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Abstract

Background: Ebola virus (EBOV) infection results in high morbidity and mortality and is primarily transmitted in
communities by contact with infectious bodily fluids. While clinical and experimental evidence indicates that EBOV
is transmitted via mucosal exposure, the ability of non-biting muscid flies to mechanically transmit EBOV following
exposure to the face had not been assessed.

Results: To investigate this transmission route, house flies (Musca domestica Linnaeus) were used to deliver an
EBOV/blood mixture to the ocular/nasal/oral facial mucosa of four cynomolgus macaques (Macaca fascicularis
Raffles). Following exposure, macaques were monitored for evidence of infection through the conclusion of the
study, days 57 and 58. We found no evidence of systemic infection in any of the exposed macaques.

Conclusions: The results of this study indicate that there is a low potential for the mechanical transmission of EBOV
via house flies - the conditions in this study were not sufficient to initiate infection.
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Background
In December 2013, Ebola virus (EBOV) emerged in
West Africa initiating an epidemic that resulted in more
than 28,600 cases and 11,300 deaths [1]. While the pri-
mary mechanism of EBOV transmission is through hu-
man contact with infectious bodily fluids originating
from infected patients or cadavers [2, 3], other potential
mechanisms of transmission warrant investigation. Dur-
ing the height of the outbreak questions were raised in
regards to the ability of non-biting muscid flies to mech-
anically transmit EBOV due to the high number of cases,
regional mourning and funeral practices, unsanitary con-
ditions and a lack of vector control.
The mechanical transmission of viruses involves the

transfer of virions by a vector to a person or animal
through direct contact in the absence of multiplicative

replication, and can occur following direct contact with
virus-contaminated mouthparts, legs and/or the body of
an arthropod. The mouthparts of non-biting muscid flies
are not designed to pierce or damage the skin to permit
blood-feeding, rather they are designed to lap-up fluids
[4]. However, non-biting muscid flies will feed on blood
if it is accessible, in the case of wounds [4]. Furthermore,
they will not only feed on body secretions, but may pref-
erentially seek them out [5]. For example, the principle
vector of trachoma (granular conjunctivitis) in children,
Musca sorbens Wiedemann, mechanically transmits the
bacterium by feeding on mucus and discharge from in-
fected eyes and then transferring it to an uninfected host
[5]. Such behaviors among non-biting muscid flies have
been shown to be responsible for the mechanical trans-
mission of numerous other bacterial and viral pathogens
[5–7].
To determine the ability of non-biting muscid flies to

mechanically transmit EBOV, we allowed house flies
(Musca domestica Linnaeus) to walk in moderate- to

* Correspondence: andrew.d.haddow.ctr@mail.mil
1United States Army Medical Research Institute of Infectious Diseases, 1425
Porter Street, Frederick, MD 21702, USA
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Haddow et al. Parasites & Vectors  (2017) 10:218 
DOI 10.1186/s13071-017-2149-x

http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-017-2149-x&domain=pdf
mailto:andrew.d.haddow.ctr@mail.mil
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


high-dose EBOV/blood mixtures and then walk on the
faces (area around the eyes, the nose and the lips) of
cynomolgus macaques (Macaca fascicularis Raffles).

Methods
Research was conducted under an IACUC-approved ani-
mal protocol at the United States Army Medical
Research Institute of Infectious Diseases (USAMRIID).
This protocol complied with the Animal Welfare Act,
Public Health Service Policy, and other Federal statutes
and regulations relating to animals and experiments
involving animals. The facility where this research was
conducted is accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care,
International and adheres to principles stated in the
Guide for the Care and Use of Laboratory Animals,
National Research Council, 2011.
Musca domestica were descendants (F30-40) of

adult flies netted at the University of Minnesota dairy
barn at the St. Paul campus in July 2014, and were
reared with methods adapted from Moon et al. [8].
Adults for all experiments were reared from puparia
shipped overnight to USAMRIID. Upon arrival at
USAMRIID pupae were placed into gallon sized card-
board cartons with netting and kept at 28°C,
approximately 80% RH and a photoperiod of 12:12 h
light/dark. Upon emergence, adult flies were provided
sugar cubes and water. Due to logistic complexities
male and female flies were not separated and all ex-
periments utilized a combination of male and females.
Just prior to the experiment, adult house flies were

briefly chilled at -20°C to immobilize them and were
then placed on an ice-chilled Petri dish. Flies had
their wings cut-off to prevent flight and a string was
attached to the dorsal side of the thorax using cyano-
acrylate superglue. Individual flies were placed into
50 ml conical tubes containing a piece of seed ger-
mination paper to allow the flies a location to rest.
The top of each conical tube was covered with mesh
(extended beyond the opening to permit easy re-
moval) and secured with a rubber band. Half of the
string was allowed to remain on the outside of the
tube. The string was long enough to be easily gripped
with one gloved hand, while still being able to remove
the rubber band and mesh with the other gloved
hand. Flies in tubes were provided a 10% sucrose
solution via a cotton ball until they were experimen-
tally utilized.
Since, to our knowledge, this was the first study to in-

vestigate mechanical transmission of a viral pathogen by
dipterans in a BSL-4 laboratory, a risk assessment was
performed by the experimental team and biosafety
personnel prior to the study. The use of a downdraft
table or biosafety cabinet was ruled out due to airflow

conditions that would disrupt the ability of the fly to
walk along facial surfaces. Additionally, there were con-
cerns that the airflow would lead to the rapid desiccation
of the flies themselves. Limited space precluded the use
of a dedicated glove box. It was therefore decided to per-
form the experiment on a procedure table. During the
experiment one person solely observed and monitored
fly-walking and was prepared to catch and kill any flies
that detached from a tether, while the other two
personnel walked flies.
We exposed four adult cynomolgus macaques (nega-

tive for filovirus antibodies), three males (macaques 1, 3
and 4) and one female (macaque 2) to tethered house
flies (Fig. 1) that had been exposed to a thin layer of
EBOV (Kikwit strain, 7U variant, GenBank accession
number KT762962) mixed with whole blood drawn from
each individual macaque (1:1 ratio). The virus/blood
mixture used for each experiment, as well as a sub-set of
homogenized whole flies (3 per macaque) exposed to the
virus/blood mixture, were titered on Vero E6 cells by
plaque assay [9] (Table 1). Individual tethered flies were
then allowed to rest, walk and/or imbibe the virus/blood
mixture for a period of 15 s; they were then transferred
to an individual macaque and allowed to rest, walk and/
or imbibe secretions for a period of 30 s (Fig. 1). The
target number of flies for each macaque was 40 (10 each
eye, 10 nose, 10 mouth), but fly mortality reduced the
total number of flies for macaques 1 (10 each eye, 7
nose, 9 mouth) and 2 (10 each eye, 9 nose, 7 mouth).
The area around the eye included the upper and lower
eyelid, the lacrimal papilla, the plica semilunaris and the
upper and lower eye lashes. The area of the nose in-
cluded the supratip break to the philtrum, ending at the
ala of the nose. The area of the mouth included the
upper and lower lip, the corners of the mouth, the cuta-
neous edge of the mouth and the lips.

Fig. 1 A house fly exposed to an Ebola virus/whole blood mixture
walking on the eyelids of a cynomolgus macaque. Visible blood
spots are present on both the right upper and lower eyelid
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Post-exposure, macaques were evaluated daily for signs
of illness [9]. Using standard techniques [9], blood
chemistry, hematology, rectal temperature and body
weight were performed and/or taken under anesthesia
on days: pre-challenge, 0, 3, 6, 8, 10, 14, 21, 28, 35, 42,
49 and terminal (57/58). Free catch drool/saliva was col-
lected daily under anesthesia from day 8 to 21 (except
day 11) and on days 28, 35 and 42.
All macaques survived to the end of study and were

euthanized following standard procedures on days 57
(macaques 3 and 4) and 58 (macaques 1 and 2) [9].
Following euthanasia, the submandibular lymph node,
submandibular salivary gland, lungs, tongue, tonsil, tra-
chea, esophagus, thyroid gland, tracheobronchial lymph
node, heart, liver, spleen, kidneys, ileum, cecum, colon
(proximal and distal), brain, eye, haired skin, nares/lip,
maxilla and nasal cavity were collected from each
macaque and fixed using standard techniques [9].
EBOV immunohistochemistry, IgG ELISA and RT-

qPCR were performed using standard techniques
described previously [9].

Results
Flies were observed to walk and occasionally feed on
mucosal secretions. Visible residual EBOV/blood was
observed on the skin following exposure of some
macaques (Fig. 1). Virus/blood titers used to expose
flies ranged from 5.0 × 105 to 7.8 × 106 PFU/ml and
whole fly titers ranged from at (1 PFU/fly) or below
the limit of detection to 95 PFU/fly (Table 1). During
the course of the experiments no flies detached from
the tether. The airflow in the procedure room (i.e.
lack of humidity) did result in a high mortality of
flies awaiting experimental use.

None of the exposed macaques presented with any ob-
servable clinical signs of EBOV disease, and chemistry
and hematology results were normal. EBOV antibodies
and vRNA in the sera were not detected at any time
point through day 42. vRNA was detected by qRT-PCR
in saliva at low levels on day 21 (macaques 3 and 4) and
28 (macaque 3). The mean Ct values of triplicate runs
were 34.2 (animal 3, day 21), 34.2 (animal 4, day 21) and
34.4 (animal 3, day 28), with a cut-off of 36.0. All nega-
tive extraction and negative PCR controls were negative.
No lesions suggestive of filovirus infection were

observed at gross necropsy or by histologic examination.
Tissues assayed by immunohistochemistry for filoviral
antigen were negative.

Discussion
In tropical environments, such as West Africa, non-
biting muscid flies are ubiquitous and closely associated
with human populations. Increased unsanitary condi-
tions, such as those that occurred at the height of the
West African EBOV outbreak, would have exacerbated
fly populations increasing fly contact with EBOV infect-
ive persons, body fluids, wastes and/or cadavers. There-
fore, we modeled the mechanical transmission potential
of EBOV by house flies using immunologically naïve
cynomolgus macaques.
In this study, we demonstrated there is considerable

variation regarding the amount of EBOV/blood that an
individual fly is exposed to under experimental condi-
tions (0–95 PFU per fly). This variation is likely due to a
combination of the external morphology and behavior of
flies, as well as the viscosity and titer of infectious blood.
The mouthparts, wings, abdomen, legs and pulvilli of
flies are all capable of providing adhesive surfaces for
pathogen transport following contact with contaminated
fluids [10]. In our study, experimental flies were ob-
served to engage in a variety of behaviors including
walking, hopping, remaining motionless, visible feeding
or lack thereof and/or the resting of the abdomen in the
EBOV/blood mixture resulting in varying degrees of ad-
hesion to anatomical structures. Additionally, the inges-
tion of EBOV/blood by some flies may have increased
the detected titer. All of these factors would have con-
tributed to the variation in virus titers observed from
whole flies (Table 1). However, such variation would also
occur in nature leading to the potential for no EBOV/
blood adhesion to moderate/high adhesion depending
on exposure time, viscosity of the infectious fluid and
the virus titer of the infectious fluid.
Based on our observation of a maximum titer of 95

PFU/fly, we estimate the potential maximum experimen-
tal dose for a 40 fly EBOV/blood exposure event to be
3.8 × 103 PFU/fly. The amount of virus deposited on a
host would also vary considerably due to the factors

Table 1 Titers of Ebola virus/whole blood mixtures and
exposed house flies

Macaque Virus/blood titer (PFU/ml) Fly Whole fly titer (PFU/fly)

1 7.8 × 106 1 1

2 0a

3 95

2 6.8 × 106 1 68

2 1

3 13

3 2.3 × 106 1 10

2 0a

3 0a

4 5.0 × 105 1 0a

2 5

3 0a

aLimit of detection of 1 PFU/fly
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noted above, as well as desiccation of the infectious fluid
on the anatomical structures of a fly and the physical
properties of animal skin. Our study attempted exposure
via a one-time event where the faces of macaques (i.e.
ocular, nasal and oral mucosa) were exposed to 36–40
EBOV/blood-exposed house flies. Although it is unlikely
that every non-biting muscid fly present in the vicinity
of an infectious EBOV patient would have been exposed
to infectious bodily fluids, it is probable that patients
would be exposed to continuous fly landings. Field stud-
ies have shown M. sorbens to have landing rates as high
as 8.5 flies/min on faces [11] and this species has been
shown to land of the faces of children with nasal or ocu-
lar discharge twice as often as children with clean faces
[5]. Although our study did not demonstrate mechanical
transmission of EBOV, repeated EBOV/fly exposures
may reach the 100 PFU/ml threshold that has been
shown to result in muscosal transmission [12]. There-
fore, persons working in areas with high burdens of
non-biting muscid flies and potentially infectious per-
sons, body fluids, wastes and/or cadavers should wear
appropriate PPE.
Neither of the macaques that had detectable vRNA in

the free-catch saliva/drool at days 21 and 28 post-
exposure had detectable vRNA in the blood at any time
point, seroconverted or exhibited evidence of EBOV in-
fection in any of the tissues assayed by IHC following
necropsy, including immunologically privileged tissues.
It is possible that the EBOV vRNA positive saliva/drool
specimens may have come into contact with the initial
areas of fly exposure (i.e. upper and lower lips, the cor-
ners of the mouth and the cutaneous edge of the mouth
and lips) and that the RT-qPCR signal did not result
from vRNA within the mouth. These findings are similar
to those of Mire et al. [12] who detected EBOV vRNA in
the nasal swab of a cynomolgus macaque at a single time
point (day 10) in the absence of seroconversion follow-
ing a 10 PFU/ml EBOV droplet (Makona strain) inocula-
tion to oropharynx. As such, it appears mechanical
transmission of EBOV via house flies is very inefficient,
as seen in other viruses involving fomite transmission
[13]. Our results are consistent with those of Bausch et
al. [14], who determined that there was a low risk of
EBOV transmission via fomites; as well as those of Mire
et al. [12] who demonstrated that low-dose oral and con-
junctival EBOV exposure did not result in clinical infec-
tion in cynomolgus macaques.

Conclusions
In summary, we demonstrated that there is a low poten-
tial for the mechanical transmission of EBOV via house
flies - the conditions in this study were not sufficient to
initiate infection.
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