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Lumpy skin disease (LSD) is a viral disorder of cattle caused by the lumpy skin disease virus (LSDV) which can
induce severe infections leading to high economic losses. Being of African origin, the first LSD outbreaks in Europe
occurred in Greece and later in the Balkan region. Little is known about the mode of transmission, especially in
relation to the potential role of arthropods vectors. The purpose of our study was to investigate the role of Stomoxys
calcitrans in the transmission of LSDV and their presence at different farms in Switzerland. Laboratory-reared flies
were exposed to LSDV spiked-blood and incubated under a realistic fluctuating temperature regime. Body parts,
regurgitated blood, and faecal samples were analysed by qPCR for the presence of viral DNA and infectious virus
at different time points post-feeding (p.f.). LSDV DNA was detected in heads, bodies, and regurgitated blood up
to three days p.f. and up to two days p.f. in the faeces. Infectious virus was isolated from bodies and faeces up
to two days and in the regurgitated blood up to 12h p.f. There was no increase in viral load, consolidating the
role of S. calcitrans as mechanical vectors for LSDV. Stomoxys flies were present at all eight farms investigated,
including a farm located at 2128 m asl. The persistence of LSDV in S. calcitrans in combination with the long flight
ranges of this abundant and widespread fly might have implications on LSD epidemiology and on implementing
control measures during disease outbreaks.

1. Introduction transmission of the virus have been identified (seminal, intra-uterine, di-
rect contact, by ticks) (Sprygin et al., 2019), it is generally accepted that
LSDV is mainly mechanically transmitted via flying, blood-feeding in-

sects, based on circumstantial evidence (Sprygin et al., 2019) and math-

Lumpy skin disease (LSD) is an OIE-listed viral disorder affecting
mostly cattle. The causative agent is a virus in the genus Capripoxvirus

belonging to the subfamily Chordopoxvirinae from the Poxviridae family
(Buller et al., 2005). The disease is characterised by pyrexia, the pres-
ence of firm, circumscribed skin nodules, internal lesions in the skele-
tal muscles and the mucosa of the digestive and respiratory tracts, and
generalised lymphadenopathy (Davies, 1991). LSD is endemic in Africa
(Carn and Kitching, 1995). However, since 2012 the virus has been re-
ported in the Middle East and more recently in south-eastern Europe,
where it spread rapidly and was eventually controlled by culling and
vaccination campaigns (Calistri et al., 2020) as well as in Asia, includ-
ing Taiwan, China, Bangladesh and Russia (5). Though several modes of
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ematical models (Magori-Cohen et al., 2012). However, which insect
species and to what extent they contribute to LSDV transmission is un-
clear.

In a series of experiments, Chihota and colleagues showed that fe-
male Aedes aegypti mosquitoes could mechanically transmit LSDV to sus-
ceptible cattle up to two to six days post-feeding on experimentally in-
fected animals. However, other mosquito species (Culex quinquefasciatus
and Anopheles stephensi), the biting midge species Culicoides nubeculosus
and the stable fly Stomoxys calcitrans were unable to do so (Chihota et al.,
2001; Chihota et al., 2003).
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Stomoxys calcitrans is a widely distributed nuisance fly; both sexes
feed on blood two-to-three times per day (Baldacchino et al., 2013).
This species is known as a mechanical vector under experimental condi-
tions of, e.g. African swine fever (Olesen et al., 2018) and sheep and goat
poxviruses (Kitching and Mellor, 1986). Transmission of parasites like
Theilaria orientalis (Hornok et al., 2020) or Besnoitia besnoiti (Sharif et al.,
2019) by this fly have also been reported. High abundances of S. calci-
trans in Israel were associated with LSDV outbreaks (Kahana-Sutin et al.,
2017). Recent reports have presented data that support a role of S. cal-
citrans, other Stomoxys spp., and Tabanids (Haematopota spp.) in the
mechanical transmission of LSDV (Sohier et al., 2019; Issimov et al.,
2020).

The purpose of our study was to investigate stable flies for their ca-
pability of mechanical transmission of LSDV under laboratory condi-
tions. Virus stability in different body parts of the flies, and at different
time points after viral exposure, was here analysed. Laboratory reared
S. calcitrans were exposed to LSDV-spiked blood through an artificial
membrane. Engorged flies were incubated in a climatic chamber at a
realistic fluctuating temperature regime, and body parts (heads, thorax
and abdomens) were tested for the presence of LSDV DNA for up to 72h
post-feeding. Also, the presence of the virus in regurgitated blood and in
faecal samples of the flies was investigated. To confirm the capability of
S. calcitrans in transmitting LSDV in the field, the isolation of infectious
virus particles from samples containing viral DNA was here carried out.
In the likelihood of an LSDV outbreak in Switzerland, and in consider-
ation of the potential role of this fly in transmitting the pathogen, we
have investigated the presence of S. calcitrans on different farms and at
different high elevation (over 2128 m above sea level). For the collec-
tion, sticky traps, an inexpensive and straightforward tool, were here de-
ployed. Though S. calcitrans is globally distributed and few studies on its
population dynamics are available from Europe, such as (Skovgard and
Nachman, 2012; Lempereur et al., 2018), no reports are available for
Switzerland.

2. Materials & methods
2.1. Flies

Stable flies (S. calcitrans) at the pupal stage were provided by The
Pirbright Institute (Pirbright, UK). About 400 pupae were transferred
into a BugDorm-1 insect rearing cage (17.5x17.5x17.5 cm; BugDorm-
42222F; MegaView Science, Taichung, Taiwan) and maintained in a
climatic chamber at 26 °C with 60-70% relative humidity and a light
regime of 121:12D until adults emerged (7-10 days). Freshly emerged
adults were kept for 24 h without access to blood or sugar. After this star-
vation period, the flies were aspirated from the rearing cage, transferred
into dispensing boxes (all-purpose dispensing boxes, f 5cm high and
6 cm width, Adelphi Healthcare Packaging, Haywards Heath, UK) (50
flies/box), covered with a net on the top, and transported to a biosafety
level 3 (BSL3) laboratory for oral exposure to LSDV.

2.2. Invitro feeding

The LSDV strain used originated from Macedonia (2016, field strain)
(Moller et al., 2019). The virus was propagated five times on Madin-
Darby bovine kidney epithelial cells (MDBK NBL-1; CCL-22 line) with
Glasgow minimum essential medium (GMEM) (Gibco, Thermo Fisher
Scientific, Reinach, Switzerland) and 2.5% horse serum (Horse serum
Biowest S0910, Lubio Science GmbH, Ziirich, Switzerland) under BSL3
conditions, reaching a final titre of 6.25 log;(TCID5,/ml.

Flies were exposed to heparinised bovine blood, obtained from a
local abattoir in Ziirich, spiked with LSDV at a final titre of 5.75
log,,TCID5y/ml. Flies were fed using a hemotek membrane feeding
system, PS6 Power Unit (Hemotek Ltd., Lancashire, UK), layered with
Parafilm® M (Sigma-Aldrich, Buchs, Switzerland) serving as a feeding
membrane, at 37 °C for one hour. The dispensing box, containing the
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flies, was positioned on the feeder with the net facing the membrane;
hence the flies were feeding from above. After the one h exposure, the
flies were anaesthetised by placing the boxes at —20 °C for a few mins.
(max. five). Fully engorged flies were sorted on an ice-cold Petri dish
under a stereomicroscope and individually transferred into 50 ml Falcon
conical centrifuge tubes (Thermo Fischer Scientific, Ziirich, Switzerland)
containing a small piece of cotton soaked with non-infectious blood as
a food source. The flies were incubated under a fluctuating temper-
ature regime simulating an average summer day in Switzerland (14—
28°C, mean of 22°C) with 80% relative humidity and a light regime
of 12L:12D. At different time intervals (0, 3, 6, 12, 24, 36, 48 and
72h) post-feeding (p.f.), seven-to-ten individuals were collected and eu-
thanised by freezing at —80 °C and stored at —80 °C until further inves-
tigation.

2.3. Samples for LSDV detection

Virus presence in the flies was assessed from heads and bodies (tho-
rax and abdomen) of flies collected at the p.f time intervals as described
above by qPCR assay for LSDV viral DNA (see below).

Heads and bodies of the flies were separated by using sterile nee-
dles (26 G x %”; Fine-Ject, Tuttlingen, Germany) and placed individually
in 1.5ml sterile Eppendorf tubes containing 400 ul1 Glasgow minimum
essential medium (GMEM) (Gibco, Thermo Fisher Scientific, Reinach,
Switzerland) supplemented with 2% antibiotics and fungizone (1000
IU/ml penicillin/streptomycin; 4 ug/ml amphotericin; Gibco). Samples
were manually homogenised for 30 s using sterilised polypropylene pes-
tles (Sigma-Aldrich, Gillingham, Dorset, UK) mounted to a motorised
grinder (Micro Handriihrer, Carl Roth, Karlsruhe, Germany) then stored
at —80 °C until furthered use.

Blood saturated cotton feeding pads (containing regurgitated blood)
present at the bottom of each Falcon tube from flies incubated from 3
to 72 h post-oral exposure were also analysed for the presence of virus.

Another way to confirm virus presence in the engorged flies, and
a putative route of mechanical transmission by contamination through
shedding was by the screening of faecal samples of Stomoxys flies present
in the Falcon tubes. Samples were collected using a small piece of cot-
ton. Then the cotton pads with blood and those with faeces were incu-
bated individually for 20 min at room temperature in 2 ml sterile Ep-
pendorf tubes containing 400 ml PBS (Dulbecco‘s phosphate-buffered
saline; Sigma-Aldrich, Buchs, Switzerland). After incubation, the cotton
samples were manually squashed using a sterile polypropylene pestle,
vortexed for 15s, centrifuged for 1 min (Fontaine et al., 2016), and
transferred into new tubes. The homogenates obtained were stored at
—80 °C until subjection to DNA extraction or cell culture inoculation.

2.4. Detection of LSDV viral DNA

Total DNA from each 200 pul of sample (homogenates of the head,
bodies; supernatant from cotton with regurgitated blood and from cot-
ton with faeces) was extracted using the QIAamp viral DNA mini kit (Qi-
agen, Hilden, Germany) following the manufacturer’s instructions using
the DNA tissue or body fluids protocols (elution volume 100 ul). De-
tection of LSDV DNA was performed using a quantitative polymerase
chain reaction (qPCR) specific for Capripoxviruses (Stubbs et al., 2012)
by targeting an 89 bp region within LSDV ORF074 encoding the intra-
cellular mature virion envelope protein P32. The assay was done with
EXPRESS qPCR Supermix Universal (Invitrogen, Thermo Fischer, Zug,
Switzerland) and was performed with 1x reaction mix, 20 uM of PCR
primers (forward: CaPV-074F1 5‘-AAA ACG GTA TAT GGA ATA GAG
TTG GAA-3; reverse: CaPV-074R1 5‘-AAA TGA AAC CAA TGG ATG GGA
TA-3‘(Microsynth, Balgach, Switzerland), and five uM of TagMan probe
CaPV (CaPV-074P1 5‘-6FAM-TGG CTC ATA GAT TTC CT-MGB/NFQ-
3‘) (Applied Biosystems, Inchinnan, United Kingdom). Amplification
was done in a Thermocycler (QuantiStudioFlex 7, Applied Biosystems,
Thermo Fischer, Zug, Switzerland) using the following program: 50 °C
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for 2min, 95 °C for 2min followed by 50 cycles of 15s at 95°C, 30s at
58°C and 30s at 72 °C.

For relative quantification, a standard curve was generated with 10-
fold serial dilutions of the viral inoculum used in the experiments. Ac-
cording to the standard curve, a cut-off of Cq < 34.6 was established
(Fig. S1) to exclude samples which tested positive for viral DNA but not
for infectious virus particles (Veronesi et al., 2013).

2.5. Virus detection by virus isolation in cell culture

Cell-based assays to confirm the presence of infectious virus particles
were performed for qPCR-positive body homogenates, supernatants of
regurgitated blood, and faeces. Cell culturing flasks Corning® Zellkul-
turkolben (Merck, Darmstadt, Germany), with a surface area of twenty-
five cm? were seeded with 7 x 10° cells (MDBK NBL-1; CCL-22 line) 24 h
prior to their inoculations with 200 ul of homogenates or supernatants.
Flasks were incubated for one h (at 37 °C with 5% CO,) after which
growth media (GMEM with 2.5% horse serum; Horse serum Biowest
S0910, Lubio Science GmbH, Ziirich, Switzerland) was added and the
incubation continued at the same conditions for seven days. The pres-
ence of cytopathic effect (CPE) in the cells, identified under an inverted
microscope by observation of dead cells, was recorded daily.

2.6. Monitoring for the presence of S. calcitrans at Swiss farms

The presence of S. calcitrans was monitored at eight farms with dif-
ferent livestock animals in Switzerland. Flies were collected using com-
mercially available white traps (Rebell bianco, Andermatt, Grossdietwil,
Switzerland) covered with a thin layer of liquid glue (Tangle-Trap; An-
dermatt, Grossdietwil, Biocontrol, Grossdietwil, Switzerland) which was
replaced after each collection. Traps were placed inside the barns where
the animals were resting and replaced after one-to-three weeks in 2018
(June-November) and 2019 (August-November).

2.7. Statistics

We used a generalised linear model (glm) with a Tweedie (compound
Poisson) distribution to compare (Cq values) viral loads on cotton, in the
bodies or the heads with time: that is three glms with a single dependant
and independent variable. There was a log link function in each case. P
values were based on the t distribution of the parameter values. Correla-
tions between Cq values (viral loads) in the head, body and cotton were
compared in 3 glms testing each two way association. The analyses were
performed using R (https://www.r-project.org/) using the cplm package
(Zhang, 2013; Zhu et al., 2016).

3. Results

3.1. Detection of LSDV viral DNA in fly samples regurgitated blood and
faeces

Overall, 500 flies were exposed to LSDV-spiked blood, 246 (49%)
took a blood meal of which 155 did not survive the three days incubation
period. Seventy-six individuals were dissected, and the remaining 15
were used for faecal sample collection.

A total of 76 bodies (100%), 74 heads (97%), ten faecal samples
(66%), and 20 blood regurgitants (26%) were “positive” for viral LSDV
DNA exhibiting Cq values ranging between 19.5 and 42 (Suppl. Table
S1).

By applying a cut-off of Cq < 34.6 as generated from the standard
curve of the virus inoculum used for oral fly exposure (Suppl. Fig. S1),
the overall number of positive samples was 73 (96%) bodies and 47
(62%) heads (Fig. 1a, b; Suppl. Table S1), five faecal samples (33%),
and ten cotton pads (15%). All the bodies between 0 and 36 h p.f. were
PCR positive, whereas, at 48 and 72h p.f., 80% and 86% of the bodies,
respectively, were positive (Fig. 1b). There was a statistically significant
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decrease in viral load in the bodies with time (P<0.001). The heads of all
flies tested immediately after feeding were positive. Until 12h p.f., 60%
or more of the tested heads were positive, and lower values between 20
and 44% were observed with the samples from 24 to 48 h p.f. However,
at the end of the experiment (72h p.f.), 4/7 heads (57%) tested had Cq
values above the threshold (Fig. 1a).

Sixty-six blood regurgitant soaked cotton pads were analysed, and
ten (15%) were positive by PCR.

Specifically, 20-30% positivity was observed in the first 3-12h of
incubation, 0% between 24 and 36 h, whereas between 48 and 72h 10—
30% of the samples, respectively, were positive (Fig. 1c¢). The Cq values
had a considerable variation (between 19.5 and 34.4).

Overall, five (33%) of the 15 faecal samples collected (approx. 30
faecal dots/tube) tested positive as follows: 1 positive amongst 1 tested
from 3h p.f., 0/5 from 6h p.f.,, 1/2 from 24h p.f., 1/5 from 36h p.f.,
and 2/2 from 48h p.f. (Fig. 1d).

3.2. Virus isolation in cell culture

Twenty-nine out of 35 body homogenates tested on MDBK cell as-
say were positive. Infectious virus particles causing a cytopathic effect
(CPE) were observed starting with the second-day p. f. in all the tested
body samples and CPE was detected in samples from up to 48h p.f.
The results were inconclusive for the remaining six samples, including
all four samples investigated from 72h p.f. (Supp. Table S1) because of
the contamination of the cell cultures during the seven days incubation
time. Amongst the ten samples with regurgitated blood that were posi-
tive by qPCR, five (50%) samples taken up to 12h p.f. gave CPE on the
cell-based assay, and two samples (from 72 h p.f.) were inconclusive due
to contamination. (Suppl. Table S1). From the five PCR-positives faecal
samples, four showed CPE (1 each from 3h p.f., 24h p.f.,, 36 h p.f., 48h
p-f.) and one (48 h p.f.) was contaminated.

3.3. Stomoxys calcitrans presence and monitoring at different farms in
Switzerland

Stomoxys calcitrans were collected at all the monitored farms, al-
though the average number of flies calculated per week varied between
0.3 +0.14 (mean =+ standard error) and 156.0 + 43.3 (Table 1). The low-
est number of flies was collected at the two farms with only horses. Al-
though only two collections were carried out at the high-altitude site
(2128 m) on the 8th and the 23rd of August 2019, they were both pos-
itive for S. calcitrans with 47 and 15 individuals, respectively. Five out
of the eight farms were monitored for a more extended period in 2018.
While there was a considerable variation in the number of S. calcitrans
collected between the farms, the abundance of S. calcitrans at the begin-
ning of the collections in June 2018 was very low (<4) at all farms (Supp.
Fig. S2). In November 2018, several farms still showed a high peak in
S. calcitrans abundance and one site (Hittnau) in particular recorded the
highest number of S. calcitrans of the season in that month (Supp. Fig.
S2). The closest farms were 850 m apart (Bennaul and Bennau2), while
the most distantly separated were Juf and Bennau2 (102km), and Juf
and Ziirich (135km, Table 1, Suppl. Fig. S3).

3.4. Factors determining virus amplification in stable flies

The Cq values in the bodies were increasing (decrease of the viral
loads) with time (t;4=11.91, P<0.001). At time 0, the mean Cq value
was 24.5 cq (confidence intervals 23.9-25.1). These increased by 0.13
Cq (confidence intervals 0.11-0.16) per hour. There was no variation
in Cq values in heads (t;4=—0.031, P=0.97) or on cotton (tg4,=0.109,
P=0.914) with time. There was no correlation of Cq values, in bod-
ies (tg4=1.4, P=0.16), heads (tz4=0.6, P=0.56) or cotton (t;4,=0.62,
P=0.54).
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a) b) Fig. 1. Stomoxys calcitrans qQPCRs positive
40 40 (Cq <34.6) for LSDV DNA over time after
exposure to virus-spiked blood meals. (A)
g 35 g 8 % 8’ 35 & % S. calcitrans heads, (B) S. calcitrans bodies
» 30 @ - 30 A g % A (thorax and abdomen, C) cotton pads with
E 25 g 25 % g ﬁ A4 regurgitated blood or (D) faecal samples.
% 20 m 20 & Seven to 10 flies were tested per time point,
and the percentages of qPCR-positive flies
15 15 are also given (A, B). A statistically signif-
0 3 6 12 24 36 48 72 0 3 6 12 24 36 48 72 icant decrease in viral load with time was
only identified in bodies.
h p.f. =hours post-feeding.
c) d)
40 40
o
3' 35 ¥ ¥ * * (3] == * * ¢ )
= 30 * K n 30
e * 3
£ 25 o 25
<] ¥ ©
O 20 * w 20
15 15
0 3 6 12 24 36 48 72 0 3 6 12 24 36 48 72
Time (h p.f) Time (h p.f)
Table 1
Features of Stomoxys calcitrans trapping sites and results of fly collections.
Farm® (altitude m GPS coordinates Livestock, horses No'! Mean/trap/week + Fly numbers Min./trap/week
asl) present collections SE* Max./trap/week
Hittnauf 47°22'12.05”"N Cattle 15 39.0+7.8 97.0 1.0
(685) 8°50"17.40”E
Wetzikont 47°19°26.32”N Cattle 15 125+2.6 39.9 1.2
(552) 8°48/40.94"E
Ztrich 47°24'10.1”"N Cattle and horses 15 37.0+7.7 109.2 0
(546) 8°3030.1”E
Hinwil 47°18'24.08”"N Horses 15 40+1.3 19.6 0
(734) 8°50'50.72"E
Fehraltorfy 47°2254.65"N Horses 15 0.3+0.1 1.9 0
(543) 8°4542.10"E
Bennau 1% 47° 9'1.90”"N Cattle and horses 6 107.4+44.6 220.0 7
(885) 8°43/15.25"E
Bennau 2% 47° 8’44.17"N Cattle and goats 6 156.0+43.3 283.0 16
(850) 8°43'45.47"E
Jufi 46°26'40.6"N Cattle 2 31.0+16.0 47.0 15
(2128) 9°34'50.5”E

1 White sticky traps were placed inside barns in 20187 (June-November) and 2019+ (August-November) with a frequency of 1-3 weeks.

* SE= standard error.

§ Distance between farms: Bennau2-Juf: 102km, Bennaul-Bennau2: 850 m; Bennau2-Ziirich: 33.02km; Bennau2-Hinwil: 20 km; Hinwil-Wetzikon: 3.3km;
Wetzikon-Hittnau: 5.5 km; Hittnau-Fehraltorf: 6 km; Fehraltorf-Ziirich: 19.2 km; Ziirich-Juf:135 km.

3.5. Discussion

We have studied the role of S. calcitrans in the transmission of lumpy
skin disease virus (LSDV) after feeding on virus-spiked blood under lab-
oratory conditions. The presence of infectious virus particles was not
only confirmed in bodies (thorax and abdomen) of the examined flies
up to 48h p.f.,, but also in regurgitated blood and faecal droplets up to
12 and 48h p.f., respectively.

Based on our results, the virus most likely persists without amplifi-
cation in the Stomoxys body for at least three days. This would be of
great consequence if the virus continues to be infectious during this
time period. These findings are essential in the context of the vector
competence of stable flies which are known to feed in intervals from
four to 72h (Baldacchino et al., 2013) but also concerning LSDV epi-
demiology. It has been shown that stable flies can fly up to 28 km in
24 h (Bailey et al., 1973; Eddy et al., 1962) and thus could initiate new
outbreaks in distant farms.

Similar feeding experiments have been published, but the Stomoxys
flies were allowed to feed to repletion on experimentally infected cat-

tle rather than through a membrane (Chihota et al., 2003; Sohier et al.,
2019; Issimov et al., 2020). LSDV was detected by PCR on whole fly
homogenates only up to 1 or 2 days, and virus isolation was success-
ful only in samples processed immediately after feeding or from six h
p.-f. Two aspects might have contributed to these discrepancies in virus
detection sensitivity: 1) The virus inoculum when offered in the blood
through membranes was putatively higher than in the infected cattle.
In our study, all the membrane fed flies tested positive for the virus im-
mediately after the blood meal whereas only a few were positive at this
time point when fed on cattle; 2) The methods for virus detection used
might differ in sensitivity, i.e. qPCR vs classical PCR; established cell
line (MDBK) vs primary cells (lamb testis).

Results highly similar to ours, although using a different virus, were
obtained with S. calcitrans that were membrane-fed with blood spiked
with African swine fever virus (ASFV), with qPCR of flies’ bodies (thorax
and abdomen) positive for up to 72h p.f. Virus isolation was possible
until 12h p.f. Nevertheless, samples from later time points were incon-
clusive due to microbial contamination (Olesen et al., 2018). As with
LSDV, ASFV DNA decreased over time, indicating that S. calcitrans do
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not act as biological vectors. Recent studies have elucidated the mechan-
ical mode of transmission for LSDV by S. calcitrans in cattle (Sohier et al.,
2019; Issimov et al., 2020). Viral infection in cattle was observed after
exposure to flies previously fed on viraemic donor cattle. In these stud-
ies, high numbers (> 200) of flies were experimentally infected by donor
animals, and immediately (or one h later) exposed to the acceptor ani-
mals, mimicking the interrupted feeding behaviour of S. calcitrans flies
(Schofield and Torr, 2002). Both acceptor animals became infected in
one of the studies (Issimov et al., 2020) whereas, in the other study
(Sohier et al., 2019), only 5/14 (36%) of the tested animals exposed to
S. calcitrans presented clinical signs of LSDV. One explanation is that the
number of flies which continued their feeding on the acceptor animals
could not be estimated, and it was assumed that some of the animals
were bitten by more infected flies than others. Another assumption was
that higher infection doses could have been inoculated by flies through
regurgitation during blood-feeding (Butler et al., 1977). Our data sup-
port such differences in individual flies with regard to regurgitation.

In our work, we describe a technique that enables us to investigate
the presence of the virus or viral DNA in the flies’ mouthpart or their re-
gurgitation. After exposure to LSDV-spiked blood, the flies were individ-
ually kept and allowed to feed on small cotton pads soaked with blood,
simulating the feeding on animals. Indeed, infectious virus and/or viral
DNA were confirmed in cotton pads (Fig. 1C, Supp. Table 1). Interest-
ingly, no LSDV DNA could be observed in the regurgitated blood of the
flies at 24h to 36h p.f possibly because the flies did not feed in this
time frame. Likewise, in the study of (Chihota et al., 2003), infected S.
calcitrans flies failed to mechanically transmit LSDV when exposed to
naive cattle after 24h p. f. on an infected animal. It was then hypothe-
sised (Sohier et al., 2019) that the length of time might have interfered
with mechanical transmission by the flies through losing the infectivity
or clearing the pathogen from the mouthparts.

It remains to be determined whether virus present at the fly’s mouth-
part suffices to trigger an animal infection. In the study of Issimov
and colleagues (Issimov et al., 2020) infectious LSDV could be recov-
ered from 70% of the proboscis within one h after the feeding pro-
cess on diseased animals. Moreover, the virus titre was 10~4 TCIDg,/ml
which seems to be a low potential inoculum. The amount of virus that
a fly could pick up from an animal at the peak of its viraemia (10%¢
TCIDs,/ml) (Babiuk et al., 2008) is calculated at 10798 TCIDg,/ml
(Sohier et al., 2019). A viral dose of 1014 TCIDg,/ml was estimated to
induce viraemia in an acceptor animal (Sohier et al., 2019). In our study,
two cotton pads with regurgitated blood that were positive in virus iso-
lation had Cq values similar to the abdomens of the corresponding flies
(Suppl. Table S1) whereas most of the heads of flies, from which virus
had been isolated from the abdomen, had lower amounts of viral DNA
(high Cq). This would mean that these flies fed on the virus-free blood
supplied and they regurgitated the previous infectious blood.

However, it is not clear if the amount of regurgitated blood per fly
can intervene in the transmission of the pathogen. Probably, the volume
of regurgitated blood varies from fly to fly; three to five interrupted
feedings are necessary to complete a full blood meal (Schofield and
Torr, 2002). Although we observed blood in the abdomens of most of
the flies post-incubation, we cannot be certain if this was repletion from
the infectious blood meal or from the continuation of feeding on the
cotton pads with virus-free blood during the incubation time. The regur-
gitation process could differ at the individual level. This might explain
the discrepancy between the 92% positive bodies and only 15% posi-
tive cotton pads with blood and the Cq variability amongst samples that
showed CPE. This behaviour concerning regurgitation of flies should be
studied more in detail because it may play a significant role in pathogen
transmission.

A limitation of our work could be the possible contamination of the
cotton pads containing the blood with faecal samples. Indeed, LSDV in-
fectious virus was detected in faecal samples up to 48h p.f. and thus
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S. calcitrans excretes LSDV both by regurgitation and defecation. Previ-
ous studies done on mosquitoes described the faecal shedding of dif-
ferent viruses like West Nile, dengue or hepatitis B (Fontaine et al.,
2016; Ramirez et al., 2018). Faecal dots have a distinctive dark brown
colour and can easily be observed on the walls of the Falcon tubes. No
such specific dots were obvious as possible contamination when visu-
ally checking the cotton pads, although faecal samples could have been
dissolved in the blood of the cotton pads. However, because the cotton
pad samples from 24 to 36 h p.f. were PCR-negative while some samples
of bodies tested from these specific incubating times were positive, we
consider the risk of contamination minimal.

In Switzerland, little is known about the presence and abundance
of stable flies. In our study, S. calcitrans were recorded at all farms in-
vestigated, even on a farm situated at 2128 m asl. Abundances were
higher at farms with cattle, and the lowest numbers were at the two
farms with only horses. This may be because these farms were rela-
tively clean and free from manure and thus devoid of breeding sites.
Different types of traps are utilised to catch S. calcitrans (Gilles et al.,
2007; Solorzano et al., 2015; Hogsette and Kline, 2017). Traps based
on the attraction of translucent fibreglass (Alsynite) and other materi-
als to S. calcitrans are considered the standard, and they are commer-
cially available in the USA (Hogsette and Kline, 2017). However, it was
shown that sticky white traps were more efficient in catching these flies
(Zhu et al., 2016). In our study, we used locally purchased white sticky
traps which are used for pest control in orchards. They are made of
polypropylene, low-priced (around 4 €), collapsible, and reusable af-
ter removing the included insect glue by a bio-degradable solvent. The
number of flies collected with this white sticky trap cannot be com-
pared to similar studies because of differences in trap type, location etc.
However, considerable numbers were collected at some sites, up to 283
per trap per week. This is in the range of trappings in other regions
with a temperate climate (Kahana-Sutin et al., 2017; Parravani et al.,
2019) but lower than collections in tropical climate (Gilles et al., 2007;
Solorzano et al., 2015). LSDV outbreaks in Israel have been linked to S.
calcitrans (Kahana-Sutin et al., 2017), and the number of flies collected,
with white sticky traps, was in the range of the numbers collected in our
study at all farms except the pure horse farms. Thus, LSDV transmission
by S. calcitrans seems possible also in Switzerland.

No attempts were made in our study to correlate the fly catches
on the white sticky traps with fly counts on the animals, i.e. with the
economic threshold which is considered at 10 S. calcitrans per animal
(Gerry et al., 2007). It is conceivable that at the locations of our study
with high fly collections, this threshold has been exceeded. Though
sanitation of larval breeding sites is the best option to reduce stable
flies, traps are adequate to limit them, particularly in smaller premises
(Gerry et al., 2007).

We registered two peaks during our collection time (July and Novem-
ber), in accordance with other studies (Kahana-Sutin et al., 2017;
Jacquiet et al., 2014), with the highest abundance in late autumn
(November) as previously observed (Kahana-Sutin et al., 2017).

Conclusion

From our findings, we have consolidated the mechanical means of
LSDV transmission for S. calcitrans. By using sensitive detection meth-
ods, we could show that the virus, which is excreted both by regurgita-
tion and defecation, persists for at least three days in the flies. Future
work should address the question on the location of the virus in different
body parts and mechanisms of its persistence. This is the first work de-
scribing the presence of the stable fly S. calcitrans in Switzerland. Flies
of this species were detected in all the monitored farms showing that
they are not restricted to specific environments or altitudes since we
collected them up to 2128 m asl.
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