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Abstract Atomic force microscopy (AFM) is a
sophisticated imaging tool with nanoscale resolution
that is widely used in structural biology, cell biology,
and material science, among other fields. However, to
date it has rarely been applied to the study of aquatic
animals, especially on one of the main cultured
species, shrimp. One reason for this is that no shrimp
cell line established until now, primary cell is fragile
and difficult to be studied under AFM. In this study,
we used AFM to image three different types of
biological material from shrimp (Litopenaeus van-
namei) in air, including hemocytes and two associated
pathogens. Without obvious deformations when the
cells were imaged in air and in the case for the
haemocytes and the cells were fixed as well. The result
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suggests hydrophobic glass coverslips are a suit-
able substrate for adhesion of these samples. The
method described here can be applied to the prepara-
tion of other fragile biological samples from aquatic
animals for high-resolution analyses of host—pathogen
interactions and other basic physiological processes.
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Introduction

Atomic force microscopy (AFM) has nanoscale res-
olution and can be used for three-dimensional (3D)
characterization and dynamic measurement of
research objects. AFM has been used in previous
studies to characterize chemically induced chromoso-
mal damage in animal cells such as Chinese hamster
ovary cells, to image human chromosomes (Ratana-
valachai and William 1996; Tamayo 2003; Tamiya
et al. 2003), also commonly used to image molecular
assemblies (Mayer et al. 2016; Marchante et al. 2017;
Galloway et al. 2017); thus, AFM has been applied to
structural, and cell biology, material science, and
medical research (Fotiadis et al. 2002; Alonso and
Goldmann 2003; Francis et al. 2010). However, it has
rarely been applied to research on aquatic animals.
There are no aquatic invertebrate cell lines that have
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been successfully established to date and only primary
cells are available for investigations at the cellular
level due to the difficulty of sample preparation.

In this study we developed a simple method for
imaging hemocytes, white spot syndrome virus
(WSSV), and Bacillus firmus (B. firmus) isolated from
shrimp (L. vannamei), which are representative
aquatic animal cells and pathogens (Yang et al.
1997; Lightner et al. 1998; Sun et al. 2012; Liu et al.
2012). The samples were mounted on glass coverslips
that were hydrophobized in order to improve sample
adsorption and reduce the risk of cellular damage. This
method can be used to investigate the topography of
any type of fragile sample including cells, viruses, and
bacteria by AFM.

Materials and methods
Preparation of hydrophobic glass coverslips

The glass coverslips were cleaned in a solution of 10%
KOH and 90% ethanol, dried with a gentle stream of
nitrogen, and exposed to a hexamethyldisilazane
(HMDS) vapor (Sigma-Aldrich, St. Louis, MO,
USA) as previously described (Roos 2011).

WSSV preparation for AFM imaging

Intact WSSV virus particles from infected crayfish
tissue were purified by differential centrifugation (Xie
et al. 2005), and a 20-pl drop of the solution was
placed in the middle of hydrophobic glass coverslips
followed by incubation at 4 °C for 30 min. After two
thorough rinses with TN buffer composed of
20 mmol/l Tris—HCI (pH 7.4) and 400 mmol/l NaCl,
the sample were dried under a stream of nitrogen for
AFM imaging.

Bacterial cell preparation for AFM imaging

Bacillus firmus was isolated from the intestines of
shrimp and identified in our laboratory, and was stored
at — 80 °C. Bacterial cells were cultured overnight at
37 °C in 2216E liquid medium and collected by low-
speed centrifugation, washed twice, and diluted in
sterilized water. A drop of the sample was placed on a
hydrophobic glass coverslip and dried with clean
nitrogen for AFM imaging.
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Animal cell preparation for AFM imaging

Hemocytes cells of healthy L. vannamei (body length:
8-10 cm) were isolated and centrifuged at 1000 x g for
7 min. The flocculent precipitate was resuspended in
2 x L15 (Gibco, Grand Island, NY, USA) containing
19% (v/v) fetal calf serum and 1% (v/v) penicillin and
streptomycin and incubated in a cell culture dish
(®35 mm; Corning Inc., Corning, NY, USA) at 28 °C
for 2 h. The medium was removed and the cells were
washed twice for 3 min each with 2 x phosphate-
buffered saline composed of 16 g/l NaCl, 5.8 g/l
Na,HPO,4-12 H,0, 0.4 g/1 KCI, and 0.4 g/l KH,PO,
(pH 7.4); the cells were then fixed in 2.5% glutaralde-
hyde (Solarbio, Beijing, China) for 10 min and
thoroughly rinsed twice with distilled water before
drying under clean nitrogen for AFM imaging.

Imaging by AFM

The samples were imaged by AFM (Model 5500
microscope; Agilent Technologies, Santa Clara, CA,
USA) in the tapping mode in air. Rectangular Si
cantilever type II probes were used to image the virus
and bacteria in air at a resonant frequency of 75 kHz
and elastic constant of 2.8 N/m (N9812B; Agilent
Technologies). Type VII probes were used to image
shrimp cells in air at a resonant frequency of 43 kHz
and elastic constant of 0.14 N/m (N9866A; Agilent
Technologies). All of the probes were also used to
image the polymer in liquid; stable images were
obtained at a scanning rate of 1.0-3.5 Hz.

Results
Analysis of WSSV topography by AFM imaging

Intact WSSV viral particles at an appropriate concen-
tration were immobilized on hydrophobic glass cov-
erslips to reduce the risk of damaging the fragile viral
envelope. The 3D topography analysis by AFM
revealed that although the envelope was incomplete,
the WSSV had a length and width of 343.3 £ 85.2 and
135.9 &£ 29.0 nm (N = 20), respectively (Fig. 1),
which is consistent with results obtained by transmis-
sion electron microscopy (Xie et al. 2005).
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Analysis of B. firmus topography by AFM imaging

Two flagella were observed on B. firmus cells
(Fig. 2a), each with a diameter of 9.4 4+ 0.7 nm
(N =20) (Fig. 2b). However, AFM imaging also
revealed many aflagellate bacteria, suggesting that
the flagellum is easily lost in the culture environment
or during sample preparation.

Analysis of shrimp cell topography by AFM
imaging

The surface characteristics of primary cultured hemo-
cytes of L. vannamei were examined from AFM
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Fig. 2 Surface topography of B. firmus cells imaged by AFM.
a In this image, two cells are superposed on four cells, with
scattered flagella also visible. b Analysis of the 3D topography
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images (Fig. 3). The byssus and inclusions of cells
growing on the substrate were clearly visible, and the
position of inclusions was higher than byssus in many
hemocytes cells imaged by AFM in air. In addition, the
cell membrane appeared fragile and sticky.

Discussion

Sample preparation is a key step for imaging by AFM.
Modified substrates can improve the adsorption of
sample surface proteins and thereby reduce the risk of
damage to fragile samples. Many types of substrate
have been used for AFM including mica, glass, and
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of flagella in the area enclosed by a square in (a) using the open
source software Gwyddion
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Fig. 3 Surface topography
of primary cultured
hemocytes cells of L.
vannamei imaged by AFM.
a The byssus and cell
inclusions of hemocytes
were clearly visible.

b Analysis of the 3D
topography of cell
inclusions in the area
enclosed by the square in
panel A using the open
source software Gwyddion.
¢, d The position of
inclusions was higher than
byssus in many hemocytes
cells imaged by AFM in air

graphite, among others. Tobacco mosaic virus samples
have been prepared on mica and graphite for AFM
imaging (Dubrovin et al. 2004). Chemical modifica-
tion of a mica surface was shown to enhance the
adhesion of viral particles, which allowed the acqui-
sition of highly reproducible images (Dubrovin et al.
2007). Glass coated with poly-L-lysine, graphite
processed with poly-L-lysine, and highly oriented
pyrolytic graphite have been employed to image
herpes simplex virus by AFM, with the latter two
substrates showing superior capacity for promoting
viral particle adsorption (Liashkovich et al. 2008). Lei
et al. described the rapid and label-free detection of
WSSV using a surface plasmon resonance (SPR)
device based on gold films prepared by electroless
plating (Lei et al. 2008). Liu et al. described a method
to image WSSV which suspended in PBS buffer were
deposited onto freshly cleaved mica surface (Liu et al.
2010). In this study we used glass coverslips that were
rendered hydrophobic with HMDS to image shrimp
hemocytes and two associated pathogens in air, the
image of all three particles showed in an improved
resolution and quality without obvious deformations.
And these can be further processed with other reagents
to broaden their applicability to the research in liquid.

In order to preserve sample integrity, a low
centrifugal force was applied during virus purification
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900.0 nm

and bacterial enrichment to avoid damaging the
capsule membrane and flagella, respectively. Hemo-
cytes were obtained from healthy L. vannamei and
fixed in glutaraldehyde, which helped to prevent cell
degradation, autolysis, and deformation. Since the cell
membrane was fragile and sticky, we used probes with
lower resonance frequency and elastic constants and a
lower scanning rate, since the drag force between the
probe and edge can reduce image resolution.

The morphology L. vannamei hemocytes, WSSV,
and B. firmus were described detailed by ATM in this
study. The measured length of the WSSV nucleocap-
sid increased when the envelope was disrupted, and
the structures of the virion envelope and nucleocapsid
were not clearly visible due to the low resolution of
imaging in air and the limitations of the sample
preparation method. Interaction of some WSSV cap-
sule membrane proteins with the host cell has been
observed by immunofluorescence imaging—e.g.,
vp37 with BP53 (Liu et al. 2009; Liang et al. 2015;
Li et al. 2016) and vp28 with PmRab7 (Sritunyaluck-
sana et al. 2006). However, the mechanism of
infection has not been fully described. Sample visu-
alization at the single-particle level by AFM could be
used to highlight mechanism of infection.

AFM is widely used in nanoscale imaging and
related dynamic measurement. Marchante et al. used
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quantitative AFM and single-particle image analysis
to characterize the morphology and suprastructure of
the synthetic Sup35NM prion particles, and resolve
their size distribution and particle concentration to a
high quantitative detail (Marchante et al. 2017). In
many of the molecular structure of study, to get more
comprehensive detailed data, need to combine a
variety of ways to get data for analysis. Galloway
et al. revealed a network of hexagonal and irregular
features on the SiO,-SAGE surface using various
methods, such as PDMPO fluorescence spectra, TEM
images, SEM images, AFM plots, CLEM images,
bright field and fluorescence LM images and so on
(Galloway et al. 2017). These researches are mostly
leading the research field of aquatic animals to some
extent. As we know, aquaculture is a growing big
industrial in the world, and shrimp is one of mainly
cultured species, also facing threaten by major
diseases and new emerging diseases. Researches on
diseases prevention and control are an urgent need in
aquaculture. Due to unsuccessful establishment of
shrimp cell lines, some challenging technologies and
methods are limited applied in research on diseases
prevention and control measurement in aquaculture.
We used laser confocal microscopy to research the
co-localization between WSSV membrane protein
with binding sites on shrimp hemocytes to reveal the
virus infection mechanisms (Ma et al. 2014, 2016;
Liang et al. 2015; Liu et al. 2015; Li et al. 2016).
However, the limitation of optical microscope mag-
nification and the resolution confined to subcellular
localization relied on the accumulation of fluorescent
signals, which lacking accurate analysis the ultra-
structure on cell surface. With nanoscale resolution,
AFM is a promising tool to study the mechanism of
virus infection in ultrastructure scale. The method
described in this study can be employed to examine the
topography of fragile samples such as the primary
cells of aquatic animals and their associated patho-
gens, would laid a foundation for the high-resolution
analyses of host—pathogen interactions and other basic
physiological processes in aquatic animals.

Conclusions
The results of this study provide the description of the

3D morphology of hemocytes of L. vannamei and
WSSV particles and B. firmus associated with this

species, which was resolved by AFM imaging in air.
The method of sample preparation and imaging by
AFM described in this study would lay a foundation
for the high-resolution analyses of host—pathogen
interactions and other basic physiological processes in
aquatic animals.
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