
veterinary
sciences

Article

Microscopic Visualisation of Zoonotic Arbovirus
Replication in Tick Cell and Organ Cultures Using
Semliki Forest Virus Reporter Systems

Lesley Bell-Sakyi 1,2,*, Sabine Weisheit 1,2,†, Claudia Rückert 1,2,‡, Gerald Barry 2,§,
John Fazakerley 1,2,‖ and Rennos Fragkoudis 1,2

1 The Pirbright Institute, Ash Road, Pirbright, Surrey GU24 0NF, UK; Sabine.Weisheit@rr-research.no (S.W.);
claudia.rueckert@colostate.edu (C.R.); john.fazakerley@unimelb.edu.au (J.F.);
rennos.fragkoudis@pirbright.ac.uk (R.F.)

2 The Roslin Institute and Royal (Dick) School of Veterinary Studies, University of Edinburgh, Easter Bush,
Midlothian EH25 9RG, UK; gerald.barry@ucd.ie

* Correspondence: lesley.sakyi@pirbright.ac.uk; Tel.: +44-1483-231396
† Present address: Department of Molecular Cell Biology, Institute for Cancer Research,

Oslo University Hospital, Montebello N-0379, Norway.
‡ Present address: Department of Microbiology, Immunology and Pathology, College of Veterinary Medicine

and Biomedical Sciences, Colorado State University, Fort Collins, CO 80523, USA.
§ Present address: Veterinary Sciences Centre, School of Veterinary Medicine, University College Dublin,

Dublin 4, Ireland.
‖ Present address: Faculty of Veterinary and Agricultural Sciences, The University of Melbourne,

Building 142, Royal Parade, Parkville, Melbourne, Victoria 3010, Australia.

Academic Editor: Ulrike Munderloh
Received: 28 July 2016; Accepted: 22 September 2016; Published: 29 September 2016

Abstract: Ticks are vectors and reservoirs of many arboviruses pathogenic for humans or domestic
animals; in addition, during bloodfeeding they can acquire and harbour pathogenic arboviruses
normally transmitted by other arthropods such as mosquitoes. Tick cell and organ cultures provide
convenient tools for propagation and study of arboviruses, both tick-borne and insect-borne, enabling
elucidation of virus-tick cell interaction and yielding insight into the mechanisms behind vector
competence and reservoir potential for different arbovirus species. The mosquito-borne zoonotic
alphavirus Semliki Forest virus (SFV), which replicates well in tick cells, has been isolated from
Rhipicephalus, Hyalomma, and Amblyomma spp. ticks removed from mammalian hosts in East Africa;
however nothing is known about any possible role of ticks in SFV epidemiology. Here we present
a light and electron microscopic study of SFV infecting cell lines and organ cultures derived from
African Rhipicephalus spp. ticks. As well as demonstrating the applicability of these culture systems
for studying virus-vector interactions, we provide preliminary evidence to support the hypothesis
that SFV is not normally transmitted by ticks because the virus does not infect midgut cells.
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1. Introduction

Ixodid and argasid ticks transmit a wide range of pathogenic arboviruses of medical and/or
veterinary importance; most of these are RNA viruses belonging to the families Bunyaviridae,
Flaviviridae, and Reoviridae, while a single DNA virus, African swine fever virus of the family
Asfarviridae, is harboured and transmitted by argasid ticks of the genus Ornithodoros [1]. Ticks also
harbour many viruses that are not known to cause disease in humans or livestock, but can replicate
in vertebrate cells [2]. Recently, the existence of a third group of apparently endogenous “tick-only”
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viruses has been recognised; of these only one, the orbivirus St Croix River virus, has been fully
sequenced and characterised in vitro [3,4]. Other putative endogenous tick viruses have only been
detected by electron microscopy in cultured tick cells [4–6], as partial RNA sequences identified through
high-throughput screening of field tick samples (reviewed by [7]), or as partial DNA sequences present
in tick genomes [8]. A fourth group of viruses detected in ticks by in vitro isolation and/or molecular
techniques comprises arboviruses that are normally transmitted by other arthropods, in particular
mosquitoes. These include zoonotic pathogens such as West Nile virus, Rift Valley fever virus,
and chikungunya virus [9–11].

Continuous tick cell lines have been used for propagation and study of tick-borne and insect-borne
arboviruses for over 40 years (reviewed by [12]). Many of the arboviruses harboured by ticks can
be propagated in tick cell cultures, whether or not ticks are their usual vectors [12]. One such virus,
the mosquito-borne Alphavirus Semliki Forest virus (SFV), has proved to be a useful model arbovirus
for a range of different in vitro studies in tick cells [13–17]. In vitro, SFV infects and replicates in
arthropod cell lines of both vector (mosquito) and non-vector (tick) origin, as determined by titration on
mammalian cells and using virus constructs incorporating reporter genes for fluorescent or luminescent
proteins [16,18–20]. By electron microscopy (EM), structures associated with SFV replication complexes
have been described in infected mammalian and mosquito cells; these include two types of cytopathic
vacuole (CPV): CPV-I in which membranous spherules project from the interior surface, and CPV-II
on which viral nucleoids are arranged in arrays on the surface of areas of dilated endoplasmic
reticulum [21–23]. However, SFV replication and production of virus particles in tick cells has not been
visualised by EM, and moreover there are few EM studies illustrating actual tick-borne viruses in tick
cell lines [4–6,24,25].

Tick organ cultures also provide useful model systems for studying tick-microorganism
interactions at the tissue/organ/whole organism level. Developing adult explant cultures [26]
were used for propagation of Colorado tick fever virus [27], long-term infection with tick-borne
encephalitis virus (TBEV) and Powassan virus [28,29], and in vitro development of the protozoan
parasite Theileria annulata [30]. Such organ culture systems offer potential for wider application,
especially with the advent of reporter viruses capable of expressing fluorescent proteins that can be
used for rapid light microscopic identification of infected cells and tissues [31–33].

In the present study we used different approaches to demonstrate the application in arbovirus
research of tick cell and organ cultures combined with reporter viruses. We used light microscopy and
EM to visualise SFV replication complexes and mature virus particles in a Rhipicephalus decoloratus
cell line. We included Aedes albopictus mosquito and mammalian cells infected with SFV as positive
controls for the infected tick cells. We used light microscopy to examine the distribution of SFV-infected
tissues in Rhipicephalus evertsi developing adult organ cultures and to determine whether or not cells
with midgut morphology in a R. evertsi cell line become infected with SFV.

2. Materials and Methods

2.1. Cell Lines

The R. decoloratus tick cell line BDE/CTVM16 [34] at passage level 76 was grown in L-15 (Leibovitz)
medium supplemented with 10% tryptose phosphate broth (TPB, Invitrogen, Paisley, UK), 20%
foetal bovine serum (FBS, Labtech International, Uckfield, UK), 2 mM L-glutamine, and antibiotics
(100 units/mL penicillin, and 100 µg/mL streptomycin; Sigma-Aldrich, Poole, UK) (complete L-15) at
28 ◦C. The R. evertsi tick cell line REE/CTVM28 [6] at passage level 36 was grown in a 1:1 mixture of
L-15 (Leibovitz) medium and Minimal Essential Medium (MEM) with Hanks’ salts (Sigma-Aldrich,
Poole, UK), supplemented as above, at 28 ◦C. Prior to virus infection, tick cells were seeded in 2 mL
volumes in sealed flat-sided culture tubes (Nunc) at a density of 8 × 105 cells/mL and incubated
overnight. The Ae. albopictus mosquito cell line C6/36 [35] was grown in L-15 (Leibovitz) medium
supplemented with 10% TPB and 10% FBS [36] at 28 ◦C. The mammalian cell line BHK-21 [37] was
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grown in Glasgow MEM medium (Invitrogen, Paisley, UK supplemented with 10% newborn calf serum
(Seralab, West Sussex, UK), 10% TPB, and antibiotics as above, at 37 ◦C in a humidified atmosphere
of 5% CO2 in air. Prior to virus infection, C6/36 and BHK-21 cells were seeded in 2 mL volumes in
six-well plates at densities of, respectively, 8 or 3 × 105 cells/well and incubated overnight.

2.2. Tick Organ Cultures

Engorged nymphal R. evertsi ticks, kindly provided by Ard Nijhof and Frans Jongejan, Utrecht
Centre for Tick-borne Diseases, were processed as described previously [30] about half way through
the pre-eclosion period when developing adult tissues were visible at the anterior of the nymphal
integument. Briefly, moulting nymphs were surface-sterilised in 0.1% benzalkonium chloride (5 min)
and 70% ethanol (1 min), dried, embedded dorsal side uppermost in sterile wax and immersed in
Hanks balanced salt solution. The dorsal half of the nymphal integument was removed by cutting
round the midline and severing the tracheae at the spiracles, then each “whole nymph explant” was
placed on a sterile glass 6 × 22 mm coverslip with 0.2 mL of complete L-15 medium inside a sealed
flat-sided culture tube and incubated at 28 ◦C overnight prior to virus infection.

2.3. Viruses

The SFV construct SFV4(3F)-ZsGreen [32], expressing ZsGreen fused to the non-structural protein
nsP3 and resulting in punctate green fluorescence associated with viral replication complexes, was used
to infect the cell cultures. This enabled quantification by light (fluorescence) microscopy both of infected
cells per culture and of replication complexes per cell, prior to harvest and fixation for EM. Following
overnight incubation, seeded BDE/CTVM16, C6/36, BHK-21, and REE/CTVM28 cells were infected
with SFV4(3F)-ZsGreen suspended in phosphate buffered saline (PBS) with 0.75% bovine serum
albumin (PBSA) at a multiplicity of infection of 10 to ensure simultaneous infection of maximum
numbers of cells in each culture. The SFV construct SFV4-steGFP [31], expressing enhanced green
fluorescent protein (eGFP) as a cleavable component of the structural open reading frame which results
in diffuse green fluorescence within virus-infected arthropod cells, was used to infect R. evertsi organ
cultures by directly adding virus suspended in PBSA.

2.4. Monitoring of Virus-Infected Cultures

SFV-infected BDE/CTVM16, C6/36, and BHK-21 cell cultures were examined by fluorescence
microscopy (Axio Observer inverted microscope, Carl Zeiss, Jena, Germany) to determine the
percentage of infected cells and the approximate number of replication complexes within the infected
cells. SFV-infected REE/CTVM28 cell cultures were examined as above to investigate whether
midgut-like cells were infected with virus. SFV-infected and uninfected R. evertsi whole nymph
explants were examined by light and fluorescence stereoscopic microscopy (Stemi SV 11 binocular
dissecting microscope, Carl Zeiss, Jena, Germany), and inverted microscopy as above, to determine
location of infected tissues. Photographs were taken with a charge-coupled device (CCD) digital
camera and analysed with Axiovision software (Carl Zeiss, Jena, Germany).

2.5. Harvest, Fixation, and Processing of Cells for EM

One sample was collected from each of the uninfected (mock-infected) cell lines, and two samples,
representing early and late stages of SFV infection, were collected from each of the infected cell lines.
These time points are detailed in Table 1. Cells were harvested by gentle detachment and centrifuged
at 200× g for 5 min; the supernatant medium was discarded, the cell pellet was resuspended gently in
1 mL PBS and centrifuged as before. The supernatant PBS was discarded and the cell pellet was fixed
and processed as described previously [6]. Sections were viewed in a Phillips CM120 transmission
electron microscope. Images were taken using a Gatan Orius CCD camera.



Vet. Sci. 2016, 3, 28 4 of 13

Table 1. Sample time points for each cell line examined by electron microscopy. Each sample
represented the entire contents of a single well or tube of cells; hpi = hours post infection with
Semliki Forest virus (SFV) or mock infection.

Cell Line First Sample Second Sample

BDE/CTVM16
Mock-infected 24 hpi 48 hpi
SFV-infected 24 hpi

C6/36
Mock-infected 24 hpi 24 hpi
SFV-infected 10 hpi

BHK-21
Mock-infected 10 hpi 10 hpi
SFV-infected 6 hpi

3. Results

3.1. Ultrastructural Visualisation of SFV in Infected Cells

Structures associated with SFV replication and production were clearly visible by EM in tick,
mosquito, and mammalian cells infected with SFV4(3F)-ZsGreen. These included structures with
features resembling those of CPV-I and CPV-II associated with virus replication in mammalian and
mosquito cells [21–23,38], and apparently mature virus particles being released from the outer cell
membrane. No structures resembling any virus particles or replication complexes were seen in
mock-infected control cells (data not shown).

3.1.1. SFV in Tick Cell Line BDE/CTVM16

By light microscopy, 93% of BDE/CTVM16 cells were detectably infected with SFV at 24 h
post infection (hpi), with 1–9 visible foci of fluorescence (equivalent to replication complexes) per
cell (data not shown). At 48 hpi foci of fluorescence were seen in 81% of cells, with 1–6 foci per
cell (Figure 1a). At 24 hpi, EM examination revealed small arrays of spherule-like structures in the
cytoplasm resembling those lining CPV-I (Figure 1b) and a cluster of spherule-like structures within
a large intracellular vacuole (Figure 1c); however, these were not as distinct and regularly arranged as
those described previously [21,22,38]. Numerous alphavirus-like particles were seen budding or being
released from the outer membrane of some of the cells at 24 (Figure 1d–f) and 48 hpi. No structures
resembling CPV-II in mammalian cells were seen by EM in BDE/CTVM16 cells at either time point.

3.1.2. SFV in Mosquito Cell Line C6/36

By light microscopy, the detectable infection rate of C6/36 cells with SFV at 10 hpi was 98%, with
1–15 visible foci of fluorescence per cell (Figure 2a). A similar picture was seen at 24 hpi. In C6/36 cells
at 10 hpi, structures similar to those previously labelled as CPV-II [22] (Figure 2b) and mature virions
associated with membranes and budding from the cell surface were seen by EM. At 24 hpi, numerous
apparently mature virus particles were seen at the outer membrane of infected cells (Figure 2c).
Structures convincingly resembling CPV-I were not seen by EM in C6/36 cells at either time point.
However, both SFV-infected and mock-infected C6/36 cells were found to harbour large accumulations
of icosahedral virus-like particles with a diameter of 55–60 nm both within intracytoplasmic vacuoles
and apparently free in the cytoplasm, sometimes forming crystalline arrays (Figure 2d). The identity
of this apparently endogenous virus is unknown.
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Figure 1. SFV in the tick cell line BDE/CTVM16. (a) Light micrograph of SFV-infected tick cells at 48 
hpi; foci of green fluorescence correspond to location of viral replication complexes. Scale bar 50 µm; 
combined brightfield and ultra-violet (UV) illumination; (b–f) Electron micrographs of SFV-infected 
tick cells at 24 hpi; (b) Array of intracellular spherules resembling those associated with CPV-I 
(arrows); scale bar 0.5 µm; (c) Cluster of intracellular spherules (arrow); scale bar 0.2 µm; (d,e) Virus 
particles (arrows) at the surface of the cell membrane; scale bar 0.2 µm; (f) Higher magnification view 
of virus particles at the cell surface; scale bar 0.1 µm. 

3.1.3. SFV in BHK-21 Cells 

By light microscopy, 97% of BHK-21 cells were detectably infected with SFV at 6 hpi, with around 
10–50 visible foci of fluorescence per cell (data not shown). By 10 hpi 100% of cells were infected (Figure 
2e). By EM, spherule-like structures resembling those associated with CPV-I (Figure 2f) and 
nucleoid/nucleocapsid-like structures resembling those associated with CPV-II [21,22] (Figure 2f,g) 
were seen at both time points; the latter appeared to be arranged in spirals or all over the surface of 
small sections of host membranes. At 10 hpi, many of the CPV-II-like structures seen at 10 hpi were 
present and putative external spherules [39] and virus particles apparently budding or being released 
from the cell surface were seen (Figure 2h).  

Figure 1. SFV in the tick cell line BDE/CTVM16. (a) Light micrograph of SFV-infected tick cells at
48 hpi; foci of green fluorescence correspond to location of viral replication complexes. Scale bar 50 µm;
combined brightfield and ultra-violet (UV) illumination; (b–f) Electron micrographs of SFV-infected
tick cells at 24 hpi; (b) Array of intracellular spherules resembling those associated with CPV-I (arrows);
scale bar 0.5 µm; (c) Cluster of intracellular spherules (arrow); scale bar 0.2 µm; (d,e) Virus particles
(arrows) at the surface of the cell membrane; scale bar 0.2 µm; (f) Higher magnification view of virus
particles at the cell surface; scale bar 0.1 µm.

3.1.3. SFV in BHK-21 Cells

By light microscopy, 97% of BHK-21 cells were detectably infected with SFV at 6 hpi, with around
10–50 visible foci of fluorescence per cell (data not shown). By 10 hpi 100% of cells were infected
(Figure 2e). By EM, spherule-like structures resembling those associated with CPV-I (Figure 2f) and
nucleoid/nucleocapsid-like structures resembling those associated with CPV-II [21,22] (Figure 2f,g)
were seen at both time points; the latter appeared to be arranged in spirals or all over the surface of
small sections of host membranes. At 10 hpi, many of the CPV-II-like structures seen at 10 hpi were
present and putative external spherules [39] and virus particles apparently budding or being released
from the cell surface were seen (Figure 2h).
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Figure 2. SFV in the mosquito cell line C6/36 and mammalian cell line BHK-21. (a) Light micrograph of 
SFV-infected C6/36 cells at 10 hpi; foci of green fluorescence correspond to location of viral replication 
complexes. Scale bar 50 µm; combined brightfield and UV illumination; (b,c) Electron micrographs of SFV-
infected C6/36 cells at 24 hpi; (b) Arrays of nucleiods associated with putative CPV-II (arrows); scale bar 
0.2 µm; (c) Putative virus particles (arrow) at the surface of the cell membrane; scale bar 0.2 µm; (d) 
Endogenous virus in uninfected C6/36 cell (arrows); scale bar 1 µm; (e) Light micrograph of SFV-infected 
BHK-21 cells at 10 hpi; foci of green fluorescence correspond to location of viral replication complexes; scale 
bar 50 µm; combined brightfield and UV illumination; (f–h) Electron micrographs of SFV-infected BHK-
21 cells; scale bars 0.2 µm; (f) Spherules associated with putative CPV-I (arrowhead) and numerous 
nucleoids associated with putative CPV-II (arrows) at 6 hpi; (g) CPV-II (arrow) at 6 hpi; (h) Putative 
spherules and virus particles at the cell surface (arrow) at 10 hpi. 

Figure 2. SFV in the mosquito cell line C6/36 and mammalian cell line BHK-21. (a) Light micrograph of
SFV-infected C6/36 cells at 10 hpi; foci of green fluorescence correspond to location of viral replication
complexes. Scale bar 50 µm; combined brightfield and UV illumination; (b,c) Electron micrographs of
SFV-infected C6/36 cells at 24 hpi; (b) Arrays of nucleiods associated with putative CPV-II (arrows);
scale bar 0.2 µm; (c) Putative virus particles (arrow) at the surface of the cell membrane; scale bar
0.2 µm; (d) Endogenous virus in uninfected C6/36 cell (arrows); scale bar 1 µm; (e) Light micrograph of
SFV-infected BHK-21 cells at 10 hpi; foci of green fluorescence correspond to location of viral replication
complexes; scale bar 50 µm; combined brightfield and UV illumination; (f–h) Electron micrographs of
SFV-infected BHK-21 cells; scale bars 0.2 µm; (f) Spherules associated with putative CPV-I (arrowhead)
and numerous nucleoids associated with putative CPV-II (arrows) at 6 hpi; (g) CPV-II (arrow) at 6 hpi;
(h) Putative spherules and virus particles at the cell surface (arrow) at 10 hpi.
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3.2. Distribution and Cell Tropism of SFV in Infected Tick Organ and Cell Cultures

3.2.1. SFV in R. evertsi Organ Cultures

Uninfected developing adult organ cultures displayed strong autofluorescence of the white
guanine crystals contained within the rectal sac (Figure 3a,b) while other tissues, or haemocytes that
had migrated or floated outwards from the main explant, did not fluoresce. At 48 hpi, cultures infected
with SFV4-steGFP additionally showed specific eGFP fluorescence in light-coloured tissues of the
developing adult limbs, mouthparts, integument, and fat body, but the black midguts did not fluoresce
(Figure 3c,d). Some of the explant cultures contained individual midgut cells and haemocytes around
the periphery of the explants; in SFV-infected cultures, midgut cells, identified by their black or dark
brown cytoplasmic inclusions, did not show any fluorescence, while developing adult tissues and
some, but not all, haemocytes fluoresced strongly (Figure 3e–g).
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Figure 3. Rhipicephalus evertsi developing adult explants 48 hpi viewed under light (a,c), UV (b,d),
and combined (e–g) illumination. (a,b) Uninfected control explant; arrow indicates autofluorescence
of guanine crystals in the rectal sac; scale bars 1 mm; (c,d) SFV-infected explant; eGFP fluorescence
indicates SFV infection in developing adult tissues; arrow indicates autofluorescence of guanine
crystals in the rectal sac; scale bars 1 mm; (e–g) SFV-infected explant with green fluorescence indicating
virus-infected developing adult tissues and haemocytes (arrows) and absence of fluorescence in midgut
cells (arrowheads); scale bars 100 µm.
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3.2.2. SFV in R. evertsi Cell Line REE/CTVM28

To further examine the observation that the midgut epithelial cells in the R. evertsi developing
adult explant cultures did not appear to be infected with SFV, based on the absence of fluorescence
from these tissues, the R. evertsi cell line REE/CTVM28 was infected with SFV4(3F)-ZsGreen and
examined by light microscopy (Figure 4). REE/CTVM28 contains a mixture of cell phenotypes,
including large, flattened vacuolated cells (Figure 4a,b) that resemble midgut cells seen migrating
out from developing adult explants. At 48 hpi, foci of fluorescence corresponding to SFV replication
complexes could be clearly seen in many cells in the infected cultures, with the exception of cells
with midgut morphology (Figure 4c–f). Foci of green fluorescence were not present in any cells of
mock-infected REE/CTVM28 cultures.
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Figure 4. SFV in the tick cell line REE/CTVM28 at 48 HPI, viewed live under brightfield (a,b); UV (c,d);
and combined (e,f) illumination, scale bars 100 µm. Two fields are shown (a,c,f; b,d,h) illustrating
presence of punctate green fluorescence indicating SFV infection in many small cells, but absence of
fluorescence in large foamy cells with midgut morphology (arrows).
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4. Discussion

Using a model arbovirus, SFV, we have shown here that tick cell lines and organ cultures have
considerable potential as model systems to examine the interactions between arboviruses and ticks
at the cellular, tissue, and whole organism level. Our study demonstrates the importance of careful
selection of lines appropriate for the virus and purpose from amongst the wide range of tick cell lines
now available [12,40]. We used the R. decoloratus cell line BDE/CTVM16 because we had previously
shown that this cell line supports replication of SFV to relatively high titres as determined by luciferase
assay in comparison to other tick cell lines [16], making it particularly suitable for an EM study in
which a high infection rate is important. The R. evertsi cell line REE/CTVM28, also previously shown
to support replication of SFV [16], contains, amongst others, cells that resemble those of midgut
origin (unpublished data), making it particularly suitable for investigating whether or not SFV can
infect tick midgut cells in conjunction with the R. evertsi organ cultures. It would be interesting
to repeat the experiments described here with a tick-borne virus expressing a fluorescent reporter
gene. Green fluorescent protein-expressing TBEV replicons reported previously [41,42] could be
used at biosafety level (BSL) 2 to monitor initial infection of cells but not virus spread, whereas the
eGFP-expressing infectious TBEV vector reported previously [42] would require handling at BSL 3.
We did not have access to any of these TBEV constructs at the time when the R. evertsi developing
adult ticks were available.

While tick cell lines have been known to provide a suitable substrate for propagation and study of
arboviruses for nearly half a century [12], there have been surprisingly few published morphological
studies depicting actual arboviruses in tick cells in vitro. Rhipicephalus appendiculatus RA243 cells
infected with the tick-borne nairovirus Nairobi sheep disease virus (NSDV) were examined by EM [5];
occasional small groups of bunyavirus particles were seen in the cell cytoplasm and also in the
intracellular space. These authors also reported the presence in RA243 cells of Reovirus-like particles
that were more numerous and more frequently observed in NSDV-infected cultures; these were also
illustrated in the paper.

Using a technique similar to that of the present study, infected developing adult
Hyalomma anatolicum and Hyalomma dromedarii explant cultures were infected with two tick-borne
flaviviruses, TBEV, and Powassan virus [28]. Using EM, these authors were able to visualise
morphologically mature virus particles intracellularly in expanded endoplasmic reticulum systernae
and also rarely in intracellular spaces. In later stages of persistent infection, many incomplete
virus particles lacking an electron-dense centre, as well as crystalline arrays of particles, were seen;
photomicrographs of TBEV-infected cells at days 15 and 60 post infection are shown [28]. In two
studies, the ultrastructural morphology and maturation process of TBEV in the cytoplasm of cells of
the R. appendiculatus cell line RA257 were described [24,25]. Virions were observed and illustrated
3–4 days post infection both inside large cytoplasmic vacuoles and free in the cytoplasm; the latter
were often in close proximity to smaller nucleocapsid-like particles. Virus egress from the cells was not
reported. Photomicrographs of putative endogenous viruses in several ixodid and argasid tick cell
lines have been published [4,6]; the identity of these viruses remains unknown.

Tick (RA243) cells infected with the tick-borne nairovirus Dugbe virus were examined by EM [43];
the single photomicrograph of an infected RA243 cell showed a viral inclusion body but no virus
particles. In a recent ultrastructural study of infection of cells of the Ixodes scapularis tick cell line ISE6
with another tick-borne flavivirus, Langat virus, round vesicles and tubular structures of unknown
function were associated with endoplasmic reticulum in, respectively, acute and persistent infection,
but mature virus particles were rarely seen in ISE6 cells and were not illustrated in the paper [44].

None of the aforementioned studies demonstrated release of mature virus particles from the
surface of infected tick cells. Here we have shown for the first time the appearance of an arbovirus, SFV,
budding or being released from the surface of a tick cell. We also detected structures associated with
SFV replication similar to those reported to occur in mammalian and mosquito cells. The ultrastructure
of SFV replicating in primary chick embryo cells and in the mammalian cell line BHK-21 was reported
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by previous workers [21,22,38], who described three distinct morphological stages: CPV-I, CPV-II,
and mature virions budding from the cell surface. The first stage, CPV-I, was detected at 1–2.5 hpi;
CPV-II appeared at 4 hpi and mature virions were seen from 2.5 hpi. In the present study we detected
numerous structures resembling CPV-II in BHK-21 cells [22] at both 6 and 10 hpi, and mature virions
at 10 hpi. In contrast, we only found a single example of spherules associated with a putative CPV-I,
possibly due to our first BHK-21 samples being taken at 6 hpi when the numbers of CPV-I would be
expected to be declining [21]. Using a correlative light and EM technique, a CPV-I-like structure was
detected in SFV-infected C6/36 cells at 20 hpi [23], while we saw structures resembling CPV-II [22]
and mature virions outside the cell membrane at 10 and 24 hpi, but no CPV-I. In contrast to the
mosquito cells, we did not see any structures resembling CPV-II in BDE/CTVM16 cells, but detected
spherule-like structures possibly derived from putative CPV-I at 24 hpi; however, these were not as
distinct and regularly arranged as those described previously [21,22]. It is possible that, by examining
earlier time points of infection in both BHK-21 cells and arthropod cells, we would have gained
a clearer and more comprehensive picture of SFV replication and production in the different host
cells, including observation of early-stage spherules at the plasma membrane [39]. However, the main
purpose of this study was to demonstrate the applicability of the culture systems to virus infection of
tick cells, for which we considered that two time points, representing early and late stages of infection
in each cell type [13,19,32], were sufficient.

Although alphaviruses have occasionally been isolated from field ticks removed from mammalian
hosts [45,46], and experimental transstadial transmission of Venezuelan equine encephalitis virus
between guinea pigs by the ticks Amblyomma cajennense and Hyalomma truncatum has been
demonstrated [47,48], ticks are not normally considered to be vectors of alphaviruses in the field.
Possible explanations for this may be that alphaviruses naturally ingested in the bloodmeal during
feeding are normally unable either to infect midgut cells or to penetrate the midgut escape barrier
(MEB) and cause systemic infection [2]. To investigate this, we used developing adult organ cultures
in which midgut and other tissues retain their structure and relative distribution, and a tick cell line in
which cells with both midgut and non-midgut morphology are present. In both cases, non-midgut
cells became infected with SFV reporter viruses as indicated by the presence of green fluorescence,
while midgut cells whether in intact organs or as individual cells, did not. Our results, although not
conclusive, indicate that SFV cannot infect R. evertsi midgut cells, rather than that midgut cells become
infected but the virus cannot penetrate the MEB. It is possible that, since the SFV4-steGFP construct
used to infect the explants expresses eGFP late in the replication process with the structural proteins, the
virus could have entered the explant midgut cells and initiated replication of the non-structural proteins
but had been unable to proceed further. However, absence of green fluorescence in REE/CTVM28
cells with midgut morphology following infection with SFV4(3F)-ZsGreen, which expresses ZsGreen
early in the replication process with the non-structural proteins, does not support this view. It is also
possible that failure of SFV to replicate in R. evertsi midgut cells in the present study, in which the
route of infection was not by natural bloodfeeding on an infected host, was due to absence in vitro
of unknown factors associated with the uptake of a bloodmeal. Further studies using ticks infected
with reporter viruses naturally via the oral route are needed to determine conclusively whether or
not SFV in the bloodmeal can infect and replicate in midgut cells in vivo and whether or not it can
penetrate the MEB. Once past the MEB, our results suggest that systemic infection of tick tissues would
be possible, though we did not demonstrate infection of salivary glands and thereby likely ability to
transmit the virus during feeding.

5. Conclusions

In conclusion, the combination of appropriate vector and non-vector tick cell and organ culture
systems with viruses expressing reporter genes, as illustrated in the present study, offers enormous
potential for future exploration of tick cell and tissue interactions with a wide range of arbovirus
groups for which reverse genetics techniques are increasingly available. Such studies will undoubtedly
help to elucidate the factors underlying vector competence and possible reservoir capabilities.
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