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Abstract

Negative-stained intact yellow head virus (YHV) was an enveloped bacilliform particle measuring 40-50 x 175-210 nm
with spike-like projections measuring 7-9 nm. The space between projections was 4-7 nm. YHV nucleocapsid was rod-shaped,
measuring 35-40 x 160-200 nm, and the RNA genome had 40-50 turns in a helical structure. YHV infected both stromal matrix
cells and haemocytes in the lymphoid tubule wall. The patterns of localisation of viral particles were similar in both cells. The
fully enveloped viral particles were detected at the cell membrane, endosome, rough endoplasmic reticulum, Golgi complex
and secretory vesicles, and virions were exocytosed at the cell membrane. In the case of severe infection, unenveloped viral
particles could be detected in the cytoplasm, and they might be released by general breakdown and lysis of the highly infected

cells.
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1. Introduction

Yellow head virus (YHV) is a serious pathogen to
penaeid prawn. It was named from the light yellow colora-
tion of cephalothorax, which is caused by the yellow color of
underlying hepatopancreas showing through the translucent
carapace of moribund prawn (Boonyaratpalin ef al., 1993;
Chantanachookin et al., 1993; Flegel, 2006). YHV was first
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reported in the black tiger prawn, Penaeus monodon, which
is commonly cultured in Thailand, in 1990 (Boonyaratpalin
et al., 1993). It causes extensive mortality and massive pro-
duction losses to the aquaculture industry in Thailand and
either South-east Asian countries. YHV can also naturally or
experimentally infect other penaeid species (for review see
Munro and Owens, 2007).

Yellow head virus is an enveloped, rod-shaped parti-
cle (approximately 40x170 nm in size) with prominent surface
projections (11 nm) and an internal striated nucleocapsid
(Chantanachookin et al., 1993; Nadala et al., 1997, Wang and
Chang, 2000). YHV-infected cells are of both ectoderm and
mesoderm origins (Boonyaratpalin ef al., 1993; Chantana-
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chookin et al., 1993; Kasornchandra and Boonyaratpalin,
1995). The main organ being infected by this virus is the
lymphoid organ (Chantanachookin ef al., 1993; Kanobdee
et al., 2002; Soowannayan et al., 2002) that forms lymphoid
spheroids in chronic infection (Spann ef al., 1997; Hasson
et al., 1999; Anggraeni and Owens, 2000; Kanobdee et al.,
2002; Soowannayan et al., 2002; Anantasomboon et al.,
2008; Duangsuwan et al., 2008; and for review see Rusaini
and Owens, 2010). Futhermore, infected lymphoid organ
shows extensive abnormalities, including many degenerated
cells in the wall of the tubules whose lumen becomes
occluded. The affected cells exhibit hypertrophic nuclei,
pyknotic nuclei, and cytoplasmic basophilic inclusions
(Chantanachookin et al., 1993; Flegel, 2006).

Kasornchandra and Booyaratpalin (1995) who studied
the replication of YHV in P. monodon by transmission elec-
tron microscope (TEM), mistakenly claimed that this virus
had double-stranded DNA genome. Furthermore, these
authors believed that YHV replicated in the nucleus, while
viral assembly occurred in cytoplasm. After replication,
progeny nucleocapsids were formed and released directly
into cytoplasm through the rupture of the nuclear membrane.
However, Chantanachookin et al. (1993) reported that there
was no clear evidence of nuclear membrane fragmentation
during the release of viruses into the cytoplasm. Instead, they
suggested that nucleic acid cores were expelled from the
nucleus as straight filaments, which acquire envelopes during
their passage through the endoplasmic reticulum before
being fractured into small viruses. Later works showed that
YHV was actually a positive-sense, single-stranded RNA
virus (Cowley et al., 2000; Sittidilokratna et al., 2002).
Furthermore, positive-stranded RNA viruses were shown to
replicate in the cytoplasm of host cells (Schwartz et al.,
2004), but it is still not clear how complete YHV particles are
assembled. Furthermore, targeted cells and the process of
viral entry into the cells of the lymphoid organ is still unclear.
Hence this study reported on the mode of entry and the
assembly of YHV in the infected cells the lymphoid tubules.

2. Materials and Methods
2.1 YHV inoculums

The inoculum for YHV was kindly provided by
Charoen Pokphand Shrimp Culture Research Center, Thailand.
This viral inoculum was originally obtained from moribund
P. monodon showing signs of yellow head disease, with light
yellow coloration of the dorsal surface of cephalothorax and
generally pale body, that were collected from a farm in
Chachoengsao Province, Thailand, in July 1998. The inocu-
Ium was confirmed to be YHV by RT-PCR using the IQ 2000
detection kit (Farming IntelliGene Technology Corporation,
Taipei, Taiwan), which shows the bands at 277 and/or 777
base pairs. It was kept at -20°C until used.
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2.2 Experimental YHV infection

Juvenile P monodon (300 animals aged 3 months,
approximately 20 g each) were purchased from a Thai com-
mercial farm. They were confirmed to be negative for white
spot syndrome virus (WSSV), Taura syndrome virus (TSV),
infectious hypodermal and hematopoietic necrosis virus
(IHHNV), hepatopancreatic parvovirus (HPV), and yellow
head virus (YHV) infections by RT-PCR using the 1Q 2000
detection kit. Animals were acclimated in aerated aquaria
maintained at 28 to 30°C, and fed with commercial feed pellets
for 1 week. In total, 290 prawns were intramuscularly injected
with 0.1 ml of the YHV inoculums diluted at 1:100 with lobster
hemolymph medium (LHM) (Paterson and Stewart, 1974).
Ten prawns were injected with only the LHM as a control.

2.3 YHY and nucleocapsid purification

The viruses were purified from hemolymph collected
from 200 YHV-infected shrimp at 72 h post infection by ultra-
centrifugation in a continuous Urografin™ gradient (Schering
Pty. Ltd, Midrand, Germany) as described previously (Wong-
teerasupaya ef al., 1995; Sittidilokratna et al., 2002). A well-
defined white band was collected from the gradient at a
density corresponding to 25-27% Urografin™. The YHV
envelopes were removed from the viral particles by incubat-
ing purified YHV suspension in 1% Triton X-100 in TE buffer
(10 mM Tris HCL, 1 mM EDTA, pH 7.4) for 30 min at room
temperature with gentle shaking. The suspension was centri-
fuged at 100,000 x g for 1 h at 4°C. The supernatant was then
discarded and the pellet (nucleocapsid) was gently resus-
pended in TE buffer. The purified YHV viruses and nucleo-
capsids were dropped on carbon-coated formvar film on 400
mesh copper grids, and negatively stained with 4% uranyl
acetate in distilled water.The specimens were examined for
detailed organization under Tecnai G’ transmission electron
microscope at 100 kV. These were compared with the nucleo-
capsids and complete viral particles present in the infected
cells.

2.4 Specimen preparation for TEM

After injection of the viruses or LHM, ten prawns
were sacrificed at every time point from both control and
experimental groups at 0, 6, 12, 18, 24 hour and thereafter at
12 hour intervals until all of the shrimp died. Dissected lym-
phoid organs were fixed in 4% glutaraldehyde and 1% para-
formaldehyde in cacodylate buffer, postfixed in 1% OsO,,
dehydrated through ascending concentrations of ethanol
and embedded in Araldite-502 resin. Ultrathin sections were
cut and stained with uranyl acetate and lead citrate before
being observed under a Tecnai G’ transmission electron
microscopeat 100kV.
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3. Results

3.1 Ultrastructure of the yellow head viral particle and its
nucleocapsid

Negative-stained intact YHV virions were rod-shaped
and measured 40-50 nm x 175-210 nm. Viral particle was
surrounded by envelope with spike-like projections measur-
ing 7-9 nm. The spacing between the projections was 4-7 nm
(Figure 1a). Negative-stained YHV nucleocapsid was a rod-
shaped structure measuring 35-40 x 160-200 nm, and had 40-
50 turns of RNA with helical appearance (Figure 1b). The
combined structure is illustrated in the accompanying dia-
gram (Figure 1c).

3.2 Pathway of yellow head virus in lymphoid cells of P.
monodon

Haemocytes and stromal cells are the major cell types
in the lymphoid tubule wall (Figure 2a). A large number of
haemocytes was observed in lymphoid lumen and tubules
(Figure 2b) at 6 hours post-infection (h PI). Immature
haemocytes were the largest group, accounting for about
40% of total haemocytes. Large granular, small granular and
hyaline haemocytes (as classified by Van de Braak et al.,
1996) comprised about 10%, 30% and 20% of the total
haemocytes, respectively (Figure 2b). Haemocytes (Figure
2¢) and stromal cells (Figure 2d) were both infected by YHV.
The patterns of the localisation of the viral particles were
similar in both cells. The fully enveloped YHV particles with
approximate size of 40x190 nm were first detected binding to
the cell membrane of lymphoid tubule, stromal cells (Figure
3a) and in endosomal-liked vesicles underneath the cell

spike-like

projection

Figure 1. TEM micrographs and a schematic diagram of intact virus
and nucleocapsid of the yellow head virus.

a) A high magnification micrograph of the intact YHV
viruses, showing enveloped, bacilliform particles with
spike-like projections surrounding each virus (shown
at high magnification in the inset)

b) High magnification micrograph of YHV nucleocapsid,
which has a rod-shaped and a helical structure with
40-50 turns.

¢) A diagram illustrating the combined structure of the
whole viral particle.
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Figure 2. TEM micrographs of control and YHV-infected lymphoid
cells and tubules.

a) A low magnification micrograph of a control lymphoid
tubule, showing 3 types of fixed cells: endothelial (En),
stromal (St), and capsular (Cp) cells, and relatively
few agranular (AGH) and small granular (SGH) hae-
mocytes in the wall of the lymphoid tubule. Few agra-
nular (AGH) haemocyte were also observed in the
lumen.

b) A low magnification micrograph of 6 h post YHV-
infected lymphoid tubule, showing large numbers of
immature (Im), agranular (AGH), small granular (SGH)
and few large granular (LGH) haemocytes fully packed
the lumen as well as migrating into the wall of the
lymphoid tubule.

¢) A medium magnification micrograph of a large granu-
lar haemocyte infected with YHV at the early stage.
Numerous unenveloped-YHV particles were observed
in its peripheral cytoplasm (boxed area), where an
inset showed high magnification of YHV particles.

d) A medium magnification micrograph of a stromal cell
infected with YHV at the late stage. Enveloped-YHV
particles were observed in its peripheral cytoplasm,
where an inset of the boxed area showed high magnifi-
cation of YHV particles.

membrane (Figure 3b) at 18 h PI. Later viral particles were
uncoated in the endosome and released into the cytoplasm
by the breaking down of endosomal membrane, thus leaving
emptied endosomal vesicles (Figure 3c). At 24-36 h PI, there
were long filamentous unenveloped YHV scattering through-
out the cytoplasm (Figure 3d), where later the uncoated
particles rapidly increased in number. Most coated viral par-
ticles were found in Golgi complexes (Figure 3e) and rough
endoplasmic reticulum (Figure 3f); thus YHV might undergo
maturation and budding in the RER-Golgi system. At 48-60 h
PI, a large number of completely enveloped viruses was
tightly packed within membrane-bound vesicles underneath
the cell membrane (Figure 4a, 4b). These vesicles were later
fused with the cell membrane (Figure 4c) and released
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Figure 3. TEM micrographs of the viral distribution in lymphoid
cells during early stages (18-36 h) after YHV infection.
a) A medium magnification micrograph of a granular

haemocyte at 18 h post infection (PI), showing fully
enveloped YHV particles attached to the cell mem-
brane (Cm) at the boxed area. These granular haemo-
cytes could be identified by their distinctive granules,
i.e., gr, and gr,, respectively. The inset shows high
magnification of the boxed area that exhibited fully
enveloped viral particles.

b) A high magnification micrograph of a stromal cell at
18 h PI, showing penetration step in which enveloped
(E) YHV particles were present in a membrane-
bounded endosomal vesicle (Ed). ri-ribosome, UE-
unenveloped YHV particle.

¢) A high magnification micrograph of a stromal cell at
18 h PI, showing uncoating step in which unenveloped
(UE) YHV particles were released from the empty
and broken up endosomal vesicle (Ed).

d) A high magnification micrograph of a granular haemo-
cyte at 24 h PI, showing replication step in which
numerous long filamentous unenveloped (UE) YHV
particles or nucleocapsids were found throughout the
cytoplasm of the haemocyte. gr,-granule type 2

e, f) High magnification micrographs of a stromal cell at
36 h PI, showing early maturation step in which few
enveloped (E) of YHV particles were found in Golgi
complex (G) (e) and rough endoplasmic reticulum
(RER) ().
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complete viral particles to the exterior by exocytosis (Figure
4d). At 72 h PI, the entire cell cytoplasm was fully packed
with numerous unenveloped viruses, while the enveloped
viruses were within the membrane-bounded vesicles (Figure
4e), giving the impression of severe infection. In such case,
the complete viral particles as well as unenveloped viruses
were released due to the general breakdown of the cells (Fig-
ure 4f).

4. Discussion

Viral particles were detected in stromal matrix cells
and lymphoid tubule haemocytes (LTH). The pattern of viral
particle localisations was similar in both cells. The fully
enveloped viral particles were detected at the cell membrane,
endosomal vesicles, Golgi complex, large and dilated sacs of
RER, and in exocytotic vesicles, whereas the unenveloped
(uncoated) nucleocapsids could be detected in the cyto-
plasm, but not in the area underneath the cell membrane. The
distributions of coated and uncoated yellow head viral
particles in these specific areas and organelles of the cells
were similar to the other positive-stranded RNA viruses such
as severe acute respiratory syndrome (SARS), corona viruses
(Stadler et al., 2003), and hepatitis C virus (Kaito et al.,
2006). These observations suggest that the putative pathway
for YHV in stromal and LTH cells (Figure 5) is as follows;
YHYV first makes contact with the cell membrane and being
lipid in nature the viral envelope could easily fuse with the
cell membrane. This process could also be mediated by
fusogenic proteins, such as spikes present on the envelope
(Spaan et al., 1988; Assavalapsakul et al., 2005). The entry is
probably mediated by endocytotic pathway as no free viral
particles were detected under the cell membrane. Instead,
there were a few endosomal-liked vesicles containing both
fully enveloped and uncoated viral particles. The viruses
were probably uncoated in the endosome complex and
released into the cytoplasm by the breaking down of endo-
somal membrane (Figure 3c). Once the uncoated nucleo-
capsids were in the cytoplasm the single positive strand viral
RNA probably underwent both translation and replication.
The actual details are not known; however, based on similar
viruses that contain single positive RNA strand, such as
SARS and corona virus (Ng et al., 2003), it is plausible that
positive RNA strand of YHV might be used as the template
for constructing negative RNA strand, which would in turn
act as the template for a new positive strand. Further tem-
plating and replication could produce multiple copies of
positive RNA strands that could also act as mRNA for the
translation of capsid proteins on the non-membrane bound
ribosomes of the infected cells. The whole process of the
RNA replication and capsid protein synthesis was most likely
taking place in the cytoplasm as no viral particles were
detected in the nucleus as previously reported (Chantana-
chookin et al., 1993; Flegel et al., 1995).
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Figure 4. TEM micrographs of the viral distribution in lymphoid
cells during late stages (48-72 h) after YHV infection.

a) A high magnification micrograph of a stromal cell at
48h PI, showing late maturation step in which
numerous enveloped YHV particles (E) were con-
tained within membrane-bound vesicles.

b-d) High magnification micrographs of stromal cells at
48h PI, showing releasing step in which there were
membrane-bound vesicles containing tightly packed
mature and fully enveloped YHV particles (E) close
to cell membrane (Cm) (b); these vesicles fused with
the membrane (c and d) to release YHV particles by
exocytosis (d).

e, f) Medium magnification micrographs of stromal cells
at 72 h PI, showing severely infected stromal cells
whose cytoplasm were fully packed with numerous
YHV particles (e) that eventually burst out (f).
Enveloped particles (E) were packed in membrane-
bound vesicles, whereas unenveloped particles (UE)
were scattered throughout the cytoplasm (e, inset).

It is likely that only positive RNA strands are self-
assembled with capsid proteins in the cytoplasm (den Boon,
et al., 2010). TEM observation did show a high concentra-
tion of uncoated YHV nucleocapsids in the cytoplasm of
stromal and LTH cells. These particles were tightly packed
but were never found inside vesicles or surrounded by any
membrane (Figure 3d). On the contrary, the large aggregates
of completely coated YHV particles were always packed
inside membrane-bounded compartments or large vesicles,
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Figure 5. A schematic diagram illustrating the putative pathway
for YHV infection in stromal cells and haemocytes in the
lymphoid tubule wall. The viral particles enter the cells
by endocytosis, become uncoated, pass into the cyto-
plasm where the viral genomes are replicated, and nucleo-
capsid proteins synthesized. The nucleocapsids with
genomes bud into rough endoplasmic reticulum (RER)
and are transferred through RER-Golgi compartment
where the envelopes are formed. Eventually, the com-
pletely enveloped viral particles are packaged in secre-
tory vesicles and released by exocytosis at the cell mem-
brane.

comprising Golgi complexes (Figure 3e), dilated RER (Figure
3f) and large secretory vesicles (Figure 4a-e). Therefore, we
suggest that from the cytoplasm the nucleocapsids budded
into the membrane of RER, where the spike proteins were
synthesized from the whole positive RNA strand template or
parts of it on the RER-bound ribosomes. Once these spike
proteins were made they intercalated themselves into the
lipid of RER and Golgi complex membrane, much like the
synthesis and insertion of integral plasma membrane proteins
of mammalian cells as reported by many studies (MacKinnon,
2005; Lee et al., 2004). The budding of YHV nucleocapsids
into the membrane of RER and Golgi complexes, which
already bore spike proteins, could result in the formation of
completely enveloped YHV. These mature viral particles
could then be transported into large secretory vesicles
derived from the Golgi complexes. Finally, these large secre-
tory vesicles joined up with the plasma membrane and
released the mature YHV by exocytosis (Figure 4b-d). Alter-
natively, if the cells were highly infected they could succumb
and undergo necrosis and literally burst out and release both
coated and uncoated YHV particles through exocytosis and
general cellular break down.
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