue homogenates and control
tissue homogenates were used for DNA extraction and HaHV-1 DNA
quantification.

2.3. Experimental design.

For experimental infection, abalone were first “anaesthetized” with
10 g/L magnesium chloride (MgCl2) for approximately 1 h. Abalone
were then randomly divided into experimental groups (n = 110) and
negative control groups (n = 57). For the experimental group, 100 μl of

viral inoculum (adjusted at 104 copies of viral DNA/μL) was injected
into the pedal muscle: 80 abalone were maintained in two 50-L tanks
and used for serial sampling, and 30 were placed in three 18-L tanks (10
abalones per tank) and used to record survival. The negative control
group was injected with 100 μl of control tissue homogenate. A total of
27 abalones were maintained in one 50-L tank for serial sampling, and
30 were placed in three 18-L tanks to record survival rate.

Seawater was supplied to each tank at a quantity of 1 L per abalone
and was changed daily. The seawater temperature was maintained at
17.8–19.6 °C by equilibrating with the air temperature, and salinity was
fixed at about 30 ppt. Experimental and control groups were main-
tained on different floors of the same laboratory. The tanks were
checked at approximately 12 h intervals, and dead abalone were re-
moved from tanks. Abalones with tetanic paralysis of the foot and no
adhesion to surface of tanks were considered dead. Abalones in the
negative control tanks were all sacrificed at the end of the experiment.

2.4. Tissue and haemocyte collection.

At each time point of 0, 12, 24, 36, 48, 60, and 72 h post injection
(hpi), three experimental and three control abalones were sampled.
Moribund abalones with weak pedal adhesion to the surface of tanks
were prioritized for sampling if available. Target neural tissue and
surrounding muscles, mantles, gills, hepatopancreas were dissected
from each abalone. A small piece (approximately 25 mg) of tissue was
removed from each sample of the dissected tissue and stored at −40 °C
refrigerator for DNA extraction and qPCR analysis. The remaining tis-
sues were fixed immediately with Davidson’s AFA (acetic acid, for-
maldehyde, alcohol) fixative for 12–24 h, and then transferred to 70%
alcohol for storage.

To verify the tropism of HaHV-1, abalone haemocytes were col-
lected from experimental and control abalones sampled at 60 hpi.
Haemolymph was withdrawn from the cephalic arterial sinus located at
the anterior part of the foot muscle of each abalone using a 25-gauge
needle attached to a 2-ml syringe. About 1 mL haemolymph was re-
moved from each abalone. Each haemolymph sample was transferred to
a 1.5 mL centrifuge tube and centrifuged at 800 rpm for 5 min at 4 °C.
The supernatants were removed by pipetting and the pelleted haemo-
cytes were immediately fixed in a mixture of 2.5% glutaraldehyde and
2% paraformaldehyde, and stored at 4 °C for transmission electron
microscopy (TEM) examination.

2.5. DNA extraction and HaHV-1 DNA quantification

DNA was extracted from the previously frozen tissues using a
TIANamp™ Marine Animal DNA Kit (Tiangen Biotech, Beijing, China)
according to the manufacturer’s protocol. Elution was performed in
100 μl of buffer TE provided in the kit. The purity and quantity of the
isolated DNA were determined with NanoDropTM 2000 spectro-
photometer (Thermo scientific®, Waltham, USA).

HaHV-1 DNA quantification was carried out by qPCR targeting
ORF66 (DNA polymerase) adapted from the OIE Manual of Diagnostic
Tests for Aquatic Animals, 2017, and fully described by Bai et al (2019).
We estimated the HaHV-1 infection burden of each sample as the mean
genomic equivalent (GE) score (ng−1 of total DNA) for the 2 replicates.

2.6. Histology and in situ hybridization (ISH)

The Davidson’s AFA fixed tissue sections were prepared by routine
histological protocols in the lab, including dehydration in ethanol
series, clearing, embedding in paraffin and cutting into 5-µm thick
sections using a Leica microtome RM2145 (Leica Instruments). The
sections were then stained with hematoxylin and eosin (for histo-
pathological analysis) or treated with the ORF-66 probe (for ISH) re-
commended by the World Organization for Animal Health (OIE)
Manual of Diagnostic Tests for Aquatic Animals (the Aquatic Manual,
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2017). The digoxigenin (DIG)-labelled, HaHV-1-specific DNA probe was
prepared with a PCR DIG Labeling Mix (Roche, Cat. No. 11 636 090
910) using a plasmid containing HaHV-1 DNA as a template, according
to the manufacturer’s instructions. The approximately 848 bp DIG-la-
beled PCR products generated with the primers ORF66F1 and ORF66R2
(OIE Aquatic Manual, 2017) were gel-purified, and preserved in−20 °C
refrigerator for further use.

The ISH procedure was a modification from published protocols
(Bueno et al., 2016; Corbeil et al., 2012; Lipart and Renault, 2002). In
brief, the paraffin sections on adhesion slides (Citotest Scientific Co.,
Ltd, Cat. No. 158105 W) were dewaxed in xylene for 3 × 15 min,
followed by rehydration in a series of graded ethanol solutions (100%
ethanol 2 × 5 min; 95% ethanol 1 × 5 min; 80% ethanol 1 × 5 min;
50% ethanol 1 × 5 min; 50% ethanol 1 × 5 min). The slides were then
washed with distilled water by 2 × 5 min and equilibrated with
phosphate-buffered saline pH 7.4 (PBS) for 1 × 10 min. Protein di-
gestion was performed using about 250 µl of Proteinase K
(100 µg ml−1) in a humidified box at 37 °C for 15 min. Protein hy-
drolysis was stopped by washing with 1% glycine for 10 min. A pre-
hybridization step was carried out with 500 µl of pre-hybridization
buffer (50% formamide, 4 × saline sodium citrate [SSC], 10% dextran
sulphate, 250 µg ml−1 yeast tRNA, and 10 × Denhardt solution) in a
humid chamber at 42 °C for 2 h. Afterwards, the pre-hybridization so-
lution was replaced with 200 µl hybridization solution consisting of the
pre-hybridization buffer and 2.5 ng µl−1 of DIG-labelled DNA probe
and coverslipped. DNA on slides was denatured at 95 °C for 5 min with
ThermoBrite™ System (Leica Microsystems Inc.), then cooled for 5 min
on ice. The slides were then moved to a humidified box and incubated
for 16–18 h at 42 °C for hybridization. After hybridization, coverslips
were removed and slides were washed in a series of graded SSC buffer
(2 × SSC 2 × 20 min; 1 × SSC 2 × 15 min at room temperature; and
0.5 × SSC 2 × 15 min at 42 °C). Later, slides were equilibrated with
1 × MAB (100 mM maleic acid, 0.15 M NaCl, 0.2 M NaOH, pH 7.5) for
5 min at room temperature, and were then incubated with blocking
solution (2% p/v blocking reagent [Roche] in 1 × MAB, and 10% v/v
goat serum) for 2 h at room temperature. The DIG-labelled probes were
detected by incubating each section with 500 µl of the anti-DIG alkaline
phosphatase (AP) conjugate (diluted 1/1000 in blocking solution) for
16–18 h at 4 °C. Thereafter, the excess antibody was removed by
3 × 5 min washes with 1 × MAB. Alkaline phosphatase activity was
detected with BCIP/NBT kit (Beijing Solarbio Science & Technology
Co., Ltd) for 1–2 h in darkness. Color development was stopped by a
brief rinse with distilled water and 1 × PBS. The section was then
counterstained using Bismarck Brown Y (0.5% in water) for 10 min and
dehydrated in a series of ethanol with increasing concentration (96%

ethanol 2 × 1 min; absolute ethanol 3 × 15 s). After clearing twice
with xylene, tissue sections were mounted with a drop of Neutral
balsam (Beijing Solarbio Science & Technology Co., Ltd), and cover-
slipped for about 24 h. Positive and negative sections as determined by
prior assays were included in each run of the ISH. Non-specific binding
of the antibody was assessed by hybridization of the positive section
using hybridization buffer without DIG-labelled probe. Non-specific
staining due to the presence of endogenous alkaline phosphatase was
assessed by omission of anti-DIG alkaline phosphatase conjugate during
testing of the positive sections. Sections were considered positive for
HaHV-1 DNA if typical blue-black precipitates were visible within the
cells and all controls showed expected results.

2.7. Transmission electron microscope (TEM) examination

The glutaraldehyde-fixed haemocyte precipitates of three experi-
mental and three control samples were post-fixed in 1% osmium tetr-
oxide in 0.2 M sodium cacodylate buffer and dehydrated in ethanol
series. The tissues were embedded in Epon812, cut on an Ultracut-E
ultramicrotome and stained with uranyl acetate and lead citrate. The
samples were examined with a JEOL JEM-1200EX at 80 kV at Medical
College of Qingdao University.

2.8. Statistical analysis

All statistical analyses were conducted using IBM SPSS Statistics
version 20 for Windows software (SPSS Inc., Chicago, IL, USA).
Difference of HaHV-1 DNA loads among different tissues at each time
point were determined using one-way analysis of variance (ANOVA),
followed by LSD (equal variances assumed) or Tamhane's T2 (equal
variances not assumed) being used for post-hoc comparisons between
groups. A criterion of P < 0.05 was considered significant.

3. Results

3.1. Mortality and DNA quantification.

The first observed abnormality in experimental group was the
turbid and forthy water that appeared approximately at 24 hpi. The
froth increased gradually and appeared again after changing water. The
first mortality was detected at 48 hpi in the experimental group. The
cumulative mortality rate reached 26.7% at 60 hpi, 70% at 72 hpi, 80%
at 84 hpi, 93.3% at 96 hpi and 100% at 108 hpi (Fig. 1A). More than
40% of dead individuals were observed between 60 hpi and 72 hpi. No
mortality occurred in the negative control group.

Fig. 1. a. Cumulative mortality curve over the infection period (reported in hours) for challenged and control abalones. b. Viral DNA over the infection period. Log10
of genomic equivalents (GE) of Haliotid herpesvirus 1 per ng of total DNA measured in mantle, gill, hepatopancreas and nerve.
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HaHV-1 DNA was not detected in abalone at the end of acclimation
period. HaHV-1 DNA was immediately detected at the first sampling
time point (12 hpi); the mean loads of viral DNA increased gradually
during the course of infection until 60 hpi, and decreased at 72 hpi. The
overall trends of the viral DNA load were consistent among different
tissues, with relatively lower viral DNA loads in hepatopancreas
(Fig. 1B). All dead and moribund H. diversicolor supertexta in the ex-
perimental group were positive for the presence of HaHV-1 DNA. Viral
DNA was not detected in individuals from negative control group.

Because HaHV-1 DNA loads in the hepatopancreas were apparently
lower than in the other three types of tissues (neural tissue and sur-
rounding muscles, mantles and gills), they were excluded from the
following statistical analysis. One-way ANOVA combined with the LSD
post-hoc test revealed significant differences of the viral DNA loads at 12
hpi among neural tissue and surrounding muscles, mantles and gills
(F = 100.46, p < 0.001), which was attributed to the significantly
higher viral DNA loads in neural tissue and surrounding muscles than
that in mantles (LSD, p < 0.001) and gills (LSD, p < 0.001). There
were no significant differences in viral DNA load among the tissue types
at 24 hpi (F = 0.47, p = 0.64) and 36 hpi (F = 0.75, p = 0.51).
Significant differences among tissue types were again detected at 48 hpi
(F = 28.08, p = 0.001), 60 hpi (F = 22.54, p = 0.002) and 72 hpi
(F = 42.47, p < 0.001). More specifically, the viral DNA loads at 48
hpi and 60 hpi were significantly higher in mantles than that in neural
tissue and surrounding muscles (LSD, p < 0.05), and gills (LSD,
p < 0.05). Only marginally significant higher viral DNA loads were
detected at 72 hpi in mantles compared to neural tissue and sur-
rounding muscles (Tamhane's T2, p = 0.058), and gills (Tamhane's T2,
p = 0.062).

3.2. Histopathology and in situ hybridization (ISH).

3.2.1. Pathological lesions in pedal ganglion
Increased cellularity with occasional foci lesions was first detected

in the pedal ganglia of two of the three challenged abalones collected at
36 hpi (Fig. 2A), while no viral DNA was detected by ISH in these two
samples (Fig. 2A). A gradual increase in severity of cell infiltration was
observed, which reached a peak at 60 hpi (Fig. 2E). Gross lesions and
co-localization of HaHV-1 DNA were consistently detected in the pedal
ganglia of all nine abalones collected at 48 hpi, 60 hpi and 72 hpi
(Fig. 2). The most serious lesions in the neural architecture of the pedal
nerve cords appeared at 72 hpi, while the strongest hybridization sig-
nals were detected at 60 hpi associated with severe cell infiltration. The
lesions and associated viral DNA signals were concentrated in nerve
bundles within the foot, with no lesions observed in the adjacent tissues
throughout the infection process. No histopathological changes and
viral DNA signals were detected in abalone sampled in control group.

3.2.2. Pathological lesions in ganglia of mantle
The ganglia were identified in sections of five of nine mantle sam-

ples, two samples at 48 hpi, two samples at 60 hpi and one sample at 72
hpi. Tissue lesions and associated HaHV-1 DNA signals were observed
in ganglion of one sample as early as 48 hpi (Fig. 3), and then in one
sample at each 60 and 72 hpi. No lesions or increased cellularity were
identified in peripheral nerves of one other sample at each 48 and 60
hpi. The infiltrated cells in the ganglia demonstrated different dis-
organized features; chromatin marginalization or condensed nuclei
were frequently detected (Fig. 3C & E). Strong ISH signals were also
detected in some infiltrated cells (Fig. 3D & F).

3.2.3. Pathological lesions in the other tissues
At the end of the experimental infection, infiltrated haemocytes and

HaHV-1 DNA signals were occasionally detected in tissues other than
nervous tissue. Multifocal infiltration of haemocytes in the connective
tissue beneath the hepatopancreas was observed in one abalone col-
lected at 60 hpi (Fig. 4A). Muscle necrosis accompanied by heavy

haemocyte infiltration was detected in the mantle of one abalone col-
lected at 72 hpi (Fig. 5A). Necrotized cells characterized by hyper-
trophied nuclei with chromatin marginalization or nuclear pyknosis
were frequently detected both in the hepatopancreas and mantle
(Fig. 4A). Co-localization of HaHV-1 DNA signals with the lesions and
cell infiltration were observed (Figs. 4B and 5B).

3.3. TEM examination.

TEM analysis revealed herpes-like particles in the nuclei of hae-
mocytes withdrawn from challenged abalone. The viral particles were
hexagonal or circular in morphology, and measured 97.07–105.33 nm
in diameter (Fig. 6). Nucleocapsids, empty capsids and capsids with
pleomorphic cores were all detected in the infected cellular nucleus. No
viral particles were detected in haemocytes withdrawn from abalone in
the control group.

4. Discussion

HaHV-1 and OsHV-1 represent two confirmed herpesviruses capable
of infecting invertebrates (Renault, 2011). Both can cause acute and
mass mortality of susceptible mollusk species, and bring huge economic
loss to mollusk aquaculture industry (Renault, 2011). HaHV-1 infection
was believed to be the etiological agent for the collapse of the H. di-
versicolor supertexta aquaculture industry in China at the end of 1990s
(Bai et al., 2019a; Wang et al., 2004). HaHV-1 is characterized by acute
and rapid mortality, whereas the abalone herpesvirus pathotype re-
ported by Chen et al. (2016) has caused chronic mortality. The two
pathotypes have shown different tissue tropism in histopathology and
ISH studies (Chen et al., 2016). In the present study, the China main-
land isolate (HaHV-1-CN2003) caused rapid onset and high mortality
after experimental infection, typical of acute syndrome of AVG (Corbeil
et al., 2012). However, this variant is also capable of infecting hae-
mocytes (Fig. 6), and the lesions were similar to those described in
abalone herpesvirus pathotype described by Chen et al. (2016). The
cellular tropism of a specific herpesvirus is determined by the interac-
tions between viral envelope glycoproteins and host cell receptors
(Martenot et al., 2019; Sathiyamoorthy et al., 2017; Sathiyamoorthy
et al., 2016). Because the same host species, H. diversicolor supertexta,
was investigated in these studies, we hypothesized that HaHV-1-
CN2003 should possess viral envelope glycoproteins capable of in-
fecting both neural cells and haemocytes. The determination and
comparison of genome sequences of HaHV-1-CN2003 and the abalone
herpesvirus pathotype with chronic progressive infection will help to
elucidate the pathology.

Detectable lesions with increased cellularity first appeared at 36 hpi
after the sharply increased viral DNA loads at 24 hpi (Fig. 1B). This
result is in agreement with a previous study with experimental im-
mersion challenge system (Corbeil et al., 2012). However, strong ISH
signals were detected at 48 hpi for the first time in the present study,
while only relatively faint ISH signals were first detected at 60 h post
exposure (hpe) in Corbeil et al. (2012). Since the same probe and si-
milar procedures were employed in the two studies, these results in-
dicated that the infection and disease developed more rapidly in the
present study.

Although HaHV-1 and OsHV-1 are the most closely related her-
pesviruses, they belong to different genera within the family
Malacoherpesviridae, the order Herpesvirales (Mushegian et al., 2018).
High genetic divergence, different histopathological features and tissue
tropisms were found between the two herpesviruses and associated
infections (Savin et al., 2010). OsHV-1 always infects and replicates in
fibroblastic-like cells throughout connective tissues, especially in
mantle, labial palps, gills, and digestive gland of susceptible bivalves
(Renault et al., 2000), although the viral DNA has also been detected in
the oyster nerve system (visceral ganglion) (Lipart and Renault, 2002).
A previous study suggested that OsHV-1 may complete early replication
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and amplification in the heart, and then spread in the entire oyster body
through haemolymph (Segarra et al., 2016). OsHV-1 is also able to
infect and replicate in haemocytes of susceptible Crassostrea gigas
(Martenot et al., 2017; Morga et al., 2017), Chlamys farreri (Ji et al.,
2017) and Scapharca broughtonii (Xin et al., 2018). These results in-
dicated that haemocytes and haemolymph play a key role in the

development of OsHV-1 infection (Morga et al., 2017; Segarra et al.,
2016). In the present study, ISH signals were detected simultaneously at
48 hpi in the ganglion of mantle and foot (Fig. 3B), which indicated that
the peripheral and central nerve tissues should be contacted and in-
fected with virus at nearly the same time. Our results suggested that the
injected virus is distributed throughout the entire body of abalone by

Fig. 2. Development of Haliotid herpesvirus 1 (HaHV-1) infection in pedal ganglion of Haliotis diversicolor supertexta after experimental infection. Gradually increased
tissue lesions in pedal ganglia detected at 36 h post injection (hpi, A), 48 hpi (C), 60 hpi (E) and 72 hpi (G) respectively (H&E stain), and co-localized HaHV-1 infected
blue/black labelled cells in the corresponding consecutive sections (B, D, F and H). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. (A) Histopathological features in ganglion of mantle in Haliotid herpesvirus 1-infected abalone collected at 48 h post injection (H&E stain), and (B) co-
localized viral DNA signals in the same consecutive section. (C) High magnification graphic of regions in (A) labeled by white rectangular box and co-localized HaHV-
1 DNA signals (D). (E) High magnification graphic of regions in (A) labeled by black rectangular box and co-localized HaHV-1 DNA signals (F).

Fig. 4. (A) Multifocal infiltration of hae-
mocytes in the connective tissue beneath the
hepatopancreas of abalone collected at 60 h
post injection (H&E stain). Insert: High
magnification graphic of regions labeled by
white rectangular box, and (B) co-localized
viral DNA signals in the same consecutive
section. Insert: High magnification graphic
of regions labeled by rectangular boxes.
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circulating haemolymph, and infects susceptible cells including hae-
mocytes and neural cells. We detected pathological changes and co-
localized HaHV-1 DNA signals in the ganglion of kidney (Fig. 7), an
organ obtained occasionally when we collected hepatopancreas. It is
reasonable to expect that HaHV-1 infection also occurred in peripheral
bundle nerves of the other organs. However, poor understanding of the
abalone nerve system prevents us to carry out comprehensive analysis
about the distribution and spread of HaHV-1 in peripheral nerves. At
late stages of infection, lesions and haemocyte infiltration were also
identified in the hepatopancreas and mantle of some infected abalone
(Figs. 4 and 5), probably due to the decreased immune response (Bai
et al., 2019c).

Despite the similarly high HaHV-1 DNA loads in mantle, gill and
hepatopancreas compared to neural tissue and surrounding muscles
revealed by qPCR, ISH signal was only identified in some samples of
mantle and hepatopancreas, and was not detected in gill filaments.
Different detection sensitivity associated with the nature of the two

methods, which include mainly sampling methods, with or without
amplification and targeted genome regions, may be responsible for the
discrepancy in results between qPCR and ISH analysis.

In conclusion, the pathological changes and ISH signals of HaHV-1
DNA were consistently detected in pedal ganglia of the infected abalone
as reported previously (Chang et al., 2005; Corbeil et al., 2012; Hooper
et al., 2007). Lesions, infiltrated cells and co-localized ISH signals were
also identified in peripheral nerves in other organs, and in tissues other
than nerves. Furthermore, we provided additional evidence that HaHV-
1-CN2003, a variant associated with acute progressive infection, was
capable of infecting haemocytes. Our results showed that the nervous
system is the primary target tissue of acute HaHV-1 infection, but other
tissues, including haemocytes, can also be infected.
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