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Ebola outbreak traced to the funeral of traditional
healer

EDITOR'S INTRODUCTION

Genomic surveillance elucidates Ebola virus origin and
transmission during the 2014 outbreak

annotated by Hazel O'Connor

Ebola virus disease (EVD) is a severe and most often fatal disease in
humans, with an average fatality rate of 78%. The recent (2014)
outbreak in West Africa is the largest outbreak to date, with 1229
people reported to have died at the time of publication (August 2014). Since then,
this number has risen to more than 10,000 deaths. In the largest study of its kind,
the authors explored the orgins of the West African outbreak by sequencing viral
genomes from patients in Sierra Leone. It was concluded that two genetically
distinct strains of viruses were introduced from Guinea to Sierra Leone in late April,
with the virus continuing to spread by human-to-human transmission. This study was
instrumental to the understanding of the outbreak and lead to heightened efforts to
contain the outbreak. Tragically, five co-authors died of EVD before the paper was
published.
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ABSTRACT

In its largest outbreak, Ebola virus disease is spreading through Guinea, Liberia,
Sierra Leone, and Nigeria. We sequenced 99 Ebola virus genomes from 78 patients in
Sierra Leone to ~2000x coverage. We observed a rapid accumulation of interhost and
intrahost genetic variation, allowing us to characterize patterns of viral transmission
over the initial weeks of the epidemic. This West African variant likely diverged from
central African lineages around 2004, crossed from Guinea to Sierra Leone in May
2014, and has exhibited sustained human-to-human transmission subsequently, with
no evidence of additional zoonotic sources. Because many of the mutations alter
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protein sequences and other biologically meaningful targets, they should be
monitored for impact on diagnostics, vaccines, and therapies critical to outbreak
response.

REPORT

Ebola virus (EBOV; formerly Zaire ebolavirus), one of five ebolaviruses, is a lethal
human pathogen, causing Ebola virus disease (EVD) with an average case fatality rate
of 78% (1). Previous EVD outbreaks were confined to remote regions of central Africa;

emergence in the major cities of Conakry (Guinea), Freetown (Sierra Leone),
Monrovia (Liberia), and Lagos (Nigeria) raises the specter of increasing local and
international dissemination.
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Fig. 1. Ebola outbreaks, historical and current. (A) Historical EVD outbreaks, colored
by decade. Circle area represents total number of cases (RC = Republic of the Congo;
DRC = Democratic Republic of Congo). (B) 2014 outbreak growth (confirmed,
probable, and suspected cases). (C) Spread of EVD in Sierra Leone by district. The
gradient denotes number of cases; the arrow depicts likely direction. (D) EBOV
samples from 78 patients were sequenced in two batches, totaling 99 viral genomes
[replication = technical replicates (6)]. Mean coverage and median depth of coverage
with range are shown. (E) Combined coverage (normalized to the sample average)
across sequenced EBOV genomes.

Panel A

The scale of the current outbreak is illustrated.
The size of the dots represents the size of the outbreaks (number of cases).

Note the difference in the size of the outbreak and also the geographical location
(Western Africa) compared with previous outbreaks (Central Africa).
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Panels B and C
The outbreak is growing (B) and spreading (C) quickly.
Panel D: Author's experiments

This outbreak appeared to be remarkably different from previous outbreaks (A-C).
Patient samples were sequenced to gain more information about the virus.

Samples from 78 patients were sequenced; however, samples from some patients
were sequenced more than once (# total), which gave the authors more information
on the evolution of the virus in a single individual over time. Some samples were
sequenced more than once as experimental controls (replication = technical
replicates).

A technique called deep sequencing was used to generate the sequencing results of
the EBOV genome. X coverage represents the depth of coverage; that is the total
number of times a given nucleotide has been sequenced by independent reads. For
example, batch 1 achieved 555 X coverage (average coverage across the entire
genome), with a range of 16 to 23,042. (The minimum times a region was sequenced
was 16 times, the maximum was 23,042.)

Percentage coverage is an estimation of the amount of the genome that was
successfully covered by the sequencing reads. The depth and percentage coverage
achieved here are likely to allow the authors to detect any mutations that are
present.

Panel E

Ebola (EBOV) is a single stranded RNA virus that consists of 7 structural proteins
(NP, VP35, VP40, GP, VP30, VP24, L).

Depicted here is the sequence coverage achieved for all samples across the entire
genome.

During the sequencing process, certain parts of the genome are more difficult to
sequence than others, therefore they may be underrepresented in the final results
compared with others; normalized cov. (coverage) accounts for the over- or
underrepresentation of nucleotides compared with others.

The standard deviation is a measure of the variation within an individual sample,
compared with the group as a whole.

In an ongoing public health crisis, where accurate and timely information is crucial,
new genomic technologies can provide near-real-time insights into the pathogen’s
origin, transmission dynamics, and evolution. We used massively parallel viral
sequencing to understand how and when EBOV entered human populations in the
2014 West African outbreak, whether the outbreak is continuing to be fed by new
transmissions from its natural reservoir, and how the virus changed, both before and
after its recent jump to humans.

In March 2014, Kenema Government Hospital (KGH) established EBOV surveillance in

Following standards for field-based tests in previous (7) and current (3) outbreaks,
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KGH performed conventional polymerase chain reaction (PCR)-based EBOV
scientists confirmed the first case of EVD in Sierra Leone. Investigation by the
Ministry of Health and Sanitation (MoHS) uncovered an epidemiological link between
this case and the burial of a traditional healer who had treated EVD patients from
Guinea. Tracing led to 13 additional cases—all females who attended the burial. We
obtained ethical approval from MoHS, the Sierra Leone Ethics and Scientific Review
Committee, and our U.S. institutions to sequence patient samples in the United
States according to approved safety standards (6).

We evaluated four independent library preparation methods and two sequencing
platforms (9) (table S1) for our first batch of 15 inactivated EVD samples from 12
patients. Nextera library construction and lllumina sequencing provided the most
complete genome assembly and reliable intrahost single-nucleotide variant (iSNV,
frequency >0.5%) identification (6). We used this combination for a second batch of
84 samples from 66 additional patients, performing two independent replicates from
tested negative for EBOV; genomic analysis identified other known pathogens,
including Lassa virus, HIV-1, enterovirus A, and malaria parasites (fig. S3).

In total, we generated 99 EBOV genome sequences from 78 confirmed EVD patients,
representing more than 70% of the EVD patients diagnosed in Sierra Leone from late
May to mid-June; we used multiple extraction methods or time points for 13 patients
(table S2). Median coverage was >2000x, spanning more than 99.9% of EBOV coding

sequences. They reveal 341 fixed substitutions (35 nonsynonymous, 173 synonymous,
and 133 noncoding) between the 2014 EBOV and all previously published EBOV
sequences, with an additional 55 single-nucleotide polymorphisms (SNPs; 15
nonsynonymous, 25 synonymous, and 15 noncoding), fixed within individual patients,
within the West African outbreak. Notably, the Sierra Leonean genomes differ from
PCR probes for four separate assays used for EBOV and pan-filovirus diagnostics
(table S3).

Deep-sequence coverage allowed identification of 263 iSNVs (73 nonsynonymous,
For all patients with multiple time points, consensus sequences were identical and
iSNV frequencies remained stable (fig. S4). One notable intrahost variation is the

Phylogenetic comparison to all 20 genomes from earlier outbreaks suggests that the
2014 West African virus likely spread from central Africa within the past decade.
Rooting the phylogeny using divergence from other ebolavirus genomes is

suggests that the lineages of the three most recent outbreaks all diverged from a
common ancestor at roughly the same time, around 2004 (Fig. 2C and Fig. 3A), which



http://www.sciencemag.org/content/345/6202/1369.long#ref-8
http://www.sciencemag.org/content/345/6202/1369.long#ref-6
http://www.sciencemag.org/content/345/6202/1369.long#ref-9
http://www.sciencemag.org/content/345/6202/1369.long#ref-6
http://www.sciencemag.org/content/345/6202/1369.long#F1
http://www.sciencemag.org/content/345/6202/1369.long#F1
http://www.sciencemag.org/content/345/6202/1369.long#ref-3
http://www.sciencemag.org/content/345/6202/1369.long#ref-6
http://www.sciencemag.org/content/345/6202/1369.long#ref-6
http://www.sciencemag.org/content/345/6202/1369.long#ref-10
http://www.sciencemag.org/content/345/6202/1369.long#ref-12
http://www.sciencemag.org/content/345/6202/1369.long#ref-6
http://www.sciencemag.org/content/345/6202/1369.long#F2
http://www.sciencemag.org/content/345/6202/1369.long#ref-6
http://www.sciencemag.org/content/345/6202/1369.long#ref-13
http://www.sciencemag.org/content/345/6202/1369.long#F2
http://www.sciencemag.org/content/345/6202/1369.long#ref-13
http://www.sciencemag.org/content/345/6202/1369.long#F2
http://www.sciencemag.org/content/345/6202/1369.long#F3

supports the hypothesis that each outbreak represents an independent zoonotic
event from the same genetically diverse viral population in its natural reservoir.
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Fig. 2. Relationship between outbreaks. (A) Unrooted phylogenetic tree of EBOV
samples; each major clade corresponds to a distinct outbreak (scale bar = nucleotide
substitutions per site). (B) Root-to-tip distance correlates better with sample date
when rooting on the 1976 branch (R? = 0.92, top) than on the 2014 branch (R? = 0.67,

bottom). (C) Temporally rooted tree from (A).
Question

The key questions that authors wished to address were:

i) Where did the virus come from?

ii) How is it evolving?
Panel A

An unrooted tree specifies relationships among species, but not from an ancestor;
this type of tree does not assume a known ancestor.

The branches represent species being compared, and the internal nodes (where the
branches meet) are ancestral strains (Where the species are estimated to diverged
from each other).

Branch length describes the evolutionary divergence between two nodes (genetic
change).

In Figure 2A, the length of the branches represents the number of nucleotide
changes.

The length of the 2014 branch demonstrates that the 2014 EBOV strain is acquiring
mutations more rapidly and has therefore diverged more than previous outbreaks.



Panel B

Providing evidence for the accumulation of sequence divergence consists of
performing a regression between root-to-tip divergence and sampling date in a
"classical" phylogenetic tree (with a strict molecular clock assumption).

The R-squared of the regression indicates the amount of molecular clock signal and
is referred to as the "root-to-tip" method. Estimating the root-to-tip divergence
provides us the R-squared of the regression between root-to-tip divergence.

The R-squared indicates the amount of sequence divergence explained by the
sampling date.

The authors generated phylogenies using a ML likelihood approach (using the
software PhyML v.3.0) and then estimated the molecular clock by performing a
regression between root-to-tip distance in the ML tree and the date of sampling of
each sequence using the software Path-O-Gen v1.3.

Trees were rooted at the position that was likely to be the most compatible with the
assumption of the molecular clock.

This method estimated the amount of variation in genetic distances that can be
explained by the sampling time.

This figure tells us that the best approach for studying the evolution of the EBOV is
to assume that the oldest ancestor is the 1976 species.

Panel C

This temporally rooted tree assumes that the oldest ancestor is the Zaire 1976 strain
and tracks changes over time.

The nodes of the tree are the theoretical ancestors, an estimate of the time at which
the viruses diverged, assuming a constant rate of mutation.

The best fit model in fig 2B is that the Zaire 1976 species is the oldest ancestor and
therefore, the root of the tree.

The line segment with the number "0.0010" shows the length of branch that
represents an amount genetic change of 0.0010. The units of branch length are
usually nucleotide substitutions per site— that is the number of changes or
"substitutions” divided by the length of the sequence.

Fig 2C suggests that the 2014 outbreak is most closely related to the DRC
(Democratic Republic of Congo) 2007-2008 outbreak strains.

The Guinea and Sierra Leone 2014 strains are very closely related, compared with
other outbreaks, providing evidence that the Sierra Leone outbreak came from
Guinea and that human-to-human transmission is occurring, rather than the virus
being transmitted from the reservoir.



Year of outbreak

2007-2008

2001-2005

2001-2003

Sierra Leone
1994-1996

1976-1977

1975 1985 1995 2005 2015
Year Month of 2014

Fig. 3. Molecular dating of the 2014 outbreak. (A) BEAST dating of the separation of
the 2014 lineage from central African lineages [SL, Sierra Leone; GN, Guinea; DRC,
Democratic Republic of Congo; time of most recent common ancestor (tMRCA),
September 2004; 95% highest posterior density (HPD), October 2002 to May 2006].
(B) BEAST dating of the tMRCA of the 2014 West African outbreak (23 February; 95%
HPD, 27 January to 14 March) and the tMRCA of the Sierra Leone lineages (23 April;
95% HPD, 2 April to 13 May). Probability distributions for both 2014 divergence
events are overlaid below. Posterior support for major nodes is shown.

Molecular dating

Molecular dating is a technique that classifies the evolutionary relationships between
species with relation to time, in order to estimate i) how long species have existed
and ii) how long ago certain species diverged from each other. The simplest model,
the molecular clock, assumes that the rate of substitution remains constant over
time.

BEAST dating

Several models, such as BEAST dating, have been developed and implemented for
inferring divergence times without assuming a strict molecular clock. This is
favorable, because many factors can influence the rate of substitution such as
mutation rate, population size, and selection.

The authors obtained the phylogenetic trees using Bayesian inference methods, a
statistical approach for assessing the probability of a hypothesis given the evidence
at hand. In order to obtain reliable estimates of speciation times, the time of
sampling for the EBOV phylogenies was incorporated into the program BEAST v1.8.
This was coupled with Markov chain Monte Carlo (MCMC), for approximating the
posterior probability distribution of parameters.

In statistical terms, the posterior probability is the probability of event A occurring
given that event B has occurred.

Panel A

Through knowledge of the time of the diagnostic test and of the sequenced virus
associated with that outbreak, it is estimated that the DRC 2007-2008 and SL, GN
2014 outbreaks had a common ancestor in 2004. The triangular symbols represent
the sample sizes available for each particular outbreak.

Panel B



In Figure 3B, the authors take a closer look at the molecular clock of the most recent
outbreak.

Using BEAST dating to correlate the timing with sequence comparisons with
statistical methodes, it is believed that the West African outbreak began on February
23rd (Guinea; dark green color) and the Sierra Leone variant (light green color) of the
virus emerged on 23 April 2014. Ninety-five percent HPD refers to a 95% confidence
in the accuracy of these dates.

Genetic similarity across the sequenced 2014 samples suggests a single
transmission from the natural reservoir, followed by human-to-human transmission
during the outbreak. Molecular dating places the common ancestor of all sequenced
the earliest suspected cases in Guinea (3); this coalescence would be unlikely had
there been multiple transmissions from the natural reservoir. Thus, in contrast to
have contributed to the growth of this epidemic in areas represented by available
sequence data.

Our data suggest that the Sierra Leone outbreak stemmed from the introduction of
two genetically distinct viruses from Guinea around the same time. Samples from 12
of the first EVD patients in Sierra Leone, all believed to have attended the funeral of

finding suggests that the funeral attendees were most likely infected by two lineages
then circulating in Guinea, possibly at the funeral (fig. S9). All subsequent diversity in

consistent with epidemiological information from tracing contacts.
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Fig. 4. Viral dynamics during the 2014 outbreak. (A) Mutations, one patient sample
per row; beige blocks indicate identity with the Kissidougou Guinean sequence
(GenBank accession KJ660346). The top row shows the type of mutation (green,
synonymous; pink, nonsynonymous; gray, intergenic), with genomic locations
indicated above. Cluster assignments are shown at the left. (B) Number of EVD-
confirmed patients per day, colored by cluster. Arrow indicates the first appearance
of the derived allele at position 10,218, distinguishing clusters 2 and 3. (C) Intrahost
frequency of SNP 10,218 in all 78 patients (absent in 28 patients, polymorphic in 12,
fixed in 38). (D and E) Twelve patients carrying iSNV 10,218 cluster geographically
and temporally (HCW-A = unsequenced health care worker; Driver drove HCW-A from



Kissi Teng to Jawie, then continued alone to Mambolo; HCW-B treated HCW-A). KGH =
location of Kenema Government Hospital. (F) Substitution rates within the 2014
outbreak and between all EVD outbreaks. (G) Proportion of nonsynonymous changes
observed on different time scales (green, synonymous; pink, nonsynonymous). (H)
Acquisition of genetic variation over time. Fifty mutational events (short dashes) and
29 new viral lineages (long dashes) were observed (intrahost variants not included).

Panel A

The sequencing data is probed for variation in the viral genome.

Sequencing of the EBOV genome documented changes in both the protein-coding
regions and the intergenic regions of the genome.

Samples from 12 of the first EVD patients in Sierra Leone, all believed to have
attended the funeral of an EVD case from Guinea, fall into two distinct clusters (SL1
and SL2).

All subsequent diversity in Sierra Leone accumulated on the background of those two
lineages (Fig. 4A), consistent with epidemiological information from tracing contacts.

A new lineage of EBOV emerged (SL3), characterized by variation at position 10,218.
Panel B

The coappearance in Sierra Leone in late May (Fig. 4B) of the two lineages.

In Figure 3B, molecular dating placed the divergence of SL1 and SL2 lineages in late
April, predating their coappearance in Sierra Leone in late May.

This lead the authors to postulate that the funeral attendees were most likely
infected by two lineages then circulating in Guinea.

In this figure, it is observed that by June 16, the newest lineage SL3, has become the
predominant lineage.

Panel C

The frequency of variation at position 10,2018 increased significantly in late May, and became dominant

in early June.
Panels D and E

Gathering epidemiological information was imperative to tracking the origin and
spread of EBOV lineages of the 2014 outbreak.

By tracking the movements of the 12 patients who are believed to have spread EBOV
to Sierra Leone (Mambolo and Kakua), the authors were able to further support the
conclusions of their sequencing data.

Panels F, G, and H

By comparing the number of changes (substitutions) among sequenced samples in
the current outbreak to previous outbreaks, it appears that substitution rate for the
current outbreak is twice as high.

Upon further analysis of these substitutions, it is found that changes are more
frequently nonsynonymous during this outbreak, compared to all outbreaks (Fig. 4G).



These nonsynonymous mutations could potentially indicate selective pressure, but
there are amount of mutations are not so extensive that other explanations may be
ruled out.

The unprecedented rate of acquisition of nonsynonymous mutations and the
emergence of a new lineage in such a short space of time is a cause for concern
however (4H), and may suggest that continued progression of this epidemic could
afford an opportunity for viral adaptation.

What's left to learn about the Ebola outbreak?

The authors released all of the genetic information gained in this article to the public,

to enable fellow scientists to gain further insights as to how the outbreak can be
contained. Can a successful cure and vaccines be developed?

It remains to be seen if and/or how the virus is evolving to become a more deadly
pathogen.

Combining sequence data with more recent patient samples may shed more light on
the evolution of Ebola.

Finding the reservoir is a major challenge of the field. Is it really bats?

Patterns in observed intrahost and interhost variation provide important insight
about transmission and epidemiology. Groups of patients with identical viruses or
with shared intrahost variation show temporal patterns suggesting transmission links
(fig. S10). One iSNV (position 10,218) shared by 12 patients is later observed as fixed

defining a third Sierra Leone cluster (Fig. 4, A and D, and fig. S8). Repeated
propagation at intermediate frequency suggests that transmission of multiple viral
haplotypes may be common. Geographic, temporal, and epidemiological metadata
support the transmission clustering inferred from genetic data (Fig. 4, D and E, and

Determining whether individual mutations are deleterious, or even adaptive, would
require functional analysis; however, the rate of nonsynonymous mutations suggests
that continued progression of this epidemic could afford an opportunity for viral

As in every EVD outbreak, the 2014 EBOV variant carries a number of genetic
changes distinct to this lineage; our data do not address whether these differences
are related to the severity of the outbreak. However, the catalog of 395 mutations,
including 50 fixed nonsynonymous changes with 8 at positions with high levels of
conservation across ebolaviruses, provides a starting point for such studies (table
S4).

To aid in relief efforts and facilitate rapid global research, we have immediately
released all sequence data as it is generated. Ongoing epidemiological and genomic
surveillance is imperative to identify viral determinants of transmission dynamics,
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monitor viral changes and adaptation, ensure accurate diagnosis, guide research on
therapeutic targets, and refine public health strategies. It is our hope that this work
will aid the multidisciplinary international efforts to understand and contain this
expanding epidemic.

In memoriam: Tragically, five co-authors, who contributed greatly to public health and
research efforts in Sierra Leone, contracted EVD and lost their battle with the disease
before this manuscript could be published: Mohamed Fullah, Mbalu Fonnie, Alex
Moigboi, Alice Kovoma, and S. Humarr Khan. We wish to honor their memory.
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