S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Biosafety and Health 1(1) (2019) 14-24

Contents lists available at ScienceDirect

Biosafety

alth

Biosafety and Health

journal homepage: www.elsevier.com/locate/bsheal

Intra-host Ebola viral adaption during human infection L))

Check for
updates

William J. Liu *!, Weifeng Shi ™', Wuyang Zhu *!, Cong Jin *', Shumei Zou ?, Ji Wang ?, Yuehua Ke €,
Xiaofeng Li ¢, Mi Liu ? Tao Hu®, Hang Fan 4 Yigang Tong d Xiang Zhao a Wenbin Chen ?, Yuhui Zhao ¢,

Di Liu © Gary Wong €, Chengchao Chenf Chunyu Geng ', We1we1 Xief, Hu1 Jiang |, Idrlssa Laybor Kamara £
Abdul Kamara &, Matt Lebby #, Brima Kargbo &, Xiangguo Qiu" Yu Wang Xiaofeng Liang ', Mifang Liang ?,
Xiaoping Dong ¢, Guizhen Wu ?, George F. Gao ***, Yuelong Shu Ak

2 NHC Key Laboratory of Biosafety, National Institute for Viral Disease Control and Prevention, Chinese Center for Disease Control and Prevention, Beijing 102206, China
b Shandong Universities Key Laboratory of Etiology and Epidemiology of Emerging Infectious Diseases, Taishan Medical University, Taian 271000, China

¢ Institute of Disease Control and Prevention, Academy of Military Medical Sciences, Beijing 100071, China

d State Key Laboratory of Pathogen and Biosecurity, Institute of Microbiology and Epidemiology, Academy of Military Medical Sciences, Beijing 100071, China

€ CAS Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China

T BGI-Shenzhen, Shenzhen 518083, China

& Sierra Leone Ministry of Health and Sanitation, Freetown, Sierra Leone

" Special Pathogens Program, National Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, Canada

I Chinese Center for Disease Control and Prevention, Beijing 102206, China

1 Public Health School (Shenzhen), Sun Yat-sen University, Shenzhen 510006, China

ARTICLE INFO ABSTRACT

Article history:

Received 3 October 2018

Received in revised form 14 November 2018
Accepted 8 December 2018

Available online 15 February 2019

The onsite next generation sequencing (NGS) of Ebola virus (EBOV) genomes during the 2013-2016 Ebola epi-
demic in Western Africa provides an opportunity to trace the origin, transmission, and evolution of this virus.
Herein, we have diagnosed a cohort of EBOV patients in Sierra Leone in 2015, during the late phase of the out-
break. The surviving EBOV patients had a recovery process characterized by decreasing viremia, fever, and bio-
chemical parameters. EBOV genomes sequenced through the longitudinal blood samples of these patients
showed dynamic intra-host substitutions of the virus during acute infection, including the previously described
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Ebola virus short stretches of 13 serial T>C mutations. Remarkably, within individual patients, samples collected during the
Intra-host Nucleotide Variation early phase of infection possessed Ts at these nucleotide sites, whereas they were replaced by Cs in samples col-
Adaptation lected in the later phase, suggesting that these short stretches of T>C mutations could emerge independently. In

Genome sequencing
Clinical manifestations
Blood biochemistry

addition, up to a total of 35 nucleotide sites spanning the EBOV genome were mutated coincidently. Our study

showed the dynamic intra-host adaptation of EBOV during patient recovery and gave more insight into the com-

plex EBOV-host interactions.

© 2019 Chinese Medical Association Publishing House. Published by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The 2014-2016 epidemic of Ebola virus disease (EVD) in Western
Africa is the largest EVD outbreak to date, with 28,616 confirmed, prob-
able, and suspected cases and 11,310 deaths as of June 10, 2016 (http://
who.int/csr/disease/ebola/en/). During this epidemic, the ability to per-
form next-generation sequencing of Ebola virus (EBOV) from patient
specimens in the field [1,2] has generated EBOV genomes, which helped
to trace the origin, evolution, and transmission of EBOV in West Africa
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E-mail addresses: gaofu@chinacdc.cn (George F. Gao), shuylong@mail.sysu.edu.cn (Yuelong Shu).
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[3-9]. Based on the phylogenetic analysis, all of the EBOV in this out-
break can be traced back to a few cases in Guéckédou, Guinea. Subse-
quently, the virus spread to neighboring countries, such as Sierra
Leone, Liberia, Nigeria, Senegal, and Mali [4,10,11].

Along with their geographical spread in West Africa, EBOV formed
different lineages [12]. These lineages are characterized with different
single nucleotide polymorphisms (SNPs) emerging from different time
points during the outbreak [1,4-6,8,13]. These SNPs occur in both the
non-coding and encoding regions, containing indispensable phyloge-
netic and evolutionary information [3,7,14]. Previous research demon-
strated that the hotspots for non-synonymous substitutions are likely
located in regions with a lower level of functional constraint of the
encoded viral proteins [3]. Moreover, the intra-host selection for EBOV
to escape from a developing humoral immune response may drive the
diversifying selection of glycoprotein (GP) mucin-like domain, as

2590-0536/© 2019 Chinese Medical Association Publishing House. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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HIGHLIGHTS

Scientific question

During 2013-2016 epidemic of Ebola virus disease (EVD) in
Western Africa, the Ebola virus (EBOV) genomes generated from
the patient specimens based on next-generation sequencing plat-
forms in the field helped to quickly trace the origin, evolution, and
transmission of EBOV. In particular, intra-host single nucleotide
variations (iSNVs) appeared during the course of the epidemic
across the EBOV genome. Whether and how these iSNVs could
emerge from a single patient during the disease progression, are
still largely unknown.

Evidence before this study

Some of the iSNVs, such as short stretches of intra-host T to C
(T>C) mutations were shared by two or more patients, which rep-
resented a combination of human-to-human transmission and re-
current mutations. Furthermore, iSNVs could appear in the key
sites, such as the B cell epitopes of GP and non-coding regions
across the EBOV genome, which may influence the transcription
level of an adjacent gene.

New findings

In a cohort of EBOV-infected patients in the Ebola Treatment Units
(ETUs) in Freetown, Sierra Leone, the recovery processes of the
patients were represented by the dynamic viremia and biochemi-
cal features. By utilizing longitudinally collected samples during
the recovery process, we successfully generated series of virus
genomes from the patients. We observed coincident emergence
of serial nucleotide variations, including the previously defined
short stretch of T>C mutations during the recovery process. Phy-
logenetic analyses showed that after the T>C mutations occurred,
all strains possessing such mutations were grouped together, but
were not clustered together with their earlier sequences without
such mutations from the same patient. Our results suggested such
T>C mutations could arise independently within single patients,
reflecting the host-adaptation of EBOV during infection.

Significance of the study

Our data indicate that short stretches of T>C substitutions are part
of the convergent evolution during the infection process of EVD
patients, shedding light on the dynamic intra-host genomic varia-
tion of EBOV during the 2013-2016 epidemic.

shown by the enrichment of mutations within the B-cell epitopes of GP
[4], although this was not observed in Ni's study [15]. On the other hand,
short stretches of intra-hostT to C (T>C) mutations were also observed
[1,4]. This was speculated as a result of adenosine deaminases acting
on RNA (ADARs), which is yet unclear [16]. It has been reported that vi-
ruses with the 13 T>C mutations (genome positions 5512-5631) con-
tinued to circulate in the Magazine Wharf area, Freetown, Sierra
Leone, causing several infections [17].

In particular, intra-host single nucleotide variations (iSNVs) ap-
peared during the course of the epidemic, within the B cell epitopes of
GP and non-coding regions across the EBOV genome [4,5]. Interestingly,
several iSNVs were shared by two or more patients, which represented
a combination of human-to-human transmission and recurrent muta-
tions [4]. These iSNVs were used to estimate the effective viral popula-
tion size within a single patient, during a transmission bottleneck [18],
and to identify human-to-human transmission chains [4,5,15]. Further-
more, two iSNVs were able to influence the transcription level of an ad-
jacent gene of nucleocapsid protein (NP) by two-fold [15]. Recent

studies also showed that, during the epidemic, the EBOV isolates from
early in the outbreak with amino acid substitutions in the GP protein
possessed increased tropism for human cells, indicating human adapta-
tion of Ebola virus during human-to-human transmission [19-21].
However, only a few of the previous studies described longitudinal se-
quence data from a single patient [5,22], and the intra-host dynamic
evolution of EBOV during disease progression is still largely unknown.
At the Sierra Leone-China Friendship Biological Safety Laboratory
(SLE-CHN Bio-safety Lab) [23], we cared for a cohort of EBOV-infected
patients (n = 29) in the Ebola Treatment Units (ETUs) in Freetown,
Sierra Leone, from mid-March to late June 2015. The dynamic viremia
[24] and biochemical features during disease progression were charac-
terized. By utilizing a deep sequencing platform in the field[25], we suc-
cessfully generated virus genomes from longitudinally collected blood
samples from some of the patients. Surprisingly, we observed coinci-
dent emergence of serial nucleotide variations, including the previously
defined short stretch of 13 T>C mutations during the recovery process.
In a single patient, genome sequences obtained from samples during
earlier stages of the acute infection phase possessed Ts at the 13 T>C po-
sitions, whereas Cs were found from samples collected during the re-
covery process. Phylogenetic analyses showed that after the T>C
mutations occurred, all strains possessing such mutations were grouped
together, but were not clustered together with their earlier sequences
without such T>C mutations from the same patient. Our results sug-
gested that such T>C mutations could arise independently within single
patients, reflecting the host-adaptation of EBOV during infection.

2. Materials and methods
2.1. Patients

We undertook a cohort study of patients admitted to Jui Ebola treat-
ment centre (Sierra Leone-China Friendship Hospital) between March
2015, and June 2015 [24]. We used a standard case definition consistent
with WHO guidelines. All patients were included in the study except for
those who died upon arrival, or those who had no blood results within
24 h of admission. Primary survival outcome measure was collected
from the EBOV treatment centre.

2.2. Laboratory diagnosis and blood analysis

Samples were tested at the on-site laboratory SLE-CHNBio-safety
Lab for the presence of EBOV RNA by real-timeRT-PCR against the glyco-
protein (GP) and nucleoprotein (NP) gene targets [24], after inactiva-
tion and manual RNA extraction. Positive results were reported as
cycle threshold values. All patients received a RT-PCR test upon admis-
sion. The Piccolo Express system (Abaxis, CA, USA) was used to generate
metabolic and liver function profiles. Amylyte8 was used to assay for
blood biochemistry and liver function profile in the same day as the
sample collection.

2.3. Data collection and ethics statements

All data were collected as part of routine patient care, and recorded
on standardized forms, which were kept securely. The clinical data ex-
tracted for research purposes were anonymized and stored on a
password-protected database. The Sierra Leone ethics and scientific re-
view committee provided approval for the study.

This work was conducted as part of the surveillance and public
health response to contain the EVD outbreak in Sierra Leone. Blood sam-
ples from suspected individuals and oropharyngeal swab samples from
corpses were collected for EVD testing and outbreak surveillance, with a
waiver to provide written informed consent during the EVD outbreak
under the agreement between the Sierra Leone and Chinese govern-
ments. The activities were coordinated by the Emergency Operations
Centre in the charge of Sierra Leone Ministry of Health and Sanitation
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Table 1
Baseline information of the patients at the date of hospitalization.

Characteristics Values (N = 29)
Male (%) 12 (414)
Age in years, (mean = SD) 321+176
Temperature 384+ 13
CT value 284+ 6.7
Comorbidities (%)
Fever 23(79.3)
Vomiting/nausea 16 (55.2)
Diarrhea 15 (51.7)
Intense fatigue/general weakness 16 (55.2)
Anorexia/loss of appetite 18 (62.1)
Abdominal pain 20 (69.0)
Chest pain 5(17.2)
Muscle pain 12 (41.4)
Joint pain 16 (55.2)
Headache 13 (44.8)
Cough 9(31.0)
Difficulty breathing 9 (31.0)
Difficulty swallowing 17 (58.6)
Sore throat 9(31.0)
Jaundice 4(13.8)
Conjunctivitis 13 (44.8)
Skin rash 9(31.0)
Hiccups 8(27.6)
Pain behind eyes 9(31.0)
Coma 4(13.8)
Confusion 2(6.9)

and WHO. All the information regarding individual persons has been
anonymized in the report.

2.4. Genome sequencing and assembly

The genome sequencing was performed as described previously [1].
Briefly, RNA samples extracted from whole blood (two positive oropha-
ryngeal swab samples with high Ct values were not involved) from EVD
patients were reverse transcribed to cDNA. PCR amplifications were

performed with 19 EBOV-specific primer pairs with overlaps.
Amplicons from one patient were pooled for library preparation. NGS
was performed using the BGISEQ-100 (Ion Proton) platform. All se-
quenced reads were filtered to remove the low quality and short
reads. The genome sequences of the viruses were assembled by map-
ping the filtered reads to the 2014 EBOV consensus sequence (GenBank:
KT013255) using Roche 454 Newbler version 2.9 (Roche), and the mu-
tation site was manually checked with original sequencing data.

Clean reads were mapped to the EBOV genome (K]J660346) by
TMAP3.4.1. We then scanned the EBOV genome site-by-site and deter-
mined the nucleotides for each genomic site according to mapping re-
sults. Finally, the ratios of four nucleotides at each site were obtained.
Among the samples sequenced, 18 full-length or nearly full-length
EBOV genomes were successfully generated in this study (Table S1).
The other samples with only short partial of the EBOV genomes were
not analyzed in this study.

2.5. Sequence analyses

All of the mutation sites were counted for each released EBOV full-
length genome, using the Zaire ebolavirus isolate H.sapiens-wt/GIN/
2014/Makona-Kissidougou-C15 (GenBank accession No. KJ660346) as
the reference sequence. The existence of substitutions within a genome
was screened within the 1078 EBOV genomes publicly available from
GenBank. A “C strain” was defined as the existence of 3 or more T-C sub-
stitutions within a genome window width of 400 nt.

Our dataset included 18 full-length or nearly full-length EBOV ge-
nomes sequenced in this study and 1078 EBOV genomespublicly avail-
able from GenBank. Amaximum-likelihood phylogenetic tree was
inferred using the software RAXML, with the GTRGAMMA model and
1000 bootstrap replicates.

2.6. Accession numbers

The genomes and NGS data of the 18 EBOV viruses were deposited in
GenBank with the access numbers MF599504-MF599522 (Table S1).
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Figure 1. The diagnosis and initial clinical features of EBOV patients at hospitalization. A. Correlation of the Ct values from RT-PCR testing in patient blood samples for EBOV GP and NP. B.
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Figure 2. The longitudinal clinic variation of the EBOV patients during the disease process. The EBOV shedding and body temperature. The EBOV shedding was represented by the Ct values
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blood sampling.

3. Results
3.1. Clinical characteristics of the EBOV patients

From March 11th to June 28th, 2015, 473 patients who had symp-
toms meeting the definition of suspected EVD were admitted to the Si-
erra Leone-China Friendship Hospital in Freetown. The blood specimens
were collected and delivered by the Sample Center of Ministry of Health
and Sanitation (MOHS), Sierra Leone. The SLE-CHN Bio-safety Lab tested
the blood samples for EBOV through a double-channelreal-time RT-PCR
detection kit targeting both GP and NP genes of EBOV. A total of 29
(6.1%) patients were confirmed to have EVD (Table 1). The first blood
samples collected from these patients after hospitalization were tested
for laboratory confirmation, and the Ct values from the GP and NP chan-
nels matched well with a high linear correlation (Figure 1A). Of these 29
patients, the most common clinical features at presentation included
fever in 23 patients (79.3%, mean temperature, 38.4 °C) and

gastrointestinal symptoms, e.g. abdominal pain, in 20 patients (69.0%)
and anorexia/loss of appetite in 18 patients (62.1%) (Table 1). Ocular
signs were also common in the patients (13 with conjunctivitis
[44.8%] and 9 with pain behind the eyes [31.0%]).

The mean age of the patients was 32 years (range, 10 to 73) and 12
patients (41.4%) were male (Table 1). The case fatality rate of the 29
EVD patients was 41.4% (12/29), similar to the overall ratio of 39.5%
(11,310/28,616) during this EBOV epidemic. There was no significant
difference (P = 0.67) in the average interval from symptom onset to
presentation between survivors and non-survivors(Figure 1B). The
mean body temperature on the day of hospitalization was 37.9 °C
among survivors, significantly lower (P = 0.048) than that of non-
survivors, 38.9 °C (Figure 1C). The initial viremia of survivors and non-
survivors was also significantly different, with non-survivors possessing
lower mean Ct values for both GP (23.8 for non-survivors vs 29.4 for
survivors, P = 0.023) and NP (23.8 for non-survivors vs 29.7 for
survivors, P = 0.017) (Figure 1D).
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area.

3.2. The kinetics of viremia and biochemical features during EVD process

Blood samples from 12 patients (11 survivors and 1 fatality 10180)
were available for longitudinal collection during the hospitalization. As
in the previous study [26], the viremia of the survivors ameliorated
after the presentation, as revealed by increased Ct values (Figure 2). In-
terestingly, in our study, two different trends in the variation of body
temperatures of the patients after hospitalization were observed. Con-
sistent with viremia, body temperatures of patients 4781, 8941, 9180,
and 18797 decreased after hospitalization. On the other hand, in pa-
tients 6733, 8099, 18791, 18824, 18851, 18889, and 18898, a transient
increase in body temperature after hospitalization was detected. Espe-
cially in patient 8099, the Ct value had a dramatic decrease from 29.6
on day 7 (hospitalization) to 19.0 on day 9 (2 days after hospitalization),
and the body temperature of the patient elevated from 36.9 °C on day 7
to 38.9 °Con day 9. On day 11, the viremia and fever of this patient de-
creased. In contrast to the survivors, the moribund patient 10180 had a
continuous viremia and the body temperature increased from 37.9 °C
on day 21 to 39.8 °C on day 27. The patient died on day 30.

Blood biochemical parameters were also tested in the SLE-CHN Bio-
safety Lab in the field (Figure 3). Hematological and biochemical abnor-
malities were observed in the patients upon hospitalization, which was
also reported in the previous studies (Biochemical testing in a labora-
tory tent and semi-intensive care of Ebola patients on-site in a remote
part of Guinea: a paradigm shift based on a bleach-sensitive point-of-
care device. Clinical, virological, and biological parameters associated
with outcomes of Ebola virus infection in Macenta, Guinea.). Hypergly-
cemia occurred in patients 18791, 18824, 18851 upon hospitalization

and ameliorated afterwards. Abnormal concentrations of blood urea ni-
trogen, potassium, sodium, and chlorine were observed in the patients,
especially in patients 18791 and 18824. Hematological abnormalities
detected during the disease progression included reduced concentra-
tions of hemoglobin and hematocrit. These biochemical abnormalities
alleviated gradually during the recovery process.

3.3. Coincident substitutions during the EVD recovery process

Finally, 14 full-length and four nearly full-length EBOV genomes
from 12 patients were obtained based on the NGS platform in the
field. Through analysis of the NGS data of longitudinally collected
blood samples from the same patient, we found that the previously re-
ported short stretch of T>C mutations within positions 5512-5631 ap-
peared in the late blood samples of the patients 18791 (day 20) and
18797 (days 14 and 17), while these patients still possessed Ts in
early blood samples (day 12 for patient 18791 and day 9 for 18797)
(Figure 4A). In particular, in the day 9 sample of patient 18797, almost
no Cs were observed at the 13 positions, whereas Cs accounted for ap-
proximately 25% on day 14 and ~100% on day 17 at all of the 13 T>C nu-
cleotide sites (Figure 4A), indicating that day 14 may be an intermediate
status between days 9 and 17. The similar ratios of T:C at the different
T>C nucleotide sites on the same day may indicate that these T>C
mutations occurred concurrently, though not all these mutations can
be found on the same nucleic acid strands (reads). However, in patient
18889, dominant percentages of Cs (>86%) were already observed on
day 5, and continued increasing in percentage on day 7 (~99%) (Figure
4A).
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Meanwhile, we found 22 additional coincident substitutions distrib-
uted across the entire EBOV genome (Table 2 and Figure 4), which has
the similar ratios for the substitutions as in the short stretch of the 13
T>C mutations between positions 5512 and 5631. This may also indicate
that all these substitutions were correlated to each other. These nucleo-
tide variations not only included T>C substitutions, but also other types
of substitutions, e.g. C>T, G>A, A>G, A>T, T>A, and even one T>Deletion
mutation at site 10133 (Table S2). These nucleotide variations occurred
coincidently among different patients during the acute infection phase.

The intra-host adaptation of EBOV was also illustrated as the contin-
uous change of iSNV substitution ratios (the ratios of latter dominant

iSNV/former dominant iSNV, for instance, ratios of C/T for the 13 T>C
nucleotide sites) across longitudinal sampling points in patients
18791, 18797, and 18889 (Figures 4B-D). The iSNVs at most sites
have a synchronized change in the three patients during infection. The
substitution ratios for patients 18791 increased from 0.0021 (median,
with lower quartile [Q1] = 0.0012 and upper quartile [Q3] = 0.0042)
on day 12 to 59.17 (median, with Q1 = 30.33 and Q3 = 140.5) on
day 20 (Figure 4B). For patient 18797, the substitution ratios increased
from 0.0023 (median, with Q1 = 0.0013 and Q3 = 0.0062) on day 9
to 75.22 (median, with Q1 = 40.1 and Q3 = 189.375) on day 17, with
a transition ratio of 2.87 (median, with Q1 = 2.22 and Q3 = 16.24)
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Table 2
The linked and convergent substitutions of Ebola viruses emerged during human infectio

n.
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Number Site Type Former Latter 18791 18797 18889 C stains (5512-5631)"
Day 12 Day20 Figure Day9 Day14 Day17 Figure Day5 Day 7 Figure
1 1958 NP(S497P)* T C 001> 289.00° 1° 0.01  207.00 1000.00° 1 110331 660.36 o¢ 8/8
2 2370 NP(A634V) C T 0.00 48.50 1 0.00 2.82 N/Af 1 4.89 76.14 1 8/8
3 4384 VP35-VP40° A T 0.00 26.08 1 0.00 2.11 17.27 1 2.04 28.00 1 7/8
4 5512 VP40~GP T C 0.00  865.00 1 0.00 3.06 76.20 1 421  346.40 1 7/8
5 5519  VP40~GP T C 0.00 43.50 1 0.00 2.22 26.00 1 3.90 48.13 1 8/8
6 5522 VP40~GP T C 0.00 23.24 1 0.00 247 35.00 1 4.19 38.47 1 8/8
7 5523 VP40~GP T C 0.00 13533 1 0.00 2.50 69.80 1 425 516.36 1 8/8
8 5548  VP40~GP G A 0.02  873.00 1 0.01 92.50 347.00 1 43171 63198 0 8/8
9 5553  VP40~GP T C 0.00 137.83 1 0.00 3.38 108.33 1 547 38847 1 8/8
10 5566  VP40~GP T C 0.00  199.50 1 0.00 2.94 150.00 1 543 19573 1 8/8
11 5587  VP40~GP T C 0.00 43.67 1 0.00 3.07 1000.00 1 5.68 75.12 1 8/8
12 5594  VP40-~GP T C 0.00 231.00 1 0.01 2.13 121.00 1 536  344.04 1 8/8
13 5595  VP40~GP T C 0.00 59.17 1 0.00 1.82 49.40 1 516  172.81 1 8/8
14 5596  VP40~GP T C 0.00 92.00 1 0.00 1.76 27.78 1 5.06 79.54 1 8/8
15 5604  VP40~GP T C 0.00 140.50 1 0.00 2.35 37.00 1 6.12  468.33 1 8/8
16 5616  VP40~GP T C 0.00 40.62 1 0.00 2.87 59.40 1 5.70 67.39 1 8/8
17 5631 VP40~GP T C 0.00 119.00 1 0.01 2.56 103.33 1 5.77  315.38 1 8/8
18 5849  VP40~GP T C 190.00 85.00 04 163.22 3.20 4491 0 374 137.60 1 8/8
19 5880  VP40~GP C T 0.00 161.70 1 0.00 2.14 113.29 1 2.08 441.73 1 7/8
20 7267  GP(R410S) T A 0.00 N/A N/A 0.00 57.00  1000.00 1 1281.65 2044.63 0 0/8
21 7352 GP(E439K) G A 0.03 N/A N/A 0.03 17.33  1000.00 1 110230  495.67 0 8/8
22 8044  GP(F669F) C T 0.00 3.55 1 0.00 2.87 24.68 1 3.60 225.08 1 7/8
23 9426  VP30-VP24 C T 0.01 1000.00 1 0.01 1000.00 1000.00 1 79213 47341 0 8/8
24 10133 VP30-VP24 T Del 0.00 1000.00 1 0.01 0.97 3.95 1 1.65 7.45 1 6/8
25 10273  VP30-VP24 G A 011 116.00 1 0.12  173.00 202.50 1 33020 317.62 0 8/8
26 10431 VP24(F29F) C T 0.00 30.33 1 0.00 291 125.67 1 270  321.75 1 7/8
27 10466 VP24(Y41C) A G 0.00 28.33 1 0.00 2.11 50.57 1 2.53 38221 1 7/8
28 11407 VP24~L C T 113.88 N/A N/A  133.23 1.86 17.14 0 2.44 91.21 1 8/8
29 13350 L(END591Q) T C 0.00 N/A N/A 0.00 16.24 72.00 1 1768 321.12 1 7/8
30 13557  L(E657K) G A 0.00 N/A N/A 0.00 13.98 71.33 1 1696  466.17 1 7/8
31 15048  L(L1157P) T C 0.01 N/A N/A 0.01 1000.00 219.33 1 121672 937.44 0 8/8
32 15226  L(P1216P) T C 0.00 N/A N/A 0.00 3.49 34.14 1 3.91 90.47 1 7/8
33 16894  L(A1773T) G A 0.00 34.50 1 0.00 77.00 74.25 1 93.06 61.84 0 8/8
34 18078  L(H2187H) T C 0.00 16.50 1 0.00 1.75 N/A 1 2.68 2347 1 8/8
35 18319 5-UTR T C 0.00 9.00 1 0.00 2.35 N/A 1 2.64 2741 1 8/8
¢ The nonsynonymous mutations are emphasized by bold fonts.
P The ratio of the reads of Latter/Former.
¢ “1” means that the corresponding data of the survivor was shown in Figure 4B-D.
4 “0” means that the corresponding data of the survivor was shown in Supplementary Figure S1.
¢ The ratio is termed as “1000” when the read of the former nucleotide is 0.
' “N/A” means that the reading depths of the NGS was lower than 50.
g

=

“VP35-VP40” means that the substitutions locate in the non-coding region between VP35 and VP40.
“C stains (5512-5631)" indicate the 8 stains from publicly released full-length EBOV genome sequences from GenBank, including KT961624, KP759706, KU296370, KU296319,

LN877955, KT357858, KT357859 and KT357860. These 8 strains possess the short stretch of T>C mutations within positions 5512-5631. Furthermore, these strains also have the linked
mutations in other sites. The proportions of the strains which possess the mutations were shown in fractions.

on day 14 (Figure 4C). For patient 18889, substitution ratios remained
>1, indicating a dominant role of the latter iSNV on both day 5 and
day 7 (Figure 4D), however, the increasing trend of the iSNV substitu-
tion ratios could still be observed from day 5 to day 7.

However, there were still some exceptional sites which had consis-
tent iSNVs during the disease process (Supplementary Figure S1). All
exceptional sites possessed the latter form at the target sites (e.g. Site
5849 of viral genome had already mutated to C in patient 18791 on
day 12), indicating early substitution events at these sites.

3.4. Phylogenetic association of the T>C strains

Phylogenetic analysis of the 18 novel and 1078 publicly released full-
length EBOV genome sequences from GenBank showed that the novel
EBOV sequences did not cluster together (Figure 5A). Alternatively,
they formed four small independent clusters scattered across lineage
SL3, which was circulating during the late stage of the outbreak in 2015.

We further analyzed all EBOV genomes available online and identi-
fied the strains with multiple T>C substitutions within a short genomic
region in different positions of the genomes (termed as “C strains”)
(Figure 5B and Table S3). A total of 49 strains, including six sequenced
in this study, possessed multiple T>C nucleotide substitutions (Table

S3). These “C strains” could be classified into at least 24 different types
according to the number of T>C substitutions and their positions
(Figure 5B). Interestingly, apart from the well-known stretch with 13
serial T>C mutations at genome position 5512-5631, stretches with 11
and 12 serial T>C mutations were also found in the intergenic region be-
tween VP40 and GP in strains G4415.1 (GenBank No. KR105247) and
LIBR10051 (GenBank No. KT725368) (Table S3), respectively. To study
the phylogenetic association of these “C strains”, we mapped them
onto the tree (Figure 5B and Supplementary Figure S2). However,
these 49 “C strains” scattered across the entire tree, with little phyloge-
netic association (Figure 5B), indicating multiple independent origins of
these T>C substitutions. However, some strains possessing the same
T>C substitution type were clustered together (Supplementary Figure
S2). Based on current evidence, human-to-human transmission is the
most plausible reason for these cases.

In particular, ten strains possessed the 13 T>C mutations within po-
sitions 5512-5631 (Figure 5C). The prototype strain with the 13 T>C
mutations was J0169 (KP759706), sequenced from the Magazine
Wharf area, Freetown, Sierra Leone in November 2014 [17]. It has
been reported that JO169-like EBOV continued to circulate in this region
and had infected at least three additional patients by July 2015. How-
ever, the strain sequenced from patient 18797 on days 14 and 17
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Figure 6. The schematic diagram for the dynamic intra-host substitution and inter-host transmission of EBOV. Base on the dynamic adaptation of Ebola virus in the patients we described
herein, we further proposed the schematic model for the relationship of the human to human transmission and the dynamic adaptation of the Ebola viruses. Panel A shows the disease
process of one survived patient A from the preclinical period to symptom presentation, and then to recovery. During this process, the dominant viruses in the patient are the T strain
which possess the former nucleic acids in the 35 sites (Table 2), e.g. T in the 13 T>C stretch (5512-5631). There also will be emergence of the C strains during the recovery process,
which possess the latter nucleic acids in the 35 sites (Table 2), e.g. C in the 13 T>C stretch (5512-5631) due to unknown reasons as we indicated in our patients. T strain virus
dominates in the acute detoxification period of patients and certain patients died during this period. Thus in the general human to human transmission of Ebola virus (patient A to
patient C), the transmitted viruses are T strain virus, which takes the dominates in the 1078 EBOV genomes of the West Africa outbreak publicly available from GenBank. However, we
cannot exclude the possibility of the sporadic transmission of C strains in humans with close contact (A to B). Patient B, who was infected by the C strain of Ebola virus, may have a
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mixed quasi-species of the virus during the diseases process. This possibility requires further exploration.

possessed the 13 T>C mutations and clustered together with other such
“C strains”. Surprisingly, on day 9 of patient 18797, the virus possessed
Ts at all of the 13 positions, and did not fall within this cluster. This was
also observed with patient 18791 (Figure 5C). Virus samples collected
on day 12 from patient 18791 was located in a different cluster as the
virus sequenced from the day 20 sample.

3.5. Co-current substitutions within the publicly released EBOV genomes

We further identified eight EBOV strains sharing the previously de-
scribed 13 T>C mutations within positions 5512-5631 (the last column
in Table 2). We called all the other viruses (1070 strains) as “T strains
(5512-5631)". Interestingly, we found that almost all 35 coincident
substitutions that happened in our longitudinally sequenced EBOV ge-
nomes (Table 2) had already mutated in these eight “C strains (5512-
5631)". In contrast, none of the other EBOV “T strains (5512-5631)"
without the 13 T>C mutations at position 5512-5631have these substi-
tutions. These data suggest that all substitutions distributed within the
whole genome of EBOV, including the short stretch of T>C mutations
within position 5512-5631, had a coincident evolution trend during
the recovery process of the patients.

4. Discussion

In this study, we sequenced longitudinally-collected blood samples
from EBOV patients based on an in-fieldNGS platform at the SLE-
CHNBio-safety Lab during the 2014-2016 EBOV epidemic. Although
more a thousand of EBOV genomes have been sequenced during the
2014-2016 EBOV epidemic in West Africa, most of the viruses were
from different patients during the early days of the acute phase during

the infection [1-5,7,8,13,17]. Phylogenetic analysis showed that the 18
genomes sequenced in this study were not grouped together. This sug-
gested that in the late stages of the 2014-2016 EBOV outbreak, the virus
became diversified and various minor EBOV lineages had been co-
circulating in Sierra Leone.

Previous phylogenetic studies indicated that SNPs carried by differ-
ent EBOV lineages were important molecular markers to study the
virus transmission among humans [1,4,13]. Short stretches of the T>C
substitutions appeared sporadically without phylogenetic association
as shown in our analysis (Figure 5B). Although the exact reason is yet
unclear, this was speculated to be the result of adenosine deaminases
acting on RNA (ADARs) [16]. Thus, it is understandable that the T>C sub-
stitutions can occur in both the coding regions and the non-coding re-
gions. In the present study, we found several related iSNVs across the
EBOV genome occurring in the late acute phase of EBOV infection, in-
cluding a short stretch of 13 T>C mutations within positions 5512-
5631. However, these mutations were not found in samples collected
during the early infection phase. In one patient, we even observed the
intermediate stage for these T>C mutations. These data suggest that
the 13 serial T>C mutations were emerged coincidently, and that the
mutations could arise independently in different EBOV patients. Since
only a few T>C mutations are able to change the transcription level of
adjacent genes [15], such serial T>C mutations in our study, though
some in non-coding regions, might be functional during EBOV infection
in humans, which should be a subject of further investigation. Mean-
while further analysis should be performed to investigate whether all
these mutations can be found on the same nucleic acid strands (reads).

Phylogenetic analysis showed that earlier samples without the 13 T>C
mutations were not grouped together, whereas later samples with the 13
T>C mutations were clustered together and formed a separate cluster. We

Figure 5. Phylogenetic analysis of the newly characterized and public full-length EBOV genome sequences. A. Sequences characterized in the present study are marked in red. B. All of the
strains with serial T>C mutations are marked in blue. The numbers of serial T>C mutations are given. C. Detailed phylogenetic relationships of the strains with 13 serial T>C mutations. In
this panel, sequences in the same color are obtained from the same patient at different time points. Sequences marked with black stars are reported in this paper.
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also identified a total of 49 strains with serial T>C substitutions that
belonged to 24 different T>C mutation types, with different number of
T>C substitutions and/or within different genomic regions. Generally,
strains possessing different T>C mutation types were not clustered to-
gether, but scattered across the tree. Based on current evidence, there
was no direct phylogenetic association between these different mutation
types. This once again revealed that these various T>C mutation types
could arise independently. However, some of the T>C substitutions were
indeed shared by a few strains, which were clustered together in the
tree. Thus, the transmission hypothesis cannot be fully rejected yet [17].

This study is the first showing that linked and coincident mutations
observed in EBOV could arise independently during human infections.
It can be rationally proposed that the “T strains” are the dominant circu-
lating EBOVs during the epidemic (Figure 6). Most of the cases are in-
fected via contact with the patients during the early stages of acute
infection. During the late stages of the infection, the “C strains” emerge,
although the virus titer has become lower during this period. Transmis-
sion may also occur rarely between close contacts at this stage of disease.
This may explain why the “C strains” could be found in such few patients
in the acute infection phase. Meanwhile, the T>C mutation happened at
different time points of the patients after EBOV infection, which may be
related with disease progress or prognosis. For patient 18791, the corre-
sponding sites for these T>C were still T, while the T>C substitution was
completed on day 5 of the infection of patient 18889. The fever duration
and the viremia duration of patient 18791 were longer than 18889.
However, the relationship of the occurrence time of these mutations
with disease progress or prognosis should be further investigated.

Overall, our data indicate that short stretches of T>C substitutions
are part of the linked and convergent evolution during the infection pro-
cess of EVD patients, shedding light on the dynamic intra-host adapta-
tion of EBOV during the 2014-2016 EBOV epidemic.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bsheal.2019.02.001.
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