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ABSTRACT

ADRIANO DE BERNARDI SCHNEIDER. Arboviruses: The hidden path of an
imminent threat. (Under the direction of DR. DANIEL JANIES)

Arboviruses are a grade of viruses carried by arthropods, which have been in the
headlines due to recent epidemics. Members of this grade are the families Flaviviridae
which includes Zika (ZIKV), Dengue (DENV), Yellow Fever (YFV), among other
viruses and Togaviridae, which includes Chikungunya (CHIKV).

Research on some arboviruses has been strong over the past couple of decades.
Other arboviruses have not garnered much attention until lately. For example, ZIKV
has been understudied until 2015. Since the 1950s ZIKV was considered to cause
only a benign infection in humans. ZIKV became well studied only after the recent
outbreaks of the virus in the Pacific, Americas, and South-East Asia, was found to
be related to severe neuropathology, which includes the development of neurological
defects such as microcephaly on the fetus and Guillain-Barré Syndrome in adults.
CHIKYV is another arbovirus that although been circulating for a long time in Africa
and Asia, has been recently introduced into the Americas in 2013, causing recurring
outbreaks in South and Central American naive populations.

YFV, which been known to be endemic and thought to be controlled in South
America, has re-emerged in Brazil beginning in December 2016. This outbreak, al-
though restricted to transmission by the sylvatic mosquito Haemagogus leococelaenus,
raised questions among researchers regarding the potential for spread to the United
States due to the presence of the urban vectors Aedes aegypti and Aedes albopictus
and a naive, largely unvaccinated population. Another question that still remains is
whether YFV will ever reach the Asian continent?

Today, the time it takes for awareness of the health organizations, to convince

the funding agencies, and to work on vaccine development is much more than the
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time needed for the disease to change from a local outbreak to a global epidemic.
The overall objective of this work is to provide the grounds for a viral surveillance
system based on evolution, utilizing the current ZIKV and CHIKV outbreaks and
other arboviruses as case studies.

Utilizing phylogenetic and molecular sequence alignment tools I developed a pipeline
to evaluate the genomic changes of viruses on CHIKV and ZIKV. I also created a
pipeline to generate pathogen transmission networks and compare different disease
networks utilizing different network centrality metrics. CHIKV, DENV, YFV and
ZIKV were utilized as case studies. The strategies utilized in this work will enable
better abatement and management strategies of viral outbreaks.

My findings indicate that changes in the coding sequence does not seem to be the
main reason why ZIKV has changed its behavior in terms of pathogenicity. In CHIKV
there is an insertion on the UTR region of a group of sequences and change of virulence
has been associated with UTR sizes in different CHIKV strains. Upon analyzing
viral 37 and 5” UTRs, a trinuncleotide motif, known as Musashi Binding Element
was identified in both CHIKV and ZIKV, its presence and availability on ZIKV may
explain a preference to human cells, in CHIKV the motif is present but not available.
Although both CHIKV and ZIKV coexist and have spread in the same regions in a
short period of time, their spread seems to be from independent events. When looking
at transmission networks, there is a high correlation between the different centrality
metrics utilized to measure all four DENV serotypes transmission networks, CHIKV,

YFV and ZIKV have lower correlation, thus, distinct patterns.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

Researchers have been describing recent outbreaks of arboviruses that have not been
previously detected for decades ([3],4]). The issue of emerging diseases is not news for
viruses in the broad sense, but these have a peculiarity, they are all transmitted by the
same group of vectors: mosquitoes and ticks, and belong to groups alike, Togaviridae
and Flaviviridae.

The recent outbreaks have brought concern due to the lack of basic knowledge
surrounding the disease caused by them. Chikungunya virus been first isolated in
Tanzania in 1952 [5], and, despite some travel-related cases, has been only found in
the Americas as an autochthonous case on October 2013 on the island of Saint Martin
[6]. Zika virus (ZIKV), known as a mild disease isolated in the Ziika forest in Uganda
in 1947 [7], had its first cases in the Americas on March 2014 in Easter Island (Chile),
to later in 2015 be confirmed that there were clusters of cases in Brazil on February
2015 [8].

For the purpose of this work, I selected Chikungunya virus (CHIKV) and ZIKV,
as they are carried by mosquitoes and belong to a non evolutionary group called
"arboviruses", as they belong to different taxonomic groups. ZIKV is a Flavivirus
belonging to Flaviviridae, while CHIKV is an Alphavirus that belongs to Togaviridae.
Dengue virus (DENV) was not selected for this analysis given the time of introduction
in the Americas diverge from ZIKV and CHIKV by hundreds of years. ZIKV and
CHIKYV are more comparable due to recent introduction to the Americas. The trans-
mission network of DENV, along with Yellow Fever virus (YFV) will be discussed on

the Chapter 3 of this dissertation.



1.1  Chikungunya disease

Chikungunya name comes from the Makonde language, spoken by an ethnic group
in southeast Tanzania, and means the bent posture that persons with severe arthralgia
(joint pain) stay at when suffering of Chikungunya fever [9]. CHIKV is an Alphavirus
close related to O’nyong nyong virus (ONNV), a virus previously considered a sub-
type of CHIKV. CHIKV consists of a positive-sense single-stranded RNA molecule
of approximately 11.8kb, encoding nine proteins, which are divided in structural and
non-structural proteins [I0]. The disease have not been associated with life threat-
ening symptoms until a recent outbreak the Réunion island, an overseas department
from France located in the Indian Ocean, east of Madagascar, in 2005 [I1].

CHIKYV disease has been usually associated to fever, which lasts about 1 week;
myalgia, which lasts between 7-10 days; polyalthralgia and polyarthritis, which can
last from weeks to months; and rashes, which last about 1 week. Viremia generally
lasts 5-7 days. After the outbreak in Réunion, higher morbidity has been observed, as
well as neurological issues, such visual and hearing loss, paralysis and Guillain Barré

Syndrome (GBS) and renal complications [12] T3], [14].
1.2 The geographic spread of Chikungunya virus

First isolated in the Newala district of Tanganyika, a British territory that is cur-
rently part of Tanzania [15] [16], CHIKV today can be considered a virus with at least
four lineages: Asia lineage, Indian Ocean Lineage (IOL), East, Central and South
African Lineage (ECSA), and West African [17]. Its origin and the history of how it
spread inside Africa remains to be discovered, given the lack of sampling and pres-
ence of confounding events such as the presence of co-circulating DENV and YFV,
although its presence in sylvatic mosquitoes and nonhuman primates in Uganda and
Tanzania point that they likely originated in Central /East Africa [18]. The emergence

and spread is believed to have started as early as the 18th Century through sailing



ships, as stored water facilitated mosquito reproduction [19].

It is known that the ECSA lineage gave rise to the Asian and IOL from indepen-
dent outbreaks that are several years apart. The Asian lineage is predicted to have
emerged from ECSA somewhere between 50 to 300 years ago, it caused outbreaks in
Southeastern Asia and India, being present in Southeastern Asia until today |20} 21].
The IOL has emerged from another outbreak from a different strain from ECSA
which started to spread in 2004, creating the Kenya epidemic, followed by Southeast-
ern Islands of the Indian Ocean in 2005 and Réunion Island in 2006 where 40% of
population was seropositive [22 23]. Since then, IOL emerged in outbreaks in India
in 2005 and Southeastern Asia countries in 2008, as well as two outbreaks in Europe
in 2007 and 2010. IOL is currently present in India and is co-circulating with the
Asian strain in Southeastern Asia. On this specific lineage, it has been observed a
mutation that increased the competency of Aedes albopictus as vector, increasing the
infection rate and extending the range of the disease [24].

The West African lineage is described in the literature as a sister clade to the ECSA,
IOL and Asian lineages and curiously, have been restricted to only West Africa. On
the other hand, the Asian strain has emerged in Central America in 2013 and has
been found in South America as well [25]. Also, in 2014 there was an ECSA lineage
outbreak in Brazil.

The first emergence in urban cycle is believed to be between 1879 and 1956, when
the enzootic lineage ECSA was introduced into Asia. This introduction created the
Asian lineage, which caused outbreaks in India and Southeast Asia and still circulates

in Southeast Asia.
1.3 Zika virus disease

ZIKV belongs to the Flaviviridae family, which consists of positive sense single
stranded RNA viruses such as DENV, YFV, West Nile virus (WNV), and Hepatitis

C virus among others. The ZIKV reference sequence genome (National Center for



4
Biotechnology Information (NCBI ncbi.nlm.nih.gov) accession NC 012532.1 strain
MR 766 from Uganda) comprises 10,794 base pairs of linear RNA. The genome has
5" and 3’ untranslated regions that form complex RNA structures which interact and
regulate the replication, protein expression and tissue tropism of the virus while it
infects a host cell. The remainder of the ZIKV genome codes for a 3419 amino acid
polyprotein that encodes at least 12 proteins [26].

The virus was named after the place where it was first discovered and isolated, the
Ziika forest in Uganda in 1947 [7]. At the time, it was isolated from rhesus monkeys
and the disease was considered mild with symptoms being only fever, body pain
and skin rashes. It was then identified in humans in Africa as well as in Malaysia
in 1966 and there are serological reports of the presence of the virus in Southeast
Asia (Indonesia, Cambodia and Malaysia) and Pakistan since the 1960s [27, 28]. But
it was not until 2015 that certain research groups in South America and French
Polynesia realized that ZIKV could be related to the GBS and microcephaly [29, [30,
31]. In the same year, it was observed that the virus was actually causing a fetal
neuropathogenesis, which had as its most evident symptom the microcephaly, but
other fetal abnormalities such as loss of hearing and vision were related [32].

A more severe ZIKV disease spectrum (GBS and fetal syndrome) was observed in
both the 2013-2014 outbreak in French Polynesia and in the Americas [33] [34]. Re-
cently, viral sequences representing the Asia-Pacific-Americas clade have been recov-
ered from both primary microcephaly-associated central nervous tissue and amniotic
fluid from affected pregnancies [35, [36].

Comparison of the sample of viral genetic sequences available today shows that
mutations have occurred as ZIKV has spread from Asia across the Pacific to the
Americas. However, there is a 41-year sampling gap between the Malaysian isolate
from 1966 and the isolates from Yap in Micronesia in 2007. Disease oriented questions

include whether the change in ZIKV disease phenotype correlates to changes in ZIKV
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viral genotype, or if the current disease spectrum is influenced by the virus spreading
within a host population with particular susceptibility or confounding effects. These
effects can include the genetic background of humans and/or previous infection with

another virus such as DENV or environmental effects [37].
1.4 The geographic spread of Zika virus

As mentioned above, the first sequence isolated for the ZIKV is from a sentinel
rhesus monkey from the Ziika Forest, a tropical forest near Entebbe, Uganda, where
researchers from the Yellow Fever Research Institute carried surveillance work [3§].
Contemporaneous to identifying ZIKV seropositivity in monkeys and subsequently
in human populations in Africa, similar evidence suggesting human infection was
collected in Egypt [39], India [40], Malaysia [41], Thailand [41], Vietnam [42] and the
Philippines [43]. Based on this serologic history, ZIKV may have circulated in parallel
in Africa and Asia during the first half of the 20th century or earlier. Weaver et al.,
2016 [44] caution that the serology surveys may have been conducted with reagents
that are cross-reactive among flaviviruses, generating false positives. No sequence
data is available to the public from Asian and Egyptian isolates from this time frame
except for a Malaysian isolate from 1966 from an Aedes spp. host (NCBI accession
HQ234499).

Prior sequence analysis has described ZIKV as being comprised of three clades: a
West African (Nigerian cluster), East African (strain name MR766 cluster), and an
Asian clade reconstructed by some to have originated from East Africa [45]. The
ZIKV lineage that has been infecting patients in the Americas since 2014 [46] is
genetically similar to ZIKV previously isolated from Micronesia [47], French Polynesia
[48], and Easter Island [49]. While the ZIKV in South America, Central America, the
Caribbean, and Mexico are descendants from the Asian lineage, the ZIKV in these
regions is now considered a novel Asia-Pacific-Americas lineage [50]. This lineage

continues to spread across the globe, leading to recent outbreaks occurred in Cape



Verde and Bali [51].

The occurrence of ZIKV outside of Africa has been the focus of few studies until
2015. Epidemiologists investigating the 2007 ZIKV outbreak in the four islands that
comprise Yap, in the Federated States of Micronesia, did not detect severe clinical
outcomes [47]. Since 2007 there have been cases of ZIKV in the western Pacific
including: the Philippines and Thailand. In 2014, ZIKV had reached Easter Island [4]
and Haiti [52]. These discoveries contradict reports that ZIKV entered the Americas

first in Brazil [53]. ZIKV was not reported in Brazil until early 2015 [46].



CHAPTER 2: THE PATH OF TWO ARBOVIRUSES

2.1  Introduction

Two arboviruses, CHIKV and ZIKV, from different families but with similar range
of vectors have re-emerged in the past decade in a similar manner and increased
pathogenicity. Although multiple explanations have been proposed to elucidate the
recent changes in pathogenicity, the actual mechanism by which they changed remains
unclear, as well as the reason of why they re-emerged.

By using phylogenetic and geographical analyses I investigate the emergence and
spread of mutations and structural differences in CHIKV and ZIKV viral genomes
that are correlated with changes in diseases associated with both viruses. I also
mapped characters of interest, such as metadata (location, date, host) and apomor-
phies (mutations unique to specific clades/groups), to phylogenetic tree in order to
look for related changes in disease behavior with viral mutations. I evaluate viral
3’ and 5’ untranslated terminal RNA sequences (UTRs) as they are related to viral
replication and gene expression and examine the presence of regulatory elements and
the effect in silico of mutations in elements of interest among different sequences of
the viruses. By mapping such mutations and evaluating UTRs in silico, we are able
to have good pointers to what is actually happening in vivo at the same time we

avoid the expense and danger of gain of function experiments [54].
2.2 Material & Methods

All the geographic, sequence and temporal metadata for ZIKV and CHIKV avail-
able in the public domain (NCBI) as of April 1st, 2018 was consolidated in order to

create datasets for the analyses described below (Figure . Selection of the appro-
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priate outgroup for ZIKV and CHIKV was be based on the phylogeny of flaviviruses
and alphaviruses, respectively. To investigate the phylogenetic relationships, I used
the maximum likelihood tree search method as implemented in IQ-TREE [55]. I also
used the Recombination Detection Program (RDP) [56] to investigate the possibility

of genetic recombination among lineages.



DATA ACQUISITION

Public database (NCBI)
» Full genomic sequences
» Metadata

DATA PROCESSING

Dataset parsing

Multiple sequence alignment
Geographic coordinates assignments
Phylogenetic tree search

DATA ANALYSIS / VISUALIZATION

Synapomorphy mapping
> YBYRA
Global distribution
» Nvector
RNA UTR analysis
» UTRdb
» RegRNA
» Vienna RNA Package

Figure 2.1: Data analyses Pipeline.
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2.2.1  Multiple sequence alignment

Multiple sequence alignment for all datasets were be aligned using MAFFT v7.215
[57] under default settings. The alignments were visualized in Geneious [58|. Ragged
edges resulting from differences in laboratory finishing may have been trimmed and

marked as missing data.
2.2.2  Datasets

Three nucleotide datasets were created for ZIKV and CHIKV virus: 1) One genome
dataset with partial or complete 5’ and 3" UTR in addition to the polyprotein with
an outgroup sequence. 2) One dataset that include all available 3° UTRs 3) One
dataset that included all available 5" UTRs. Dataset 1 was subdivided in smaller
datasets according to the major clades for the analysis of global distribution of the

virus utilizing NVector (described below).
2.2.3  Outgroup search

To determine the appropriate outgroup for CHIKV, the closest related virus based
on previous phylogeny of the Alphavirus was selected and the full genomic sequence
was aligned to the ingroup taxa using MAFFT [57]. Given the single directionality
on the previous trees of Zika virus and not novel sequences in Africa that could create
a bias in topology due to long distance on the outgroup branch, the oldest African

isolate was selected as the outgroup.
2.2.4  Phylogenetic tree search

Phylogenetic tree search was conducted on the genome dataset for both viruses us-
ing IQ-Tree [55] utilizing the implemented substitution model. IQ-Tree also examines
the utility of other (GTR+G and GTR+I+G) and mixed models of nucleotide sub-
stitution for the following partitions within the virus genomes based on their genome

structure (proteins within polyprotein).
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2.2.5  Place of isolation metadata analysis

CHIKYV and ZIKV phylogenies were visualized and character reconstruction for
place of isolation metadata under parsimony was conducted in Mesquite v 3.04 [59].
Final trees with metadata were rendered utilizing FigTree v 1.4.2 [60]. I projected
the phylogenetic trees into a virtual globe with a program developed in-house named

NVector (described below).
2.2.6  Global distribution of virus phylogenetic tree on Nvector

CHIKYV and ZIKV sequence and metadata containing location information were
parsed and geographic coordinates for each sequence were obtained using LatLong.net.
These data, along with isolation date for each sequence were combined with the
phylogenetic tree data and plotted into the world map using the in-house program

Nvector [61].
2.2.7  Synapomorphy mapping
Sequence alignments of protein and/or nucleotide were mapped into their proper
phylogenetic tree to identify synapomorphies (derived changes shared by descendants)
utilizing YBYRA [62].
2.2.8 RNA UTRs analyses

The 5 and 3’ UTRs of ZIKV and CHIKYV were annotated using the UTRScan tool
from the UTRdb [63] and RegRNA 2.0 [64] and elements identified were reviewed
individually according to possible relevance to change in pathogenicity.

The Musashi Binding Element (MBE), a trinucleotide motif, was selected for fur-
ther investigation given that previous literature indicated that MBE was involved
in increased viral replication of ZIKV and congenital defects in humans [65], 32]. A
biophysical model was employed at the level of secondary structure and the opening
energy of trinucleotides in the ZIKV and CHIKV UTR’s on a shuffled sequence con-

text and z score statistics were calculated. The opening energy of a region within
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an RNA sequence is directly related to the local RNA secondary structure. Accord-
ing to the previous statement, the low opening energy is an indicator for single-
strandedness, which correlates to the accessibility of the motif to bind to the protein.
This approach is implemented in the Perl utility plfoldz.pl, which is available from
https://github.com/mtw /plfoldz. The script employs the ViennaRNA [66] scripting
language interface for thermodynamics calculations, the ViennaNGS [67] suite for
extraction of genomic loci and the uShuffle Perl bindings [68] for k-let shuffling. The
tool reports for each requested trinucleotide the opening energy in a genomic context
as well as an opening energy z score obtained from n shuffling events of upstream and
downstream sequences. Here, n = 10,000 dinucleotide shuffling events were used.

For ZIKV, the analysis of the relative binding energy MBE to the Musashi protein
was performed using methods described by Zearfoss et al. [I]. The previously identi-
fied and characterized twelve base sequence including four bases 5’ and five bases 3’
of the conserved UAG MSI core motif were analyzed for representative ZIKV isolates
[2]. Alignment comparisons of sequences to identify sequence relationships between
available full sequence isolates were performed using MAFFT [57] and visualized on

Geneious [58].
2.3 Results
2.3.1  Rooting and outgroup choice

Most studies tend to utilize midpoint rooting as the rooting strategy, not giving
directionality to the tree. Although on one side it avoids the selection of a wrong
outgroup that can create a false directionality within the tree, midpoint seems an
arbitrary choice, whereas outgroup is intentional and can be backed up by the fact
that a good choice will join the ingroup and outgroup at a point where a deep common
ancestor logically would be found. Its been seen, for example, that midpoint rooting
misled the search for the zoonotic origins of SARS-CoV [69].

A previous study on ZIKV evolution has shown that there is no change of tree
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topology when selecting the oldest sequence MR766 (LC002520) or the closest related
virus, Spondweni [2]. When selecting the oldest sequence as outgroup on CHIKV I
observed a complete different topology from midpoint rooting and previous literature.
In order to make sure the topology was correct and utilize the outgroup criterion,
I generated an alignment with the closest virus related to CHIKV, ONNV, which
caused the topology to agreed with previous studies and conserved the major clade
relationships. Different from ZIKV, in the case of CHIKV, the presence of multiple
old isolates from distinct clades makes difficult to select an outgroup within CHIKV

to satisfy the outgroup criterion.
2.3.2  Phylogenetic Trees

The phylogenetic tree search performed with 1Q-Tree resulted in two optimal Max-
imum -likelihood trees, one tree for CHIKV with 697 genomic sequences, including
ONNV (NC_001512.1) outgroup sequence (Figure 2.2). The phylogenetic tree gen-

erated for ZIKV contains 491 genomic sequences with (LC002520) as the outgroup
sequence (Figure [2.3)).
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Figure 2.2: Maximum-Likelihood phylogenetic tree of 697 Chikungunya virus ge-
nomic sequences. Outgroup = O’nyong nyong virus - NC_001512.1. a = West
African lineage (Figure / b = Middle Africa/South America lineage (Figure
/ ¢ = Eastern Africa / Indian Ocean Lineage (Figure[2.6) / d = Asian Urban Lineage

(Figure .
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Figure 2.3: Maximum-Likelihood phylogenetic tree of 491 Zika virus full genomic
sequences. a = African strains and Asian lineage (Figure ) / b = Asia Pacific
American lineage (Figure . Note: Large Asian Lineage clade is due to a large
sequencing effort of ZIKV patients during a short period of time in the Singapore
outbreak.

2.3.2.1  Chikungunya virus

The strains grouped according to known literature on the phylogenetic tree gener-
ated for CHIKV (Figure , which was split into subtrees in order to better under-
stand the relationship between the taxa for each major clade as well as to map the
synapomorphies found using YBYRA [62]. Three main clades can be observed for
CHIKYV, which can be divided in four subtrees, labeled as follows based on geographic

spread:

1. EA-IOL lineage - Eastern African strains form a monophyletic group with Asian

strains known as IOL (Figure [2.6).

2. MA-SA lineage - A sister clade to Eastern African strains, Middle African strains
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form a monophyletic group with South American strains creating a new lineage

that moved from Middle Africa to South America (Figure [2.5)).

3. Asian Urban lineage - In a sister clade to Eastern and Middle African strains,
Asian sequences known in the literature as Asian Urban lineage formed a clade

that has strains from Oceania and the recent introduction of the virus in Central

and Northern America (Figure [2.7).

4. West African lineage - Western African strains group as a sister clade to all

other strains (Figure [2.4)).

For the purpose of this work, I split the ECSA lineage into 3 regions, East Central
and South Africa. As seen on the phylogenetic tree, the known ECSA/IOL is treated
as a single lineage that started in Eastern Africa and moved to Asia (EA-IOL), the
ECSA /South America is treated as a single lineage that started in Middle Africa and
moved to South America (MA-SA). Although the Southern African lineage is related
to a few Asian isolates, no major clade has been formed from outbreaks originating
from that geographic region in Africa.

Due to the elevated number of strains with missing protein annotations on NCBI
for CHIKV, I chose to evaluate only at the nucleotide level to avoid bias on the
results due to missing data. The West African lineage clade had the largest number
of non-ambiguous synapomorphies, 640. The Asian Urban lineage clade had the
second largest number of non-ambiguous synapomorphies, 371. The American strains
within the Asian Urban lineage clade had 5 non-ambiguous synapomorphies, with a
section of the subtree (noted on Figure with 30 non-ambiguous synapomorphies
(insertions) occurring all on the UTRs of the CHIKV genome. The EA-IOL clade
had 113. The MA-SA lineage have 14 synapomorphies shared among Middle Africa
and South America, and 139 exclusive to South American strains. The sister clade to

MA-SA lineage, which encompass sequences from Asia, Middle and Southern Africa,
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had 50 synapomorphies. Only synapomorphies on key nodes (new clade/lineage based

on geography) were evaluated.

I Western Africa

HMO045818.1

HM045819.1
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KX262986.1

KX262995.1

AY726732.1

HM045786.1
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HM045804.1

HM045816.1

%
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I— HMO045798.1

HM045815.1

NC_001512.1

8.0

Figure 2.4: Chikungunya virus subtree - West African lineage clade - unique nucleic
synapomorphies. Black cells are unique, non-homoplastic synapomorphies, Red cells
are unique, homoplastic synapomorphies, White cells are ambiguous optimized char-
acters. Node 715 (marked with star) first 20 synapomorphies shown, all other can be
found on Appendix Table .
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Figure 2.5: Chikungunya virus subtree - Middle Africa/South America lineage clade -
unique nucleic synapomorphies. Black cells are unique, non-homoplastic synapomor-
phies, Red cells are unique, homoplastic synapomorphies, Blue cells are non-unique,
homoplastic synapomorphies. Nodes 928 and 705 (marked with star, top to bottom)
first 20 synapomorphies shown, all other can be found on Appendix Table |]§£I|



Southern Europe
I Northern America
-Oceania
W Asia

I Eastern Africa

1

Fiiaz
FlUs2
Fieiz

927 1158 3501 3657 5476 5928 6295 10929

B A T T T
528 629 3900 8185 9462 11736

I C I G BN T e G
232 333 414 504 507 660 690 774 831 918

GC NN G SN C C N A
1029 1095 1392 1704 1712 1770 1853 1937 1974 2018

li Hﬂfmﬁjﬁ : Wﬁm%%ﬁm

T BERRE
5741 1018510866

A

Moty
e
Hosms1

Figure 2.6: Chikungunya virus subtree - Eastern Africa / Indian Ocean Lineage clade
- unique nucleic synapomorphies. Black cells are unique, non-homoplastic synapomor-
phies, Red cells are unique, homoplastic synapomorphies, Blue cells are non-unique,
homoplastic synapomorphies. Node 719 (marked with star) first 20 synapomorphies
shown, all other can be found on Appendix Table
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Figure 2.7: Chikungunya virus subtree - Asian Urban Lineage - unique nucleic synapo-
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unique, homoplastic synapomorphies, Blue cells are non-unique, homoplastic synapo-
morphies. Nodes 955 and 745 (marked with star, top to bottom) first 20 synapomor-
phies shown, all other can be found on Appendix Table
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2.3.2.2  Zika virus

For ZIKV, the majority of strains grouped on the phylogenetic tree in two major
current clades and an old African group (Figure . The oldest African strains were
isolated from multiple Aedes and monkey hosts and do not form a monophyletic clade.
All modern strains were isolates from humans. Asian strains have historically moved
from Africa and group in two sister clades, one Asian-Pacific-American clade which
includes the strains that caused the 2015-2017 ZIKV epidemic in the Americas and
one recent clade in Asia. Like I have done for CHIKV, I split these major clades into
subtrees in order to better understand the relationship between the taxa and map

important synapomorphies:

1. African strains and Asian clade - Oldest African strains were grouped with
Asian sequences that form a new monophyletic clade. Oldest African sequences

were kept on this subtree only for easier visualization, as they are ancestral to

both new Asian and American clades (Figure [2.8).

2. Asia Pacific American clade - Sister clade to the Asian clade, encompass island
hopping sequences from Oceania and Southeastern Asia and the sequences from

the 2015-2017 ZIKV outbreak in the Americas (Figure [2.13]).

For ZIKV, all strains had annotated polyprotein, thus amino acid sequences were
used to map synapomorphies given that looking on changes on amino acid sequence
help to visualize the possible impact on protein function and/or structure. Only

synapomorphies on key nodes (new clade/lineage based on geography) were evaluated.
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Figure 2.8: Zika virus subtree - African strains and Asian lineage - with mapped amino
acid synapomorphies. Black cells are unique, non-homoplastic synapomorphies, Red
cells are unique, homoplastic synapomorphies, Blue cells are non-unique, homoplastic

synapomorphies.
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Figure 2.9: Zika virus subtree - Asia Pacific American lineage - with mapped amino
acid synapomorphies. Black cells are unique, non-homoplastic synapomorphies, Red
cells are unique, homoplastic synapomorphies, Blue cells are non-unique, homoplastic
synapomorphies.



24
2.3.3  The global spread of Chikungunya and Zika viruses

The spread of this two distinct viruses mainly transmitted by the same vector,
Aedes aegypti bring the question of whereas they follow a common trajectory in the
world on specific lineages. For the purpose of visualizing their trajectories I split both
viruses in two major and current clades. I split CHIKV viral strains in a clade with the
Asian Urban Lineage, which spread from Asia and Oceania to Central and Northern
America (Figure , and a clade that includes EA-IOL, MA-SA and Southern
African lineages (Figure . The CHIKV West African lineage was excluded from
this analysis given that its geographic spread is restricted to Western Africa. I split
ZIKV strains in the Asia Pacific American lineage (Figure and the clade that
includes African strains and the Asian clade (Figure [2.12).

By georeferencing all the individual strains and also including the collection date
and merging that information with the phylogenetic trees I was able to recreate the
spread of the strains. This was done based on the full genome data and plotted into

the globe utilizing the interactive tool Nvector.
2.3.3.1  Chikungunya virus

The spread of CHIKV is mainly due to the expansion of two major clades, although
one of the major clades has expanded in a single direction (Asian Urban Lineage) and
the other have multiple directionality (Middle Africa and Eastern Africa moving to
different locations). I was able to rebuild the spread for CHIKV for both clades and
took specific snapshots that encompass important movements on the spread of the
virus.

For CHIKV Asian Urban lineage, the regions and time periods are the following:

1966 - Movement from India to Southern Asia;

2002 - Movement of the strain in Southern Asia;

2005 - Strain reaches America for the first time;



25
2010 - More spread in Asia;
2012 - Strain keeps spreading in Asia and Oceania;
2013 - Jump from Southeast Asia to Americas;
2014 - First boom in the Americas;
2015 - Spread from Americas to Pacific Islands;
2017 - Massive spread in the Americas.
For CHIKV African Asian strains the regions and time periods are the following:
1985 - Sequences only in Africa;
1986 - First jump out of Africa to Asia (India);
2005 - Movement in Africa, in 1995 first sequence that shows up in the US, traveler
case [70];
2007 - Chikungunya sequence from France [71] and Chikungunya in Italy [72];
2010 - This Chikungunya strain keeps spreading more into southern Asia;
2012 - More spread in Southern Asia;
2014 - This Chikungunya strain jumps from Africa to South America;
2015 - More spread in Southern Asia, not much anywhere else;
2016 - Strain is found in the Caribbean countries;
2017 - 2 pictures, shows the overall spread of the African/Asian strain given the

current dataset, strain present in Oceania.
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2013
SE Asia

2013
Americas

Figure 2.10: Rendering of the spread of the Chikungunya virus Asian Urban lineage
strain across the globe from 1966 to 2017 based on the 410 taxa subtree. Each panel
represents the geographical movement of the virus in a specific region during given
time period. Red dots represent where the samples of the virus where collected and
white lines show the geographical movement of the virus across the globe.
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Figure 2.11: Rendering of the spread of the Chikungunya virus from Eastern and
Central Africa across the globe from 1985 to 2017 based on the 265 taxa subtree. Each
panel represents the geographical movement of the virus in a specific region during
given time period. Red dots represent where the samples of the virus where collected
and white lines show the geographical movement of the virus across the globe.
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2.3.3.2  Zika virus

The ZIKV spread is intriguing as it was first isolated in the late 40’s in Africa and
mid 60’s in Asia, but have a giant gap before being seen again for both lineages. The
phylogenetic tree subsets rendered on the globe can provide a good perspective on
how this gap due to lack of good surveillance, diagnostics technologies and ultimately
sampling prevented a better outbreak response.

For ZIKV Asian American clade, the regions and time periods are the following:

1947 - ZIKV first sequence isolated in Africa;

1966 - First sequence isolated in Asia (serological evidence suggests earlier);

— TIME GAP —

2012 - Outbreak in Micronesia;

2013 - Outbreak in French Polynesia (first cases of Microcephaly recorded);

2015 - Strain reaches South America and rapidly spread to Central America;

2017 - Strain is found in North, Central and South America.

For the more recent ZIKV Asian clade, starting with the Asian strain from 1966,
the regions and time periods are the following:

1966 - ZIKV Asian strain had its first sequence isolated in Asia (serological evidence
suggests earlier);

— TIME GAP —

2011 - Spread of ZIKV in Southern Asia and Pacific Islands;

2014 - More movement of virus in Southern Asia;

2017 - Strain differentiates itself from others forming the Asian strain.
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Figure 2.12: Rendering of the spread of the Zika virus Asian lineage across Eastern
Hemisphere from 1966 to 2017 based on the 167 taxa subtree. Each panel represents
the geographical movement of the virus in a specific region during given time period.
Red dots represent where the samples of the virus where collected and white lines
show the geographical movement of the virus across the globe.
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Figure 2.13: Rendering of the spread of the Zika virus Asia Pacific American lineage
across the globe from 1947 to 2017 based on the 374 taxa subtree. Each panel
represents the geographical movement of the virus in a specific region during given
time period. Red dots represent where the samples of the virus where collected and
white lines show the geographical movement of the virus across the globe.
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2.3.4  Untranslated Regions

UTRScan and RegRNA 2.0 searches yielded a total of 13012 hits on all ZIKV
and CHIKV 3 and 5’'UTRs 2.1} All available UTR sequences for CHIKV and ZIKV
were utilized on UTRScan as it consists of a matching pattern search algorithm that
provides quick results. Prior to the search of elements of the UTRs on RegRNA 2.0 all
redundant sequences were excluded as RegRNA 2.0 provides a more in-depth search

within the UTR sequences.
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In 2016, I evaluated the UTRs of ZIKV and identified utilizing UTRScan a mutation

prior to an element identified on the 3’'UTR called Musashi Binding Element (MBE)

of ZIKV that was conserved on what was called at the time the Asia Pacific American

lineage [32] (Figure[2.14)). Calculating the binding energy according to Zearfoss et al.,

2014 [1] T was able to see an increase on the binding affinity of that motif on human

Musashi proteins (Table [2].
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Identity

. KU853012.1_Dominican_Republic

. KU922960.1_Mexico

. KU647676.1_Martinique
KU509998.1_Haiti

. KU744693.1_Venezuela
KUS501215.1_Puerto_Rico
KU729217.2_Brazil

. KU365779.1_Brazil

. KU497555.1_Brazil

0. KU820899.2_China

11. KJ776791.1_French_Polynesia

12. KU681082.3_Philippines

13. KU681081.3_Thailand

14. KU720415.1_Uganda

15. L.C002520.1_Uganda

16. NC_012532.1_Uganda

17. KF268948.1_Central_African_Republic
18. KF268950.1_Central_African_Republic
19. KF268949.1_Central_African_Republic
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GCACCAAUCUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGCUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUCUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGCUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUCUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGCUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUCUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGCUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUMUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGHMUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUMUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGHMUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUMUUAGUGUUGUCAGGCCUGCUAGUCAGCCACAGHBUUGGGGAAAGCUGUGCAGCCUGU
GCcACCAAUNUMAGUGUUGUCAGGCCUGCUAGHICAGCCACAGHMUUGGGGAAAGCUGUGCAGCCUGU
GCACCAAU.U.AGUGUUGUCAGGCCUGCUAG-CAGCCACAG.UUGGGGAAAGCUGUGCAGCCUGU
GCACCAAUBUBMAGUGUUGUCAGGCCUGCUAGUCAGCCACAGHBUUGGGGAAAGCUGUGCAGCCUGU

70 80 90 100 110 120 130
GACECEICIECIAG G AG AAG BIUG G GAAACEIAAGECIUAUAG UGAG G BIEIc AlG AALIG BIEAUGG BABIG GARG
3'UTR

SLII

GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGU|ICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GA-CCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCBICCAGGAGAAGCUGGGHAACCAAGCCUAUAGU|ICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG
GACCCCCCCAGGAGAAGCUGGGAAACCAAGCCUAUAGUICAGGCCGAGAACGCCAUGGCACGGAAG

UAGU|ICAGGCCGAGAACGCCAUGGCACGGAAG
CAGGCCGAGAACGCCAUGGCACGGAAG
CAGGCCGAGAACGCCAUGGCACGGAAG
GUICAGGCCGAGAACGCCAUGGCACGGAAG
CAGGCCGAGAACGCCAUGGCACGGAAG
ICAGGCCGAGAACGCCAUGGCACGGAAG
CAGGCCGAGAACGCCAUGGCACGGAAG

Pre-MBE

Figure 2.14: Alignment of 3’'UTR of ZIKV with associated mutations over geographic

spread [32].
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The MBE motif was not found in the latest search on UTRScan as the updated
version of the tool has reduced the number of motifs it searches for, but the search
utilizing RegRNA 2.0 identified the presence of MBE in both CHIKV and ZIKV
3’UTR as well as on ZIKV 5’UTR. For the purpose of identifying if MBE could also
have a role in CHIKV pathogenesis, I calculated the opening energy of the MBE
present on the 3’'UTR of three CHIKV (NC_004162.2 African S27, KX262997 -
Indian Ocean Lineage, KY680376.1 - American) and three ZIKV (NC_012532.1 -
African, NC_035889.1 - American and KY24176.1 - Asian), each representing one
of three the major clades for each virus (Figure . The more negative z scores
indicate the accessibility of the trinucleotides. As expected according to previous
studies, the Brazilian ZIKV isolate had the lowest z score, followed by Asian CHIKV
(KX262997.1) and ZIKV (KY241761.1) isolates. The original ZIKV sequence, MR766
from Uganda (NC_012532.1) had similar z-scores to the American (KY680376.1) and
the African (NC_004162.2) CHIKV isolates. A summary of these and all results of

this chapter can be found on Table [2.3

_
-1 |
[ ]
ZIKV CHIKV ZIKV ZIKV CHIKV CHIKV
NC035889.1  KX262997.1 KY241761.1 NC012532.1  KY680376.1  NC004162.2
Brazil Malaysia Singapore  MR766 Uganda USA S27 - African

Figure 2.15: Z scores of MBEs the opening energies of MBEs on 3’UTR sequences of
the major clades of Chikungunya and Zika viruses.
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Table 2.3: Summary of chapter 2 results.

Chikungunya virus Zika virus
3 major clades / 4
Phylogenetics independent evolving 2 major clades
lineages

(Singapore sequencing is
responsible for Asian clade)

Nvector Origin: Africa Origin: Africa
Spread: Asia to America / Spread: Africa >Asia
Africa to America / Africa >Island hopping to
to Asia America
. Major insertion on UTR of | Minor conserved mutations
Synapomorphies . )
Asian Urban lineage across genome

Musashi Binding Element is
the reason for presence of
Zika in spermatogenesis and
neural cells.

Musashi Binding Element is
UTR analyses | mostly double stranded, not
available

2.4 Discussion
2.4.1  Phylogeny and spread of Chikungunya and Zika viruses

The analyses of ZIKV utilizing 491 isolates confirm that the ZIKV lineage found
in the Americas descended from Southeastern Asia, island hopping until it reached
Brazil from French Polynesia and from there it spread to other countries in South,
Central and North America. Although not largely spread in Asia, a second major
clade can be visualized out of Asia, which can be inferred as a new modern Asian
lineage. Further evidence has to be presented to confirm if these are isolated events
or it is really a new lineage that is currently circulating in Asia given that the vast
majority of sequences in the Asian lineage were sequenced during a single outbreak in
Singapore[73]. The spread of ZIKV seen on this work agree with other recent studies
that propose a silent spread of ZIKV for years in Asia prior to the virus reaching the
Americas [74].

By looking at the branch lengths of the ZIKV phylogenetic tree it can be seen that

ZIKV African sequences are considerably distant from the Asian lineages (Appendix
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Figure . The lack of epidemiological history and genomic data of ZIKV in both
Africa and Asia for over 50 years remains a puzzle that may not ever be solved.
The lack of a severe disease phenotype and serological cross-reactivity on antibody
assays utilized in the past to classify patients Flavivirus infections let, with exception
to outbreaks in French Polynesia, to ZIKV went unnoticed until microcephaly was
observed in Brazil in 2015 [75], [76].

The first cases of ZIKV return in Africa were observed in October 2015 in Cape
Verde. Although no sequence data has become publicly available, the World Health
Organization (WHO) confirmed that these cases were imported from the Americas.
Moreover, this was the first time microcephaly was associated with ZIKV in Africa
[77]. The presence of this outbreak in Africa for the first time in over 50 years makes
ZIKV have completed for the first time the circumnavigation of the Earth [2].

While WNV transmission has become more common in Europe, weather and vector
distribution have been apparently protecting Europe from having ZIKV endemic in
the region. Different from WNV which is transmitted by the Culez mosquito, ZIKV
main vector is Aedes aegypti, not highly established in Europe as the main mosquito of
this genus present in Europe is Aedes albopictus, which is known to have a competition
advantage over Aedes aegypti [(8]. This may explain why although there were over
2000 cases reported in 21 European Union countries between June 2015 and January
2017, almost all cases were travel cases where individuals got infected while traveling
outside Europe, and a few cases were sexually transmitted [79].

Similarly to ZIKV, CHIKV presents two major clades, although it possesses a com-
plete different spread pattern. In the case of ZIKV, the spread to America seems clear
now, but the question on how it spread in Asia still open. In CHIKV, better identifi-
cation of the disease phenotype have kept these gaps of information smaller. CHIKV
had multiple waves of infection over the past two decades, coming out of Eastern and

Middle Africa, causing outbreaks in Southeastern Asia (Thailand, Malaysia, etc),
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Southern Asia (India) and the Americas. The clades observed in the analysis match
those found in the literature, although it is interesting to see that with the amount of
new sequences what was once called ECSA, East Central South African lineage, is not
really a single lineage, at least in the sense of a synonym to a clade, or to describe the
series of descendants of an ancestor up to a specific terminal without side branchings.
For example, Middle Africa strains gave origin to the outbreak in South America,
while Eastern African strains gave origin to the Asian Lineages. Also, two are the
lineages in Asia, one called Indian Ocean Lineage, which, up to the moment remains
exclusive of the Asian continent, with exception of a couple outbreaks it has caused
in Europe, and a second lineage called Asian Urban which reached the American
continent, possibly going to establish overtime a new American Lineage. Much still
has to be discovered as more isolates are sequenced, helping to better understand the
dynamics of outbreaks. CHIKV has also caused recent outbreaks in Furope caused
by the IOL, and different from ZIKV, CHIKV has been found to be transmitted
effectively in humans by Aedes albopictus [80].

It is important to raise the significance of a definition of lineage when discussing the
evolution of a virus. Much has been discussed as how species should be delineated.
In 1977, Wiley proposed that the definition of species should be that "A species is
a single lineage of ancestral descendant populations of organisms which maintains
its identity from other such lineages and which has its own evolutionary tendencies
and historical fate" [81]. By lineages, Wiley utilized the concept of an ancestral-
descendant sequence of populations [82]. At the same time, he implied that species
are "historical, temporal, and spatial entities". When looking at viruses, Peterson
criticizes current system of taxonomy of viruses, and mentions that one criterion
alone should dominate viral classification, the evolutionary independence of evolving
lineages [83]. Looking at viral lineages, and treating each strain as an individual to be

classified, keeping the idea of independence in mind, currently it seems that CHIKV
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and ZIKV have not had enough time to diverge from their ancestral sequences in
Asia to be considered alone American lineages. Independent of the American lineage,
Asian has a modern lineage that has circulated in Southeastern Asia. Thus, with
the establishment of endemic regions for viruses in geographic distinct and isolated
regions, isolates will have to be assigned to their correct and evolutionary closest
endemic region. Peterson criticizes the use of endemic regions to classify species,
although this could be a good pointer in association with evolutionary distance to

classify lineages.
2.4.2  Genomic epidemiology of Chikungunya and Zika viruses
2.4.3  Chikungunya virus

The Western African clade had the largest number of synapomorphies compared
to the other major clades. It is expected that this clade diverge from its sister clade
over time as this is the only clade which is geographically isolated from other regions
with no transmission events to or from other geographic regions being observed.

All other lineages observed although forming separate clades coexist in Southeast-
ern Asia and may have started to coexist in the Americas, which may allow opportu-
nities for genetic recombination between lineages [84]. An insertion of 30 nucleotides
on a node on the Central North American outbreaks also points to the importance
of the UTRs on the evolution of CHIKV. As previous papers mentioned before, the
length and structure of CHIKV UTRs have a strong role in the evolution of the virus
[85]. The reason why IOL has been effectively being transmitted in Europe has to do
with a single Alanine to Valine mutation on the Envelope protein (E1-A226V) which
affects vector specificity (better competency on Aedes albopictus and consequently its
endemic potential [24].

Unfortunately missing vector information due to isolation in human patients as
well as no clinical data associated with the sequence do not permit me to investigate

further the effect of the observed mutations and serve here as the starting point
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to compare lineages and investigate why they vary in pathology and have different
patterns of spread [I7]. Thus, further studies have to focus on acquiring accurate
metadata from the updated datasets to identify if there are novel trends associated

with vector specificity and pathogenicity.
2.4.3.1  Zika virus

The ZIKV sequences from both Asian and Asia-Pacific-American clades are highly
conserved, novel mutations been observed in the literature but there is too much
debate on whether they mean an actual change on the behavior of the disease or
not [86, B7]. The Asian clade has only one non-unique homoplastic synapomorphy
mapped. Given that it is just seen as a major clade due to 116 sequences from a
single outbreak in Singapore, there is a need of time to see if it will actually evolve
into a major clade. Sequences from multiple hosts also add a confounding effect when
comparing old African isolate sequences with modern sequences.

Much discussion is also brought on whether microcephaly and other phenotypes are
actual novel and belong to the current strains or this been just a phenotype overlooked
in the past due to lack of surveillance and the co-circulation of other diseases with
severe phenotypes. The observed low number of conserved synapomorphies shared
within the major ZIKV clades show that there was no major accumulation of mu-
tations within the polyprotein that drove change in disease behavior. Rather than
changes in the polyprotein, this study point to changes in untranslated regions as a

possible explanation to ZIKV change in behavior.
2.4.4  Untranslated Regions and their role in pathogenesis

Many researchers overlooked over the translated regions of the genome remain the
untranslated regions and their structures. Mainly for lack of knowledge or infor-
mation on how to proceed with the analysis, researchers seem to focus on changes

on conserved sequences rather than changes in not-so-conserved sequences that have
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conserved structure, such as UTRs [8§].

The 3'UTRs in arboviruses determine replication and virus host range [89, O0].
Multiple motifs were mapped to CHIKV and ZIKV UTRs utilizing UTRscan and
RegRNA 2.0. Over all motifs found, MBE was selected due to its binding target,
the protein Musashi, which is known to be highly present in spermatogenesis and
neurological development among other tissues [91], 02]. This binding target presence
in these specific tissues correlate with recent observed pathology and flagged MBE
as a potential mechanism by which ZIKV changed tropism and may be causing birth
defects.

Differences within ZIKV lineages been observed, behavior of ZIKV UTR region
is different from genomic and ZIKV has the lowest opening energy for MBE among
all flaviviruses [93]. When performing a comparison between CHIKV and ZIKV, I
found that most ZIKV sequences have the lowest opening energy. In 2018, Platt et al.
[94] investigated whether two flaviviruses, WNV, Powassan virus (POWV), and two
alphaviruses, CHIKV and Mayaro virus (MAYV) could cause fetal demise in mice
and found that, although all viruses could cause placental infection, only WNV and
POWYV cause fetal demise. Nonetheless, CHIKV has the ability to cause placental
infection and can generate complications of neonatal illness [95].

The presence or absence of MBEs does not exclude the possibility of congenital
defects on other species, it only serves as a pointer to whether this could be or not
the mechanism by which the defects are being caused [93]. Given my results and that
previous literature points to severe congenital defects been mainly observed within
flaviviruses, one can assume for the moment that the MBE role on pathogenicity is
exclusive to flaviviruses, if not only ZIKV. Further studies have to be performed on
alphaviruses to rule what is the MBE role on these sequences given the presence.
Nevertheless, my initial results point to MBEs not being structurally available for

binding in CHIKV. When looking in depth on ZIKV, there is a mutation prior to
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MBE that seems to increase the binding affinity of MBE to Human Musashi [32,
2]. Chavali et al [65] have shown experimentally that Musashi-1 protein is highly
expressed in neural precursors and could explain the vulnerability of those cells to

the virus, endorsing the bioinformatics findings done here.



CHAPTER 3: TRANSMISSION NETWORKS

3.1 Introduction

Recent outbreaks of viruses from the Alphavirus and Flavivirus families have raised
the need of a better monitoring system in place to assist on the development of
abatement strategies. As mentioned previously, ZIKV have emerged crossing from
Asia to the Americas via islands of the Pacific Ocean in 2015, CHIKV have also
recently reached the Americas and other flaviviruses such as YFV and DENV have
been causing recent epidemics. The 2017 YFV outbreak in Brazil is ongoing although
no major reports have been issued since March 2018 [96]. Dengue, with its four
serotypes is a recurrent issue in tropical countries, more especially those with areas
with poor sanitary infrastructure (Table .

Medical countermeasures and response to viral outbreaks have been shaped through
the advance of new technologies. High throughput sequencing, combined to increased
computer power, bring an avenue of new tools to analyze the evolution of viruses.
The data generated nowadays, allow us to infer the relationship between samples of
the same virus collected from individuals in different parts of the world and with that
information in hands, recreate the steps it took for a virus to reach a certain location.

The study of where viruses originate and how they spread (e.g. among various
hosts) can be made by combining the knowledge of phylogenetics with network the-
ory. In this effort the information is extracted from phylogenetic relationships and
metadata to build transmission network graphs. These graphs can demonstrate not
only the source of outbreaks but also key geographic regions, or hosts, or food sources
that facilitate the spread of the disease.

Increased viral surveillance, as well rapid sequencing of pathogens from infected
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patients worldwide is the current path that will allow the more granular studies
required to investigate emerging diseases as they evolve and spread. With genetic
data available the pipeline described on the methods of this objective will allow us to
better understand disease outbreaks, which can assist health authorities to respond

more efficiently to outbreaks and to plan methods for containment of diseases.
3.1.1  Chikungunya virus transmission cycle and historical data

Summarizing what has been described in objective one, Chikungunya virus was
first isolated in Tanzania in 1952 [5]. The virus originated in Africa and it is believed
to have first spread from Africa to other parts of the world through sailing ships in
the 18th Century [19]. The virus was first found in the Americas in October, 2013 in
the island of Saint Martin [6]. In the literature, the virus comprises of at least four
lineages: Asian lineage, IOL, ECSA and West African [17].

CHIKYV transmission cycle is divided in sylvatic and urban, having on its sylvatic
cycle non-human primates and mosquito vectors and the urban cycle the mosquito-
human-mosquito cycle. Occasionally, spill overs from the sylvatic cycle tend to cause
epidemics in the urban cycle. It is believed that in Africa, the sylvatic cycle is the
predominant life cycle of the virus, whereas in Asia the urban cycle dominates [97].
The first emergence in urban cycle is estimated between 1879 and 1956 when ECSA
lineage went to Asia.

As of December 2017, on the PAHO Epidemiological Week 51 for the Americas
over 120 thousand cases of confirmed CHIKYV cases were confirmed which include 101
deaths. Of those cases the country with the absolute majority of cases was in Brazil
[98]. As of September 2017, over 100 cases were confirmed in the region of Lazio in

Italy. As of August 2017, four cases were confirmed in France [99].



48
3.1.2  Dengue virus transmission cycle and historical data

DENYV is believed to be a continuous burden in society stemming back several
centuries. A first description of symptoms that resemble the disease can be found in
a Chinese medical encyclopedia, which was published by the Chin Dynasty somewhere
between 265-420 AD [100]. In the 1600’s, epidemics with similar symptoms occurred
in the West Indies and Central America [I0T]. In the 1700’s, DENV reached the
continental United States in North America and became a recurrent problem until
its last recorded autochthonous outbreak in 1945 in New Orleans [102].

The DENV has four different serotypes, DENV-1, DENV-2, DENV-3 and DENV-
4. The first two DENV (DENV-1 and DENV-2) were isolated in 1943 and 1945 from
one infection in Japan and one in Hawaii, respectively [I03]. The serotypes share
approximately 65% similarity of their genome, similarity which can also be seen when
comparing other flaviviruses such as WNV and Japanese encephalitis virus [104].

DENYV is primarily transmitted by the Aedes aegypti mosquito and secondarily
other Aedes species such as Aedes albopictus. DENV has a sylvatic cycle and an
urban cycle. The sylvatic cycle consists of wild non-human primates hosts and various
species of Aedes as vectors. The urban cycle consists of the mosquito-human-mosquito
interaction [105]. Phylogenetic studies suggest that epidemic strains of DENV evolve
periodically from sylvatic progenitor lineages [106], 107]. A recent study questions the
current hypothesis given the limited amount of sampling at the time, Damodaran et
al. [108] suggests that a reverse pattern occurs, sylvatic strains often emerge from
epidemic strains, based on the same data as Wang et al., 2000 [I06] and updated
datasets.

Currently, approximately 50% of the world’s population lives in areas at risk of
DENYV as defined by the presence of the vector mosquitoes. More than 125 countries
are known to have endemic DENV. DENYV is present in all regions of the world as

classified by the WHO [109]. It is estimated that there over 400 million new cases of
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DENYV occur worldwide per year [110].

DENYV affects several countries in South America and Asia and has recently started
to affect Europe. Local transmission was observed in Europe for the first time in
France and Croatia in 2010, placing Europe at risk of recurrent DENV epidemics
[I11]. In 2012 there was an outbreak of DENV in the Madeira islands of Portugal
[112]. In the WHO Western Pacific Region, in 2017, over 140 thousand cases were
reported [IT13]. In South America, in 2015, is estimated that there were 2.35 million
cases of Dengue Fever [I14]. In Africa, there is a probable under-recognition of
DENYV, although at least 22 African countries have reported to date sporadic cases

or outbreaks since 1960 [109].
3.1.3  Yellow Fever virus transmission cycle and historical data

YFV was first isolated from a Ghanaian patient known as Asibi in 1927 [115]. It is
believed that the virus originated a long time before that in Africa, and that it was
spread from Africa into Europe and the Americas due to the slave trade between the
continents [I16]. Historical studies mention the presence of the first YFV epidemic in
the Western Hemisphere, at the time known as "Black Vomit", as early as 1495 in the
coastal areas of Central America [I117]. YFV is a single serotype, although genotypes
can be distinguished in Africa and South America [118].

YFV is transmitted to humans mainly by the Aedes aegypti mosquito. The trans-
mission cycle can be divided into two parts: a natural endemic cycle and a secondary
transmission to humans. The natural endemic cycle in the forest consists of a trans-
mitting cycle between forest mosquitoes and wild primates. The secondary transmis-
sion to humans is subdivided into three cycles: sylvatic, intermediate and urban. The
sylvatic cycle occurs in the tropical rain forests in Africa and South America. In this
cycle, which is similar to the natural endemic cycle, occasionally the virus is trans-
mitted from forest mosquitoes to humans, potentially creating patients "zero". The

intermediate cycle is found in rural areas, where there is a more regular interaction be-



50
tween humans and primates, as well as the presence of semi domesticated mosquitoes
as vectors, potentially generating small scale epidemics. The intermediate cycle is
the most common kind of outbreak in Africa. The urban cycle, the major cause of
concern for public health, occurs in high human population density areas with the
presence of the urban mosquitoes Aedes aegypti, creating a mosquito-human-mosquito
interaction that elevates the potential of spread of the virus considerably [119].

Currently, YFV is endemic to tropical regions in Africa and the Americas. As
of 2016, 34 countries in Africa and 13 in Latin America are considered endemic for
or have regions that are endemic for the YFV [120]. Recent outbreaks include an
epidemic in Africa that started in Angola in 2015, with linked cases in the Democratic
Republic of Congo, Uganda and China. A vaccination campaign in African countries
led to the end of the outbreak in late 2016 to early 2017. The 2016,/2017 epidemic in
Brazil, is waning, but there have been over 723 confirmed cases including 237 deaths

between July 2017 and February 2018 [121].
3.1.4  Zika virus transmission cycle and historical data

As mentioned in chapter one, ZIKV was first isolated in Africa [7]. Serological
evidence shows the virus may have been present in Asia at the same period. Given
that serological evidence at the time could not distinguish ZIKV from other close
related viruses, the most accepted theory is that ZIKV originated in Africa.

Aedes aegypti is the main vector for the ZIKV, whereas Aedes albopictus plays a
secondary role on the infection. Several other species of the genus Aedes are known
to host ZIKV in Africa [45]. Diallo et al., 2014 [122] reports isolation of ZIKV
from mosquitoes in the Culex genera, Anopheles, and Mansonia in Senegal. Recent
report from Brazil have identified Culex species as a competent vector in the lab
[123], although multiple groups claim Culex does not support replication of ZIKV
(124 125, 126].

The ZIKV transmission cycle is divided in sylvatic and urban cycles, with possibly
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an intermediary cycle where there is an interaction between sylvatic and urban in rural
areas. The sylvatic cycle consists of non-human primates and mosquito vectors. The
urban cycle consists of the mosquito-human-mosquito interaction. Other mosquitoes
also play a role as vectors in the sylvatic cycle of the disease but have minor impact on
the urban transmission network as they are not present in the urban regions. There
is also evidence of human-to-human sexual transmission [127) [128| thus making for
potential global geographic spread of ZIKV.

Currently, ZIKV has been under control after an outbreak that started in 2015 in
Brazil and culminated in a worldwide epidemic. A small number of cases are still

being reported in Asia and the Americas [129].
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3.2  Material and Methods

All the geographic, sequence and temporal metadata for ZIKV and CHIKV previ-
ously generated were analyzed using the pipeline described below (Figure . Also,
datasets were created for Yellow Fever and all four Dengue serotypes, utilizing all
data available in the public domain (NCBI) as of April 1st 2018. Selection for the
appropriate outgroup for Dengue and Yellow Fever viruses will be made based on
the phylogeny of Flavivirus. To investigate the phylogenetic relationships, I used the
maximum likelihood tree search method as implemented in IQ-TREE [55].

The transmission network pipeline utilizes the following steps:

1 - Sequence data is acquired from GenBank; 2 - Datasets are built with genomic
sequences and metadata associated; 3 - Multiple sequence alignments are performed
with MAFFT; 4 - Maximum Likelihood tree search is performed with 1Q-Tree soft-
ware; 5 - Ancestor-descent changes in metadata states are calculated within R script;
6 - The transmission network is built based on ancestor-descendent changes; 7 - Cen-
trality measurements and a newly introduced Source/Hub Ratio are calculated on

the network to identify important hubs and source of spread of the disease.



DATA ACQUISITION

» Public database (NCBI)
» Full genomic sequences
» Metadata

DATA PROCESSING

Dataset parsing

Multiple sequence alignment
Phylogenetic tree search
Ancestor-descent changes

DATA ANALYSIS / VISUALIZATION

Disease transmission networks
» R-script
» iGraph/visNetwork
» Centrality metrics
» Source Hub Ratio

Figure 3.1: Transmission Network Pipeline.
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3.2.1 Datasets

Datasets were generated comprising all full genomic sequence available for Zika,
Chikungunya, Dengue 1, Dengue 2, Dengue 3 and Dengue 4 and Yellow Fever virus.

The creation of the datasets follow the steps below:

1. Access the public database and download all fasta files and gb files (full NCBI

sequence with metadata associated);

2. All metadata files will be parsed and isolates with >5-fold passage history se-

quences will be removed;

3. Create the fasta file with filtered sequences and spreadsheet with ID and meta-
data of interest from gb file.
3.2.2  Multiple Sequence Analyses
Multiple sequence alignment were performed as described on Chapter 2.
3.2.3  Phylogenetic Tree Search
Phylogenetic tree search were conducted as described on Chapter 2.
3.2.4  Ancestor descent Changes

To obtain the ancestor descent changes (also known as an apomorphy list), the
phylogenetic tree generated on the phylogenetic tree search step was merged with the
metadata in nexus format on Mesquite. The metadata was traced to the tree using
the parsimony ancestral state reconstruction method for validation of the file. Once
validated, the nexus file was run on R script utilizing the package ’castor’, which

calculates the state changes and creates an apomorphy list.
3.2.5  Transmission Networks

The transmission network was created using data extracted from ancestor descent

changes and visualized utilizing R packages igraph and visNetwork. Multiple estab-
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lished centrality measurements and novel metrics (i.e. Source Hub Ratio (SHR))

described below were calculated to evaluate the transmission networks (Table [3.2).
3.2.6  Centrality Measurements

Multiple centrality measurements are available to determine the relative impor-
tance of nodes within a network. In this work, the transmission network nodes were
evaluated using three different centrality metrics: betweenness, closeness and degree.

Degree centrality is the number of links a node has with other nodes within the
network. The higher the number of the links would indicate more importance in
terms of centrality. Betweenness centrality measures the centrality of a node given
the number of shortest paths between two other nodes that passes through the node
of interest, normalized by all pairs of node within the network. Closeness centrality
measures the centrality of a node based on the relative sum of all the shortest paths

from that node to all other nodes within network [130].
3.2.7  Source/Hub Ratio

The Source Hub Ratio (SHR) calculates the importance on a node within the
network as source of the disease, ignoring centrality. It utilizes the concept of indegree
and outdegree from directed networks, in terms of how many ties are generated from
and to the node and calculates a value ranging from 0-1 that reflects the importance
of the node as the source, from where the disease in other locations originates, or
hub, where there is a similar amount of transmission of the disease going in and out
of the location. Nodes with values close to 0.5 are equal to a hub for the disease, 1
equal to source of disease, and 0 equals to a dead end from which the disease does
not spread. The SHR of a node "i" is equals to the sum of all shifts from location
"i" to other locations (3 source(i)), normalized over the sum of all shifts from and

to location "i" (3° hub(i)). This metric provides a notion of how important a node is

within the network as source of the disease, ignoring centrality within network.
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3.3  Results
3.3.1  Viral Transmission Networks

In order to understand the historical transmission dynamics of CHIKV, DENV1,
DENV2, DENV3, DENV4, YFV and ZIKV, individual transmission networks were
created utilizing phylogenetic trees containing all the full genomic sequences available
for the viruses on an in-house R script. The node sizes were adjusted by betweenness,
closeness, degree centrality metrics as well as SHR. Betweenness centrality was se-
lected as the best metric to scale the nodes in large networks as it enlarges the nodes
within the network that may serve as the shortest path between nodes, thus acting
like a hub for the spread of disease (Table [3.3)).

On less complex networks, SHR seems to be good to scale the nodes, as betweenness
centrality doesn’t bring much information to the network graph. Nevertheless, this
is only true for less complex networks, as the SHR scale is not a linear increase,
with values close to 0 representing dead-end, .5 representing hubs and close to 1
representing only the source of virus, making difficult to distinguish the importance
of the nodes within a large network by simply eyeballing without the actual numbers.
Thus the reason why I only used the SHR to scale nodes on the YFV Transmission
Network graph as a supplement of information to the Betweenness Centrality graph.

YFV was the smallest dataset with only 147 sequences.
3.3.1.1  Chikungunya virus

The historical transmission network of CHIKV was generated from a tree with 693
full genomic sequences (Figure . The results show that with the current available
data, despite of the recent outbreaks in the Americas, the largest hub of the virus
is Southeastern Asia, followed by Southern Asia. In Africa, the main hub is Eastern

Africa and in the Americas is Central America. Not surprisingly, by comparing these

findings with the CHIKV phylogenetic tree topology (Figure , the Asian hubs
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match with the locations where the Asian Urban and IOL lineages are endemic. In
Africa, Eastern Africa is the main hub, and was the origin of the IOL and in the
Americas, Central America is the largest as it spread from the Asian Urban lineage. I

built subtrees for CHIKV to investigate in depth the dynamics of its multiple lineages,

the data is presented below.
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Figure 3.2: Transmission Network of Chikungunya virus. Nodes represent geograph-
ical regions according to UN Geoscheme and are scaled by betweenness centrality
metric (larger = more betweenness). Width of ties is scaled by number of shifts be-
tween nodes (larger = more frequent), colors represent assigned metric values (same

color = same value).



61
3.3.1.2  Dengue virus

The historical transmission network of DENV was divided in four networks, one
for each serotype. Given that the genetic similarity between the serotypes is simi-
lar to when comparing different species within flaviviruses, it would make no sense
in combining the four datasets into a master dataset as one would expect that the
serotypes are evolving independently. DENV-1 is the largest dataset with 2106 se-
quences, DENV-2 has 1535 sequences, DENV-3 1039 and DENV-4 356 sequences.

DENV-1 has the largest hubs in Eastern, South and Southeastern Asia in the Asian
Continent, and Northern and South America in the Americas, surprisingly, not a large
betweenness centrality is found within Central America and Caribbean (Figure [3.3).
In contrast, DENV-2 has the largest hubs in the Caribbean and South America in
the Americas, while in Asia has the largest hub in Southeastern Asia (Figure .
DENV-3 has its main hub in South America in the Americas and Eastern Asia in
Asia (Figure . DENV-4 has the largest hub in Southeastern Asia in Asia and

South America in the Americas.
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Figure 3.3: Transmission Network of Dengue virus serotype 1. Nodes represent
geographical regions according to UN Geoscheme and are scaled by betweenness cen-
trality metric (larger = more betweenness). Width of ties is scaled by number of shifts
between nodes (larger = more frequent), colors represent assigned metric values (same
color = same value).
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Figure 3.4: Transmission Network of Dengue virus serotype 2. Nodes represent
geographical regions according to UN Geoscheme and are scaled by betweenness cen-
trality metric (larger = more betweenness). Width of ties is scaled by number of shifts

between nodes (larger = more frequent), colors represent assigned metric values (same
color = same value).
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Figure 3.5: Transmission Network of Dengue virus serotype 3. Nodes represent
geographical regions according to UN Geoscheme and are scaled by betweenness cen-
trality metric (larger = more betweenness). Width of ties is scaled by number of shifts
between nodes (larger = more frequent), colors represent assigned metric values (same
color = same value).
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Figure 3.6: Transmission Network of Dengue virus serotype 4. Nodes represent
geographical regions according to UN Geoscheme and are scaled by betweenness cen-
trality metric (larger = more betweenness). Width of ties is scaled by number of shifts
between nodes (larger = more frequent), colors represent assigned metric values (same
color = same value).

3.3.1.3  Yellow Fever virus

As mentioned previously, YFV was the dataset with the lowest number of se-
quences, 147, consequently, the number of transmission events were smaller and gen-
erated the less complex network over all networks generated on this work. Western
Africa is among the geographic regions with the lowest betweenness centrality score,
while Middle Africa has the highest score, followed by South America (Figure .

Although betweenness centrality seems to work well on larger networks, it seemed
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that on smaller networks due to the lack of available data centrality metrics do not
provide all the information someone would like to infer about the network. In the
CHIKV transmission network, SHR scaled the nodes in a way that it made it easy
to discern Western Africa (SHR = 1) from other nodes as the major source of the
disease and Middle Africa (SHR = 0.6), South America (SHR = 0.5), Eastern Africa
(SHR = 0.5) and Eastern Asia (SHR = 0.5) act as hubs (Figure [3.8)). By associating
the information between the betweenness centrality metric and SHR, we can assume
that the main hubs in terms of centrality within the network are South America and
Middle Africa, although we can also note that Eastern Asia and Eastern Africa have
multiple shifts of character states that could potentially justify them as secondary

hubs to be investigated.
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Figure 3.7: Transmission Network of Yellow Fever virus. Nodes represent geographical
regions according to UN Geoscheme and are scaled by betweenness centrality metric
(larger = more betweenness). Width of ties is scaled by number of shifts between
nodes (larger = more frequent), colors represent assigned metric values (same color
= same value).
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Source Hub Ratio: Dead-end ~0 / Hub = .5 / Source = ~1
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Figure 3.8: Transmission Network of Yellow Fever virus. Nodes represent geographical
regions according to UN Geoscheme and scaled by Source Hub Ratio metric (larger
= more SHR). Width of ties is scaled by number of shifts between nodes (larger =
more frequent), colors represent assigned metric values (same color = same value).

3.3.1.4  Zika virus

The historical transmission network of ZIKV was generated from a tree with 490 full

genomic sequences (Figure . The largest hub is in Eastern and Southeastern Asia
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in the Asian continent. In Africa, Eastern Africa is the main hub and in the Americas
the Caribbean is the main hub, followed by South America. Using as reference the
ZIKV phylogenetic tree topology (Figure , is interesting to see the role of Eastern
and Southeastern Asia as a hub within the historical transmission network of ZIKV,
given that for exception of the Asian lineage it seemed to evolve linearly with a larger
movement within the Americas. Along with CHIKV, I built subtrees for ZIKV to
investigate in depth the dynamics of these two viruses with multiple lineages, which

are presented below.
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Figure 3.9: Transmission Network of Zika virus. Nodes represent geographical regions
according to UN Geoscheme and are scaled by betweenness centrality metric (larger
= more betweenness). Width of ties is scaled by number of shifts between nodes

(larger = more frequent), colors represent assigned metric values (same color = same
value).
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Table 3.3: Summary of historical transmission networks results.

Virus Main disease spread hubs
Chikungunya Eastern Asia; Southeastern Asia; Caribbean
Southeastern Asia; Northern America; Southern Asia;

Eastern Asia
Dengue 2 Southeastern Asia; Caribbean; South America;
South America; Eastern Asia; Southeastern Asia;

Dengue 1

Dengue 3 Northern America
Dengue 4 Southeastern Asia; South America
Betweenness Centrality: Middle Africa; South America
Yellow Fever / SHR: Middle Africa; Eastern Africa; South America;
Eastern Asia
Zika Southeastern Asia; Southern Asia; Eastern Africa;

Central America

3.3.2  Specific Lineage Transmission Networks

While it is interesting to include the maximum amount of genomic data available
from a pathogen to build phylogenetic relationships, building transmission networks
out of these large trees do not provide insights to specific events or outbreaks, but
rather than this it gives an overall look on the behavior of the disease over the years, an
historical overview. Although it can introduce new insights on the overall documented
history of the virus, mixing the data from different major clades/lineages can mask
the real origin of specific outbreaks. In order to investigate in depth the major players
on the history of separate CHIKV and ZIKV outbreaks, I created multiple subtrees
based on major clades of interest and generated individual transmission networks with
nodes scaled by Betweenness Centrality at two levels of granularity, UN Geoscheme

and Country. The summary of my findings can be found on Table [3.4]
3.3.2.1  Chikungunya virus

The transmission networks of CHIKV were generated from four subtrees from the
original 693 full genomic sequences dataset. The subtrees were labeled CHIKV Asian
Urban Lineage, CHIKV Indian Ocean Lineage, CHIKV South American and CHIKV
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West African Lineage which encompasses the American Lineage and Asian Urban Lin-
eage, the Indian Ocean Lineage and Eastern African Lineage, the Middle Africa and
South American Lineages, and Western African lineage, from Figure 2.2} respectively.
CHIKYV Asian Urban dataset was formed with 411 genomic sequences. The largest
hub within this network is in the Caribbean, with Polynesia also being a secondary
hub in Asia (Figure . Expanding the network by looking in depth into the shifts
between countries, the Caribbean Islands remain the largest hub within America, and
the Philippines are a small but secondary hub in Asia (Figure . When looking
on the topology of the subsection of tree which represents this dataset (Figure it
can be observed that there is not a single Asian Urban Lineage clade, but multiple
small Asian clades until this lineage reaches the Americas, forming an " American Lin-
eage", which may justify why there is a node with large betweenness centrality in the

Americas but not in Asia, the Asian sequences don’t seem to be highly interconnected.
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Figure 3.10: Transmission Network of Chikungunya virus Asian Urban lineage.
Nodes represent geographical regions according to UN Geoscheme and are scaled by
betweenness centrality metric (larger = more betweenness). Width of ties is scaled by
number of shifts between nodes (larger = more frequent), colors represent assigned
metric values (same color = same value).
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Figure 3.11: Transmission Network of Chikungunya virus Asian Urban lineage.
Nodes represent countries and are scaled by betweenness centrality metric (larger
= more betweenness). Width of ties is scaled by number of shifts between nodes
(larger = more frequent), colors represent assigned metric values (same color = same
value).

Samoa

CHIKYV Indian Ocean Lineage dataset was formed with 210 genomic sequences.
The largest hub within this network is in Southern Asia, with Southeastern Asia
as a secondary hub (Figure . Looking in depth within this network, Malaysia,
Thailand and India are the main hubs within the network (Figure[3.13). These results
show a difference in behavior when in comparison with the Asian Urban Lineage and
can be easily explained when the phylogeny of the Indian Ocean Lineage is present

(Figure as the Asian sequences for this lineage form a monophyletic clade.



75

Betweenness Centrality

@

Mel i
clanesia 'Southef_Europe'

'South_eastern_Asia'

'Eastern_Africa’

'Eastern_Asia' 'Western_Europe'

'Western_Asia'

Figure 3.12: Transmission Network of Chikungunya virus Indian Ocean lineage.
Nodes represent geographical regions according to UN Geoscheme and are scaled by
betweenness centrality metric (larger = more betweenness). Width of ties is scaled by
number of shifts between nodes (larger = more frequent), colors represent assigned
metric values (same color = same value).
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Figure 3.13: Transmission Network of Chikungunya virus Indian Ocean lineage.
Nodes represent countries and are scaled by betweenness centrality metric (larger =
more betweenness). Width of ties is scaled by number of shifts between nodes (larger
= more frequent), colors represent assigned metric values (same color = same value).

CHIKYV South American dataset was formed with 56 genomic sequences. Interest-
ingly, the largest hubs for this outbreak were not South America nor Middle Africa,
where one would expect hubs to be given the large amount of Middle Africa sequences
and their positioning on the phylogenetic tree (Figure. Eastern Africa and South-
ern Asia, places of origin of the Indian Ocean Lineage, are the main hubs according
to the built network (Figure . This result may be explained due to the increased
effect of noise data (sister clades) on the shape of a network with small amount of

genomic sequences.
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Thus, I scaled the transmission network based on the SHR in order to clarify
the role of Middle Africa, as well as Southern Asia and Eastern Africa, given that
Source Hub Ratio doesn’t account for centrality of the network. Middle Africa (SHR
= 1) received a source score, which helps to explain why it was not flagged as a
hub on the Betweenness Centrality measurement. Southern Asia (SHR = 0.67) and
Eastern Africa (SHR = 0.33), received both a score close to 0.5, representing hubs
and confirming the results from betweenness centrality (Figure[3.15)). South America
(SHR = 0.5) and Southern Africa (SHR = 0.5) also scored as hubs on SHR, but
given that they are not central within the network, they were not considered hubs
on betweenness centrality. Looking in depth at the country transmission graph, we
can see the main hub within Africa was in Angola, and within Asia was in India
(Figure . Uganda and Tanzania are the only two nodes within this network that
represent Eastern African countries, together, they shared the highest betweenness
centrality with Southern Asia, but once evaluated individually, they did not have a
role as hubs within the network, which raises the importance of looking at iterations

at high resolution on networks with low amount of data.
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Figure 3.14: Transmission Network of Chikungunya virus South American lineage.
Nodes represent geographical regions according to UN Geoscheme and are scaled by
betweenness centrality metric (larger = more betweenness). Width of ties is scaled by
number of shifts between nodes (larger = more frequent), colors represent assigned
metric values (same color = same value).
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Source Hub Ratio: Dead-end ~0 / Hub = .5 / Source = ~1
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Figure 3.15: Transmission Network of Chikungunya virus South American lineage.
Nodes represent geographical regions according to UN Geoscheme and are scaled by
Source Hub Ratio metric (larger = more SHR). Width of ties is scaled by number of

shifts between nodes (larger = more frequent), colors represent assigned metric values
(same color = same value).
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Figure 3.16: Transmission Network of Chikungunya virus South American lineage.
Nodes represent countries and are scaled by betweenness centrality metric (larger =
more betweenness). Width of ties is scaled by number of shifts between nodes (larger
= more frequent), colors represent assigned metric values (same color = same value).

CHIKV West African dataset was formed with only 14 genomic sequences. Given
the fact that all sequences within the West African Lineage haven’t been found outside
this region, the transmission network was only evaluated at "country" level. In this
scenario, the only metric applied on the nodes to make sense was SHR given the small
number of nodes (Figure . According to the available data, we can observe Cote
d’Ivoire (SHR = 0.5) with shifts in and out to Senegal (SHR = 0.67), while Nigeria

(SHR = 0) only had shifts originating from Senegal.
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Source Hub Ratio: Dead-end ~0 / Hub = .5 / Source = ~1

Nigeria Senegal Cote_dIvoire'

Figure 3.17: Transmission Network of Chikungunya virus West African lineage.
Nodes represent countries and are scaled by betweenness centrality metric (larger =
more betweenness). Width of ties is scaled by number of shifts between nodes (larger
= more frequent), colors represent assigned metric values (same color = same value).

3.3.2.2  Zika virus

The transmission networks of ZIKV were generated from two subtrees from the
original 490 full genomic sequences dataset. The subtrees were labeled ZIKV Asia
Pacific American lineage and ZIKV African strains and Asian Lineage which en-
compasses the sequences from the Pacific Islands until the recent outbreaks in the
Americas, and the old African sequences and Asian sequences until the recent out-
breaks in Singapore and other cases found in Asia that formed the Asian Lineage,
from Figure [2.3] respectively.

ZIKV Asia Pacific American dataset was formed with 325 genomic sequences.
The largest hub in Asia is found in Eastern Asia, while in the Americas is in the
Caribbean followed by South America (Figure . By calculating the Source Hub
Ratio (Transmission Network not shown), Caribbean (SHR = 0.78), Central America
(SHR = 0.71) and South America (SHR = 0.67) in a decreasing order had a role

of Source and Hub for the disease in the Americas, while Polynesia (SHR = 0.66)
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and Eastern Asia (SHR = 0.44) were hubs. By looking in depth on the transmission

network, Dominican Republic, Brazil, Colombia and Mexico are the major hubs for

this clade in the Americas, whereas in Asia is China (Figure [3.19)).
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Figure 3.18: Transmission Network of Zika virus Asia Pacific American lineage.
Nodes represent geographical regions according to UN Geoscheme and are scaled by
betweenness centrality metric (larger = more betweenness). Width of ties is scaled by
number of shifts between nodes (larger = more frequent), colors represent assigned
metric values (same color = same value).
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Figure 3.19: Transmission Network of Zika virus Asia Pacific American lineage.
Nodes represent countries and are scaled by betweenness centrality metric (larger =
more betweenness). Width of ties is scaled by number of shifts between nodes (larger
= more frequent), colors represent assigned metric values (same color = same value).

ZIKV African and Asian dataset was formed with 166 genomic sequences, with
116 sequences originated from Singapore. On the transmission network, the main
hub is Southeastern Asia (Figure . Looking in depth, the main hub in the
Eastern Hemisphere is Micronesia, followed by Thailand and Malaysia, while in Africa
the relationship between the old African sequences points Uganda as the main hub
(Figure . The presence of 116 sequences from Singapore but no role within the

transmission graph can be explained as there is little variation observed among the



strains, isolated from a single outbreak (Figure .
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Figure 3.20: Transmission Network of Zika virus African strains and Asian lineage.
Nodes represent geographical regions according to UN Geoscheme and are scaled by
betweenness centrality metric (larger = more betweenness). Width of ties is scaled by
number of shifts between nodes (larger = more frequent), colors represent assigned

metric values (same color = same value).
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Figure 3.21: Transmission Network of Zika virus African strains and Asian lineage.
Nodes represent countries and are scaled by betweenness centrality metric (larger =
more betweenness). Width of ties is scaled by number of shifts between nodes (larger
= more frequent), colors represent assigned metric values (same color = same value).
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Table 3.4: Summary of lineage specific transmission networks results.

Georegion lineage main

Country lineage main

Virus hub(s) hub(s)
Chikungunya . ) . Caribbean Islands;
Asian Urban Caribbean; Polynesia Nicaragua and USA
Chl.k ungunya Southern Asia; Malaysia; Thailand and
Indian Ocean . .

. Southeastern Asia India

Lineage
Chikungunya .
South American Fastern Afrlc%a, Southern India; Angola

. Asia

Lineage

Chikungunya

West African West Africa Senegal
Lineage

Zika Asia Pacific
American Lineage

Eastern Asia; Caribbean;
South America

Dominican Republic;
Mexico; Colombia; Brazil
and China

Zika African
Strains Asian
Lineage

Southeastern Asia

Micronesia; Malaysia and
Thailand

3.3.3

Historical Transmission Network Comparisons

In order to investigate the possible correlation between the different transmission

networks and also to evaluate if there is a relationship between the different metrics
applied in this study given that they are for the first time being tested in this scenario
to infer epidemiological meaning to a network, I compared the historical transmission
networks in two distinct ways. One, how the transmission networks correlate using
distinct centrality metrics (Table , , and , and two, how the distinct
metrics correlate to each other given the current transmission networks available (Ta-
ble [3.22). For the purpose of comparison, correlation coefficient >0.7 was considered
strong, between 0.3-0.7 moderate and <0.3 weak.

Betweenness, closeness and SHR had a strong correlation between the different
DENYV serotypes (Tables and. CHIKYV had the lowest correlations between
all viruses on the three metrics, followed by YFV. ZIKV and CHIKV had a moderate
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positive betweenness centrality correlation, which could indicate shared hubs, but
this, of course, requires further evidence.

Degree had strong correlation overall, except for YFV (Table . As Degree
expresses the overall number of shifts in and out of the locations, it seems that there
is on average a strong positive correlation between the rank of geographic regions and
CHIKV, DENV-1, DENV-2, DENV-3, DENV-4 and ZIKV. This only means though
that in most of the networks, there is a tendency to the same regions to have an

elevated number of changes within the network.
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By taking a look on the boxplot of the correlation coefficient between different
metrics using the historical transmission network datasets (Figure [3.22), it can be
observed that there is a relatively strong positive correlation for all the metrics stud-
ied. Curiously, DENV-4 and YFV had low negative correlation values for Degree x
Indegree (DxI), which enlarged the size of variation of correlation coefficient within

DxlI.
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Figure 3.22: Boxplot of the correlation coefficient between different metrics given
the current datasets. B = Betweenness centrality / C = Closeness centrality / D =
Degree centrality / I = Indegree / O = Outdegree / SHR = Source Hub Ratio.

3.4  Discussion

Pathogen transmission networks requires a good initial dataset in order for the
network to have epidemiological meaning. Building transmission networks from phy-

logenetic trees has been done multiple times in the past using different strategies and
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its efficacy been argued [131]. Famulare et al. [I32] conclude in a study that the spa-
tial history reconstruction utilizing phylogenetics is limited by under-sampling [132].
Nonetheless, in the past years better sampling and sequencing strategies have started
to provide very densely sampled datasets [133].

In order to understand how diseases spread, traditional epidemiological models such
as susceptible-infectious-recovered (SIR) and susceptible-infectious-susceptible (SIS)
have been used to describe change in terms of case counts in each of the different
infectious states of the hosts. The flow of numbers of cases in each state describes
the pace of the epidemic, termed basic reproductive number [134].

Other forms of epidemiological studies focus on the interactions between the hosts
in order to build transmission networks to describe the spread of the disease [135].
Building a transmission network out of contact tracing data depends on multiple fac-
tors, such as the quality of the data collection, the difficulty of linking individuals
within the network, and the difficulty of determining polarity of host to host transmis-
sion events [136]. Pulse-field gel electrophoresis and variants of DNA fingerprinting
been used by epidemiologists in order to to identify different strains. Recently, whole
genome sequencing (WGS) has supplanted these technologys because WGS affords
higher resolution of pathogen lineages [137, 138, 139].

The results of the current work is not to focus on contact tracing but rather
pathogen genomes and metadata with WGS or partial genomes. I have shown that
by evaluating the relationship between the pathogen based on genetics, transmission
events can be inferred. In other words, polarized transmission events can be traced
among viral lineages which allows us to build a directed network and reconstruct the
movement of the pathogen over hosts and or geography.

Alternative approaches such as data mining on social media in order to supple-
ment existing reviews or analysis have been performed but with limited success

[140., 14T], [142]. Some of the problems stem from unstandardized sources of data, mul-
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tiple sources provide summarized information that inhibits the analysis to be more
informative [143]. By utilizing only the public data currently available for four ne-
glected tropical diseases, CHIKV, DENV, ZIKV and YFV, I was able to reconstruct
the epidemiological history of these viruses as well as point important geographic
regions by applying network metrics.

CHIKYV historical transmission behavior shows that there is a major corridor in
Southeastern and Southern Asia responsible for the massive spread of the disease.
When looking at the individual outbreaks we see that this behavior is driven by a
specific lineage, the Indian Ocean Lineage. The Asian Urban Lineage that reached the
Americas shifted the hub centrality to the Americas. This raises the importance of the
study of individual lineages rather than simply looking at large historical transmission
networks. While this is true to CHIKV, the transmission network of DENV | across
serotype, had a balance of major hubs between Southeastern, Southern Asia and the
Americas. These results correlate with the current geographic distribution of DENV
and epidemiological data [144].

Results for YFV are the example of a virus that although been circulating in the
Americas for hundreds of years, has been neglected under poor surveillance when
compared to other viruses such as DENV and CHIKV. Only this year, in the light of
new technologies and partnerships, have researchers sequenced and investigated an
epidemic in detail in Brazil [I45]. However, the lack of background data did not allow
a strong correlation between the epidemiological history and my results as YFV is
endemic in both South America and Africa [146].

As mentioned previously, ZIKV has a poor history in Africa. Sequences found in
Africa were isolated from multiple vectors and number of sequences available is small.
ZIKV also have had a recent and short history in Asia as a new lineage. Although
some samples of historical Asian lineages are available for ZIKV, the lack of sampling

complicates the reconstruction of outbreaks of this virus. Most of what can be seen
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in the transmission network is from sequences with low genetic distance due to the
past epidemic (Appendix Figure [A.2).

The recent outbreak of ZIKV has shown that South America, more specifically
Brazil served as a hub and source for the spread of the epidemic. ZIKV lineages in
Brazil is connected to the Central America and Caribbean lineages of ZIKV. Brazil
region which had largest betweenness centrality for ZIKV thus seem to be the best
hub for this epidemic.

The hub in Asia being China for the ZIKV Asia Pacific American lineage raised
the question of what was the reason for China to be a hub as there were no reports of
local transmission of ZIKV. Traveler cases been described in the literature for China
as well as other locations such as Russia and the United Kingdom but no secondary
transmission was identified. Thus, it appears that the importance of China within the
network is due to the similarity of the sequence of the original place, were the traveler
acquired the disease, to sequences to other locations and should be disregarded.

There is a limitation on the analyses based on the data quality and availability
given that there were no recurrent and standardized viral sampling in all regions
of the world which had been affected by these diseases. I can only describe the
relationships between the sampled data and infer they are connected, even though

there could be an intermediary node missing due to under sampling.
3.4.1 Comparing Networks

Multiple works on network comparison focused on graph matching, calculating the
distance of the actual shape of the network and not the metrics extracted from them
[147]. Rather of comparing how distant the networks are in terms of shape, specially
given that they do not share the same connected nodes, I compared the rank assigned
to their nodes using the different metrics described on Table [3.2]

Simple comparison metrics such as the Jaccard coefficient have been used in pre-

vious studies to compare centrality metrics within networks [I48]. Given that nodes
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within the transmission network in this case are geographic regions/countries, the
assumption that nodes with no shifts do exist is valid and thus I can simply assume
that nodes not present scored zero in all the metrics. This scoring indicates that
there was no shift of state nor presence of the disease in that geographic location. By
doing this, I was allowed to perform a simple Pearson’s correlation in order to eval-
uate the strength of the relationship between the ranks between the networks as all
nodes are present in the networks, but are not necessarily connected. Other metrics
to compare the networks may be used. In this work, I found that due to geography
the application of Pearson correlation has the best epidemiological meaning.

When comparing networks, it only made sense to do it between different viruses,
given that the known lineages had not similar geographic spread. Different metrics
had strong positive correlation. Interestingly, DENV serotypes had the strongest
correlations overall, which makes sense according to their epidemiology. It is not
uncommon to see multiple if not all four DENV serotypes co-circulating in endemic
areas. For example, in Malaysia, at least three serotypes, DENV-2 DENV-3 and
DENV-4 co-circulate [I49]. In Brazil co-circulation of all four serotypes has been
reported [I50]. A report from 2017 also mentions the co-circulation of all four DENV
serotypes in India and calls the attention for better molecular monitoring of circulating
serotypes [I51].

YF and CHIKYV had the lowest correlation with all the other viruses in all different
metrics. ZIKV was the third one. CHIKV is a different virus, just included as it is
mainly transmitted by the same vector, Aedes aegypti. This indicates that although
they now coexist in multiple regions in the world, their epidemiological history dis-
tance them at this moment. Given that CHIKV and ZIKV are recent introductions
in the Americas, the behavior of these viruses within the network should be contin-
uing reevaluated as the virus evolves and more genetic information is added into the

databases.
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3.4.2  Comparing Metrics

The fact that all viruses had a strong positive correlation with Degree Centrality
but not necessarily with all the other metrics raises the question of why and how
valid Degree could be within a given network as a good metric to identify important
nodes within the network. It seems that by taking into account just the number
of shifts originating and arriving to the nodes, Degree Centrality could create an
inference bias to map locations where better surveillance has been put in place. Even
though the technique is robust as it cares about shifts between metadata states within
the network, ignoring multiple sequences with same metadata unless there is a shift,
heavier surveillance on individual locations could influence the network.

Also, Degree includes indegree and outdegree, which makes the metric flag nodes
within the network based on how many shifts you have coming in and out of the node,
ignoring their directionality, which makes it difficult to distinguish important nodes
that could be source versus a dead end for the virus transmission. Assuming good
standardized surveillance across borders, utilizing indegree and outdegree separately
would make this metric optimal. Another metric that takes into account these shifts,
Source Hub Ratio (SHR), seems to perform better by not giving a score based on
shifts, but on a rate on a range from 0 to 1, which also distinguishes nodes within
the networks as of their role. The variable correlation between degree centrality
and indegree for each dataset, which is distinct from outdegree was observed in the
opposite way in a previous study and was justified as a specific behavior of the dataset
utilized to calculate correlation [152].

Betweenness centrality works the best of all metrics evaluated as it looks for hubs
within the network assuming the shape of the network and the flux between the nodes.
Although it was not the main focus in this work, it seems that Betweenness centrality
is affected when there is a low number of sequences, thus, shifts within the network.

Betweenness centrality still flags the most important nodes within the network given
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the shortest paths in the network, but not necessarily relates back to epidemiology.
A novel metric that merges the concept of SHR and Betweenness could be of great
value for network analysis.

Closeness centrality was an interesting idea, but it tends to increase the size of too
many nodes and it does not necessarily give an input in terms of importance of the
node. This happens because a node can be very close to a relatively subset within
the network, or moderately close to every node in a larger network and still receive
the same closeness score. Degree centrality is good to identify nodes that originate
multiple events, but it inflates the nodes based on the number of transmission events
(shifts of metadata), possibly introducing a bias on the evaluation of nodes based on
sampling. Although this could be true for other metrics, degree gets affected the most
as it ranks based on the number of in and out degrees and those are not normalized
within the network.

SHR is a novel addition as it takes the idea from degree centrality and transforms it
into a rate that makes it easy to see the role of a node within the network. The down-
side is that since SHR does not account for centrality, you have to use another metric
to classify by importance within the network which node should be investigated. SHR
values in a small network or applied to scale network nodes does work well to show
the function of a node where the size of the node can be distinguished by simply being
looked at it, larger complex networks makes the differences between nodes difficult to

visualize and centrality is required to filter out nodes with few connections.



CHAPTER 4: CONCLUSION

Current phylogeny of CHIKV is misguided due to nomenclature. More attention
should be given to African strains and more studies should be done in order to in-
vestigate CHIKV dynamics in Africa. DENV datasets reflect current epidemiology
and can be used to identify geographic regions where public health efforts may be
intensified in order to reduce transmission events.

ZIKV had a rapid spread and outbreak. ZIKV apparently has a unique mechanism
that causes fetal demise utilizing 3> UTR MBEs. It remains to be seen if ZIKV, now
endemic in the Americas, will cause recurring outbreaks like CHIKV, DENV and
YFV do and if congenital defects will continue to be present. ZIKV in Asia remains
to be better understood in terms of spread and presence and if the Asian clade is in
current expansion or not.

YFV requires more attention and genomic sequencing. The low background data
available for the YFV compared to all other viruses does not allow a fair comparison
with other outbreaks, nor a throughout study of the history of epidemics and major
hubs.

A question that remains to be answered out of all outbreaks is what triggered the
movement of the diseases from one endemic region to another in a specific time? Are
outbreaks isolated events or are they triggered by something that could happen over
and over again? Who was patient "zero" for that specific outbreak? Theories vary
from major sports events causing a mass movement of people from different countries
to the host country, bringing diseases not previously seen to a immunologically naive
population, to individual travelers over time being bitten by mosquitoes and that

growing exponentially to the point of causing outbreaks. These question remains to
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be answered for a vast amount of diseases, specially those labeled "Neglected Tropical
Diseases". Better monitoring associated with phylogenetics techniques employed in
this work should help to answer it.

The tools built and utilized during this study provide the grounds for a better
surveillance system to be put in place. As new and cheaper technologies arrive, more
genomic data will allow better and more fine grained studies for arboviruses as well as
other Neglected Tropical Diseases. The results on this work open multiple questions
regarding the role of specific nodes in different transmission networks and should be

investigated further and in depth with additional clinical data.
4.0.1  Significance and Future Work
4.0.1.1  Phylogenetics and genomics

Phylogenetic studies on the evolution of new pathogen outbreaks as new data
becomes available has become highly significant to the field of Virology and Epidemi-
ology. Understanding the evolutionary relationships between different strains provide
new insights on outbreak behavior which ultimately lead to guidance to health workers
in the field on how to proceed with interventions.

I built a pipeline utilizing existing tools and CHIKV and ZIKV as study models
to investigate genomic changes over time and space which can now be applied to
different pathogens. Future work entails on developing a software which integrates

these different tools and data manipulation in a single place.
4.0.1.2  Transmission Networks

The study of pathogen transmission networks is important for understanding the
spread of diseases and to identify specific hubs and locations where interventions
can be made to halt epidemics from continuing to spread. The ability to correlate
the networks utilizing as starting point not the structure of the network but metrics

calculated from the networks allows us to identify patterns among different viruses
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and between separate outbreaks.

Transmission networks scaled by betweenness centrality point to main hubs within
networks. An association between SHR and betweenness centrality may be necessary
to increase robustness of analysis to confirm important nodes within networks as it
associates the rate of movement out of the node with the node acting as the optimal
intermediary node between other nodes within network. Degree centrality seems to
be too raw to give informative epidemiological insights, as it basically relies on the
count of number of events in and out of a node. Closeness centrality also did not
seem like a good epidemiological indicator as it gives similar scores to distinct node
behaviors within the network.

Future work entails the development of a web-based server to make StrainHub
publicly available and the implementation and test of different and novel metrics
as well as the graphic interface and other visualization tools to improve network

visualization and characterization.
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APPENDIX A: ADDITIONAL PHYLOGENETIC TREES

0.06

Figure A.1: Maximum-Likelihood phylogenetic tree of 697 Chikungunya virus
genomic sequences with branch lengths. Outgroup = O’nyong nyong virus -
NC_001512.1.
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Figure A.2: Maximum-Likelihood phylogenetic tree of 491 Zika virus genomic se-
quences. Outgroup = LC002520
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

1125(G-T); 1131(A-G); 1143(A-T); 1158(T-C); 1188(G-A); 1197(G-A);

1221(A-G); 1233(C-T); 1239(G-A); 1284(C-T); 1332(G-A); 1368(A-G);

1369(C-A); 1383(C-A); 1392(C-T); 1396(C-T); 1452(C-T); 1477(G-A);

1509(A-T); 1515(A-G); 1518(T-C); 1557(T-C); 1560(C-T); 1575(G-A);
1620(G-A); 1627(T-C); 1632(A-G); 1641(G-A); 1642(A-C); 1663(T-C);

1680(A-G); 1683(C-T); 1687(C-T); 1758(A-G); 1838(T-C); 1953(C-T);
1958(C-A); 1995(G-A); 2007(G-A); 2052(C-T); 2059(C-A); 2062(G-A);

2067(A-T); 2112(A-G): 2145(A-G); 2157(C-T); 2163(G-A); 2179(A-T):

2208(A-G); 2217(T-C); 2235(G-A); 2244(A-G); 2247(C-T); 2262(C-T);

2271(G-A); 2277(A-G); 2283(T-C); 2289(G-A); 2295(A-G); 2301(A-C);

2304(A-G); 2328(T-C); 2364(A-G); 2366(A-G); 2391(A-G); 2412(C-T);

2418(A-G); 2427(T-C); 2433(G-A); 2439(T-A); 2445(C-T); 2472(G-A);
2478(T-C); 2553(T-C); 2577(T-C); 2616(G-A); 2637(A-C); 2685(A-G);

2688(T-A); 2691(T-C); 2697(C-T); 2703(G-A); 2739(C-T); 2748(T-C);

n
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

2853(T-A); 2898(A-G); 2926(T-C); 2931(G-A); 3027(T-C); 3033(A-C);

3051(C-T); 3066(T-C); 3120(G-A); 3135(C-T); 3183(C-T); 3204(G-A);
3243(C-T); 3246(T-C); 3261(T-C); 3267(A-G); 3276(C-T); 3297(T-G);

3306(G-A); 3312(T-C); 3342(T-C); 3369(A-G); 3402(A-G); 3417(A-G);

3435(T-C); 3459(A-G); 3484(T-C); 3498(C-T); 3510(T-C); 3546(G-A);

3564(A-G); 3599(T-C); 3609(G-A); 3624(C-T); 3666(G-T); 3687(C-T);

3705(C-T); 3711(A-G); 3723(A-G); 3726(A-G); 3736(C-T); 3753(C-T);

3762(C-T); 3783(T-C); 3789(T-C); 3792(A-T); 3819(A-G); 3828(A-G);

3870(T-C); 3904(G-A); 3954(A-G); 3984(G-A); 4021(C-T); 4032(A-G);

4056(C-A); 4059(T-C); 4068(C-A); 4069(A-G); 4093(A-C); 4098(G-A);

4150(C-T); 4152(A-G); 4167(C-T); 4170(T-C); 4194(T-C); 4218(A-T):;

4227(A-T); 4230(A-C); 4332(C-T): 4455(C-T); 4470(C-T); 4482(T-C);
4491(T-C); 4497(G-A); 4521(T-C); 4575(T-G); 4581(C-T); 4590(T-C);

4599(A-T); 4627(C-T); 4648(A-T); 4650(G-A); 4656(G-A); 4668(C-T);

n
=
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

4674(C-T); 4695(A-G); 4713(T-C); 4752(T-C); 4785(C-A); 4803(C-T);

4812(C-T); 4840(G-T); 4855(C-T); 4857(A-G); 4875(C-T); 4890(T-C);
4899(G-A); 4900(A-G); 4905(T-C); 4923(A-G); 4932(C-T); 4948(C-T);

4950(A-G); 4953(T-C); 4957(C-T); 4989(A-G); 5016(A-G); 5025(G-A);

5064(T-C); 5077(C-A); 5085(C-T); 5124(T-C); 5139(C-T); 5157(A-G);

5166(A-G); 5178(A-G); 5193(C-T); 5226(C-T); 5228(G-A); 5232(T-G);

5246(T-C); 5250(G-A); 5260(A-T); 5324(T-C); 5331(A-T); 5349(C-T);

5352(A-G); 5354(C-T); 5357(T-C); 5367(C-A); 5480(C-T); 5483(A-T);

5719(G-A); 5738(T-A); 5752(G-A); 5753(C-T); 5817(A-G); 5829(G-A);
5849(G-A); 5862(G-C); 5887(A-G); 5907(C-T); 5913(C-T); 5925(G-T);

5929(T-C); 5935(G-A); 5949(A-G); 5957(C-T); 5961(T-C); 5985(A-G);

5988(G-C); 6069(C-T); 6072(C-T); 6084(A-G); 6135(T-C); 6156(T-C);

6174(C-T): 6180(C-T); 6192(G-A); 6204(C-T); 6237(T-C); 6240(T-C);

6243(A-C); 6249(T-C); 6252(A-G); 6260(A-G); 6264(A-T): 6267(A-C);

N of

Mutations

640

Lineage

Western

Africa

Node

715

cont’d
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

6279(G-A); 6291(C-T); 6306(C-T); 6309(C-A); 6354(A-G); 6355(C-T);
6357(A-G); 6358(C-T); 6378(G-A); 6426(A-G); 6445(A-G); 6453(A-G);

6486(A-G); 6501(C-T); 6507(T-C); 6516(C-T); 6528(G-A); 6540(G-A);

6543(T-C); 6579(A-T); 6601(T-C); 6609(A-G); 6618(A-G); 6621(T-A);
6627(A-G); 6645(C-T); 6687(T-C); 6699(A-G); 6714(G-A); 6720(A-G);

6726(G-A); 6732(C-T); 6747(T-C); 6753(C-T); 6762(C-A); 6786(A-G);
6816(A-T); 6834(C-T); 6855(G-A); 6861(A-G); 6864(C-T); 6873(C-T);

6879(A-G); 6888(C-T); 6891(G-T); 6897(T-C); 6909(C-T); 6918(C-T);

6933(A-G); 6948(C-T); 6972(T-C); 6999(G-A); 7002(G-A); 7026(A-C);

7020(A-G); 7044(G-A); T074(C-T); 7077(A-T); 7095(T-C); 7113(T-G);

7116(A-G); 7158(G-A); 7182(C-T); 7248(A-G); 7275(C-T); 7278(T-C);

7287(A-C); 7314(T-C); 7320(A-G); 7329(C-T); 7344(T-C); 7363(C-T);
7365(T-G); 7458(T-C); 7461(T-C); 7473(T-C); T476(G-C); 7482(C-T);

7503(A-G); T620(C-T); 7704(A-G); 7734(T-C); 7750(C-T); 7752(C-T);

N of

Mutations

640

Lineage

Western

Africa

Node

715

cont’d
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

7761(G-A); T762(A-G); T798(A-C); 7836(C-T); 7845(T-C); 7848(G-C);

7879(A-G); 7914(G-A); 7927(T-C); 7956(A-T); 7992(C-T); 8023(G-A);

8032(T-C); 8040(C-T); 8078(-T); 8101(A-G); 8133(A-G); 8163(G-A);

8166(T-C); 8176(A-G); 8178(T-C); 8190(T-A); 8193(C-T); 8202(C-T);

8260(C-T); 8274(A-C); 8301(A-T); 8307(G-A); 8319(T-C); 8330(A-G);

8334(A-G); 8349(A-G); 8356(A-G); 8359(A-C); 8364(C-G); 8376(G-A);

8383(A-C); 8406(A-G); 8487(A-G); 8489(C-T); 8535(C-T); 8562(C-T);

8572(T-C); 8589(A-G); 8610(C-T); 8640(C-T); 8652(C-T); 8658(T-C);

8679(C-T); 8700(A-G); 8730(T-G); 8733(A-G); 8751(G-A); 8781(G-A);
8811(A-G); 8823(A-T); 8832(A-G); 8877(C-T); 8889(G-A); 8907(T-C);

8920(A-T); 8937(T-C); 8955(C-T); 8999(A-G); 9000(A-C); 9027(C-G);

9064(T-C); 9108(C-T); 9111(C-T); 9138(C-T); 9147(C-T); 9171(C-T);
9189(A-C); 9195(A-G); 9198(A-G); 9219(A-G); 9252(A-G); 9258(A-G);

9327(A-G); 9339(G-A); 9343(T-C); 9351(A-G); 9354(G-T); 9378(A-G);

n
S
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O-g g
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

2919(C-T); 3030(C-T); 3198(T-C); 3384(C-T); 3445(C-T); 3453(C-T);

3471(G-A); 3537(T-C); 3621(T-C); 3657(C-T); 3672(C-T); 3786(C-T);
3791(C-T); 4092(T-C); 4203(C-T); 4314(C-T); 4428(T-C); 4467(A-G);

4484(C-T); 4488(G-A); 4641(T-C); 4683(C-T); 4744(C-T); 4866(C-T);

4896(G-A); 5016(A-G); 5022(C-T); 5025(C-A); 5064(A-G); 5118(T-C);

5205(G-A); 5242(T-G); 5367(C-T); 5377(G-A); 5717(T-C); 5972(C-T);

6334(C-T); 6344(C-T); 6493(C-T); 6661(C-T); 6753(C-T); 6900(C-T);

7023(C-T); 7035(T-C); 7257(C-T); 7344(T-C); 7377(T-C); 7440(C-T);

7563(A-C); 7773(T-C): 8104(C-T); 8111(C-T); 8126(T-A); 8187(T-C):;
8199(C-A); 8232(T-C); 8339(A-G); 8463(C-T); 8473(C-T); 8667(G-A);

8929(T-C); 8937(C-T); 8970(A-T); 8982(C-T); 8987(A-G); 9193(C-T);

0314(T-C); 9321(A-G); 9400(G-A); 9510(A-G); 9546(A-G); 9756(G-A);

9804(T-C); 9858(T-C); 9960(T-C); 9990(T-C); 10011(T-C); 10086(C-T);
10398(C-T); 10488(T-C); 10818(C-A); 10866(T-C); 10989(A-T); 11412(C-T);
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Table B.1 continued from previous page

Non-ambiguous synapomorphies for each node

2010(C-T); 2370(C-T); 2415(A-G); 2439(T-C); 2510(C-G); 2562(C-T);

2870(A-T); 2901(A-G); 3063(T-C); 3225(A-G); 3501(C-T); 3588(G-A);

3668(C-T); 3756(C-A); 4107(G-A); 4131(C-T); 4161(C-T); 4257(G-A);

4314(C-T); 4374(A-G); 4410(G-A); 4428(C-T); 4617(G-A); 4686(C-A);

4800(C-T); 4848(C-T); 5061(A-T); 5102(G-A); 5103(C-T); 5142(A-G);

5196(C-T); 5272(C-T); 5289(A-G); 5292(C-T); 5303(T-C); 5304(T-C);

5322(C-T); 5486(G-A); 5832(C-T); 5842(C-A); 5868(C-T); 5936(T-C);

6002(C-T); 6264(A-G); 6343(G-T); 6396(C-T); 6429(C-T); 6484(T-G);

6504(T-G); 6510(C-T); 6518(C-T); 6559(C-T); 6615(T-C); 6744(C-T);
6750(C-T); 6759(C-T); 6762(C-T); 6831(A-G); 6920(A-G); 7104(G-A);

T179(A-G); T191(G-A); 7216(C-T); 7401(G-A); 7464(A-G); 7494(C-T);

7540(C-T); 7593(G-A); 7722(C-T); 7785(A-G); 7801(C-T); 7822(C-T);
7848(G-A); T878(G-A); T905(T-A); 7926(A-G); 7938(T-C); 7961(T-C);

8117(C-T); 8127(C-T); 8172(C-T); 8227(C-A); 8232(T-C); 8301(A-C);
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