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ABSTRACT: The structural stability of white spot syndrome virus (WSSV) capsids at high salinity,
high temperature and various pH values was studied. To obtain the viral capsids, the nucleocapsids were treated with high salinity. The results showed that high salinity treatment can cause the
dissociation of VP15 and most of VP95 from the nucleocapsid, but there were no noticeable alterations in morphology and ultrastructure of the nucleocapsid and capsid. The capsids retained morphological integrity at temperatures < 45°C but became aberrant at > 60°C. In addition, the capsids
were relatively resistant to strong acid conditions and were tolerant to a broad pH range of 1 to 10.
However, morphological change occurred at pH 10.5. The capsids broke up into small pieces at
pH 11 and completely degraded in 0.1 and 1.0 M NaOH. These results indicated that the WSSV
capsid is acid-stable and alkali-labile.
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INTRODUCTION
White spot syndrome virus (WSSV), the only
member of the family Nimaviridae, is a rod-shaped
enveloped virus with a double-stranded circular
DNA genome encoding approximately 180 proteins
(van Hulten et al. 2001, Yang et al. 2001, Chen et al.
2002). The virion has a multilayered structure comprising a nucleocapsid surrounded by a thick, lipidcontaining envelope (Zhou et al. 2008). About 40
structural proteins of the WSSV virion have been so
far identified by mass spectrometry analysis, including 8 nucleocapsid proteins: VP664, VP190, VP136,
VP95, VP76, VP60, VP51 and VP15 (Tsai et al. 2004,
Wu & Yang 2006, Xie et al. 2006, Li et al. 2007).
Among them, VP664 is the major capsid protein regularly distributed around the periphery of the nucleocapsid and it may contribute primarily to the assembly and morphogenesis of the virion (Leu et al. 2005).
VP51 (also named VP466 or VP51C) is responsible for
envelopment of the nucleocapsid by direct interaction with envelope protein VP26 (Wan et al. 2008).
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VP15 is a DNA-binding protein functionally similar
to histone (Zhang et al. 2001, Witteveldt et al. 2005)
and considered to be a core protein (Tsai et al. 2006).
Reportedly, high salinity treatments could not dissociate WSSV capsid but could lead to the complete
removal of VP15 and genome from the viral nucleocapsid (Tsai et al. 2006, Wu & Yang 2006). VP15 was
found to contribute to the viral DNA packaging process by directly condensing viral DNA (Liu et al.
2010, Sangsuriya et al. 2011).
The nucleocapsid is formed by assembling capsid
proteins and viral genomic DNA or RNA. In addition
to the protection of viral genomes, the capsid also
participates in the delivering of viral genome during
the infection process and encapsidation of viral
genome during the packaging of nascent progeny
virus (Bartenschlager et al. 1990, Hirsch et al. 1990).
Although significant progress has been made to
identify the WSSV major capsid proteins, little work
has been done to analyze the properties of the viral
capsid itself. In the present study, we explored the
stability of the WSSV capsid at high salinity, high
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temperature and various pH values, which will facilitate our understanding of the assembly mechanism
of the WSSV nucleocapsid or capsid and help to
develop appropriate control strategies.

MATERIALS AND METHODS

treated with DNase I (1 U µl−1) at room temperature
for 2 h to remove the DNA. The capsids were sedimented by centrifugation at 2000 × g for 20 min at
4°C and resuspended in TNM buffer for further
analysis. The viral genomic DNA in purified capsids
was extracted with phenol/chloroform and detected
by agarose gel electrophoresis.

Purification of WSSV capsids
Temperature and pH treatments
The WSSV virions and nucleocapsids were prepared and purified as previously described (Xie et al.
2005, 2006). To obtain capsids, the nucleocapsids that
had been suspended in TNM buffer (20 mM TrisHCl/pH 7.6, 150 mM NaCl, 2 mM MgCl2) were
mixed with an equal volume of TNK high salinity
buffer (20 mM Tris-HCl/pH 7.6, 0.8 M NaCl, 0.8 M
KCl). The solution became quite viscous due to
release of viral genomic DNA from the nucleocapsids. Then, an equal volume of distilled water was
added and mixed by inversion. The resulting fibrous
precipitate was washed twice with TNM buffer and

The capsids suspended in TNM buffer were incubated for 1 h at 37, 45, 60, 80 or 100°C. Then the capsid suspensions were immediately cooled on ice and
examined by transmission electron microscopy
(TEM). Furthermore, to investigate the tolerance of
WSSV capsid to extreme pH, the capsids were incubated in 0.1 or 1 M HCl, as well as 0.1 or 1 M NaOH
at room temperature for 1 h and then dialyzed
overnight against TMS buffer at 4°C for TEM and
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analyses, respectively. In order

Fig. 1. Electron micrographs of (a) purified white spot syndrome virus (WSSV) nucleocapsids, (b) empty purified capsids, and
heat-treated capsids at (c) 37, (d) 60, (e) 80 and (f) 100°C
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to study the stability of WSSV capsid under alkaline
conditions, the capsids were incubated in 0.1 M carbonate-bicarbonate buffer at pH 9, 9.5, 10, 10.5 or 11
at room temperature for 1 h with slight shaking.
Finally, the samples were examined by TEM.

Transmission electron microscopy (TEM)
Viral specimens were adsorbed onto 200 mesh
carbon-coated nickel grids for 30 min at room temperature, and the excess liquid was carefully blotted
with Whatman filter paper. Then, the grids were
washed 3 times with distilled water and negatively
stained with 2% phosphotungstic acid (PTA) for
1 min. The excess stain was drained off with filter
paper and the specimens were examined with a TEM
(JEM-1230, JEOL).

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)
The nucleocapsids, capsids or treated samples
were mixed with equal volumes of 2 × Laemmli
buffer (Laemmli 1970) with 10% β-ME, heated at
100°C for 10 min and separated by 12% polyacrylamide gel. Protein bands were visualized using
Coomassie brilliant blue R-250 staining.

RESULTS
The WSSV capsids were prepared by high salinity
treatment. The viral genomic DNA was not detected
from purified capsids by agarose gel electrophoresis
(data not shown). The TEM results revealed that
there was no significant difference in the morphological appearance between the nucleocapsids (Fig. 1a)
and capsids (Fig. 1b), and the profiles of the capsid
subunits (capsomers) were clearly visible on their
surface, suggesting that ionic interactions between
capsomers may make a relatively small contribution
to the stability of the capsid. Whether perceptible differences in the protein composition between the
nucleocapsids and capsids occurred was not clear. In
order to visualize the protein components, the nucleocapsids and capsids were analyzed by SDS-PAGE.
The results indicated that the high salinity treatment
completely removed the core protein VP15 from the
nucleocapsids (Fig. 2, Lanes 1 and 2), indicating that
VP15 is not a structural component of the viral capsids. In addition, the VP95 protein was significantly

Fig. 2. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of purified white spot syndrome virus (WSSV) nucleocapsid (Lane 1), empty capsids
(Lane 2), 1 M HCl-treated capsids (Lane 3), 0.1 M-treated
capsids (Lane 4), 1 M NaOH-treated capsids (Lane 5) and
0.1 M NaOH-treated capsids (Lane 6) for structural proteins,
including VP95 (asterisks) and core protein VP15 (arrow).
Lane M: low molecular mass protein marker

reduced in the capsids compared with the nucleocapsids (Fig. 2, Lanes 1 and 2). The results of the high
salinity treatment suggested that the partial dissociation of VP95 from the nucleocapsids may be related
to the release of VP15 and viral DNA.
To estimate the effects of different temperature on
capsid structure, the capsids suspended in TNM
buffer were incubated for 1 h at 37, 45, 60, 80 or
100°C. The TEM observation showed that no obvious
conformation changes were observed in the capsids
treated at 37°C (Fig. 1c) or 45°C (data not shown).
However, the surface structure of the capsid was no
longer visible after incubating at 60°C for 1 h
(Fig. 1d). Heating up to 80 or 100°C, the capsids were
further disrupted into amorphous masses (Fig. 1e,f).
The results indicated that the structure of the capsids
is stable at a temperature lower than 45°C, but as the
temperature rises, the capsids form disorganized
aggregates due to thermal denaturation.
Moreover, to investigate the tolerance of WSSV
capsid to extreme pH, the capsids were incubated in
0.1 or 1 M HCl, as well as 0.1 or 1 M NaOH. The TEM
results showed that the 0.1 M HCl treatment did not
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Fig. 3. Electron microscopic analysis of (a) white spot syndrome virus (WSSV) capsids, (b) 0.1 M HCl-treated capsids, (c) 1 M
HCl-treated capsids, and capsids incubated at (d) pH 10, (e) pH 10.5 and (f) pH 11

cause significant change in capsid morphology, and
capsomeres remained clearly discernible (Fig. 3a,b).
However, the capsid was disrupted into amorphous
structure that no longer retained the capsomeric
detail, but its outline was still visible after treatment
with 1 M HCl (Fig. 3c). The acid-treated protein components were further analyzed by SDS-PAGE. As
shown in Fig. 2, there was no obvious change in the
protein bands between HCl-treated and untreated
capsids (Fig. 2, Lanes 2, 3 and 4). On the contrary,
after 0.1 or 1 M NaOH treatment, no capsids or small
pieces were visible by TEM (data not shown), and
also no distinguishable protein bands were seen by
SDS-PAGE (Fig. 2, Lanes 5 and 6), suggesting that
viral capsid proteins are likely to undergo degradation under strong alkaline conditions.
To further examine the stability of WSSV capsid
under alkaline conditions, the capsids were incubated in 0.1 M carbonate-bicarbonate buffer at pH 9,
9.5, 10, 10.5 or 11. The TEM results showed that viral
capsids appeared to have no significant morphological transformation after treatment at pH 9, 9.5 or 10

(Fig. 3d). However, at pH 10.5, the capsids appeared
to undergo breakage and their structure became
loose (Fig. 3e). Surprisingly, the capsids were completely disrupted into small patches at pH 11 (Fig. 3f).
Although, alkaline conditions of pH 10.5 or greater
led to significant disruption of the capsid structure,
we did not observe any free capsomeres.

DISCUSSION
In order to gain insight into the structure, organization and assembly of the WSSV nucleocapsid and
capsid, we examined their stability to high salinity,
high temperature and extreme pH. After the high
salinity treatment, removal of the core protein VP15
and viral genomic DNA appeared to have no effect
on the morphology and ultrastructure of nucleocapsid or capsid (Fig. 1a,b), suggesting that both VP15
and DNA are not required for the maintenance of the
capsid structure. The data from SDS-PAGE showed
that, concomitant with the release of VP15, most of
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the VP95 was also released from nucleocapsids
(Fig. 2, Lanes 1 and 2). VP95 is a protein present in
both the viral envelope and nucleocapsid fractions
(Xie et al. 2006), but its functional properties have not
yet been examined. Based on the above experimental results, we speculated that VP95 might participate
in the release of virus nucleoprotein core consisting
of VP15 and genomic DNA.
The pH dependence on the stability of the capsids
was assessed by incubating them at various pH values. The capsids were found to be acid resistant but
complete disruption took place under strong alkaline
conditions (0.1 or 1 M NaOH). In addition, the capsids’ structure became broken and loose at pH 10.5
(Fig. 3e) and disrupted into small patches at pH 11
(Fig. 3f). Normally, for large DNA viruses, uncoating
(loss of viral capsid) is required prior to viral genome
delivery into the nucleus. The above experimental
data provided a suggestion that the uncoating of
WSSV may occur in a relatively alkaline compartment within the host cell. The mechanism of entry
and uncoating of WSSV is unknown at present, and
further studies are needed to verify our hypothesis.
In conclusion, in the present study, we found that
(1) the high salinity treatment can cause the dissociation of VP15 and most of VP95 from the nucleocapsid,
but with no noticeable alterations in morphology and
ultrastructure of the nucleocapsid and capsid, which
suggests that these peptides are not part of its structure; (2) at temperatures lower than 45°C the capsids
retained their morphological integrity but became
aberrant at temperatures higher than 60°C; and
(3) capsids are acid resistant but not alkaline resistant, as shown by stability at a broad pH range (1 to
10) but degradation at pH 10.5.
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