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The Biosafety Research Road Map: The Search for Evidence
to Support Practices in the Laboratory—Foot and Mouth
Disease Virus
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David R. Harper13, and Keith Hamilton14

Abstract
Introduction: Foot and mouth disease (FMD) is a highly contagious infection of cloven-hoofed animals. The
Biosafety Research Road Map reviewed scientific literature regarding the foot and mouth disease virus (FMDV).
This project aims to identify gaps in the data required to conduct evidence-based biorisk assessments, as de-
scribed by Blacksell et al., and strengthen control measures appropriate for local and national laboratories.
Methods: A literature search was conducted to identify potential gaps in biosafety and focused on five main
sections: the route of inoculation/modes of transmission, infectious dose, laboratory-acquired infections,
containment releases, and disinfection and decontamination strategies.
Results: The available data regarding biosafety knowledge gaps and existing evidence have been collated. Some
gaps include the need for more scientific data that identify the specific safety contribution of engineering con-
trols, support requirements for showering out after in vitro laboratory work, and whether a 3- to 5-day quarantine
period should be applied to individuals conducting in vitro versus in vivo work. Addressing these gaps will con-
tribute to the remediation and improvement of biosafety and biosecurity systems when working with FMDV.

Keywords: foot and mouth disease, pathogen characteristics, biorisk management, biosafety evidence,
biosafety knowledge gap analysis
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Introduction
The World Organisation for Animal Health (WOAH, for-

merly OIE), the World Health Organization (WHO), and

Chatham House are currently collaborating to improve

the sustainable implementation of laboratory biological

risk management, particularly in low-resource settings

under the banner of the Biosafety Research Road Map

(BRM) project. The BRM project aims to improve labo-

ratory sustainability by providing an evidence base for

biosafety measures (including engineering controls) and

evidence-based biosafety options for low-resource set-

tings. This will inform strategic decisions on global

health security and investments in laboratory systems.

This work involves assessing the current evidence base

required for implementing laboratory biological risk

management, aiming to provide better access to evi-

dence, identifying research and capability gaps that

need to be addressed, and providing recommendations

on how an evidence-based biorisk management approach

can support biosafety and biosecurity in low-resource

settings.

This article presents the characteristics of the foot and

mouth disease virus (FMDV), the current biosafety, bio-

security, and biocontainment evidence, and the available

information regarding laboratory-acquired infections and

laboratory releases.

Materials and Methods
A 15-member technical working group (TWG) was

formed to develop a BRM to support the application of

laboratory biological risk management and improve lab-

oratory sustainability by providing an evidence base for

biosafety measures. The TWG conducted a gap analy-

sis for a selected list of priority pathogens on procedures

related to diagnostic testing and associated research for

those pathogens, including but not limited to sample

processing, testing, animal models, tissue processing,

necropsy, culture, storage, waste disposal, and decon-

tamination. The TWG screened databases, websites, pub-

lications, reviews, articles, and reference libraries for

relevant data to achieve this. The main research domains

used to perform the literature searches were the ABSA

database, Belgian Biosafety Server, CDC reports, WHO

reports, PubMed, and internet searches for terms related

to biosafety matters, including, for example, inactivation,

decontamination, laboratory-acquired infections, labora-

tory releases, and modes of transmission.

The summary of evidence and potential gaps in

biosafety was divided into five main sections: route of

inoculation/modes of transmission, infectious dose,

laboratory-acquired infections, containment releases, and

disinfection and decontamination strategies. Blacksell

et al.1 described the materials and methods and explains

why the gap analysis was performed.

General Characteristics
Foot and mouth disease (FMD) is a highly infectious viral

disease caused by the FMDV belonging to the Picornavir-

idae family, a positive-sense, single-stranded RNA virus.

FMDV primarily infects cloven-hoofed animals and is

transmissible by aerosols and droplets,2–4 and indirect

(fomites) or direct contact.5

There are seven immunologically distinct FMDV sero-

types (O, A, Asia-1, C, SAT-1, SAT-2, and SAT-3), of

which six of the seven serotypes (O, A, C, SAT-1,

SAT-2, and SAT-3) have occurred in Africa. In compar-

ison, Asia has four serotypes (O, A, Asia-1, and C, with

the three former serotypes dominating), and South Amer-

ica with only three (O, A, and C).6,7 The Progressive

Control Pathway for FMD,8 one of the core tools of the

Global FMD Control Strategy, emphasizes the impor-

tance of implementing effective biosecurity practices,

hygiene, cleaning, and disinfection routines. Most FMD

control guidelines focus on facilities in countries where

FMD is exotic, which results in highly stringent con-

tainment requirements with the primary objective2–4 of

preventing the release of the virus into the environment.

In non-endemic settings, FMDV is classified as a risk

group 4 in the European Union (EU),9,10 a 3Ag in the

United States [Biosafety in Microbiological and Biomed-

ical Laboratories (BMBL), sixth edition11], and a Select

Agent pathogen.12

In FMD containment infrastructures, the following

activities have to be considered:

� In vitro laboratory activities (diagnostic, FMD con-

tingencylaboratories, research)withprimarycontain-

ment devices (e.g., biological safety cabinet) and

dedicated personal protective equipment (PPE), usu-

ally small virus quantities

� In vivo activities (e.g., housed large animals) where

the room is considered the primary barrier

� Large-scale facilities (e.g., vaccine production) that

mainly use closed vessels with large amounts of

infectious FMDV

Local/National FMD Situation
Biosafety and biosecurity standards should be propor-

tionate to the disease situation in the country or zone

of the facility location. The EU-FMD Minimum Biorisk

Management Standards for laboratories working with

FMDV10 distinguish between four tiers of biorisk,

depending on the local/national FMD situation. Guide-

lines for Tier D and Tier C laboratories have been

published.

� Tier A: General diagnostic laboratories in FMD-

endemic countries

� Tier B: Laboratories working with infectious FMDV

in FMD-endemic countries
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� Tier C: Laboratories undertaking diagnostic investi-

gations for FMDV in the framework of a national

contingency plan in FMD-free countries

� Tier D: (Inter)national FMDV reference laborato-

ries working with infectious FMDV in FMD-free

countries

The spread of FMD in a region or country and the

economic situation are important factors that must be

considered in the risk assessment.

Treatment and Prophylaxis
Prophylaxis and control of FMD are achieved via vacci-

nation in endemic countries.3,13 The vaccine must be

effective against the viral serotype and subgroup causing

the outbreak, as there are 7 known types and more than

60 subtypes of FMDV. Immunity to one type does not

protect an animal against other types or subtypes.14 In

countries where FMD is exotic, slaughter and ring vacci-

nation may be used to stamp out the disease. However,

this will be dependent on the regulations of the individual

jurisdiction.

Diagnostics
Laboratory procedures for diagnosing FMD include

indirect double-antibody sandwich antigen detection

enzyme-linked immunosorbent assay (ELISA), virus

isolation/identification, and real-time polymerase chain

reaction (RT-PCR).15 Until recently, antigen detection

ELISA was widely used as it was relatively simple to per-

form, reasonably rapid (*2–3 h), and could provide a di-

agnosis to the serotype level. However, specificity and

reagent supply problems have increased the application

of RT-PCR. Virus isolation is not routinely performed

for diagnostic purposes, however, may be required for

vaccine selection/matching purposes. All tissue grinding

at the initial stages of the diagnostic process is performed

in a class II biological safety cabinet to minimize the

spread of aerosols.

Biosafety Evidence
Modes of Transmission
In animal-to-animal transmission, the most common

mechanism of spread of FMDV is by direct contact initi-

ated by the deposition of droplets or droplet nuclei (aero-

sols) in the respiratory tract or by the mechanical transfer

of virus from infected to susceptible animals and subse-

quent virus entry through cuts or abrasions in the skin

or mucosae. Transmission of the virus may also occur

indirectly via any contaminated surface or product (adap-

ted from Alexandersen and Mowat16). The virus is con-

sidered highly pathogenic as it can survive in the

environment without animal hosts.17,18 Potential virus

reservoirs include the excretions and secretions of infec-

ted livestock and contaminated inanimate objects or

fomites.2,19,20 Humans acting as vectors can also be

vital in spreading FMDV.21–28

Under specific epidemiological, climatic, and meteo-

rological conditions, short-distance aerosol transmission,

which, as mentioned above, is a highly efficient route

of infection of ruminants, may be extended to airborne

transmission over a significant distance. This is mainly

a risk when large numbers of pigs are infected because

pigs excrete large quantities of airborne virus (up to

105.6–108.6 50% tissue culture infectious doses

[TCID50] per pig per day). Ruminants excrete less virus

in their breath (104–105 TCID50 per day)16 but, in con-

trast to pigs, are highly susceptible to infection by inhaled

virus.4,29,30

Humans can transmit FMDV to susceptible animals

via fomites (e.g., via contaminated clothing, footwear).

Typically, in many facilities, no or only minimal PPE

is used when handling large animals infected with

FMDV. The room is considered primary containment in

these animal units, and personnel working inside these

rooms are exposed to FMDV. There is evidence that

hygiene measures such as changing clothes and shoes,

handwashing, or showering prevent the transmission

of FMDV to other animals.21,26–28,33 It has also been

shown that the virus can survive up to 24–48 h in the

nose of persons handling infected animals.21,26,27,33

Infectious Dose
It has been established that ruminants can be infected

experimentally by airborne exposure to only 10 TCID50,

whereas to infect pigs by this route, more than 103

TCID50 are required, and infection only occurs if the

virus is delivered at a high concentration29–32 (adapted

from Alexandersen and Mowat16).

Human Susceptibility and Laboratory-Acquired
Infections
Human susceptibility to FMDV has been debated for

many years; however, the virus has been isolated and

typed (type O, followed by type C and rarely A) in

more than 40 human cases.34 FMD infection in humans

appears rare, and predisposing factors, including proxim-

ity, wounds, and a high exposure intensity, play a crucial

part in initiating clinical signs.35 In the review of human

FMDV infections by Hyslop,35 numerous cases were rep-

orted, with 1 report from 1834 of 3 veterinarians acquir-

ing FMD after deliberately drinking raw milk from

infected cows and another 22 cases following the con-

sumption of infected milk.

Another human FMD case was reported following a

hand wound from a broken vial containing FMDV during

an animal experiment at a research facility in Germany

in 1921 (Table 1).36 Occupational FMD was also reported

from a butcher’s table in Poland in 1938 (Table 1).24
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In the 196637 and 201123 UK-FMD outbreaks, humans

near FMD animal cases developed FMD-like symptoms;

however, the infections were not laboratory confirmed.

Human cases after exposure to sick animals have been

reported, although many are historical reports with no

information about comorbidities.22,24,38

Disinfection and Decontamination

Chemical. FMDV is sensitive to acid and alkaline pH

conditions. NaOH or sodium carbonate (Na2CO3) or

other alkaline treatment at pH 12 for at least 10 h is suf-

ficient to inactivate FMDV.13 Recommended chemical

disinfectants include 4% sodium carbonate or 10% wash-

ing soda (Na2CO3 dehydrate), 0.5% caustic soda (NaOH),

0.2% citric acid, 4% formaldehyde, or equivalent with

other aldehydes, for example, glutaraldehyde.13 Krug

et al. demonstrated FMDV dried on steel and plastic sur-

faces and exposed to 1000 ppm sodium hypochlorite and

1% citric acid was completely inactivated.39 The U.S.

Department of Agriculture recognizes products contain-

ing a mixture of alkyl dimethyl benzyl ammonium chlo-

ride, didecyl dimethylammonium chloride, octyl decyl

dimethyl ammonium chloride, and dioctyl dimethyl

ammonium chloride (i.e., Lonza 101 and Maquat

MQ615-AS), and those containing sodium chloride and

potassium peroxymonosulfate (i.e., Virkon� S) as being

effective disinfectants that can be used in farm settings.40

Thermal and autoclaving. FMDV is sensitive to heat.

Numerous studies have examined the thermal inactiva-

tion of FMDV.41–45 Exposure of materials to 100�C for

1 h or an equivalent heat effect is sufficient to inactivate

FMDV in the effluent so that no residual infectivity can

be detected.13 Sterilization by steam using an autoclave

at least 115�C for 30 min is also effective for solid and

liquid waste, although the system should be validated

before use.13

Gaseous decontamination. Animal facilities and labo-

ratories where FMDV work is performed are usually fu-

migated by gaseous decontamination before maintenance

or decommissioning. Formaldehyde has been the method

of choice for room and equipment fumigation for several

decades46,47 to decontaminate FMDV animal facilities.13

Concentrations recommended for effective gaseous

decontamination are as follows: formaldehyde at 10 g/m3

at 70% relative humidity for at least 10 min or 3 g/m3

for 24 h or equivalent with other aldehydes (e.g., glu-

taraldehyde) or ethylene oxide for 0.8 g/L at 50�C

for 1.5 h.13 Due to its carcinogenicity, formaldehyde is

increasingly replaced by alternative systems, particularly

those based on vaporized hydrogen peroxide, an effective

disinfectant against FMDV.48–50

Evidence regarding the route of inoculation/modes of

transmission, infectious dose, laboratory-acquired infec-

tions, and disinfection and decontamination strategies is

provided in Table 1.

Knowledge Gaps
Engineering Controls
Each facility handling FMDV is unique regarding engi-

neering systems (design of ventilation, directional air-

flow, air exchange rate, humidity, etc.). Since the various

experimental test parameters were precise in the stud-

ies mentioned above that described FMDV transmis-

sion or containment (e.g., exposure time, animal,

proximity to animals, activity), the results are difficult

to compare. There is little information about the contri-

bution of specific technical measures to safety (e.g., di-

rectional airflow in a laboratory vs. animal room, air

exchange rate). Is it a combination of all measures or

are specific individual measures more critical than oth-

ers? What minimum technical standards are required

for laboratories or animal facilities to operate in a

country where FMD is exotic? Which system works

in which environments? How many safety layers are

needed to mitigate the risks associated with an

FMDV activity?

Requirement for a Shower
Many laboratories that work with FMDV mandate

showering out of the facility. It has been demonstrated

that showering out of an animal unit where FMDV-

infected animals are kept prevents transmission to the

outside environment.21 The same result was achieved

if a change of clothing was combined with additional

hygiene measures (hand hygiene, etc.).21,33 It should

be highlighted that the scientific evidence is available

only for in vivo animal work, and no scientific data

exist that support showering out after in vitro laboratory

work. No evidence demonstrates the requirement for a

shower when leaving an FMDV vaccine production fa-

cility under normal conditions. However, in the case of

large-scale spills and subsequent worker contamination

of boots and clothing, it would be expected that decon-

tamination, including personnel showering, is war-

ranted; however, the evidence for the showering

parameters (i.e., duration and use of soap/chemicals)

needs to be defined.

Human Nasal Transmission Route Under Experimental
Conditions
While not strictly a knowledge gap, only one instance

of human nasal transmission of FMDV from infected

humans to noninfected animals was recorded by Sellers

et al.27 under experimental conditions. It is worth noting

that this was an artificial infection where FMDV-exposed

staff sneezed and coughed at the nostrils of animals

for 30 s to induce infection, significantly decreasing the
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possibility of occurring under natural conditions.17,51

There remains no evidence of infection of susceptible

animals by humans following in vitro laboratory work

with FMDV.

Use of Respirators or Masks to Prevent Human
Transmission
There has been a lively debate on the use of face masks in

field conditions.51–55 The evidence is inconclusive re-

garding the effect of respiratory PPE (i.e., surgical

mask, FFP2, FFP3, N95) on virus uptake by humans

after handling FMDV-infected animals. Further work

on the effect of nose blowing and washing nostrils to pre-

vent inadvertent transmission is also required.

Organizational Measures
The EU-FMD guidelines and many facilities have imple-

mented a quarantine period of 3–5 days after working

with FMDV in the laboratory; however, there is no spec-

ification on whether this should be applied to both in vivo

and in vitro work. The 3-day quarantine rule is based on

studies with FMDV-infected large animals during which

personnel exposure is most significant and using primary

containment is practically impossible.26

Risk Assessment
Many FMDV (and other livestock diseases) facilities

are still being built based on the specifications of U.S.,

Australian, Canadian, or EU guidelines where the FMD

is exotic and hence a heightened threat to the domestic

livestock industries. Such facilities are costly to con-

struct, provide services such as water and electricity,

and maintain general backup and redundancies in case

of service failures. This issue is exacerbated as the facil-

ity ages and requires increased maintenance and repairs.

Each facility should establish a risk assessment frame-

work to determine the risk mitigation measures. These

measures should be proportionate to the risks encoun-

tered in a facility and reflect the local, regional, or

national situation. The risk pyramid (Figure 1) demon-

strates the different types of facilities where FMDV

activities are performed, highlighting that large-scale

and large animal facilities involve the most significant

risks, and those performing in vitro or diagnostic contin-

gency are of lower risk. Further guidance on risk assess-

ment is required for different FMDV facilities that

consider local/regional/national circumstances. Advan-

tages, disadvantages, challenges, and pitfalls of the vari-

ous mitigation measures on the technical, organizational,

and PPE level should be evaluated against each other at

the planning stages of a new laboratory facility.

Disinfection and Decontamination

Fumigation. Animal facilities and laboratories where

FMDV work is ongoing are usually fumigated before

maintenance or decommissioning. Formaldehyde has

been the method of choice for room and equipment fumi-

gation for decades46 due to its effectiveness and relative

simplicity. Still, due to concerns regarding the carcino-

genic nature of formaldehyde, relevant publications have

demonstrated that fumigation with alternative chemicals,

such as vaporized hydrogen peroxide, is an effective dis-

infectant against FMDV.48,49 Nevertheless, further studies

comparing the different strains of FMDV are still required.

In addition, there are still many gaps in how facilities,

including all engineering systems, are decontaminated

and/or decommissioned to be safe for further use.

Conclusions
Due to the highly contagious nature of FMDV and the

severe economic consequences of incursions into FMD-

free regions, most countries opt for highly engineered bio-

containment facilities when performing in vitro or in vivo

FMDV laboratory activities. Taking a ‘‘belt and sus-

penders’’ approach may appear prudent; however, with-

out thoroughly examining the actual risks involved with

laboratory activities can result in an overly complex

system that is technically complex and financially un-

sustainable. However, handling FMDV in an endemic

country may not represent the same risk profile as in a

country where the disease is exotic and depends on

the nature of the activities performed (i.e., PCR diag-

nostics, cf. in vitro virus isolation). A thorough risk as-

sessment, including factors such as the local/national

situation, could help design facilities that fit the purpose

in a specific region or country.
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50. Kümin D, Albert MG, Summermatter K. Comparison and validation of
three fumigation methods to inactivate foot-and-mouth disease virus.
Appl Biosaf 2018;23(2):70–76; doi: 10.1177/1535676018771982

51. Donaldson AI. Foot-and-mouth disease and the use of face masks. Vet
Rec 2008;162(5):163; doi: 10.1136/vr.162.5.163

52. Donaldson AI. Foot-and-mouth disease and the use of face masks. Vet
Rec 2008;162(2):62; doi: 10.1136/vr.162.2.62-a

53. Jones TO. Foot-and-mouth disease and the use of face masks. Vet Rec
2007;161(25):863–864.

54. Jones TO. Foot-and-mouth disease and the use of face masks. Vet Rec
2008;162(4):131–132; doi: 10.1136/vr.162.4.131-a

55. Sellers B. Foot-and-mouth disease and the use of face masks. Vet Rec
2008;162(7):224; doi: 10.1136/vr.162.7.224

56. Bravo de Rueda C, de Jong MC, Eble PL, et al. Quantification of
transmission of foot-and-mouth disease virus caused by an
environment contaminated with secretions and excretions from
infected calves. Vet Res 2015;46:43; doi: 10.1186/s13567-015-0156-5

57. Bartley LM, Donnelly CA, Anderson RM. Review of foot-and-mouth
disease virus survival in animal excretions and on fomites. Vet Rec
2002;151(22):667–669; doi: 10.1136/vr.151.22.667

58. Fukai K, Nishi T, Morioka K, et al. Horizontal transmission of foot-and-
mouth disease virus O/JPN/2010 among different animal species
by direct contact. Transbound Emerg Dis 2020;67(1):223–233; doi:
10.1111/tbed.13344

59. Pacheco JM, Arzt J, Rodriguez LL. Early events in the pathogenesis of foot-
and-mouth disease in cattle after controlled aerosol exposure. Vet J
2010;183(1):46–53; doi: 10.1016/j.tvjl.2008.08.023

60. Donaldson A. Airborne spread of foot-and-mouth disease. Microbiol
Today 1999;26:118–119.

61. Donaldson AI, Ferris NP, Gloster J. Air sampling of pigs infected with foot-
and-mouth disease virus: comparison of Litton and cyclone samplers.
Res Vet Sci 1982;33(3):384–385.

62. Moreno-Torres KI, Brito BP, Branan MA, et al. Foot-and-mouth disease
infection dynamics in contact-exposed pigs are determined by the
estimated exposure dose. Front Vet Sci 2018;5:167; doi: 10.3389/fvets.
2018.00167

63. Sellers R, Gloster J. Foot-and-mouth disease: A review of intranasal
infection of cattle, sheep and pigs. Vet J 2008;177(2):159–168; doi:
10.1016/j.tvjl.2007.03.009

64. Alexandersen S, Donaldson AI. Further studies to quantify the dose of
natural aerosols of foot-and-mouth disease virus for pigs. Epidemiol
Infect 2002;128(2):313–323; doi: 10.1017/s0950268801006501

65. Cottam EM, Wadsworth J, Shaw AE, et al. Transmission pathways of foot-
and-mouth disease virus in the United Kingdom in 2007. PLoS Pathog
2008;4(4):e1000050; doi: 10.1371/journal.ppat.1000050

66. Strohmaier K. Conclusions from the outbreak of foot-and-mouth disease
in the government district of Hannover in 1987/1988 [in German].
Dtsch Tierarztl Wochenschr 1990;97(5):210–212.

67. Harada Y, Lekcharoensuk P, Furuta T, et al. Inactivation of foot-and-mouth
disease virus by commercially available disinfectants and cleaners.
Biocontrol Sci 2015;20(3):205–208; doi: 10.4265/bio.20.205

68. Gabbert LR, Neilan JG, Rasmussen M. Recovery and chemical disinfection
of foot-and-mouth disease and African swine fever viruses from porous
concrete surfaces. J Appl Microbiol 2020;129(5):1092–1101; doi:
10.1111/jam.14694

FOOT AND MOUTH DISEASE VIRUS 215


	1

