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SUMMARY

Following cessation of continuous Ebola virus
(EBOV) transmission within Western Africa, sporadic
EBOV disease (EVD) cases continued to re-emerge
beyond the viral incubation period. Epidemiological
and genomic evidence strongly suggests that this
represented transmission from EVD survivors. To
investigate whether persistent infections are charac-
terized by ongoing viral replication, we sequenced
EBOV from the semen of nine EVD survivors and a
subset of corresponding acute specimens. EBOV
evolutionary rates during persistence were either
similar to or reduced relative to acute infection rates.
Active EBOV replication/transcription continued dur-
ing convalescence, but decreased over time, consis-
tent with viral persistence rather than viral latency.
Patterns of genetic divergence suggest a moderate
relaxation of selective constraints within the sGP car-
boxy-terminal tail during persistent infections, but do
not support widespread diversifying selection. Alto-
gether, our data illustrate that EBOV persistence in
semen, urine, and aqueous humor is not a quiescent
or latent infection.

INTRODUCTION

From December 2013 to June 2016, Sierra Leone, Guinea and

Liberia experienced an Ebola virus (EBOV) outbreak causing

28,646 confirmed, probable, and suspected Ebola virus dis-
This is an open access article under the CC BY-N
ease (EVD) cases—including 11,323 deaths and over 10,000

EVD survivors (WHO, 2016a). Despite the World Health Orga-

nization (WHO) declaring these countries disease-free 42 days

(twice the 21-day viral incubation period) after the last active

case, sporadic EVD cases continued to appear outside of

this window and several reports strongly suggest that these

unexpected re-emergences occurred due to viral transmission

from persistently infected EVD survivors (Arias et al., 2016;

Blackley et al., 2016; Christie et al., 2015; Diallo et al., 2016;

Mate et al., 2015; Sissoko et al., 2017b). Other possible expla-

nations, later discarded, included that sporadic cases could

represent a missed transmission chain, reintroduction from

an animal reservoir, or from another geographical location.

Genetic data and phylogenetic analysis have been critical to-

ward a resolution among these possibilities.

Filovirus persistence was initially observed with a single

Marburg virus sexual transmission case in 1967 (Martini and

Schmidt, 1968). Very scarce data from previous outbreaks sug-

gested a prolonged presence of EBOV nucleic acids in semen

and other bodily fluids collected from convalescent patients

(Bausch et al., 2007; Rodriguez et al., 1999; Rowe et al., 1999).

Recent EVD persistence studies in Sierra Leone, Liberia, Guinea,

and the United States extended these observations and defini-

tively demonstrated that EBOV RNA can be detected within

the semen of EVD survivors months to �2 years after recovery,

and live virus can be isolated from a subset of these specimens

(Barnes et al., 2017; Deen et al., 2017; Sissoko et al., 2017a;

Soka et al., 2016; Uyeki et al., 2016). Initially, the WHO and

Médecins Sans Frontières (MSF) advised male survivors to

abstain from sexual intercourse or use barrier protection for

3 months after recovery (Sterk, 2008; WHO, 2014), however,

based on results from the current outbreak (Christie et al.,
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2015; Deen et al., 2017; Mate et al., 2015), theWHO revised their

recommendations to include periodic EBOV RT-PCR semen

testing and for survivors that cannot access EBOV RT-PCR

semen testing, they should continue to practice safe sex for at

least 12months after the onset of symptoms (WHO, 2016b). Viral

recrudescence outside of the male genital tract (MGT) can also

develop after filovirus infection, as initially observed in 1977 for

a single case of Marburg virus uveitis (Kuming and Kokoris,

1977). During the West African outbreak, recrudescent cases

were again observed within the eye, and also the CNS several

months after initial infection (Jacobs et al., 2016; Varkey et al.,

2015). Altogether, these data suggest that after recovery from

EVD, EBOV can still persist within immune-privileged sites in

EVD survivors.

While much work has been done to explore themolecular evo-

lution of EBOV during acute infection (Dudas et al., 2017; Gire

et al., 2014; Ladner et al., 2015; Park et al., 2015; Simon-Loriere

et al., 2015; Tong et al., 2015), little is known about the dynamics

of persistent EBOV infections within immune-privileged niches.

Genomes from EVD flare-ups linked to transmission from persis-

tent infections exhibited reduced genetic divergence (Blackley

et al., 2016; Diallo et al., 2016). These low levels of divergence

could help to define and predict whether new outbreaks are

the result of transmission from individuals with acute or persis-

tent infections—such data could influence and guide future

epidemiological investigations. Furthermore, the extraordinary

discovery that EBOV can persistently infect immune-privileged

sites for several months opens significant questions regarding

viral replication mechanisms and the selective pressures experi-

enced during acute and persistent infection.

To address these questions, we directly sequenced EBOV

RNA from clinical specimens collected during acute EVD and

during EVD convalescence (‘‘persistence’’) (Figure S1A). Using

these EBOV sequences, we directly estimated viral evolutionary

rates during persistent infection. We observed significant reduc-

tions in the rate of viral evolution within a subset of persistent in-

fections, while others exhibited acute-like rates, and we present

potential mechanisms to explain these results. We also exam-

ined patterns of selection during persistent infection and demon-

strate that active viral replication/transcription continues during

viral persistence.

RESULTS

EBOV in Semen Specimens from Sierra Leonean EVD
Survivors Exhibits Reduced Evolutionary Rates
Using a random subset of acutely acquired viral sequences

(AAVS) from specimens collected from May 2014–September

2015 and sequenced directly from blood, plasma, or oral swab

specimens from EVD patients with acute symptoms in Sierra

Leone, we inferred a mean evolutionary rate of 0.963 10�3 sub-

stitutions/site/year ([0.86–1.063 10�3] 95%credible interval) un-

der the uncorrelated lognormal (UCLN) model of rate variation

among branches. These acute rate estimates are similar to pre-

viously reported rate estimates (Gire et al., 2014; Park et al.,

2015; Simon-Loriere et al., 2015; Tong et al., 2015). Using Bayes

factor values calculated from path and stepping-stone sampling,

the UCLN relaxed clock models were the best fit to the data,
1160 Cell Reports 22, 1159–1168, January 30, 2018
however, evolutionary rate estimates were also similar under

the fixed local clock model (Figure S1B; Table S1).

Most semen-acquired viral sequences (SAVS) exhibited lower

genetic divergence, given their sampling time, than the mean

AAVS divergence, although in all cases, this divergence was in-

side the prediction interval calculated for AAVS (Figure 1A). The

average collection period for SAVS was 170 days post disease

onset with a range of 82–322 days. During these collection pe-

riods, SAVS exhibited a significantly reduced evolutionary rate

compared to AAVS (Figure 1B). Reversion of potential U-to-C hy-

per-edited sites, whichmay be the result of host ADAR enzymes,

similar to Dudas et al. (2017), slightly decreased the acute evolu-

tionary rate (0.893 10�3 subs/site/year, [0.80–0.993 10�3] 95%

credible interval), as expected (Figure 1A). After removal of hy-

per-edited sites, SAVS exhibited amarginally significant reduced

evolutionary rate compared to AAVS (Figure 1B).

EBOV Evolutionary Rates from Paired Acute and
Convalescent Clinical Specimens
Serial specimens acquired from US EVD survivors permitted a

comparison of viral sequences acquired during acute and persis-

tent infectionwithin a single individual. For all US survivors, AAVS

were nearly identical and exhibited genetic divergence consis-

tent with other AAVS collected during the outbreak (Figures 2A

and S1C). For survivor C, concurrent viral compartmentalization

was observed in the eye and MGT, and we did not observe evi-

dence of viral exchange between these sites (Figure S1C). Using

the UCLN relaxed clock model, mean posterior rate estimates

fromUSAAVS (estimated over an average of 5 days)were slightly

decreased, but not significantly different to rate estimates from

other AAVS collected during the outbreak (estimated over

542 days) (Figure 2B; Table S1). In contrast to SAVS collected

from EVD survivors in Sierra Leone, SAVS collected from US

EVD survivors exhibited a mean evolutionary rate estimate that

was �1.45-fold greater than acute rate estimates (Figure 2B;

Table S1). We attribute this rate increase to U-to-C hyper-editing

that occurred during viral persistence in survivors A and C (Fig-

ures 2A and 2C). Reversion of U-to-C hyper-edits from all se-

quences reducedUSsurvivor AAVS andSAVSevolutionary rates

to a level that was similar to acute-infection rate estimates (Fig-

ures 2A and 2B). While US EVD survivors received multiple ther-

apeutic EVD treatments during early disease, we did not observe

anymutationswithin viral regions (GP, VP35, L) targeted by these

compounds (Supplemental Experimental Procedures). Thus, we

hypothesize that these de novo U-to-C hyper-edits are not the

result of therapeutic EVD treatments. U-to-C hyper-editing was

also observed in Sierra Leone survivors 1 and 5, but from the

available specimens, we cannot determine whether these

changes occurred de novo during viral persistence, or during

acute infection, because other AAVS from Sierra Leone (SLE)

share the same set of mutations (Figure 2C).

U-to-C hyper-editing is not unique to SAVS, similar patterns

have also been observed within AAVS (Dudas et al., 2017; Ni

et al., 2016; Park et al., 2015; Smits et al., 2015; Tong et al.,

2015), however, it is currently unknown whether acute- and

persistence-specific hyper-edited genomic regions exist. Here,

we observed that most acute editing occurred within non-coding

regions and the highest rates of hyper-editing were on the



Figure 1. EBOV in Semen Specimens from Sierra Leonean EVD

Survivors Exhibit Reduced Evolutionary Rates

(A) Genetic divergence versus specimen collection date for nearly all SLE

viral sequences (n = 1,058) acquired from blood, plasma, or oral swab during
30 untranslated NP and VP40 transcripts. (Figure 2C). The distri-

bution of hyper-edited sites in Figure 2C represents a combina-

tion of both de novo and ancestrally acquired hyper-edits. In

contrast to AAVS, edited sites in SAVS are only within a distinct

region on the 30 untranslated NP transcript (Figure 2C). Hyper-

mutation within this region was also observed with high fre-

quency within AAVS and is near a U-to-C editing site (3008-11)

that can upregulate NP transcription (Figure 2C) (Ni et al.,

2016). Because ADAR editing deaminates adenosine to inosine,

which base pairs with cytidine, canonical ADAR editing typically

results in A / G mutations on the affected strand (Bass, 2002).

Therefore, these U-to-C hyper-edits likely reflect ADAR editing of

the viral (RNA�) genome.

Selective Pressures within Immune-Privileged Sites
Because immune-privileged sites represent a unique niche,

EBOV may experience selective pressure differences during

acute and persistent infection. Selective pressures during acute

infection were first estimated using Bayesian robust counting

and compared to phylogenetic analysis by maximum likelihood

(PAML) branch- and branch-site-specific models. To prevent

rate overestimation by double-counting shared amino acids,

the glycoprotein was split at the transcriptional editing site into

N-terminal (NGP), C-terminal full-length (GP1 carboxy-terminus

and GP2, CGP), and secreted GP (SGPc), and rates were esti-

mated independently for each protein fragment (Figure 4). In-

ferred selective pressures were similar when estimated using

Bayesian robust counting (AAVS only) and paml modeling

(AAVS and SAVS) (Figure 3). In general, u estimates were similar

to or reduced compared to previous robust counting estimates

(Park et al., 2015; Tong et al., 2015), consistent with purifying se-

lection acting over a longer time period (Figure 3A). A comparison

of the changes accumulated in the cohort, including its analysis

in the context of the larger outbreak, did not reveal significant dif-

ferences among groups (Figure S2; Table S2).

Using the branch model, a moderate increase in u was

observed for the carboxy-terminal secreted glycoprotein tail

(sGPc) (p = 6.13 3 10�5) of SAVS (Figure 3B; Table S2). This

data were supported by the branch-site model, which provided

evidence of site-based positive selection in SAVS occurring at
acute infection (gray) and from semen during persistent infection (color).

Colored bars represent survivor-reported symptom onset dates, and red

whiskers represent onset date ambiguity for survivor 3. Top: includes se-

quences without editing. Bottom: includes sequences with reversion of po-

tential U-to-C hyper-edited sites. Acute specimen average divergence from

root is black dashed line and corresponding 95% confidence interval is gray

(along black dashed line). Dotted lines represent 95% prediction intervals.

EVD survivors 1, 2, 3, and 4 exhibited a reduced number of substitutions

relative to the mean AAVS divergence, whereas survivors 5 and 6 exhibited

an increased number of substitutions relative to the mean AAVS divergence

(upper panel). Removal of hyper-edited sites reduced the number of sub-

stitutions for patient 5 (bottom).

(B) SAVS exhibit significantly reduced evolutionary rates compared to AAVS.

Posterior rate distribution differences of SAVS compared to AAVS using un-

edited sequences (solid line) and reversion of potential hyper-edited sites

(dashed line). Shaded density tails indicate 95% highest posterior density in-

terval (HPD) and black dotted line indicates the expectation that rate estimates

are identical during acute and persistent infection.
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Figure 2. EBOV Sequenced from Acute and Persistent Clinical Specimens Acquired from US EVD Survivors Exhibits Acute-like Evolutionary

Rates

(A) Genetic divergence versus specimen collection date for viral sequences from US EVD survivors and 1,498 sequences from SLE, Guinea (GIN), and Liberia

(LBR). Left: includes sequences without editing. Right: includes sequences with reversion of potential hyper-edited sites. Viral sequences were acquired from

blood, plasma, or oral swab specimens during acute infection (gray), or from blood, plasma, semen, urine, or eye during acute and persistent infection in EVD

survivors (color). Mean divergence, 95% confidence interval, and 95% prediction intervals as in Figure 1.

(B) Prior to removal of hyper-edited U-to-C sites, SAVS (green solid line) exhibit�1.45-fold increased evolutionary rate compared to AAVS (orange solid line). After

reversion of U-to-C hyper-edits, SAVS (green dashed line) exhibit a similar divergence as AAVS (orange dashed line). Overall, AAVS and SAVS evolutionary rates

were not significantly different from the overall acute evolutionary rate (black dotted line, estimated fromAAVS collected in SLE, GIN, and LBR). HPD intervals and

rate distribution difference as in Figure 1.

(C) Distribution of U-to-C hyper editing sites using 1,498 sequences from SLE, GIN, and LBR. Occurrence of hyper-editing across the viral genome (black bars)

and within coding regions (gray shading). GP transcriptional editing is dotted line, and GP1 and GP2 cleavage is dashed line. Hyper-edited sites from EVD

survivors versus days post symptom onset is right y axis (blue). These sites only occurred within a distinct region near the untranslated 30 nucleoprotein (NP)

transcript, which was also observed with high frequency within acute specimens and is near a U-to-C editing site described in Ni et al. (2016) (red bar).
glycoprotein amino acid residues 296N (CGP) (posterior proba-

bility 99.9%), 296T (sGPc) (posterior probability 99.9%), and

315P (sGPc) (posterior probability 78.2%) (Figure 3C). However,

these mutations were each detected in only one EVD survivor

(survivor 2: 296N/T and survivor 4: 315P), and thus likely

represents an overestimation of u in SAVS. Therefore, we hy-

pothesize that nonsynonymous changes in sGPc from SAVS
1162 Cell Reports 22, 1159–1168, January 30, 2018
(Figure 3B) are suggestive of the relaxation of selection con-

straints, rather than evidence of positive selection at specific

sites.

Additional unique glycoprotein mutations were observed dur-

ing viral persistence that were not accurately captured by the

PAML analysis. SAVS from survivor 2 contained an insertion in

the GP transcriptional editing site (A / AC, 296N/T above)



Figure 3. Selective Pressures within

the MGT

(A) Comparison of loge(u) estimates for viral genes

calculated using PAML branch model (green) and

coalescent robust counting (orange, error bars

indicate 95% HPD) or from Park et al. (2015) (dark

gray, error bars indicate 95%HPD) and from Tong

et al. (2015) (light gray, error bars indicate 95%

HPD). Rate estimates in PAML/codeml used SAVS

and a subset of AAVS from SLE, GIN, and LBR

(collected between 03/2014–09/2015). Robust

counting estimates used a subset of AAVS from

SLE, GIN and LBR collected between 03/2014–07/

2015. Rate estimates from Park et al. (2015)

and Tong et al. (2015) were calculated using

robust counting with specimens collected be-

tween 03/2014–03/2015 and 03/2014–11/2014.

In most cases, u estimates closely agree and

were reduced compared to previous estimates,

consistent with purifying selection acting over a

longer time period. Branch and branch-site PAML

models support elevated u in the secreted GP

carboxy-tail from SAVS (‘‘SGPc’’) (stars). GP rate

estimates from Park et al. (2015) and Tong et al.

(2015) include full-length GP, rather than parti-

tioned GP, as analyzed here (+ sign).

(B) Comparison of the proportion of total nonsynonymous (N, gray) and synonymous (S, black) counts across AAVS (from SLE, GIN, and LBR) and SAVS tree

branches for the SGPc tail. Numbers above bars are the total count of N/S substitutions summed across AAVS and SAVS branches. Only nonsynonymous

substitutions were observed in SAVS within the SGPc tail.

(C) Comparison of the glycoprotein (GP) C-terminal variants produced following transcriptional RNA editing. Sites identified with the PAML branch-site model to

experience potential positive selection in SAVS are in gray and wild-type alleles are in red. Intervening amino acids (not to scale) are summarized with ‘‘..’’

Protease cleavage in the sGPc tail produces canonical sGPc and D peptide (red line) and cleavage of the full-length GP produces GP1 and GP2. Loss of the sGP

stop codon is predicted to produce an extended D peptide for survivor 3 (gray).
that shifts the reading frame and results in a viral genome encod-

ing for the full-length GP tail, rather than the canonical sGP tail

(Figures 3C and S2A site 6924; Table S2). This insertion was pre-

sent in all 7 semen specimens from this patient, but its frequency

in the SAVS population varied (34%–65%, Figures S2A–S2C).

This insertion was also maintained in viral isolates (EBOV grown

in tissue culture cells inoculated with survivor 20s semen speci-

mens) (data not shown), suggesting that it represents a true

genomic mutation and not an overrepresentation of edited

mRNA in consensus genomes. Interestingly, the end result of

this change resembles the 7U/8U mutation that is induced by

passage of some strains of EBOV (Zaire, Sudan) in Vero cell lines

(Alfson et al., 2015; Volchkova et al., 2011). Additionally, survivor

3 contained a SNP that resulted in the loss of the sGP stop

codon, which extends the sGP tail by an additional 66 amino

acids (Figure 3C).

Evidence of Active Viral Replication within Semen
Specimens from EVD Survivors
Currently there is limited data as to the extent of active viral repli-

cation during EBOV persistence and whether this replication oc-

curs with intact or defective viral genomes. Through the use of

stranded sequencing and qRT-PCR approaches, we were able

to further define the strandedness of viral nucleic acids produced

during acute and persistent infection (Figures 4, S3, and S4).

Several studies provide support for chronic viral infection occur-

ring due to the production of defective viral genomes (DVGs)

containing internal/copy-back deletions (Calain et al., 1999;
Li et al., 2011; Tapia et al., 2013) or terminal deletions (Meyer

and Schmaljohn, 2000; Meyer and Southern, 1997). Overall,

we observed similar depths of negative-sense (i.e., genomic)

genome coverage between AAVS and SAVS (Figure 4A). There-

fore, we do not see evidence for a preponderance of truncated

genomes. However, we did observe a small proportion of

chimeric reads containing deletions, duplications or copy back

mutations (Table S3). Altogether, we did not observe any consis-

tent trends in the proportion of chimeric reads per patient over

time or during acute and persistent infection.

During acute infection, the proportion of positive-sense viral

reads varied between 7%–23% (average ± SD: 16.5% ± 6.9%)

and during persistent infection between 7%–46% (average

16.0% ± 10.9%) (Figure 4B). As a control, during in vitro infection

with EBOV-ZsGreen we observed 78%–91% positive-sense

viral reads in themonolayer (compatible with the detection of pri-

marily mRNA) and 2%–5% positive-sense viral reads in the su-

pernatant (compatible with the detection of primarily genomic

RNA) at 18-48 hr post-infection (Figure S3A). Because SAVS

contained proportions of positive-sense reads similar to or

greater than that observed during acute infection, these data

demonstrate the presence of active transcription/replication in

all persistent survivor specimens studied herein.

During acute and persistent infections, the proportion of pos-

itive sense reads changed over time. As expected for acute

infection, there was an increase in the proportion of positive

sense reads over time, consistent with an increase in active viral

replication/transcription during EVD (Figure 4C). After recovery
Cell Reports 22, 1159–1168, January 30, 2018 1163



Figure 4. Active Viral Replication during Persistent Infection

(A) Average normalized negative-sense (viral genome) coverage for AAVS and SAVS (coverage mean [line] and standard deviations [shading]).

(B) Proportion of EBOV genome-wide positive-sense reads out of total reads from EVD survivor specimens. Specimen types indicated by color, point shape

indicates virus isolation results and specimens in (D) contain thick borders. Blue dashed horizontal line indicates the proportion of positive-sense reads observed

from a negative-sense viral RNA in vitro transcript (Figure S3A).

(C) Proportion of positive-sense reads versus day post symptom onset for acute specimens (left) and persistent specimens (right). Patients highlighted by color,

virus isolation results highlighted by shape and nucleoprotein cycle threshold values highlighted by size.

(D) Proportion of normalized strand-specific reads per EBOV gene fromAAVS (left) or SAVS (right). Negative-sense (viral genome) reads in red, and positive-sense

(mRNA and viral complementary genome) reads in blue (shading is SE of the normalized coverage means).

1164 Cell Reports 22, 1159–1168, January 30, 2018



from EVD, the ratio of positive-sense reads generally decreased

logarithmically with time post onset (Figure 4C), however,

in some instances, the proportion of positive-sense reads

was higher during persistence than during acute infection (survi-

vors A, C, and 2)—consistent with NP expression from a single

survivor (Barnes et al., 2017). For a subset of clinical specimens,

we isolated live virus (Spengler et al., 2015; Uyeki et al., 2016;

U.S., unpublished data) and observed that the likelihood of

positive virus isolation decreased over time (Figures 4B and

4C) and was significantly associated (p < 0.1) with the proportion

of positive-sense reads (Figures S3B and S3C) and NP Ct value

(p < 0.03) (Figures S3D and S3E).

We also observed that the relative depth of positive- and nega-

tive-sense RNA coverage was consistent with the accepted

model of replication for viruses of the order Mononegavirales.

For AAVS, SAVS, and during an in vitro infection, we observed

a decrease in positive-sense coverage along the viral genome,

consistent with mRNA expression decreasing in a roughly linear

manner from the 50 to 30 end (Figures 4D, S3F, and S3G). In

contrast, there was a steady depth of negative-sense reads

across the genome for all specimens, consistent with this strand

being synthesized as a continuous RNA molecule (Figures 4D,

S3F, and S3G). Similar positive- and negative-sense RNA

expression patterns were observed for in vitro infected cells (Fig-

ures S3F–S3G). However, a slight increase in 50 negative-sense
read coverage was observed during in vitro infection (Figures

S3F–S3G), and we hypothesize that is due to interrupted/partial

negative strand synthesis during active replication.

DISCUSSION

Genomic analysis of EBOV sequences collected from acutely in-

fected and convalescent survivors has yielded important insights

into viral replication and selective pressures experienced during

acute and persistent infections. During convalescence, EBOV

evolutionary rates in the semen, aqueous humor, and urine

were either similar to or reduced relative to the rates observed

during acute infection in blood and plasma. During persistence,

active EBOV replication/transcription continued, but decreased

with time, consistent with viral persistence (i.e., long-term viral

genomemaintenancewith active transcription/replication) rather

than viral latency (i.e., long-term viral genome maintenance

without active replication and low/no transcription). Further-

more, viral persistence did not appear to be linked to defective

interfering particles with consistently truncated genomes atten-

uating wild-type infection (Calain et al., 1999; Li et al., 2011;

Meyer and Schmaljohn, 2000; Meyer and Southern, 1997; Tapia

et al., 2013). We did observe evidence for a minor population of

chimeric reads in both acute and persistent specimens, how-

ever, from these short read data, we were not able to estimate

the proportion of DVGs in the population, and it is currently un-

clear what role, if any, these DVGs may play during viral persis-

tence. Finally, EBOV does not appear to have experienced sub-

stantially different selective pressures during persistence within

immune-privileged niches (testes, eye) as compared to those

experienced during acute infections. However, we did observe

a moderate relaxation of selective constraints within the sGP

carboxy-terminal tail during persistence.
The dichotomy of evolutionary rates observed between the

Sierra Leone and US clinical specimens is of particular interest.

After reversion of U-to-C hyper-edited sites, Sierra Leonean

specimens, on average, exhibited a reduced evolutionary rate,

while US specimens exhibited an ‘‘acute-like’’ rate. Our observa-

tion that SAVS can exhibit a slowed evolutionary rate is in line

with a previous rate estimate from a single SAVS (Diallo et al.,

2016) and supports rate estimates obtained from sexual trans-

mission cases (Blackley et al., 2016). However, the observation

of an ‘‘acute-like’’ evolutionary rate during EBOV persistence is

a novel finding.

In general, substitution rates represent a complex product

of effective population size, mutation rate, generation time, and

viral fitness (Duffy et al., 2008). The US and Sierra Leone rate dif-

ferences are likely due to differences in semen collection times

post disease onset; US semen specimens were collected an

average of 61 (minimum [min]: 28, maximum [max]: 116) days

post onset, whereas Sierra Leonean semen specimens were

collected an average of 188 (min: 80, max: 321) days post onset.

An acute-like evolutionary rate reflects active ongoing viral repli-

cation during early convalescence, whereas the reduced rate

may indicate increased pruning of deleterious alleles by purifying

selection over time. However, additional factors such as a lower

population size, reduced mutation rate, increased generation

time, or reduced viral fitness could also contribute to a reduced

substitution rate. Because the proportion of positive-sense

reads decreases during convalescence, these rate differences

also reflect a corresponding decrease in active viral replication

over time. Within the MGT, active viral replication could be

reduced by the lowered temperatures of the testes, a replication

restriction, sequestration of viral nucleic acids into a cellular

compartment, and/or immune/apoptotic-mediated clearance.

Together, these factors will decrease the viral population size

and increase generation time. While immune-privileged sites

represent a novel niche, viral fitness differences likely do not

contribute to the observed evolutionary rate differences,

because we did not observe evidence for significant selective

pressure differences in coding regions between SAVS and

AAVS.

Viral nucleic acids during acute infection have been detected

within the MGT (Dejucq and Jégou, 2001) and many viruses

can establish persistent infections within a range of host sites

(Randall and Griffin, 2017), however, despite this prevalence,

relatively little is known regarding viral evolution during the acute

to persistent transition. Previous studies comparing HIV se-

quences collected from paired blood/PBMCs or semen con-

tained evidence of either compartmentalization or exchange

between these two compartments in individual donors (Delwart

et al., 1998; Gupta et al., 2000) and those patients that exhibited

HIV compartmentalization also exhibited reduced genetic diver-

sity (Pillai et al., 2005). However, abnormally low evolutionary

rates for HIV and other viruses (HTLV-I, HTLV-II, SFV, GBV-C,

and some plant viruses) are commonly due to a latent viral infec-

tion, or slow clonal expansion following viral integration (Duffy

et al., 2008)—viral replication strategies that are distinct from

models of EBOV replication.

Here, we found that two US survivors (C and A) exhibited evi-

dence of de novo U-to-C hyper-editing in specimens acquired
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during viral persistence, which inflated the apparent viral evolu-

tionary rate and likely occurred due to host-mediated ADAR1

cytoplasmic editing. Similar excessive ADAR-mediated edits

within short regions were also observed within noncoding re-

gions of AAVS (Dudas et al., 2017; Ni et al., 2016; Park et al.,

2015; Tong et al., 2015), however, additional molecular studies

are needed to confirm that these hyper-edits are due to host en-

zymes, and/or occur at sites containing secondary structure,

and to evaluate the significance of these edits. Preliminary evi-

dence suggests that a U-to-C editing site (3008-11) near those

observed within SAVS can upregulate NP transcription (Ni

et al., 2016). In other models, loss of ADAR1 editing activity

can upregulate interferon-stimulated genes (Rice et al., 2012),

thus ADAR-editing of viral transcripts may represent a proviral

method to control protein production (hepatitis delta virus), or

enhance viral replication (HIV), or may act through an anti-viral

method to introduce excessive mutations (LCMV) (Gélinas

et al., 2011; Zahn et al., 2007). Similar hyper-editing has also

been observed during in vitro replication for other viruses (influ-

enza,measles, respiratory syncytial, Epstein-Barr, and polyoma-

virus) (Iizasa et al., 2010; Kumar and Carmichael, 1997; Martı́nez

and Melero, 2002; Suspène et al., 2011). Most strikingly, U-to-C

and G-to-A hyper-editing has been observed following persis-

tent measles infections in the brain 4 and 6 months after initial

disease (Baczko et al., 1993; Cattaneo et al., 1988), and a similar

pattern of U-to-C edits were observed on the NP 30 untranslated
region during in vitro Marburg infection (Shabman et al., 2014).

Viral genomes with hyperedits in the VP40 50 (viral genome

orientation) tail were observed in the Magazine Wharf area of

SLE after a disease-free 2-week period, potentially representing

re-emergence from an EVD survivor, although both of these

cases were also associated with ‘‘multiple high-risk contacts’’

(Smits et al., 2015; WHO, 2015). While there are some estab-

lished links between ADAR and interferon signaling (George

and Samuel, 1999; Pfaller et al., 2011; Rice et al., 2012), teasing

apart the pro- and anti-viral interactions, alongwith their relation-

ship to viral persistence, will be an important area for future

research.

Besides on-the-ground contact tracing, there are currently no

molecular signatures that would allow one to confirm whether

EBOV was transmitted through contact with an acute case or

from contact with an EVD survivor. Here, we observed that a de-

layed evolutionary rate (as suggested previously by Blackley

et al. [2016] and Diallo et al. [2016]) or U-to-C hyper-editing in se-

rial specimens could suggest transmission from persistently in-

fected EVD survivors. However, the absence of these molecular

markers does not eliminate persistently infected EVD survivors

as potential sources of viral transmission.

Altogether, our data illustrate that EBOV persistence in semen

and aqueous humor does not imply a quiescent or latent infec-

tion, but instead is an ongoing balance between natural selection

and genetic drift within a novel intra-host niche. EBOV persis-

tence within EVD survivors may act as a viral reservoir. Fortu-

nately, sexual transmission of EBOV from EVD survivors is a

rare mechanism for viral transmission. Ultimately, understanding

the mechanisms of viral persistence in immune-privileged sites

will lead to additional treatment options, clarify public health rec-

ommendations, and is critical to document whether future or
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past outbreaks might be due to transmission from persistently

infected EVD survivors.

EXPERIMENTAL PROCEDURES

Experimental Model and Subject Details

Human Subjects

Through the joint Sierra Leone Ebola Virus Persistence study (SLEVPS) with

the Ministry of Health and Sanitation (MoHS) in Sierra Leone, WHO, China-

CDC, and CDC, we had access to semen specimens collected from EVD

survivors. The SLEVPS was reviewed and approved by the Sierra Leone Insti-

tutional ReviewBoard and theWorld Health Organization Ethical ReviewCom-

mittee. Acute and persistent specimens from US EVD survivors were collected

by their treating physicians and transported to the CDC for detection of viral

RNA. This sequencing project was determined by the CDC institutional human

subject advisor to be a non-research public health response activity, and insti-

tutional review board review was not required.

Method Details

Whole Genome Sequencing and Bioinformatics

RNA was extracted from blood and semen specimens and sequenced using a

modified version of the Illumina TruSeqRNAAccess Library Prep kit. EBOV ge-

nomes were assembled using custom scripts. Additional details are available

in the Supplemental Experimental Procedures.

Sequence Analysis

Viral evolutionary rate estimates were conducted using both linear regression

modeling and time-structured phylogenies. Additional sequence analysis was

conducted using custom-made scripts. Evolutionary selective pressures were

estimated using the renaissance counting method in beast/v1.8.2 and hypoth-

esis testing was performed using the codeml model in paml/v4.5. Additional

details are available in the Supplemental Experimental Procedures.

DATA AND SOFTWARE AVAILABILITY

The accession numbers for the genomes acquired from clinical specimens re-

ported in this paper are GenBank: KY401638–KY401675 and KY805810-2.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and three tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.01.008.

CONSORTIA

Members of the Sierra Leone Ebola Virus Persistence StudyGroup are: Gibrilla

Fadlu Deen, Nathalie Broutet, Barbara Knust, and Wenbo Xu (principal inves-

tigators), and James Bangura, Amara Jambai, Faustine James, Alie H. Wurie,

Francis Yamba, Foday Sahr, Foday R. Sesay, Thomas A. Massaquoi, Tina

Davies, Pierre Formenty, Anna E. Thorsen, Archchun Ariyarajah, Marylin

Carino, Antoine Coursier, Kara N. Durski, Ndema Habib, Philippe Gaillard, Si-

hem Landoulski, Margaret O. Lamunu, Jacyln E. Marrinan, Suzanna L.R.

McDonald, Dhamari Naidoo, Neetu Abad, Kyle T. Bernstein, Elizabeth Ervin,

John D. Klena, Tasneem Malik, Oliver Morgan, Stuart T. Nichol, Christine
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Table S1: Evolutionary Rate Estimates from non‐edited and edited SAVS from SLE and US EVD Survivors, Related to Figures 1 and 2.

SLE EVD SURVIVORS:
Clock Model

Acute Rate Latent Rate
No Edits 0.963 (0.863‐1.066) 0.674 (0.504‐0.846)

Hyper‐edits removed 0.895 (0.805‐0.991) 0.739 (0.580‐0.904)

Clock Model
Survivor 1 Survivor 2 Survivor 3

No Edits 0.500 (0.122‐0.969) 0.631 (0.418‐0.853) 0.862 (0.441‐1.339)
Hyper‐edits removed 0.631 (0.238‐1.068) 0.710 (0.514‐0.918) 0.856 (0.529‐1.209)

Clock Model
Survivor 4 Survivor 5 Survivor 6

No Edits 0.717 (0.391‐1.071) 0.787 (0.230‐1.502) 0.751 (0.298‐1.261)
Hyper‐edits removed 0.776 (0.498‐1.042) 0.815 (0.367‐1.334) 0.783 (0.383‐1.225)

Clock Model ‐ Uneditted
Average Standard Deviation Average Standard Deviation

Relaxed Clock (UCLN), Skygrid ‐34238.4 7.9 ‐34246.3 7.9
Relaxed Clock (UCLN), constant population ‐34359.0 4.4 ‐34363.1 5.1

Relaxed Clock (UCLN) ‐ monophyly, constant population ‐34331.5 4.4 ‐34340.3 5.1
Fixed Local Clock ‐ monophyly, individual rates, constant population ‐34427.0 10.1 ‐34434.7 6.5
Fixed Local Clock ‐ monophyly, persistent rate, constant population ‐34365.1 10.0 ‐34369.7 9.2

Clock Model ‐ Hyper‐edits removed
Average Standard Deviation Average Standard Deviation

Relaxed Clock (UCLN), Skygrid ‐33822.7 4.9 ‐33830.6 6.6
Relaxed Clock (UCLN), constant population ‐33939.6 3.7 ‐33946.7 3.8

Relaxed Clock (UCLN) ‐ monophyly, constant population ‐33901.5 7.3 ‐33912.0 13.6
Fixed Local Clock ‐ monophyly, individual rates, constant population ‐33928.6 2.2 ‐33940.2 4.7
Fixed Local Clock ‐ monophyly, persistent rate, constant population ND ND ND ND

US EVD SURVIVORS:
Clock Model

Acute Rate Blood Rate Persistence Rate
No Edits 1.152 (1.043‐1.267) 0.884 (0.518‐1.290) 1.290 (0.903‐1.713)

Hyper‐edits removed 1.041 (0.937‐1.138) 0.888 (0.577‐1.235) 0.859 (0.617‐1.133)

Clock Model
Survivor A ‐ Acute Survivor A ‐ Semen

No Edits 1.037 (0.257‐2.103) 1.378 (0.426‐2.619)
Hyper‐edits removed 0.979 (0.331‐1.805) 0.816 (0.264‐1.499)

Clock Model
Survivor E ‐ Acute Survivor E ‐ Semen

No Edits 0.962 (0.530‐1.475) 0.571 (0.132‐1.137)
Hyper‐edits removed 0.848 (0.361‐1.419) 0.634 (0.187‐1.174)

Clock Model
Survivor C ‐ Acute Survivor C ‐ Semen and Urine Survivor C ‐ Eye

No Edits 0.962 (0.530‐1.475) 1.431 (0.940‐1.956) 0.903 (0.264‐1.662)
Hyper‐edits removed 0.948 (0.572‐1.365) 0.916 (0.619‐1.241) 0.930 (0.306‐1.669)

Clock Model ‐ uneditted
Average Standard Deviation Average Standard Deviation

Relaxed Clock (UCLN), Skygrid ‐38288.5 9.3 ‐38302.7 8.7
Relaxed Clock (UCLN), constant population ‐38456.4 8.8 ‐38470.6 8.9

Relaxed Clock (UCLN) ‐ monophyly, constant population ‐38406.7 5.7 ‐38420.0 8.9
Fixed Local Clock ‐ monophyly, individual rates, constant population ‐38621.5 12.5 ‐38643.5 24.2

Fixed Local Clock ‐ monophyly, blood/persistent rates, constant population ‐38547.7 1.7 ‐38561.8 9.8

Clock Model ‐ hyper‐edits removed
Average Standard Deviation Average Standard Deviation

Relaxed Clock (UCLN), Skygrid ‐37424.7 9.0 ‐37438.1 8.7
Relaxed Clock (UCLN), constant population ‐37578.0 8.5 ‐37591.7 8.5

Relaxed Clock (UCLN) ‐ monophyly, constant population ‐37503.8 9.8 ‐37529.9 16.4
Fixed Local Clock ‐ monophyly, individual rates, constant population ‐37680.3 12.0 ‐37696.0 5.5

Fixed Local Clock ‐ monophyly, blood/persistent rates, constant population ND ND ND ND

Loglikelihood Path Sampling

Rate Estimates (*10‐3 subs/site/year) mean [95%HPD lower ‐ upper]

Rate Estimates (*10‐3 subs/site/year) mean [95%HPD lower ‐ upper]

Loglikelihood Stepping Stone

Loglikelihood Stepping Stone

Rate Estimates (subs/site/year) mean (95%HPD lower ‐ upper)

Rate Estimates (subs/site/year) mean (95%HPD lower ‐ upper)

Rate Estimates (subs/site/year) mean (95%HPD lower ‐ upper)

Rate Estimates (subs/site/year) mean (95%HPD lower ‐ upper)

Rate Estimates (*10‐3 subs/site/year) mean [95%HPD lower ‐ upper]

Loglikelihood Path Sampling

Loglikelihood Path Sampling Loglikelihood Stepping Stone

Loglikelihood Path Sampling Loglikelihood Stepping Stone

Table S1: Evolutionary Rate Estimates from non‐edited and edited SAVS from SLE and US EVD Survivors, Related to Figures 1 and 2. (TOP) Bayesian analysis conducted using UCLNunconstrained clock models with un‐edited viral sequences and U‐to‐C hyper‐edits 
removed from viral sequences. Marginal likelihood values from path sampling and stepping stone analysis with different clock models and prior tree assumptions (Relaxed UCLNunconstrained, Relaxed UCLNmonophyletic, Fixed local clockmonophyletic‐individual 
rates, and Fixed local clockmonophyletic‐latent rates) are included on lower half.  (BOTTOM) Evolutionary Rate Estimates from non‐edited and edited SAVS using AAVS and SAVS from US EVD Survivors. Bayesian analysis conducted using UCLNunconstrained clock 
models with un‐edited viral sequences and U‐to‐C hyper‐edits removed from viral sequences. Marginal likelihood values from path sampling and stepping stone analysis using different clock models and prior tree assumptions (Relaxed UCLNunconstrained, Relaxed 
UCLNmonophyletic, Fixed local clockmonophyletic‐individual rates, and Fixed local clockmonophyletic‐latent rates) are included on lower half.



Table S2: Evolutionary Preassure and iSNV Analysis, Related to Figure 3.

Gene 2ΔlnL
Degrees of 
Freedom P value (Bonferroni corrected)

NP 0.67 1 0.4118
VP35 3.04 1 0.0814
VP40 4.29 1 0.0384
NGP 0.01 1 0.9395
Mucin 0.05 1 0.8258
CGP 1.39 1 0.2377

SGP without p19 tail 16.06 1 6.13E‐05
SGP with p19 tail 5.03 1 0.0249

VP30 0.00 1 0.9517
VP24 2.32 1 0.1276
RDRP ‐61.67 1 0.0000

Gene 2ΔlnL
Degrees of 
Freedom P value (Bonferroni corrected)

NP 0.73 1 0.3921
VP35 3.05 1 0.0806
VP40 4.01 1 0.0451
NGP 0.15 1 0.7030
Mucin 1.09 1 0.2957
CGP 2.40 1 0.1213

SGP without p19 tail 0.92 1 0.3382
SGP with p19 tail 5.03 1 0.0249

VP30 0.00 1 0.9495
VP24 2.32 1 0.1276
RDRP ‐65.01 1 0.0000

Gene 2ΔlnL
Degrees of 
Freedom P value Sites under positive selection (NEB)

NP 1.79 1 0.1812 101 E 0.940, 376 Y 0.939
VP35 0.75 1 0.3856 51 P 0.880
VP40 1.67 1 0.1958 131 Q 0.958*, 252 V 0.960*
NGP 5.40E‐04 1 0.9815
Mucin 1.14 1 0.2857 213 P 0.879, 264 T 0.879
CGP 24.91 1 6.00E‐07 296 N 0.999**

SGP without p19 tail 24.89 1 6.06E‐07 296 T 0.999**, 315 P 0.782
SGP with p19 tail 24.935648 1 5.93E‐07 296 T 0.999**, 315 P 0.766

VP30 0.01 1 0.9166
VP24 0.71 1 0.3988 117 R 0.918
RDRP ‐3.02E‐03 1 0.0000

Position Gene
Major 

Variant Minor Variant Effect Major Amino Acid Minor Amino Acid

2263 NP TCC TCT synonymous S598 S
3833 VP35 TTT TTC synonymous F235 F
4433 noncoding C T N/A
4886 VP40 AAT AAC synonymous N136 N
4978 VP40 CAA CTA nonsynonymous Q167 L

6602

GP - shared 
with FL and 

sGP CAA CAG synonymous Q188 Q

6924

GP - shared 
with FL and 

sGP
AAA AAA 
ACC CTC AAA AAA ACC -TC A

nonsynonymous - results in frame shift
from  full length GP to sGP

KKTL,  full length 
GP tail KKTS, sGP tail

7246 full length GP CAA CAG synonymous Q108 Q
8371 noncoding A G N/A

12403 polymerase ATG GTG nonsynonymous M275 V
12568 polymerase GCC ACC nonsynonymous A330 T
12750 polymerase AAA AAG synonymous K390
13211 polymerase CAA CGA nonsynonymous Q544 R
14411 polymerase GAG GGG nonsynonymous E944 G
16821 polymerase TCA TCG synonymous S1747 S
16928 polymerase ACC ATC nonsynonymous T1783 I

"branch models" (codeml) AAVS vs SAVS

"branch models" (codeml) AAVS vs SAVSfast vs SAVSslow

"branch‐site models" (codeml) AAVS vs SAVS

Table S2: Evolutionary Preassure and iSNV Analysis, Related to Figure 3.  (TOP) Likelihood ratio test statistics from PAML branch‐ and branch‐site models.   (BOTTOM) Effect of iSNV's from SLE Survivor 2 on 
viral coding and noncoding regions.



Table S3: Chimeric Reads from Sierra Leone and US EVD Survivors, and Cell Culture in vitro  Infections, Related to Figure 4.

SIERRA LEONE EVD SURVIVORS:

Survivor: Days post Onset: Specimen Number: Chimera Type: #Unique Deletions: #Reads Chimeric: Avg. # Reads Per Chimera:

Standard 
Deviation Reads 
Per Chimera Total # Mapped Reads:

Proportion Mapped Chimeric 
Reads:

3 252 VP1201500050 Deletions 11 57 5.1818 4.9326 225885 0.0003
3 252 VP1201500050 SmallDups 4 14 3.5 1.5 225885 0.0001
3 252 VP1201500050 LargeDups 8 33 4.125 4.3714 225885 0.0001
3 252 VP1201500050 CopyBacks 1 4 4 0 225885 0

3 259 VP1201500100 Deletions 9 47 5.2222 5.0723 2210508 0
3 259 VP1201500100 LargeDups 13 44 3.3846 2.1318 2210508 0
3 259 VP1201500100 CopyBacks 2 2 1 0 2210508 0

3 294 VP1201500247 Deletions 2 21 10.5 6.5 45989 0.0005
3 294 VP1201500247 SmallDups 2 29 14.5 4.5 45989 0.0006
3 294 VP1201500247 LargeDups 1 2 2 0 45989 0

3 322 VP1201500357 Deletions 2 23 11.5 9.5 24405 0.0009
3 322 VP1201500357 LargeDups 1 4 4 0 24405 0.0002

4 143 VP1201500033 Deletions 3 97 32.3333 28.1227 397245 0.0002
4 143 VP1201500033 SmallDups 1 20 20 0 397245 0.0001
4 143 VP1201500033 LargeDups 7 198 28.2857 27.7731 397245 0.0005
4 143 VP1201500033 CopyBacks 2 54 27 24 397245 0.0001

4 157 VP1201500118 Deletions 1 15 15 0 328497 0
4 157 VP1201500118 SmallDups 6 150 25 21.7486 328497 0.0005
4 157 VP1201500118 LargeDups 3 71 23.6667 30.6522 328497 0.0002

4 172 VP1201500193 Deletions 12 53 4.4167 3.0127 310225 0.0002
4 172 VP1201500193 SmallDups 7 37 5.2857 3.3685 310225 0.0001
4 172 VP1201500193 LargeDups 23 121 5.2609 5.4231 310225 0.0004
4 172 VP1201500193 CopyBacks 3 64 21.3333 18.625 310225 0.0002

4 185 VP1201500235 Deletions 6 10 1.6667 1.1055 5016545 0
4 185 VP1201500235 SmallDups 27 154 5.7037 4.8672 5016545 0
4 185 VP1201500235 LargeDups 28 215 7.6786 10.1526 5016545 0
4 185 VP1201500235 CopyBacks 5 43 8.6 7.3103 5016545 0

4 199 VP1201500293 SmallDups 1 28 28 0 19305 0.0015

5 169 VP1201500132 Deletions 7 35 5 9.396 3363725 0
5 169 VP1201500132 SmallDups 2 43 21.5 1.5 3363725 0
5 169 VP1201500132 LargeDups 3 4 1.3333 0.4714 3363725 0
5 169 VP1201500132 CopyBacks 6 6 1 0 3363725 0

6 178 VP1201500297 SmallDups 1 2 2 0 28892 0.0001
6 178 VP1201500297 LargeDups 2 11 5.5 4.5 28892 0.0004

2 82 VP1201500009 Deletions 2 11 5.5 0.5 204315 0.0001
2 82 VP1201500009 SmallDups 1 11 11 0 204315 0.0001
2 82 VP1201500009 LargeDups 6 59 9.8333 8.1938 204315 0.0003
2 82 VP1201500009 CopyBacks 1 1 1 0 204315 0

2 96 VP1201500046 Deletions 14 76 5.4286 5.0244 8123282 0
2 96 VP1201500046 SmallDups 7 49 7 10.1419 8123282 0
2 96 VP1201500046 LargeDups 20 111 5.55 5.6963 8123282 0
2 96 VP1201500046 CopyBacks 14 81 5.7857 8.6204 8123282 0

2 103 VP1201500084 Deletions 35 748 21.3714 31.5722 1153901 0.0006
2 103 VP1201500084 SmallDups 71 1262 17.7746 28.1085 1153901 0.0011
2 103 VP1201500084 LargeDups 43 682 15.8605 17.2742 1153901 0.0006
2 103 VP1201500084 CopyBacks 72 1208 16.7778 44.6555 1153901 0.001

2 116 VP1201500163 Deletions 7 78 11.1429 7.8272 550976 0.0001
2 116 VP1201500163 SmallDups 6 63 10.5 9.4472 550976 0.0001
2 116 VP1201500163 LargeDups 4 93 23.25 37.963 550976 0.0002
2 116 VP1201500163 CopyBacks 1 3 3 0 550976 0

2 158 VP1201500320 Deletions 38 80 2.1053 1.5181 5205496 0
2 158 VP1201500320 SmallDups 29 154 5.3103 8.9022 5205496 0
2 158 VP1201500320 LargeDups 43 379 8.814 37.1911 5205496 0.0001
2 158 VP1201500320 CopyBacks 14 399 28.5 70.5111 5205496 0.0001

2 172 VP1201500374 Deletions 12 319 26.5833 56.1508 5339682 0.0001
2 172 VP1201500374 SmallDups 16 1187 74.1875 90.4898 5339682 0.0002
2 172 VP1201500374 LargeDups 20 573 28.65 35.1885 5339682 0.0001
2 172 VP1201500374 CopyBacks 11 152 13.8182 38.6472 5339682 0

2 186 VP1201500423 Deletions 12 69 5.75 5.4333 3188103 0
2 186 VP1201500423 SmallDups 15 105 7 5.379 3188103 0
2 186 VP1201500423 LargeDups 13 79 6.0769 6.9222 3188103 0
2 186 VP1201500423 CopyBacks 13 42 3.2308 4.509 3188103 0



US EVD SURVIVORS:

Survivor: Days post Onset: Specimen Type: Specimen Number: Chimera Type: #Unique Deletions: #Reads Chimeric:
Avg. # Reads Per 

Chimera:
Standard Deviation 
Reads Per Chimera Total # Mapped Reads:

Proportion Mapped 
Chimeric Reads:

A 28 semen 201403120 Deletions 1 4 4 0 145785 0
A 28 semen 201403120 SmallDups 2 33 16.5 1.5 145785 0.0002
A 28 semen 201403120 LargeDups 8 57 7.125 3.8871 145785 0.0004

A 58 semen 201403184 LargeDups 3 266 88.6667 62.4304 192147 0.0014

C 5 blood 201403131 Deletions 42 84 2 1.291 606711 0.0001
C 5 blood 201403131 SmallDups 45 123 2.7333 2.2549 606711 0.0002
C 5 blood 201403131 LargeDups 57 142 2.4912 1.6975 606711 0.0002
C 5 blood 201403131 CopyBacks 13 13 1 0 606711 0

C 7 blood 201403142 Deletions 71 102 1.4366 1.1596 583227 0.0002
C 7 blood 201403142 SmallDups 82 107 1.3049 0.7104 583227 0.0002
C 7 blood 201403142 LargeDups 134 175 1.306 0.7353 583227 0.0003
C 7 blood 201403142 CopyBacks 34 36 1.0588 0.3379 583227 0.0001

C 9 blood 201403147 Deletions 31 57 1.8387 0.8461 524944 0.0001
C 9 blood 201403147 SmallDups 68 129 1.8971 2.3272 524944 0.0002
C 9 blood 201403147 LargeDups 101 168 1.6634 0.9676 524944 0.0003
C 9 blood 201403147 CopyBacks 17 18 1.0588 0.2353 524944 0

C 12 blood 201403162 Deletions 13 23 1.7692 1.2499 91224 0.0003
C 12 blood 201403162 SmallDups 7 7 1 0 91224 0.0001
C 12 blood 201403162 LargeDups 33 39 1.1818 0.3857 91224 0.0004
C 12 blood 201403162 CopyBacks 1 1 1 0 91224 0

C 27 urine 201403234 Deletions 11 40 3.6364 3.7725 1201902 0
C 27 urine 201403234 SmallDups 17 452 26.5882 61.5296 1201902 0.0004
C 27 urine 201403234 LargeDups 38 590 15.5263 42.5989 1201902 0.0005
C 27 urine 201403234 CopyBacks 1 1 1 0 1201902 0

C 33 urine 201403258 SmallDups 1 7 7 0 877878 0

C 45 semen 201403360 Deletions 2 2 1 0 837349 0
C 45 semen 201403360 SmallDups 4 4254 1063.5 1832.2228 837349 0.0051
C 45 semen 201403360 LargeDups 4 4832 1208 2064.102 837349 0.0058

C 72 semen 201403439 Deletions 1 2 2 0 15350 0.0001
C 72 semen 201403439 SmallDups 1 4 4 0 15350 0.0003
C 72 semen 201403439 LargeDups 1 3 3 0 15350 0.0002

C 101 eye 201403522 Deletions 108 151 1.3981 0.8044 1264908 0.0001
C 101 eye 201403522 SmallDups 92 208 2.2609 3.4385 1264908 0.0002
C 101 eye 201403522 LargeDups 158 233 1.4747 1.8235 1264908 0.0002
C 101 eye 201403522 CopyBacks 2 3 1.5 0.5 1264908 0

C 117 semen 201403557 SmallDups 1 5 5 0 7479 0.0007

E 1 blood 201403368 Deletions 1 1 1 0 197384 0
E 1 blood 201403368 LargeDups 2 54 27 6 197384 0.0003
E 1 blood 201403368 CopyBacks 1 1 1 0 197384 0

E 2 plasma 201403391 Deletions 23 75 3.2609 2.6738 631517 0.0001
E 2 plasma 201403391 SmallDups 21 101 4.8095 4.0897 631517 0.0002
E 2 plasma 201403391 LargeDups 43 149 3.4651 2.5183 631517 0.0002
E 2 plasma 201403391 CopyBacks 8 8 1 0 631517 0

E 5 plasma 201403394 Deletions 5 136 27.2 18.7553 297798 0.0005
E 5 plasma 201403394 SmallDups 9 177 19.6667 19.1079 297798 0.0006
E 5 plasma 201403394 LargeDups 12 128 10.6667 10.3789 297798 0.0004
E 5 plasma 201403394 CopyBacks 1 1 1 0 297798 0

E 50 semen 201403509 Deletions 3 9 3 1.4142 58765 0.0002
E 50 semen 201403509 SmallDups 7 11 1.5714 0.9035 58765 0.0002
E 50 semen 201403509 LargeDups 8 12 1.5 1 58765 0.0002
E 50 semen 201403509 CopyBacks 1 2 2 0 58765 0

CELL CULTURE in vitro  INFECTION

Time Point: MOI: Chimera Type: #Unique Deletions: #Reads Chimeric:
Avg. # Reads Per 

Chimera:
Standard Deviation Reads 

Per Chimera:
Total # Mapped 

Reads:
Proportion Mapped 
Chimeric Reads:

1 hr 2.0 Deletions 23 298 12.9565 48.7981 159328 0.0019
1 hr 2.0 SmallDups 22 32 1.4545 0.6556 159328 0.0002
1 hr 2.0 LargeDups 16 20 1.25 0.75 159328 0.0001
1 hr 2.0 CopyBacks 2 3 1.5 0.5 159328 0

18 hr 2.0 Deletions 150 2865 19.1 149.923 438530 0.0065
18 hr 2.0 SmallDups 76 87 1.1447 0.622 438530 0.0002
18 hr 2.0 LargeDups 79 95 1.2025 0.5126 438530 0.0002
18 hr 2.0 CopyBacks 58 58 1 0 438530 0.0001

1 hr 0.2 Deletions 4 13 3.25 3.3448 14540 0.0009
1 hr 0.2 SmallDups 3 6 2 1.4142 14540 0.0004
1 hr 0.2 LargeDups 1 1 1 0 14540 0.0001

48 hr 0.2 Deletions 101 581 5.7525 30.2145 401382 0.0014
48 hr 0.2 SmallDups 82 96 1.1707 0.5589 401382 0.0002
48 hr 0.2 LargeDups 99 105 1.0606 0.2386 401382 0.0003
48 hr 0.2 CopyBacks 143 149 1.042 0.2005 401382 0.0004



SUPPLEMENTARY EXPERIMENTAL METHODS 1 

CONTACT FOR REAGENT AND RESOURCE SHARING 2 

Further information and requests for reagents may be directed to, and will be fulfilled by the 3 

corresponding authors, Ute Ströher (ute.stroeher@gmail.com) and Gustavo Palacios 4 

(gustavo.f.palacios.ctr@mail.mil). 5 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 6 

Human Subjects 7 

Through the joint Sierra Leone Ebola Virus Persistence study (SLEVPS) with the Ministry of Health 8 

and Sanitation (MoHS) in Sierra Leone, WHO, China-CDC, and CDC, we had access to semen 9 

specimens collected from EVD survivors (Deen et al., 2015). Through this study we did not have access 10 

to direct patient data, such as patient age. Male study participates were stratified and selected for 11 

sequencing based on their NP Ct value and number/time span of serial semen specimens. As the 12 

SLEVPS only focused on specimen collection from EVD survivors, we did not have access to acute 13 

specimens from these participants. The SLEVPS was reviewed and approved by the Sierra Leone 14 

Institutional Review Board and the World Health Organization Ethical Review Committee. Following 15 

clinical diagnostic testing in the US, we did have access to paired acute blood and persistent semen 16 

specimens collected from US EVD patients. Acute and persistent specimens from US EVD survivors 17 

were collected by their treating physicians and transported to the CDC for detection of viral RNA (Kraft 18 

et al., 2015; Lyon et al., 2014; McElroy et al., 2015; Varkey et al., 2015). This sequencing project was 19 

determined by the CDC institutional human subject advisor to be a non-research public health response 20 

activity, and institutional review board review was not required. 21 

METHOD DETAILS 22 

Whole Genome Sequencing and Bioinformatics 23 



RNA was extracted from blood and semen specimens using MagMAX Pathogen RNA/DNA 24 

isolation kit (Invitrogen) and BeadRetriever (Invitrogen) and treated with recombinant DNase I RNase-25 

free (Roche). Ribosomal and carrier RNA were removed as previously described (Matranga et al., 26 

2014). Non-depleted and rRNA/carrier RNA depleted specimens were prepared for sequencing using a 27 

modified version of the Illumina TruSeq RNA Access Library Prep kit as described previously with 28 

some minor variations (Blackley et al., 2016; Levin et al., 2010; Mate et al., 2015; Parkhomchuk et al., 29 

2009; Sultan et al., 2012; Wang et al., 2011). RNA was fragmented for one minute prior to cDNA 30 

synthesis and custom dual indexes were used to avoid any sequencer bleed-through (Kircher et al., 31 

2012).  All specimens were enriched separately to avoid any bias of enriching one or two libraries over 32 

others in a pool. Specimens were sequenced using a Illumina MiSeq (version 3, 2x151 cycles), an 33 

Illumina Nextseq500 (midoutput kit, 2x151 cycles), and an Illumina HiSeq 2500 (rapid run v2, 2x151 34 

cycles). 35 

EBOV genomes were assembled by aligning reads to Ebola virus/H.sapiens-36 

wt/SLE/2014/Makona-G3864.1 (KR013754, missing bases in the reference were replaced with 37 

consensus calls from complete EBOV genomes); this reference is equivalent to the basal SL2 haplotype 38 

(Gire et al., 2014). The priming sites of the random hexamer and Illumina TruSeq adaptors were 39 

removed from the sequencing reads using Cutadapt v1.21 (Martin, 2011) and low quality reads/bases 40 

were filtered using Prinseq-lite v0.20.4 (-min_qual_mean 25 -trim_qual_right 20 -min_len 50) 41 

(Schmeider, 2011). Reads were aligned to the reference using Bowtie2 (Langmead and Salzberg, 2012), 42 

duplicates were removed with Picard (broadinstitute.github.io/picard) and a new consensus was 43 

generated using a combination of Samtools v0.1.18 (Li et al., 2009) and custom scripts. Only bases with 44 

Phred quality score ≥20 were utilized in consensus calling, and a minimum of 3x read-depth coverage, 45 

in support of the consensus, was required to make a call; positions lacking this depth of coverage were 46 

treated as missing (i.e., called as ‘N’).  Genomes acquired from clinical specimens were deposited into 47 

Genbank: KY401638-KY401675, KY805810-2. 48 



 49 

Analysis of Viral Evolutionary Rates 50 

Viral evolutionary rate estimates were conducted using both linear regression modeling and time-51 

structured phylogenies.  For SAVS from SLE survivors, 1,058 EBOV genomes from Sierra Leone were 52 

analyzed using Path-O-Gen (now called TempEst (Rambaut, 2016)) and a maximum likelihood tree 53 

(GTR+G) rooted on the earliest available Sierra Leone sequence.  For SAVS from US EVD survivors, 54 

1498 genomes, representing a majority of sequences from Sierra Leone, Guinea and Liberia, were 55 

analyzed using Path-O-Gen (now called TempEst (Rambaut, 2016)) and a maximum likelihood tree 56 

(GTR+G) rooted on the earliest available Guinea sequence.  Evolutionary rates and residual density 57 

plots were analyzed using R and custom python scripts from (Park et al., 2015).  Evolutionary rate 58 

estimates for SAVS were also obtained using BEAST/v1.8.2,1.8.3, 1.8.4 (Drummond et al., 2012).  A 59 

random selection of viral sequences, representing 25% of available sequences from SLE, or 60 

SLE/LBR/GIN, were used for the Bayesian analysis by partitioning into concatenated coding and 61 

noncoding sites.  Rate estimates were modeled using unlinked HKY nucleotide evolutionary models 62 

with 4-independent Γ distributions, Bayesian skygrid demographic model (with variable population 63 

model estimated between January 1, 2014 and January 1, 2016, ie – “Time at last point:2”; or constant 64 

population, ie – “Time at last point:0”), and fixed local clock (Yoder and Yang, 2000) or uncorrelated 65 

lognormal local clock (Drummond et al., 2006) set with an initial prior of 1.1*10-3 subs/site/year.  Model 66 

comparisons were conducted using: 1) relaxed uncorrelated lognormal clock with no constraints on the 67 

tree prior, variable Skygrid population; 1) relaxed uncorrelated lognormal clock with no constraints on 68 

the tree prior, constant population: “UCLNunconstrained”; 2) relaxed uncorrelated lognormal clock with 69 

individual survivor blood and/or semen sequences constrained to survivor-specific monophyletic 70 

blood/semen taxons, constant population:  “UCLNmonophyletic”,  3) Fixed local clock with individual 71 

survivor blood and/or semen sequences constrained to survivor-specific monophyletic blood/semen 72 

taxons, constant population: and 4) Fixed local clock with survivor blood and/or semen sequences 73 



constrained to blood-specific and semen-specific taxons, constant population:  “FLCmonophyletic”.  The 74 

MCMC analysis was conducted for 800 million generations, which represents a compilation of 8-75 

independent replicates of 100 million generations (sampled every 10,000th state).  Convergence was 76 

obtained for the majority of replicates and burn-in was removed (usually 5-10% of total states) by 77 

examining the trace and effective sample size statistics (min ESS > 200 for all models) using tracer/v1.6.  78 

Strength of model fit was evaluated by performing path- and stepping stone-sampling with default 79 

values and best-of-fit was evaluated by calculating Bayes Factors.  Survivor and acute rate estimates 80 

from Bayesian analysis conducted with the UCLN clock models were estimated using custom-modified 81 

samogitia.py scripts (Dudas, 2017). 82 

 83 

Sequence Analysis 84 

Additional sequence analysis was conducted using CLC Genomics/v9.0.  Potential hyper-edited sites 85 

due to host-encoded adenosine deaminases acting on RNA (ADARs) can result in the rapid 86 

accumulation of clustered T(U)-to-C substitutions (on the positive strand) in the EBOV genome (Dudas 87 

et al., 2017). We identified clusters of substitutions consistent with ADAR-mediated editing (≥3 88 

phylogenetically-linked T(U)-to-C substitutions within a 200 nt window), and these substitutions were 89 

masked for evolutionary rate analyses (i.e., C genotypes were converted to T at these positions) in 90 

Figure 2A-B, and Figure 3A-B.  Histograms of U-to-C hyper-editing were generated using R.  Median 91 

joining networks were constructed using sequence alignments from each EVD survivor with 92 

PopART/v1.7.2.  Intrahost variants (iSNVs) were detected with FreeBayes v1.0.2 (Garrison, 2012).  For 93 

iSNV detection, we only used reads with mapping quality ≥30 and positions with base quality ≥30. An 94 

iSNV was only considered if the alternate allele was represented by ≥5 reads and present at a frequency 95 

≥3%.  We estimated SNV and insertion frequencies for the longitudinal phasing analysis by first 96 

performing a read-pair merging of the assemblies in IRMA v0.6.5 (Shepard et al., 2016) and computing 97 

allele frequencies for each selected site using IRMA’s call.pl script (–B option). A pairwise (Manhattan) 98 



distance matrix was computed in R v3.3.1 for each position-allele combination with the vector of the 99 

observed frequencies ordered by specimen date. The matrix was used to generate a single linkage 100 

dendrogram, also in R. SNVs were divided into two clusters based on two near-symmetrical branches in 101 

the tree. The insertion frequency of C at upstream position 6924 and its complement were added to the 102 

dataset and a second dendrogram produced. The 6924 C-insert and 6924 non-C-insert frequencies were 103 

assigned an SNV cluster according to their nearest neighboring SNV in the second tree: 8371G and 104 

8371A respectively. A final tree and distance matrix was produced for each variant position by ordering 105 

the frequency vectors by specimen date as well as variant cluster (one allele or insertion state was 106 

assigned to each cluster for each site). Frequency line graphs of positions, alleles, and specimen dates 107 

were created using Tableau v10.0 and the positions in the graph ordered and composited with the final R 108 

dendrogram in Supplementary Figure 3.  Identification of chimeric reads were performed by mapping 109 

reads to Ebola virus/H.sapiens-wt/SLE/2014/Makona-G3864.1 (KR013754, missing bases in the 110 

reference were replaced with consensus calls from complete EBOV genomes) using bwa and chimeric 111 

reads were further defined using custom scripts.  US EVD survivors received multiple thereapeutic 112 

treatments (A: whole blood transfusion, convalescent whole blood transfusion, ZMAPP;  C: TKM-113 

Ebola, convalescent plasma; E: Convalescent plasma, brincidofovir)(Kraft et al., 2015; Lyon et al., 114 

2014; McElroy et al., 2015; Varkey et al., 2015) and we confirmed that viral regions targeted by these 115 

compounds (GP, VP35, polymerase) did not mutate through comparison of serial consensus viral 116 

sequences. 117 

 118 

Estimation of Selective Pressure 119 

Evolutionary selective pressures were estimated using the renaissance counting method in beast/v1.8.2 120 

(Lemey et al., 2012; O'Brien et al., 2009) with a subset of genomes representing 25% of available 121 

random sequences from Sierra Leone, Guinea, and Liberia that did not contain codon frame shifts.  122 



Codon alignments for each gene were partitioning into coding and concatenated total noncoding sites.  123 

Rate estimates were modeled using unlinked HKY nucleotide substitution models, Bayesian skygrid 124 

demographic model, and uncorrelated lognormal relaxed clock set with an initial prior of 1.1*10-3 125 

subs/site/year.  The MCMC analysis was conducted for 400 million generations for each gene, which 126 

represents a compilation of 4-independent replicates of 100 million generations (sampled every 1000th 127 

state).  Due to time constraints, MCMC analysis for the VP40 and polymerase gene were stopped at 128 

~200 million or ~120 million iterations, which easily reached convergence.  For all replicates, 129 

convergence was obtained and burn-in was removed (usually 10% of total states) by examining the trace 130 

and effective sample size statistics (>200 for all MCMC analyses) using tracer/v1.6.  Only one MCMC 131 

replicate for the CGP tail did not converge, and it was removed from additional analysis.  Omega 132 

estimates were calculated by using the conditioned and unconditioned N and S estimates and equation 1 133 

((total_N/total_S) / (unconditioned_N/unconditioned_S)) from Lemey et al. (Lemey et al., 2012) and 134 

scripts from Park et al. (Park et al., 2015).  To prevent rate overestimation by double-counting shared 135 

amino acids, the glycoprotein was split at the transcriptional editing site (nucleotide 6923) into N-136 

terminal (nucleotides 6039-6923, “NGP”), C-terminal full length (nucleotides 6923-8068 - containing 137 

the GP1 carboxy-terminus and GP2, “CGP”) and secreted GP (nucleotides 6924-7157, “SGPc”).  For 138 

secreted GP (nucleotides 6924-7157, “SGPc”) rate estimates, approximately 9.6% of unconditioned S 139 

estimates and 0.2% of unconditioned N estimates were 0.0; thus to bypass undefined ω estimates these 140 

values were converted to 1.  For polymerase rate estimates, approximately 3% of N or S estimates were 141 

undefined (NaN) and to bypass undefined ω estimates these states were removed from the analysis.   142 

 143 

Selective pressure hypothesis testing was performed using the codeml model in paml/v4.5 with a subset 144 

of 231 genomes, representing approximately 25% of available random sequences from Sierra Leone, 145 

Guinea and Liberia that did not contain reading frame shifts.  We constructed a Maximum Clade 146 



Credibility tree using beast/v.1.8.2 by partitioning the alignments into concatenated coding and 147 

noncoding sites and trees were modeled using unlinked HKY nucleotide substitution models, Bayesian 148 

skygrid demographic model, and uncorrelated lognormal relaxed clock set with an initial prior of 149 

1.1*10-3 subs/site/year.  The MCMC analysis was conducted for 50 million generations (sampled every 150 

1000th state), which easily reached convergence.  The cladogram of the MCC tree was used as input for 151 

paml codeml.  Branch model testing was performed using model0 and model2 and branch-site testing 152 

was performed using modelA and A_null with codon frequencies F3x4.  For branch testing, kappa and 153 

omega estimates from model0 were set as initial estimates for model2 (acute sequences vs. SAVS) and 154 

model2 (acute sequences vs. SAVS_acute_rate vs. SAVS_slow_rate). Strength of statistical support for 155 

models2 (alternative hypotheses) vs. model0 (null hypothesis) was measured using the 2Δlog-likelihood 156 

method with degrees of freedom=1 and further corrected according to Bonferroni (p = 0.05/ 2 tests 157 

conducted with same sequence alignment) (Anisimova and Yang, 2007; Yang, 2007).  The ratio of N to 158 

S was calculated by summing the total N (N*dN from PAML model2 output) and S (S*dS from PAML 159 

model2 output) estimates for all acute and SAVS branches and dividing by the total N and S count.  For 160 

branch-site testing, semen-specific branches were set as foreground branches and modelA was 161 

performed using NSsites=2 with kappa and omega estimates set at initial values from model0.  162 

ModelA_null testing was performed with NSsites=2, kappa and omega estimates set at initial values 163 

from model0, and omega fixed at 1.  Significance values were calculated using the 2Δlog-likelihood 164 

method and significance was established with p values below 0.05. 165 

 166 

Ebola virus in vitro Infection 167 

All work with EBOV was performed in a biosafety level 4 (BSL-4) facility.  Huh7 cells were cultured in 168 

Dulbecco's modified Eagle's medium high glucose (DMEM) (item number 11960-044, Invitrogen) 169 

supplemented with 10% heat inactivated HyClone fetal bovine serum (Thermo Scientific), 1x non-170 



essential amino acids (Invitrogen), 1x penicillin-streptomycin (Invitrogen), and 1x Glutamax 171 

(Invitrogen) at 37°C with 5% CO2.  Prior to viral infection, cells were seeded into triplicate wells in a 172 

12-well plate and media was replaced with FluorBrite Dulbecco's modified Eagle's medium (DMEM) 173 

(item number A1896701, Invitrogen) supplemented with 10% heat inactivated HyClone fetal bovine 174 

serum (Thermo Scientific), 1x non-essential amino acids (Invitrogen), 1x penicillin-streptomycin 175 

(Invitrogen), and 1x Glutamax (Invitrogen).  Immediately before infection cells were counted using the 176 

Moxi Z cell counter with M cassettes (Orflo, Technologies).  Cells were infected at MOI of 2 or 0.2 with 177 

rEBOV-L2014/ZsG (Albarino et al., 2016) in 200uL of FluorBrite media with supplements for 1 hour at 178 

37°C with 5% CO2.  After absorption, inoculum was removed and cells were washed twice with 1mL of 179 

PBS.  Media was replaced with FluorBrite media for infection duration.  At specified time points 180 

supernatant and monolayers were inactivated with TriPure isolation reagent (Roche).  Prior to 181 

inactivation supernatants were spun at 200xg for 10 minutes to remove cellular debris.  RNA was 182 

extracted from Tripure using the Direct-zol-96 MagBead RNA isolation kit (Zymo Research).  Active 183 

viral infection of cells was confirmed by visualization of ZsGreen fluorescence at 1, 18, and 48 hours 184 

post infection. 185 

 186 

Ebola virus RNA Strandedness Analysis 187 

The TruSeq RNA Access Library Prep kit results in stranded data (i.e., read 1 is complementary 188 

to the original RNA molecule). Using custom scripts we quantified the proportion of positive- and 189 

negative-sense RNA molecules present in each specimen. Independently for each strand and each 190 

specimen, we also calculated relative depth of coverage for every EBOV ORF as	191 
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N is the total number of ORFs, ݊ is the length in nucleotides of the jth ORF and ܦ is the read 1 depth 193 

of coverage at the ith nucleotide of the jth ORF. Only read 1 was used to avoid double counting at 194 

positions where reads 1 and 2 overlap. Regions of the genome included in multiple ORFs were 195 

excluded. In Figure 4, strandedness data from next generation sequencing is presented either for 1) 196 

specific genes (Figures 4D, Supplementary Figures 5F and 5G), 2) whole genome sequences (Figures 197 

4A-C, and Supplementary Figures 5A-C), or 3) for the NP-specific open reading frame (Supplementary 198 

Figures 6A-D).  Cutoff criteria was ≥50x average paired end coverage across the genome for Figures 199 

4A-C and Supplementary Figures 5A-C, ≥25x average read 1 coverage across the coding portions of the 200 

genome (Figure 4D and Supplementary Figure 5F), and ≥25x average read 1 coverage across NP 201 

(Supplementary Figure 6A-D).   202 

The EBOV NP strand-specific qRT-PCR assay was performed by using separate first and second 203 

strand reactions.  The first-strand reaction was conducted with 2.5uL of input RNA, 1uL 10mM dNTPs 204 

(Invitrogen), 1uL of 2uM gene-specific tagged stranded primer and 5uL of nuclease-free water 205 

(Ambion).  This mixture was heated to 65°C for 5 minutes and placed on ice for 2 minutes.  The reverse 206 

transcription reaction followed with 4uL of 5x first-strand reaction buffer (Invitrogen), 1uL SUPERase-207 

In (Invitrogen), 1uL superscript III reverse transcriptase (Invitrogen), 1uL 0.1M DTT (Invitrogen) and 208 

3.5 uL of nuclease-free water (Ambion).  The reaction was heated at 55°C for 15 minutes and cooled on 209 

ice for 2 minutes.  First strand reactions were cleaned with the QiaQuick PCR cleanup kit (Qiagen) and 210 

ssDNA was eluted with 30uL of nuclease-free water (Ambion).  The second strand reaction proceeded 211 

with 5uL of input cDNA, 2.5uL of AmpliTaq 10x buffer I, 0.5uL of 10mM dNTP’s (Invitrogen), 2.25uL 212 

of 10uM tag-specific primer, 2.25uL of 10uM gene-specific primer, 0.625uL of 10uM NP probe, 213 

0.125uL of AmpliTaq DNA polymerase (Invitrogen), and 11.75uL of nuclease-free water (Ambion).  214 

Thermocycler conditions consisted of 50°C for 15 minutes, 95°C for 2 minutes, 95°C for 15s and 55°C 215 

for 45s (44 cycles).  To convert Ct values into strand copy numbers, we established a Ct versus molarity 216 



concentration curves for both positive- and negative-sense synthetic RNA’s.  Goodness-of-fit values for 217 

these curves (r2) were all greater than 0.988.  Using the same first-strand cDNA products, we also 218 

established Ct versus copy number using the Bio-Rad QX200 digital droplet PCR and r2 values for these 219 

curves were all greater than 0.979.  Reaction conditions for ddPCR consisted of 10uL of 2x ddPCR 220 

Supermix for Probes (Bio-Rad), 1.8uL of 10uM tag-specific primer, 1.8uL of 10uM gene-specific 221 

primer, 0.5uL of 10 uM NP-specific probe, uL of cDNA, and 0.9uL of nuclease-free water (Ambion).   222 

Thermocycler conditions consisted of 95°C for 10 minutes, 94°C for 30s, 60°C for 1 minute (39 cycles), 223 

and 98°C for 10 minutes with a ramp speeds done at 2°C/sec.  Final Ct to copy number conversions for 224 

in vitro infections and EVD survivors clinical specimens were calculated using the Ct versus molarity 225 

concentration curves corrected for copy numbers as estimated using ddPCR. 226 

 227 

QUANTIFICATION AND STATISTICAL ANALYSIS 228 

For evolutionary rate estimates using Bayesian analysis we present the mean and 95% highest posterior 229 

density estimates calculated from all total combined states (after removal of burn-in, in most cases 10%) 230 

using scripts from Park et al. and custom-modified samogitia.py scripts (Dudas, 2017; Park et al., 2015).  231 

Evolutionary rates estimates from RTT’s are presented as the line of best fit with 95% confidence 232 

intervals shaded in grey.  Residual comparisons from linear regressions display the 2-fold standard 233 

deviations of the acute residual density in grey.  Strength of statistical support for paml estimation of 234 

selective pressure was measured using the likelihood ratio test with degrees of freedom=1 comparing 235 

model0 (null hypothesis) with model2 (alternative hypotheses).  Significance values for modelA and 236 

modelA_null branch-site testing with PAML were calculated using the 2Δlog-likelihood method and 237 

significance was established with p values below 0.05.  A one-way analysis of variance (ANOVA) for 238 

the association of proportion of positive-sense reads or NP Ct values vs. virus isolation result was 239 

assessed using the lm() and anova() functions from R v3.3.1. 240 



 241 

DATA AND SOFTWARE AVAILABILITY 242 

Most software utilized is freely available, and when possible we include the version number and 243 

reference for the software used.  Custom scripts have been submitted to github 244 

(https://github.com/jtladner/Scripts and https://github.com/evk3/EBOV_semen_sequencing).  Genomes 245 

acquired from clinical specimens were deposited into Genbank: KY401638-KY401675 and KY805810-246 

2. 247 
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Materials Table: 329 

REAGENT or 
RESOURCE 

SOURCE IDENTIFIER 

Chemicals, Peptides, and Recombinant Proteins 

Dnase I, Rnase-free Roche 4716728001 

Hybridase, Rnase H Epicentre H39100 

Qiagen Rnase-free Dnase I Qiagen 79254 

Superase-in Ambion AM1694 

Agencourt RNAclean XP SPRI 
clean up beads 

Beckman Coulter Genomics 41105518 

Dulbecco's modified Eagle's 
medium high glucose (DMEM) 

Invitrogen 11960-044 

HyClone fetal bovine serum Thermo Scientific SH30070.03 
 100x Non-essential amino 

acids 
Invitrogen 11140050 

10,000 U/mL Penicillin-
streptomycin 

Invitrogen 15140122 

GlutaMAX Invitrogen 35050061 

FluoroBrite FluorBrite 
Dulbecco's modified Eagle's 

medium (DMEM)  
Invitrogen A1886701 

TriPure Isolation reagent Roche 11667165001 

      

Critical Commercial Assays 

MagMax Pathogen RNA/DNA 
Isolation Kit 

 Invitrogen 4462359 

Direct-zop-96 MagBead RNA 
Isolation Kit 

Zymo Research   

TruSeq RNA Access Library 
Prep kit  

Illumina RS-301-2001 

MiSeq Reagent Kit vs (300 
cycle) 

Illumina MS-102-2002 

HiSeq Rapid PE Cluster Kit v2 Illumina PE-402-4002 

TruSeq Rapid Duo cBot v1 
Sample loading kit 

Illumina CT-402-4001 

Moxi Z cell counter, M 
cassettes 

Orflo Technologies MXC001 

      

Deposited Data 

EBOV genomcs from clinical 
specimens 

This study 
KY401638-KY401675, 

KY805810-2 
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