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ABSTRACT: In March 2014, an outbreak of Ebola virus (Ebola) arose in 100
western Africa. Since then, there have been more than 10000 cases
reported with a mortality rate of approximately 70% in clinically confirmed
cases. A significant unanswered question has arisen for the scientific and
engineering communities, as well as the general public, surrounding Ebola
virus persistence in the environment and the potential for an environ-
mental route of Ebola virus exposure. Here, the authors review the state of
knowledge of Ebola virus environmental persistence and highlight future
research needs. In general, there are limited data on the environmental
persistence or disinfection of Ebola virus available in the open literature.
The available evidence suggests that Ebola virus is inactivated at a rate 0000t
more rapid than or comparable to those of typically monitored enteric 0 10 2 e 40 50
viruses. Additionally, while environmental exposure is not the dominant v

exposure route, available data suggest that it is imprudent to dismiss the

potential of environmental transmission without further evidence. A significant research effort, including environmental
persistence studies and microbial risk assessment, is necessary to inform the safe handling and disposal of Ebola virus-
contaminated waste, especially liquid waste in the wastewater collection and treatment system.
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B INTRODUCTION

In March 2014, an Ebola virus (Ebola) outbreak began in
Western Africa, spreading to the countries of Guinea, Liberia,
Sierra Leone, and Nigeria. As of November 28, 2014, the
number of Ebola cases had risen to 16933 with 6002 deaths." It
is also well-recognized that the number of reported cases is
likely underestimated.” The case fatality ratio is estimated to be
approximately 70% from persons with a known clinical
outcome.’ The estimated basic reproduction number (number
of additional persons each infected person will infect) of the
current Ebola virus strain ranges from 1.7 to 2.0, depending
upon the location.” The current outbreak is the largest since the
discovery of Ebola virus, and the first to spread outside of
Africa* The largest previous outbreak was 425 cases with 224
deaths.® Controlling the outbreak in Africa will take at least
several months,® and estimates of the total number of potential

filamentous physiology, with diameters of approximately 80 nm
and lengths significantly greater than 1000 nm.'“'? The
physiology of Filoviridae is unique; there are no other known
filamentous mammalian viruses. The Ebolavirus genus is
comprised of four species, Zaire, Sudan, Ivory Coast, and
Reston,” with a strain of Ebolavirus Zaire causing the current
outbreak. The Filoviridae family also contains the Marburgvirus
and Cuevavirus viral genera. Ebola virus disease causes
hemorrhagic fever, including high fever, fatigue, diarrhea,
vomiting, abdominal pain, and both internal and external
hemorrhage.>” The dose response of Ebola virus is unknown,
but the median infectious dose is believed to be small."?
Aerosols containing 400 PFU of Ebola virus resulted in the
infection and death of all exposed rhesus monkeys,'* and oral
exposure of 10°? Ebola virus resulted in illness in three and
death of two of four rhesus monkeys."® In guinea pigs, 1 PFU of

cases have ranged from the tens of thousands” to more than 1
million.> In August 2014, the World Health Organization
(WHO) declared the Ebola outbreak to be a “public health
emergency of international concern”.>®

The first recorded Ebola outbreak was in 1976 in Zaire (now
Democratic Republic of Congo).” Several outbreaks have been
recorded in sub-Saharan Africa, including in 1976, 1979, 1994—
1997, 1995, 2000, and 2001—2004.”° The Ebolavirus genus is a
member of the Filoviridae family, which is comprised of
filamentous and enveloped viruses with a single-stranded
negative sense RNA genome. Filoviridae have a characteristic
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the virus contained 400 50% lethal doses,'® indicating low
plaque forming efficiency. Because of high infectivity and
mortality, Filoviradae (Ebolavirus and Marburgvirus) are
considered to be Class A bioterrorism agents.'”'® Ebola virus
is known to be zoonotic” and is believed to continually circulate
throughout bat populations,'” ™' causing sporadic outbreaks in
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both human and primate populations. For example, in 2007 an
outbreak of Ebolavirus Zaire killed approximately 5000
gorillas.19

Ebola virus is shed by infected individuals through bodily
fluids, including saliva, stool, semen, breast milk, tears, and
blood.**"** Direct contact is widely believed to be the primary
transmission route of Ebola virus, and infection control
strategles include early diagnosis, patient isolation, and safe
burial.® In addition, fomites have also been suggested as a
potentially important transmission pathway.>> In an epidemio-
logical study of the outbreak in the Democratic Republic of
Congo in 1995, five of 19 1nvest1gated cases reported no direct
contact with an infected individual.*® Additionally, infection in
primates has been observed from nondirect contact (aero-
sols),'* raising the possibility of an environmental infection
route. The U.S. Centers for Disease Control and Prevention
(CDC) has recognized public concern regarding the potential
for an environmental route of exposure, for example, by i 1ssu1ng
specific guidelines for airline crews and cleaning personnel.’

In contrast to these well-founded concerns for potential
environmental exposure routes, World Health Organization
guidelines for dealing with liquid waste from Ebola victims have
suggested that direct disposal in the sanitary sewer, without
disinfection, is appropriate.

“Waste, such as faeces, urine and vomit, and liquid waste

from washing, can be disposed of in the sanitary sewer or pit

latrine. No further treatment is necessary.” World Health

Organization Guidelines for dealing with bodily waste from

Ebola victims™’

Somewhat conversely, solid waste from Ebola victims is
regulated by the same WHO document and the U.S.
Department of Transportation as Class A medical waste
(infectious substance), and facilities conducting Ebola virus
research (ie, Biosafety Level 4 facilities) must disinfect all
liquid waste on site prior to release to the sewer system.”” >
Additionally, the CDC has recently released specific safety
guidance for sewage workers.*® In the United States, the CDC
and the Environmental Protection Agency have so far upheld
the WHO guidance for liquid waste disposal, although some
facilities have chosen to disinfect liquid waste prior to disposal,
for example, using bleach. A single infected individual may
produce up to 9 L of liquid waste a day.*’ Previous
investigation of infected individuals using molecular methods
identified Ebola virus concentrations of 10°—10" genome
copies/mL of blood plasma in nonfatal infections and 10°—
10° genome copies/mL of blood plasma in fatal infections.>
The lack of data regarding the safety of nondisinfected disposal
of Ebola-contaminated liquid wastes, or the efficacy and
application of disinfection approaches, has raised significant
concerns about the persistence and disinfection of Ebola virus
in the water environment, and the potential for transmission to
sewerage workers or animal vectors. Here, the authors review
the limited data that are publicly available regarding Ebola virus
persistence in the environment and make suggestions for a
priority research agenda.

B EBOLA VIRUS SURVIVAL IN THE ENVIRONMENT

Surfaces. Persistence of Ebola virus on surfaces is a source
of significant public concern for secondary transmission of the
disease, for example, through deposition from infected
individuals prior to quarantine or release in the sanitary
sewer. The potential for Ebola virus transmission via fomites
has been previously recognized.”> An investigation of Ebola

virus in fomites within an isolation ward found only two of 33
samples to test positive for Ebola virus, leading the authors to
conclude that the risk from infection via fomites is low when
proper procedures are followed.** Conversely, in tests of
Ebolavirus Zaire, >10% and >3% survived on glass and plastic
surfaces, respectively, after 14 days at 4 °C. Additionally, 0.1—
1% of Ebola virus particles remained viable for up to 50 days at
4 °C."” Investigations of UVC inactivation of Ebola virus on
surfaces suggest that a subset of the viral particles (~10%) may
be substantially more resistant to inactivation and displayed
distinct inactivation kinetics,®® suggesting a potentially environ-
mentally persistent population. A separate study reported
approximately 1% Ebola virus survival in the dark following
deposit on a surface after 96 h and that Ebola virus was the
most easily inactivated virus on a surface relative to tested
alphaviruses and Lassa virus.>* The related Filoviridae Marburg
virus can remain infectious for at least 5 days on a surface.’®

Aerosols or Droplets. The potential for an infectious
exposure route through aerosol or droplet exposure is a highly
debated and contentious topic (e.g, refs 36—38). Transmission
via aerosols or droplets is considered to be a rare event;***
however, previous studies have observed the infection of rhesus
monkeys with Ebolavirus Reston after discontinuation of direct
contact and in a separate room, which was presumed to be via
aerosol.**™** Additionally, aerosol infection of rhesus monkeys
was one of the first identified exposure routes and appears to
have an efficacy higher than that of conjunctival exposure.'*"*
In primates, the observed frequency of illness from aerosol
exposure was identical to that of other exposure routes.'* The
rates of biological decay of Ebolavirus Zaire and Ebolavirus
Reston in aerosols have been estimated to be 3.06%/min and
1.55%/min, respectively.13 Ebola virus survival in an aerosol
was shown to be between 10% and 20% after 1 h and between
1% and 3% after 2 h."® A separate study found 90% inactivation
of Ebola virus within a drum reactor in 90 min.*> The potential
for transmission of Ebola virus deposited on surfaces or fomites
following aerosolization is unknown.

Liquid. Currently, discharging infectious liquid medical
waste to the sanitary sewer, including Ebola virus-contaminated
medical waste, is allowed. A single study investigating Ebola
virus survival in liquid media has been published. This study
demonstrated that Ebola virus persisted in guinea pig sera and
cell culture media for more than 40 days (Figure 1)."
previous study demonstrated rapid inactivation of Ebola virus at
a detergent concentration of 10%, but less than 1 log unit
removal of Ebola virus after 24 h at 0.1% detergent.** Ebola
virus survival in water, wastewater, or sludge matrices is
unpublished in the open literature.

Given the paucity of data available on Ebola virus survival in
liquid media, the authors compared published Ebola virus
persistence data in liquid media with survival data of other
human enteric viruses in tap water or cell culture media (Figure
1). These viruses have a physiology distinct from that of Ebola
virus, highlighted in Table 1. In general, persistence would be
expected to decrease in water or wastewater compared to that
in cell culture media because of increased levels of external
stress.”> Figure 1 shows the decreased rate of survival of
Poliovirus 1 in drinking water compared to minimal essential
media. The actual behavior of Ebola virus in the environment is
unknown, and the authors suggest that these data be utilized as
a scenario more conservative than current WHO and CDC
recommendations for environmental persistence. Additionally,
it has been anecdotally reported that Ebola virus is expected to
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Figure 1. Published Ebola virus survival data in cell culture media and
guinea pig sera, compared with published die-off data of model human
pathogens in tapwater. Ebolavirus data from ref 13. Adenovirus,
Hepatitis A, and Poliovirus 1 data in water adapted from ref 49.
Poliovirus 1 data in minimal essential media adapted from ref 50. HIV
data adapted from ref 51.

Table 1. Physiology of Ebolavirus, Model Enteric Viruses in
Figure 1, and Proposed Surrogates

genome
virus filamentous  genome  size (kb) enveloped?

Ebolavirus yes ssRNA 18 yes
model enteric viruses

Adenovirus no dsDNA 35 no

Hepatitis A no ssSRNA 7.4 no

Poliovirus 1 no ssRNA 7.4 no

HIV no ssSRNA 9.1 yes
proposed surrogates

MS2 (Escherichia  no ssRNA 3.5 no

coli

bacteriophage)

Phi6 no dsRNA 13 yes

(Pseudomonas

bacteriophage)

Tobacco Mosaic yes (rod) ssRNA 6.4 no

Virus

Carrot Mottle no ssRNA 42 yes

Virus

be rapidly inactivated, as it is an enveloped virus.** However, a
study investigating enveloped surrogates of coronaviruses
(transmissible gastroenteritis and mouse hepatitis) demon-
strated that these enveloped viruses remained infectious in
wastewater for weeks, with 1 to 2 log unit removal after 1
week.*® Additionally, enveloped Influenza viruses have
previously been detected in sewage;*” however, the potential
for infection through water exposure remains unknown. These
data suggest the potential for both the environmental
persistence and transmission of the enveloped Ebola virus. As
a conservative estimate, and without better data, the authors
recommend utilizing enteric virus transport and survival as a
model to understand and assess Ebola virus in the environment,
rather than an assumption of negligible persistence.

B RESEARCH NEEDS

It is apparent that the scientific and engineering communities
are underprepared to answer questions regarding environ-
mental persistence and transmission for the current Ebola virus

outbreak. Several research areas of immediate need are
necessary to respond to the current outbreak and inform the
response to future outbreaks.

(1) Elucidate the survival and disinfection of Ebola virus in
the environment, especially the water environment.

Ebola virus survival in the water environment is currently
unknown in the open literature and precludes informed
recommendations for waste disposal, protective measures for
sewage workers, and disinfection. In light of this current
knowledge gap, it is essential to clearly identify the survival and
persistence of Ebola virus in the water environment. This
includes identification of Ebola virus persistence in drinking
water and wastewater, the disinfection kinetics of Ebola virus,
and the survival of Ebola virus in sludges, including during
sludge treatment. Additionally, public health data clarifying the
role of environmental exposure will inform the appropriate
response.

(2) Develop surrogates of Ebola virus for environmental
studies that do not require Biological Safety Level 4 (BLS4)
access.

Researchers from many fields will likely be interested in
evaluating Ebola virus survival and disinfection approaches
following the current outbreak; however, BSL4 access, which is
necessary for directly working with Ebola virus, is limited and
costly. Additionally, access to the Ebola virus itself is limited for
laboratory investigations. The development of surrogates that
may be handled at lower biosafety levels and have been verified
against Ebola virus survival will allow more detailed analysis of
the environmental fate of Ebola virus. The authors are not
aware of any nonpathogenic virus that captures all of the
physiological aspects of Filoviridae, suggesting evaluation, and
perhaps utilization, of multiple surrogates to capture biological
complexity. While nuanced survival characteristics will likely
vary between Ebola virus and surrogates, the development of
surrogates will serve to allow the general assessment of the
behavior of enveloped viruses in environmental systems.
Proposed surrogates are highlighted in Table 1. Surrogates
were chosen on the basis of characteristics that were
physiologically similar to those of Ebola virus.

(3) Performing a risk assessment of exposure scenarios.

Many of the response recommendations for the current
Ebola virus outbreak, including waste handling and the 21 day
quarantine period,*® appear to have not been informed by
careful risk assessment. The authors recommend careful risk
assessment and cost—benefit analysis for the management
decisions recommended in response to the outbreak, including
liquid and solid waste disposal.

(4) Develop a dose—response model for Ebola virus.

Currently, there is no dose—response model for Ebola virus.
The lack of a dose—response model hinders risk assessment
and informed management decisions. The authors highlight the
necessity of a dose—response model for multiple exposure
pathways, including aerosol exposure.

In conclusion, the authors suggest that environmental
transmission of Ebola virus should be more carefully
considered, and significant questions regarding the proper
handling of Ebola-contaminated liquid waste remain. In the
absence of better data, the authors suggest using persistence
data of well-studied enteric viruses in the water environment as
a more conservative estimate than current WHO and CDC
recommendations. Additionally, the authors have suggested
research topics to address priority unknowns to inform the
response during the current outbreak and any future outbreaks.
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More broadly, the authors utilize this opportunity to highlight
the need for more careful evaluation of disposal practices for
infectious liquid medical waste.
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