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Abstract

In this thesis, I present my research on host/pathogen coevolution in several
different systems and on different time scales. The thesis comprises multiple parts and
shows how advances in computational methods can be applied to a broad range of
questions, from basic research to issues of immediate clinical relevance.

Chapter 1 examines this host pathogen coevolution in a nonhuman system, looking
at giant viruses, satellite viruses, related transposable elements found in eukaryotes and
giant viruses, and individual 'jumping' homing endonuclease genes (HEGs) found in all
three. Unfortunately, due to enormous amounts of time over which some of the elements
involved have diverged, it is difficult to draw reliable conclusions here. However, the novel
identification of HEGs in satellite and giant viruses shows a likely solution to the question
of the mechanism for the horizontal gene transfer of HEGs between dissimilar phyla.

Chapter 2 focuses on the coevolution of humans with pathogens. This can be seen in
the influence of archaic hominid immune genes on the modern immune system, and what
appears to be the introgression of archaic hominids' granular adaptation to local pathogens
when modern humans expanded out of Africa. The fact that these archaic HLAs have
retained this regional granular adaptation for tens of thousands of years suggests some sort
of survival advantage. While previous work has shown that there is different selective
pressures acting on different class I HLAs, this chapter shows that this relationship is
retained when looking exclusively at archaic derived HLAs. Selective pressures acting on
HLA-A but not HLA-B have not previously been described, and Chapter 2 identifies the
suppression of endogenous retroviruses as possibly being one such selective pressure.

Chapter 3 examines the granular adaptation of HIV-1M to humans in Sub-Saharan
Africa by looking at correlations between human genetic diversity and HIV diversity.
Unfortunately, widespread genotyping of HIV patients in Sub-Saharan Africa is not
available, but linguistic diversity has previously been specifically shown to correlate
with human genetic diversity in Sub-Saharan Africa, providing a useful proxy with
which to make comparisons. My results show that linguistic diversity, and by extension
human genetic diversity, does indeed correlate with both HIV subtype and amino acid
sequence diversity in the region. This runs contrary to the dominant paradigm that
HIV subtypes are artefacts of founder effects and may explain some of the difficulties
in creating an HIV vaccine despite over 30 years of research on the subject.



Table of Contents

ADDIEVIALIONS ...t 4
INtrOdUCHION ... 7
Part 1: VIFUSES ..o 8

Part 2: Human Leukocyte Antigen ... 30

Part 3: Human Immunodeficiency Virus..........niinn. 40

Part 4: Phylogenetics.........cocuiiiiiciciiniicicciicccc e saesans 54
Chapter 1: Virophages, Polinton, Giant Viruses, & their Cellular Hosts....................... 75
OVEIVIEW ...ttt naes 76
Discovery of Polinton -Like Elements in Whole Genome Shotgun Data.......... 77
INtrodUCtion ... 77

RESULLS ..o 80

DiSCUSSION ...ttt s 95

MEtROAS.....c et aes 104

Future Research ... esesseseeaenaees 108
Supplementary Information...........ccccniciniicce 112

WOTKS CHted ...t 113
APPENdIX SA......oiii e 118
Chapter 2: Archaic Human HLAs and Modern Human Populations............ccccecuu.c. 126
INErOdUCHION ..ottt ss s srs 129
RESULLS ..o 133



DS CUSSION cae ettt ettt e et et s et s eaeseaeseaeseaeseatesatsesesssesssessesenessstssnessnesssessaesnne 167

MEthOdS ... 171
Supplementary Tables...........ccciiiniicccee e 181
References ... 188
Chapter 3: HIV Subtype Diversity and Human HLA Diversity..........ccccoocveueeinininianes 199
INErOAUCHION ... 200
MEthodS ... 216
Results and DiSCUSSION.......ccocuiuiiciciiiiciccicicee e ssenne 224
WOTKS CHted ...t 233
APPENdiX TA. ... 247
APPENdIX 1B ... 268
APPENdiX L1C......iiiiii e 275
CONCIUSION ...t 329
BiblIOGraphy ... 333



Abbreviations

AA
AAV
ACMV
AFD
AIC
APC
APMV

CDD
CMV
CroV
CTL
dbMEM
EBV
GAM
HCV
HEG
HPV
HIV
HSV1
HTLV-1
ICTV

IVA
kbp
KSHV
KIR

Amino Acid

Adeno-Associated Virus

Acanthamoeba Castellanii Mamavirus

Allele Frequency Database

Akaike Information Criterion

Antigen Presenting Cell

Acanthamoeba Polyphaga Mimivirus

Base Pair

Conserved Domain Database
Cytomegalovirus

Caffeteria roenbergensis Virus

Cytotoxic T Lymphocyte

Distance-based Moran's Eigenvector Maps
Epstein-Barr Virus

Generalised Additive Model

Hepatitis C Virus

Homing Endonuclease Gene

Human Papillomavirus

Human Immunodeficiency Virus

Herpes Simplex Virus 1

Human T-Lymphotropic Virus 1
International Committee on Taxonomy of Viruses
Immunoglobulin

Influenza A Virus

Kilobase Pair

Kaposi’s Sarcoma-Associated Herpesvirus

killer-cell immunoglobulin-like receptor



LD
Mbp
MCMC
MDS
MHC
MLE
MNP
NA
NCBI
NCLDV
NK
NMDS
OLPV
ORF
PBMC
PCA
PCoA
PLE
POLB
RNAP

Linkage Disequilibrium

Megabase Pair

Markov chain Monte Carlo
Multidimensional Scaling (PCoA)
Major Histocompatibility Complex
Maximum Likelihood Estimate
Modern Native Populations

Nucleic Acid

National Center For Biotechnology Information (US)
Nucleocytoplasmic Large DNA Virus
Natural Killer

Non-Metric Multi-Dimensional Scaling
Organic Lake Phycodnavirus

Open Reading Frame

Primary Blood Mononuclear Cells
Principle Component Analysis
Principle Coordinate Analysis (MDS)
Polinton-Like Element

Polymerase B

RNA Polymerase

SARS-CoV-2 Sudden Acute Respiratory Syndrome Corona Virus-2

STI
SMPLE
SNP
SVG
TCR
TIR
TSA
VIF

Sexually Transmitted Infection
Symbiodinium minutum PLE

Single Nucleotide Polymorphism
Scalable Vector Graphic

T-Cell Receptor

Terminal Inverted Repeat
Transcriptome Shotgun Assembly

Variance Inflation Factor



VIP Virus Interacting Protein

VLE Virophage Like Element

YBP Years Before Present

YSLV  Yellowstone Lake Virophage

Regional Abbreviations from Chapter 2

AF
AU
EU
NAF
NAM
NEA
oC
SA
SAM
SEA
WA

Africa

Australia
Europe

North Africa
North America
North East Asia,
Oceania

South Asia
South America
South East Asia

Western Asia



Introduction

The scientific method involves extracting useful information from data and has for
centuries allowed humanity to slowly chisel away at the scourge of disease with discoveries
such as antibiotics, vaccines, and the aetiologies of cancers. Both the amount of data that
we have access to and the rate at which we accumulate it have been steadily increasing to
almost unmanageable proportions. As of October 2019, GenBank (and the European
Nucleotide Archive and the DNA Data Bank of Japan via daily data exchanges) contains
386,197,018,538 bases in 216,763,706 sequences and an additional 5,985,250,251,028
bases and 1,097,629,174 sequences in Whole Genome Shotgun data. The number of
sequences is growing at an accelerating rate, doubling in size roughly every 18 months
(Benson et al., 2009, 2008; GenBank, 2019). On top of this is all the metadata associated
with these sequences, and this is only one type of data repository. There exist many more
such as UniProt and the allele frequency database (AFD). This huge amount of data is
useful for both basic research and for understanding, modelling, and reacting effectively
to ongoing pandemics such as those caused by human immunodeficiency virus (HIV) and
Sudden Acute Respiratory Syndrome Corona Virus-2 (SARS-CoV-2). Extracting useful
information from this deluge is not always a straightforward procedure. Computers allow
us to process this flood of data and make sense of it, but only if we ask the right questions,
and perform the correct analyses. This thesis comprises multiple parts, examining different
computational applications to a variety of questions which at their heart all involve host and

pathogen coevolution, that is the two reciprocally affecting each other's evolution.



Part 1

Chapter 1 of this thesis examines the tangled phylogenetic relationships between a
probably paraphyletic grouping of viruses called giant viruses, smaller satellite viruses
known as virophages, a class of transposable elements (TEs) known as either polintons
or mavericks, related but apparently distinct TEs referred to as 'polinton-like' elements,
mobile homing endonuclease genes (HEGs), and the eukaryotic hosts harbouring this

convoluted menagerie.

Viruses

Viruses are by far the most abundant biological entities on Earth. Depending on the
specific environments being sampled, they are estimated as anywhere from five to a
thousand times more numerous than prokaryotes (Suttle, 2007; Williamson et al.,
2013). Multiple analyses have indicated that we have only characterised a miniscule
fraction of the global virome (Brum et al., 2015; Edwards and Rohwer, 2005; Paez-
Espino et al., 2016). Viruses are found in every life supporting environment on Earth:
pools of boiling acid (Diemer and Stedman, 2012; Schleper et al., 1992), alkaline
hypersaline lakes (Jiang et al., 2004), pelagic marine waters (Suttle, 2007), deep sea
hydrothermal vents (Wommack et al., 2004), temperate soils (Williamson et al., 2013),
and 'live' virus recovered after 30,000 years in the Siberian permafrost (Legendre et al.,
2014). In theory, and as far as we have ascertained to date, all cellular organisms are

vulnerable to some kind of viral infection (Fuhrman, 1999).



Despite this diversity of environments and hosts, all known viruses are obligate
intracellular parasites, and as such need to get their genetic material, in the form of
single stranded (ss) or double stranded (ds) ribonucleic acid (RNA) or deoxyribonucleic
acid (DNA), into a host cell in order to replicate. This genetic material must end up in
a form functionally equivalent to the host cell's messenger RNA (mRNA), in order to
be read by the host's ribosomes and translated into proteins. By convention, cellular
mRNA is considered 'sense' or 'positive sense' (+), and genomes that are complimentary
to this are considered 'negative sense' or 'antisense' (-), e.g. a (+)ssRNA genome can be
directly translated by the host ribosome, whereas (-)ssRNA genome must be first
converted into mRNA. Accordingly, viruses can be classified under the 'Baltimore
classification system', which initially comprised six categories (Baltimore, 1971), with
the seventh being added later after the identification of the hepadnavirus replication
system (Summers and Mason, 1982; Temin, 1985). Some viruses use reverse
transcriptase (RT) to retrotranscribe RNA to complementary DNA and are labelled as
such under the system:

Class I: dsDNA viruses

Class II: ssDNA viruses

Class III: dsRNA viruses
Class IV: (+)ssRNA viruses
Class V: (—)ssRNA viruses
Class VI: (+)ssRNA-RT viruses
Class VII: dsDNA-RT viruses



When the system was initially created, ssDNA viruses were thought to be only positive
sense. Baltimore was aware even then that the satellite virus adeno-associated virus
(AAV) packages both (-)ssDNA and (+)ssDNA equally in separate virions (Crawford et
al., 1969; Mayor et al., 1969; Rose et al., 1969). However, transcription was thought to
only occur from the antisense strand of AAV (Carter et al., 1976, 1972; Carter and
Rose, 1972; Rose and Koczot, 1971). Since then it has been shown that there are ssDNA
viruses that are sense (M13 bacteriophage) (Specthrie et al., 1992), antisense (AAV),
and ambisense (geminiviruses) (Wright et al., 1997). There is room for at least three
other categories, (-)ssRNA-RT viruses, and both sense/antisense ssDNA-RT viruses,

however, examples of these have yet to be found.

The type and structure of the viral genome has important implications for genome size
and stability, affecting mutation rates and therefore viral evolution. RNA viruses, including
class VI retroviruses, mutate at a rate of 10 to 10* substitutions per nucleotide per cell
infection (s/n/c), substantially faster than the 10® to 10° s/n/c seen in their DNA virus
counterparts (Sanjuan et al., 2010). There are several reasons for this. RNA is more
reactive due to the presence of a hydroxyl group on the second 2' carbon of the ribose
ring as opposed to a hydrogen atom in DNA (Voet and Voet, 2011). Cytosine, found in
both RNA and DNA, undergoes spontaneous deamination to uracil, found only in
RNA. In DNA this is recognised as an error and corrected by an array of enzymes,
whereas in RNA the change is not as readily distinguishable (Alberts, 2002;

Neddermann et al., 1996). Viral RNA polymerases (RNAP), excluding some host
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related RNAP found in poxviruses, do not have the built in proofreading found in DNA
polymerases (Sydow and Cramer, 2009). In DNA based microbes, including DNA
viruses, there is a strong negative correlation between genome size and mutation rate
(known as Drake's rule) (Drake, 1991). Although it is less clear cut with RNA viruses,
there is some indication that Drake's rule applies to them as well (Bradwell et al., 2013;
Sanjuan et al., 2010). The aforementioned hydroxyl group in RNA makes it susceptible
to base-catalysed hydrolysis which cleaves RNA's sugar-phosphate backbone, breaking
the molecule apart (Voet and Voet, 2011). This seems to limit the maximum size of
RNA genomes to ~30 kilobase pairs (kbp), as seen in the coronaviruses including
SARS-CoV-2 (Wu et al., 2020), which make use of non-RNAP proofreading enzymes to
help maintain their genomes (Denison et al., 2011). Although cause and effect can be
debated, the higher mutation rates seen in RNA viruses may be artefacts of their
smaller genomes. Indeed, some studies have suggested that the distinction in mutation
and evolutionary rates (the rate at which these mutations become fixed in a population)
between DNA and RNA viruses is blurry at best and possibly non-existent (Biek et al.,
2015; Duffy et al., 2008). However, there is some evidence that taking into account the
apparent rate decay dynamics recovers this distinction as well as that between RT and

non-RT viruses (Aiewsakun and Katzourakis, 2016).

Genome type is not the only useful classification system used to categorise viruses.
Phylogenetic groupings can show the relatedness of viral families, and can be used to

trace the origins of viruses, e.g. determining that SARS-CoV-2 is zoonotic in origin (Lu
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et al.,, 2020). Host range is often extremely important and the level of specificity
depends on what is being asked. A broad classification of host range might be used in
examining the differences between viruses of prokaryotes and eukaryotes, while a more
narrow classification might only be looking at viruses that infect humans.
Morphological distinctions can also be used to classify viruses and often have important
implications on treatment and spread e.g. enveloped vs. nonenveloped viruses (Firquet
et al., 2015). With multiple classification systems, viruses will be grouped together by
some but not others in a Venn diagram. For example, coronaviruses and HIV both
infect eukaryotes, but coronaviruses are class IV with (+)ssRNA genomes while HIV is
a class VI (+)ssRNA-RT virus. New discoveries add new methods of classification, such
as the later addition to the Baltimore system of the class VII dsDNA-RT viruses or the

discovery of viruses visible under a light microscope.

Giant Viruses

Viruses have historically been classified as submicroscopic (unable to be seen with a
light microscope) agents able to pass through filters that block larger microorganisms
such as bacteria (Beijerinck, 1898; Ivanovski, 1892). Later discoveries would overturn
this view. While most viruses are submicroscopic, some poxviruses as well as the 400
nm wide giant virus Acanthamoeba polyphaga mimivirus (APMV) identified in 2003 and its
relatives are visible under light microscopes (Institute of Medicine (US) Committee on

the Assessment of Future Scientific Needs for Live Variola Virus, 1999, p. 17; La Scola
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et al., 2003). Prior to this 'large virus like particles' were reported in Naegleria amoeba
in the mid-1970s (Schuster and Dunnebacke, 1976, 1974), various algae throughout the
1970s and 1980s (Allen Dodds and Cole, 1980; Pickett-Heaps, 1972; Sicko-Goad and
Walker, 1979), and Phaeodarea amoeba in 1993 (Gowing, 1993), but these were not
identified as viruses when they were seen. The mostly linear dsDNA genomes of giant
viruses and their relatives are similarly large, ranging from 100 kbp to 2.5 megabase
pairs (Mbp) in length (Philippe et al., 2013; Tidona and Darai, 1997; Van Etten et al.,
2010). Now that giant viruses are being actively sought after and no longer filtered out of
samples, the number of known specimens has expanded dramatically (Abergel et al.,
2015). Giant viruses are found in a wide range of environments, from the Amazon River

basin to the aforementioned Siberian permafrost (Katzourakis and Aswad, 2014).

Similar to some other nucleocytoplasmic large DNA viruses (NCLDVs), such as
poxviruses, most known giant viruses reproduce in their hosts by creating dense
structures in the cytoplasm called viral factories (Benamar et al., 2016; Colson et al.,
2013, 2012; La Scola et al., 2008). Other reproductive strategies exist as well, e.g. rather
than constructing a cytoplasmic viral factory, the giant virus Pandoravirus reorganizes
the host nucleus to such an extent that it loses its spherical appearance and the
nucleolus region disappears entirely (Philippe et al., 2013). The exact mechanisms for
how these viral factories are created are unknown (Gaia et al., 2014; Kuznetsov et al.,
2013; La Scola et al., 2008). Giant viruses possess hundreds to over two thousand open

reading frames (ORFs) depending on the species (Aherfi et al., 2016). The large
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majority of putative genes in giant viruses are ORFans, ORFs that do not have known
orthologues in other lineages of viruses or cells. However, some of their ORFs include
aminoacyl tRNA synthetases and translation factors previously thought to be the
exclusive domain of cellular organisms, suggesting a degree of autonomy from their
host cell for transcription and translation unprecedented in viruses (Aherfi et al., 2016).
Because giant viral ORFans lack similar genes with known functions, we would need
to determine the function of many if not most of the genes experimentally. However,
the large number of genes involved would complicate this, especially as genes may be
involved in multiple gene networks. Finally, some of the giant viruses are only known
from metagenomic data, effectively precluding these sorts of experiments until a virion
can be isolated (Aherfi et al., 2016; Claverie and Abergel, 2013; Colson et al., 2013).
The differing replication strategies of various families and putative families within the
giant viruses, as well as the phylogenetic placement of the large but submicroscopic
faustoviruses within the giant viruses (Reteno et al., 2015; Santini et al., 2013) suggests
that viral gigantism has evolved multiple times, and that the group is not strictly

monophyletic.

Virophages
Satellite viruses are viruses that make their own capsid proteins (as opposed to subviral

satellites like hepatitis D which do not), but that cannot replicate on their own. They

require co-infection by a helper virus in order to replicate, and can have positive,
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negative, or neutral impacts on the helper virus reproduction and pathogenicity. In
2008, a satellite virus of the giant virus Acanthamoeba castellanii mamavirus (ACMV),
dubbed sputnik virophage, was discovered (La Scola et al., 2008). Since the discovery
of sputnik, other virophage families have been indentified, primarily in metagenomic
data (Bellas et al., 2015; Fischer and Suttle, 2011; Gaia et al., 2014, 2013; Gong et al,,
2016; Oh et al., 2016; Santini et al., 2013; Yau et al., 2011; Zhou et al., 2014, 2013). The
term virophage was derived from bacteriophage, viruses which infect bacteria, since
sputnik hijacks the replication machinery of the giant virus viral factory, rather than
the native replication machinery of the host cell and has a negative impact on ACMV
replication (La Scola et al., 2008). There is ongoing debate on the naming convention
of 'virophage' since there are other satellite viruses that negatively impact their helper
virus, but thus far all new satellite viruses of giant viruses have been called virophages

(Desnues and Raoult, 2012; Fischer, 2011; Krupovic and Cvirkaite-Krupovic, 2011).

The presence of sputnik results in dysfunctional and abortive forms of the ACMV
virions and interferes with proper capsid assembly. This reduces the yield of ACMV
by 70% and causes a threefold decrease in host cell lysis (La Scola et al., 2008). Mavirus
virophage similarly inhibits its host virus Cafeteria roenbergensis virus (CroV) and increase
Caffeteria roenbergensis survival (Fischer and Suttle, 2011), whereas zamilon virophages, a
close relative of sputnik, does not inhibit APMV reproduction or cell lysis (Gaia et al.,
2014). The exact mechanisms behind how sputnik and other virophages hijack the viral

factories are unknown, and since most virophages are only known from metagenomic data,
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it is not certain how many of them rescue the eukaryotic host. It is certainly conceivable
(and given the scale of the global virome, presumably very likely) that similar to the subviral
satellite hepatitis D, a virophage could lead to increased morbidity and mortality in the
host. Most virophages appear to have circular genomes ranging from ~17-29 kbp, but the
order, orientation, and even presence of most genes are not well conserved between
proposed virophage families (Bellas et al., 2015; Fischer and Suttle, 2011; Gaia et al., 2014,
2013; Gong et al., 2016; La Scola et al., 2008; Oh et al., 2016; Santini et al., 2013; Yau et al.,
2011; Zhou et al., 2014, 2013). The reported size of the few directly observed virophage
virions varies widely from 50-75 nm, with sputnik alone being reported as ranging from 50

to 75 nm in size (Fischer and Suttle, 2011; La Scola et al., 2008; Zhang et al., 2012).

EVEs, Virophages, & Polintons

Endogenous viral elements (EVEs) are the result of heritable horizontal gene transfer
(HGT) from a virus to a host's germline cells, which are subsequently inherited
vertically (Katzourakis and Gifford, 2010). These can be deleterious, potentially leading
to oncogenesis or viremia (Yu et al,, 2012), and tend to be eliminated by natural
selection within a few generations (Katzourakis and Gifford, 2010). However, not all
EVEs are harmful enough to warrant eradication. Some do not have substantial
selective consequences and can be lost by neutral genetic drift over longer intervals.
Others can expand in copy number and/or become fixed within the host population,

becoming regular vertically transmitted host alleles at that point (Holmes, 2011; Horie
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et al., 2010). Integration and fixation is more common with retroviruses as they have
an obligate integration step as part of their life cycle, and unsurprisingly, the first
eukaryotic EVEs discovered were endogenous retroviruses (ERVs) (Weiss, 2006, 1969a,
1969b). While ERVs are more prevalent, EVEs derived from all seven Baltimore classes
of virus have been identified across a broad range of hosts (Katzourakis and Gifford,
2010). Bacteriophages integrated into their hosts' genome, known as prophages, were
identified in bacteria even earlier (Lederberg and Lederberg, 1953). Both prophages
that are able to excise themselves from their host as well as permanently integrated
'disabled' ones are generally not referred to as EVEs, but they and their remnants can
be thought of as such. Because viruses lack a mineralised fossil record, these EVEs serve

as one of our main windows into viral evolution.

The large size of the giant virus genomes makes the integration of the entire viral
genome into a host genome seem improbable as it could be highly disruptive, for
example by substantially distorting the relative position of regulatory elements.
However, large integrations can and do occur, such as chromosomally integrated
endogenous human herpes virus 6 (162 kbp), which has been found in the germline of
approximately 1% of the human population (Luppi et al., 1993; Morissette and
Flamand, 2010). Small and medium sized (150 kbp to 320 kbp) phycodnaviruses,
relatives of the giant viruses, have been found integrated into algae (Delaroque et al.,
1999; Meints et al., 2007). Although these demonstrate that large-scale viral integration

and endogenization is possible, the genome size of these herpes and phycodnaviruses
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are anywhere from two to twenty-five times smaller than those of the giant viruses
(Honess, 1984; Sandaa et al., 2001). Smaller segments can also transfer separately from
the whole genome. For example, recently endogenized segments of phycodnavirus
genomes have been reported in unicellular green algae, brown algae, and haptophytes
(Blanc et al., 2010; Delaroque et al., 1999; Meints et al., 2007; Read et al., 2013). Genes
of likely NCLDV origin have also been discovered in land plants, despite there being
no known exogenous NCLDVs that infect them, suggesting previous contact (Maumus
et al., 2014; Mushegian et al., 2016). Although HGT is less well examined in plants than
other systems, it does occur (Gao et al., 2013), offering a possible mechanism for the
presence of the segments. At least some of the virophages, like their giant virus hosts,
have genes seemingly derived from all three domains of life, as well as ORFans, and
virophages may facilitate HGT between giant viruses and their host eukaryotes. Genes
taken from a giant virus by a virophage and subsequently donated to a eukaryote could

be viewed as 'vicarious EVEs' (Katzourakis and Aswad, 2014).

The genome of sputnik 2 has been found integrated in its entirety in the genome of its
host, Lentille virus (Desnues et al., 2012). EVEs and proviruses are usually defined as
being integrated into a cellular organism's genome (Katzourakis and Gifford, 2010),
which would exclude sputnik 2. However, the origins of giant viruses are unknown and
debated. Some argue that they arose through the genome expansion of smaller viruses
by the acquisition of host genes (Yutin et al., 2014). Poxviruses have been shown to

deploy 'genomic accordions', expanding their genome size 7%-10% and acquiring higher
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fitness via recurrent viral gene amplifications (Elde et al., 2012), suggesting another
possible route to permanent genome expansion. Some phylogenetic analysis supports
an accordion like model of giant virus evolution, but it remains controversial (Filée,
2015). Others argue, also controversially, that giant viruses are descended from a (now
apparently otherwise extinct) fourth domain of life via the genome reduction
commonly seen in parasitic organisms (Claverie and Abergel, 2013). Even though the
integration of sputnik 2 into Lentille virus is likely a relatively recent development, if
the latter reduction theory is correct, then it raises questions on how to classify and
label these integrated virophages and foreign viral genes. Nature, as always, seems to

abhor our attempts at neat and tidy categories.

Mobile genetic elements, in the form of DNA transposons and transpovirons, are also
present in the eukaryotic host/giant virus/virophage systems and elsewhere.
Transpovirons are short (~7.5 kbp) linear plasmids that resemble other transposable
elements (TEs) but are found inside the giant virus and virophage virions, as well as
integrated into their genomes (Desnues et al., 2012). Additionally, regular eukaryotic
miniature inverted-repeat TEs are able to colonise and subsequently proliferate within
the genome of the giant virus Pandoravirus salinus, as opposed to being acquired en masse

from its amoeba host Acanthamoeba castellanii (Sun et al., 2015).

Virophages appear to be related to the TEs known as polintons, large DNA transposons

found in many different eukaryotes (Fischer and Suttle, 2011; Yutin et al., 2013).
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Indeed, it has been argued that the mavirus virophage is more closely related to the
polintons than it is to other virophages (Fischer and Suttle, 2011; Yutin et al., 2013).
However, this is extremely dependent on which gene is being looked at, ¢.g. integrase,
which is found in mavirus and polintons but no other known virophages. The name
polinton is derived from the polymerase B (POLB) and retroviral family integrase
proteins found in most of them (Kapitonov and Jurka, 2006). Previously described
DNA transposons are transposed via the direct transfer of their genomic copy between
sites via 'rolling circle' or 'cut and paste' transposition mechanisms, both of which are
dependent on the host replication machinery for DNA synthesis (Craig, 1995;
Kapitonov and Jurka, 2001). Polintons have been proposed as being able to self-
synthesise their DNA using POLB after an integrase catalysed (single stranded)
excision from the host chromosome, followed by genomic insertion elsewhere by
integrase (Kapitonov and Jurka, 2006). As with other TEs, polintons come in
autonomous (encoding the full set of proteins necessary to replicate itself) and
nonautonomous (being dependent on an autonomous relative for anywhere from one to
all proteins) varieties. Most autonomous polintons are ~15-22 kbp with a few cnidarian

examples being closer to 40 kbp (Bao et al., 2015; Haapa-Paananen et al., 2014).

Troubled Taxonomies

'Giant virus' is a morphological designation as opposed to a strictly phylogenetic one,

describing viruses other than poxviruses with virions that are visible with light

20



microscopy (Abergel et al., 2015; Legendre et al., 2015) and as mentioned, is probably
not a monophyletic grouping. Because of the diffraction limit of visible light, this has
been around 300 nm, however with the creation of superlenses (lenses that use
metamaterials to go beyond the diffraction limit) there is theoretically no lower limit
for the size of an object that can be clearly resolved (Pendry, 2000; Wang et al., 2011),
so a more concrete definition should be established. The term giant virus is used with
varying degrees of synonymy for NCLDVs, and sometimes includes the closely
related faustoviruses and phycodnaviruses, despite those two groups generally being

less than 300 nm in size (Reteno et al., 2015).

APMYV was the first giant virus identified and became the type species and genus for
the viral family Mimiviridae, recognised by the International Committee on
Taxonomy of Viruses (ICTV). In addition to more mimiviruses, other viruses such as
faustoviruses (Reteno et al., 2015), Marseilleviruses (Colson et al., 2012), molliviruses
(Legendre et al., 2015), pandoraviruses (Philippe et al., 2013), and pithoviruses
(Legendre et al., 2014) have been discovered since then, founding families of their
own. Most of these additional families are putative placements, with only
Marseilleviridae being currently recognised by the ICTV. These recognised and
putative virus families belong to a putatively monophyletic order of viruses along with
the smaller (generally 100 to 400 kbp genomes) NCLDV families Ascoviridae,
Asfarviridae, Iridoviridae, Phycodnaviridae, and Poxviridae (Colson et al., 2013). The order

Megavirales is not an officially recognised order but the term is still widely used in the

21



literature to encompass all of these families. The origins of the clade are less clear,
obscured by significant HGT, a large ratio of ORFans to ORFs with identifiable
relations, and what appears to be a deep evolutionary history. As mentioned earlier
there are some who claim Megavirales are descended from an otherwise extinct fourth
domain of life (Claverie and Abergel, 2013; Raoult, 2013), but the hypothesis remains
deeply controversial (Williams et al., 2011; Yutin et al., 2014). Different papers have
presented phylogenetic trees with a widely varying levels of disagreement, depending
on which genes are being used to create the trees, and which viruses (and cellular
organisms) are being sampled (Aherfi et al., 2016; Benamar et al., 2016; Delaroque et

al., 1999; Fischer et al., 2010; Raoult, 2013; Williams et al., 2011; Zade et al., 2015).

The ICTV has also recognised the family Lavidaviridae, containing two genera,
Mavirus and Sputnikvirus, comprising the virophages which have been isolated:
mavirus, sputnik, and zamilon (Krupovic et al., 2015). As the other virophages are
only known metagenomically they have no formally recognised place. Because of the
close relationship between virophages and polintons, the origins of both are if
anything more obscured than those of giant viruses. As with giant viruses, trees vary
by which gene is being examined (Blanc et al., 2015; Fischer and Suttle, 2011; Gong et
al., 2016; Iyer et al., 2008; Yutin et al., 2015b, 2015a, 2013), which makes classification
difficult. Further complicating the issue, sputnik appears to be evolutionarily linked
to bacterial TEs carrying TV-Pol family genes (e.g. IS605 or SCCmec elements) (Iyer

et al., 2008), and has a phage type bacterial insertion transposase that is entirely
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unrelated to the retroviral type integrase found in mavirus and polintons (La Scola et
al., 2008). This further reinforces the idea that there is extensive mosaicism, but
interestingly may suggest a degree of convergent evolution as well if sputnik
reacquired an integration system after losing the retroviral integrase. Putative hybrids
between virophages and polintons have also been reported from metagenomic data
(Yutin et al., 2015a). Since polintons are found across a broad range of eukaryotes
including multicellular ones, it has been suggested that they may have arisen from an
ancient mavirus-like ancestor that became able to integrate and transposition itself
intragenomically (Figure 0.1a) (Fischer and Suttle, 2011; Katzourakis and Aswad,
2014). However, others have suggested that virophages are escaped polintons that

recombined with an unknown virus (Figure 0.1b) (Yutin et al., 2013).

A more controversial hypothesis for the origins of polintons and virophages combines
elements of both scenarios, and puts hypothetical 'polintoviruses' at the origin of not
just virophages but also Megavirales, bidnaviruses, and adenoviruses (Figure 0.2)
(Koonin et al., 2015; Krupovic and Koonin, 2014). In this hypothesis, tectiviruses
(bacteriophages infecting gram-negative bacteria) came into eukaryotes as part of
symbiogenesis and the capture of mitochondria (Koonin et al., 2015; Krupovic and
Koonin, 2014). Tectiviruses acquired cysteine protease and integrase from already
extant transposons, becoming 'polintoviruses' capable of existing exogenously and
endogenously (Koonin et al., 2015). Polintoviruses then differentiated into bidnaviruses

via recombination with a parvovirus, into adenoviruses through the loss of integrase, and
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Figure 0.7 Two proposed scenarios for the origins of polintons.
A) A virophage (purple icosahedron) integrated into the
genome of a polinton free cell (blue) and was then transmitted
vertically, as a standard EVE (purple), differentiating along
with its hosts. B) An unknown virus (blue icosahedron)
infected a cell and recombined with pre-existing polintons
(purple). The polintons then escaped as virophages (purple

icosahedron).

into true polintons through the loss of their capsid gene (Koonin et al, 2015).

Polintoviruses also separately escaped the nucleus via the acquisition of DNA dependent
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Figure 0.2 A 'polintovirus' centred scenario for the evolution of polintons, plasmids, and
various eukaryotic DNA viruses. See text for details. Icosahedrons represent icosahedral
capsids. Capsid protein of bidnaviruses is unrelated to that of tectiviruses and their
descendants. Greyed out icosahedron by polintoviruses indicates that (like polintoviruses
themselves) the predicted capsid has never been observed. Double helices represent
dsDNA. Single helix represents ssDNA. INT: retroviral family integrase; PRO: cysteine
protease; POLB: DNA polymerase B; RNAP: DNA dependent RNA polymerase.
Modified from Koonin et al., 2015; Krupovic and Koonin, 2014.

RNA polymerase and an mRNA capping system, forking into cytoplasmic plasmids via
reduction, and into Megavirales via the replacement of POLB, and a 10-100 fold (or more)
genome expansion (Koonin et al., 2015). Separately, polintoviruses differentiated into
more permanently exogenous virophages and began parasitizing and swapping genes

with Megavirales (Koonin et al., 2015). If the currently observed distribution of integrase
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in virophages (i.e. only in mavirus and its close relatives) is representative of the actual
distribution, then this last step would have to involve the loss of integrase from most, but
not all, virophage lineages. It should be noted that there is virtually no direct support for
this hypothesis. Polintoviruses have never been observed as exogenous viruses, either in
vivo or in vitro. Their existence is predicated on the existence of putative capsid genes in
some polintons (Koonin et al., 2015; Krupovic and Koonin, 2014). The ORFs in question
do not align with virophage capsid proteins at the sequence level for nucleic acids (NA)
or amino acids (AA), but are claimed to form the double jelly roll fold seen in virophage
capsid proteins when protein folding is digitally simulated (Krupovic and Koonin, 2014).
Even if the putative capsid proteins found in some polintons are real, they could have
been acquired by polintons via recombination with exogenous viruses or be left over from
the initial integration described in Figure 0.1. This latter explanation would also not
require the repeated gain and loss of integrase from polintoviruses as they differentiated
into adenoviruses, bidnaviruses, Megavirales, and most but not all virophages, an issue
which the proponents of the theory do not address. There is also no explanation for why
some polintoviruses escaped the nucleus and underwent enormous genome expansion

while others remained more or less the same size.

These irresolvably tangled phylogenies and obscure taxonomies are unfortunately, not
exclusive to the viral world. Differing phylogenies and classification systems for
Eukarya have been suggested (e.g. Adl et al.,, 2012; Simpson and Roger, 2004) but

regardless of the system used, polintons and polinton-like elements (PLEs) are
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widespread amongst eukaryotes (Bao et al., 2015; Krupovic and Koonin, 2014; Yutin et
al., 2015b). Polinton and PLEs have been found in green algae, Cryptophyta (flagellate
algae), and the SAR super group (which includes water moulds, dinoflagellates,
Bigelowiella natans, and C. roenbergensis, proposed in Burki et al., 2007), but not land
plants. They are also found amongst Amoebozoa, animals (notably absent from
mammals), and fungi plus other single celled organisms that vary drastically in their
placement under different systems. Given how distantly related some of hosts of
polintons and PLEs are (e.g. wasps and dinoflagellate endosymbionts of corals), there
would need to have been extensive HGT between different kingdoms/super groups
within eukaryotes, or else the ancestral integration would need to have happened at
least a billion years ago. Although this amount of time seems like it would render
polintons unrecognisable, it is claimed that phylogenetic analysis supports the primarily
(though not exclusively) vertical transmission and evolution of polintons from a
unicellular ancestor (Haapa-Paananen et al., 2014). However, some evidence of HGT
is still seen between different eukaryotes, as well as from a braconid parasitoid wasp

chromosome to its proviral endogenous bracovirus (Dupuy et al., 2011).

Ecological Effects

While the relatives of the giant viruses, Iridoviridae, Poxviridae, etc. are often extremely
serious threats to multicellular life, the giant viruses of the family Mimiviridae appear to

only infect single celled eukaryotes, and have not been clearly associated with any
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pathologies of multicellular organisms (Vanspauwen et al., 2013). Many of the single
celled organisms infected by giant viruses are primary producers or otherwise underpin
food webs, meaning giant viruses can have substantial effects on nutrient cycling and
population dynamics (Fischer and Suttle, 2011; Yau et al., 2011). Harsh ecosystems with
highly truncated food webs, such as hyper saline lakes or acidic hot springs will tend to
be microbially dominated, and in such environments, viruses can be one of the
dominant 'predators'. Furthermore, giant viruses have been found inside coral
endosymbionts (Symbiodinium sp.), and associated with a coral bleaching event (Correa
et al., 2016), showing how they can have major effects on macroscopic ecosystems.
Because virophages parasitise giant viruses and, at least in some cases, can prevent host
cell death, they can be beneficial to the helper virus's host. By increasing the eukaryote's
survival, virophages can play a significant role in viral-host dynamics. This results in

complex ecological interactions between virophage, eukaryote, and giant virus.

In the case of B. natans, a unicellular alga, a number of genes of putative virophage
origin, dubbed virophage like elements (VLEs), have been incorporated into the host
nuclear genome and are transcriptionally active, possibly as a defence mechanism
against a giant virus (Blanc et al., 2015). However, no known giant virus has been
observed parasitising B. natans, so the defensive nature is speculative. Nevertheless,
even if there is not currently a virus that the VLEs in B. natans defend against, they
could be indicative of a historical confrontation, serving as an indirect fossil record.

The flagellate C. roenbergensis is host to the giant virus CroV, itself host to the mavirus
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virophage. The de novo integration of mavirus into C. roenbergensis was reported as being
experimentally observed (Fischer and Hackl, 2016). Unlike in B. natans these
provirophages remained quiescent unless the cell was infected with CroV, which
resulted in the production and eventual release of mavirus virions. Although this did
not seem to protect the individual C. roenbergensis cell initially infected with CroV, it did
protect the wider population as a whole from lysis and it was suggested that endogenous
virophages can act as an antiviral defence system in natural protist populations (Fischer
and Hackl, 2016). The authors do not elaborate on what the unit of selection would be,
but presumably this would be via kin selection, similar to eusocial insects. C. roenbergensis
does not have any known sexual reproduction, replicating entirely asexually via binary
fission (Hackl et al., 2019). Populations are therefore clonal, in which case rescuing the
individual and rescuing the host will pass on essentially the same complement of genes.
Alternatively, non-integrated mavirus does help protect the host, so it is possible that
there was a small level of protection provided that they did not detect, and that the
population defence was an entirely secondary effect. The cases of B. natans and C.
roenbergensis provide evidence of an evolutionary scenario needed for a hypothetical
origin of polintons from exogenous virophages, however, they remain the only two

reported cases of virophage/VLE integration in eukaryotes.
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Part 2

Chapter 2 of this thesis examines HLAs in modern humans derived from archaic
hominids, Neanderthals and Denisovans. The prevalence and geographic distributions
of archaic HLAs as well as possible causes for the observed patterns are explored. This
chapter shows that there is a correlation between archaic HLA frequency in modern
human populations and environmental predictors such as distance from the Equator,
and that the different types of class I HLAs (A, B, and C) maintain different frequencies

of archaic HLA variants suggesting different selective pressures.

Human Leukocyte Antigen

In vertebrates, the coevolution of a host with its pathogens is probably most readily
apparent in the genes of the major histocompatibility complex (MHC). Found on the
short arm of chromosome six in humans, these genes are known as human leukocyte
antigen (HLA) genes and comprise the most rapidly evolving portion of the genome
(Bergstrom et al., 1998; Shiina et al., 2006). They were initially detected via similarly
reacting sera as an alloantigen present on leukocytes (hence the name) and their role in
self vs. nonself detection was quickly recognised, though initially in the context of organ
transplantation (Dausset, 1958; Thorsby, 2009). Their principle biological role is
pathogen vs. self peptide recognition and presentation and this was identified soon
thereafter (Levine et al., 1963). HLAs are divided into three classes comprising multiple

types and although the function of all HLA types is not known, generally Class I and
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Table 0.1 The number of known HLA alleles by type.

Alleles in purple italics are considered the main Class I

alleles. Alleles in blue bold are considered the main class

two alleles. Data from (Gonzalez-Galarza et al., 2015).

Locus Number of Known Alleles
HLA-A 3,094
HLA-B 3.866
HLAC 2,618
HLA-DMA 7
HLA-DMB 13
HLA-DOA 12
HLA-DOB 13
HLA-DPA1 39
HLA-DPBI1 520
HLA-DQOA1 54
HLA-DQBI1 777
HLA-DRA 7
HLA-DRB1 1,719
HLA-DRB2 1
HLA-DRB3 59
HLA-DRB4 15
HLA-DRB5 21
HLA-DRB6 3
HLA-DRB7 2
HLA-DRB8 1
HLA-DRB9 1
HLA-E 17
HLA-F 22
HLA-G 50
HLA-H 12
HLA-J 9
HLA-K 6
HLA-L 5
HLA-P 5
HLA-V 3
HLA-Y 3

Class II are involved in antigen presenting and the Class III region contains complement
genes as well as genes with no immune or inflammatory function (Shiina et al., 2004).

The HLA region includes the most polymorphic loci in the human genome, with
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anywhere from one to thousands (Table 0.1) of different identified alleles for the different
HLA types (Campbell and Trowsdale, 1993; Gonzalez-Galarza et al., 2015; Kawashima
etal., 2012). Many, and at least in Class I most (>80%), of these alleles are very rare, having
been identified in only a single family or individual, with only minor point mutations
differentiating them from more common alleles (Robinson et al., 2017). The frequency
of these single nucleotide polymorphism (SNP) differentiated alleles tracks to the human
germline mutation rate and predicts 8-9 million different HLA Class I alleles globally
(Robinson et al., 2017). Distinguishing functional and silent random variation from one
another is both challenging and has important implications for disease and transplant

outcomes (Crux and Elahi, 2017; Dendrou et al., 2018; Robinson et al., 2017).

Given the number of HLA alleles, the number of possible combinations is enormous.
However, certain combinations of HLAs, what is known as a haplotype, are much more
common than what would be expected by chance (Choo, 2007; Dendrou et al., 2018).
This non-random association of alleles at different loci is known as linkage
disequilibrium. In general, the different HLA genes are linked and the entire HLA

region is inherited in a Mendelian fashion from each parent.

HLA Structure

Class I HLAs (Figure 0.3a) are noncovalently bound heterodimers comprising a single

transmembrane heavy chain and a [2-microglobulin light chain (Bjorkman and
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Parham, 1990; Choo, 2007). The heavy chain is encoded by the HLA region on
chromosome 6, while the [g-microglobulin is encoded by the B2M gene on
chromosome 15. The protein domains distal to the membrane, a; and o9, are highly
variable, and this is where the peptide binding site is located. The membrane proximal
domains, as and the [g-microglobulin, are more constant and part of the
immunoglobulin (Ig) superfamily which also includes T cell receptors (TCRs)
(Bjorkman and Parham, 1990). Class Il HLAs (Figure 0.3b) are heterodimers composed

of two transmembrane heavy chains encoded by the HLA region of chromosome 6.

a b

Class | Class Il
peptide peptide
binding binding

site site

a a2 a B1

B2m ad a2 B2

extracellular
space

cell membrane

cytoplasm

Figure 0.3 Schematic representation of Class I (a) and Class II (b) HLAs. Class I HLAs are
noncovalently bound heterodimers and are composed of a single heavy chain derived from the
HLA gene region and an extracellular light chain Bo-microglobulin derived from elsewhere.
The a; and ay domains are highly variable while the as and Pymicroglobulin are more
constant. Class II HLAs are a heterodimer consisting of two heavy chains. As with Class I
HLAs, the membrane distal a; and i domains are highly variable while the membrane

proximal ag and 2 domains are more constant.
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The a; and ag domains of the a-chain are respectively very similar to the a; and o
microglobulin of Class I HLAs (Brown et al., 1993). On the -chain, the $; domain is
very similar to the Class I ag domain while the B2 domain matches the Class I as domain
less closely (Brown et al., 1993). As with Class I the membrane distal portions are more

variable while the Ig-like proximal portions are more constant (Wieczorek et al., 2017).

The peptide binding sites of both Class I and Class II HLAs are broadly similar. For
both, the site is made up of two domains, derived either from a single chain in Class I
or the two chains found in Class II. The peptide binding site is a groove at the
membrane distal end of the protein. The walls of the groove are formed by two raised
antiparallel o-helices with a B-sheet forming the floor (Bjorkman et al., 1987a, 1987b;
The UniProt Consortium, 2019; Wieczorek et al., 2017). The groove is closed at both
ends in Class I HLAs which generally restricts peptide size to around 8-10 residues
(Matsumura et al., 1992; Wieczorek et al., 2017). In Class II HLAs the groove is open
at both ends and able to accommodate longer peptides, 13-25 residues though a modal
average of 15, with some of the peptide being able to project out of the groove entirely
(Chicz et al., 1992; The UniProt Consortium, 2019). The groove necessarily must be
able to accommodate a broad array of different epitopes. For example, using a 20
amino acid alphabet over a 10 residue long peptide has over 10" (short scale: 10 trillion)
different possible combinations (Sewell, 2012). However not all of these possible
epitopes bind with equal affinity or even at all to any given HLA variant, and this

binding affinity is controlled by the fine grain structure of the groove (Falk et al., 1991).
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The fine grain structure of the groove is highly polymorphic and binds different
peptides with varying degrees of affinity based on shallow and deep pockets in the
groove being occupied by peptide side chains, and by hydrogen bonds between the
HLA and the peptide backbone (Brown et al., 1993; Falk et al., 1991). In practice, this
means that a given HLA will be better at binding (and presenting to T cells, see next
section) the epitopes of some pathogens and worse at others. Upon exposure to a novel
virus, this affinity is likely going to be fairly random. HLA B*27:05 for example has
been linked to CD8+ T cell responses to both Gag and polymerase conserved epitopes
and is strongly associated with a slow progression of HIV (Adland et al., 2017). Due to
the relatively recent appearance of HIV, it is unlikely that HLA-B*27:05 evolved
specifically to combat HIV, it just happens to be very efficient at it. Genome wide
studies have linked different HLA alleles to the risk, severity, and/or treatment
outcome of many major infectious diseases as well autoimmune diseases (Chapman

and Hill, 2012; Dendrou et al., 2018)

Obviously, an individual that is better able to present epitopes of an endemic pathogen
and thus better able to fight that pathogen gains a survival advantage. In this way,
endemic pathogens can place a selective pressure on a population, leading to an
increased prevalence of that HLA within the population over time (Hughes and Yeager,
1998; Prugnolle et al., 2005). However, a population also benefits from maintaining

some diversity in its HLAs due to the potential exposure to novel pathogens (Hughes
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and Yeager, 1998). There seems to be a mechanism to promote this in humans, where
HLA dissimilarity has been shown to correlate with mate partnership (Kromer et al.,
2016). Although well established in other mammals, birds, and fish, the extent of this
influence on human behaviour and the mechanism, generally presumed to be olfactory,
remains fairly controversial (Kromer et al., 2016; Natsch, 2014). Regardless, pathogens
generally have much faster generation times and evolution rates when compared to
their vertebrate hosts. The high degree of polymorphism found in the HLA system is
widely believe to be a defensive measure evolved by vertebrates in order to compensate
for what might otherwise be a crippling handicap when competing with their more

rapidly evolving pathogens (Markov and Pybus, 2015; Sommer, 2005).

HLA Function

Although involved in other processes such as natural killer cell licensing, the prime
function of HLAs is antigen presentation (Figure 0.4). Class I HLAs comprising, HLA-
A, HLA-B, and HLA-C alleles, are expressed on the surface of nearly all nucleated cells
(Crux and Elahi, 2017; Daar et al., 1984). In contrast, the products of the Class I HLA
genes, DP, DQ, and DR are principally found on professional antigen presenting cells
such as B cells, dendritic cells, and macrophages (Choo, 2007; Cresswell, 1994). Class I
HLAs predominantly bind peptides derived from cytosolic proteins (though with some
nuclear proteins as well) produced by the cell whether these are self (Figure 0.4a) or

pathogen (Figure 0.4b) in origin (Jardetzky et al., 1991). Class II HLAs predominantly
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present antigens extracted from the extracellular milieu (Figure 0.4c). There are some
reports of Class II HLAs being able to bind peptides directly from the extracellular

milieu without an internalisation process but Class II HLAs are primarily loaded with
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Figure 0.4 Cartoon schematic of the use of HLA class I (a and b) and class II
(c). (a) normal cellular proteins are broken down into smaller peptides and
presented on the cell surface but do not activate CD8+ T cells. (b) peptides
derived from viral proteins are presented to CD8+ T cells which causes the T
cell to induce lysis in the infected cell. (c) APCs endocytise foreign antigens
and present them to CD4+ T cells. HLA: human leukocyte antigen. TCR: T
cell receptor. APC: Antigen presenting cell.
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peptides derived from endogenised antigens (Cresswell, 1994; Wieczorek et al., 2017).

The combined Class I HLA/peptide complex serves as a target for TCRs on CD8+ T
cells (Figure 0.4a and 0.4b) which bind to exposed residues on the peptide as well as
accessible portions of the o-helices of the HLA (Pamer and Cresswell, 1998). When
naive CD8+ T cells are activated by binding to HLA/pathogen peptide complexes, and
the presence/absence of other positive/negative costimulatory signals (e.g. CD28 or IL-
2), they become either effector cytotoxic T lymphocytes (CTLs) or memory CD8+ T
cells. Activated CTLs can then destroy infected cells by inducing apoptosis (Figure
0.4b). The Class II HLA/peptide complex is the target for TCRs on CD4+ T cells, also
known as "T helper cells' (Figure 0.4c). As with CD8+ T cells, CD4+ T cells require
additional costimulatory signals in order to activate. Depending on the signals involved
when the naive CD4+ T cells are activated they can differentiate into numerous
different subtypes (e.g. Figure 0.5) which play different roles in the adaptive immune
response (Bonelli et al., 2014; Eyerich et al., 2009; Owen et al., 2013). It was originally
thought that these were terminal differentiations but there is actually a large degree of

plasticity between different subtypes (Bonelli et al., 2014; Geginat et al., 2014).

CD4+ T helper cells are critical for both the antibody mediated (humoural) and cell
based adaptive immune response, as they activate and recruit other immune cells such
as basophils, B cells, CD8+ CTLs, eosinophils, macrophages, mast cells, and

neutrophils (Geginat et al., 2014; Zhu and Paul, 2010). Though there are many
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Figure 0.5 A small sample of T helper cell subtypes that naive CD4" T
cells can differentiate into based on exposure to various polarising

cytokines. Different subtypes express different effector cytokines upon
differentiation. IL Interleukin; IFN Interferon; TGF Transforming
growth factor; TNF Tumour Necrosis Factor; Ty T Helper; Ten T
Follicular Helper; Trec Regulatory T Cell. Data from (Bonelli et al., 2014;
Eyerich et al., 2009; Owen et al., 2013)

identified CD4+ subtypes, and the list continues to grow, five 'principle' lineages are
recognised: Follicular helper T cells (Tru) which help and regulate B cells, regulatory
T cells (Treg) which regulate self-tolerance of the immune system, and Tul, Th2, and
Tr17 which target specific classes of pathogen (Crotty, 2011; Geginat et al., 2014; Korn
et al., 2007; Sakaguchi, 2005). In addition, there are also a variety of memory T cells,
such as central memory and effector memory T cells which can provide lasting protection

after a primary infection by responding quickly to secondary infections, in some cases by
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changing into an effector lineage such Tl (Geginat et al., 2014; Owen et al., 2013).

Humans are exposed to a constant barrage of pathogens many of which have evolved
sophisticated methods of evading the innate immune response. The adaptive immune
response mediated by HLAs and CD4+ cells works to counter this. The nature of CD4+
T cells as the linchpin of the adaptive immune response becomes immediately apparent
in their absence such as with HIV infection. Infected individuals become susceptible to
opportunistic infections and cancers due CD4+ depletion and some of these HIV

related diseases can even be stratified by CD4+ count (Jung and Paauw, 1998).

Part 3

Chapter 3 of this thesis is in some ways the inverse of chapter 2, looking at the
coevolution of HIV with humans. The dominant paradigm (discussed in detail in
Chapter 3) for more than 20 years has been that HIV subtype diversity is merely an
artefact of random founder effects rather than being a result of adaptive processes (Hu
et al., 1999; Rambaut et al., 2001). The work here shows that while founder effects likely

still play a role, adaptive processes are at work.

Origin of HIV

Each human immunodeficiency virus 1 (HIV-1) lineage or 'group' is the result of a single

independent cross species transmission of simian immunodeficiency virus (SIV) and are
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labelled group M, group N, group O, and group P. Phylogenetic evidence indicates that
groups M and N crossed over from chimpanzees (Pan troglodytes troglodytes) while groups
O and P likely stem from western lowland gorillas (Gorilla gorilla gorilla), , though they
may have still been transferred to humans via chimpanzee (Keele et al., 2006; Plantier et
al., 2009; Van Heuverswyn et al., 2007). Other cross species transmissions from sooty

mangabeys (Cercocebus atys), have led to various HIV-2 lineages (Marx et al., 1991).

The different crossover events had widely varying degrees of success. HIV-1N accounts
for only a small minority of HIV cases in Cameroon (Vallari et al., 2010). Group O
likewise has only low prevalence primarily in Gabon (Liégeois et al., 2013) and HIV-1P
has only been identified in two patients to date (Plantier et al., 2009; Vallari et al., 2011).
All the HIV-2 strains combined only account for 1 to 2 million infections and are
primarily constrained to West Africa (Campbell-Yesufu and Gandhi, 2011; Esbjérnsson
et al,, 2012). HIV-1M is the strain responsible for the global pandemic currently
infecting ~38 million people and estimated to have infected ~75 million people since

its start (UNAIDS, 2019).

These crossover events are thought to likely have occurred from bushmeat hunting,
and indeed modern bushmeat hunters continue to be exposed to and infected by simian
retroviruses (Kalish et al., 2005; Wolfe et al., 2004). Similar crossover events thus have
likely been occurring for thousands if not tens of thousands of years, before the right

alchemy of biological traits and human social factors allowed HIV-1M to go global.
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Evolution of Pandemic HIV-1 group M

HIV-1M emerged around 1900 in either the Belgian Congo, now the Democratic
Republic of the Congo (DRC) or Cameroon (Kalish et al., 2004; Keele et al., 2006;
Korber et al., 2000; Salemi et al., 2001; Van Heuverswyn et al., 2007; Vidal et al., 2000;
Worobey et al., 2008). Originally it spread only slowly from its rural point of origin until
human social and cultural factors, many brought about by colonialism in the region,
accelerated its spread. These factors included the construction of roads and railroads,
urbanisation, increased mobility of migrant labour, non-sterile medical practices, and
changes in sexual activity (Faria et al., 2014; Morse, 1995; Sharp and Hahn, 2008). In
an effort to treat endemic and imported diseases, colonial powers attempted both
environmental and human interventions in varying proportions (Worboys, 1994). In
their efforts to stamp out sleeping sickness, the British tended to focus more on
environmental intervention, whereas the French and Belgians focused more on trying
to cure infected individuals in order to prevent them from transmitting the disease
onwards (Headrick, 2014). The Belgians were particularly brutal in this regard,
establishing forced internment camps, known as lazarets, for sick Africans, where those
suspected of being sick were given injections of the relatively toxic arsenic compound
Atoxyl (Headrick, 2014). These injections were not voluntary or optional, and the
widespread reuse of non-sterile needles, compounded by immune systems already
weakened by horrific conditions in the camps, has been proposed as exacerbating if not

kicking off the nascent HIV-1 pandemic (Pepin, 2011). The pandemic only started in
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earnest when the virus reached Léopoldville (now Kinshasa) in the Belgian Congo in
the 1920s, the time of the most recent common ancestor for Group M (Faria et al.,
2014). From there, it began spreading along the colonial transport networks both within

the country and beyond (Faria et al., 2014; Sharp and Hahn, 2008).

Both Group M and Group O were epidemiologically similar until ~1960, exhibiting a
relatively slow exponential growth essentially keeping pace with the rate of population
growth in Kinshasa (Faria et al., 2014). In ~1960, while Group O's growth remained
relatively the same, Group M's growth rates more than doubled, and it is around this
time that we see an explosive diversification of Group M subtypes (Faria et al., 2014;
Worobey et al., 2008). The exact cause of this shift is unknown as is whether the
increased growth rate led to diversification or vice versa. However, several possible
potentially overlapping hypotheses have been put forward. These include increased
transmission rates leading to a much larger number of infections, substantial
geographic expansion, and a shift away from a small fraction of infections generating
the majority of new cases (e.g. what could be expected with commercial sex workers
receiving non-sterile injections) to more homogenous and less frequent transmissions
(Duke-Sylvester et al., 2013; Faria et al., 2014; Magiorkinis et al., 2013). Why this only
occurred in Group M and not O is also not known, but the increased susceptibility of
Group O to tetherin has been put forward as a possible cause (Sauter et al., 2009).

Regardless of the reason, Group M now accounts for 95% of infections worldwide

(Sharp and Hahn, 2008).
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Group M Subtypes

In 1992, about a decade after the discovery of HIV and its identification as the
etiological agent of AIDS (Barré-Sinoussi et al., 1983; Gallo and Montagnier, 2003), it
became apparent there were at least five distinct lineages, or subtypes, of HIV-1IM
(Myers et al., 1992). Originally based on env sequences, these were designated subtypes
A, B, C, D, and E, however, when efforts were made to validate these designations with
gag sequences, subtype E was not recovered (Myers, 1994). What was originally
designated subtype E was shown to be a recombinant virus between subtype A and an
ancestral subtype E virus (Gao et al., 1996), an early harbinger of the havoc
recombination can wreak on phylogenetic efforts. A 'pure' version of the ancestral
subtype E virus has not yet been located and the strains formerly designated as E were
reclassified as the first identified circulating recombinant form CRF01_AE (Lau and

Wong, 2013).

Currently, subtypes A-K, and over a hundred different circulating and unique
recombinant forms are recognised (subtype I was also reclassified as a CRF), with
subtypes A and F being further divided into sub-subtypes (Buonaguro et al., 2007; “Los
Alamos National Laboratory HIV Sequence Database,” 2019; Robertson et al., 2000).
CRFs stem from co-infection and recombination by different subtypes of the virus within

an individual. Subtypes are roughly phylogenetically equidistant from each other and
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genetic variation between them is usually 25% to 35% (Hemelaar et al., 2006; Korber et
al., 2001; Taylor et al., 2008). Genetic variation within a subtype is usually around 15% to
20% (Korber et al., 2001), while genetic variation within sub-subtypes is around 6% to 8%
(Triques et al., 2000). There are also geographically distinct lineages which, while not
phylogenetically equidistant within a subtype, are still phylogenetically distinguishable
(Taylor et al., 2008). Examples of geographically distinct lineages include Ethiopian C,
Former Soviet Union A, Thai B, and West vs. East African D. The ability to distinguish
subtypes, sub-subtypes, and geographically distinct lineages is not just an interesting
phylogenetic quirk. Numerous studies have repeatedly shown that HIV subtype affects
replicative fitness e.g. (Arién et al., 2005; Njai et al., 2006), disease progression e.g. (Baeten
et al., 2007; Kaleebu et al., 2002), viral load e.g. (Fischetti et al., 2004; Sarr et al., 2005),

and transmission rates (Hudgens et al., 2002; Kiwanuka et al., 2009; Sarr et al., 2005).

In addition to this phylogenetic determination, subtypes can also be distinguished by
subtype specific positions (SSPs) in the virus' AA sequence (“Los Alamos National
Laboratory HIV Sequence Database,” 2019; Tenzer et al., 2014). Subtypes and CRFs
show a strong geographic distributional 'preference’, being more or less prevalent in
different regions, for example: Subtype A is common in Central, East, and West Africa,
as well as Eastern Europe and Central Asia. Subtype B is the most geographically
dispersed strain (Junqueira and Almeida, 2016) and predominates in Australia,
Europe, New Zealand, and the United States. Subtype C is prevalent in Ethiopia and

Southern Africa as well as India (Table 0.2).
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Table 0.2 Non-recombinant subtypes of HIV-IM, their areas of prevalence, and their
prevalence globally from 2010 to 2015. Areas of prevalence compiled from (“Los Alamos
National Laboratory HIV Sequence Database,” 2019). Percent of global infections from
(Hemelaar et al., 2019).

Percent Global Areas of Prevalence

Subtype Infections

A 10.3% Central, E'flst, and West Africa; Eastern Europe,
Central Asia

B 19.1% Americas, Australia, Japan, South Korea, New
Zealand, Western Europe

C 46.6% Southern and Eastern Africa; South Asia

D 2.7% Sudan and Uganda

F 0.6% Angola, South America

G 4.6% West Africa

H 0.1% Central Africa

J 0.1% Central Africa

K 0.1% Central Africa

Due to their presumed clinical relevance and importance to future vaccine efforts, it is
unsurprising that the questions of where subtypes come from and why were asked and
debated as soon as they were identified (Myers, 1994; WHO network for HIV isolation
and characterization, 1994). The idea of HIV coevolution and human host specificity
was summarily dismissed early on as well (Myers, 1994). However, this dismissal seems
to have been somewhat premature and possibly due to limited data as it also discounted
the idea that there was geographic distribution to the subtypes, something that is self-
evident today. It was proposed, first in an epidemiological framework (Hu et al., 1999)
and then independently in a phylogenetic one (Peeters and Sharp, 2000; Rambaut et
al.,, 2004, 2001), that the global subtype diversity we see is due entirely to random

founder effects. Under this hypothesis, there is a pool of circulating HIV strains in the
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DRC, and the random exportation of one of these strains to a new region is what causes
anew localised epidemic of a specific subtype. Geographic distribution of subtypes then
is random and does not indicate any kind of host specificity or coevolution. This idea
that global subtype diversity is merely an artefact of chance founder events has since
become the dominant paradigm in the field and has changed little in the intervening
years e.g. (Archer and Robertson, 2007; Faria et al., 2019; Ferdinandy et al., 2015; Grant

et al., 2020; Roques et al., 2002; Tebit and Arts, 2011).

HIV Biology

HIV-1 is a retrovirus (family Retroviridae) belonging to the Lentivirus genus. The genome
of the most commonly used reference strain, HXB2 (accession number K03455), is
9719 base pairs (bp) long; however, due to the unstable nature of HIV-1's genome there
are numerous insertions and deletions in other strains relative HXB2, particularly in
the envelope protein (“Los Alamos National Laboratory HIV Sequence Database,”
2019). Like other retroviruses, the positive sense single stranded RNA genome encodes
three larger polyproteins: Gag, Pol, and Env, as well as a number of accessory proteins

and numerous regulatory elements (Figure 0.6a).

The virion (Figure 0.6b) possesses a host derived lipid envelope that retains some host

proteins. The collection of these proteins appear to be conserved, indicating a non-

random exit pathway and that the uptake of host proteins may not be a passive process
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(Burnie and Guzzo, 2019; Linde et al., 2013). The envelope is also studded with env
derived trimeric glycoprotein complexes comprising gp41, gp120, and extensive (~50%
by mass of gp120) glycans (Leonard et al., 1990). HIV-1 is dependent on these Env
glycoproteins for cellular entry and changes to it can affect cellular tropism (Arrildt et
al., 2012). The gag gene encodes structural proteins that make up the matrix, capsid,
and the nucleocapsid, while pol encodes the replication machinery of the virus: reverse

transcriptase and integrase. The viral genome is diploid with each virion containing

two strands of RNA.

The mutation rate of HIV-1's RNA genome is similar to that of other non-retro RNA
viruses, around 3.5 x 10~ mutations per nucleotide per replication (Sanjuan et al., 2010;
Schlub et al., 2014). Differing levels are reported by different groups depending on
whether experiments are in vitro or in vivo, what cell lines are being worked with, and
the normal variability of biological experiments. The various estimates work out to
about .1 to 1 mutation per replication cycle, with the bulk of this mutation being
thought to occur during reverse transcription due its lack of exonucleolytic
proofreading (Abram et al., 2010; Cromer et al., 2016; Schlub et al., 2014). Other

possible sources of mutation likely include the poor fidelity of RNA polymerase and
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Figure 0.6 Schematic diagrams of HIV genome (top, a) and virion (bottom, b). Adapted with
permission from (Thomas Splettstoesser, 2014).

host factors such as APOBEC3F increasing mutation rates. Additionally, 15-20% of

mutations are directly linked to recombination events, suggesting that the

misincorporation of nucleotides increases as the RNA is swapped in and out during

strand transfers (Schlub et al., 2014).

Because of this, any given virion's two RNA strands are unlikely to be 100% identical
During reverse transcription the growing DNA strand undergoes an obligatory strand
transfer between RNA strands, in a process called minus strong-stop DNA transfer (Basu

et al., 2008). A second strand transfer also occurs later during the synthesis of the
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complementary (positive sense) strand of DNA. In addition to these obligatory strand
transfers, the growing DNA strand can also switch between RNA strands at any point
during reverse transcription, and certain sites seem to be preferential break points,
promoting strand transfer (Simon-Loriere et al, 2010; Smyth et al., 2014). These
preferential sites appear to be mediated by secondary and tertiary structures in the RNA
genome itself as well as chaperone activity by the nucleocapsid protein (René et al., 2018;
Simon-Loriere et al., 2010). During a superinfection, wherein a cell is infected by multiple
different HIV-1 subtypes, progeny virions can be packaged with RNA strands from two
different subtypes. Subsequent strand swapping during reverse transcription can lead to
recombinant forms of the virus, some of which can establish themselves as CRFs,
apparently outcompeting 'pure' subtypes in specific regions (Njai et al., 2006). This can
also occur with two viruses from the same subtype, potentially transferring functional

mutations such as drug resistance, but this is generally harder to detect.

Like any replicating system, HIV-1 can be visualised as existing in a 'fitness landscape',
where height measures the reproductive success of a given genotype and horizontal
distance between genotypes is a measure of how closely related they are (McCandlish,
2011; Wright, 1932). HIV-1's rapid rate of mutation, and even more so its
recombination, allow for the virus to quickly adapt to changes in the fitness landscape
such as a host's Cytotoxic-T-Lymphocyte (CTL) response, moving to a new host with
different HLA genes, or the application of antiviral drugs (Burke, 1997).

Recombination allows for the escape of 'Muller's ratchet', wherein purely asexual
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reproduction leads to the accumulation of deleterious mutations and the 'ratcheting
down' of population fitness, and for rapid leaps between local fitness maxima that
would otherwise be difficult to move away from (Burke, 1997; Felsenstein and

Yokoyama, 1976; Muller, 1964).

Despite this overall propensity for mutation and recombination in HIV-1, different
viral proteins appear to have vastly different tolerances for these changes (Crawford et
al.,, 2011; Dahirel et al., 2011; Rolland et al., 2010). Env, the protein most exposed to
the host immune response, can tolerate substantial mutations, including relatively large
insertions and deletions (“Los Alamos National Laboratory HIV Sequence Database,”
2019). Indeed, gp120, the outermost portion of Env (Figure 0.6b), contains five variable
loops which can vary in length and amino acid composition affecting everything from
cellular tropism to sensitivity to neutralising antibodies (Yuan et al., 2013). In contrast
proteins like Gag are much more structurally and functionally constrained, for example
the CTL escape mutations required by HIV-C to evade HLA-B*57/B*58:01-restricted
responses incur significant costs to viral replicative capacity (Boutwell et al., 2009;
Schneidewind et al., 2008). While escape mutations and co-occurring compensatory
mutations exist in Gag, broad Gag-specific CD8" T-cell responses (i.e. ones targeting
multiple Gag epitopes) are strongly linked to reduced viral loads (Crawford et al., 2011;
Honeyborne et al., 2007; Kiepiela et al., 2007; Rolland et al., 2010; Tarosso et al., 2017;
Zuiiga et al., 2006). This has important implications for vaccine design. A proposed

HIV-1 vaccine strategy is 'cornering' the virus by targeting Gag epitopes that can
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impose fitness costs that cannot be compensated for (Crawford et al., 2011), either
because the compensatory mutations structurally destabilise the virus or because they

make it vulnerable in other ways that can be simultaneously targeted and exploited.

Addressing the Pandemic

Patients with access to antiretroviral therapy (ART) or highly active antiretroviral
therapy (HAART) have their lifespans dramatically increased, with many surviving
long enough to die of non-HIV related causes such cardiovascular disease
(Antiretroviral Therapy Cohort Collaboration, 2008; Burchell et al., 2019). Still, even
for populations with access, adherence rates are often quite poor, ranging from 27% to
80% depending on the population, falling short of the required 95% adherence (Iacob et

al., 2017).

Although great improvements have been made to increase the availability of life saving
treatments, in 2018 only ~60% of the estimated ~38 million people living with HIV
were accessing any form of antiretrovirals (UNAIDS, 2019). This is a dramatic
improvement from earlier years and has finally become a small majority, but further
gains will likely be increasingly difficult as many regions lack the healthcare and

transport infrastructure to allow effective delivery and dissemination of ART.

Because of these issues, despite the tremendous successes of ART and preventative

modalities, a permanent cure remains sought after. An HIV vaccine is likely the best
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route to a robust and lasting end to the pandemic (Fauci et al., 2014a). The US Secretary
of Health and Human Services famously predicted in 1984 that a vaccine would be
ready for testing in approximately two years (Esparza, 2013). This was same year that
HIV-1 was discovered to be the etiological agent of Acquired Immune Deficiency
Syndrome (AIDS), and only a year after the virus itself had been isolated (Barré-
Sinoussi et al., 1983; Gallo and Montagnier, 2003). While after over thirty years without
much progress on a vaccine, this statement may seem absurd, it should be noted that
she was actually essentially accurate in her prediction (Fauci et al., 2014a). The problem
was that those trials, and the many subsequent ones, do not seem to have brought us
any closer to an HIV vaccine. Even with decades of research, we appear to remain very

much in the early stages of vaccine development (Fauci et al., 2014b).

Significant effort has been spent targeting Env, and there is some evidence for the
efficacy of broadly neutralising antibodies (bNAbs), at least in vitro, but it is not clear
how effective these are at reducing viral load and suppressing viremia in chronically
infected patients (Halper-Stromberg and Nussenzweig, 2016; Kumar et al., 2018). The
hope is that by acting on Env directly, bNAbs prevent viral entry into cells. However,
application of bNAbs rapidly selects for mutations either in Env or compensatory ones
elsewhere that confer resistance to the antibodies with only a few amino acid changes
in the virus (Halper-Stromberg and Nussenzweig, 2016; Klein et al., 2012). In vivo, the
number of Env specific CD8" T-cell responses directly correlates with viral load (Kiepiela

et al., 2007), i.e. the more the body is targeting Env the less controlled viremia is. Even
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a mixed response to both Env and Gag is worse than Gag alone as Env responses serve
to dampen the efficacy of Gag responses (Kiepiela et al., 2007). The variable loops of
Env play an important role in the integrity of both the protein and viral envelope and so
ultimately there are some structural constraints on Env (Pritchard et al., 2015; Veillette
et al., 2015; Yuan et al., 2013). However, there appears to be more structural constraints
on Gag than Env (Woo et al., 2010), and these structural constraints are reflected in the

different clinical effects of CTL responses towards the two proteins (Kiepiela et al.,

2007).

Part 4

Phylogenetics

As buds give rise by growth to fresh buds, and these, if vigorous, branch out
and overtop on all sides many a feebler branch, so by generation I believe
it has been with the great Tree of Life, which fills with its dead and broken
branches the crust of the earth, and covers the surface with its ever
branching and beautiful ramifications.

-On the Origin of Species (Darwin, 1859)

Phylogenetic methods are used at various points throughout this thesis and so deserve
their own overview. Phylogenetics is the study of relationships between evolving entities
by modelling their shared ancestries. These 'entities' can range from entire species and
more inclusive taxa, down to individuals, and even single genes within an individual,
or even languages (Gray et al., 2009). Phylogenies allow us to organise our
understanding of and test hypotheses about the evolution of diversity (Williams and

Heaps, 2014). Now, phylogenetics is used in one form or another throughout the
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biological sciences (Yang and Rannala, 2012). Indeed, as has been pointed out, "nothing

makes sense in biology except in the light of evolution" (Dobzhansky, 1964).

Originally, phylogenies were based on morphological features, and used to describe
broad taxonomic relationships (Fitch and Margoliash, 1967; Kapli et al., 2020; Sanghvi,
1953). Morphological features can be utilised when looking at extant macroscopic
creatures, like the beaks of Darwin's finches, and even fossilized remains. However, the
vast bulk of life on Earth is microbial in nature where morphological distinctions are
unfortunately less useful. Prokaryotes could be separated from eukaryotes on the basis
of the absence/presence of a nucleus, but, for example, the question of what exactly
constituted a 'bacterium' and how were they related to blue-green algae (cyanobacteria)
was an unresolved question prior to the advent of molecular sequencing (Heather and
Chain, 2016; Stanier and Niel, 1962). Some biochemical distinctions could be drawn
between microorganisms, but in general only the quantities of constituent elements of
a gene sequences could be determined, not the order (Holley et al., 1961; Williams and

Heaps, 2014).

The development of methods to determine sequence order in 1965 (Holley et al., 1965;
Sanger et al., 1965) started initially just with small RNA fragments, but moved
relatively quickly to gene coding regions (Min Jou et al.,, 1972) and eventually whole
(albeit very small) viral genomes (Fiers et al., 1976). With the door open on molecular

sequencing, researchers had access to a new source of phylogenetic information, not
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just for microorganism but also for multicellular life and individual genes. This rapidly
led to shake ups in our understanding of biology, for example breaking prokaryotes
into the two distinct lineages of Bacteria and Archaea (Woese and Fox, 1977). One of
the greatest benefits of molecular phylogenetics is scientific rigour. The unambiguous
nature of the possible character states in sequence data (4 nucleic acid, ~20 amino
acids) vs. arbitrarily encoded morphological character states allows for substantially
more rigorous statistical analysis (Stevens, 1991; Williams and Heaps, 2014). However,
some subjectivity is still present in molecular phylogenetics. While automated alignment
systems exist and generally do well for similar sequences, sequence alignments

sometimes require manual corrections which are by their nature somewhat subjective.

The availability of molecular sequences, and advances in the statistical and
computational methodologies surrounding molecular phylogenetics has greatly
broadened its utility. Molecular phylogenetics can be used to sort and classify the
numerous different species from metagenomic samples, such as with the Phymm
software (Brady and Salzberg, 2009). Phylogenetics can also be used for genome
interpretation: identifying genes and non-coding regulatory elements in both microbial
(Kellis et al., 2003) and multicellular genomes, including humans (Lindblad-Toh et al.,
2011). In medicine it can be used to reconstruct the progression and mechanisms of
cancer development and treatment (Schwartz, 2019) or the epidemiological dynamics
and evolutionary history of pathogens (Kalish et al., 2004; Kist et al., 2020). An

extension of phylogenetics, phylogeography, pinpointed Kinshasa as the epicentre of
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the HIV-1M pandemic (Faria et al., 2014). Another extension, phylodynamics, looks at
interactions between epidemiological and pathogen evolutionary processes (Grenfell et
al., 2004), and can be used to estimate the basic reproduction number Ry (Rife et al.,

2017) and the dispersion parameter £ (Li et al., 2017) of disease outbreaks.

A phylogenetic tree is a form of acyclic graph (Figure 0.7), meaning that between any
two points there is exactly one path connecting them. Internal nodes bifurcate with each
internal node having one parent node and two offspring, though in unrooted trees the
directionality of this is, by definition, unknown. Terminal nodes, more commonly known
as 'leaves' or 'tips' are end points on the graph and are only connected to one other node.

The terminal nodes consist of the input data, such as sequences in the alignment, while

A/Terminal Nodes e
y Root
Internal Nodes
X
Rooted Tree Unrooted Tree

Figure 0.7 Anatomy of phylogenetic trees. Internal nodes (blue points) are sometimes called

"ancestral nodes", "most recent common ancestors", or "hypothetical taxonomic units".
Terminal nodes (red points) are commonly referred to as "leaves", "tips", or "operational
taxonomic units". Branches are sometimes referred to as edges, and differentiation is made
between internal branches connecting internal nodes and external or peripheral branches
which connect to tips. For a rooted tree (left), the y axis is arbitrary and meaningless. The x
axis can be in substitutions per site or if the tree is dated, the x axis can denote time (e.g.
days, years, etc.). Similarly, for an unrooted tree (right) the angle between branches is

arbitrary and meaningless, only the branch length matters.
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internal nodes are inferred constructs. Each internal node represents a split into new
lineages, and each branch is the persistence of a lineage through time. What exactly 'a
new lineage' constitutes is dependent on the kind of data being analysed. For a gene
family it could represent a duplication event. For a genus of related finches, it represents
a speciation event. Similarly, what exactly the metric of time is can also vary. In an undated
tree, this 'evolutionary time' is measured in substitutions per site. In a dated tree it can
represent units of actual time, such as hundreds of millions of years when looking at early
animal evolution (Dohrmann and Worheide, 2017), or much shorter timescales such as
days when examining within-host HIV diversity (Raghwani et al., 2018). Trees are inferred
from the input data rather than being directly observed, the final tree selected is the tree
that best fits the sequence alignment as determined by the phylogenetic reconstruction

methods used to construct it.

Distance Based Reconstruction Methods

Reconstruction methods can be broadly divided into either distance based or character
based methods (Saitou, 2018; Yang and Rannala, 2012). For distance based methods,
the distance between every pair of sequences is calculated by comparing the aligned
sequences, and the resulting distance matrix (Figure 0.8a) is used iteratively to
construct a tree (Figure 0.8b) (Kapli et al., 2020). These types of methods include
unweighted (or weighted) pair group method with arithmetic mean (Sokal and

Michener, 1958), Minimum Evolution methods (Edwards and Cavalli-Sforza, 1965),
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Figure 0.8 Neighbour joining example of (a) a distance matrix and (b) its corresponding tree.
Numbers in (a) are the sum of the branch lengths shown in (b). Created with artificial data from
(Saitou and Nei, 1987)

Least Squares (Cavalli-Sforza and Edwards, 1967), Minimum Deviation methods (Fitch
and Margoliash, 1967), Transformed Distance methods (Farris et al., 1970; Klotz and
Blanken, 1981), Neighbour Joining (Saitou and Nei, 1987), and the recently proposed
External Edge Elimination (Saitou, 2018). Neighbour joining and its myriad
descendent variations such as BION]J (Gascuel, 1997) are currently the most popular
distance methods (Kapli et al., 2020). Neighbour joining is very computationally efficient
in selecting the optimal tree within tree space (Saitou and Nei, 1987). This is important,
because tree space, that is all possible trees, rapidly becomes enormous as the number of
sequences under analysis goes up due to combinatorial explosion. The number of
possible rooted trees for three different taxa is three. The number of possible rooted trees
for 30 taxa is ~4.95*10%, more than the number of stars in the observable universe. At
60 taxa it becomes a trillion-fold more than the number of atoms in the observable
universe. While distance based methods tend to be computationally efficient, they often

perform poorly when examining sequences with high levels of divergence such as might
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be seen in distantly related species (Kapli et al., 2020; Yang and Rannala, 2012). There
are several reasons for this. Distance methods are often sensitive to gaps in sequence
alignments despite some efforts to address this issue (Bruno et al., 2000). Additionally,
most distance methods do not account for the high variance found in large distance
estimates, nor do they handle well the large sampling errors often found with highly

divergent sequences (Kapli et al., 2020; Yang and Rannala, 2012).

Character Based Reconstruction Methods

Character based methods include maximum parsimony, maximum likelihood, and
Bayesian inference. These look at character states within a site (a column of an
alignment, Figure 0.9): either one of four possible nucleotides in an NA based
alignment, or one of 20 possible residues in an AA alignment. Both types can also
include gap/unknown character states as well, and some methods can also incorporate

additional data types such as a binary yes/no presence of biochemical markers (Saitou,
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Figure 0.9 Example alignment of the first 90 sites of HIV Gag. Even before tree construction,
there are two obvious clades (above and below cyan line). This can also be seen by looking at
the sequence subtypes. Those above the cyan line are HIV-1M subtypes while those below are
HIV-10 subtypes. Image created in Aliview (Larsson, 2014) from data used in Chapter 2.
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2018). From these character states a 'tree score' is calculated for each tree. What exactly
this tree score looks like varies between the different character-based methods, but tree
scores are used to quantitively compare trees to each other in order to select the best
tree. With infinite time and computing power, all possible trees in tree space would be
compared and the best possible tree would be selected. As previously discussed under
distance based methods, because of combinatorial explosion this becomes infeasible
for all but the smallest datasets. Heuristic algorithms are used to find a 'good enough'
tree, making character-based methods feasible for larger data sets, even though the
likelihood that the true optimal tree has been found is low. These methods will often
use a computationally faster algorithm such as neighbour joining to generate a starting
tree and then attempt to improve the tree score via local rearrangements of the starting

tree (Yang and Rannala, 2012).

Maximum Parsimony

Maximum parsimony methods were originally applied to phylogenetics in the context of
morphological data (Camin and Sokal, 1965), but were proposed as being applicable to
molecular data almost immediately (Dayhoff et al., 1965). There are a number of variant
maximum parsimony methods but all of them are based around the 'principle of
maximum parsimony' (Saitou, 2018). Maximum parsimony methods seek to minimise
the number of character state changes for a given tree topology, with the tree score in this

method being some function of the sum of these changes. Sites that do not change, i.e.
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sites that are identical for all sequences in an alignment, and sites where only a single
sequence is different ('singletons') are labelled as 'uninformative' and do not factor into

tree topology (Saitou, 2018).

The simplicity of maximum parsimony methods facilitates the development of efficient
computer algorithms. One of the most appealing aspects of maximum parsimony is it
is logically clear and easy to explain and understand (Saitou, 2018; Yang and Rannala,
2012). However, maximum parsimony methods have a number of problems. Maximum
parsimony methods are not model based and so lack explicit assumptions
incorporating knowledge of sequence evolution. This leads to misleading results if there
are significant differences in the rate of evolution amongst different lineages
(Felsenstein, 1978). Additionally, when sequence divergence is high, maximum
parsimony methods tend to underestimate the total number of changes and has
considerable uncertainty with branch length estimation (Saitou, 1989). In light of this,
some trees constructed with maximum parsimony methods only show tree topology
and forgo showing branch length entirely (Saitou, 2018). Even this is not without risks
though as maximum parsimony methods are vulnerable to systematic errors that
distort tree topology such as long branch attraction. This is a type of systematic error
where if the true topology has two long branches separated by a short internal branch,
maximum parsimony methods or model based methods with too simple models will
incorrectly group the long branches together. Maximum parsimony methods are

particularly susceptible to long branch attraction as they fail to correct for multiple
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substitutions at the same site (Felsenstein, 1978). This can still occur in more elaborate
maximum parsimony methods that include some in built assumptions or in artificial
examples where nucleotide substitution is held constant across taxa (Takezaki and Nei,

1994; Zharkikh and Li, 1993).

Maximum Likelihood

Although commonly attributed R.A. Fisher in 1912, 1921, or 1922, the methods of
maximum likelihood were in use prior to these dates, e.g. (Gauss, 1816), albeit under
other names such as 'the most probable values of the unknowns' (Hald, 1999). Fisher
did however, create the modern version of maximum likelihood between 1912 and
1922 starting with the 'absolute criterion' (Fisher, 1912) and settling in 1922 on the still
in use terminology of 'maximum likelihood estimates' (MLEs) (Fisher, 1922; Hald,
1999) with later developments by others e.g. (Wilks, 1938). The method was originally
developed for statistics as a method for estimating unknown parameters in a model and
was only later extended to working with sequence data (Felsenstein, 1981). The
improvements made since this extension have principally been in computational speed
up and efficiently searching bifurcating trees, rather than to the essential framework

which has remained largely unchanged (Saitou, 2018).

In this framework, for a model parametrised by the unknown parameter 0, the
likelihood L(B) is the probability of the observed data, that is the alignment, as a

function of 0. As sites in the alignment are independent of each other under most
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models, the likelihood is the product of the probability of observing the data across all
sites (Felsenstein, 1981; Kapli et al., 2020). In other words, the likelihood function is the
probability of getting the data seen in the input alignment given as a function of the
(unknown) parameters. These parameters 0 might include anything from branch
lengths of the tree to the various parameters of the substitution model used.
Technically, every tree topology is actually a model rather than a parameter, and
substitution parameters and branch lengths for any given tree are the parameters of
that model. Under this view inferring trees is equivalent to comparing multiple models
with identical numbers of parameters (Yang and Rannala, 2012). Regardless, the
underlying assumption here is that parameter values that make it highly likely to
observe the given data are closer to the true parameter values than ones that make the
given data highly improbable. The parameter values that maximise this likelihood are
referred to as the MLEs mentioned earlier, and the tree score is the log-likelihood for
any given tree (Saitou, 2018; Yang and Rannala, 2012). As with maximum parsimony,
given a small dataset or infinite time and computing power for a large dataset the true
maximum can be located by exhaustively examining every possible tree. Absent these
things, most researchers must settle for a 'good enough' trees, obtained via iterative
optimisation algorithms, such as implemented in RAXML (Stamatakis, 2014). These
optimisations involve two steps, both optimising the branch lengths for any given tree

as well as searching the vast forest of tree space for the maximum likelihood tree.

Maximum likelihood methods have a number of strengths. With large samples, MLEs are
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unbiased, consistent, and efficient (Yang and Rannala, 2012). Its model assumptions for
sequence evolution are also explicitly stated and can therefore be directly assessed and
improved upon. There are numerous different evolutionary models that have been
developed for both nucleotide and AA analyses. Methods also exist for examining the fit
of these evolutionary models to the data, e.g. the likelihood ratio test (Goldman, 1993).
Historically, maximum likelihood was viewed as computationally expensive, particularly
the tree searching portion of the optimisation process, which was considered its primary
drawback. Although it is still more computationally expensive than distance based
methods such as neighbour joining, hardware and software advances have made this
increasingly less of a concern. For example, version 3 of the widely used RaxML could
handle 1000 taxa on a single processor desktop PC in under 24 hours, a ten-fold increase
from earlier programs (Stamatakis et al., 2005). More recent versions making use of
parallelisation are even faster (Stamatakis, 2014). An unresolved issue with maximum
likelihood is one of interpretability. It is not possible to define a confidence interval for a
phylogenetic tree (Yang, 2006; Yang and Rannala, 2012). The bootstrap method is widely
used as a replacement in an effort to put confidence limits on phylogenies (Felsenstein,
1985), however actually interpreting what this means has proven difficult despite
numerous attempts over several decades e.g. (Berry and Gascuel, 1996; Efron et al., 1996;
Felsenstein and Kishino, 1993; Susko, 2010), as well as sometimes controversial, e.g.
(Hillis and Bull, 1993). Unsurprisingly given the number of efforts to explain how to
interpret the bootstrap, there are multiple largely mutually exclusive explanations (Yang,

20006).
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Bayesian Inference

The Bayesian method is named after and originates with Thomas Bayes, an 18™
century English statistician. The method was applied to phylogenetics in the late 1990s
(Rannala and Yang, 1996) and has become increasingly popular since then with the
implementation of various computational packages such as MrBayes (Huelsenbeck and
Ronquist, 2001) and BEAST (Suchard et al., 2018). Bayesian inference is a general
methodology for statistical inference, not just phylogenetics, and is closely related to
maximum likelihood methods. Like maximum likelihood, Bayesian inference relies on
both the likelihood function and on explicitly stated models of sequence evolution.
However, where maximum likelihood treats model parameters as unknown fixed
constants, Bayesian inference treats the parameters as random variables with a
statistical distribution (Yang and Rannala, 2012). It uses these statistical distributions

to quantify uncertainties within the parameters (Kapli et al., 2020)

The distribution of these tree and model parameters before the data are examined is
known as the prior distribution and it represents prior knowledge such as an objective
assessments of prior evidence or the researcher’s subjective opinion (Yang, 2006).
Combining the prior distribution with the data gives the posterior distribution which
is the conditional distribution given the data (Felsenstein, 2004; Yang, 2006). The
posterior is an update to the prior and is made by rescaling (to form a proper

distribution) the product of the prior and the likelihood (Kapli et al., 2020). Inferences
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about the tree and model parameters are based on the posterior (Yang, 2006). The basic
equation of Bayesian inference in the context of phylogenetics is:

Equation 0.1

Prob(Data|Tree, Model) * Prob(Tree, Model)
Prob(Data)

Prob(Tree, Model|Data) =

More generally, Prob(4|B) is the conditional probability of observing A given B.
Prob(Tree, Model | Data) then is the posterior probability of a tree and model given the
input sequence alignment. Prob(Data | Tree, Model) is the likelihood and Prob(Tree,
Model) is the prior probability of the tree and the evolutionary model. The term 'Model'
here encompasses a variety of parameters such as the specifics of the evolutionary
model being used (e.g. transition/transversion ratios) as well as branch lengths of the
tree. Prob(Data) is a normalising constant equal to the sum of all possible
Prob(Data | Tree, Model) x Prob(Tree, Model). Practically speaking, the posteriors of
trees cannot be directly calculated because Prob(Data) involves high-dimensional
integrals over all possible model parameter values and summation over all possible
trees (Yang and Rannala, 2012). However, because Prob(Data) is constant, it cancels

out when comparing tree posteriors to one another.

The computation for Bayesian phylogenetics is done using an MCMC algorithm
(Figure 0.10) such as the Metropolis-Hastings algorithm (Hastings, 1970; Metropolis et
al., 1953; Peskun, 1973). The first MCMC algorithm was developed by Metropolis for

use in physics (Metropolis et al., 1953) but was later generalised for other applications
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Figure 0.70 Flowchart diagram of the Markov Chain Monte
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updates the current tree. An identical main loop is also

carried out for model parameters.

by Hastings (1970) and Peskun (1973). Despite these generalisations, it was not until
much later that MCMC algorithms were shown to be useful in solving nontrivial
practical problems (Gelfand and Smith, 1990; Yang, 2006). MCMC algorithms
generate a sample using random numbers taken from a target distribution, such as the
posterior distribution in the context of Bayesian phylogenetics (Yang and Rannala,
2012). Each sample is an individual tree with its own parameters. The MCMC is used
to generate a sample distribution of tree topologies and parameters, moving from one
tree or parameter value to another in tree/parameter space, and visiting each one in
proportion to their posterior probabilities (Kapli et al., 2020). This frequency then
becomes an estimate of the posterior probability for that tree and also serves as the tree

score for Bayesian inference methods (Kapli et al., 2020; Yang and Rannala, 2012).
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Like maximum likelihood, Bayesian inference uses the likelihood function and so
shares many of its strengths such as consistency, efficiency, and numerous well
developed evolutionary models to choose from (Yang and Rannala, 2012). The explicit
selection of the model allows for the impact of the model on the analysis to be directly
tested. Another benefit of Bayesian inference is one of interpretability. Unlike the
unresolved problems of confidence interval substitutes discussed earlier for maximum
likelihood, the posterior probability of a tree is easy to interpret. Given the data and
the model, the posterior is simply the probability of the tree being correct (Yang, 2006).
However, "given the data and the model" is not an insignificant caveat. Posteriors are
highly sensitive to model selection and misspecification, and small changes in priors
can significantly affect posterior distributions (Huelsenbeck and Rannala, 2004; Yang
and Rannala, 2005). Posterior probabilities have been shown to be overly credible with
some trees showing posteriors of ~100% for nearly all nodes in both simulated and real

datasets (Lewis et al., 2005; Suzuki et al., 2002; Yang and Rannala, 2012, 2005).

In light of this, the specification of a priori knowledge can be a double-edged sword.
Such information is often not available, and high dimensional priors are notoriously
difficult to parameterise, and so most analyses are conducted using default priors in
computer programs (Yang and Rannala, 2012). In order to mitigate this, Bayesian
robustness analyses can be performed to assess the impact of the prior. Also similar to
maximum likelihood, the principal drawback of Bayesian inference is computational

intensity. Despite various algorithmic and computational improvements that have been
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made, e.g. (Larget and Simon, 1999), MCMC algorithms in particular remain very

computationally demanding.

Error & Noise

All phylogenetic methods will have some associated error with them due to models of
all kinds being imperfect representations of nature (Box, 1979). These can be errors in
the branch lengths of the inferred tree or its topology. These are sometimes viewed as
being largely distinct and of differing importance depending on whether one is trying
to find divergence dates or taxonomies (Ho and Jermiin, 2004). However, topological
inference often relies on branch length (Saitou, 2018), so drawing a sharp line between
branch length errors and topological ones is not fully justified. It is true though that for
phylogenetic reconstruction, error can be broadly divided into two groups: random
sampling errors and systematic errors (Yang and Rannala, 2012). Random sampling
errors are uncertainties in parameter estimates due to the finite nature of the data. As
the data increase (e.g. the sequence length goes to infinity if the sample size is the
number of sites), random sampling errors will decrease towards zero. Systematic errors
arise from incorrect assumptions about the model. In contrast to random sampling
errors, systematic errors will not only remain as sample size increases, but they actually
become worse. This property of solidifying the incorrect conclusion with the addition
of more data is sometimes referred as inconsistency or being positively misleading

(Felsenstein, 1978). Next generation sequencing technologies are generating enormous
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amounts of molecular sequence data leading to huge datasets. This helps to reduce
random sampling errors, but simultaneously increases the importance of reducing
systematic errors (Yang and Rannala, 2012). The robustness of a model is a measure of
its insensitivity to departures from ideal assumption (Box, 1979). Or put another way,
a model is robust if it still performs well, giving correct answers when its assumptions
are violated. Some assumptions will matter more than others and robustness can be
tested via simulation generating data via one model and testing them via another (Yang,
2006). As the amount of data increase, model robustness becomes more important in

order to avoid systematic errors.

Regardless of whether the methodology is distance based or Bayesian, estimating the
phylogeny requires extracting the true evolutionary signal from input data such as a
multiple sequence alignment. Unfortunately, the evolutionary signal will not be the only
signal present in any real data. Other signal types also exist: compositional heterogeneity
or bias (Gu and Li, 1998; Lockhart et al., 1992), covariotides or covarions (Fitch, 1986a;
Miyamoto and Fitch, 1995), multiple substitutions and saturation (Mossel and Steel,
2005; Philippe et al, 2011), invariant sites (Fitch, 1986b; Steel et al., 2000), rate
heterogeneity among lineages (Felsenstein, 1978; Steel et al., 2000) and rate heterogeneity
among sites (Yang, 1996, 1993). Recombination can also lead to multiple non-concurring
evolutionary signals (Edwards, 2009). Ultimately, these are all forms of structured noise.
If the noise to signal ratio becomes too great, it can overcome support for the correct tree,

leading researchers to incorrect conclusions. These trees can be statistically well
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supported due to the magnitude of noise, despite being ultimately inaccurate (Jeffroy et
al., 2006). Because these are generally a form of systematic error, additional data will only
reinforce these incorrect conclusions (Swofford et al., 1996). This is particularly
problematic for deep divergences which may not have much phylogenetic signal left
(Mossel and Steel, 2005). The resulting tree in such a situation will often have long
terminal branches with numerous multiple substitutions (Philippe et al., 2011), an
example of the long-branch attraction error mentioned earlier under maximum
parsimony. It should also be noted that for this noise to lead to an incorrect conclusion
it needs to not only be larger in magnitude than the evolutionary signal but it also needs
to be in an incorrect direction. It is also possible for the noise to increase the apparent
support for the correct evolutionary signal, and so while it does not necessarily lead to
the wrong conclusion, the presence of these competing signals can cast doubt on
inference process (Swofford et al., 1996). Increasingly more sophisticated models try to
account for non-phylogenetic signal but at the expense of more parameters and

computational time (Philippe et al., 2011).

Shortcomings

All models are wrong, but some are useful.
-Robustness in the strategy of scientific model building (Box, 1979)

Although ever more elaborate models of evolution are constantly being drawn up, all
phylogenies eventually fail to fully encompass and account for the complexity of the

real world. The acyclic and bifurcating graphical nature of the default phylogeny is
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amenable to computation and 'tree-thinking' is intuitively easy to grasp, but this
structure is fundamentally ill equipped to deal with messy biological concepts such
recombination and introgression. In these processes, branches or parts of branches
would be reconnecting downstream and violate the acyclicity of a phylogenetic tree.
Because of these processes, gene trees and species trees will not always match up, and
so efforts have been made to define 'core genes'. Resulting trees should be interpreted
as a 'prevailing trend' rather than the full phylogenetic history (Philippe and Douady, 2003;
Wolf et al., 2002). Phylogenetic networks (Wang et al., 2001) and heat maps (Bapteste et
al., 2005) have been suggested as possible alternatives to trees, but have yet to supplant
phylogenetic trees on a large scale. Even if the trees are imperfect, they still sometimes yield

useful fruits.

This Thesis

In Chapter One, I examine the relationships between a class of transposable elements
known as polintons, the satellite viruses known as virophages, giant viruses, and their
eukaryotic hosts. I uncover a number of new polinton like elements that potentially call
into question the monophyly of the two classic polinton clades, and find evidence
answering the longstanding question of how homing endonuclease genes (HEGs) jump
between species and disparate phyla. In Chapter Two, I show how the introgression of
archaic hominid (Neanderthal, Denisovan, and 'Other') HLA genes into anatomically

modern humans is granularly adapted to locations. This indicates there was likely a
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substantial survival advantage to picking up preadapted immune genes from the
archaic hominids when modern humans moved into Eurasia. In Chapter Three of this
thesis, I show the link between human genetic diversity and HIV genetic diversity. This
strongly calls into question the dominant paradigm in HIV research that HIV diversity
is principally an artefact of founder effects (Ferdinandy et al., 2015; Korber et al., 2000;

Rambaut et al., 2001).
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Chapter 1

Virophages, Polintons, Giant Viruses,
& their Cellular Hosts
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Overview

My research here is on the phylogenetic relationships between the transposable elements
(TEs) known as polintons/mavericks (hereafter polintons), polinton-like elements,
virophages, giant viruses, and their host organisms. Viruses do not leave behind
mineralised fossils, but they can become heritably embedded in their host organisms'
genomes, forming endogenous viral elements (EVEs). Utilising a variety of
bioinformatics tools, these viral fossils can then be found in the rapidly expanding
available genomic data. This report will provide a brief background on the relevant
biology and literature before presenting my results, hypotheses, and future avenues of

research. This work was done under the supervision of Aris Katzourakis.
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DISCOVERY OF POLINTON-LIKE
ELEMENTS IN WHOLE GENOME
SHOTGUN DATA

Introduction

Transposable elements (TEs) are found in both prokaryotes and eukaryotes where they
play major roles in the evolution of their host genomes. Like viruses, they can act not just
as parasitic selfish genetic elements (elements that further their own evolutionary
interests at a cost to the individual/genome bearing them), but can also serve as sources
of novel genes, regulatory elements, and genomic rearrangement (Bourque, 2009;
Feschotte and Pritham, 2007; Forterre, 2006; Frost et al., 2005; Kazazian, 2004;
Koonin, 2016; Koonin et al., 2006). TEs can be broadly divided into retrotransposons
and DNA transposons. DNA transposons are further divided into 'rolling circle' and
'cut and paste' transposons which are dependent on the host's replication machinery
for DNA synthesis (Craig, 1995; Kapitonov and Jurka, 2001), and self-synthesizing
DNA transposons known as mavericks/polintons (hereafter polintons) (Yutin et al.,
2014). Like other TEs, polintons are further subdivided into autonomous (encoding the
full set of proteins necessary to replicate itself) and nonautonomous (being dependent

on an autonomous relative for anywhere from one to all proteins) varieties. The name
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polinton is derived from the polymerase B (POLB) and retroviral-family integrase
found in autonomous members of the group. Polintons range from 9 to 40 kilobase
pairs (kbp), although most autonomous members are 15-22 kbp (Bao et al., 2015;
Haapa-Paananen et al., 2014). They are flanked by terminal inverted repeats ranging
from a few hundred bp to over seven thousand bp, and are thought to encode up to 20

proteins (Bao et al., 2015; Fischer and Suttle, 2011).

Interestingly, polintons are related to the viral family Lavidaviridae (and its
metagenomically identified putative members), sharing varying amounts of genes with
different members of that family (Desnues et al., 2012; Fischer and Suttle, 2011; Yutin
et al., 2013b). More commonly known as virophages, Lavidaviridae are satellite viruses
of the giant viruses in the putative order Megavirales. Although polintons and polinton-
like elements (PLEs) are widely distributed throughout Eukarya, giant viruses (and by
association, virophages) are only known to infect single celled eukaryotes: amoebae,
heterokonts, and haptophytes. The widespread distribution of polintons has been taken
as evidence for an ancient origin of the elements (Kapitonov and Jurka, 2006), while
their relation to the virophages has spawned several hypotheses as to both groups'
origins. One theory suggests that virophages are escaped polintons that acquired a
capsid protein through recombination with an unknown virus (Yutin et al., 2013b).
Others have suggested that they may have arisen from an ancient mavirus-like
virophage ancestor that became able to integrate and transposition itself

intragenomically (Fischer and Suttle, 2011; Katzourakis and Aswad, 2014). In the latter
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case polintons would be endogenous viral elements (EVEs), vertically inherited 'viral
fossils' that are formed by the heritable horizontal gene transfer (HGT) from a virus to
a host's germline cells (Katzourakis and Gifford, 2010). A third theory suggests that both
groups originated from tectiviruses in bacteria which became 'polintoviruses' (polintons
with a putative capsid protein) via the acquisition of integrase from extant eukaryotic
TEs (Koonin et al., 2015; Krupovic and Koonin, 2014). These putative polintoviruses
then diversified into polintons, virophages, bidnaviruses, adenoviruses, cytoplasmic
plasmids, and the entire order Megavirales through the gain and loss of integrase, capsid
proteins, and other genes, as well as genome expansion (100+ fold in the case of some
Megavirales members) and reduction in various lineages (Koonin et al., 2015; Krupovic
and Koonin, 2014). Exogenous polintoviruses have never been observed, and the
putative capsid proteins they are predicated on do not align at the amino acid (AA) or
nucleic acid (NA) level, instead being classified based on predicted protein folding

(Koonin et al., 2015).

Numerous transcriptionally active genes of putative virophage origin (apparently
related to mavirus), dubbed virophage like elements (VLEs) have been found
incorporated into the genome of the unicellular alga Bigelowiella natans (Blanc et al.,
2015). No known giant virus has been observed in B. natans, but the VLEs are argued
to be evidence of a historical encounter (Blanc et al., 2015). Additionally, the flagellate
Caffeteria roenbergensis is host to the giant virus Cafeteria roenbergensis virus (CroV), itself

host to mavirus virophage. The de novo integration of mavirus into the unicellular
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flagellate C. roenbergensis has been experimentally observed (Fischer and Hackl, 2016).
Unlike in B. natans these provirophages remained quiescent unless the cell was infected
with CroV, which resulted in the production and eventual release of mavirus virions.
Both cases indicate an evolutionary scenario in which a mavirus-like ancestor could
have become integrated into a host genome and evolutionarily maintained long enough
to become fixed in the host population as EVEs. Nevertheless, the debate as to the

origins of polinton, PLEs, and virophages remains unresolved.

Here we searched for the presence of VLEs and polintons in metagenomic and whole
genome shotgun (WGS) data. We report the identification of a novel group of PLEs in
the genome of the coral endosymbiotic dinoflagellate Symbiodinium minutum (SMPLEs).
Our analysis also indicates that other transposons previously labelled as polintons
found in oomycetes (water moulds) possibly cluster with other previously unidentified

water mould PLEs outside of the two canonical polinton clades.

Results

Virophage hits in WGS. The full complement of predicted proteins from 17 isolated
and metagenomically identified virophages was used to probe the NCBI eukaryotic
WGS database using tblastn. In addition to virophage ORFs, ORFs from
metagenomically identified putative virophage/polinton hybrids (Yutin et al., 2015a),

and transpovirons (Desnues et al., 2012) (hereafter referred to as combined virophage),
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were used also used as probes. Excluding B. natans which has previously been shown to
contain VLEs (Blanc et al., 2015), the best and largest number of hits were to the
dinoflagellate §. minutum. Hits for each protein query in S. minutum were collated and
sorted yielding 808 unique contigs, 118 of which had multiple hits per contig with an E
value < le -10 (Supplementary data 1). The largest 30 of these contigs were selected for

further examination.

SMPLEs in S. minutum. Tblastn hits from both combined virophage ORFs and the full
complement of annotated polinton ORFs from RepBase (Bao et al., 2015) against the
retrieved contigs clustered together. In the examined contigs, seven full length SMPLEs
were found, being defined as having a terminal inverted repeat (TIR) at both ends (purple
blocks, Figure 1.1). In the other contigs examined the SMPLEs were truncated artificially
by the end of the contig. The regions where hits clustered together in both full length and
artificially truncated contigs had a lower GC content relative to the rest of the contig
(Supplementary Figure S1.1). Interestingly, mapping S. minutum transcriptome shotgun
assembly (T'SA) data to contig BASF01000492 indicated that the SMPLE makes up
approximately 95% of the space between two S. minutum exons (cyan arrows,
Supplementary Figure S1.1). TSA data did not map to regions around the SMPLEs in the

other examined contigs.

ORFs over 300 bp long and located between the TIRs were extracted from the SMPLEs

and reciprocally blasted using tblastn against the other SMPLEs. Tblastn hits were then
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mapped to the SMPLE:s in order to determine which genes were homologous between
them (coloured arrows, Figure 1.1). Several of the putative reconstructed ORFs that
showed homology but were truncated to fewer than 300 bp by frameshifting mutations and
other internal stop codons were also discovered this way. These 'reconstructed ORFs' were
also reciprocally blasted between all SMPLEs but this did not reveal any new truncated
ORFs. We performed a conserved domain database (CDD) search on each of the
homologous ORFs (Marchler-Bauer et al., 2015). Eight of them returned results (labelled
arrows, Figure 1.1): Aldehyde:Ferredoxin Oxidoreductase super family (SF) (1.63e-03),
COG®6 SF (2.67e-03), DNA Topoisomerase I SF (4.24e-03), DNA-Cytosine Methylase SF
(1.44e-11), GIY-YIG Homing Endonuclease Gene (HEG) SF (2.65e-11), P-loop containing
Nucleoside Triphosphate Hydrolase SF (3.02e-04), Pox A32 SF (FtsK-HerA ATPase
packaging protein) (4.9e-04), RVE (retroviral) Integrase SF (3.41e-07), UvrD-like helicase
C-terminal domain SF (2.00e-03). The largest ORF in the SMPLEs returned both the
UvrD-like helicase C-terminal domain and P-loop containing Nucleoside Triphosphate

Hydrolase SF hits. Other homologous ORFs returned no results in CDD.
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Figure 1.7 Organization of seven SMPLEs. The position and strand orientation for each ORF (>300 bp) and homologous reconstructed ORF is indicated by an
arrow. Homologous ORFs across SMPLEs are indicated with the same color. ORFs with no homologs in the other SMPLEs are shown in black (including
COG6 SF). Terminal inverted repeats are purple boxes. Labels on arrows indicate hits from searching the conserved domain database (CDD). Unlabelled
arrows did not get any hits in CDD. E values for CDD hits: Aldehyde:Ferredoxin Oxidoreductase SF 1.63e-03, COG6 SF 2.67e-03, DNA Topoisomerase I SF
4.24e-03, DNA-Cytosine Methylase SF (1.44e-11), GIY-YIG Homing Endonuclease Gene SF 2.65e-11, P-loop containing Nucleoside Triphosphate Hydrolase
SF 3.02e-04, Pox A32 SF (FtsK-HerA ATPase packaging protein) 4.9e-04, RVE Integrase SF 3.41e-07, UvrD-like helicase C-terminal domain SF 2.00e-03. The
large grey green arrow on the right of the figure with multiple hits in CDD is the possible POLB referred to in the text. The ORFs labelled Pox A32 SF are the
FtsK-HerA ATPases referred to in the text. SF: superfamily; COG: conserved oligomeric golgi complex; RVE: retroviral integrase.
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Comparing SMPLEs, virophages, and polintons. We performed a reciprocal tblastn
search in order identify candidates for evolutionary analysis from all three groups:
polintons, SMPLEs, and virophages. All the individual ORFs and reconstructed ORFs
shown in Figure 1. were used as probes against a local database of the genomes of
combined virophages and the 100 polintons listed in Repbase (Bao et al., 2015). The
best hit in both polintons and combined virophages for each individual ORF were
recorded (Table 1.1). For each homologous set of ORFs, the number of instances of
best hit to one group or the other was tabulated ('# better hits', Table 1.1). The single
best hit in any of the individual ORFs for each homologous set, to both polintons and

combined virophages were also compared ('Best hit' and 'E value', Table 1.1). Seven of

Table 1.7 Best hits from each group of SMPLE ORFs, tblastned against a combined database of
polintons, virophages, transpovirions, and the putative rumen polinton/virophage hybrids.

ORF # better hits # better hits in Best hit in Best Polinton Hit E value Best Virophage hit E value
inP. V.
ORF-1 3 4 Virophages Polinton-1 DEu  3.70E+00 YSLV3 2.70E-02
ORF-2 7 0 Polintons Polinton-1 CB 4.67E-11 PgVvVv 3.70E-02
ORF-3 1 0 Polintons Polinton-3 HM 3.20E-01 Qinghai Lake virophage 1.20E+00
ORF-4 3 4 Polintons Polinton-1 PSo 9.79E-08 YSLV3 6.80E-01
ORF-5 3 4 Virophages Polinton-4 PBa 1.70E+00 Dishui lake virophage 1 4.40E-02
ORF-6/18 0 21 Virophages Polinton-1 SSa  2.20E+00 YSLV6 1.24E-34
ORF-7 3 4 Virophages Polinton-2 NV 5.10E-02 YSLV3 1.00E-02
ORF-8 0 7 Virophages Polinton-1 NV 5.30E-01 Qinghai Lake virophage 4.04E-04
ORF-9 4 3 Polintons Polinton-4 SP 1.00E-03 Rumen 2IgblAUX0017923253.11  1.40E+00
ORF-10 3 4 Polintons Polinton-1 DGr 1.20E-01 YSLV6 2.80E-01
ORF-11 4 3 Polintons Polinton-1 NV 1.00E-01 Ace Lake Mavirus 3.40E+00
ORF-12 0 3 Virophages Polinton-4 NV 5.10E-01 Dishui lake virophage 1 3.10E-02
ORF-13 3 4 Virophages Polinton-3 TC 2.80E+00 Qinghai Lake virophage 6.40E-02
ORF-14 0 2 Virophages Polinton-1 El 3.60E-01 YSLV1 2.73E-16
ORF-15/16 7 2 Polintons Polinton-1 TV 1.37E-04 Moumouvirus Monve transpoviron 2.40E-01
ORF-17 3 1 Virophages Polinton-2 TV 8.30E-01 Megavirus courdo? transpoviron ~ 8.70E-02
ORF-19 7 0 Polintons Polinton-4 NVi 2.34E-26 Rumen 2IgblAUX0017923253.11  1.40E+00
ORF-20 0 2 Virophages Polinton-2 ACe 1.50E+00 Mavirus strain Spezl 1.00E-01
ORF-21 2 0 Polintons Polinton-2 DEu  6.10E-01 YSLV4 4.40E+00
ORF-22 0 1 Virophages Polinton-3 PBa  7.20E-01 Ace Lake Mavirus 7.40E-02
ORF-23 0 1 Virophages Polinton-1 PI 2.00E+00 YSLV7 4.50E-02
ORF-24 0 1 Virophages Polinton-1 TV 8.80E-01 Ace Lake Mavirus 2.40E-01
ORF-25/44 1 1 Polintons Polinton-1 DGr ~ 5.70E-02 YSLV5 1.60E+00
ORF-26/28 0 2 Virophages Polinton-2 PBa 4.80E+00 YSLV7 3.34E-24
ORF-27 1 0 Polintons Polinton-2 CB 1.20E+00 Qinghai Lake virophage 2.70E+00
ORF-31 1 0 Polintons Polinton-1 DAn  3.00E-01 YSLV3 1.80E+00
ORF-32 0 1 Virophages Polinton-1 DR 3.60E+00 YSLV7 1.10E+00
ORF-34 0 1 Virophages Polinton-2 TV 2.90E+00 Zamilon virophage 4.10E-01
ORF-35 0 2 Virophages Polinton-4 SP 4.30E+00 Sputnik virophage 3 3.20E-02
ORF-37 1 0 Polintons Polinton-3 PBa  1.90E+00 YSLV2 3.40E+00
ORF-33/43 2 3 Virophages Polinton-3 PBa 5.30E-01 YSLV3 1.20E-02
ORF-36/41 0 3 Virophages Polinton-3 TC 1.50E+00 Mavirus strain Spez| 1.80E-01
ORF-38/42 2 0 Polintons Polinton-3 NV 7.58E-23 YSLV4 3.90E-01
ORF-46 0 1 Virophages Polinton-2 DK 3.90E+00 Rumen 2IgblAUX0017923253.11  5.80E-01

P. polintons; V. virophages, transpovirions, and the putative rumen polinton/virophage hybrids;
# of best hits in P./V. number of individual ORFs in all seven SMPLEs that hit in polintons or
virophages. E values less than 1.0E-7 are highlighted in red with bold text. PgVV: Phaeocystis
globosa virus virophage; YSLV: yellowstone lake virophage.
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the homologous ORFs matched either combined virophages or polintons with low E

values (E value < 1.0e-7).

Phylogenetic reconstruction. We chose ORF-2 (Pox A32 SF, dark green arrows, Figure
1.) from the SMPLE:s as a first candidate for phylogenetic tree reconstruction, as it was one
of the seven ORF's which showed high sequence similarity in one group (polintons E value:
4.67E-11), and of these it had the highest similarity hit in the other group (virophages E
value: 3.7E-2). Polinton and virophage hits, as well as reciprocal blast against the NCBI
nr/nt database showed similarity to the FtsK-HerA superfamily ATPase DNA packaging
proteins (ATPase), in agreement with CDD results. The ATPase homologues from
SMPLEs, polintons, and combined virophages were also used to query the eukaryotic
WGS database which retrieved a previously described green algae PLE in a Monoraphidium
neglectum contig (Yutin et al., 2015b). The homologues also retrieved a number of water
mould contigs and a 922,537 bp contig of the green algae Gonium pectorale isolate NIES-
2863. SMPLE ATPase also showed sequence similarity to a reconstructed ORF with
numerous frameshifts inside the ~30 kbp intron of another dinoflagellate, Crypthecodinium
cohnii whose unedited mRINA was located in NCBI's nr/nt database. As expected, tblastn
of the ATPases against NCBI nr/nt limited to viruses gave numerous hits within the
putative order Megavirales, and an Acanthamoeba polyphaga moumouvirus (moumouvirus)
ATPase was selected to serve as an outgroup. Clustal (Larkin et al., 2007) and MUSCLE

(Edgar, 2004) were unable to align the full NA or AA sequences of the diverse groups, so
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reciprocal blasts were used as starting points for manual alignment. Gblocks implemented
in Seaview (Castresana, 2000; Gouy et al., 2009) was used on codon based NA alignments

and manually expanded to 393 NA positions for the creation of phylogenetic trees.

Autonomous polintons require Polymerase B (POLB) in order to self-synthesise their own
DNA, and integrase in order to insert themselves into a host genome. Therefore, both of
these enzymes would be informative for determining the placement of SMPLEs relative to
polintons in phylogenetic trees. However, tblastn of identified POLBs against the SMPLEs,
and tblastn of all SMPLE ORF's against the NCBI nr/nt database did not indicate a clear
POLB candidate in SMPLEs. SMPLE ORF-15/16 (grey green arrows with multiple CDD
hits, Figure 1.1) are approximately the expected size, but returned tblastn hits with limited
query coverage and relatively high E values from polinton and virophage POLBs (e.g. a hit

with 8.8E-5 against only 9% of ORF-15/16) and were unalignable at the AA level.

Reciprocal tblastn of ORF-19 from the SMPLEs against the NCBI nr/nt database, showed
sequence similarity to integrase, in agreement with CDD results. As with the ATPase,
integrase homologues from SMPLEs, polintons, and combined virophages were also used to
query the eukaryotic WGS database, although putative integrases have only been identified
in two of the virophages, mavirus and the closely related ace lake mavirus, as well as in some
of the VLEs in B. natans. This query retrieved green algae and water mould contigs with both

ATPase and integrase in close proximity (within 15 kbp) to one another which were

considered putative PLEs. Tblastn of SMPLE ORF-19 against the C. cohnii intron described

86



earlier retrieved another reconstructed ORF. As expected, tblastn of the integrases against
NCBI's nr/nt database, limited to viruses, returned numerous retroviral sequences, and the
core domain of murine leukemia virus polyermase was chosen for use as an outgroup. As
with ATPase, Clustal and MUSCLE were unable to align the NA or AA sequences of the
diverse groups so reciprocal blasts were used as starting points for manual alignment.
Gblocks implemented in Seaview was used on codon based NA alignments and manually

expanded to 516 NA positions for the reconstruction of phylogenetic trees.

ATPase and integrase alignments were concatenated and used to reconstruct Bayesian
inference trees (Figure 1.2). All green algae PLEs (green subtrees, Figure 1.2), water mould
PLEs (ochre subtrees, Figure 1.2), and SMPLEs (blue subtrees, Figure 1.2) have both
ATPase and integrase. However, not all polintons, virophages, and outgroup viruses have
both ATPase and integrase, and two trees were created to account for this. The first tree
used moumouvirus as an outgroup, and all 71 tips possessed ATPase with 15 not
possessing integrase (Figure 1.2FjgureA). ATPase is found in all 15 of the examined
virophages (sputnik 2 and sputnik 3 are over 99.9% identical to sputnik 1 and not included
in the trees) and the VLEs (red subtrees, Figure 1.2). Integrase is only found in two of the
virophages and the VLEs. Polintons 1 (upper collapsed purple subtree, Figure 1.2A) has 23
polintons, which all have both ATPase and integrase. Polintons 2 (lower collapsed purple
subtree, Figure 1.2A) has 14 polintons with ATPase, all but one of which have integrase.
Moumouvirus has ATPase but not integrase. In Figure 1.2A, virophages were basal to all

polinton and PLE groups. The two water mould elements previously described as
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polintons ('Polinton 1 PI' and 'Polinton 1 PSo') clustered consistently with the other
putative water mould PLEs. Polintons otherwise clustered together as has been previously
reported. The placement of the green algae PLEs at the base of the polinton/PLE group
had low support (28), but the clustering of the two green algae PLEs was well supported

(80). Unsurprisingly, the C. cohnii reconstructed ORFs clustered with the SMPLEs (blue

subtrees, Figure 1.2) but formed an outgroup in that subtree.

The second tree used murine leukemia virus as an outgroup, and all 71 tips possessed
integrase with 14 not having ATPase (Figure 1.2B). Polintons 1 (upper collapsed purple
subtree, Figure 1.2B) has 33 polintons with integrase, 23 of which also have ATPase.
Polintons 2 (lower collapsed purple subtree, Figure 1.2B) has 17 polintons, 13 of which also
have ATPase. Integrase (red subtree, Figure 1.2B) is only found in two virophages and the
VLEs. Murine leukemia virus has integrase but not ATPase. In Figure 1.2B, the green
algae PLEs were basal to the virophages, water mould PLEs, SMPLEs, and polintons. The
two water mould elements previously described as polintons again clustered consistently
with the putative water mould PLEs. Other types also consistently clustered together, and
there was better support for nodes within the integrase tree as compared to the ATPase
tree. Besides the placement of green algae PLEs, the major discrepancy between the
integrase tree and the ATPase tree was the placement of water moulds and virophages
together as a distinct clade separate from SMPLEs and polintons, although the support for
this placement was relatively low (57). Unfortunately, the amount of substitution (see scale

bars) likely renders both these trees unreliable (see Discussion).
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Figure 1.2 Bayesian inference trees created by concatenating integrase and ATPase and their

possible homologues. A) All tips have integrase but not necessarily ATPase. B) All tips have ATPase

but not necessarily integrase. Polintons are shown in purple, green algae PLEs in green, water mould

PLEs in ochre, virophages in red, SMPLE:s in blue and viral outgroups in teal. Branches that split

between groups are in black. The sequence of divergence varies between trees and is not well

supported, but different types of PLEs, virophages and polintons cluster together consistently

indicating that these are distinct classes of TEs. Polintons are collapsed for clarity. In A) there are

23 polintons in Polintons 1 and 14 polintons in Polintons 2. In B) there are 33 polintons in Polintons

1 and 17 polintons in Polintons 2. Bayesian inference trees were reconstructed using the SRD06

model (Shapiro et al., 2005). Bayseian posterior probability percentages are shown beside nodes.

Scale bar represents the number of substitutions per nucleic acid site.
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ORF-618 phylogenetic reconciliation analysis. Tblastn of SMPLE ORF-618
showed essentially no sequence similarity to the polintons in the RepBase database,
but got hits with low E values to combined virophages (best hit to virophages 1.24e-
34 vs. best hit to polintons 2.2e0, Table 1.1). It occurs multiple times in all but one of
the examined SMPLEs (red arrows, 1.1). The exact function of ORF-618 is unknown,

but a CDD search gave hits (2.65e-11) to the GIY-YIG nuclease domain superfamily.

Given the apparent collinearity of the ORF-618 genes seen in Figure 1.3 one might
expect co-speciation between ORF-618 and the SMPLEs. However, phylogenetic
reconciliation analysis with Jane (Conow et al., 2010) did not support this (Figure 1.4).
A Bayesian inference 'host tree' based on SMPLE ATPase was created, using the
putatively homologous reconstructed ORF from the C. cohnii intron as an outgroup
(black tree Figure 1.4). Tblastn of ORF-618 against the C. cohnii mRNA allowed us to
extract two reconstructed ORFs with multiple frameshifting mutations and these
were used alongside the SMPLE ORF-618s to reconstruct a Bayesian inference tree of
the ORF-618 'parasite’ (coloured subtrees, Figure 1.4), separate from the SMPLE host
tree. None of the collinear blocks appear to have replicated exclusively through co-
speciation (symmetrical forks in trees, Figure 1.4), but appear to have replicated
substantially via duplication and species switching events (asymmetrical side
branches). Interestingly, the pink and green subtrees arise out of the sections of the

gold subtree linked to the C. cohnii reconstructed ORFs.
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Distribution of ORF-618 in PLEs, polintons, and virophages. Tblastn of ORF-618
against the eukaryotic WGS database retrieved various water mould contigs as well
as two previously described (Yutin et al., 2015b) PLE containing contigs from the
cryptomonad alga Guillardia theta. Interestingly, mapping ORF-618 against
Yellowstone Lake virophage (YSLV) 6 and Organic Lake virophage indicated that the
putative genes YSLV6_ORF16 (YP_009177831.1) and OLV1 (ADX05762.1) are both
truncated by a frameshift mutation towards the 3' end of the ORF. Tblastn of ORF-
618 against viruses (excluding virophages) retrieved Phacocystis globosa virus strain 16T
(PgV-16T), a member of Megavirales that infects haptophytes (algae related to but
distinct from cryptomonads and dinoflagellates). We used these retrieved ORFs
alongside virophage ORF's to reconstruct a Bayesian inference tree (Figure 1.5). The
two G. theta derived homologues clustered together as did those from the retrieved
water mould contigs. Congruent with the phylogenetic reconciliation analysis, the C.
cohnii homologues were split by SMPLE ORF-618s. Surprisingly, the virophage
homologues were distributed throughout the tree. Two of the ORFs from YSLV6
clustered together but are separated from the third YSLV6 ORF by SMPLE ORF-
618s and a Phacocystis globosa virus virophage (PgVV) homologue. Although not as
saturated as the trees created by concatenating integrase and ATPase (scale bars,
Figure 1.2), the level of substitution found in the ORF-618 tree (Figure 1.5) also

renders it suspect (see Discussion).
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inference trees reconstructed using the SRD06 model (Shapiro et al., 2005). Scale bar represents the
number of substitutions per nucleic acid site.
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Discussion

Novel PLEs. Virophages, polintons, and PLEs have conventionally been grouped
together into a broad class of selfish genetic elements, the origins of which are highly
debated (Fischer and Suttle, 2011; Kapitonov and Jurka, 2006; Katzourakis and Aswad,
2014; Krupovic and Koonin, 2014; Yutin et al., 2013b, 2015b). The majority of known
members of this group are endogenous elements within Eukarya (Feschotte and
Pritham, 2007; Krupovic and Koonin, 2014; Yutin et al., 2015b). Here we characterised
anovel group of elements in the genomes of dinoflagellate endosymbionts of corals and
in doing so expanded the known range of this class of elements to alveolates.
Interestingly, most of the ORFs in the SMPLEs did not have high sequence similarity
to either virophages or polintons, nor did they get high sequence similarity tblastn hits
in NCBI WGS or nr/nt databases, underscoring the amount of diversity that exists within
this probably overly broad grouping. We have also retrieved previously unknown

putative PLE elements from already described classes such as green algae PLEs.

Although there are a number of internal stop codons, internal inversions,
rearrangements, non-homologous ORFs, and the varying copy number (between one
and five) and locations of ORF-618, the gene order is generally conserved amongst the
SMPLEs examined (Figure 1.1), indicating a common origin. Since the SMPLE from
contig BASF01000492 was the only one examined that mapped to the inside of mRNAs

from TSA, it is likely coincidental that it appears to make up most of an intron. It is
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not surprising that some SMPLEs would end up in §. minutum introns, as the
dinoflagellate's genes are highly intron rich: 95% of its genes have introns with an
average of 19.6 exons per gene and some having as many as 200 (Shoguchi et al., 2013).
Despite this, the average length of S. minutum introns is only 499 bp, substantially
smaller than the 20,000+ bp SMPLEs. The fact that a TSA mRNA mapped to a region
around the SMPLE indicates that it remains transcriptionally active despite the
insertion. This idea is supported by the SMPLE hits from C. cohnii being from a larger
intron in a sequenced mRNA from NCBI's nr/nt database. However, the draft assembly
of . minutum's genome is only 616 megabase pairs (Mbp) of the estimated 1500 Mbp
full genome (less than 42%) (Shoguchi et al., 2013). Therefore the presence of a duplicated

functional copy of the gene in the unsequenced portion cannot be conclusively ruled out.

Saturation and Non-phylogenetic Signal. Sequence alignments contain multiple
signals within them, one of which is the sought after phylogenetic signal used to infer
phylogenetic trees (Ho and Jermiin, 2004). However, other signals can arise from
phenomena such as variable evolutionary rates across lineages, sites, or positions, and
heterogeneous nucleotide/amino acid compositions (Ho and Jermiin, 2004; Philippe et
al., 2005). Individual sequence sites can have undergone multiple substitutions leading
to inaccurate estimates of genetic distance between two sequences, and if enough of this
occurs it leads to saturation, where sequences are effectively random with respect to
each other (Mossel and Steel, 2005; Philippe et al., 2011). These are in essence

structured noise, which adversely affect the recovery of the phylogenetic signal and can
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compete with it in tree reconstruction. For deep divergences, there may be very little
phylogenetic signal left (Mossel and Steel, 2005), and resulting trees will often have long
terminal branches with numerous multiple substitutions (Philippe et al., 2011). In
extreme cases, non-phylogenetic signal may overwhelm phylogenetic signal and yield
statistically well supported but ultimately inaccurate trees (Jeffroy et al., 2006). Long
branch attraction, when lineages with much longer branches than others in the tree are
clustered regardless of any actual relationship, is a well known example of this kind

non-phylogenetic signal artefact.

Even before the inclusion of viral elements, the taxa examined in this study are
extremely distant from one another, with some of the organisms involved only sharing
their taxonomic domain (Eukarya) with one another and so are separated by at least
1.6 billion years (Knoll et al., 2006) of evolutionary time. The multiple alignments
created from these distantly related organisms and viruses had to be created manually
from a tBlast base, as fully automated methods such as Clustal (Larkin et al., 2007) or
MUSCLE (Edgar, 2004) were unable to align the sequences at either the NA or AA
level, indicating very divergent sequences and unclear homology. The effects of this are
readily observable in Figure 1.2. Even though some of the nodes are well supported,
indicating consistent clustering, the length of some of the branches indicates ~6
substitutions per site. Unfortunately, this indicates that the sequences are probably

saturated with regards to each other and so the largescale trees are unreliable. Figure
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1.5 is better but similarly has problems with saturation, with some of the longer

branches indicating ~2 substitutions per site.

The originally discovered canonical polintons, PLEs, and virophages have all been
lumped into a broad, ill-defined grouping with fuzzy borders and the nature of the
different subgroups' relations to one another is difficult to discern. Previously described
green algae and cryptophyte elements (Yutin et al., 2015b) were already been labelled
‘polinton-like’ as the substantial structural differences (Figure 1.6) and overall lack of
homology between their ORFs has made it difficult to justify grouping them with the
originally discovered canonical polintons, which are themselves divided into two
distinct groups. Elements identified in this study belonging to these already described
PLE clades as well as the novel SMPLEs found in alveolates have also been labelled
under the catch-all term PLE. Some members of the canonical polintons, such as those
elements found in water moulds, were identified as PLEs in this study due to having
structural differences from the other canonical polintons e.g. size discrepancies,

presence/absence of TIRs, polymerase, and GIY-HEG.

While there are clearly connections between them, there are also significant structural
differences between these various related clades (Figure 1.6). The virophage clade
(except PgVV) unambiguously have capsids whereas the other clades do not. Only two
known virophages have TIRs whereas all canonical polintons, SMPLEs, and

cryptophyte PLEs have TIRs. Only some water mould PLEs have TIRs and neither the
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previously described green algae PLE nor the one identified in this study possess them.
The size of the TIRs also varies substantially between and within clades, from 51 bp in
virophages, to a few hundred bp in SMPLEs, to hundreds or thousands of bp in
canonical polintons. SMPLE and cryptophyte PLEs also lack the unambiguous POLB
found in the other described clades. Similarly, integrase is found in the SMPLEs, water
mould and green algae PLEs, and autonomous canonical polintons, but is only found
in two virophages and has not been clearly identified in the cryptophyte PLEs. While
the SMPLEs are generally syntenic with one another, canonical polintons found in the

same host species are not always syntenic with one another.

Drawing a unified tree and trying to determine a discrete origin for polintons, the various
disparate kinds of PLEs, and virophages may be impossible due to insufficient
phylogenetic signal surviving the deep gulf of time separating modern available tips from
this hypothetical root. It may also be impossible due a fundamental flaw in the assumption
that there is a single unified tree in the first place. Although the importance of HGT in
eukaryotes is debated, it appears to occur quite frequently (but not exclusively) in
microorganisms (Bapteste et al., 2005; Huang, 2013; Philippe and Douady, 2003; Wolf et
al,, 2002). Even when "core" genes are defined, any resulting tree should be interpreted as
a "prevailing trend" rather than the full phylogenetic history (Philippe and Douady, 2003;

Wolf et al., 2002).
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Figure 1.6 Distribution of polintons and PLEs in the eukaryotic tree of life. Polintons (light pink shaded region) have been identified in Amoebozoa, Opisthokonta, and Excavata. Hits to
key polinton proteins have been identified in Rhizaria. Polintons have also been described in water moulds (heterokonts) but these are likely water mould PLEs rather than canonical
polintons. PLEs have been identified in algae (green shaded region), water mould heterokonts (tan shaded region), dinoflagellate alveolates (blue shaded region) and cryptomonad algae
(vellow shaded area). Underlined text indicates branches where polintons/PLEs have been described or detected. Virophages parasitise giant viruses which themselves parasitise amoebae,
bicosoecid heterokonts, and haptophytes. There is significant morphological diversity between and within the various groups in terms of presence or absence of capsids and TIRs, and
also the size of the TIRs when present. In categories where TEs are known from multiple species (polintons, algae, and water mould PLEs) gene order and presence is often poorly
conserved between species. The broad but heterogenous distribution and variations within polintons and PLEs suggest that they are not a monophyletic feature of their hosts. Eukaryotic
tree and putative root adapted from (Simpson and Roger, 2004).
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HGT is not limited to transfers between cellular organisms. Genes can go from virus to
host in the form of proviruses and EVEs, and exogenous viruses can recombine with and
acquire genes from these endogenous elements (Chakrabarti et al., 1994; De Paepe et al.,
2014; Golovkina et al., 1994; Pandey et al., 1991; Rasmussen, 1997; Sheets et al., 1992).
Nor is HGT restricted to the transfer of individual genes. Virally mediated HGT of entire
TEs between species has been shown to occur with insect transposons in baculoviruses
(Gilbert et al., 2014), and similar process could have occurred multiple times between the
PLEs, giant viruses, and virophages. Modern Symbiodinium are endosymbionts of
cnidarians (known hosts of polintons), living at potentially extremely high densities
within specialised compartments inside host cnidarian cells (Stimson et al., 2002;
Wakefield and Kempf, 2001). Many dinoflagellates are endosymbionts, and these
conditions would give ample opportunity for cross species transmission on evolutionary

time scales.

Based on ORF-618's distribution within PLEs, as well as within giant viruses and
virophages infecting disparate group (Figure 1.7), it appears to be moving horizontally in
and out of both PLEs and viruses. ORF-618 and its homologues in other hosts are
putatively members of the GIY-YIG nuclease domain superfamily, part of a functional
grouping of genes known as homing endonuclease genes (HEGs). HEGs are mobile
genetic elements that encode a single protein which acts on nucleic acids, and which
exhibit traits similar to full length TEs (Belfort et al., 1995; Dunin-Horkawicz et al., 2006;

Gimble, 2000). HEGs can reproduce intragenomically through homing, a process
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wherein the HEG is copied from a donor to a HEG-less cognate allele (Dunin-Horkawicz
et al., 2006). However, homing can also be induced by any event that causes a double
stranded break (Eddy and Gold, 1992). The ability to home to any double stranded
break, as opposed to just cognate alleles, may help clarify why HEGs seem to be able to
transmit horizontally between distantly related phyla and also offers an explanation of
how ORF-618 colonised new loci within the SMPLEs (Figure 1.3). Our phylogenetic
reconciliation analysis showed that only the collinear blocks C and E (green and cyan
subtrees, Figure 1.4) appear to have been duplicated strictly collinearly into cognate
alleles. Despite this, both arise from another subtree (gold and blue respectively),
indicating that they originally colonised the site from a different non-cognate allele, and

in the case of clade C this appears to have arisen outside the SMPLEs examined.

The ability of HEGs to move to new loci likely also explains the presence of putative
homologues in viral genomes and other PLEs (Figure 1.5, Figure 1.6). The
colonisation of viral genomes also offers a possible solution to the standing question
over the mechanism/vector of HEG horizontal transmission. If HEGs function
similarly to larger TEs, then like insect TEs in baculoviruses (Gilbert et al., 2014), they
too could be using the genomes of exogenous viruses to transport themselves to new
eukaryotic genomes. An unknown cosmopolitan megavirus has been shown to be
associated with Symbiodinium (Correa et al., 2016), and megaviruses can carry ORF-

618 homologues which gives a possible mechanism for how the HEGs entered
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SMPLEs. There is also the possibility of an unknown virophage associated with the

giant virus, although no evidence for this has been reported at this time.

The putative HEG seen in PgV-16T appears to be more closely related to Organic
Lake virophage protein OLV24 than it is to the putative HEG found in PgVV (Figure
1.5), the plasmid like virophage that parasitises PgV-16T. This apparent discrepancy
could be an artefact of non-phylogenetic signal and saturation. If it is not simply a
systematic error, then it may be explained by the fact that 75% of the best matches for
the predicted proteins in PgV-16T are to the two metagenomically identified viruses
named Organic Lake phycodnaviruses (OLPV) 1 and OLPV2 (Santini et al., 2013).
OLPV1 and OLPV2 have been putatively reclassified as belonging to Mimiviridae
(Yutin et al., 2013a), rather than phycodnaviridae, and it is assumed (but not
demonstrated) that they are the hosts for the metagenomically detected Organic Lake
virophage. The presence and movement of the HEGs laterally between viruses and
distantly related eukaryotic hosts further demonstrates that HGT of these TEs
between species is possible. This is important for explaining some of the discrepancies
seen in the phylogeny of polintons and PLEs, such as the non-basal relation of the
single known fungi polinton to those found in animals, or the possible transfer of a

proto-SMPLE/polinton to an early metazoan.

The discovery of SMPLEs brings the range of PLEs and polintons one step closer to

fully encompassing all the major tips of the eukaryotic tree of life (Figure 1.6). The
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identification of well conserved ORFs (other than the laterally transferring HEGs) in
cryptophyte PLEs would allow useful comparisons between them and the other
lineages described here (virophage, canonical polinton, green algae, water mould, and
dinoflagellates). Overall, our work helps illustrate the complexity of the evolutionary
relationship between virophages, giant viruses, TEs, and eukaryotic hosts. This work
also shows that the nomenclature is imprecise, as the catch all term PLE groups
together elements that show as much homology (or lack thereof) between each other
as they do with the canonical polintons. All of these disparate elements, including the
viral members, could be labelled as "polinton like" with some degree of accuracy. It
would be more accurate to label them all as polinton related elements (PREs), for
backwards compatibility with currently extant literature, and then create
subcategories based on hosts or general type e.g. metazoan PREs or viral PREs.
Trying to draw a single unified tree for the entire PRE system is likely futile as no
single part (gene or otherwise) appears to be universal to all members of the group
(Figure 1.6), making defining a "core" impossible. Trying to draw gene networks based

on gene sets (see Future Research) would likely be more evolutionarily supported.

Methods

Sequence analysis. 17 full or partial genomes of previously identified virophages were
downloaded from the NCBI database: Ace Lake mavirus (partial genome) (KC556923.1),

Dishui Lake virophage 1(KT894027.1), mavirus(HQ712116.1), Organic Lake
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virophage(HQ704801.1), Phaeocystis globosa virus virophage (NC_021333.1), Qinghai Lake
virophage (KJ854379.1), sputnik 1 (EU606015.1), sputnik 2 (JN603369.1), sputnik 3
(JN603370.1), YSLV1 (KC556924.1), YSLV2(KC556925.1), YSLV3 (KC556926.1), YSLV4
(KC556922.1), YSLV5 (KM502589.1), YSLV6 (KM502590.1), YSLV7 (KM502591.1), and
zamilon (NC_022990.1). The contigs containing putative polinton/virophage hybrids
(AUXO017923253.1, AUXO016180925.1, AUXO014440522.1, and AUXO011225015.1) as
well as transpoviron sequences (JQ063129.1, JQ063128.1, JQ063127.1, JQ063126.1) were also
downloaded from the NCBI database. The 375 ORF's with accession numbers were taken from
these sequences and translated into proteins. 75 manually extracted ORFs from the putative
virophage/polinton hybrids were also extracted and translated in proteins. These proteins were
used to query the NCBI WGS database excluding B. natans using tblastn. The resulting contigs
retrieved by this were then collated based on size and number of tblastn hits from different

ORFs. Polinton ORF's from Repbase were extracted and tblastned against the collected contigs.

S. minutum contigs that had a terminal inverted repeat (TIR) at both ends of the region in which
hits from the virophage and polinton ORFs clustered (the GC depleted region) were defined as
full length SMPLEs and used for further analysis. ORFs from the seven contigs were
reciprocally blasted against all seven contigs to identify any reading frames with internal
frameshifting mutations and other stop codons (reconstructed ORFs), which yielded a total of

151 individual ORF's and reconstructed ORFs, with approximately 35 different putative genes.

These 151 ORFs were used as probes in a tblasn search against a local database combining

polintons, virophages, transpovirions, and the putative metagenomics gut rumen
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polinton/virophage hybrids. The best blast hits of each group were labelled as either having a

best hit against polintons or against the combined virophages.

When extracting sequences from polintons and virophages for the reconstruction of
phylogenetic trees, in order to ensure that all ATPase homologues were gathered, and to correct
misannotated features in RepBase, the ORFs in the polintons that had hits to the putative
SMPLE ATPase as well as any ORFs that had been annotated as integrase were extracted and
reciprocally tblastned against the polintons from RepBase. The resultant ORFs were then
aligned with each other, and any ORF's that were unalignable at the amino acid (AA) level (such
as those that were misannotated) were discarded. An identical process was carried out using
integrase. Identical processes were carried out with both integrase and ATPase for the
previously described B. natans VLEs and combined virophages. An identical process was
carried out with ORF-618 in PLEs and virophages. Both ATPase and integrase homologues
from both groups were also used to query the NCBI eukaryotic WGS database. Retrieved
contigs that had both integrase and ATPase in close proximity were considered to be putative
PLEs. Close proximity was defined as less than 40 kbp, the maximum documented size of a
polinton, virophage, or PLE. Within this more lenient definition, all examined putative PLEs
had ATPase and integrase within 15 kbp of one another. ORF-618 homologues were tblastned

against the NCBI eukaryotic WGS database and hits were added to the alignment of ORF-618.

Phylogenetics. Alignments were initiated using reciprocal tblastn results and then completed
manually. GBlocks implemented in Seaview on its most lenient settings was used on a codon based
nucleic acid alignment and then expanded and trimmed manually (Alignments available in

supplementary data 2). The ATPase and integrase alignments were concatenated and used to
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reconstruct Bayseian inference trees, while the ORF-618 alignment was used un-concatenated. An
alignment of ATPase in the SMPLEs and C. cohnii only was used to reconstruct the host tree for
phylogenetic reconciliation analysis. An additional alignment of ORF-618 was created for only
SMPLEs and C. cohni for use as the parasite tree in phylogenetic reconciliation analysis. All trees
were made in the parallel version of MrBayes version 3.2 (Altekar et al., 2004; Ronquist and
Huelsenbeck, 2003), using the SRD06 model (Shapiro et al., 2005). SRDO06 is a codon position
based model, a model that partitions a nucleotide-based model into categories based on codon
position. It defines a substitution model for codon positions one and two and an independent model
for codon position three, with a different transition-transversion, o parameter, and relative rate
between the partitions (Shapiro et al., 2005). Phylogenetic reconciliation analysis was conducted
using Jane version 4 (Conow et al., 2010) with the cost settings: cospeciation 0, duplication 1,
duplication and host switch 2, loss 4, failure to diverge 3. The exact ratios of the cost settings did
not have an effect on the results so long as the order of values was maintained. Setting 'duplication'
and 'duplication and host switch' to equal values introduced a single duplication event without a

host switch but was otherwise similar to the results shown.

Images. Sequences were visualised and annotated in Geneious version 9.1.7 (Kearse et al., 2012)
and exported as scalable vector graphic files (SVGs) for use in Inkscape version .91 (Inkscape
Project, 2017). Trees output from MrBayes were visualised using Figtree version 1.4.2 (Rambaut,
2012) and exported as SVGs for use in Inkscape. Tree output from Jane was exported as rasterised

Portable Network Graphics files and then vectorised and colourised in Inkscape.
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Future Research

Multiple avenues of research present themselves as follow ups to this project. Although
comparisons of polinton sequence identity between species has been examined since
their discovery, to my knowledge no widespread attempt to date polintons or PLEs
based on divergence in their TIRs has been carried out. Given that many of the host
species have documented evolutionary rates and divergence times, fortunately
including the genus Symbiodinium (Pochon et al., 2006), this would be a fairly
straightforward project. This would entail taking the polintons and PLEs described in
the literature, as well as those identified over the course of the research described above
and identifying their TIRs where present. Unfortunately almost none of the polintons
in RepBase have annotated TIRs, many are entirely unannotated of any features, and
some polintons are annotated incorrectly. This will therefore require going through
over a hundred polintons and extracting the TIRs directly (skipping polintons whose
host species do not have documented evolutionary rates). Some polintons listed in
RepBase are also created from consensus sequences, so the originals will need to be
chased down so as to not lose signal. Almost all PLEs described in the literature are
extracted and described directly from unannotated contigs, as are the PLEs discovered
over the course of this project, and these will require similar treatment (although some
were annotated over the course of this work). Fortunately, none of these are consensus
sequences. Once the TIRs are extracted it is simply a matter of comparing evolutionary

rates of host species to the TIR's divergence.
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Beyond the SMPLEs, applying similar search and retrieval strategies to higher plants
has yielded some promising leads (Figure 1.7). However, many of these elements are
entire contigs, rather than embedded in a larger contig as was the case with the
SMPLEs. They may have been discarded as repetitive elements, in which case some
assembly work may be able to tentatively place them, although there is always the
danger that they are simply results of contamination. Admittedly, some of the PLEs
described in the literature also suffer from this issue, but a more thorough analysis is
warranted given that polintons and PLEs have been conspicuously absent from land
plants up until now. Reciprocal blasts of putative plant PLE proteins against nr/nt,
WGS, and TSA databases should show any immediate signs of contamination
(although I would also presume some form of similar filtering goes on when these
genomes are being sequenced). This will not conclusively disprove contamination, but
should indicate whether the project is worth following up on. Downloading the raw
reads and reassembly may be able to expand the contigs past their original borders and
hopefully place the putative polinton/PLE within the broader context of host genes.

This would be a strong indicator that the elements are in fact genuine.

Numerous potential PLEs, particularly water mould PLEs, were identified over the
course of this study. Characterisation and analysis of these elements could help flesh
out the polinton/PLE/virophage 'tree of life'. Green algae PLEs are only known from a

few examples. Neither of these have the ORF-618 GIY-YIG HEG, but is this simply a

case of a small sample size? Not all water mould PLEs possess it either, but it is
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Figure 1.7 A polinton or PLE candidate in a higher plant. Cyan arrows are blast hits, sorted into
where the query ORF was drawn from. Arrows are shaded according to E value, with lighter being
a lower E value. The recognizable polymerase indicates that this is probably not closely related to
SMPLEs. For reference, the blast hit designated by the black arrows has an E value of 1.11E-48.
Orange arrows are automatically detected ORF's over 200 bp in length.

definitely present in some. Identification and characterisation of more green algae
PLEs should shed light on this. Similarly cryptophyte PLEs are only known from three
poorly characterised contigs from a single species and remain enigmatic. Polinton/PLE
proteins have been detected in Rhizaria via tblastn, but no Rhizaria polintons or PLEs

have been extracted and characterised.

Most polinton genes are poorly characterised. A large scale mapping of polinton genes
to see if common or mutually exclusive gene sets exist could reveal diversity within the
canonical polintons. This project would involve the extraction of the hundreds of
polinton ORFs from the polinton sequences already gathered, plus any new polinton
sequences deposited in RepBase by the time this project commences. In order to correct
for misannotations in RepBase, as well as ORF's truncated by frameshifting mutations

and other internal stop codons, the ORFs would then go through multiple rounds of
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reciprocal tblastn, ORF reconstruction, and extraction. An identical process would also
be carried out for the various PLEs discovered and catalogued up until this point, so
genes and gene sets within the PLEs can be compared to each other and to polintons.
This last step should also shed light on the relationships between the various PLE groups
and the canonical polintons. If polintons and PLEs are transmitted primarily vertically
(or at least have preferential host switching within major host clades), then they are
apparently quite stable as they remain recognisable between disparate groups of
eukaryotes, despite a presumed origin over a billion years ago. The cause of this stability
is unknown. Successfully finding and characterising stably vertically transmitted
polintons and PLEs in land plants and other parts of the eukaryotic tree would also

help in resolving some of the major controversies surrounding eukaryotic phylogeny.
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Supplementary Information
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Supplementary Figure S7.7 Full view of contigs from which the seven SMPLEs in Figure 1.1 are
extracted. Blue line is GC content. Green line is AT content. Purple boxes are terminal inverted
repeats (TIRs). Cyan arrows are Symbiodinium mRNA from transcriptome shotgun assembly
data mapped onto BASF01000492, with cyan lines connecting mRNA segments. The other
SMPLEs are not located in areas that map to TSA data. Sliding window size for determining
GC content is 500 bp.
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Appendix 1A

Published review article discussing some of the ideas presented in this work.

Note: As this is an unaltered published manuscript the figure in it is numbered according
to the published work and not by thesis chapter. Only page numbers have been added
for ease of navigation and reference. Bold monospace font at the bottom centre of each
page of the article follow page numbering of the thesis. Variable space font at the top
left of all pages past the first is the original unaltered page numbering (starting at 59).
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Disentangling the origins of virophages and polintons
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Virophages and polintons are part of a complex system that
also involves eukaryotes, giant viruses, as well as other viruses
and transposable elements. Virophages are cosmopolitan,
being found in environments ranging from the Amazon River to
Antarctic hypersaline lakes, while polintons are found in many
single celled and multicellular eukaryotes. Virophages and
polintons have a shared ancestry, but their exact origins are
unknown and obscured by antiquity and extensive horizontal
gene transfer (HGT). Paleovirology can help disentangle the
complicated gene flow between these two, as well as their giant
viral and eukaryotic hosts. We outline the evidence and
theoretical support for polintons being descended from viruses
and not vice versa. In order to disentangle the natural history of
polintons and virophages, we suggest that there is much to be
gained by embracing rigorous metagenomics and evolutionary
analyses. Methods from paleovirology will play a pivotal role in
unravelling ancient relationships, HGT and patterns of cross-
species transmission.
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Introduction

T'he inhabitants of the microscopic world of giant viruses,
their eukaryotic hosts, virophages, and various transpos-
able elements (‘T'Es) interact in a tangled web of interre-
latedness, parasitism and coevolution. Giant viruses, can
reach up to 1500 nm wide and harbour genomes over a
megabase long. They are part of the nucleocytoplasmic
large DNA viruses group (NCLDVs), that share a com-
plement of six ‘core genes’ [1-3], and includes families
such as the Poxviridae and Phycodnaviridae. Several of the
largest NCLDVs contain genes once considered exclu-
sively cellular which has been taken as evidence in favour
of a reduced-cell explanation for their gigantism [4].
However, genome expansion from smaller viruses via
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horizontal gene transfer (HGT) and genomic duplication
is more consistent with the phylogenetic and genomic
evidence, such as the presence of recently acquired host
translational machinery in the Klosneuviruses [5°°]. Fur-
thermore Poxviruses are known to adaptively expand their
genomes rapidly by up to 10%, albeit only transiently [6].

Giant virus genomes have been colonised by TEs [7,8],
and phylogenies reconstructed from different genes
reveal conflicting topologies indicating an extensive his-
tory of HGT. This complexity is reflective of their
ecology, where giant viruses interact with both their hosts
and associated satellite viruses known as virophages. All
viruses are obligate parasites, but satellite viruses take
parasitism a step further in that they require coinfection
by a helper virus to replicate. The first virophage to be
discovered, dubbed ‘Sputnik’, is associated with the giant
virus Acanthamoeba castellanii mamavirus (ACMV) [9].
Like other giant viruses (and many NCLDVs), ACMV
creates dense cytoplasmic structures known as viral fac-
tories. The term virophage is derived from bacteriophage,
as Sputnik hijacks the replication machinery of these viral
factories, rather than the native replication machinery of
the host cell, and has a negative impact on replication of
the helper virus [9].

Virophages are dsDNA viruses, but they do not appear to
be closely related to other dsDNA viruses. Their mor-
phogenesis genes, such as their pox-like A32 packaging
proteins, place them in the diverse PRDI1-adenovirus
lineage, but some possess unrelated genes such as retro-
viral-like integrases, and they also contain genes of
unknown function, some of which have no known homo-
logues [9-11]. Interestingly however, there are remark-
able similarities between virophages and a family of DNA
TEs initially named mavericks but now more widely
referred to as polintons [12]. Polintons are an atypical
group of large TEs that are able to self-replicate using
their own polymerase and integrase genes, hence the
name ‘Pol-Int-on’ [13-15]. Although there are larger
and smaller examples, most polintons are ~15-22 kbp
in length [16,17°] which is comparable to that of viroph-
age genomes. While virophages and polintons are
extremely diverse, both at the nucleotide level and in
terms of their genomic content, they nonetheless share
multiple genes indicative of shared ancestry [12,17°,18].

The interactions between all the players in this tangled
microscopic world are far from resolved, and the nature of
the relationship between virophages and polintons is
elusive. The clear indication of shared ancestry is set
against a backdrop of frequent HG'T' that complicates
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attempts to identify distinct lineages, and the antiquity of
their evolutionary interactions obscures the processes that
shaped their combined natural histories [16,18,19]. How-
ever, because polintons are anciently integrated into host
genomes, their relative evolutionary stability (in terms of
mutation rate and frequency of HGT events) allows us to
use techniques developed in paleovirology for the study
of ancient viruses. As the field progresses and more data
become available, we will be able to integrate observa-
tions from phylogenetic reconstruction and genomics.
This will be informative for both virophages and polin-
tons separately, but also in combined analyses that will
reveal aspects of their shared evolutionary history. The
synthesis of such analyses can be contextualised with
additional evidence from NCLDV evolutionary recon-
struction and that of their eukaryotic hosts.

"T'his paleovirological approach has previously been effec-
tive in resolving similarly complex evolutionary histories,
such as that of a retrovirus with mammalian origins that
has also integrated into farmed poultry, a herpesvirus, and
a poxvirus [20]. Similarly, a paleovirological approach was
deployed to identify multiple gene transfer events
between an unusual retroviral superantigen gene and
three different herpesviruses, via two separate mamma-
lian hosts [21]. In this paper, we review the prevailing
evidence and opinions about the origins of virophages and
polintons with a paleovirological perspective. We con-
sider the extent to which different aspects of their relat-
edness can be explained by their evolutionary interac-
tions with giant viruses and eukaryotic hosts.

Virophages

Since the discovery of Sputnik, other virophage families
have been discovered, primarily in metagenomic data
[12,22-26,27°,28°,29°,30°]. Most virophages appear to
have circular double stranded DNA genomes ranging
from ~17 to 29 kbp, but the presence, order, and orien-
tation of most genes are not well conserved between
proposed families. Only a fraction of virophages have
been experimentally validated and associated with a giant
virus. Sputnik has been observed 7z vivo, and its presence
in viral factories results in dysfunctional and abortive
ACMV virions. This reduces the yield of ACMV by up
to 70% and decreases host cell lysis threefold [9].
Although distantly related to Sputnik, mavirus similarly
inhibits its host giant virus Cafeteria roenbergensis virus
(CroV) and increases C. roenbergensis survival [12]. The
exact mechanisms behind how Sputnik and mavirus
hijack the viral factories are unknown, and since most
virophages are only known from metagenomic data, it is
not certain how many of them rescue the eukaryotic host.
In contrast, the Zamilon virophage, a close relative of
Sputnik, does not inhibit APMYV reproduction or cell lysis
[26]. It is conceivable that like the subviral satellite
hepatitis D [31], a virophage could lead to increased
morbidity and mortality in the eukaryotic host. It is also

unclear how other players in the system, such as TEs,
affect the outcome of the interaction between virophages,
giant viruses, and cukaryotes.

Polintons

While giant viruses and virophages only infect single
celled eukaryotes, polintons and polinton-like elements
(PLEs) have been described in diverse single celled and
multicellular eukaryotes, from cnidarians to water
moulds. Given how distantly related some of the hosts
are, and the notable absence of polintons in mammals and
terrestrial plants [16,17°,32], their taxonomic distribution
suggests frequent novel integrations, with extensive
HGT between different kingdoms/super groups, and
the repeated loss in descendant lineages of ancient inte-
grations. Indeed, phylogenetic analysis indicates a mix of
both vertical and horizontal transmission [16]. This pat-
tern is not unlike that of endogenous retrovirus phyloge-
nies, which contain both horizontally and vertically trans-
mitted insertions [33]. As paleovirology focuses on such
questions of gene flow, it could be used to quantify the
relative extent of these two processes via a statistical
comparison of polinton and host phylogenies.

Virophages = Polintons

While convergent evolution and HG'T could explain
some of their similarities, extensive phylogenetic and
genomic evidence linking virophages and polintons
makes a compelling case for the hypothesis of shared
ancestry, for which there is broad consensus
[12,18,19,32,34]. However, this leads to questions on
the direction of gene flow and whether the ancestor of
both entities was originally a TE that resembles contem-
porary polintons, or if a viral ancestor gave rise to viro-
phages and their genomic relatives. Conclusive evidence
for either scenario has yet to be unearthed, and arguments
for both have been proposed (Figure 1). In the TE-first
scenario, virophages are the descendants of ‘escaped’
polintons (Figure 1a) [10]. An argument against this is
that because virophages are dependent on co-infection by
giant viruses, while polintons are not, the loss of depen-
dency following integration is more readily explained
than its arising de novo in a DNA transposon [12,18].
Furthermore, there are seven genes in mavirus with
similarity to polinton genes, compared to only three
potential homologs with other virophages like Sputnik.
"This suggests that mavirus may be more closely related to
polintons than it is to other virophages, indicating that
gene flow went from virus to TE, and that a virus is
ancestral to both groups (Figure 1b) [12,18].

Furthermore, there is experimental evidence of gene flow
from a virophage to its host, which supports the viroph-
age-first hypothesis. The spontaneous integration of
mavirus into C. roenbergensis has been observed i vitro,
where they remain quiescent until coinfection by CroV
results in the production and eventual release of mavirus
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Two proposed scenarios for the origins of polintons. (a) An unknown virus (grey icosahedron) infected a cell and recombined with pre-existing
polintons. The polintons then escaped as virophages (purple icosahedron). (b) A virophage (purple icosahedron) integrated into the genome of a
cell and was then transmitted vertically, as a standard EVE, diverging along with its hosts. In both cases polintons subsequently descend primarily

vertically as do virophages.

[35°°]. Unlike with normal mavirus infection, this does
not seem to protect the individual cell initially infected
with CroV, but it does protect the wider population from
lysis, suggesting that endogenous virophages can act as
antiviral defence systems in clonal protist populations
[35°°].

"This co-opting of endogenous viral elements (EVEs) for
defence is known as EVE-derived immunity (EDI), and
has been described in over a dozen cases in multicellular
organisms [36]. As well as experimental observations,
transcriptionally active genes of putative virophage ori-
gin, dubbed virophage like elements (VLEs), are incor-
porated in the genome of the algae Bigelowiella natans
[37°°]. No known giant virus has been observed parasitis-
ing B. natans, so any defensive function is speculative.
Nevertheless, VLEs could be indicative of a historical
confrontation with an ancient giant virus [37°°], and
techniques from paleovirology are well-placed to investi-
gate this. VLEs are in essence EVEs, and their presence

gives us a clue as to what sort of viruses ancestral B. natans
had to contend with. It would be interesting to use
functional paleovirology [38] to reconstitute virophages
from VLEs to test their host giant virus range. Although
they are the only two reported cases of virophage/VLLE
integration in eukaryotes, the cases of B. natans and C.
roenbergensis provide evidence of an evolutionary scenario
in which polintons arose from integrated virophages that
were intitially maintained as EDIs [35°°,37°°]. However,
even if some polintons arose from EVEs that conferred a
benefit as EDIs, others could have randomly integrated
without substantial effect on the host, and drifted or
hitchhiked to fixation [39].

Paleovirological discoveries of additional VILEs combined
with evolutionary analysis of these integrated viral
sequences can differentiate these two scenarios. With
this amount of HGT, the questions must be examined
at the level of individual genes. Designating ‘core genes’
in virophages [19,40] will be a challenge, because the
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discovery of new taxa may whittle down their universal-
ity. Nonetheless, identifying widely conserved genes will
facilitate answering specific questions, such as mapping
the connections between polintons and virophages. For
instance, integrase is going to be crucial as it is frequently
found in both, even if we cannot include those virophages
where it is absent.

Networks and trees

Different papers have presented phylogenetic trees with
varying levels of disagreement, depending on which
genes are used and which taxa are being sampled —
even the monophyly of polintons and virophages is not
consistent [12,19,29°,32,41]. The matter is complicated
further by the fact that some virophages have multiple
open reading frames (ORFs) with no homologues in
sequence databases [11]. Therefore, despite a plausible
evolutionary scenario for a ‘virus first’” model being dem-
onstrated (supported with data and experimental evi-
dence [35°°,37°°]), the sequence of events in this
chicken-and-egg scenario is unknown.

Reconstructing the evolutionary history of virophages will
be central to disentangling the complex history of HG'T
between virophages, giant viruses, polintons, and their
hosts. Their relatively small size and ability to integrate
mean that virophages could facilitate HG'T between giant
viruses and their host eukaryotes. Genes taken from a
giant virus by a virophage that is subsequently donated to
a cukaryote could be viewed as ‘vicarious EVEs’ [18].
Indeed, genes of likely NCLDV origin have been dis-
covered in land plants, despite there being no known
exogenous NCLDVs that infect them [42,43°]. The large
size of the giant virus genomes would make integration of
the entire viral genome without disrupting cellular func-
tions difficult, which may explain why no giant viral EVEs
have been identified. Nevertheless, large viral integra-
tions can and do occur, such as herpesviruses in primates
[44-46], phycodnaviruses in algae [47,48], as well as
endogenized phycodnavirus segments [49,50].

One way to make sense of the tangled relationships
between NCLDVs, eukaryotes, virophages and bacter-
iophages is by drawing gene networks [10,19,34]. While
these accurately capture a general pattern of HGT
between these entities, they provide limited insight into
the underlying phylogenetic history, and direction of
transfer. Furthermore, these similarity-based approaches
do not distinguish genes on the basis of gene function. For
example, many virophages contain genes not found in
other virophage lineages such as retroviral-like integrase
in maviruses. Similarly, Sputnik appears evolutionarily
linked to bacterial TEs carrying T'V-Pol family genes (e.g.
[S605 or SCCmec elements) [51], and has a phage-like
bacterial transposase that is unrelated to integrases from
mavirus, autonomous polintons, and some PLEs [9].
Thus, in addition to recombination, this indicates

convergent evolution that gene network approaches can-
not distinguish.

Origins of virophages: a viral ancestor for
virophages and polintons

If polintons are EVEs, descended from an anciently
integrated virophage (Figure 1b), this does not answer
where virophages came from. A third hypothesis addres-
sing whether virophages or polintons came first puts
hypothetical ‘polintoviruses’ at the origin of not just
virophages and polintons, but also NCLDVs, bidna-
viruses, and adenoviruses [10,52°]. Based on the presence
of ORFs that are predicted to form the double jelly roll
fold seen in virophage capsid proteins, it has been sug-
gested that many elements classified as non-viral TEs (i.
e. polintons) are actually bona fide viruses [53]. In this
hypothesis, tectiviruses (bacteriophages infecting gram-
negative bacteria) came into eukaryotes with the capture
of mitochondria [10,52°]. Tectiviruses acquired cysteine
protease and integrase from already extant transposons,
and subsequently became polintoviruses, capable of
existing exogenously and endogenously, while those
that lost their capsid gene became intracellular polintons
[52°].

The polintovirus hypothesis also suggests that these
integrated tectiviruses escaped the nucleus via the acqui-
sition of DNA dependent RNA polymerase and an
mRNA capping system, forking into cytoplasmic plas-
mids via genome reduction and into NCLDVs via the
replacement of POLB, and a 10-100 fold (or more)
genome expansion [52°]. Additionally, polintoviruses
diverged into other exogenous viruses, some of which
began parasitising and swapping genes with some

NCLDVs [52°].

Possession of a coat-protein encoding gene, as well as the
ability to form virions are the defining features of a bona
fide virus. Polintoviruses have never been observed, and
thus far, there is no indication that the putative capsid
ORFs of some polintons are functional. Nonetheless, it is
likely that the ancestor of both polintons and virophages
was a virus, and future work remains to demonstrate what
it may have resembled and to what extent it is also the
ancestor of other lineages.

In depth gene-by-gene paleovirological
analysis will unravel the natural history of
polintons and virophages

Regardless of the direction of transfer, polintons are
endogenous relatives of virophages. As such, they can
be studied under a paleovirology framework in the same
manner as EVEs. Over the last several decades, retro-
viruses have been systematically investigated using
robust phylogenetics and genome-wide statistical analy-
ses. This has revealed insights ranging from uncovering
ancient patterns of cross-species transmissions across
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vertebrates [33,54-56], to identifying the many ways that
retroviral genes have been co-opted by their hosts for a
beneficial function [36,57,58]. Moreover, the relationship
between extant virophages and polintons is analogous to
that between contemporary and ancient retroviruses. For
instance, like polintons, the diversity and range of ancient
retroviruses far exceeds that of their contemporary cou-
sins [54]. Such paleovirological studies have enabled us to
re-evaluate our understanding of groups like lentiviruses
and foamy viruses, as well as identify the broad and
influential effect they have on host genomes
[36,58,59,60°°]. By applying the same paleovirology prin-
ciples, we will be able to reach detailed and statistically
robust conclusions about specific groups of polintons,
virophages, and/or the genes contained within them.

Central to the study of viruses in paleovirology is the
adherence to certain standards of data analysis and rigor-
ous evidence, since most research depends on third-party
genomic data collected under different conditions and
assembled to varying degrees of accuracy. The recogni-
tion that metagenomics and paleovirology have an over-
lapping set of methodologies and goals is giving rise to
novel approaches in viral discovery and analysis [46,61].
Most virophages identified thus far only have bioinfor-
matic representation, having been mined from large-scale
metagenomic studies. While these sequences are invalu-
able, we must be cautious and apply the same level of
scrutiny as we would with endogenous viruses. This
includes offering supportive evidence for valid assembly
as well as distinguishing between integrations and ‘free-
living’ viruses.

Conclusions

There is unlikely to be a unifying theory that can at once
explain the lack of synteny between virophages and giant
viruses, between different linecages of virophages, and
between virophages and polintons. Although a relation-
ship between polintons and virophages is clear, there
remains a large gap that separates the groups in terms
of phylogenetic similarity, genomic organisation, and
gene content. Therefore while their ancestor was likely
viral, the nature and identity of this virus remains to be
determined. A more piecemeal approach that can explain
parts of the puzzle with less uncertainty will inevitably
develop as we identify new lineages of virophages and
polintons. Moreover, increased taxonomic sampling will
also reveal transitional viral fossils that could help disen-
tangle the entwined natural histories of genes and gen-
omes, by combining the information from phylogenetic
reconstruction and analysis of genomic organisation.

"T'he application of techniques that synthesise analyses of
both EVEs and viral genomes will help reconstruct very
ancient evolutionary events, and paleovirology is well
equipped to deal with remarkably large timescales. For
example, such hybrid approaches have been used to trace

the origin of retroviruses to the seas of the early Palaco-
zoic Era more than 450 million years ago [60°°]. However,
we must also be prepared to recognise that if the history of
these entities extends far beyond such timescales —
possibly even preceding the last universal cellular ances-
tor — then the answers to some (or all) of the questions
posed here may be out of reach.
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ABSTRACT

Archaic HLA alleles have been identified in the genomes of three Neanderthals
and one Denisovan, and HLA-B*73:01 has been proposed to be of archaic origin.
Here we estimated the average relative and actual archaic HLA frequencies
worldwide in modern native populations and found that distinct selective forces
appear to act on HLA-A, HLA-B, and HLA-C. The HLA-A frequency was several
times higher than that of HLA-B and HLA-C, suggesting that additional selective
forces act on HLA-A. We hypothesise that one such selective force could be the
need to control human endogenous retrovirus (HERV) expression. Combinations
of archaic HLA variants in modern native populations clustered according to
geographic location and often with populations with known shared ancestry.
North-to-south clines were observed in Europe for Neanderthal and HLA-
B*73:01-recombinants, and in China for Neanderthal, Denisovan, and HLA-
B*73:01-recombinants. The composition of archaic HLA variants was distinct for
each population. Our results underscore that ancient combinations of pathogens
have selected for distinct HLA frequencies in modern native populations and that

these still carry a substantial local survival advantage.
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INTRODUCTION

The genes of the human leucocyte antigen (HLA) are some of the most
polymorphic genes in the genome, and thousands of different alleles have been
identified at the three primary HLA class | loci; HLA-A (>6000), HLA-B (>7500),
and HLA-C (>6000) (Robinson et al., 2015). This polymorphism is characterized
by a high level of sequence variation in the peptide-binding groove of HLA
molecules and an enhanced rate of non-synonymous (NS) mutations (Hughes
and Nei, 1988; Parham, 1988; Reche and Reinherz, 2003). Each HLA variant
has specific binding motifs that allow for binding of only a subset of the
intracellular pathogen-derived peptides, or tumour neo-antigens, produced by the

conserved cellular antigen-processing machinery.

HLA class | molecules are central to the regulation of both adaptive and innate
immune responses. HLA class | present intracellular ‘non-self-derived peptides
to cytotoxic T lymphocytes (CTL) and upon recognition of the foreign peptide or
tumour neo-antigen, CTLs kill the infected cell. Some HLA molecules also
function as ligands for specific natural killer (NK) cell receptors. NK cells
constantly contact other cells and receive a balance of signals from activating
and inhibitory receptors on the NK cell surface. The combined signal, and
downregulation, or loss, of HLA class | presentation on infected cells or tumour

cells, result in NK cell lysis of the abnormal cell.

Many HLA polymorphisms are ancient and allele lineages can predate species

divergence and be retained across multiple species. The HLA system (Klein,

1987) and ABO histoblood group (Segurel et al., 2012) are the best described
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forms of transspecies-polymorphism in humans. The degree of HLA-A and HLA-
B polymorphism is related to pathogen diversity, primarily virus diversity
(Prugnolle et al., 2005), and selection pressures imposed by viruses have been
estimated to account for ~30% of all amino acid changes in the human proteome
(Enard et al., 2016). In contrast to HLA-A and HLA-B, HLA-C plays a role in
reproduction and the interplay between paternal and maternal HLA-C variants on
the trophoblast and maternal NK-cells are essential for successful placentation

(Parham and Guethlein, 2018).

HLA-A, HLA-B, and HLA-C are subject to multi-allelic balancing selection which,
with recombination, act to preserve functional, beneficial genetic diversity. The
exact mechanism of balancing selection is under debate, but three main
processes have been proposed: overdominance (i.e., heterozygote advantage)
(Doherty and Zinkernagel, 1975), frequency-dependent selection (i.e., rare allele
advantage) (Bodmer, 1972), and fluctuating selection over time and space (Hill,
1991; Key et al., 2014). These processes are not mutually exclusive and might
interact with each other. As modern human populations dispersed around the
globe and encountered novel diverse local environments, positive directional
selection of newly occurring, or previously neutral, mutations in HLA and
recombination resulted in population, and/or regional, adaptation (Quintana-

Murci, 2019).

Beneficial HLA variation can also be acquired through admixture and adaptive

introgression of HLA alleles between modern human populations (Patin et al.,

2017) and between modern human populations and archaic humans (Abi-
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Rached et al., 2011; Fu et al., 2015). Such interbreeding events between different
human lineages appear to be frequent as genomic analyses of three modern
humans from the time when Neanderthals lived in Eurasia (~40,000 years before
present (YBP) or earlier) revealed that one (33%) had a Neanderthal ancestor
four to six generations back in the family tree (Fu et al., 2015). Likewise, reports
suggest that interbreeding and adaptive introgression between archaic humans
occurred in regions where the two overlapped (Figure 2.1). For example, in the
genome of two of the six individuals (33%) from Denisova cave, Altai mountains,
interbreeding (Meyer et al., 2012; Slon et al., 2018) and introgression of the HLA
region (Meyer et al., 2012) has been documented. Traces of interbreeding
between Denisovans and a superarchaic human lineage (possibly Homo erectus)

has also been observed (Prufer et al., 2014).

The earliest modern human fossils outside of Africa were discovered in Misliya
Cave, Israel, and are dated to around 177,000 to 194,000 YBP (Hershkovitz et
al., 2018). However, this early migration seems not to have made a lasting impact
and the major dispersal of modern humans out-of-Africa appears to have
occurred only ~60,000 YBP (Reich, 2018). The ancestors to all modern humans
outside of Africa mated with Neanderthals in the Levant. As modern humans
ventured further into Eurasia about ~45,000 to 35,000 YBP, interbreeding
occurred with local Neanderthal (Fu et al., 2015) and Denisovan populations
(Jacobs et al., 2019). The latter belonged to at least three distinct lineages that
predominated in Siberia (Altai mountains) and North East Asia; South and East
Asia and parts of Oceania; and Papua New Guinea (Jacobs et al., 2019; Reich,

2018) (Figure 2.1). Because these archaic humans had already adapted to
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Figure 2.1 Outline of the global Neanderthal and Denisovan distribution and the main
modern human migration. The approximate distributions of Neanderthals (red) and
Denisovans (blue) are adapted from (Mafessoni, 2019). The ice sheet (dark grey) shown
is the estimated maximum glacial extent during one of the several glacial maximums
(Hughes, 1985) that occurred during the ~700,000 years the ancestors to Neanderthals
and Denisovans and later each human form lived in Eurasia. The dark brown land areas
indicate now submerged territory which were above water during early human migrations
(e.g., Sundaland in south east Asia, Doggerland in Europe, and the region between North
Africa and Spain). These might have served as habitats for archaic humans during some
of this period, and may have provided land-bridges to what are now islands (e.g., Japan,
Taiwan, and other islands in south east Asia). Arrows indicate the main modern human
migration out-of-Africa ~60,000 YBP and the subsequent dispersal throughout Eurasia.
The green dot signifies Vindija Cave, Croatia, where remains of the three Neanderthals
used in this study were found (Green et al., 2010). The orange dot shows Denisova Cave
in the Altai Mountains, Russia, where the genomic sequences from one Denisovan
(Reich et al., 2010), and one Neanderthal originate (Prufer et al., 2014). The red square
signifies the Levant where Neanderthals and the ancestors to all modern humans in
Eurasia interbred. The light blue squares show the approximate position of interbreeding
between modern humans and three distinct Denisovan lineages. Colour bar (right)
illustrate estimated differences in temperature, from red (hottest) to blue (coldest). Heavy
dashed line is the equator. Light dashed lines are the tropics of Cancer and Capricorn

Eurasian pathogens for ~700,000 to ~450,000 years, adaptive introgression of
archaic HLA variants likely provided modern humans with pre-adapted HLA

variants that were crucial to their survival in the new environment.
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Here we investigated the frequency and distribution of 20 archaic HLA variants
from four Neanderthals and one Denisovan in 150 global ‘modern native
populations’ (MNP) from which HLA-A, HLA-B, and HLA-C data were available.
These HLA variants comprise less than 0.1% of all known HLA class | alleles.
These analyses were extended to include the proposed archaic HLA-B*73:01
allele and recombinants carrying parts of this gene (Abi-Rached et al., 2011).
HLA-B*73:01 is a unique major histocompatibility complex (MHC)-BII allele more
closely related to chimpanzee and gorilla MHC-B alleles than to other modern

human B alleles.

We found that distinct selective pressures acted on HLA-A, HLA-B, and HLA-C.
Furthermore, we examined how MNP clustered based on the combination of
archaic HLA frequencies, which is an indicator of the shared, or divergent,
population immune responsiveness conveyed by these HLA variants. Although
other factors, e.g., cultural transitions such as the advent of agriculture ~12,000
YBP exposed humans to novel pathogens, our results highlight that ancient shared

and distinct selective pressures act on humans in different regions of the world.

RESULTS

The average relative frequency of archaic HLA variants vary geographically
We focussed on the ten Neanderthal and eight Denisovan HLA variants identified
by Abi-Rached et al. (2011) in the genome sequences of three related female
Neanderthals from Vindija Cave, Croatia (Green et al. 2010), and one female
Denisovan from Denisova Cave in the Altai Mountains, Russia (Reich et al., 2010;

Abi-Rached et al. 2011) (Figure 2.1, Table S2.1). The Neanderthal samples date
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from ~44,500-38,000 YBP and the Denisovan from ~50,000-30,000 YBP. Some
HLA variants, e.g., HLA-A*26 and HLA-A*66, were reported to be equally likely
and were both included in our analyses, whereas possible archaic HLA variants
identified only through linkage disequilibrium (LD) analyses were not. We HLA
typed a high-resolution genome from a Neanderthal woman from the Denisova
Cave, Altai Mountains (Prufer et al., 2014) (Methods). The fossil could not be
dated directly, but was found in a >50,000 years old cave layer (Prufer et al.,
2014), and sequence analysis has dated the sample to ~120,000 YBP (Slon et
al., 2018). Despite the separation of time and space between the samples the
four HLA variants we identified were similar to those found in the Vindija
Neanderthal DNA samples either directly (HLA-B*51:01 and HLA-C*16:01) or
through LD decay analyses (HLA-A*24:02 and HLA-A*31:01) (Abi-Rached et al.,
2011). The latter HLA variants were therefore included as Neanderthal HLA
variants together with HLA-A*24:03 as our analyses did not clearly distinguish

between HLA-A*24:02 and HLA-A*24:03 (Table S2.1).

To avoid confounding our analyses by the impact of well-documented large-scale
migrations and admixture between modern populations during the last ~500
years, we limited the examined populations to 150 MNP from which HLA-A, HLA-
B, and HLA-C data were available (Methods). The populations were grouped into
11 geographic regions using hand-curated database associated location
coordinates; Africa (AF), North Africa (NAF), Europe (EU), Western Asia (WA),
South Asia (SA), North East Asia (NEA), South East Asia (SEA), Oceania (OC),

Australia (AU), North America (NAM), and South America (SAM) (Methods).
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To estimate the global distribution of archaic HLA variants, we examined the
relative frequency of Neanderthal and Denisovan HLA alleles in each region
(Figure 2.2a, b). Eleven of the twelve Neanderthal HLA variants were observed in
all or most regions including Africa (95%). The exception was HLA-B*07:03, which
was only found in 23 people in the WA and EU. (Figure 2.2a). In contrast, only five
of the eight Denisovan HLA alleles were global or present in most regions (56%);
one of these, HLA A*02:01, was also identified in the Neanderthal sequences.
Three HLA variants were predominately Asian with the highest frequencies in SEA,
and an extremely rare HLA variant, HLA-B15:58 was only found in SEA (Figure
2.2b). Only three Denisovan HLA variants were observed in Africa. These results
mirror the accepted view that much of the Neanderthal DNA in modern humans
came from interbreeding events that took place ~60,000 to 40,000 YBP in the
Levant and that only some modern human ancestors interbred with Denisovans as

they ventured into Asia thousands of years later (Reich, 2018).

The proposed archaic HLA-B*73:01 allele was observed primarily in WA (Figure
2.2c, blue square), but was also found in AF, EU, NEA, and SA. Some human
HLA alleles acquired fragments of HLA-B*73:01 through recombination either in
archaic or modern humans (Figure 2.2c, d, e, S2.2). These recombinants all
carry a methionine at position -21 (-21M) in the leader sequence whereas most
HLA-B variants carry threonine in this position (-21T). The leader sequence is
processed into peptides in the cell and a peptide is produced which, if it contains
-21M, can bind to HLA-E. This binding ensures correct folding of HLA-E and
results in HLA-E expression on the cell surface. HLA-E is a ligand for NK cell

receptor CD94:NKGA and the amount of HLA-E on the cell surface affects the
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Figure 2.2 The average relative frequency of archaic HLA variants. a, b. The average
relative frequency of Neanderthal (a) and Denisovan (b) HLA variants worldwide. The
black box highlights HLA-B*07:02, which also carry parts of HLA-B*73:01 (see c); Red box
highlights HLA-A*02:01, the only HLA variants shared between the Neanderthals and the
Denisovan in this study. c, d, e. The average relative frequency of HLA-B*73:01 (blue box)
and recombinants between HLA-B*73:01 and other HLA alleles worldwide. The black box
highlight HLA-B*07:02, which is also found in the Neanderthal genomes. Geographical
regions were colour coded as outlined in the figure. AF = Africa, NAF = North Africa, EU =
Europe, WA = Western Asia, SA = South Asia, NEA = North East Asia, SEA = South East
Asia, OC = Oceania, AU = Australia, NAM = North America, and SAM = South America.

education and functionality of the NK cell repertoire in the host. The functionality

of NK cells affect their ability to combat diverse pathogens.
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The HLA-B*73:01 recombinants could be divided into three main groups according
to their global distribution patterns. Group 1 was found in three or more regions at
relative high frequency (Figure 2.2c); this group could be further subdivided into
those found primarily in AF, NAF, EU, and WA, those found in almost all regions,
and some found predominately in NEA, SEA, OC, NAM, and SAM. Group 2 was
found mostly in only two regions (Figure 2.2d). Of the four HLA variants in this
group, three were found in adjacent geographical locations (AF/NAF, SA/NEA,
NAM/SAM) whereas one was found almost only in OC and SAM. This is striking
and in line with the observation of some Austronesian ancestry in SAM (Moreno-
Mayar et al., 2018). Group 3 consisted of twelve HLA variants almost exclusively
present in one geographical location; the only regions without this exclusive local

adaptation pattern were AF, NAF, NEA, and OC (Figure 2.2e).

In combination, these results highlight the wide dispersal of most Neanderthal
and some Denisovan HLA variants, the local selection in SEA, NEA, and OC of
some Denisovan HLA-A* variants and one rare HLA-B variant, and the variable
selective pressures on HLA-B*73:01 and recombinants thereof worldwide. These
patterns likely reflect the variable selective pressures from combinations of
ubiquitous and local pathogens and the degree to which the HLA variants can
present peptides from vulnerable parts of these pathogens and the extent to

which the NK response participates in combatting them.

Distinct selective forces act on HLA-A, HLA-B, and HLA-C evolution

We next examined the Neanderthal and Denisovan HLA-A, HLA-B, and HLA-C

frequency differences between populations within each geographical region by
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summing the frequencies of each HLA group (Figure 2.3a, b). This analysis

strongly suggests that distinct selective factors have acted on each group.

The Neanderthal HLA-A alleles were found worldwide. The combined HLA-A
frequencies in non-African populations generally varied between 0.25 and 0.75,
with few populations carrying less and some up to 0.95. The percentage of
individuals with one of these alleles therefore were between 50-100% in most
populations (Figure 2.3a). The combined HLA-A frequency was highest in SEA-
Taiwanese indigenous populations and typically high in most of NEA, OC, and
NAM and SAM. Some NAM and SAM populations, e.g., the Arizona Gala River
Amerindian and the Venezuela Perja Mountain Bari populations, had frequencies
comparable to those found in indigenous Taiwanese. WA, SA, and SEA-Chinese
populations, excluding SEA-Tibetans, displayed the lowest frequencies, while the
EU frequencies were intermediate at around 0.4. A similar pattern was found for
the Denisovan HLA-A frequencies, although the maximum and overall allele
frequencies were lower (Figure 2.3b). Denisovan HLAs in western Eurasian
populations (e.g. Europe, Western Asia, and North Africa) likely represent genetic
overlap with Neanderthals from their closely shared heritage, long-term regional
cohabitation (Figure 2.1), and later back migrations by modern humans, as unlike
Neanderthals, Denisovans are thought to have admixed only with eastern
Eurasian populations. For the Denisovan HLA variants, the highest frequencies
were observed in SEA-Chinese populations, not the SEA-Taiwanese
populations, in contrast to the Neanderthal HLA-A pattern. Likewise, the
frequencies in NEA populations were relatively low and comparable to the

frequencies found in WA and SA. Only a few of the Oceanian populations, and
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none of the NAM and SAM populations, had frequencies that exceeded 0.5. This
result suggests that the selective forces working on HLA-A are and were to a

large extent similar in all populations, and to a lesser extent local.

In contrast to the Neanderthal HLA-A distribution pattern, Neanderthal HLA-B
were largely absent in several Eurasian regions (Figure 2.3a). The HLA-B allele
frequencies were typically ~0.20 in EU and less than 0.30 in WA although
significant variation was observed in this region. The frequency in all other
populations was less than 0.2, with stable frequencies in NEA and highly variable
frequencies in SEA and NAM. Neanderthal HLA-B variants were absent in most
SEA-Taiwanese, OC, and SAM populations, despite the same populations
having the highest Neanderthal HLA-A frequencies. The Denisovan HLA-B
variant, HLA-B*15:58, has only been identified in a few individuals worldwide,
primarily of SEA-Chinese ancestry, suggesting that this HLA variant is largely
irrelevant to the survival of modern humans, for example it might be a local
adaptation to ancient and possibly extinct pathogens in the Altai mountains which
was lost through genetic drift (Figure 2.3b). In combination, these results suggest

that the selective factors working on HLA-B are and were predominately local.

Neanderthal HLA-C variants were present throughout all regions and were
observed in almost all populations (Figure 2.3a). The frequencies generally
ranged from 0.1-0.2, with some SEA, OC, and NAM and SAM populations
displaying higher frequencies, although rarely more than 0.3. Three populations
had extreme frequencies, e.g., the SAM Yucpa population. A similar pattern was

found for Denisovan HLA-C variants, although for these, the EU frequencies were
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typically lower than in the rest of Eurasia, in contrast to the Neanderthal HLA-C
pattern (Figure 2.3b). The frequencies were also low in NAM and absent or low
in SAM, except for the extreme frequency of 0.49 in SAM North Chimila
Amerindians. While Neanderthal HLA-C was not observed, or found at low
frequencies in AU, the Denisovan HLA-C frequencies were relatively high in all
AU populations. The Denisovan HLA-C variants were also absent in most African
populations. These patterns underscore that Asian, Oceanian and Australian
populations interbred with Denisovans, while this was not generally the case for
the ancestors of the EU populations. This result highlights that similar to HLA-A,
the selective forces working on HLA-C were and are to a large extent similar in

all population and to a lesser extent local.

The combined frequency of HLA-B*73:01 and recombinants thereof were between
0.1 and 0.2 in most populations worldwide (Figure 2.3c). In contrast to the
Neanderthal and Denisovan HLA frequencies, the combined frequency of HLA-
B*73:01 and recombinants were similar to or higher in Africa than in most Asian
populations. This might indicate that HLA-B*73:01 and recombinants thereof were
present in modern humans when they migrated out of Africa, or that these HLA
variants were present in the common ancestor to Neanderthals/Denisovans and
modern humans. These results also suggest that it is beneficial to the survival of
populations worldwide that part of the population carry NK cells educated through an

augmented interaction between HLA-E and the CD94:NKGA receptor on NK cells.

Some of the differences in archaic HLA-A, HLA-B, and HLA-C frequencies between

regions and within regions likely reflect the population bottlenecks that occurred
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during the migration of humans with introgressed Neanderthal HLAs from the
Levant to South America and adaptation of isolated populations to environmental
pathogens. The similar selective pressures affecting HLA-C are due to its crucial

role in placentation and the shared variables of human anatomy and physiology
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Figure 2.3 Worldwide archaic HLA-A, HLA-B, HLA-C frequencies. a. The sum of
Neanderthal HLA-A, HLA-B, and HLA-C variants in each modern native population.
Distinct differences were observed between SEA-Chinese and SEA-Taiwanese
populations as the latter displayed the highest HLA-A frequencies, both had very low
levels, if any, of HLA-B, while the HLA-C frequencies were comparable. b. The sum of
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(Parham and Guethlein, 2018). Poor placentation can result in miscarriage,
preterm labour, foetal growth restriction, stillbirth, and potentially fatal preeclampsia
and eclampsia in the pregnant woman. This interplay has been studied in detail in
the SAM Yucpa population where the abundance of Neanderthal HLA-C*07:02 has
induced changes in the killer-cell immunoglobulin-like receptor (KIR) repertoire to

optimise the chances of a successful pregnancy (Parham and Guethlein, 2018).

The distinct relationships between HLA-B frequency and latitude

Our results suggest that the combination of selective forces acting on HLA-A were
different from those on HLA-B (Figures 2.4). Previously, pathogen-driven multi-
allelic balancing selection has been hypothesized to explain the polymorphism in the
HLA complex as the diversity of HLA-A and HLA-B genes correlate significantly with
pathogen diversity, defined as the number of disease agents in a country (Prugnolle
et al., 2005). Pathogen diversity has in turn been shown to be negatively associated
with the distance from the Equator, although the local environments have modifying
effects, with, e.g., temperature, seasonal dry extremes, and frost-free climate
increasing pathogen prevalence (Cashdan, 2014; Stephens et al., 2016). As 30,000
to 120,000 YBP encapsulates several climate changes and glacial maxima, it defies
a concise accurate description. However, it is fair to propose that in general the
Neanderthals in Croatia lived in a temperate Mediterranean climate and the
Neanderthals and Denisovans in the Altai mountains in a temperate mountain zone.
Because of this, the HLA variants we investigate have all been adapted to combat

pathogens prevalent in temperate or colder climates.

In line with these proposed HLA adaptations to pathogens that thrive in a
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temperate climate, we found a significant positive relationship between the
amount of Neanderthal HLA-B variants and distance from the Equator, (R} =

a b c
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Figure 2.4 Distance from the Equator versus archaic HLA frequencies in modern native
populations. a, b, ¢ Neanderthal HLA A*, B*, and C* respectively. d, e Denisovan HLA A*
and C* respectively. f HLA-B*73:01 and recombinants thereof. Regressions are beta
regressions (see methods) of the distance from the Equator against the total amount of each
respective HLA in a population. Grey shaded area is the confidence interval. Red dashed
lines are the upper (97.5%) and lower (2.5%) quantiles of nonparametric bootstraps with
10,000 replicates. Blue dotted lines are for visualising the variance distribution and are the
upper (97.5%) and lower (2.5%) quantiles of the predicted beta distribution. p-values are for
the mean model (i.e. what one would see in a normal linear regression). ¢ p-values for the
variance model were significant for non-Denisovans (see Table S2.5). Rg is pseudo R
squared, a global measure of explained variation. Geographic regions are colour coded as
outlined in the figure. NAF = North Africa, EU = Europe, WA = Western Asia, SA = South Asia,
NEA = North East Asia, SEA = South East Asia, OC = Oceania, AU = Australia.
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0.46, p < 2e-16) (Figure 2.4b). A similar pattern was found for HLA-B*73:01
and recombinants thereof, although the associations were weaker (R} = .36, p
= 2.2e-8) (Figure 2.4f). Allowing for variable dispersion to be modelled
separately from the mean showed a statistically significant negative relationship
between distance from the Equator and the precision parameter (¢) for the non-
Denisovan HLAs, i.e. there was significantly less variability in the total amount of
archaic HLAs for populations further away from the Equator (Figure 2.4ac & f).
This was true even if there was no significant link between the mean amount and

distance from the Equator (see Table S2.5 for ¢ p-values).

Multiple regression of distance and pathogen diversity

Next we carried out a multiple regression adding distance from the Levant (Manot
cave) and intracellular pathogen richness (the number of pathogens listed in a
country) (Methods) to our models. We looked at viruses, intracellular bacteria (both
obligate and facultative), and both viruses and intracellular bacteria pooled together
(Table 2.1, see TABLE S2.6 for ¢ p-values). For each pathogen set, the amount of
Neanderthal HLA A in a population was significantly correlated with both distance
from Manot cave and the Equator, but was not correlated with pathogen richness.
For Denisovans, HLA A was significantly correlated with distance from the Equator
when regressing total pathogen and bacteria richness but not viruses. Denisovan
HLA A was correlated with pathogen richness and was not correlated with distance
from Manot cave for all pathogen datasets. For both Neanderthal HLA B and HLA-
B*73:01 and recombinants thereof, the amount of archaic HLAs in a population was
significantly correlated with both distance from the Equator and pathogen richness

for all pathogen datasets. HLA B was also significantly correlated with distance from
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Table 2.1 Pseudo R squared and p-values for beta regression analyses of the
relationship between Archaic HLA frequency, distance from Manot cave, distance from

the equator, and pathogen species richness

HLA A HLA B HLA C

Neanderthal HLAS

R} 16% 49% <1%
Pathogens 0.36Ns 9.05e-05*** 0.56Ns
Dist.Equator 4.85e-06*** 1.18-15*** 0.21Ns
Dist.Manot Cave 6.74e-04*** 5.85e-03** 6.44e-04***

R?, 17% 53% <1%
Bacteria 0.40Ns 0.02* 0.45Ns
Dist.Equator 1.76e-04*** 2.42e-14*** 0.21Ns
Dist.Manot Cave 1.27e-03** 1.25e-03** 5.39e-04***

R} 15% 49% <1%
Viruses 0.52Ns 1.06e-05*** 0.71Ns
Dist.Equator 6.14e-07*** 2.46e-16*** 0.21Ns
Dist.Manot Cave 4.11e-04*** 2.63e-03*** 4.24e-04***
Denisovan HLAS

R} 12% 4%
Pathogens 6.05e-3** 0.10Ns
Dist.Equator 0.04* 0.169Ns
Dist.Manot Cave 0.48Ns 0.59Ns

R? 18% 2%
Bacteria 7.10e-05*** 0.26Ns
Dist.Equator 1.18e-03** 0.13Ns
Dist.Manot Cave 0.89Ns 0.93Ns

RZ 7% 6%
Viruses 0.03* 0.06Ns
Dist.Equator 0.19Ns 0.26Ns
Dist.Manot Cave 0.17Ns 0.48Ns
B*73:01 Recombinants

RZ 38%
Pathogens 5.83e-07***
Dist.Equator 4.68e-16***
Dist.Manot Cave 0.03*

RZ 36%
Bacteria 3.74e-07***
Dist.Equator < 2e-16***
Dist.Manot Cave 0.01*

R? 39%
Viruses 3.27e-06***
Dist.Equator 4.98e-15***
Dist.Manot Cave 0.07NS

Dist.Manot Cave is distance from Manot Cave. Dist.Equator is the distance from the equator (i.e.
a measure of absolute latitude). Pathogens is species richness of intracellular pathogens, both
bacteria and viruses, in a country from which population was drawn. Bacteria and Viruses denote
their respective individual species richness. Bold italicized text denotes values that were not
significant when accounting for spatial autocorrelation. See Table S2.6 for ¢ p-values R} is the
pseudo R squared value, a global measure of variation explained by the model for beta
regressions, akin to R? for linear models. p-values for asymptotic Wald tests: *** < 0.001; ** <
0.01; * < 0.05; NS, non-significant.




Manot cave for all pathogen datasets except B*73:01 compared to Virus richness.
Neanderthal HLA C was correlated with distance from Manot cave while Denisovan
HLA C was not. Neither Neanderthal nor Denisovan HLA C was correlated with

distance from the Equator or pathogen richness.

For Neanderthal HLA A vs all pathogen sets and Denisovan HLA A vs total
intracellular pathogens and intracellular bacteria only, distance from the Equator
was significantly correlated with the amount of archaic HLA in a population in the
multiple regression while it was not in the simple (single predictor) regression. This
can be indicative of multicollinearity, where the predictor variables are not only
correlated with the response variable but also highly correlated with each other.
Testing this, the distance from the Equator is correlated with total, bacterial, and
viral pathogen richness. Briefly, the mechanism for how this affects the significance
is that in the simple regression, the not significant predictor (distance from the
Equator) is significantly associated with an omitted predictor (for example,
pathogen richness). Distance from the Equator then partially reflects the effect of
the omitted pathogen richness in addition to its own effect. When pathogen
richness is added to the multiple regression, distance from the Equator no longer
captures the partial effects of pathogen richness and now better reflects the "true"
effect of distance from the Equator. There are other confounding factors, such as
local microclimate, which the model does not capture which further complicate the
matter. The variance inflation factor (VIF) is a widely used measure of the degree
multicollinearity, and the general rule of thumb is that a VIF over 5 requires further
investigation while a VIF over 10 is a sign of severe multicollinearity and requires

correction (Fox and Weisberg, 2019; Kim, 2019). All predictors in all of our models
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had a VIF under 3, and the majority were under 2.

Earlier studies looking at similar data, e.g. Prugnolle et al. (2005), made no efforts
to control for non-independence of the data points. Indeed, there is considerable
variation in the extent to which analyses across populations within a species
account for gene flow and phylogenetic non-independence, and the majority
completely ignore both (Meirmans, 2012; Stone et al., 2011). Nevertheless, we
have endeavoured to control these factors here. Most prescribed methods of
controlling for these effects require gene sequences, phylogenetic data, and other
factors that do not exist for the data in this study. For example, Felsenstein's (2002)
“intraspecific contrasts method" requires the observed phenotype, the optimum
phenotype, a scalar describing incremental per generation movement of the
phenotype towards its local optimum, and the pairwise migration rates between alll
populations. This is perhaps useful for simulations but for real data where most of
these things are unknowable, proxies need to be found. Fortunately, spatial
autocorrelation can be used as a proxy to control for genetic structure and the
homogenising influence of gene flow (Diniz-Filho et al., 2013; Epperson, 2005;
Epperson and Li, 1996; Furstenau and Cartwright, 2016; Lao et al., 2008;
Novembre et al., 2008; Sokal and Jacquez, 1991; Sokal and Wartenberg, 1983;
Urban, 2011). Our data exhibited statistically significant levels of spatial
autocorrelation as determined by Moran's | Autocorrelation Index. This is
unsurprising given Tobler's (1970) first law of geography which states "everything
is related to everything else, but near things are more related than distant things."
We generated distance based Moran's eigenvector maps (dbMEM) (Methods) in

order to account for this spatial autocorrelation (Borcard et al., 2004; Borcard and
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Legendre, 2002; Dray et al., 2006; Legendre and Legendre, 2012) as this and
related techniques have been regarded as the best approach to spatial regression
(Diniz-Filho et al., 2009; Legendre and Legendre, 2012). Incorporating spatial
autocorrelation as a predictor made the distance from Manot cave non-significant
for Neanderthal HLA-C and B*73:01, but did not otherwise negate the significance

of our other predictors.

The significant correlations between proportions of archaic HLAs A and B
regressed against distance from the Equator plus intracellular pathogen diversity
suggest that the selective pressure from exogenous pathogens vary with
temperature, in general agreement with earlier work (McMichael, 1993; Prugnolle
et al., 2005b; Quach and Quintana-Murci, 2017; Quintana-Murci, 2019; Riley and
Olerup, 1992). These correlations exist even when controlling for distance from
likely areas of initial introgression and spatial autocorrelation. These results also
concur with the finding that the selective pressure on the HLA B gene is ~3 and
16 times stronger than on HLA-A and HLA-C, respectively (Prugnolle et al.,
2005). In combination, these results strongly suggest that additional, so far
unidentified, shared and stable selective forces act to maintain the high archaic

HLA-A frequencies in Eurasians (Figure 2.3).

Why are the selective factors acting on HLA-A different from HLA-B?

Both HLA-A and HLA-B polymorphism have been demonstrated to be driven by
pathogen diversity, primarily by virus diversity (Enard et al., 2016; Prugnolle et
al., 2005), but strong selective factors acting on HLA-A, but not HLA-B, have not

been described. Here we hypothesise that additional selective pressures acting
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primarily on HLA-A could be imposed by the need to continuously suppress

damaging HERYV replication to prevent, e.g., tumour formation (Figure 2.5).

HERVs are typically relics of ancient germ line infections along the last ~100
million years of primate evolution and comprise >8% of the human genome (Jha
et al.,, 2011; Wildschutte et al., 2016). HERV-K (HML-2) proviruses are an
exception to the antiquity of most HERVs with ~120 human-specific insertions
estimated to have occurred during the last 150,000 - 2 million years (Jha et al.,
2011). Eleven human-specific HERV-K insertions have been observed in the

genomes of the five archaic humans examined here (Agoni et al., 2012; Marchi
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Figure 2.5 Ouitline of proposed selective pressures working on archaic
HLA-A, HLA-B, and HLA-C. Different combinations of selective forces
appear to be acting on different HLA types, resulting in different rates

of retention and replacement in global populations.
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et al., 2013; Wildschutte et al., 2016). Interbreeding with Neanderthals and
Denisovans might have introduced novel, so far unidentified retroviral elements
into Eurasians, might have provided populations with HERV-K insertions that they
had otherwise lost through genetic drift, or may have increased the dose of
certain HERV-K insertions explaining the significant differences in HERV-K

insertion frequencies in global populations (Wildschutte et al., 2016).

Both intermediate and final products of endogenous retroelement replication are
potentially immunogenic, and their protein products are recognizable by T cell
receptors (TCRs), because of incomplete epigenetic silencing during thymic TCR
selection. Beneficial HERV sequences and HERV activation can participate in
shaping and modulating the adaptive and innate immune response (Grandi and
Tramontano, 2018; Jern and Coffin, 2008; Kassiotis and Stoye, 2016). HERVs with
IFN-y-inducible enhancer sequences are found adjacent to IFN-y-induced genes
and are involved in the regulation of essential immune functions (Chuong et al.,
2016). Replication intermediates of endogenous retroelements result in induction
of an interferon response and cellular activation, which increases immune
reactivity to unrelated antigens (Zeng et al., 2014). This heightened reactivity has
been proposed to act as an ‘intrinsic adjuvant’ for immune responses to poorly

immunogenic targets (Kassiotis and Stoye, 2016; Zeng et al., 2014).

However, damaging HERV activation contributes to the development of distinct
inflammatory, autoimmune, and neoplastic diseases (Kassiotis, 2014; Volkman
and Stetson, 2014). Infection with a range of exogenous, often ubiquitous, viruses

can cause HERV activation, e.g., Epstein-Barr virus (EBV), cytomegalovirus
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(CMV), herpes simplex virus 1 (HSV1), Kaposi’s sarcoma-associated herpesvirus
(KSHV), human immunodeficiency virus type 1 (HIV-1), human T-lymphotropic
virus 1 (HTLV-1), and influenza A virus (IVA) (Chen et al., 2019). Many of these
viruses cause chronic infections and, e.g., HIV-1 and CMV, selectively down-
regulate HLA-A expression more than that of HLA-B and HLA-C (Rajapaksa et al.,
2012; Zimmermann et al., 2019). Cellular transformation in cancer typically results
in alterations of the epigenetic landscape and loss of repression of endogenous
retroelements and can be targets for anti-tumour immunity (Cherkasova et al.,
2013; Downey et al., 2015; Salmons et al., 2014; Szpakowski et al., 2009). Several
groups of HERVs that are not frequently expressed in healthy cells, particularly the
HERV-K group, show substantial expression in various cancers (Kassiotis, 2014).
As regional pathogens and commensals in combination modulate the likelihood of
HERV activation, selective pressure to adapt to these microorganisms add

additional local selective pressure on the HLA region.

The archaic HLA-A variants might be selected for by a combination of selective
pressures from exogenous regional pathogens, particularly viruses, and
endogenous selective pressures to avoid excessive and damaging HERV
expression (outlined in Figure 2.6). The offspring of a Neanderthal and a modern
human would have a survival advantage when exposed to exogenous pathogens

and would be able to destroy transformed cells and maintain healthy tissues.

To investigate if HLA-A played a greater role than HLA-B and HLA-C in the

adaptive immune responses towards cells with inappropriate levels of HERV

activation, we compiled a list of CTL responses against HERV (Table S2.3). We
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Figure 2.6 Outline of the modern human survival advantage from interbreeding with
Neanderthals. a. Schematic illustration showing four circulating viruses and the impact
of carrying two different HLA variants on surviving the infectious challenges. An
individual with HLA X is likely to survive an infection with three of the four locally,
circulating viruses as infection will be combatted successfully (signified by red crosses
over the pathogens). In contrast, an individual without HLA X, but with HLA'Y, will survive
infection with only one of the four viruses. b. Neanderthals had lived in parts of Eurasia
for ~700,000 years and were highly adapted to their habitat. Genomic analyses have
demonstrated that modern humans have introgressed both beneficial archaic HLA
variants and gene segments enriched for proteins that interact with viruses (VIPS). The
most significant introgression is associated with VIPs that interact with HIV-1, or by
extension, retroviruses (RV). The introgressed archaic HLAs and VIPs in combination
are likely to protect against local pathogens and activation of human endogenous
retroviruses (HERV), both directly through pathogen and HERV-specific cytotoxic T cell
responses (CTL), and indirectly as successfully combatting exogenous viral challenges
reduces the likelihood of HERV activation. A reduction of HERV activation reduces the
risk of tumour formation. N= Neanderthal, MH = modern human, NMH = Neanderthal
and modern human offspring.

152



found that all the CTL HERV-specific responses were restricted by HLA-A
variants, primarily HLA-A*02:01, HLA-A*03:01, and HLA-A*11, HLA variants
found in the five archaic humans in this study (Abi-Rached et al., 2011). This
pattern was consistent regardless of whether we investigated the HERV-specific
response in cancer, autoimmune or infectious diseases. The dominance of HLA-
A restricted HERV-specific CTL responses is in stark contrast to, e.g., the
iImmune response against HIV-1 where almost all protective responses are
restricted by HLA-B variants (Goulder and Walker, 2012). Although this only

provides indirect support of our hypothesis, it is nonetheless a striking finding.

Our hypothesis is also indirectly supported by a recent study demonstrating that
virus-associated selective pressures have resulted in adaptive introgression of
segments of Neanderthal ancestry enriched for proteins that interact with viruses
(VIPs) (Guirimand et al., 2015), especially VIPs that interact with RNA viruses,
and in particular VIPs associated with HIV-1, IVA, and hepatitis C virus (HCV).
The strength of the association was strongest for HIV-associated VIPs (Enard
and Petrov, 2018), and as HIV-1 is unlikely to have infected archaic and ancient
humans, selection was likely driven by other retroviruses. The VIPs were
overrepresented within genes with the biological Gene Ontology function
annotations ‘immune effector process’, ‘virion attachment to cell’, and ‘viral
genome replication’. These results suggest that the introgressed VIPs conferred
a measure of protection against viruses, exogenous and endogenous, that were
found in the novel Eurasian environment, or transmitted from Neanderthals to
modern humans, and were driven into modern humans by positive directional

selection (Enard and Petrov, 2018).
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The combination of archaic HLA variants suggest shared modern native
population admixture

Our analyses of archaic HLA-A, HLA-B, and HLA-C variants demonstrated that
these alleles varied between populations and that the selective pattern for each
HLA class | gene was distinct. Therefore, we next asked how MNP clustered based
on their combination of the archaic HLA allele frequencies. Although we tried to
account for more recent migration and admixture events by using MNP, these, in
turn, reflect older migration and admixture events that we cannot control for.
Nevertheless, adaptation to infectious diseases has throughout space and time
favoured selection of the most beneficial HLA variants in a population in a given
location. Because of this strong selective pressure, the distance between the
populations combined HLA profiles might reflect both shared and distinct ancient
selective pressures between populations, and suggest common or different
ancestral founder populations. How far back in time these ancestral founder

populations existed is not possible to determine.

We investigated the clustering patterns of MNP using a dissimilarity distance matrix
of the combined HLA-A, HLA-B, and HLA-C frequencies and non-metric multi-
dimensional scaling (NMDS). NMDS clusters populations based on minimising the
distances between their dissimilarities and projects this high dimensional space
onto a lower dimensional representation. It is similar to classical MDS and principal
component analysis (PCA) but is a non-parametric rank-based method that is
relatively robust to both data which do not have a known/identifiable distribution
and to non-linear relationships between the lower dimensional projected distances

and the calculated dissimilarity measure. It is less sensitive to zero-inflation than
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PCA and less susceptible to problems such as the arch effect due to its lack of
assumed linearity. Like other ordinations, NMDS does not require assumptions
about an underlying selective model as the ordinations in the reduced space simply
aim at summarizing the HLA allele variability, and can therefore reveal any kind of

genetic structuring, including clines (Jombart et al., 2009).

We first performed separate analyses of how the MNP clustered using the twelve
Neanderthal and nine Denisovan HLA variants. Using the Neanderthal HLA
variants (Figure 2.7a), SEA-Taiwanese and OC populations were widely
dispersed at one extreme of NMDS-1 (ordination axis created by NMDS akin to
a principle component in PCA), with WA, NAF, and relatively tightly clustered EU
populations were at the other. Most SA, NEA-Korean, NEA-Tuvan, and some
SEA populations, including Chinese populations, were found around the centre.
NEA-Japanese populations clustered tightly and exhibited a similar distance from
the centre in NMDS-1 as the EU populations. The SEA-Chinese populations were
slightly more dispersed than the EU populations despite having ~10% less land
area, although the current Chinese population is roughly double that of Europe.
OC-Papau New Guinea and SEA-Taiwan were both more dispersed than the EU
populations despite those countries being ~22 and ~280 times smaller by land
area and ~1300 and ~85 times smaller by population respectively (not counting
the Taiwanese Han population). Indeed, the NMDS distances between the most
extreme populations in OC were ~3 times that in EU populations and twice that in
the non-Taiwanese SEA populations. Therefore, the observed distributions of the
points is unlikely to be due solely to the geographic proximity or density of the

sample sites or the size of the modern population.
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Figure 2.7 a, b. NMDS analyses of modern native populations based on their combination
of Neanderthal (a) or Denisovan (b) HLA variants. The plot was coloured according to
geographical region. Grey arrows are statistically significant fitted generalised additive
models (GAM) of the individual predictors used in the beta regressions. Xs are alleles
and indicate how the allele is separating the data points in higher dimensional space.
c, d. The EU Neanderthal populations in a, with Swiss populations (c) and refit without
Swiss populations (d). Both coloured according to their distance from the Equator. A
North-to-South cline is observed in both cases, indicative of HLA adaption.

e, f. The SEA-Chinese populations in a and b are coloured according to their distance
from the equator. The cline here is less clear than with the EU-NDT populations but there
is still a clear division between the northern and southern populations.

Coloured roman text denotes populations. Black/grey italics text denotes alleles. Light
grey text denotes the predictors fitted by generalised additive model. (Abbreviations

continued on next page).
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Figure 2.7 (cont.) Geographic regions are colour coded as outlined in the figure. NAF =
North Africa, EU = Europe, WA = Western Asia, SA = South Asia, NEA = North East
Asia, SEA = South East Asia, OC = Oceania, AU = Australia, NDT = Neanderthal, DEN
= Denisovan

a, b. NEA-BA = Bering Island Aleuts, NEA-KA = Karelia, NEA-JP = Japan, NEA-KO =
Korea, OC-P = Papua New Guinea

c,d, AU = Austria, BH = Bosnia and Herzegovina, CR = Croatia, CZ = Czech Republic,
FI = Finland, FR = France, FRC = France Corsica, FRS = France South-East, GE =
Germany, GR = Greece, HO = Holland, HOL = Holland Leiden, IRN = Ireland North, IRS
= Ireland South [sic] (Republic of Ireland), IT = Italy, NO = Norway, PO = Poland, POR
= Portugal, PA = Portugal Azores Terceira Island, RO = Romania, SO = Scotland Orkney
Islands, SP = Spain, SPA = Spain Andalusia Gypsies [sic] (Roma), SWA = Switzerland
Aargau-Solothurn, SWB = Switzerland Basel, Switzerland Bern = SWBE, SWGV =
Switzerland Geneva, SWG = Switzerland Graubunden, SWLA = Switaerland Lausanne,
SWL = Switzerland Luzern, SWLU = Switzerland Lugano, SWS = Switzerland Sion,
SWSG = Switzerland St. Gallen, SWZ = Switzerland Zurich, TU = Turkey, UK = United
Kingdom, UKNW = Wales

e,f. BO = Bouyie, BU = Bulang, CH = Canton Han, DA = Dai, GU = Guangzhou, HU =
Hui, LI = Lisu, MH = Meizhou Han, Ml = Miao, MO = Inner Mongolia,YHI = Yunnan Hani,
NH = North Han, NU = Nu, SH = South Han, SU = Shui, TB = Tibet, YH = Yunnan Han

In contrast to the Neanderthal NMDS, when using the Denisovan HLA variants,
the SEA-Taiwanese populations were more widely dispersed with large overlaps
with other non-Taiwanese SEA, NEA, and SA populations (Figure 2.7b). The
Oceanian non-Papua New Guinea populations grouped together, with the
Philippines as an outlier, whereas the Papua New Guinea populations were
dispersed across the entire ordination space on NMDS-1. The NEA-Japanese
populations were more dispersed than in the Neanderthal NMDS but still
clustered relatively tightly. They were closer to the NEA-Korean and NEA-Tuvan
populations than in the Neanderthal NMD, while the NEA-Bering Island Aleuts
were much further away from the other NEA populations. The core of the SA

populations was more broadly dispersed than in the Neanderthal NMDS but there

were also fewer extreme outliers.

An NMDS of HLA-B*73:01 and recombinants thereof (Figure 2.8a) was broadly

similar to the Neanderthal NMDS. However, in the Neanderthal NMDS, the EU,

157



OC/Taiwanese, and SEA clusters were broadly separated by NMDS-1. In the HLA-
B*73:01 recombinant NMDS the EU populations were separated from the
OC/Taiwanese populations and the SEA by NMDS-1. The OC/Taiwanese
populations were similar to SEA populations on NMDS-1 and only formed a
separate cluster from them on NMDS-2. Similar to both the Neanderthal and
Denisovan NMDS plots, populations from OC and SEA-TW both clustered and
displayed the greatest distance between populations, although there were some

extreme outliers.
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Figure 2.8 NMDS analyses of the clustering of modern native populations using their
combined composition of HLA-B*73:01 and recombinants thereof. a. NMDS analyses of
modern native populations based on their combination of HLA-B*73:01 and recombinants.
The plot was coloured according to geographical region. b. The EU populations were
coloured according to latitude. A North-to-South cline is observed, indicative of HLA
adaption. Populations abbreviated as in Figure 7. c. The SEA-Chinese populations were
coloured according to latitude. A North-to-South cline is observed, indicative of HLA
adaption. Populations abbreviated as in Figure 2.7.
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Our results concur with other genetic data (Lazaridis et al., 2014; Raghavan et
al., 2014; Friedlaender et al., 2008; Moreno-Mayar et al., 2018; Posth et al.,
2018). For example, in the Neanderthal and HLA-B*73:01 analyses, the NEA-
Bering Island Aleuts (an indigenous people of North America and the Bering
Sea), were placed relatively closely to European populations which might reflect
the shared ancestry from an ancestral ‘Ancient North Eurasian ghost-population’
which no longer exists in an unmixed form. While this population initially was
inferred only through statistical reconstruction (Lazaridis et al., 2014), direct
evidence was obtained from bones from one ~25,000 years old boy in South-
East Siberia (Raghavan et al., 2014). Part of that population migrated west and
contributed to Europeans (Moreno-Mayar et al., 2018). Others migrated East
across Siberia ~25,000 YBP. They contributed to at least one of the East Asian
populations that crossed the Bering Land bridge and gave rise to populations in

North and South America. .

Populations from Oceania and Taiwan display a uniquely dispersed pattern.
Although major parts of Oceania were settled ~50,000-30,000 YBP, the
populations were relatively isolated for ~25,000 years and each had a small
effective population size, which, together with distinct selective pressures, were
likely to result in a high degree of identity-by-descent within each population. The
dispersed distribution pattern of the OC populations, especially the OC-Papua
New Guinea, and SEA-Taiwanese populations reflect this and concur with
genetic and statistical data demonstrating that the most divergent populations
were found on large islands in the Pacific with topographical complexity, while

the populations internally were the most homogeneous (Friedlaender et al.,
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2008). Likewise, the clustering of OC-Papua New Guinea with some SEA-
Taiwanese populations in the Neanderthal and B*73:01 recombinants analyses
likely reflects the reported weak Taiwanese genetic signature in Melanesia. The
stronger clustering in the Denisovan NMDS between some OC-Papua New
Guinea and SEA populations, especially Chinese populations, are in line with the
stronger link to groups in East Asia (Friedlaender et al., 2008). Our results also
reflect the large genetic distance between Melanesian and Polynesian

populations (Friedlaender et al., 2008).

It is important to underscore that our NMDS results only cluster the modern native
populations according to the combined archaic HLA allele distances between
them. These HLA alleles only comprise a small number of each population’s HLA
profile. Furthermore, the Neanderthal and Denisovan HLA variants were obtained
from individuals in temperate or colder climate zones. Because of this, they likely
only partly reflect the HLA variants in all Neanderthals, and probably not those HLA
variants that predominated in Denisovans from subtropical and tropical climate
zones (Figure 2.1). The overall HLA allele variability within each population is likely
greater than the HLA variability between them when considering only archaic HLA
variants. Nevertheless, it is striking that NMDS-1 and NMDS-2 in all three analyses
largely separate MNP according to geographic region. Some of the apparent
overlap is due to the unusual categorization found in the AFD, e.g. SEA-Taiwanese
indigenous populations are distinctly Oceanian rather than Southeast Asian, and
NEA-Karelia is part of European Russia directly adjacent to Finland. Moreover, it
is surprising that our results to a large extent suggest shared ancestry between

populations that concur with other genetic analyses of the peopling of the Americas
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and the genetic variability in Oceania.

North-to-South clines provide evidence for local adaptation of archaic HLA variants
Clines (relatively smooth gradients in allele frequencies at selected loci) have
long been considered to be indirect evidence for local adaptation to
environmental heterogeneity (Futuyma, 2005; Haldane, 1948). We hypothesized
that differences in temperature from North to South would favour different
combinations of pathogens that in turn would impose distinct selective pressures
on the HLA region. We focussed these analyses on Europe and China. Although
China by itself is not one of the geographical regions designated by the AFD
(Gonzéalez-Galarza et al., 2015), it is appropriate in these analyses to consider
this country as such as it covers a large land area that currently can be divided
from north to south into six temperature zones: cold-temperate, Qinghai-Tibet
Plateau Temperate Zone, temperate, warm-temperate, subtropical, and tropical,
as well as a wealth of local climate regions due to differences in precipitation.
Likewise, Europe covers a large land area with eight climate regions: subarctic,
tundra and highland, humid continental, marine, humid subtropical,
Mediterranean, and semiarid. Although these temperature zones do not
accurately reflect the fluctuating climate over the last ~650,000 years in Europe
and ~450,000 years in China, the different distances from the Equator will result
in temperature differences related to latitude. As the regions encompassing
Europe and China were inhabited by Neanderthals and Denisovans, respectively,
interbreeding with these highly adapted archaic humans likely took place as

modern humans ventured into their territory.
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Using the latitude information associated with the MNP, we found a North-to-
South cline within Europe in the Neanderthal (Figure 2.7c) and HLA-B*73:01
HLA NMDS analyses (Figure 2.8b). The populations from different regions of
Switzerland clustered with many different European populations rather than with
each other. The genetic heterogeneity of Switzerland has been observed
previously and the genetic similarity with other European populations often does
not cluster together with linguistic boundaries (Buhler et al., 2012). To investigate,
we removed the Swiss populations and the North-to-South cline was slightly more
uniform, but was largely unaffected (Figure 2.7d). These results suggest that
strong selective pressures acted on the HLA region to select for different
combinations of Neanderthal HLA variants, as well as HLA-B*73:01

recombinants, in Europe.

In contrast, when considering the SEA-Chinese populations, we observed only a
faint cline in the Neanderthal (Figure 2.7e) and Denisovan (Figure 2.7f) NMDS,
although there was still a clear division between the northern and southern
populations. The North-to-South cline was readily apparent in the HLA-B*73:01
recombinants NMDS (Figure 2.8c). This suggest that the selective pressure
exerted by exogenous pathogens in different regional climates affected the
Neanderthal and Denisovan HLA variants less than the HLA-B*73:01-related
HLA variants. This result likely reflects that HLA-B variants are more granularly
adapted to pathogens in specific regions. The HLA-B*73:01-related dataset was
larger and entirely composed of HLA-B variants which are much more affected by
pathogen diversity (and therefore climate), while the Neanderthal and Denisovan

datasets comprised HLA-A, -B, and -C variants, so this result is to be expected.

162



Neutral effects can potentially confound the interpretation of these results. Gene
flow will homogenise populations (i.e. erase clines) if unopposed by other factors,
and random genetic drift on its own will not produce consistent directional genetic
changes, although it can produce temporary clines in very small populations
(Futuyma, 2005). However, local genetic drift combined with isolation by distance
(IBD), i.e. the spatial autocorrelation discussed earlier, can also lead to clines and
"arch" or "horseshoe" effects in ordinations (Meirmans, 2012; Novembre and
Stephens, 2008). Another possible complicating factor is the potential for linkage
disequilibrium, which can influence the frequency of one allele in a population if
it is linked to another allele that is more strongly selected for. HLA alleles exhibit
linkage disequilibrium (Ahmad et al.,, 2003) and moreover HLAs work in
combination, such as HLA-B*73:01 recombinants interactions with HLA-E, which
could potentially cause the frequency of one allele to rise, even if not directly
selected for. In order to examine these confounding factors we looked at the
amount of each archaic HLA type individually within populations. If the clines
observed were due solely to neutral processes such as spatial autocorrelation, we
would expect to see uniform clines across all HLA subsets such as the decrease
in both neutral genetic diversity and genetic diversity for all HLA types with distance
from Africa (Prugnolle et al., 2005b, 2005a). We do not observe this in our results
(Figures 2.9, 2.10). Clines of neutral or advantageous genes linked to another
gene that is being selected for/against have specific characteristics (Barton, 1979;
Burger, 2017) that we also do not observe in our results. As an additional
comparison, we investigated the global distribution of the transspecies-
polymorphism ABO and Rhesus blood group systems in populations worldwide

(Figure 2.9e). These blood groups play a role in host immune responsiveness
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as, e.g., antibody cross-reaction can be observed between certain pathogens and
the A and B glycoprotein antigens and may affect the antibody response to these
pathogens, and incorporation of histoblood group structures as part of the viral
envelope can affect viral transmission rates between host and recipient (Seymour
et al., 2004). Thus, the high within and between population diversity could be a
result of natural selection on individuals in specific environments. Unlike with the
archaic alleles, we did not observe any clines in the NMDS of blood groups,

although the NMDS was able to cluster populations by region.

In combination, these results suggest that different combinations of pathogens

thrived across the temperature gradients in Europe and China, and that
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Figure 2.9 NMDS analyses of modern native populations based on their combination of
Neanderthal HLA variants (a-c), B¥73:01 recombinants HLA variants (d) or ABO and
Rhesus blood group (e). Colour scale for a-e is the total amount of the archaic HLA-A, -B,
or -C. Colour scale for e is distance from the Equator. Point sizes are all scaled by
distance from the Equator as shown in the sub-legends (black circles and text) in each
image. All plots are focusing on the European cluster of the NMDS. For Neanderthal
HLA-A variants (a), no cline is present. For Neanderthal HLA-B (b) HLA-C (c) and the
B*73:01 Recombinants HLA variants the cline for the amount of archaic HLA largely
tracks the cline for distance from the Equator. For the ABO and Rhesus blood group
NMDS (e), there is no cline for distance from the Equator.
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adaptation to regional pathogens selected for specific HLA combinations.
Whether this adaptation took place in Neanderthals in Europe and Denisovans in
China and was introgressed during sequential interbreeding between groups of

local archaic humans and modern humans, or whether this occurred later only in

modern humans, is unknown.
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Figure 2.10 NMDS analyses of modern native populations based on their combination of
Neanderthal (a-c), Denisovan (d,e) or B*73:01 recombinants HLA variants (f). Points are
coloured according to the total amount archaic HLA-A, -B, or -C. Point sizes are all scaled
by distance from the Equator as shown in the sub-legends (black circles and text) in each
image. All plots are focusing on the Chinese cluster of the NMDS. For Neanderthal HLA-
A (a) and HLA-B (b) variants a faint cline mirrors the cline for distance from the Equator.
For Neanderthal HLA-C (c), no cline is present. For Denisovan HLA-A (d) a cline runs in
the opposite direction to that of distance from the Equator. For Denisovan HLA-C (e) a
cline is present which tracks distance from the Equator. For HLA B*73:01 Recombinants
(f) a cline is present which tracks distance from the Equator.
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To summarise, we observed a robust significant relationship between a
population’s archaic HLA variant frequencies and their geographical location, even
when accounting for neutral factors such as spatial autocorrelation, despite these
HLA variants comprising less than 0.1% of all known HLA variants. This suggests
these archaic HLA variants are especially beneficial for survival in Eurasia, North
Africa, and Oceania, regions previously inhabited by archaic humans for ~650,000
to ~450,000 years. The cause of this population level adaptation to local regions
worldwide might in part be due to the combination of exogenous pathogens and

the HERV-K insertion pattern in each population.
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DISCUSSION

Here we investigated archaic HLA-A, HLA-B, and HLA-C allele frequencies in
modern human native populations. We discovered that at least one of these HLA
alleles are found in more than 50% of all Eurasians alive today, ~60,000 years after
our common ancestors left Africa, despite comprising < 0.1% of known HLA alleles
(Gonzalez-Galarza et al., 2015). Moreover, our analyses revealed that local
selective pressures acted on HLA-A and HLA-B and that distinct selective
pressures were related to the geographical location of the examined populations.
Additional selective pressures appeared to stabilise the frequencies of HLA-A and
HLA-C. HLA-C is known to evolve more slowly than HLA-A and HLA-B because of
the interplay between HLA-C ligands and NK cells during placentation and the
need for successful reproduction to sustain a population. Selective pressures that
act on HLA-A, but not HLA-B have to the best of our knowledge not been described
previously. Here we hypothesized that HLA-A, in addition to presenting epitopes
from exogenous pathogens, in some way act to ensure the long-term survival of
the individual, and that one possibility could be that HLA-A presentation is
important for controlling endogenous retrovirus expression. While low-level HERV
activation can be beneficial as it increases immune reactivity to unrelated poorly
immunogenic targets, extensive activation can be damaging and needs to be
controlled by the immune system (Grandi and Tramontano, 2018; Jern and Coffin,
2008; Kassiotis and Stoye, 2016; Zeng et al., 2014). This proposition does not rule
out that additional selective pressures could act on HLA-A, but not HLA-B.
Exploratory bioinformatics analyses indicate that the amino acid composition of
epitopes presented by HLA-A is more varied than in epitopes presented by HLA-B

and HLA-C, but these analyses did not include the composition of HERV epitopes
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(Pierini and Lenz, 2018). The selective pressure imposed by the need to control
HERV expression would be shared across all populations, explaining the high
frequency of archaic HLA-A variants across populations. As the HLA-A frequencies
are several times higher than those of HLA-C, the proposed selective pressure
imposed by HERVs to avoid cancer and premature death of the individual appear
to be stronger than that imposed on HLA-C by the need for successful

reproduction.

We found that the NMDS clustering of modern native populations based on their
combination of archaic HLA variants were in line with their geographic location
and results from genetic studies regarding their shared ancestry. It is unknown to
what extent this reflects sequential interbreeding with highly adapted archaic
humans, interbreeding and subsequent adaptation in modern humans, or a
combination of both. Studies have demonstrated that HLA adaptation can occur
relatively fast, particularly with regards to HLA-B, as, e.g. new HLA-B alleles are
a characteristic of Amerindian populations in South America, Central America,
and the southwestern part of North America (Parham et al., 1997) and have
evolved over the -15,000 years as modern humans ventured into and spread

throughout the Americas (Skoglund and Reich, 2016).

This result suggests that these archaic HLA variants are still beneficial to the
survival of the populations and therefore that some of the pathogen-associated
selective pressures in the different environments are ancient. While gradual
climate transformations allow for gradual adaptation of resident populations to

novel pathogens, the current rapid climate changes will not. Old pathogens, e.g.,
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dengue virus, malaria and other mosquito-borne viruses, are currently spreading
into new areas (McMichael et al., 2003). The outcome of infection by old
pathogens that spread in populations with HLA variants maladapted to combat
them might be different from that in populations where these pathogens are
common. For example, before vaccination against measles was possible and
antibiotics available against secondary bacterial infections, the mortality rate was
relatively low in Western populations, whereas it could be >40% in isolated

populations without prior exposure to the virus (Shanks et al., 2014).

Our results suggest that although humans are able to survive in extremely
different habitats across the globe, we also carry an inherent ability to combat
different combinations of pathogens. As old pathogens spread to new regions,
populations might be more or less maladapted to combat the new infectious
challenges. Our results suggest that further studies might be able to predict to
what extent populations have similar or different immune responses to pathogens

they have not previously encountered.
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METHODS

Creation of the modern native population dataset

To estimate the impact of admixture with archaic hominins on modern native
human populations we downloaded all 123,626 listed allele frequencies from the
Allele Frequency Database (AFD) (Gonzalez-Galarza et al.,, 2015), and
consolidated the frequencies on a per population basis. Any alleles over four
digits were trimmed down to four digits and combined, e.g., "Norway BMDR"
A*01:01:01 and A*01:01:02 both get trimmed to HLA-A*01:01 and their
frequencies are added together. 2 digit alleles (e.g., HLA-A*01) were discarded.
Manual correction of location coordinates was carried out as required based on
the database information about the sampled region or the papers describing the
population (e.g., changing latitude and longitude to place "Germany Pop 8" in
Ulm, Germany rather than Xudun, Somalia). Some populations without submitted
coordinates had obvious locations based on the name: e.g., Switzerland Bern.
For less precisely named populations (e.g., Japan pop 17) we used the
geographic centre of population for the named region when available, otherwise
we used the geographic centroid for the country. Populations without a
recoverable location were discarded. Populations were then restricted to "modern
native populations” which excluded modern colonial populations (e.g., people of
European descent in the Americas and Australia), as well as inherently mixed
populations (e.g., Mestizo populations). Other systemically biased populations
such as "China Han HIV negative" were also removed. Our final database of
modern native populations contained 150 worldwide populations comprising a

total of 204,748 people (see Table S2.4 for full list). We used this database to
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extract HLA variants found in Neanderthal, Denisovan, and/or HLA-B*73:01 and

recombinants thereof.

Creation of the pathogen richness dataset

The Epidemiology module of the Global Infectious Diseases and Epidemiology
Network tracks the global and country-specific status of 337 generic infectious
diseases in 220 countries compiled from health ministries, military agencies,
dedicated Internet lists, peer-review journals, standard texts, and data presented
at major conferences (Yu and Edberg, 2005). As no standardised prevalence
data for all pathogens exist, we created a presence absence/matrix of endemic
pathogens on a per country basis from these data (Retrieved from
www.gideononline.com on 05-06-2020). Pathogens that were present in all
countries examined were removed, as were smallpox and SARS-CoV-1 as they
were listed as absent in all countries. Pandemic SARS-CoV-2, colloquially known
as covid-19, was not present in all countries at the time of database access but
was manually removed due to the expectation that it soon would be (this
prediction has unfortunately since been borne out). Because the HLA-A, -B, and
-C, are primarily involved with the presentation of peptides derived from
intracellular pathogens we filtered the presence/absence matrix to viruses and

intracellular bacteria (both facultative and obligate) only.

HLA typing of a high-resolution Neanderthal genome from the Altai mountains
We performed HLA typing of the high-resolution genome sequences from a
~120,000 years old (Slon et al., 2018) Neanderthal woman from the Denisova

Cave, Altai Mountains (Prufer et al., 2014) using Optitype, an HLA genotype
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algorithm based on integer linear programming (Szolek et al., 2014).

Regression Analysis
Linear regressions were carried out using the R package "stats" version 3.6.1 (R
Core Team, 2018). Beta regressions were carried out using the R package

"betareg" version 3.1-4 (Cribari-Neto and Zeileis, 2010).

We initially performed linear regression analysis of all the comparisons in this
study such as those comparing the various distance metrics vs. proportions of
archaic alleles in populations (Figure 2.11). Although these linear models
showed significant correlations in some cases, e.g. Figure 2.11b, these results
are unreliable for a number of reasons. When examining the results of these
models they often predicted values less than 0 for the dependent variable. As the
dependent variable is a proportion, this is a nonsensical result. Formal
diagnostics of the linear models also gave reason to reject them. The linear

models were tested for heteroskedasticity using the Breusch-Pagan test and for
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Figure 2.11 A representative example of initial linear regressions carried out. These are
linear regressions comparing distance from the equator vs. the total proportion of
Neanderthal HLAs in populations. Note that in b both the linear regression and
confidence interval go below 0. Geographic regions are colour coded as outlined in the
figure. NAF = North Africa, EU = Europe, WA = Western Asia, SA = South Asia, NEA =
North East Asia, SEA = South East Asia, OC = Oceania, AU = Australia.
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normality using the Shapiro-Wilk test, and in general failed both of these tests.
For example, conducting the Breusch-Pagan test on the linear model used in
Figure 2.11 a gave a p-value of 2.56e-05, thus rejecting the null hypothesis of
homoscedasticity. Similarly, conducting the Shapiro-Wilk test gave a p-value
1.55e-05, rejecting the null hypothesis of normality. Linear regression analysis

assumes both normality and homoscedasticity.

These are known problems with linear regressions of proportional data. The
dependent variables used in these analyses are proportions bounded by zero
and one ("the unit interval”), which runs contrary to the assumption of a
theoretically unbounded continuous dependent variable assumed by linear
regression (Douma and Weedon, 2019). Bounded proportion data tend to display
more variation around the mean and less towards the lower and upper limits of
the unit interval, making them naturally heteroskedastic (Kieschnick and
McCullough, 2003). The distributions of proportions are also typically asymmetric,
confounding Gaussian-based (normal) inference and hypothesis testing (Cribari-
Neto and Zeileis, 2010; Ferrari and Cribari-Neto, 2004). This can, for example,
cause linear regression analyses to predict impossible estimates outside the unit

interval (e.g. Figure 2.11b).

Ferrari and Cribari-Neto (2004) proposed the beta regression model for dealing
with data that are continuous values in the standard unit interval such as those
found with proportions. The model is naturally heteroskedastic and can
accommodate asymmetries (Cribari-Neto and Zeileis, 2010). For a full treatment

of the mathematics behind the beta regression model see Ferrari and Cribari-
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Neto (2004). Briefly, the beta density is parameterised in terms of both the mean
M and the precision parameter ¢ (accounting for the precision of the data), and
based on varying combinations of these parameter values, the density can
assume a variety of shapes, making the model very flexible (Cribari-Neto and
Zeileis, 2010). The linear predictor is linked to the mean response through a link
function, and when the logit link is used it allows interpretation of the regression
parameters as an odds ratio (Ferrari and Cribari-Neto, 2004). Simas, Barreto-
Souza, and Rocha (2010) developed a more general variant of the beta
regression model called the variable dispersion beta regression model, in which
the ¢ parameter is allowed to vary rather than being assumed to be constant.

This variability of @ better accounts for heteroskedasticity.

As the beta regression model is tailored to deal with a dependent variable on the
unit interval, we used this method. A drawback of the beta regression model is
that it operates on the open interval (0,1), meaning that it excludes the boundary
points of 0 and 1, which the data we use here include. There are several ways of
addressing this problem. A number of extensions of the beta regression model
variably titled "zero-inflated beta regression”, "zero-augmented beta regression"”,
and "zero-and-one augmented beta regression” have been developed which
allow for the analysis of data containing zeros and ones (Douma and Weedon,
2019; Liu and Kong, 2015; Ospina and Ferrari, 2012; Wright et al., 2017).
Underlying these extensions however is the assumption that the data generating
mechanism involves two separate but linked stochastic processes, a Bernoulli
process for generating non-zero, non-one values and then a subsequent beta

distribution for the actual proportions of the non-zero non-one values. The other
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option is rescaling the dependent variable from the closed interval [0,1] the to the
open interval (0,1) via a variety of different methods. Cribari-Neto and Zeileis
(2010), the authors of the R package "betareg" we utilised in this study,

recommend the transformation described by Smithson and Verkuilen (2006):

, _y*(n—-1)+05
Y= n
where y is the dependent variable and n is the sample size. As there is no reason

Equation 2.1

to believe the assumptions required by "zero-and-one augmented beta
regression” are valid for this study, we transformed the data as recommended via

Equation 2.1.

Beta regression models with explanatory variables and either equidispersion
(constant @) and variable dispersion (¢ is allowed to vary) were examined and
compared to the null model (no explanatory variable) and each other. Likelihood
ratio tests and the Akaike information criterion (AIC) showed that both types of
model with explanatory variables were preferable to the null model, and that the
models with variable dispersion were generally preferable to those with
equidispersion. All mean link functions available in the betareg package were
compared, namely "logit", "probit", "cloglog”, "cauchit", "log", and "loglog". The

logit link function was used as the best compromise between good AIC and

interpretability of the results.

Beta regression models do not have a normal R? value. Instead, Ferrari and
Cribari-Neto (2004) suggested a "pseudo R*" (R}) as an equivalent metric which

is the squared correlation between the linear predictor for the mean and the link-

transformed response. Nota bene that the term "pseudo R?" has multiple distinct
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meanings in statistics e.g. "McFadden pseudo R?" or "Cox and Snell pseudo R?"
which are not directly comparable to the R? of ordinary least square models and
cannot be interpreted as the proportion of the variability in the dependent variable
that is explained by model. In contrast to these, the pseudo R? used here is a

global measure of explained variation.

Similarly, the betareg library has no infrastructure equivalent to base R's predict
method for determining confidence intervals in standard linear models. That is,
there is nothing analogous to predict.lm(..., se.fit = TRUE) for beta
regressions. This function would correspond to the residual variance of the beta
regression, which is assumed to be constant in a linear model (Zeileis, 2016).
The variance in a beta regression pertains to the predicted variance of the
response rather than variance of the predicted mean. Zeileis (2016) suggests two
alternative methods for equivalents to confidence intervals for standard linear
models: either using the R package Ismeans (now emmeans) which computes
estimated marginal means (also called least-squares means) or else using the
bootstrap (Davison and Hinkley, 1997). We show the results of both these
methods which are broadly in agreement with each other. We used the R
packages "emmeans" version 1.5.4 (Lenth, 2021) as implemented in "ggeffects"
version 1.0.1 (Ludecke, 2018) to compute confidence intervals from estimated
marginal means. We used the R package "boot" version 1.3-25 (Canty and
Ripley, 2020) to carry out ordinary nonparametric bootstraps with 10,000
replicates for each model from which upper (0.975) and lower (0.025) quantiles
were then calculated. Finally, we showed the 2.5% and 97.5% quantiles of the

predicted beta distribution as a means of visualising the variance model's
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distribution.

The R package "car", version 3.0-10 (Fox and Weisberg, 2019) was used to
compute the variance inflation factors for the multiple regression predictors in

order to ascertain the effects of multicollinearity.

Spatial Autocorrelation

The Moran's | Autocorrelation Indices of each dataset were calculated using the
Moran.I () function of the R package "ape" version 5.4-1 (Paradis et al., 2004).
The weighting matrix for the Moran.TI ()function was constructed using the
geodist() function of the R package "geodist" version version 0.0.7 (Padgham and
Sumner, 2021) using the "geodesic" measure for distance which takes into
account that the Earth is not a perfect sphere when measuring between
coordinates. Results are significantly autocorrelated if their value of Moran's |
Autocorrelation Index was significantly (p < 0.05) different from the expected value

under the null hypothesis of no autocorrelation.

Distance Based Moran's Eigenvector Maps

dbMEMs (Borcard et al., 2004; Borcard and Legendre, 2002; Dray et al., 2006)
were generated using the dbmem () function of the R package "adespatial” version
0.3-13 (Dray et al., 2021). For technical details see Legendre and Legendre
(2012). Briefly, pairwise geodesic distances between the coordinates were
computed as before. Unlike a normal Principal Coordinates of Neighbour analysis
from which dbMEM is derived, a threshold value is calculated as four times the

maximum edge length in the minimum spanning tree connecting all the points. The
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diagonal value of the distance matrix is set to this threshold indicating sites are not
connected to themselves. The truncated distance matrix is then submitted to
Principle Coordinate Analysis producing orthogonal spatial eigenfunctions which
are ordered according to the amount of variation they capture and can be used in

regression models as regular explanatory variables.

Non-metric Multidimensional Scaling

NMDS was carried out using the metaMDs () function of the R package "vegan"
version 2.5-7 (Oksanen et al., 2020). A matrix of the individual allele frequencies
per population was used as the input data. Stress is the measure of the degree to
which distance between samples in the lower dimensional space corresponds to
the actual higher dimensional distance. Stress was determined for k (number of
dimensions) 1 to 10 by getting average stress of 20 replicates for value of k and
was at acceptable levels for k > 1, decreasing as the number of dimensions went
up. k = 2 was selected for ease of representation. A minimum of 1000 random
starts was used in search of a stable solution. Environmental variables (e.g.
pathogen richness or distance from the Equator) were fit onto the NMDS
ordinations using vegan's envirofit() function. envirofit() uses a
generalised additive model (GAM) to fit each environmental variable separately,
with the environmental variable as the dependent variable explained by the

ordination scores.

Images

Plots were created using the R package "plotly" version 4.9.3 (Sievert, 2020)

and exported as interactive html files using the R package "htmlwidgets" version
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1.5.3 (Vaidyanathan et al., 2020). Figures were then constructed in Inkscape

version 1.0.1 (Inkscape Project, 2017).

180



Supplementary Tables

181



Table S2.1. Functional features of the Neanderthal and Denisovan HLA

variants
Nor D HLA Signal HLAE| KIR NK cell Additional notes
peptide ligand
Nand D | A*02:01 | -21M Refold | - CD94:NKGA | Posttranscriptional regulation by
INF-y
N A*24:02 | -21M Refold | Bw4 KIR3DL1 High surface expression
CD94:NKGA
N A*24:03 | -21M Refold | Bw4 KIR3DL1
CD94:NKGA
N A*26:01 | -21M Refold | - CD94:NKGA | Medium to high surface
expression
N A*31:01 | -21M Refold | - CD94:NKGA
N A*66:01 | -21M Refold | - CD94:NKGA
N (B*73) | B*07:02 | -21M Refold | - CD94:NKGA | Posttranscriptional regulation by
INF-y
LD with HLA C*07:02 in Europe
LD with HLA C*15:05* in Asia
-21M because of gene
conversion with HLA B*73
N B*07:03 | -21M Refold | - CD94:NKGA | Posttranscriptional regulation by
INF-y ?
-21M because of gene
conversion with HLA B*73?
Possibly not a real allele but the
result of sequencing errors?
N B*51:01 | -21T - Bw4 KIR3DL1
N B*51:08 | -21T - Bw4 KIR3DL1
N C*07:02 | -21A Refold | C1 KIR2DS2 Low surface expression
KIR2DL2/3 LD with B*07:02 or B*08:01 in
Europe
N C*16:02 | -21M Refold | C2 KIR2DL1 Medium surface expression
KIR2DS1**
CD94:NKGA
D A*02:03 | -21M Refold | - CD94:NKGA
D A*02:07 | -21M Refold | - CD94:NKGA
D A*11:01 | -21M Refold | A3/A11 | KIR3DL2
motif CD94:NKGA
D A*11:02 | -21M Refold | A3/A11 | KIR3DL2
motif CD94:NKGA
D B*15:58 | -21T - NA Extremely rare (nearest modern
HLA is B*46, a result of B*15:01
and C*01:02 mini conversion
D C*12:02 | -21M Refold | C1 KIR2DS2 Medium to high surface
KIR2DL2/3 expression
CD94:NKGA
D C*15:02 | -21M Refold | C2 KIR2DL1
KIR2DS1**
CD94:NKGA
D C*15:05 | -21M Refold | C2 KIR2DL1
KIR2DS1**
CD94:NKGA

N signify a Neanderthal HLA variant, D a Denisovan HLA variant
* Very rare combination in Europeans and relatively rare in Asians, because of
a bias towards coupling of HLA B-Bw6 motif and HLA C-C1 epitope. This bias is

not found in Africans.
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** Suggested to be an adaptive introgression from archaic humans in Eurasia

Table S2.2 HLA-B*73 and recombinants thereof all carry -21M in the signal
peptide:
Table S2.4 HLA-B*73 and recombinants thereof. Italics indicates allele is also found in

Neanderthals. Bold highlights HLA B*73:01.
HLA-B*07:02 HLA-B*07:05 HLA-B*08:01 HLA-B*14:01
HLA-B*14:02 HLA-B*14:03 HLA-B*14:04 HLA-B*14:05
HLA-B*14:06 HLA-B*38:01 HLA-B*38:02 HLA-B*38:05
HLA-B*38:06 HLA-B*38:09 HLA-B*39:01 HLA-B*39:02
HLA-B*39:03 HLA-B*39:04 HLA-B*39:05 HLA-B*39:06
HLA-B*39:07 HLA-B*39:08 HLA-B*39:09 HLA-B*42:01
HLA-B*42:02 HLA-B*48:01 HLA-B*48:02 HLA-B*48:03
HLA-B*48:04 HLA-B*48:07 HLA-B*67:01 HLA-B*73:01
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Table S2.3: HLA restriction of cytotoxic T cell response to HERV

HLA-restricted HERV-| HLA-A HLA-B HLA-C Notes

specific responses in

cancer

HERV-E HLA-A*02:01 Clear cell Kidney

Envelope Cancer
(Cherkasova et al.,
2016)

HERV-E HLA-A*11 Renal cell carcinoma

4 peptides (Takahashi et al.,
2008)

HERV-H HLA-A*02:01 On Xp22.3
Gastrointestinal

10 peptides from cancers (Mullins

envelope and Linnebacher,
2012)

HERV-H H LA-A*02:01 Ovarian cancer

(2 cell lines (Rycaj et al., 2015)
with HLA info,
two without )

HERV-K-MEL HLA-A*02:01 Melanoma
(Schiavetti et al.,
2002)

HERV-K HLA-A*02:01 Breast cancer
(Wang-Johanning
et al., 2008)

HERV-K HLA-A*02:01 Seminoma (Rakoff-
Nahoum et al.,
2006)

HERV-W HLA-A*02:01 Potential

Envelope autoimmune
response (Tu et al.,
2017)

HERV-K HLA-A*02:01 HIV-infected
children (vertically
infected)(Tandon
et al, 2011)

HLA-restricted HLA-A HLA-B HLA-C | Additional

HERV-specific information

responses in HIV-1

infection

HERV-K (HML2) HLA- (HLA-B51, the HIV-infection

A*03:01 | response is Cross- (Jones et al.,
reactive with HIV- 2012)
1 and SIV infected
target cells)
HERV-K HLA- HIV-1 infection
A*02:01 (Garrison et al.,
2007)
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Table S2.4: Modern Native Populations from the Allele Frequency Database

Table S2.4 List of populations from the AFD used in these analyses

Australia Cape | Australia Australia Australia Brazil Terena
York Peninsula | Groote Eylandt | Kimberly Yuendumu
Aborigine Aborigine Aborigine Aborigine
Brazil Vale do Cameroon Cameroon Cameroon Cameroon Beti
Ribeira Baka Pygmy Bakola Pygmy | Bamileke
Quilombos
Cameroon Central African | Chile Easter China Canton China
Sawa Republic Island Han Guangdong
Mbenzele Province
Pygmy Meizhou Han
China China Guizhou | China Guizhou | China Guizhou | China Inner
Guangzhou Province Province Miao | Province Shui Mongolia
Bouyei pop 2 Region
China North China Qinghai | China South China China Tibet
Han Province Hui Han Southwest Dai | Region Tibetan
China Yunnan | China Yunnan | China Yunnan | China Yunnan | China Yunnan
Bulang Hani Province Han Province Lisu Province Nu
Colombia North | Columbia North | Czech Republic | England North | Finland
Wiwa El Chimila NMDR West
Encanto Amerindians
France Corsica | France Georgia Tibilisi | Georgia Tibilisi | Germany
Island Southeast Kurd DKMS - Austria
minority
Germany Germany Germany Germany Germany
DKMS - Bosnia | DKMS - Croatia | DKMS - France | DKMS - DKMS - Italy
and minority minority Greece minority
Herzegovina minority
minority
Germany Germany Germany Germany Germany
DKMS - DKMS - DKMS - DKMS - Spain | DKMS - Turkey
Netherlands Portugal Romania minority minority
minority minority minority
Germany Germany pop 6 | Germany pop 8 | Ghana Ga- Hong Kong
DKMS - United Adangbe Chinese BMDR
Kingdom
minority
India Andhra India Khandesh | India Mumbai India New India Tamil
Pradesh Region Pawra | Maratha Delhi Nadu
Telugu
Speaking
India Tamil India West Bhil | India West Iran Baloch Ireland
Nadu Nadar Coast Parsi Northern
Ireland South Israel Arab Israel Italy pop 5 Japan Central
Druze Ashkenazi and
Non Ashkenazi
Jews
Japan pop 16 Japan pop 3 Jordan Amman | Kenya Kenya Luo
Kenya Nandi Malaysia Mali Mexico Mexico Oaxaca
Peninsular Bandiagara Chihuahua Mixe
Malay Tarahumara
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Mexico Oaxaca | Mexico Oaxaca | Morocco Morocco Nador | Netherlands
Mixtec Zapotec Atlantic Coast Metalsa pop 2 | Leiden
Chaouya
New Caledonia | New Zealand New Zealand Norway BMDR | Papua New
Maori with Full | Polynesians PMID Guinea East
Ancestry with Full 29684411 New Britain
Ancestry Rabaul
Papua New Papua New Papua New Papua New Papua New
Guinea Eastern | Guinea Karimui | Guinea Guinea Guinea West
Highlands Plateau Pawaia | Madang Wanigela Schrader
Goroka Asaro Keapara Ranges Haruai
Papua New Philippines Poland DKMS | Portugal Russia Bering
Guinea Wosera | Ivatan Azores Island Aleut
Abelam Terceira Island
Russia Karelia | Russia Tuva Saudi Arabia Saudi Arabia Scotland
pop 2 Guraiat and pop 5 Orkney
Hail
Senegal Singapore Singapore Riau | South Africa South Africa
Niokholo Javaneses Malay Black Harvard Zulu
Mandenka
South Korea Spain Sri Lanka Switzerland Switzerland
pop 3 Andalusia Colombo Aargau- Basel
Gipsy Solothurn
Switzerland Switzerland Switzerland Switzerland Switzerland
Bern Geneva pop 2 | Graubunden Lausanne Lugano
Switzerland Switzerland Switzerland St | Switzerland Taiwan Ami
Luzern Sion Gallen Zurich
Taiwan Atayal | Taiwan Bunun | Taiwan Paiwan | Taiwan Pazeh | Taiwan
Puyuma
Taiwan Rukai Taiwan Saisiat | Taiwan Siraya | Taiwan Tao Taiwan Taroko
Taiwan Tsou Thailand Tunisia Uganda Uganda
Kampala Kampala pop 2
USA Alaska USA Arizona USA Hawaii USA NMDP USA South
Yupik Gila River Okinawa North American | Dakota Lakota
Amerindian Indian Sioux
Venezuela Venezuela Vietnam Hanoi | Zambia Lusaka | Zimbabwe

Perja Mountain
Bari

Sierra de Perija
Yucpa

Kinh pop 2

Harare Shona
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Table S2.5: ¢ p-values for Simple (Single Predictor) Beta Regression Analyses

Table S2.5 Pseudo R squared and ¢ p-values for beta regression analyses of the
relationship between Archaic HLA frequency and distance from the Equator

HLA A HLA B HLAC
Neanderthal HLAS
Dist.Equator < 2e-16*** 1.70e-11*** 1.30e-05***
Denisovan HLAs
Dist.Equator 23NS 0.09NS
B*73:01 Recombinants
Dist.Equator 2.21e-08***

Dist.Manot Cave is distance from Manot Cave. Dist.Equator is the distance from the Equator (i.e.
a measure of absolute latitude). Pathogens is species richness of intracellular pathogens, both
bacteria and viruses, in a country from which population was drawn. Bacteria and Viruses denote
their respective individual species richness. R} is the pseudo R squared value, a global measure
of variation explained by the model for beta regressions, akin to R? for linear models. p-values for
asymptotic Wald tests: *** < 0.001; ** < 0.01; * < 0.05; NS, non-significant.
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Table S2.6: ¢ p-values for Multiple Beta Regression Analyses

Table S2.5 Pseudo R squared and ¢ p-values for beta regression analyses of the
relationship between Archaic HLA frequency, distance from Manot cave, distance from
the Equator, and pathogen species richness

HLA A HLA B HLA C

Neanderthal HLAS

R} 16% 49% <1%
Pathogens 0.04* 8.75e-04*** 0.12Ns
Dist.Equator 0.22Ns 0.33Ns 5.27e-06***
Dist.Manot Cave < 2e-16*** < 2e-16*** 0.05*

R} 17% 53% <1%
Bacteria 0.18Ns 0.02* 0.06Ns
Dist.Equator 0.12Ns 0.42Ns 5.62e-07***
Dist.Manot Cave < 2e-16*** 5.43e-15%** 0.08Ns

R} 15% 49% <1%
Viruses 0.01* 4.84e-04 0.24Ns
Dist.Equator 0.46Ns 0.48Ns 8.11e-06***
Dist.Manot Cave < 2e-16*** < 2e-16*** 0.06NS
Denisovan HLAs

R} 12% 4%
Pathogens 0.43Ns 0.42Ns
Dist.Equator 0.03* 0.79Ns
Dist.Manot Cave 1.09e-04*** 0.10NS

R} 18% 2%
Bacteria 0.9Ns 0.45Ns
Dist.Equator 0.11Ns 0.92Ns
Dist.Manot Cave 4 .5e-05%** 0.05NS

R} 7% 6%
Viruses 0.31Ns 0.52Ns
Dist.Equator 0.02Ns 0.57Ns
Dist.Manot Cave 2.95e-04*** 0.20NS
B*73:01 Recombinants

R} 38%
Pathogens 0.68NS
Dist.Equator 1.62e-03**
Dist.Manot Cave 3.89e-04***

R} 36%
Bacteria 0.59Ns
Dist.Equator 3.5e-03**
Dist.Manot Cave 3.03e-05***

R; 39%
Viruses 0.52Ns
Dist.Equator 1.48e-03**
Dist.Manot Cave 1.33e-03**

Dist.Manot Cave is distance from Manot Cave. Dist.Equator is the distance from the Equator (i.e.
a measure of absolute latitude). Pathogens is species richness of intracellular pathogens, both
bacteria and viruses, in a country from which population was drawn. Bacteria and Viruses denote
their respective individual species richness. R,Z, is the pseudo R squared value, a global measure
of variation explained by the model for beta regressions, akin to R? for linear models. p-values for
asymptotic Wald tests: *** < 0.001; ** < 0.01; * < 0.05; NS, non-significant.
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Introduction

The "dominant paradigm" for over 20 years has been that the observed geographic
distribution of HIV-1 group M subtypes and circulating recombinant forms (CRFs) is
merely an artefact of random founder effects and timing, rather than being a result of

adaptive processes (Hu et al., 1999; Rambaut et al., 2001).

HIV-1 Group M Subtypes

HIV-1 Group M is subdivided into subtypes A-K as well as over a hundred CRFs (“Los
Alamos National Laboratory HIV Sequence Database,” 2019). The subtypes are
roughly phylogenetically equidistant from one another and the CRFs stem from co-
infection and recombination by different subtypes of the virus within an individual.
Some subtypes, such as A and F, are further divided into sub-subtypes, e.g. Al and A2,
where genetically distinct sister clades can be identified within a subtype (Buonaguro
et al., 2007; Robertson et al., 2000). Geographically distinct lineages within a subtype
such as Ethiopian C or East African D are not phylogenetically equidistant but are still
phylogenetically distinguishable (Taylor et al., 2008). Subtypes can also generally be
distinguished from one another via subtype-specific positions (SSPs) in the virus' amino
acid (AA) sequence (“Los Alamos National Laboratory HIV Sequence Database,” 2019;
Tenzer et al., 2014), however individual strains from one subtype can mutate towards
SSPs of another subtype (Kist et al., 2020). HIV subtype is important not just for

tracking the pandemic on a global scale but also has profound clinical effects, affecting
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replicative fitness e.g. (Arién et al., 2005; Njai et al., 2006), disease progression e.g. (Baeten
et al., 2007; Kaleebu et al., 2002), viral load e.g. (Fischetti et al., 2004; Sarr et al., 2005),

and transmission rates (Hudgens et al., 2002; Kiwanuka et al., 2009; Sarr et al., 2005).

The Flawed Paradigm of HIV Subtype Diversity

Five distinct lineages or subtypes of Group M HIV-1 were reported in 1992 (Myers et
al.,, 1992). Questions as to the origin of subtypes arose as soon as subtypes were
identified and their likely importance to future vaccine efforts was also identified early
on (Myers, 1994; WHO network for HIV isolation and characterization, 1994). Some
researchers were quick to dismiss the possibility of coevolution:
One possibility may be quickly eliminated: the distribution of subtypes
within countries as well as throughout the world shows that there is no host
specificity for the HIV-1 subtypes, and therefore that they have not
coevolved with particular human host populations, as appears to have
happened with human papillomaviruses.
Myers, (1994)
This dismissal appears to have been premature and likely based on limited data.
Compared to the hundreds of thousands of HIV sequences available today online (“Los
Alamos National Laboratory HIV Sequence Database,” 2019), the 1994 physical HIV
compendium and accompanying floppy diskettes contained only a few hundred HIV

sequences (Myers et al., 1995). Modern analyses show very clear and uneven geographic
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distributions of subtypes (Hemelaar et al., 2019, 2006, “Los Alamos National
Laboratory HIV Sequence Database,” 2019). The other problematic aspect of this
dismissal is comparing HIV with another virus (in this case human papillomaviruses)
while stating that HIV, for some unexplained reason, has not been subject to the same
host/pathogen adaptive forces seen in the other virus. This is rather strangely not an
isolated incident. For example in Pybus and Rambaut (2009), the authors contrast HIV
to influenza A, and in the same sentence say that viral adaptation played little part in
global subtype diversity but that there is both evidence for the virus having mutated for
efficient transmission between humans and that it is currently adapting to class I HLAs.
While Myers's 1994 dismissal only states that the reason we see HIV subtypes is
definitely not due to host specificity, rather than saying what the reason is, it helped set

the stage for what would become the dominant paradigm regarding HIV subtypes.

This paradigm is that the global distribution of subtypes is not due to adaptation or
"inherent properties" of the strains, but are rather the chance result of founder effect
where a subtype is introduced and established in a population before other subtypes
(Hu et al., 1999). When Hu et al. (1999) proposed this over 20 years ago, it was originally
formulated in an epidemiological framework, rather than a phylogenetic one. As with
Myers, (1994), some claims by Hu et al. (1999) have not aged well. Although studies,
e.g. (Foy et al, 1995), already existed that showed links between subtype and
phenotypical differences like transmission, Hu et al. (1999) claimed "that it is highly

unlikely that a single characteristic such as subtype can account for significant
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differences in transmission and disease progression." Nevertheless, numerous
subsequent studies have shown that subtypes do indeed have significant phenotypical
differences between them (Arién et al., 2005; Baeten et al., 2007; Fischetti et al., 2004;
Hudgens et al., 2002; Kaleebu et al., 2002; Kiwanuka et al., 2009; Njai et al., 2006; Sarr
et al., 2005; Tenzer et al., 2014). The issue of timing raised by Hu et al. (1999) was
already problematic as evidenced by the HIV epidemic in Thailand. The first HIV-1
infected people in Thailand were detected in the mid-1980s, consisting of two patients
with thalassemia and a small number of male commercial sex workers in Bangkok
(Bunnell et al., 1999; Smith, 1990; Wangroongsarb et al., 1985). These infections were
likely subtype B due to the risk profiles of the infected individuals and the fact that
CRFO01_AE (subtype E) first appeared in the northern part of the country (Korber et
al., 2000; Kuiken, 2000). In the mid-1980s, no HIV-1 was detected in the risk groups
where CRFO1_AE became prevalent, namely intravenous drug users and soldiers, but
in the late 1980s, CRFO1_AE experienced explosive growth in these populations
(Bunnell et al, 1999; Smith, 1990; Wangroongsarb et al., 1985). CRF01_AE is
overwhelmingly (>95%) more common in Thailand (Wirachsilp et al., 2007), despite the
fact that subtype B appeared in the country first and should therefore according to the
dominant paradigm be the primary subtype of the local epidemic. Other instances
where pure subtypes have been gradually overtaken by newly appearing CRFs, such as
the epidemics in Malaysia, Brazil, and West Africa, also contravene this paradigm (Lau

and Wong, 2013a)
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For whatever reason, Hu et al. (1999) did not get nearly as much traction as subsequent
efforts proposed under a phylogenetic framework. For example, articles by Peeters and
Sharp (2000) and Rambaut et al. (2001) and subsequent derived works such as Rambaut
et al. (2004), do not cite Hu et al. (1999), indicating that the authors seem to have arrived
at this independently despite proposing a nearly identical idea. Regardless, a review by
Peeters and Sharp (2000) looked at subtypes in a phylogenetics framework and
proposed that the subtypes likely arose from founder effects, though did not explicitly
state that it was due to random chance. The paradigm was refined slightly into its more
or less modern form by Rambaut et al. (2001), again under a phylogenetic framework
rather than a purely epidemiological one. The source of these chance exportations was
narrowed down from western Africa to the Democratic Republic of the Congo (DRC)
specifically. Rambaut et al. (2001) do not cite Hu et al. (1999) or Peeters and Sharp (2000),
although Peeters is a co-author with Rambaut et al. (2001) and so presumably aware of
at least the latter work. The phylogenetic reasoning behind the dominant paradigm is
that the global structure of the tree of HIV-1 subtypes has a "starburst" appearance
because of the apparently simultaneous appearance of the viral subtypes (Rambaut et al.,
2001). This structure is what one would expect with the exponential population growth
of an epidemic (Holmes et al., 1995). Many Congolese strains are basal or fall between
the established global subtypes (Vidal et al., 2000), and Rambaut et al. (2001) propose
this is due entirely to founder effects specifically from chance exportations. Rambaut et
al. (2001) reference an earlier paper by Korber et al. (2000) as supporting their point,

stating "such founder effects have been proposed to explain the phylogenetically
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distinct subtypes B [in the US] and E [CRF01_AE, in Thailand] of HIV-1 group M".
However, Korber et al. (2000) does not support the founder effect paradigm for either
subtype. For subtype B, the Korber et al. (2000) analysis explicitly states that the subtype
B epidemic in the US is unlikely to be the result of a single founder virus, and that it
more likely the result of a 5 to 15 year period of subtype B evolution where the virus
was circulating but not clinically recognised. For the CRF01_AE (subtype E) epidemic
in Thailand, Korber et al. (2000) point out the issues covered earlier concerning the
initial appearance of subtype B and its subsequently being supplanted by CRFO1_AE.
This is contrary to what the dominant paradigm says should occur. Although not
directly challenging the primacy of founder effects, McVean (2002) questions the
validity of conclusions drawn from a model such as that found in Rambaut et al. (2001)
which explicitly ignores recombinant sequences in a virus prone to rampant
recombination. Despite these early problems, the initial Rambaut et al. (2001) paper has
over 200 direct citations, mostly affirming it, including recent papers e.g. (Archer and
Robertson, 2007a; Faria et al., 2019; Ferdinandy et al., 2015; Grant et al., 2020; Roques
et al., 2002; Tebit and Arts, 2011). Citations of later review articles restating the founder
effect paradigm are even more widespread e.g. Pybus and Rambaut (2009) and
Rambaut et al. (2004) with close to 500 and over 700 citations respectively. While
subtype diversity being due entirely to founder effect artefacts has become the
dominant paradigm in the field, it has changed little in the intervening years as can be

seen from the relatively brief sampling presented next.
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Yearly Examples

A review article by Thomson et al. (2002) asserts, "Outside central Africa, usually one
or two genetic forms are predominant in most countries, which could suggest a founder
effect, whereby the earliest genetic form successfully introduced into a population
establishes itself as predominant, gaining an initial advantage over other genetic forms
arriving later". As detailed earlier, this argument does not match up with observations
both at the time in Thailand (Bunnell et al., 1999; Kalish et al., 1994; Smith, 1990;
Wangroongsarb et al., 1985) and later ones elsewhere (Lau et al., 2010; Lau and Wong,
2013a). The Thomson et al. (2002) review is also looking at the phylogeny of the
subtypes so it seems likely that they should have at least been familiar with the earlier
phylogenetic works by Peeters and Sharp (2000) or Rambaut et al. (2001), if not the
epidemiological framework of Hu et al. (1999), even if they do not cite any earlier
materials with this claim. This could be indicative of early entrenchment of the
dominant paradigm, that Thomson et al. (2002) already considered this to be "common
knowledge". A research article by Roques et al. (2002) reiterate the random nature of
subtypes stating that "no conclusive evidence for any biological correlate with subtypes
has been found other than geographical associations" and "the group M subtypes seem
to represent little more than founder effects in the pandemic, i.e., the chance
exportation of strains from a continuum of diversity in the DRC region to other African
regions and to the rest of the world". Even at the time there was evidence that subtype

had biological effects, e.g. Foy (1995) showed that subtype CRF01_AE was associated
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with higher risk of transmission than subtype B in Thailand. Insofar as any published
research can be considered "conclusive evidence", numerous subsequent studies have
supported the biological effects of subtype e.g. (Arién et al., 2005; Baeten et al., 2007;
Fischetti et al., 2004; Hudgens et al., 2002; Kaleebu et al., 2002; Kiwanuka et al., 2009;
Njai et al., 2006; Sarr et al., 2005; Tenzer et al., 2014). The next year, Yamaguchi et al.
(2003) restate the chance exportation founder effect paradigm and assert that "no
phenotypic differences have been identified between subtypes", which is again,

demonstrably false.

2004 saw the publication of the widely cited review article by Rambaut et al. (2004). In
it, the basic premise of the dominant paradigm is rehashed, with some expansions. An
earlier work by Vidal et al. (2000) had found a large amount of HIV diversity in the
DRC including strains falling between the previously described subtypes, and Rambaut
et al. (2004) cite this as evidence that the subtype structure observed globally is due to
founder effects and incomplete sampling and/or sampling bias. More sampling and in
particular sampling of strains falling between known existing subtypes would by
definition change the tree topology, and probably change the average phylogenetic
distance between subtypes. However, the relevance of this to why we observe largely
monophyletic clusters (and recombinants between them) outside of the DRC is not
entirely clear. The fact that subtypes B and D are more closely related to each other
than they are to subtype C has little bearing on why subtype C is dominant in southern

Africa and subtype B is dominant in North America and Western Europe. Rambaut et
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al. (2004) cite a study by Ball et al. (2003) which showed that subtype C viruses have
lower fitness when competed against subtype B viruses, and take this as evidence "that
the high prevalence of subtype C in sub-Saharan Africa is the result of its chance entry
into populations with high rates of partner exchange." However, when the Ball et al.
(2003) study is examined more closely, the methodology involved ex vivo testing of the
viruses in donor derived primary blood mononuclear cells (PBMC). The study
unfortunately does not list the ethnicities of the donors but it appears to have been
carried out at Case Western Reserve University which has been about ~50% White
American vs. ~5% African American as long as data have been recorded (Case Western
Reserve University Institutional Research, 2020), and the United States like most
economically developed countries generally has a problem with underrepresentation of
ethnic/racial minorities in blood donor populations (Makin et al., 2019). It is therefore
highly likely that most if not all of the PBMC used by Ball et al. (2003) came from white
blood donors. Given the work shown in this thesis as well as previous studies e.g.
(Tenzer et al., 2014), it is perhaps unsurprising that subtype B outcompeted subtype C

in PBMC derived from white donors.

The Rambaut et al. (2004) Review also tries to explain why natural selection is not as
potent a force between hosts as it is within them. The first argument given is that there
is a bottleneck that occurs during inter-host transmission which reduces genetic
diversity. The problem with this argument is that it appears to be assuming a priori that

the transmission event which leads to a genetic bottleneck is an entirely random event
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when it is well established that this is not the case: within subtypes CCR5-tropic viruses
are preferentially transmitted (Shaw and Hunter, 2012) and HIV subtype affects
transmission rates (Hudgens et al., 2002; Kiwanuka et al., 2009; Sarr et al., 2005). As an
afterthought the review does at least acknowledge, "Of more debate is whether a
bottleneck has a selective component”, but does not further address this issue. The
second argument Rambaut et al. (2004) give for why natural selection does not
substantially impact subtype diversity is the behavioural aspects of HIV transmission,
as the virus is predominantly sexually transmitted: "As a result, strains with
advantageous mutations could, by chance, find themselves in individuals with low rates
of partner exchange and so will not be transmitted far in the population." Human
papillomavirus (HPV) is the most common sexually transmitted infection (STI) in the
world (Milner, 2020; World Health Organization, 2016), and it is long and well
documented that HPV has undergone significant coevolution with specific human host
populations (Chen et al., 2018; Ho et al., 1993; Ong et al., 1993; Van Doorslaer, 2013).
Indeed, the type of random extinguishing of organisms with advantageous mutations
that Rambaut et al. (2004) describe fits under the definition of genetic drift experienced

by all evolving organisms, but this issue is not addressed.

Other works in 2004, such as by Holmes (2004), reiterate the hypothesis, "This indicates
that subtypes are primarily produced by the chance exportation of some viral lineages
to other localities, in Africa and beyond, which then ignite local epidemics". Holmes

(2004) further states that there is little evidence that the observed subtype phylogenies
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are shaped by fitness differences among the different subtypes, and the same Ball et al.
(2003) paper discussed earlier is cited as evidence for chance exportation rather than
selection. For the next several years, various research papers e.g. (Archer and
Robertson, 2007a), review articles e.g. (Anastassopoulou and Kostrikis, 2006; Galetto
and Negroni, 2005), and books e.g. (Volberding, 2008) repeat the dominant paradigm

with essentially no change.

Some take the idea of HIV subtypes being due to incomplete sampling a step further
and argue that subtypes as phylogenetically discrete entities do not exist at all (Abecasis
et al., 2007; Holmes, 2009). Both of these are based on the idea that inter-subtype
recombination is common and confounds attempts at drawing neat and tidy single
phylogenies. This argument is partially correct, in the sense that where the lines are
drawn between subtypes will be to some extent arbitrary. Subtypes are "roughly"
phylogenetically equidistant as opposed to exactly equidistant. Subtypes B and D are
about as closely related as the sub-subtypes Al and A2 (Thomson et al., 2002) but have
remained labelled as discrete subtypes for backwards compatibility of the literature.
There are also categorisation problems stemming from acyclic graphs (trees) having
difficulty handling things like introgressions, recombination, and horizontal gene
transfer. However, despite these categorisation issues, the concept of subtypes is still
widely used as they are broadly discernible from one another both phylogenetically
(“Los Alamos National Laboratory HIV Sequence Database,” 2019), at SSPs (Tenzer

et al., 2014), and phenotypically (Arién et al., 2005; Baeten et al., 2007; Fischetti et al.,
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2004; Hudgens et al., 2002; Kaleebu et al., 2002; Kiwanuka et al., 2009; Njai et al., 2006;
Sarr et al., 2005). As Abecasis and Vandamme (2015) point out later, stratifying HIV
strains into subtypes and CRFs is useful for studying the impact HIV-1 genetic diversity
on biological markers such as pathogenesis, and also provides a means of monitoring

the spread of the different epidemics around the world.

In another often cited review by Pybus and Rambaut (2009), the dominant paradigm
is presented again without alteration from previous iterations, but they do offer an
alternative explanation for why viral adaptation (i.e. natural selection) does not shape
the geographic distribution of subtypes. They posit the lack of protective immunity
against HIV as the cause of this but at the same time acknowledge the virus acquired
specific mutations to enable efficient human transmission after zoonosis and that it is
currently adapting to class I HLAs. Both of these examples are indicative of viral
adaptation in the absence of protective immunity which could affect the geographic
distribution of subtypes. For example, there is no protective immunity to other types of
HIV, such as HIV-1 Group O or HIV-2, but both of these variants account for only a
small percentage of global HIV infections and are largely confined to west Africa.
Group O appears to have an increased susceptibility to tetherin, and this lack of
adaption to human antiviral mechanisms has been proposed as a reason for its lesser
geographic spread (Sauter et al., 2009). Similarly, there is no protective immunity to
HIV-2 (though many people are naturally long term non-progressors), but it is much

less infectious than HIV-1, with five to ten fold lower rates of transmission for
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heterosexual sex and 20 to 30 fold lower for vertical transmission (Ingole et al., 2013).
HIV-2 is in decline in west Africa relative to HIV-1 despite having likely arrived earlier
than HIV-1 in some areas (Omobolaji T. Campbell-Yesufu and Gandhi, 2011; De Cock,

1993).

Subsequent years up until the present saw numerous instances the dominant paradigm
being repeated with no change or any additional justifications, e.g. (Abecasis and
Vandamme, 2015; Bulla et al., 2010; Cordingley, 2017; Désiré et al., 2018; Faria et al.,
2019, 2014; Grant et al., 2020; Hemelaar, 2012; Miiller et al., 2011; Papkou et al., 2016;
Peeters et al., 2013; Tebit and Arts, 2011; Vermund and Leigh-Brown, 2012; Woo et
al., 2010). Ferdinandy et al. (2015) simulated HIV epidemics with an older established
strain and a second, recently introduced, invading strain. They found that the invading
strain needed >25% better transmission efficiency than the established strain in order
to become dominant on a time scale of decades. With less than this, the new strain
usually went extinct and otherwise took hundreds of years to replace the established
strain, a time scale that is not relevant for the history of the HIV pandemic. In light of
this, Ferdinandy et al. (2015) conclude that the dominant paradigm is correct and that
the current subtypes dominant in any given area are probably suboptimal strains that
expanded by chance and have retained their prevalence simply due to first comer
advantage. However, the benefits of first comer advantage in their simulations only
exist if infection with one of the strains provides robust protection against

superinfection. This does not seem to be the case in real epidemics (Redd et al., 2013).
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Furthermore, as covered earlier, newly emergent CRFs have overtaken or are in the
process of overtaking previously established strains in a variety of locations including
Thailand, Malaysia, Brazil, and west Africa (Lau and Wong, 2013a; Wirachsilp et al.,

2007).

It should be noted that the argument here is quite narrow. It has been well established
for quite some time that the human immune system, in particular HLA type affects
HIV e.g. (Moore et al., 2002) and that HIV subtype affects prognoses e.g. (Kaleebu et
al., 2002). Neither of these ideas are very disputed, even by people promoting the
dominant paradigm e.g. (Pybus and Rambaut, 2009). Rather, the debate is over whether
these effects have an impact on subtype diversity on a global scale. The dominant
paradigm is that the observed distribution of subtypes is due entirely to founder effects
caused by chance exportations, and that viral adaptation plays no role. We argue that
while founder effects are important, they are not the entire explanation. Viruses that
are by chance better adapted at evading the HLA profile of a population will be more
likely to take root in that population and spread efficiently. This will lead to an observed
founder effect, but the founder strain is not selected at random from all possible strains.
There will be instances where it really is just a single strain that has been exported by
chance and without competition to a new region. However, in all cases any founder
strain will acquire mutations that make it better able to spread in the new population,
leading to geographically distinct clades. If the affected population in a geographic area

shifts, e.g. if a regional epidemic shifts prevalence to a new ethnic group, then selected
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for mutations in dominant strain should start to reflect this.

HIV, HLA, & Ethnolinguistic Diversity

The Allele Frequency Database (AFD) is an online repository of immune gene
frequencies for varying populations around the world (Gonzalez-Galarza et al., 2015).
Unfortunately, the data for many African countries are either extremely limited or
entirely non-existent. However, decades of genetic research both around the world and
in Africa specifically has shown a strong link between ethnolinguistic diversity and
genetic diversity, and the latter can be used as a viable proxy for the former (Excoffier
et al., 1991a, 1987a; Pagani et al., 2012; Patin et al., 2017; Sanchez-Mazas et al., 2011;
Tishkoff et al., 2009; Zamani et al., 2013). The HLA loci of geographically dispersed
populations show higher levels of local adaptation than loci in the rest of the genome,

further supporting this as a proxy (Cao et al., 2004; Meyer et al., 2018).

Using ethnolinguistic information is not without its own issues though. The linguist
Max Weinreich famously quipped "A language is a dialect with an army and navy" (“Of
dialects, armies and navies,” 2010), underscoring that more often it is social and
political issues that divide "languages" from "dialects". Although attempts have been
made to rigorously define these terms, no single definition handles all cases and they
run into the same issues as the term "species" in biology, e.g. languages at each end of a

dialect continuum being unintelligible but one can trace a stepwise path of mutually
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intelligible intermediaries between the two. Additionally, given language's important
role in group identity, the topic is often a political minefield. Fortunately, while the
minutia can be difficult to sort out there is some consensus at the higher level. Broadly
speaking there are more than 2000 different ethnolinguistic groups in Africa which can,
excluding a few isolates, be divided into various language families (Center for
Geographic Analysis, 2013; Congo Basin Art History Research Center et al., 2001;
Tishkoff et al., 2009). If it is 1900 or 2100 different groups is not hugely important for

the work here.

My work here demonstrates a strong correlation between ethnolinguistic diversity (as
a proxy for genetic diversity) and the HIV-1 sequence and subtype diversity in a
country, which casts doubts on the idea that HIV-1 subtype diversity is solely from

founder effects.
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Methods

Shannon Entropy

Briefly, Shannon entropy, also known as Shannon Diversity, is a way to quantify
uncertainty and information content. With a string of text, including a sequence
alignment, there are different letter options and those options have different
proportional likelihoods of appearing. Increasing either the amount of options or
making the options more proportionally equal makes it more difficult to accurately
predict the next letter in the string. The quantification of this unpredictability or
uncertainty is the entropy. It is calculated by the following equation (sometimes with

different log bases such as In):

n
H= - Z p; log p; Equation 3.1
i=1

In the case of an AA alignment 7 is a 22 letter alphabet of the 20 standard amino-acids

plus a gap character "-" and mask character "X", and p; is the proportion of amino acid
i within the alignment. Each proportion is multiplied by its logarithm and the results

multiplied by -1 after being summed together to give the Shannon Entropy H.

African HIV-1 Diversity

To calculate the Shannon entropy of HIV-1 group M subtype diversity for each country
I searched the LANL HIV database for all HIV-1 sequences originating from Africa

(“Los Alamos National Laboratory HIV Sequence Database,” 2019), yielding 176,071
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sequences. The LANL database automatically filters out "problematic sequences"
according a variety of conditions (Table 3.1).

Table 3.7 List of problem codes and their descriptions from (“Los Alamos National Laboratory
HIV Sequence Database,” 2019)

Problem Description Note

Code

More than 100 consecutive non-ACTG characters
High content of | >7%non-ACTG characters for sequences of length <1000
N non-ACTG >5% non-ACTG characters for sequences of length 1000-

character 2999
>3% non-ACTG characters for sequences of length 3000+

C Contaminant Likely contaminated with a laboratory strain
Hypermutant G — A hypermutation
A nonwmaturally-occurring  viral = sequence (e.g.
S Synthetic
containing SIV component)
Artifactual deletion of >100 nucleotides (e.g. when an
D Deletion author concatenates 2 sequences from a single sample
but leaves out some intervening sequence.
T Tiny Less than 50 bp
Reverse
R Sequence deposited as its reverse compliment
Compliment

I then removed non-HIV-1IM sequences (N,O, P, and CRFs thereof), filtered for
sequences originating in Sub-Saharan African (as defined by the United Nations
Statistics Division, not LANL which does not include Chad, Mauritania, Mali, Niger,
and variably does not include Sudan), and restricted sequences to 1 sequence per
patient yielding 36,044 sequences (Figure 3.1). This last step was carried out in order

to avoid oversampling individual patients. The number of subtypes per country, and
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the number of each subtype per country was then calculated from these sequences.

To calculate p24 Gag sequence diversity, I downloaded full p24 sequences as well as
sequences labelled as fragments that were at least 684 NA in length (~99% of the HXB2
reference sequence p24 length, GenBank: K03455) originating in Sub-Saharan Africa
(again using the United Nations Statistics Division definition) and discarded N,O, and
P sequences, and CRFs labelled as containing portions of them. In order to avoid
artificial oversampling of individual patients I filtered for one sequence per patient,

using patient IDs supplied by the submitting authors. In order to avoid the possibility

[ Subtype Diversity ]

African HIV-1
sequence
metadata

[ 176,071 sequences ]

Remove N,
0,&P
sequences

-1447 sequences |

[ 174,624 sequences ]

Restrict to
Sub-
Saharan
Africa

-3301 sequences |

(| 171,550 sequences ]

Filter for 1

sequence

per patient -135,506 sequences ]

(36,044 sequences |

Figure 3.7 Schematic diagram of filtration steps used in selecting sequences from the LANL HIV

p24Gag Diversity ]

Sub-Saharan
African HIV-1
p24 sequences

19,398 sequences ]

Remove N,

0,&P
sequences

-93 sequences ]

19,305 sequences ]

Filter for 1

sequence

-13,992 sequences ]

per patient

5,313 sequences |

Filter for
virus from

uncultured

-3,039 sequences ]

PBMC

2,274 sequences |

Database for analyses. PBMC: peripheral blood mononuclear cells.
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of inadvertently obtaining multiple sequences from a single patient I also removed all
sequences without an ID. This filtered down from 19,305 sequences to 5,313. I created
custom code to extract the accession numbers from the sequence metadata, and
modified code provided to me by another student in the lab (Nico Kist) to extract the
source papers from the accession numbers. I looked through 264 papers, including 34
unpublished direct submissions, to determine how the sequence was obtained (See
appendix 1A for full list). Sequences originating from uncultured peripheral blood
mononuclear cells were kept while others were discarded as the rapid mutation rate of
HIV means culturing will likely mask the sequence footprints of the original host's
immune response. Additionally, culturing could likely select for different sequences
and cause an over estimation of sequence diversity. This yielded a final total of 2,274

sequences.

I aligned these sequences on a per codon basis using the LANL HIV Align program
(“Los Alamos National Laboratory HIV Sequence Database,” 2019). I then stratified
sequences by country and made minor manual corrections to each country's alignment
as required. LANL HIV Align was chosen over systems such as MUSCLE, MAUVE,
or MAFFT as it is purpose built for HIV and handles insertions and deletions (indels)
within HIV much better. This was necessary due to the codon based nature of the
alignments. I then translated the nucleic acid alignments into amino acid alignments

for subsequent analyses.
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Sub-Saharan African Ethnic Diversity & Ethnolinguistic Groups

Ethnolinguistic group geospatial data used for constructing the maps in figure 3.2 were
obtained from the Center for Geographic Analysis (2013). The two most well accepted
analyses for global ethnic diversity (also known as fractionalization in the economics
context of the sources) have slightly different methodologies (Alesina et al., 2003; Fearon,
2003). Fearon's work to some extent side steps the intractable problem of how to define
an "ethnic group". It does this by looking at what people in each individual country
identify as according to their most socially relevant self-defined groupings. As such it will,
for example, split Muslim Arabs from Christian Arabs in a country like Lebanon where
those two groups are seen as ethnically distinct groups but not in a country like the United
States where they are not. As such it is more useful for the social sciences and less useful
for the present study as it can artificially distort, primarily by inflation, the ethnic
diversity of a country. The other broadly used analysis by Alesina et al. compiles data
from a variety of expert sources such as the Encyclopaedia Britannica, the Central
Intelligence Agency of the United States, the World Bank, etc. It uses these data to
calculate the ethnic diversity of a country. While neither method is perfect and both are
best approximations, Alesina's work seems to be closer to the biological diversity that I
am interested in and therefore I used it as one of the means of determining ethnic
diversity in Sub-Saharan Africa. I manually extracted the ethnic proportions data from
Alesina et al. (2003) for Sub-Saharan Africa. The Shannon entropy for each country

was then calculated from these data, as per Equation 3.1 where in this instance n
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indicates the number of ethnicities recorded, and p; is the proportion of ethnicity 7

within the country’s population.

Ethnic Diversity Versus Land Area

Land area was obtained from the World Bank Data Catalog [sic|] of World Development
Indicators (World Bank, 2019). I fit an unweighted linear model in R version 3.4.3 (R Core
Team, 2018) to assess statistical significance of ethnic diversity versus land area within a

country.

HIV-1 p24 Gag Diversity Versus Ethnic Diversity

I calculated mean amino acid Shanon Entropy for each country's p24 Gag sequences
using the R version 3.4.3 (R Core Team, 2018) package bio3d version 2.3-3 (Grant et
al., 2006). The bio3d package calculates Shannon entropy in the standard fashion
described earlier. This generated an entropy for every position in the alignment and I
took the mean of these entropies for the sequence entropy. I calculated the mean
sequence entropy for each country by taking the mean entropy of all the sequence

entropies.

I plotted the mean HIV-1 p24 Gag AA entropy against the ethnic diversity Shannon

entropy on a per country basis, and weighted by the number of p24 Gag sequences per

country obtained from the LANL database. In order to graphically represent this
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weighting I logarithmically scaled each dot. Plots were constructed using ggplot2
version 2.2.1 (Wickham, 2009). I then fit a weighted linear model in R version 3.4.3 (R

Core Team, 2018) to assess statistical significance.

HIV-1 Subtype Diversity Versus Ethnic Diversity

When downloading sequences from the LANL database I created a custom sequence
naming system that compensated for the disparate naming conventions used by
submitting authors and the use of special characters by some groups. This allowed for
the efficient extraction of metadata from sequence names. I used this metadata to
determine the number of HIV-1M subtypes and CRFs per country in the LANL database
and the number of sequences of each subtype per country. I plotted the number of
subtypes and CRF's per country against the ethnic diversity for each country weighted by
the number of sequences per country using ggplot2 version 2.2.1 (Wickham, 2009). The
size of each dot was scaled logarithmically by the number of sequences. In order to
determine statistical significance, I fit a generalised linear model in R version 3.4.3 (R
Core Team, 2018) using a Poisson error distribution with a log link function:

In(uy) = Bo + Brxy + Baxy + Baxz + - Equation 3.2
linking the natural log of the outcome (g) to a linear combination of the parameterised
x variable f;x;. I chose this type of generalised linear model as the number of subtypes

and CRFs per country is count data rather than normally distributed continuous data.
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In order to create a more intuitive representation of this, I also generated a map with pie
charts showing the relative amounts of each subtype in the LANL database for each country

as well as the ethnic diversity for each country, using Tableau 10 (Ko and Chang, 2017).

Graphics

Graphics editing and composition was conducted using Inkscape version 0.92 (Inkscape

Project, 2017).
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Results & Discussion

Aims & Hypothesis

Question: Is there a link between ethno-linguistic diversity and HIV-1 diversity?

Ho: Ethno-linguistic diversity and HIV diversity are unrelated

H;: Higher HIV-1 diversity will be observed in countries with higher ethno-linguistic

diversity.

HIV-1 Diversity Versus Ethnic Diversity

The results of the linear regression between HIV-1 p24-Gag diversity and ethno-

linguistic diversity within a country showed a statistically significant relationship

R?=0.51, p =0.00169
CM

o
N
o

o
—
[*2]

HIV-1 p24 Gag amino acid diversity

0.12 Cl Number of
p24 Samples
° 5
® 50
ZM ® 500
1.0 1.5 2.0

Ethnic diversity

Figure 3.2 Weighted linear regression of HIV-1 p24 Gag diversity versus ethnic diversity (each
determined using Shannon entropy). All Sub-Saharan African countries with > 5 p24 Gag sequences
were included; Labels are ISO alpha-2 two-letter country codes and full names are available in appendix

1B. Grey shaded area represents the 95% confidence interval (CI).
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(F113 = 15.53, p < .005; Figure 3.2). When comparing subtype diversity and ethno-
linguistic diversity within a country, I also found a statistically significant relationship
p<2x 10°16; Figure 3.3). Given these results, the null hypothesis, that the two are

unrelated, can be rejected.

The DRC and Cameroon are both proposed origin points for HIV-1M, and as such
higher diversity would be expected in them, potentially skewing the results. However,
the results are robust, remaining statistically significant (HIV-1 p24 Gag diversity

versus ethno-linguistic diversity (p < 0.05) and subtype diversity versus ethno-linguistic
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Figure 3.3 Weighted linear regression of the number of HIV-1 subtypes and circulating
recombinant forms (CRFs) versus ethnic diversity within Sub-Saharan Africa (illustrated in d). The
linear regression used a generalised linear model fit with a Poisson error distribution with a log
link function as the data were counts. Labels are ISO alpha-2 two-letter country codes and full names

are available in appendix 1B. The 95% CI is too small to see.
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diversity (p < 0.5 x 10”)), even with both countries removed from the analyses. In light
of this, it is difficult to support the idea that it is solely the timing of the epidemic in
each African country that determines HIV-1 diversification. These results suggest that
human genetic diversity, most likely in the form of HLA diversity, leads to the granular

adaptation of HIV-1 to ethnic groups within Sub-Saharan Africa.

Five language families (Afro-Asiatic, Austronesian, Khoe, Niger-Congo, and Nilo-

Saharan) comprise most Sub-Saharan African ethno-linguistic groups (Figure 3.4).

W HIV-Al Niger-Congo
[T sHIV-C ® 0 Bantu
0.540 2.370  EHIV-D © @ © @ © Non-Bantu
Ethnic diversity mCRF_02AG @Nilo-Saharan

@ Afroasiatic
@ Austronesian (Madagascar)
©Khoe

Figure 3.4 (A) Map showing the ethnic diversity within Sub-Saharan Africa (orange shaded
background) overlaid with pie charts demonstrating HIV-1 subtype diversity within each
country. Missing countries (dark grey) lacked either HIV-1 or ethnic fractionalization data. The
pie charts are scaled according to the number of unique patient HIV-1 sequences. (B) Map
showing the current location of the five major language families within Africa with predominant

groups indicated; complete key in appendix 1B.
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Figure 3.5 Map of Western Europe with the Democratic Republic of the Congo to scale superimposed.
These can be further subdivided, for example the Niger-Congo family includes both
Bantu languages, of which a third of all Sub-Saharan Africans are native speakers, and
non-Bantu languages in West Africa. I found the highest concentration of both ethno-
linguistic diversity and HIV-1 subtype diversity near the equator (Figure 3.4). A possible
criticism of this is that some of the countries near the equator are geographically large,
e.g. the DRC is roughly the size of Western Europe (Figure 3.5), and therefore are likely
to contain a large number of ethno-linguistic groups. However, there does not appear
to be any statistically significant link between country size and ethno-linguistic diversity

in the Sub-Saharan African countries examined (F1,25 = .23, p-value = .63).

I examined whether specific HIV-1 subtypes clustered within specific language families
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(as ethno-linguistic groups are a viable proxy for human genetic diversity) and observed
similar subtype patterns in related ethno-linguistic groups (Figure 3.4). For example,
the regions in southern and south-eastern Africa with the largest percentages of Bantu
speaking populations are also the areas where HIV subtype C (HIV-C) predominates.
More HIV-1 diversity is seen in western and central Bantu speaking countries such as
the DRC, which has 55 subtypes listed in LANL. Of these, HIV-A is the most common,
but comprises only 27% of the 2703 listed sequences. This is contrasted by the similarly
well sampled Zimbabwe where 98% of the 2982 sequences are HIV-C, and there are
only seven subtypes present in LANL (“Los Alamos National Laboratory HIV
Sequence Database,” 2019). The specific history of the Bantu peoples may explain this
discrepancy. ~4000-5000 years ago, Bantu speaking peoples expanded out from
western central Africa (Patin et al., 2017). A climate crisis that fragmented the central
African rainforest (first on the periphery ~4000 years ago and reaching the core ~2500
years ago) likely facilitated this dispersal (Bostoen et al., 2015). As the Bantu
populations moved southwards they would have encountered local populations.
Genetic analysis has indicated that ~800 years ago there was admixture of rainforest
hunter-gatherers into western and central Bantu populations in the region (Patin et al.,
2017). Strikingly, the level of rainforest hunter-gatherers ancestry in the HLA region is
over six standard deviations higher than the level of ancestry in the rest of the genome
in western and central Bantu populations (Patin et al., 2017). This makes the HLA
variability of western and central Bantu populations markedly distinct and more

diverse than their southern and south eastern counterparts. Non-Bantu languages from
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the Niger-Congo family are predominant in West Africa (Figure 3.4). HIV-C is rarer in
these regions, and HIV-G and the recombinant CRF-02AG are dominant in the region.
HIV-A, HIV-C, and HIV-D are frequently found in East Africa where Nilo-Saharan,

Afro-Asiatic, and Bantu languages are spoken.

This is not to say that founder effects can be totally disregarded. HIV-C is the
predominant strain in Ethiopia, with 99.5% of the sequences in LANL being HIV-C
(“Los Alamos National Laboratory HIV Sequence Database,” 2019) and the actual
epidemic closely reflecting this distribution (Kalu et al., 2017). The epidemic there is
believed to have started in the early 1980s (Pollakis et al., 2003a). However, when
examining the genomes of HIV-C in Ethiopia, they show strong geographical
clustering, distinct from southern HIV-C strains, and the HIV-C in Ethiopia has
diverged extensively from the earliest published near full length Ethiopian strain from
1986 (Abebe et al., 2000; Amogne et al., 2016). Furthermore, the HIV-C in Ethiopia has
longer phylogenetic branch lengths and has significantly higher diversity than the HIV-
C seen in southern Africa (Amogne et al., 2016). This is in line with my results and
would be expected for a country like Ethiopia where a virus more adapted to southern
Bantu HLA profiles would be only relatively recently coming into contact with a
mixture of Cushitic, Omotic, and Semitic peoples (all from the Afro-Asiatic family) as

well as Nilo-Saharan populations.

These results suggest that human HLA diversity helps drive HIV-1 subtype
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diversification by exerting varied HLA pressures on the virus as it encounters new host
populations. Although HIV-1 mutates and recombines rapidly, viruses still may take
time to adapt to the host population. When Cameroon, the Congo, and the DRC, the
epicentre of the HIV-1 pandemic achieved independence from France and Belgium in
1960, there were no resulting HIV-1 epidemics in Europe brought back by returning
colonialists, nor in the preceding decades of colonial rule. Similarly, in the Americas,
it wasn't until around 1966 (1962-1970) that an ancestor strain to HIV-B is believed to
have been brought to Haiti from the DRC, and then been transferred to the United
States around 1969 (1966-1972) (Gilbert et al., 2007). There was presumably ample
exposure to any HIV-1 circulating in Haiti, as the country had 100,000 tourists per year
by the late 1970s, 70,000 of them American, and Haiti's rapidly growing sex industry
took advantage of this (Girard, 2005 pg. 101). Although in retrospect, there were signs
of the virus circulating in the US, primarily in marginalised populations such as
homeless intravenous drug users in New York dying from an epidemic of "junkie
pneumonia” and "the dwindles", HIV-1 circulated largely cryptically for ~12 years in
the US before the epidemic reached a level high enough to be detected (Gilbert et al.,

2007).

If African HIV-1 strains were less well adapted to European HLA profiles they would
be less readily transmissible to people of European descent, which might at least

partially explain the lag. That HLAs can affect acquisition rates on an individual level,

has already been established. HLA-A*68:02 and the B*42-C*17 haplotype have been
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shown to be associated with faster acquisition of HIV-1 in HIV-1-exposed seronegative
partners of seropositive patients, even after controlling for other factors (Song et al.,
2011). It is not hard to imagine that similar factors could be playing out at the

population level.

These results suggest several possible avenues for further research. One is looking at
whether we can see adaptation of a subtype recently introduced to a new a population,
or one where the ethnic demographics of a localised epidemic are in the process of
changing. Indeed, this is something we saw in HIV-B becoming more HIV-C like in the
US as African Americans become an increasingly large percentage of the US epidemic
(see published paper by Kist et al. (2020) in appendix 1C). The Ethiopian HIV-C
epidemic has distinct clades that are apparently unrelated to geographic location, risk
groups (e.g. IV drug users, commercial sex workers), or time of collection (Abebe et al.,
2000). It would be interesting to see if the clades are associated with ethno-linguistic
groups within Ethiopia. Additionally, these results have implications for HIV-1 vaccine
design. Rather than focusing on the HIV-1 subtype, the starting point should be
examining the HLA composition of the target population itself. In this context, epitopes,
preferably from more constrained proteins such as Gag, could be targeted. Distinct
groups of amino acids in Gag with linked mutations and limited escape pathways (if
targeted in parallel) have been identified as potential targets of immunological

vulnerability (Dahirel et al., 2011a).
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Using this information, epitopes that can be presented by the host population's HLAs
and that are processed in small amounts can be identified. While these epitopes may
not be presented enough naturally to prime the host immune system, they can be
presented as part of a vaccine construct in order to artificially prime it. Once primed,
the host immune system will be able to recognise and respond to the much more limited
presentation occurring naturally. If epitope selection has been carried out effectively,
the virus should have difficultly utilizing escape mutations without incurring
catastrophic fitness costs. Such epitope focused vaccine design has been demonstrated
in proof of principle experiments for respiratory syncytial virus (Correia et al., 2014)
and has been suggested as a possible avenue forward for highly antigenically variable

pathogens such as HIV-1 and influenza.
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Appendix 1B

Table 3.2 ISO alpha-2 two-letter country codes and full names appearing in

figures 3.2 and 3.3

Country Abbreviation | Country Name

AO Angola

BF Burkina Faso

Bl Burundi

BJ Benin

BW Botswana

CD Democratic Republic of the Congo
CF Central African Republic
CG Congo

Cl Ivory Coast

CM Cameroon

DJ Djibouti

ET Ethiopia

GA Gabon

GH Ghana

GM Republic of the Gambia
GN Guinea

GQ Equatorial Guinea

GW Guinea Bissau

KE Kenya

LR Liberia

MG Madagascar

ML Mali

MW Malawi

MZ Mozambique

NE Niger

NG Nigeria

RW Rwanda

SD Sudan

SN Senegal

SO Somalia

TD Chad

TG Togo

TZ United Republic of Tanzania
UG Uganda

ZA South Africa

ZM Zambia

W Zimbabwe

268




Complete key to figure 3.4

List of subtypes appearing in figure 3.4a Subtypes B and C are marked with stars. List
of ethno-linguistic groups and language families in Africa appearing in figure 3.4b
(Center for Geographic Analysis, 2013). Some groups on the map do not have

associated names in the original data. Bantu language families marked with stars.
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W oiD
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Ethnicity

ABABDAH

[ ABBALA
ABE

M ABIDJI
ABINSI

M ABO
ABRON

M ACIPA

1 AcOLI

[l ADARAWA
ADJUKRU

M AFAR
AFO

M AGAR
AGATU

M AGOI
AGUA

M AHANTA
AIKE

W AIT WARAIN
AJA

[ AKAN
AKANIKI

M AKARE
AKEBON

[ AKOKO-EDO
AKOOSE

[l AKPA

[0 AKPA-YACHE

[ AKPES
AKPINI

W AKPOSO
AKYE

M ALAGO
ALEGE

M ALGERIAN
ALUR

[l AMARAR
AMBA

[ AMBO
AMBOIM

[ ANAANG
ANFILLO

M ANGAS
ANGERE

M ANIA
ANO

[l ANTANDROY

[ ANTANUSI

M ANTEMURU
ANTESAKA

M ANUAK
ANUFO

M ANYI
AOUDJILA

M AOUK
APAKIBETI

M ARAD
ARGOBA

W ARIAAL
ARUM

¥ ARUSI
ASANFWE

W ATEN
ATSAM

W ATTA
ATUOT

[l AULYEHAN

W AUSHI

[l AUYUKAWA
AVIKAM

[l AVOKAYA-AJIGU
AVOKAYA-OJILA

W AWAK
AWIYA

W AWUTO
AYIGHA

WBA
BAALI

[l BABALE
BABANKI

W BABILE
BABOLE

M BADA
BADE

W BAGA
BAGA MANDORI

[l BAGGARA

[ BAGHAP

M BAGIRMI
BAHARIYA

M BAI

BAILO

[ BAILUNDU
BAINUK

M BAKA
BAKO

[l BAKPINKA
BAKUNDU

M BAKWE
BAKWELE

[ BALANTA
BALONG

[l BAMBARA
BAMILEKE

M BAMUN
BANDA

M BANDI

[ BANGANTU

M BANGBA
BANGU-BANGU

Il BANGWINJI
BANNA

M BARA
BARABRA

M BARAMBO
BAREA

M BAREIN
BARI

[ BARIBA
BARWE

[ BASA
BASAA

M BASHAR
BASONGO-MENO

[ BASSA
BASSOSSI

W BATA

[ BATAHIN

[ BATI
BAULE

M BAUSHI
BAYGO

W BEBIL
BEDAWI

[ BEEMBE
BEKWARRA

[l BELANDA
BELANDA VIR

W BELLE
BEMBA

[ BEMBE
BENA

M BENDE
BENGA

[ BENI GIL
BENI MENASSER

M BENI MZAB

[ BENI-AMER

M BERABISH
BERANDJOKO

M BERGDAMA
BERIBERI

[ BEROM
BERTA

[ BERTI
BESOMBO

M BETE
BETE-BENDE

W BETI
BETSILEO

[ BETSIMISARAKA
BEYRU

[l BEZANUZANU
BIAFADA

M BIALI
BIDEYAT

M BIDIANKAMBA

W BILE

M BILEN
BIMOBA

W BINDI
BINGA

M BIRA
BIRGIT

[ BIRIFOR
BIRKED

M BISA
BOBANGI

W BOBILI
BOBO

[} BOBO-OULE
BODO

M BOFI

BOGHOM

[l BOGURU
BOKALA

[l BOKIBA

[ BOKKOS

[l BOKO, BUSA
BOKONGO

M BOKYI
BOLENDO

[ BOLENGE
BOLGO

M BOLOKI
BOLOMBOKI

M BOLON
BOLONGO

M BOM
BOMASA

W BOMU
BONDEI

[l BONDJO
BONDO

[ BONDONGO
BONGI

M BONGILI

[ BONGO

M BOR
BORORO

[l BOSOKU
BOZO

M BUA
BUBIA

M BUDAMONO
BUDDU

M BUDJA
BUDUKWA

[l BUDUMA
BUILSA

[ BUKA
BULAANG

M BULALA
BULLOM

M BUMA
BUMAJI

W BUMALI

[ BUNGU

[l BURA-PABIR
BURAK

W BURJI
BURU

[ BURUN
BURUNGE

[ BUSHOONG
BUYU

M BWAALA
BWARI

[l BWENDE
BWILE

W BWISI
BYEP

M CARA
CHAAMBA

[ CHAGGA
CHAKALI

[ CHAM

[ CHAMBA

[l CHAOUIA
CHE

M CHISHINGA
CHIWERE'S NGUNI

[ CHOKWE
CHOKWE, LELE

[l CHOKWE, LUNDA
CHOPI

[l CIKUMA
CINGOLO

W CPALA
CISANJI

[ CITATA
CIVULA

[l COMOKARIM
CWAMHI-WURI

[ DAAROOD
DABA

M DADIYA

[ DAGAARI

[l DAGOMBA
DAHALO

W DAISU
DAJU

[l DAKAKARI
DAKHLA

M DAMA

DAN

M DAN-GEH
DANAKIL

[l DANGYO
DARI

[ DASS
DAY

[l DCIRIKU
DEG

[ DEGEMA
DEKAKIRE

W DELIM

[ DEMBO

M DENYA
DEY

WDA
DIDA

[ DIDINGA
DIGO

M DIGODIA
DIl

[N
DIKIDIKI

M DINKA
DIO

¥ pIoBO
DIZI

[l DJAGADA
DJEBALA

¥ DJEM
DJENNENKE

[l DJERBA

[ DODOTH

W DOE
DOGON

M DOKA
DOKO

[l DOKO-UYANGA
DONDO

[l DONGO
DRAWA

M DUAISH
DUALA

[l DUI-MENIA
DUKA

¥ DULBU
DULI

M DUMBULE
DURUMA

M DUUPA
DUWAI

[l DYALONKE

[ DYE

W DYULA
DZA

W DZING
EASTERN LUBA, KUNDA

[ EBANGA
EBIRA

W EDO
EFIK

W EFUTOP
EGGON

W EGYPTIAN
EJAGHAM

[ EJAMAT
EKIT

W ELEKU
ENDO

[ ENYELLE
EOTILE

M EPEITA

W ESAN

W ESELE
ESHIRA

M ESIMBI
ETON

W ETULO
EWE

[ EWONDO
FALI

[l FANYAN
FEZARA

M FEZZAN
FIA

W FIGIG
FIHERENA

M FILALA
FIPA

[ FODONON
FON-GBE

W FONGE
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[ FONGORO

[l FOODO
FUFULDE

[l FULANI
FULANKRIABE

[ FULBE
FULILWA

[ FULIRU
FUNGWA

Il FUNGWE
FUR

M FURU
FYAM

¥ FYER
GA'ANDA

[l GAAJAK
GAAJOK

W GAALIN
GAAM

I GADAMES

[ GADE

[l GAFSA
GAGU

M GALA
GALAMBU

[ GANAGA
GANDA

¥ GANJA
GARREH-AJURAN

W GAYA
GBAGA

M GBAGY!
GBANZIRI

¥ GBARI
GBAYA

W GBERI
GBIl

M GBINDA
GBIRI

[l GBOMA

W GEJI

M GENYA
GERAWA

M GERI
GHANGALA

M GHULFAN
GIBE

[ GIDAR
GlIwo

M GIMIRO
GIMMA

M GIMNIME
GIMR

M GINGO
GISU

[ GIZIGA SOUTH
GOBU

¥ GODIE
GOEMAI

M GOGO

[ GOKANA

M coLAa
GOMA

B GOMANI'SNGUNI
GONDO

[ GONJA
GOROWA

M GOUIN
GOWA

W GREBO
GUA

M GUDE
GUDU

[ GUENZE
GULA

[l GULA KARA OF SUDAN
GULE

[ GURAGE
GURENSI

[l GURMA

I GURMANA

M GURO
GURUNTUM

W GWA
GWANDARA

W GWE
GWENO

W GWERE
GWOMU

M GYEM
HA

[l HADENDOWA

HADIYYA

1 HAM
HAMAMA

[l HAMBA
HAMYAN

[ HANDA
HANGAZA

[l HANYA

[ HARARGE OROMO

[l HARARI
HAVU

W HAWIYA
HAYA

W HEHE
HEMBA

[ HEMBA, BANGU-BANGU
HEMBA, BUYU

W HENGA
HERERO

W HIMA
HINGA

[ HOLO-HOLO
HOLOHOLO

W HOLU
HOMBO

B HOROM
HUBA

W HUM

¥ HUNDE

[ HUNGANA
HUNGO

M HUNGWORO
HUTU

M 1BAJI
IBIBIO

M 1BINO
ICEN

M ICHEVE
IDOMA

M IDON
IFUMBA

[ IGALA
IGBO

M IGEDE
IGUTA

M AW
IVE

M KA

[ IKASSA

I IKENGA
IKIZU

[l IKOMA
IKONGO

[ IKPESHI
IKULU

W ILA
ILA-TONGA

M ILEBO
ILWANA

[l IMBANGALA
IMOMA

1 IMRAGEN
INJOLO

[ IPANGA
IPULO

M IRANGI
IRAQW

M IRIGWE

1 ISAAQ

[ ISANZU
ISHA

M 1SOKO
ISSA

W 1Isuwu
ITSEKIRI

WU
IVBIOSAKON

W WA
IWELLEMMEDEN

M IYEMBE
IZDRA

izl
JA'ALIYYIN GAALIIN

M JAMALA
JANJERO

W JANJI
JARA

M JARAWA

[ JARSO

M JEKAING
JERA

M JERID



Ethnicity (cont.)

JIBU

[ JIDA
JIE

[NIN]]
JIMI

M JIMINI
JIRU

W JUITA
Jiu
JONGA
JOOLA

Il JOPADHOLA
JUKUN

M JUKUN KONA
JUKUN WASE

[l JUKUN WURKUM
JUNGO

M JUR
JUR MODO

M JWIRA-PEPESA
KAAMBA

[ KABA
KABA DEMI

[ KABA NAA
KABA SO

[l KABONGA
KABRE

[l KABYE
KABYLE
KADARA
KADARU

[ KAFFA
KAGOMA

B KAGORO
KAGURU

M KAJAKSE
KAKO

[l KAKONDA
KALAMSE

Il KALANGA
KALIKO

[ KALUNDWE
KAM

M KAMANGA
KAMANTAN

M KAMBA
KAMBARI

Il KAMBATA
KAMIR
KAMKAM
KAMO

[l KAMUKU
KAMWE

[ KANAKURU
KANDAWIRE

M KANDERMA
KANEMBU

M KANGO
KANTANA

Il KANU
KANUFI

[ KANURI
KANYOK

M KAONDE
KAONDE, SANGA

[ KARA
KARABORO

[l KARANGA
KARE
KAREKARE
KASEM

[ KASENA
KASONGI

[ KASONGO
KASONKE

[l KATAB
KATYA

[l KAWENDI
KAYAMBA

[l KAYLA
KEDERU

M KEENGE
KEL

M KEL AHAGGAR
KEL AYR ASBEN

M KEL GRES
KEL IFFORA

M KELE
KENGA
KENYANG
KENYI

[ KERA

KERARISH

M KEREWE
KETE

I KETE EAST
KETE LULUA

[l KETE NORTH
KETE SOUTH

M KEYO
KHARGA

B KHUMALO
KIBET

M KIGA
KIKUYU

M KM
KIMBU

[l KIMBUNDU
KINGA
KIONG
KIPSIKIS

M KIR-BALAR
KISAMA

M Kiss!
KITA

M KIYAK
KLAOH

M KO
KOBIANA

[l KOFFA
KOFYAR

[l KOHUMONO
KOKE

[ KOKO
KOL BIKELE

[l KOLBILA
KOM

[l KOMA
KOME
KONGO DINGA
KONJI

[l KONJO
KONKOMBA

M KONO
KONONGO

[l KONSO
KONYANKE

[l KOONI
KORO

[l KOROP
KOTA

M KOTE
KOTOKO

| KOTOPO
KOUYA

[l KPELLE
KPESSI

[ KRAN, NGERE
KRESH
KRIM
KUANG

[l KuDU
KUFRA

W KUKA
KUKELE

[ KUKU
KUKUYA

[l KULANGO
KULERE

M KULUNG
KUMU

[ KUNAMA
KUNDA

[l KUNDU
KUNTA

[l KUNUZ
KUNYI

[l KUPTO
KURAMA
KURANKO
KURFEI

M KURI
KURUMFE

M KURYA
KUSAAL

M KUSHI
KUSU

[ KUTEP
KUTIN

M KUTU
KUTURMI

[ KUYERI
KUYU

I KWAAMI

KWAFI

B KWAKUM
KWAME

[l KWANDI
KWANGARI
KWANGWA
KWANJA

[l KWANKA
KWAYA

W KWERE
KWESE

M LAALI
LABWOR

M LADO
LAGBA

[ LAGUAT
LAGWAN

W LAKA
LALA

[ LALA ROBA
LALIA

M LAVMA
LAMBA

[l LAMBYA
LAMJA
LANDUMA
LANGA

[ LANGO
LARU

W LEELAU
LEGA

M LEGBO
LEKA

M LELE
LEMBWE

[l LEMORO
LENDU

[ LENGI
LENGOLA

W LENJE
LESE

WuA
LIBOLO

W LGB
LiGI
LJILI
LIKO

[ LIKWALA
LIMA

W Lmo
LO

W LoBI
LOBI LORHON

M LoGO
LOGORIK

M Lol
LOKALO

M LOKELE
LOKO

[l LOKORO
LOKOYA

W LOMA
LOMBI

[l LOMOTWA
LOMWE
LONDO
LONGARIM

M LONGTO
LOPA

[ LOSAKANYI
LOTSU-PIRI

[l LOVALE
LOVEDU

M LozI
LUANO

W LUBA
LUBA EASTERN

I LUBA KASAYI
LUBA SHANKADI

[ LUBA UPEMBA
LUBA, LUNDA

[l LUBA, NDEMBU

LUBA, NDEMBU, LUNDA

M LUBILA
LUCHAZI
LUGBARE
LUGURU

M LULA
LULUBA

W LULUWA
LUMBU

M LUNDA

LUNDA, CHOKWE

Il LUNDA, KETE
LUNDA, NDEMBU

[l LUNGU
LUNTU

M LURI
LUSHANGI

[ LUUNDA
LUYIA

W LWALU
LWENA

M LWER
LWIMBI
LYANGALILE
LYELE

M VA
MAAKA

I MAASAI
MAAZA

[ MABA
MABENDI

M MABEZA
MABIHA

[l MABINZA
MACHINGA

¥ MADA
MADI

[ MAGHARBA
MAGUZAWA

B MAHAFALY
MAHONGWE

H MAK
MAKAA
MAKERE
MAKOMA

[l MAKONDE
MAKUA

I MAKWA
MALINKE

B MALWAL
MAMBAI

[ MAMBILA
MAMBWE

[ MAMPRUSI
MAMVU

[ MANALA
MANDA

[ MANDARI
MANDINKA

[l MANDYAK
MANGAS

Il MANGAYAT
MANGBELE
MANGBETU
MANGBUTU

[l MANINKA
MANKANYA

[ MANO
MANYANGA

[ MANYIKA
MANZA

[l MAO SOUTH
MAPOPOI

[l MARARIT
MARBA

[ MARFA
MARGHI

[ MARGHI SOUTH
MARKA

W MASAKIN
MASALIT

[l MASANA
MASHASHA
MASHI
MASMAJE

B MASONGO
MASSA

[ MASSALAT
MATENGO

[l MATUMBI
MAU

M MAURI
MAYOGO

M vBA
MBAAMBA

[ MBAATI
MBAGANI

[l MBAI BEDIONDO
MBALA

[l MBANGWE
MBANZA

[l MBATA

MBEKO
MBELIME
MBELO

M MBEMBE
MBEMBRE

¥ MBENE
MBERE

[l MBESA
MBINSA

M vMBO
M'BOKO

[l MBOLE
MBOMOTABA

M MBONGO
MBOSHI

B MBUGWE
MBUKUSHU

W MBULI
MBULU

[l MBUM
MBUNDA
MBUNGA
MBUUN

B MBWELA
MBWELA KOLWE

[ MBWERA
MDUNDULU

[l MEDJE
MEDOGO

M MENDE
MENING

[l MERINA
MERU

W MESME
MFINU

M MFUNU
MIDOB

[ MIGAAMA
MILTU

W MM
MINIANKA
MINUNGO
MINUNGU

M MITSOGHO
MITTU

[ MITUKU
MIYA

M MOBA
MOBANGO

M MOBENGE
MOKOLE

M voLo
MONDOMBE

M MONDZOMBO
MONGO

M MONO
MONTOL

[ MOROCCAN
MORU

M moss!|
MOTEMBO
MOYE
MPAMA

[l MPANGU
MPE

[l MPEZENI'S NGUNI
MPONGMPONG

B MPOTO
MPUT

W MPUTU
MPYEMO

M MSER
MUBI

B MUCHIKONGO
MUKULU

B MUMUYE
MUN

[l MUNDANG
MUNDU

Il MUNGA
MURLE
MUSGU
MUSSEY

B MUSSUMBE
MVELE

B MWAGHAVUL
MWENYI

W MYANG
MYENE

M NABAN
NAFANA

[l NAGUMI

NALU

[ NAMBA
NAMJI

I NANCERE
NANDE

M NANDI
NANDU-TARI

[l NANDYA
NATENI
NATIORO
NAWDM

[ NBWERA
NDAAKA

[ NDALI
NDAM

[l NDAMBA
NDAU

I NDEBELE
NDEMBU

[l NDEMLI
NDENDEULE

[ NDENGEREKO
NDENGESE

W NDIBU
NDO

[l NDOGO
NDOLO

[l NDOOLA
NDULU
NDUNGA
NDZABI

[l NDZUNDZA
NEFUSA

M NEYO
NGABA

M NGALA
NGALANGI

B NGAM
NGAM GIR BOR

Il NGAMBAI
NGAMO

[ NGANDA
NGANDO

M NGANDU
NGANDYERA

I NGANGELA
N'GARE

[l NGASA SHAKA
NGATA
NGBAGA
NGBAKA

I NGBANDI
NGEENDE

I NGENGE
NGENGELE

M NGENZA
NGGWAHYI

M NGHWELE
NGINDO

M NGIZIM
NGOLA

B NGOMBE
NGONGI

M NGONGO
NGOUNGWONI

W NGUL
NGULU

Il NGUMBA
NGUMBO
NGUNDI
NGUNGULU

I NGUNI
NGURIMI

[ NGWABA
NHAM

Il NIABWA
NIELLIM

M NIMBARI
NINZAM

M NJAJGULGULE
NJAMUS

[ NKANGALA
NKANSI

W NKANU
NKHUMBI

M NKOLE
NKOMI

[l NKOYA
NKUKOLI
NKUTSHU
NKWE

I NOBIIN



Ethnicity (cont.)

NOLE

[ NOWOLO
NSAMBA

[ NSAPO
NSENGA

M NSONGO
NTANDU

[l NTCHAM
NTOMBA

¥ NUBA
NUER

B NUMANA
NUNA

M NUNGU
NUNU

I NUNUMA
NUPE

[ NWENSHI
NWERA

I NYAKYUSA
NYALA

[ NYALI
NYAMWANGA

[ NYAMWEZI
NYANEKA-HUMBE

[l NYANGA
NYANGATOM

B NYANGBARA
NYANJA

[ NYARAFOLO
NYATURU

B NYEMBA
NYENGO

[ NYIHA
NYILAMBA

I NYIMANG
NYINDU

[l NYONG
NYORO

W NYULl
NZAKARA

[ NZANYI
NZIMA

W oBOLO
OBULKOM

W obut
OKAK

[l OKO-ENI-OSAYEN
OKPE

[ OKPE-AKUKU
OKPELA

W ovBO
OMETO

[ OMONO
ooLl

W oPA
OPAMERI

W oPUUO
ORANA

M ORING
OROMO

[ ORON
OTANG

W OTUHU
OUASSA

M PAI
PALLAKA

[l PAMBIA
PANA

[ PANDE
PANI

M PAPEL
PARE

[l PARE, SAA
PATU

M PAYE
PENDE

M PERE
PERO

M PEVE
PHOKA

[ PIMBWE
PINDA

[ PINDI
PITI

M PIYA
PODJULU

M PODZO
POGORO

[ POKOMO
POMBO

| POMO

PONGWE

W POTO
PUGULI

[ PUKU
PUNU

M PYAANG
QUILENGUE

[l RASHAD
REGEIBAT

¥ RENDILL
RIF

M RIYAH
RONGA

[l RUARHA
RUBASA

M RUFUI
RUNGA

[ RUNYANKOLE
RURI

M RUSHA
RUUND

M RUWENG
SAAB

M sAADI
SABA

[l SAFWA
SAGALA

[l SAGARA
SAHEL

[ SAHO
SAKA

[l SAKALAVA
SAKATA

W SALA
SALA MPASU

[l SAMBA
SAMBA LEKO

[ SAMBO
SAMBU

[l SAMBURU
SAN

[ SANGA
SANGO

[l SANGU
SANUSI

[l SAPAUT
SAR

M SARA
SARA GULA

M SARA GULAY
SARO

[ SARUA
SASARU

W SAYA
SEBA

W SEEKU
SEKE

[ SENA
SENGA

M SENGELE
SERE

[l SERER
SESE

M sH
SHAGAWU

[ SHAIKIA
SHALL

[l SHAMBAA
SHANJO

[ SHATT
SHEBELLE

[ SHERBRO
SHI

W SHIKI
SHILA

M SHILLUK
SHINJI

[ SHIRAWA
SHLUH

[l SHONA
SHOO

[ sHusBI
SHUKRIA

[l SHUWA
SIDAMO

M s
SIHANAKA

M SIMAA
SINASHA

[ SINGA
SINYAR

[ SIRTICAN

SISAALA

M SISYA
SIWA

W SizAKI
o)

[ SOKORO
SOLA

W soLl
SOLONGO

W soLu
SOMRAI

M SOMYEWE
SONGHAI

[l SONGO
SONGOLA

W SONGYE
SONINKE

[ SONJO
SOONDE

M sosso
SOTHO

[l SOUTHERN BANGANTU

SUAFA

W suBA
SUBIYA

1 suGA
SUK

W suku
SUKUMA

[ SUKWA
SUMA

M SUMBWA
SUNDI

[l SUNGOR
SURI

[l SURUBU
SUsU

[ SWAKA
SWAZI

M SYEMU
TABWA

M TAFIRE
TAGWANA

[ TAHOU
TAJAKANT

[ TAJUASO
TALE

M TALENSI
TAMA

B TAMAZIGHT
TAMBAHUAKA

W TAMBAS
TAMBERAMA

W TAMBO
TAMEZRET

[l TAMPOLENSE
TANALA

[ TANDA
TANGA

I TANGALE
TANGBAGO

[l TANKARA
TAPSHIN

W TAROK
TASUMSA

[l TATOG
TAWANA

[l TAZARAWA
TCHWABO

W TEDA
TEFASI

M TEGE
TEITA

M TEM
TEMNE

[l TENDA
TEPETH

W TERA
TERE

W TESO
TETELA

[l TEVUNDRU
TIBA

M TIBEA
TIE

W TIENE
TIGRAY

[ TIGRINYA
TIKAR

I TIKuU
TIO

W TITU
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TIV
[l TOBANGA
TOGBO
W TOKA

TOMA
[l TONGA

TONGA-INHAMBANE

[ TONGWE
TOPOKE

M TOPOSA
TORAM

[ TORO
TOROBE

[ TOTELA
TOUGOURT

| TOUYO
TOW

I TRARZA
TRIBOUE

[l TRIPOLITANIAN
TSAAM

[l TSHIAKA
TSIENIMBALALA

M TSIMIHETY
TSONG

[l TSONGA
TUAT

M TUKEN
TUKULOR

M TULA
TULAMA

[l TUMBUKA
TUMBWE

[ TUMTUM
TUNDJUR

M TUNGU
TUNISIAN

M TUPURI
TURA

[l TURKA
TURKANA

Il TURUMBU
TUSIAN

| TUTSI
TYEMBARA

B TYENGA
UBANG

[ UHAMI-IYAYU
UJOGOMA

[l UKAAN
UKPE

W UKPET
UKWUANI

[ ULED NAIL
UMON

M UNGA
UREGU

[l URHOBO
UTUGWANG

W UZEKWE
VAGALA

M VAl
VEKHEE

Il VENDA
VERE

W VEZO
VIDUNDA

W viLl
VIN

M VINZA
VIRA

M VIYE
VUMA

W VUTE
WAAMA

I WADA
WAJA

W WALA
WALLAGA

B WAMBU
WANDYA

Il WARGLA
WARJI

W WASA
WASI ALAWA

W wWE
WENYA

W WILE
WILLE

[l WINIAMA
WINJI

H woLLO

WOLOF

[ wom
WONGO

| woyo
XHOSA

M YAA
YAELIMA

I YAGOUTE
YAHI

M YAKA
YAKA, SUKU

[l YAKOMA
YALIWASA

M YAMAIE
YAMANDUNDU

I YAMONGO
YANA

M YANZI
YAO

M YARSE
YASA

1 YASAMA
YEKE

M YELA
YESKWA

W YEYE
YIWOM

| YOKO
YOMBE

M YORUBA
YOWA

Il YUKUTARE
YUNGUR

[ ZAGHAWA
ZANAKI

[l ZANDE
ZANDE ABANDIA

Il ZANDE AVUNGARA

ZARAMO
M zARI
ZARMA
W ZEEM
ZEKARA
M zELA
ZENAGA
¥ ziBAN
ZIGUA
M ZILMANU
ZIMBA
W zNzU
ZOMBO
M zULA



Language Family
B Adamawa-Ubangian
B Adamawa-Ubangian / Chari-Nile
Bantoid
* H Bantu

* B Bantu/ Bantu

Berber

B Chadic

B Chadic/ Cushitic

Il Chadic/ Fufulde

B Chari-Nile
Chari-Nile/ Nilotic

B Cushitic

B Fufulde

B Fufulde / Adamawa-Ubangia
Fur

M Gbaya

[ Khoi: Nama, Bergdama

B Kordofanian
Kru

M Kwa

B Maban

¥ Malagasy
Miscellaneous / Unclassified
Nilotic

M Nilotic/ Bantoid

B Nilotic/ Bantu

B Northern Mande
Other

M saharan

B saharan / Cushitic

B saharan/ Nilotic

M san

B Sandawe
Semitic: Arab, Bedouin

B Songhai

B Southern Mande

I voltaic
West Atlantic
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Paper published in Virus Evolution, where this work appears.

Note: As this is an unaltered published manuscript, figures in it and its accompanying
supplementary materials are numbered according to the published work and not by thesis
chapter. Only page numbers have been added for ease of navigation and reference. Bold
monospace font at the bottom centre of each page of the article follow page numbering of
the thesis. Variable space font at the bottom right of the first page, and top left of subsequent
pages is the original unaltered page numbering (starting at one). The article's online

supplementary material has page numbers added according to the thesis.
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Abstract

Pathogen-driven selection and past interbreeding with archaic human lineages have resulted in differences in human
leukocyte antigen (HLA)-allele frequencies between modern human populations. Whether or not this variation affects path-
ogen subtype diversification is unknown. Here we show a strong positive correlation between ethnic diversity in African
countries and both human immunodeficiency virus (HIV)-1 p24gag and subtype diversity. We demonstrate that ethnic HLA-
allele differences between populations have influenced HIV-1 subtype diversification as the virus adapted to escape com-
mon antiviral immune responses. The evolution of HIV Subtype B (HIV-B), which does not appear to be indigenous to Africa,
is strongly affected by immune responses associated with Eurasian HLA variants acquired through adaptive introgression
from Neanderthals and Denisovans. Furthermore, we show that the increasing and disproportionate number of HIV-
infections among African Americans in the USA drive HIV-B evolution towards an Africa-centric HIV-1 state. Similar adapta-
tion of other pathogens to HLA variants common in affected populations is likely.
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1. Introduction

Differences in human leukocyte antigen (HLA) frequencies be-
tween geographically dispersed populations are primarily the
result of pathogen-driven selection (Doherty and Zinkernagel
1975) and past interbreeding with archaic human lineages
(Segurel and Quintana-Murci 2014; Quintana-Murci 2019).
Although some gene-flow from modern human into
Neanderthals appears to have occurred in Europe as early as
100,000-200,000 years before present (YBP) (Chen et al. 2020), the
major dispersal of modern humans from Africa into Eurasia
took place ~60,000 YBP (Reich 2018). These modern humans
first mated with Neanderthals in the Levant and thousands of
years later with at least three distinct Denisovan lineages in
Western Asia, East Asia, and Oceania (Reich 2018; Jacobs et al.
2019). Because these groups of archaic humans had already
adapted to Eurasian pathogens for ~700,000-450,000 years, the
introgression (the gaining of genetic material through inter-
breeding) of archaic HLA variants likely provided modern
humans with pre-adapted HLA variants that were crucial to
their survival in the new environments. This survival advantage
is evident today as HLA Class I alleles of archaic origin comprise
at least 50-85 per cent of the HLA variants in Eurasian popula-
tions, even though the overall archaic genomic inheritance is
only 1-6 per cent (Abi-Rached et al. 2011). Despite some back-
migration of Eurasians to Africa over the last ~20,000years
(Chen et al. 2020), these archaic HLA variants are the key differ-
ence between the HLA profile of populations in Africa and
Eurasia. Statistical analyses of African whole-genome sequenc-
ing data provide evidence of interbreeding with other lineages
of archaic humans within Africa, but the results are controver-
sial because of a lack of fossil DNA (Hsieh et al. 2016; Nielsen
et al. 2017). What impact the HLA variation between popula-
tions over time has had on the subtype diversification of both
old and novel pathogens such as human immunodeficiency vi-
rus (HIV)-1 is largely unknown.

The cross-species transmission of simian immunodeficiency
virus that gave rise to the HIV-1 group responsible for the ma-
jority of the global HIV-1 epidemic (Group M), likely occurred
~1900 in Cameroon or the Democratic Republic of the Congo
(DRC; Worobey et al. 2008). However, the HIV-1 pandemic only
ignited in Kinshasa in the DRC in the 1920s and spread over the
following decades via transport networks and migrant labour
throughout the country and beyond (Faria et al. 2014). HIV-1
started to diversify into subtypes around 1960 concurrent with
the transition from a slow to a much faster transmission phase
(Faria et al. 2014).

HIV-1 subtypes are defined using phylogenetic analyses and
the genetic distance between them is comparable; they are la-
belled alphabetically, and each subtype consensus sequence
carries distinct combinations of subtype-specific amino acids in
conserved subtype-specific positions in every viral protein in
addition to changes at other positions (Foley et al. 2018). These
subtype-specific amino acid differences are particularly striking
in the conserved, clinically important, highly immunogenic cy-
totoxic T lymphocyte (CTL) target regions of p24Gag (the capsid
protein) where they constitute the only difference between the
subtype consensus sequences (Supplementary Fig. S1; Kiepiela
et al. 2007; Matthews et al. 2008; Goulder and Walker 2012).

The highest number of HIV-1 subtypes and circulating and
unique recombinant forms (CRFs and URFs) of various HIV sub-
types is found within Africa (Chang et al. 2015; Foley et al. 2018).
Whereas subtype-precursor lineages to a high degree are em-
bedded within the larger HIV-1 diversity in the DRC, which also

includes examples of most global subtypes, only distinct sub-
types predominate outside the country (Rambaut et al. 2001;
Faria et al. 2014). The most geographically widespread subtype
is HIV-B (Hemelaar et al. 2011). The ancestral HIV-B virus origi-
nated in Africa and spread to Haiti around 1965-70 (Gilbert et al.
2007). The earliest HIV-B sequences in the USA were detected in
stored serum samples collected from men-who-have-sex-with-
men (MSM) in 1978-79 (Gilbert et al. 2007; Worobey et al. 2016).
HIV-B spread within the USA and beyond and now accounts for
~11 per cent of worldwide infections, although no indigenous
(i.e. not imported) HIV-B subtype has ever been identified in
Africa (Hemelaar et al. 2011). In contrast, an HIV-C-precursor
lineage spread successfully from the southern DRC Katanga
province to most of the Southern and Eastern parts of Africa,
and today HIV-C is responsible for ~50 per cent of all infections
(Hemelaar et al. 2011; Faria et al. 2014).

Upon infection, HLA Class I (A-C) molecules on the cell sur-
face present peptide fragments (epitopes) from viral proteins
that have been digested by intra-cellular proteasomes. This pre-
sentation is a central point in the interplay between HIV-1 and
the host’s immune system as it triggers CTL and Natural Killer
cell responses that can kill HIV-infected cells. The HLA genes
are highly polymorphic, and an HLA molecule has specific bind-
ing motifs that allow only some of the produced epitopes to be
presented by each HLA variant. Because the combination of
HLA variants (or the HLA profile) varies between individuals,
the selective pressures on the virus vary accordingly (Tenzer
et al. 2014). The variation in HLA frequencies between popula-
tions and ethnic groups ensures that the sum of the HLA-
associated selective pressures on the virus will also differ.

HLA-associated polymorphisms have primarily been exam-
ined within distinct HIV-1 subtypes in combined Canadian/US
HIV-B sequence sets (Cotton et al. 2014; Kinloch et al. 2016) after
Bhattacharya et al. (2007) reported that viral subtype effects
confounded previously reported HLA associations (Moore et al.
2002). Many of the polymorphisms are intra-epitope CTL escape
mutations, and studies have focussed on the presence, accumu-
lation, and possible reversion of small subsets of these muta-
tions (Supplementary Fig. S2A; Leslie et al. 2004, 2005;
Kawashima et al. 2009; Fryer et al. 2012) and their impact on vi-
ral fitness and viral load set point (Matthews et al. 2008; Carlson
et al. 2015). Although HLA-associated polymorphisms are found
in all HIV-1 proteins, analyses of the specificity and breadth of
CTL responses associated with immune control of HIV-1 have
demonstrated that responses targeting p24Gag were almost ex-
clusively associated with lowering viremia (Kiepiela et al. 2007,
Matthews et al. 2008; Goulder and Walker 2012).

We experimentally identified a second form of HLA-
associated selection which occur at subtype-specific positions
in p24Gag and affects proteasomal production of all epitopes
encoded in epitope-clusters up- and down-stream of the
subtype-specific position (illustrated in Supplementary Fig. S2B
and explained in detail in the legend; Tenzer et al. 2014). These
epitope-clusters typically contain ~20-50 epitopes presented by
approximately as many HLA variants and proteasomal produc-
tion of each epitope is either increased, unaffected, decreased,
or eliminated depending on the nature of the amino acid at the
subtype-specific position. We found that intra-host selection on
HIV-1 favoured an amino acid at the subtype-specific position
which thwarted or limited production of HIV-1 epitopes that
that individual’s HLA variants could present regardless of the
infecting subtype. At the population level, we observed an in-
verse relationship between the amount of each epitope pro-
duced following processing of the HIV-B or -C consensus
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sequences and the frequencies of the presenting HLA variants
in the populations in which these subtypes circulated
(Supplementary Fig. S2C and D; Tenzer et al. 2014).

Intra-host selection on HIV-1 to escape anti-viral CTL
responses through intra-epitope escape-mutations and changes
at subtype-specific sites that limit epitope-processing likely co-
occurs. However, within the conserved, highly immunogenic,
p24Gag regions (Supplementary Fig. S1), subtype-specific posi-
tions are subjected to the combined pressure by >80 HLA var-
iants (HIV Molecular Immunology Compendium 2016) and
changes at these positions at the HIV-1 consensus level are
likely observed faster than changes within single epitopes re-
stricted by one, or a few, HLA variants (Kawashima et al. 2009).

The current model for HIV-1 subtype diversification is that
HIV-1 subtypes are the results of multiple, selectively neutral,
random ‘founder events’, whereby individuals with distinct vi-
ral lineages moved to new regions and established local epi-
demics (Pybus and Rambaut 2009; Peeters, Jung, and Ayouba
2013). HLA variation and hence variation in immune response
targeting between populations are generally not assumed to
play a significant role in this process (Pybus and Rambaut 2009;
Peeters, Jung, and Ayouba 2013). Here we considered the effect
of HLA variation between populations and HLA-associated se-
lection at subtype-specific sites through modification of epitope
production (Tenzer et al. 2014).

First, we investigated whether differences in ethnic diversity
in African countries was associated with HIV-1 p24Gag diversity
(on the amino-acid level ignoring subtype) and subtype diver-
sity, respectively, and observed robust positive linear relation-
ships. Second, we explored the HLA profile patterns in all HIV-B
and HIV-C-infected patients with linked HLA information using
an HLA-based principal component analysis (PCA). We found
that the most influential drivers in principal component (PC)1
were Eurasian HLA variants introgressed from archaic humans,
whereas HLA variants associated with the two major haplo-
types in South Africa strongly influenced PC2. Third, we esti-
mated which of the >80 epitope-presenting HLA variants in the
clinically important HIV-B and HIV-C p24Gag regions had the
most substantial effect on the evolution of the five subtype-
specific sites within these regions. Fourth, we examined if the
continuously increasing proportion of African Americans in the
USA HIV-B infected population over time affected the evolution
of these subtype-specific sites. We found that the subtype-
specific sites in HIV-B-p24Gag in the USA over time increasingly
incorporated amino acids more commonly found in African
HIV-1 subtypes than in the HIV-B consensus sequence.

Collectively, our results suggest a modified model for HIV-1
subtype diversification. We propose that variation at subtype-
specific sites in HIV-1 p24Gag results from a combination of
global HIV-1 spread through random founder events and the
subsequent continuous granular viral adaptation to the HLA
profile of the infected population.

2. Results

2.1 African HIV-1 p24Gag and subtype diversity correlate
with ethnic diversity

We hypothesized that HLA-mediated selection drove HIV-1
p24Gag diversification and that subtype-specific amino acid dif-
ferences were the result of selection for HIV-1 sequences that
limited or abrogated processing of the epitopes presented
by the most common HLA variants in each population. If
HLA-mediated selection drove HIV-1 diversification, we should
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find greater HIV-1 diversity in countries with greater HLA
diversity.

To investigate, we examined HIV-1 diversity within Africa
where modern humans originated and have maintained rela-
tively large effective population sizes for ~300,000 years result-
ing in a high level of genetic diversity within and between the
~2000 distinct African ethnic groups (Felix and Meur 2001; Patin
et al. 2017; Tishkoff et al. 2009; Hershkovitz et al. 2018).
Unfortunately, HLA data from Africa is limited as gold standard
HLA A, B, and C data (i.e. all HLA types being reported as four-
digit HLA variants) from only eight Sub-Saharan African popula-
tions/ethnic groups are available in the HLA-allele database
(Gonzalez-Galarza et al. 2015; Supplementary Table S1). As a
proxy for HLA diversity we used the Shannon entropy of each
country’s ethnic demographics reported by Alesina et al. (2003)
and Busby et al. (2017), which is based on ethnic, linguistic, cul-
tural, and religious fractionalization.

Using this measure of ethnic diversity as a proxy for HLA di-
versity is justified by multiple studies that have demonstrated
that African population structure largely mirrors linguistic and
geographic similarity (Tishkoff et al. 2009; Busby et al. 2016,
2017) and have provided evidence of a strong link between ge-
netic diversity and ethno-linguistic diversity (Busby et al. 2016,
2017; Excoffier et al. 1987, 1991; Tishkoff et al. 2009; Pagani et al.
2012; Patin et al. 2017). This genetic diversity is even higher in
the HLA region as local adaptation at HLA loci generally are
more pronounced than in the rest of the genome due to strong
selective pressures by local pathogens and adaptive admixture
between expanding populations and adapted local groups (Cao
et al. 2004; Busby et al. 2017; Patin et al. 2017; Meyer et al. 2018).
The strong link between ethnicity, genetics, and linguistics is
not found on all continents as, for example, in South America,
ethnic groups are largely defined by racial or physical criteria,
not linguistics (Alesina et al. 2003).

To further justify using ethnic diversity of African countries
as a proxy for HLA diversity, we performed simulations showing
a linear relationship between different mixtures of fictive ethnic
groups and HLA diversity using the HLA A, B, and C data from
the eight Sub-Saharan African populations/ethnic groups
(Fig. 1).

Pooling our results across all replicates and numbers of eth-
nic mixing populations, we found a strong and statistically sig-
nificant relationship between ethnic diversity and HLA diversity
(R =041, Fy, 1748 = 1,190, P <2 x 107). Furthermore, this result
held for subsets of the data comprising simulations of popula-
tions from a given number of ethnicities. Collectively, these
simulations underscored that ethnic diversity in Africa is a valid
proxy for HLA diversity.

Next, we examined the relationship between the actual
combined measure of ethnic diversity (Alesina et al. 2003) and
HIV-1 p24Gag diversity using all HIV-1 p24Gag sequences in the
HIV database regardless of subtype (Foley et al. 2018). We ob-
served a highly statistically significant relationship between
ethnic diversity and p24Gag diversity (F;13 = 15.53, P=0.0017;
Fig. 2A). To examine if the combined measure of ethnic diversity
also affected HIV-1 subtype diversity, we counted the number of
subtypes, URFs and CRFs in each country using the HIV data-
base sequences and allocation of subtype data (n=36,044)
(Foley et al. 2018). The total number of subtypes, URFs and CRFs
per country was plotted against the ethnic diversity for each
country weighted by the number of sequences per country and
examined using linear regression. Similar to the result for HIV-1
p24Gag diversity, a significant relationship was found between
ethnic diversity and subtype diversity (P <2 x 10~>; Fig. 2B).
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Figure 1. The simulated ethnic diversity of a fictitious country correlates with its
simulated HLA diversity. Eight ‘populations’ were mixed in arbitrary proportions
to simulate the mixture of ethnic groups within different fictive African ‘coun-
tries’. We then mixed the real gold standard HLA-allele frequency data from the
eight populations in the HLA-allele database (Gonzalez-Galarza et al. 2015;
Supplementary Table S1) according to the simulated proportions and performed
linear regressions of the HLA diversity of these ‘simulated countries’ versus the
simulated countries’ ethnic diversity calculated from the simulated proportions.
Every point represents a simulated country; 500 countries were simulated for
each number (k) of ethnic groups between 2 and 8 within each country. Each
country consists of k randomly chosen populations/ethnic groups from
Supplementary Table S1. Black line: best-fit line following a linear regression
analysis of all simulated countries (P < 2 x 10°°). Coloured lines: best-fit line
following a separate linear regression analysis of simulated countries consisting
of k ‘ethnic groups’.

To further test robustness, we excluded Cameroon and the
DRC where HIV-1 first circulated (Worobey et al. 2008; Faria
et al. 2014), which still resulted in significant relationships (eth-
nic diversity versus HIV-1 p24gag variability (P=0.0134) and
subtype diversity (P <2 x 107°)) indicating that the timing of the
epidemic in each African country was not the sole determinant
of HIV-1 diversification. Collectively, these results suggest that
the association between a country’s HIV-1 diversity and its eth-
nic diversity might be driven by the granular adaptation of HIV-
1 to the HLA variants common in particular ethnic groups as
countries with more ethnic groups end up with greater HIV-1
variation.

Geographically, the highest concentration of ethno-
linguistic (Felix and Meur 2001), ethnic (Alesina et al. 2003) and
HIV-1 subtype diversity was found along the equator, with, for
example, ~110 and ~370 ethno-linguistic groups within
Cameroon and the DRC, respectively (Felix and Meur 2001,
Fig. 2C and D). As ethnic differences typically correlate with lan-
guage differences in Africa (Tishkoff et al. 2009; Busby et al.
2016, 2017), we examined if HIV-1 subtypes clustered within
specific language families or sub-groups. Most African ethno-
linguistic groups belong to one of five language families (Niger-
Congo, Nilo-Saharan, Afro-Asiatic, Austronesian, and Khoe,
Fig. 2E), which each can be subdivided into several language
groups, for example, the Niger-Congo family includes Bantu-
speaking people that account for approximately one-third of all
Sub-Saharan Africans (Patin et al. 2017) and non-Bantu-
speaking people in West Africa.

We observed more similar HIV-1 subtype patterns in related
ethno-linguistic groups (Tishkoff et al. 2009; Busby et al. 2016,
2017; Fig. 2D and E). Notably, HIV-C predominated in countries
with the highest percentage of Bantu-speaking people (Patin
et al. 2017). One exception was the many HIV-1 subtypes found
in the DRC where adaptive introgression of HLA from rainforest
hunter-gatherers during the Bantu expansion ~3,000years ago

significantly increased the HLA variability of western and cen-
tral Bantu-speaking people relative to that of southern Bantu-
speaking people (Patin et al. 2017; Foley et al. 2018). Moreover,
HIV-C was only introduced into the Horn of Africa around 1980-
85 (Simmons et al. 2009), and has since, for example, in Ethiopia
evolved into two distinct Ethiopian HIV-C lineages (Amogne
et al. 2016). We explored whether countries which had at least
50 per cent Bantu First Language Speakers were more likely to
have at least 50 per cent subtype C in their HIV-infected popula-
tion. This analysis included all African countries regardless of
epidemiological history and demonstrated a link between high
levels of Bantu language speaking inhabitants and high levels of
HIV-C (Fisher’s test, P=0.037). Niger-Congo non-Bantu language
groups reside in West Africa where CRF_02AG and HIV-G pre-
dominate, and HIV-C is rare. Nilo-Saharan, Afro-Asiatic and
Bantu language groups predominate in East Africa where HIV-
A, -D, and -C are frequently found (Fig. 2D and E).

Together with the explosion of HIV-1 subtypes in the 1960s
(Faria et al. 2014), our results suggest that ethnic diversity, and
hence HLA diversity, was a significant driver of HIV-1 diversifi-
cation, and that neutral evolution and/or differences in the tim-
ing of local African HIV-1 epidemics was not solely responsible
for the creation of HIV-1 subtypes as suggested previously
(Pybus and Rambaut 2009; Peeters et al. 2013).

2.2 Spatio-ethnic HLA profiles associated with distinct
HIV-1 subtypes

We next asked which HLA variants contributed most to the vari-
ance—covariance structure of the worldwide HIV-infected pa-
tient population by performing a PCA on all publicly available
HLA Class I data from patients infected with HIV-B (n=2318) or
HIV-C (n=704; Foley et al. 2018). Because of the history of HIV-1
research, similar data on patients infected with other subtypes
are rare, and most African data derive from South Africa, espe-
cially the KwaZulu-Natal province (Foley et al. 2018). We as-
sumed that the distribution of HLA variants and HLA
haplotypes (a series of HLA genes on one chromosome that is
found together more often than expected due to linkage dis-
equilibrium (LD)) in geographically dispersed populations
reflected the sum of past infectious challenges and adaptive in-
trogression from archaic humans (Doherty and Zinkernagel
1975; Segurel and Quintana-Murci 2014; Quintana-Murci 2019).
For each member of the population, we proposed that their ge-
netic ‘HLA profile’ abstractly could be considered as a point in
the population’s multidimensional HLA profile space. A novel
pathogen such as HIV-1 would rapidly spread and evolve within
this HLA space. The space itself would only change slowly due
to the added selective effect of HIV-1 infection on HLA frequen-
cies and largely outside of our current observation time.

The individual HLA variants which contributed most to the
first two PCs clustered in three groups, reflecting three common
haplotypes (Fig. 3A): one group containing Eurasian variants
(HLA-A*02:01, HLA-B*07:02, and HLA-C*07:02) and two groups of
HLA variants more common in Africa (HLA-B*58:02, HLA-
C*06:02, and HLA-A*30:01, HLA-B*42:01, HLA-C*17:01; Fig. 3B and
Supplementary Table S6). The first two PCs explained 14.5 per
cent of the variance and the first 12 explained 50 per cent. PC1
revealed four features: (i) the HLA separation correlated with
the geographical origin of the patients with Africans and
Eurasians at the extremes (Fig. 3C), (ii) the Caribbean patients
were near the centre, reflecting the history of admixture in that
population (Fig. 3C; Benn-Torres et al. 2008), (iii) the separation
correlated with the distribution of the patients’ HIV-1 subtypes
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Figure 2. Ethnic diversity drives HIV-1 p24Gag and subtype diversification. (A) Weighted linear regression of HIV-1 p24Gag diversity versus ethnic diversity (Alesina
et al. 2003; each determined using Shannon entropy). All Sub-Saharan African countries with > 6 p24Gag sequences were included (Foley et al. 2018) (the number of
sequences and the ISO alpha-2 two-letter country codes are shown in Supplementary Table S2). Grey-shaded area represents the 95 per cent confidence interval (CI).
(B). Weighted linear regression of the count of HIV-1 subtypes, URFs and CRFs (Foley et al. 2018) versus ethnic diversity (Alesina et al. 2003) within Sub-Saharan Africa
(illustrated in D) using a generalized linear model fit with a Poisson error distribution with a log link function (the number of subtypes, CRFs, and URFs and the ISO al-
pha-2 two-letter country codes are shown in Supplementary Table S2). Grey-shaded area represents the 95 per cent CI (too small to see). (C) Map illustrating the geo-
graphical location of ~2,000 ethno-linguistic groups in Africa (modified from Felix and Meur 2001). Key in Supplementary Table S3. (D). Map showing the ethnic
diversity (Alesina et al. 2003) within Sub-Saharan Africa (orange shaded background) overlaid with pie charts demonstrating HIV-1 subtype and CRF diversity within
each country (Foley et al. 2018). Missing countries (dark grey) lacked either HIV-1 or ethnic fractionalization data. The pie charts are scaled according to the number of
unique patient HIV-1 sequences; a not scaled version is shown in Supplementary Fig. S3; complete key in Supplementary Table S4. (E) Map illustrating the current loca-
tion of the five major language families within Africa with predominant groups indicated (modified from Felix and Meur 2001); complete key in Supplementary Table
S5.

(Fig. 3D), and, (iv) the three HLA variants that contributed most
to the separation were all inherited by Eurasians from
Neanderthals and Denisovans (Abi-Rached et al. 2011) with
HLA-A*02:01 explaining most of the variance (Fig. 3E).

PC2 robustly distinguished between two common Southern
African HLA haplotypes with opposing effects on HIV-1 disease
progression; HLA-B*58:02-HLA-C*06:02, linked to fast progres-
sion (found in ~20% of the population), and HLA-A30:01-HLA-
B*42:01-HLA-C*17:01, linked with slow progression through the
accumulation of fitness-reducing CTL escape-mutations (found
in ~13%; (Goulder and Walker 2012; Gonzalez-Galarza et al.
2015; Fig. 3F). In Zambia, HLA-B*42:01 is also linked to a faster

HIV-1 acquisition (allele frequency ~30%) (Song et al. 2011,
Gonzalez-Galarza et al. 2015). We calculated a haplotype score,
which started at zero and was incremented or reduced by one
for each allele in these two haplotypes, revealing the near-
complete stratification of PC2 (Supplementary Fig. S4). Although
these HLA variants can occur in other combinations, the LD is
almost complete in Bantu-speaking South Africans and other
Southern Bantu-speaking people in countries with the highest
levels of HIV-C infection (Fig. 3D, F, and Supplementary Fig. S5;
Paximadis et al. 2012; Gonzalez-Galarza et al. 2015).

These results suggest that the HLA variants that contributed
most to the variance-covariance structure within the HIV-1
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patient population worldwide originated from interbreeding be-
tween the ancestors to modern Eurasians and Neanderthals
and Denisovans. An African HIV-1 lineage imported to Eurasia
would, therefore, circulate in a partly new HLA profile space.
Within Africa, we observed that the HLA variants that explained
most of the variance were part of common haplotypes, which
are associated with opposing HIV-1 disease progression pat-
terns and facilitated HIV-1 acquisition in some regions.

2.3 Distinct ethnic HLA variants affect HIV-B and -C
evolution

To estimate the selective pressure of individual HLA Class I var-
iants on the diversification of subtype-specific amino acids in a
population, we analysed all p24Gag HIV-B and -C sequences
linked to an HLA profile (Foley et al. 2018) using a Bayesian phy-
logenetic HLA selection model. The analyses were performed on
each subtype separately. We focussed on five subtype-specific
positions (27, 41, 116, 120, and 128) situated within the two con-
served p24Gag regions that dominate the clinically effective
HIV-specific CTL response in patients infected by either HIV-B
or -C (Goulder and Walker 2012; Fig. 4A and B and
Supplementary Fig. S1). Because each subtype-specific position
is independently influenced by the phylogeny (Supplementary
Figs S6 and S7), the model was corrected for phylogenetic
co-variation using the BEAST-derived phylogenetic variance-co-
variance matrix for each subtype-specific position. This correc-
tion adjusted for potential viral population structure and
neutral evolution. Because some subtype-specific positions vary

between subtypes, but only have limited variation within the
given subtype (position 128 in HIV-B, and positions 27, 41, 116,
and 128 in HIV-C), or too much variation for these analyses
given our dataset (position 120, HIV-B; Supplementary Fig. S1),
HLA associations could only be robustly determined for three
positions in HIV-B and one in HIV-C. At the HIV-B positions 27,
41, and 116, selection typically favours one of two amino acids,
and at position 120 in HIV-C, one of three (Supplementary Fig.
S1). The total HLA pressure on each subtype-specific position
could be considered to be the joint pressure exerted by all the
HLA variants able to present epitopes encompassing (Tenzer
et al. 2014) or overlapping that subtype-specific position (Foley
et al. 2018; Fig. 4A and B), and by HLA variants associated
through structural codon-co-variation (Carlson et al. 2008;
Crawford et al. 2011). Significant statistical links between an
HLA variant and selection for either HIV-B or non-HIV-B-like
amino acids at the four subtype-specific positions were
expressed as odds ratios (ORs).

Overall, ~50 per cent of the Caucasian/Eurasian HLA A, B,
and C variants that shaped HIV-B evolution originated from
Neanderthals and/or Denisovans, which is similar to the fre-
quencies of these variants in people of European descent (Abi-
Rached et al. 2011; Fig. 4C and D). A minority of HLA variants
appeared to be footprints of the on-going HIV-B epidemic in the
Caribbean and in African-Americans (e.g. HLA A*23:01, HLA
B*57:03, and HLA C*16:01; Fig. 4D). Although most HLA variants
selected for HIV-B-like subtype-specific amino acids, some se-
lected for non-B likeness (e.g. HLA C*16:01 (Position 27) and HLA
A*31:01 (Position 41)). These results are in line with previous
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The effects of neutral (blue) and HLA-mediated selection using the estimated HIV-B HLA ORs (green), and the increased HLA ORs for HIV-B-likeness (orange) are shown.

analyses of intra-host adaptation of HIV in (Tenzer et al. 2014),
which demonstrated that the consensus HIV-B (or HIV-C) se-
quence was often observed in carriers of common HLA variants
whereas carriers of rare HLA variants frequently selected for
non-consensus amino acids. The data are consistent with the
variation within our patients (illustrated in Supplementary Fig.
S8) and in HIV-B sequences worldwide (Foley et al. 2018). In

contrast, HIV-C evolution was shaped by African HLA variants
common in Bantu-speaking people and one ancient HLA variant
(HLA-A*01:01) found in parts of Africa (Abi-Rached et al. 2011,
Fig. 4E and F), consistent with the spread of the HIV-C epidemic
(Gonzalez-Galarza et al. 2015).

Our estimated HLA ORs (Fig. 4C and E) do not reflect the HLA
selection pressure acting on the HIV-B-precursor virus during
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the first 3040 years of the HIV-1 epidemic outside of Africa, be-
cause >80 per cent of our data were from 2001 or later (Foley
et al. 2018), and because the epidemiological demographics
have changed from predominately Caucasian until the mid-
nineties to one with mixed ethnicities (Worobey et al. 2016).

To examine how the current HLA ORs and neutral selection
would affect HIV-B evolution we used an agent-based epidemic
model. As the first HIV-1 lineage in Haiti is unknown (Rambaut
et al. 2004), we chose to test an HIV-C-like virus, which differs
from HIV-B at subtype-specific positions 27, 41 and 116
(Supplementary Fig. S1). We found that neutral evolution of
HIV-C would take ~250years to approach a 50 per cent HIV-B
subtype-specific amino acid frequency (position 27, Fig. 4G, blue
line; positions 41 and 116, Supplementary Fig. S9), whereas
HLA-mediated selection would reach this threshold more than
twice as fast (Fig. 4G, green line). This result demonstrates that
the estimated HLA ORs are not only statistically significant but
also biologically relevant.

Next, we tried to imitate the HLA selective pressure acting
on the HIV-B precursor early in the epidemic. We ignored the
selective pressure from African HLA variants and modelled how
much the HLA ORs selecting for HIV-B-likeness should be in-
creased to reach the current consensus subtype-specific amino
acid frequencies within 50-55years, a time span similar to that
of HIV-B evolution (Worobey et al. 2016). We found that the HLA
ORs had to be raised by a factor of 1.8-2.5 depending on
subtype-specific position (Position 27, Fig. 4G, orange line;
Positions 41 and 116, Supplementary Fig. S9). This result sug-
gests that the initial HLA-mediated selective pressure on the
HIV-B-precursor was either stronger than our estimates and/or
that we are missing the effect of some HLA variants due to viral
adaptation before 2001. Alternatively, or additionally, some of
the subtype-specific amino acids in the HIV-B-precursor might
have been more similar to HIV-B than HIV-C, and/or structural
co-evolutionary effects (Carlson et al. 2008; Crawford et al. 2011)
might be stronger than expected.

Collectively, our analyses reveal that HIV-B and HIV-C circu-
late in populations with distinct, and partly non-overlapping,
HLA profiles and that the difference in population-specific HLA-
mediated selective pressures affected HIV-1 evolution.

2.4 The emergence of an African American-adapted
HIV-B

If the subtype-specific differences between HIV-B and HIV-C are
the result of different HLA-allele frequencies between Eurasian
and African populations, changes in the ethnic demographics of
an HIV-infected population should affect the selective pressure
at the subtype-specific positions. To investigate this hypothesis,
we examined the HIV-1 epidemic in the USA. HIV-B was likely
introduced in the 1970s (Worobey et al. 2016) and initially circu-
lated primarily amongst Caucasian MSM. However, the epi-
demic gradually spread to other groups, and, regardless of
sexual orientation, African and Hispanic Americans have in-
creasingly been disproportionally affected (Fig. SA). A complex
set of socioeconomic factors drive risk to these groups, includ-
ing discrimination, stigma, poverty, lack of access to care, and
cultural differences combined with in-group sexual bias
(Centers for Disease Control and Prevention 2020, www.cdc.
gov). Currently, African and Hispanic Americans account for
~42 and 20 per cent of all new infections despite making up
only about 13 and 16 per cent of the US population, respectively
(Hall et al. 2008; Prejean et al. 2011).

Based on our previous HLA diversity analysis (Fig. 1), we pro-
posed that the increased fraction of non-Caucasians in the US
HIV-infected population would increase its HLA diversity. To in-
vestigate, we performed simulations using the HLA A, B, and C
frequency data for US Caucasians and African Americans
reported by Gragert et al. (2013). Briefly, we created mixed popu-
lations of the two groups and calculated the HLA Shannon en-
tropy (diversity) of the simulated mixed populations (HLA B is
shown in Fig. 5B, all HLA simulations and plots of HLA frequen-
cies are shown in Supplementary Fig. S10). The results demon-
strated that the HLA B and HLA C diversity peaked when the
two groups were present in approximately equal proportions,
whereas the HLA A diversity continuously increased as the pro-
portion of African Americans grew. These differences were due
to the relatively lower diversity of US Caucasian HLA A alleles
and the more similar diversity of HLA B and C alleles between
the groups (Supplementary Fig. S10). For simplicity, we did not
add HLA data from US Hispanics, which are more like those of
US Caucasians. Adding these would only increase the overall
diversity.

Because 73-78 per cent of the African American genetic heri-
tage originates from Africa (~30% from Bantu-speaking people
and ~70% from regions of West Africa; Patin et al. 2017), we hy-
pothesized that the HIV-B subtype-specific amino acids would
evolve towards amino acids more commonly found in African
HIV-1 strains than in HIV-B (Fig. 5C). We estimated the ethnic
demographics of the HIV-infected population in the USA from
(Hall et al. 2008) and (Prejean et al. 2011) and used that demo-
graphic data to calculate the frequency of African Americans in
the US HIV-infected population over time (Supplementary Fig.
S11; Gonzalez-Galarza et al. 2015).

We compiled all dated HIV-B p24Gag sequences associated
with a patient ID (to prevent oversampling sequences from sin-
gle patients) and used these in a Hierarchical Bayesian multi-
level model that incorporated phylogenetic information from
BEAST to prevent phylogenetic relationships from biasing the
analysis, thereby correcting for viral population structure and
neutral evolution (Supplementary Fig. S12). The posterior distri-
butions over the regression coefficients of the phylogenetic
model robustly demonstrated that the probability that the 41,
116, and 120 subtype-specific position was occupied by an HIV-
B subtype-specific amino acid was inversely associated with the
frequency of African HLA variants in the infected population
(Fig. 5D). Although the pattern was similar for Position 27 and
the 80 per centBCI excluded zero, the 95 per cent BCI did not
quite exclude zero.

Collectively, our analyses demonstrated that the subtype-
specific positions in HIV-B over the last 20years in the USA
have evolved away from the original HIV-B consensus sequence
and increasingly incorporate amino acids found in African HIV-
1 subtypes (Fig. SE, Supplementary Fig. S12, and Table S7).
These results show that HIV-1 diversification is an on-going
process that can be influenced by changes in the ethnic compo-
sition of the HIV-infected population within a country. As
African Americans continue to suffer a disproportionate num-
ber of HIV-infections, HIV-B is likely to continue to adapt to the
HLA variants common in this group.

3. Discussion

In this study, we found that HLA Class I allelic frequency differ-
ences and archaic HLA Class I variants combine to create
population-specific HLA-associated selective pressures that
uniquely shape HIV-1 p24Gag variation and subtype

283


https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
http://www.cdc.gov
http://www.cdc.gov
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/veaa085#supplementary-data
Sxoa
Typewriter
283

Sxoa
Rectangle


N.C.Kistetal. | 9

A B
The ethnic composition of the HIV-infected population in the USA over time HLA B Shannon Entropy in simulated populations of
S US Caucasians and African Americans
2 1004 -200x10° =z
o c
g El L35
3 8 - [150x10°% B
g 60 o”' EOE g 3.4
£ == -10x10° 2 ; :
i g T
2 F5x10° < 3.3
B 207 &
© . (5N
£ oo -0 o
it 1980 1985 1990 1995 2000 2005 2010 0 25 50 75 100
Year Proportion of African Americans in simulated population
==C Itative infecti
Caucasans
== African Americans
Hispanic
C E Position 27 Position 41
1.0 1.0
2]
5 \ \
] —
HIV-B p24Gag § 05 05
27V — 27X () & '
41S — 41X (T) =
116A — 116X (G) S e 06
120N — 120X (S) E :
2
E
> 0.4 0.4
D ig 1985 1990 1995 2000 2005 2010 1985 1990 1995 2000 2005 2010
o) Year Year
®©
97 G —— % Position 116 Position 120
s ]
2 > 101 1.0
g 3
g N1 T— :
[ [e%
ué- E ool -\ 0.8
> 1161 — e — o S
< c
= o
= E=
3 ke
120{ ~—eeege—— §. 0.61 0.6 1
o S —
0.4 0
Regression coefficient 041 ; i ; i : : 041 : . . . . .
1985 1990 1995 2000 2005 2010 1985 1990 1995 2000 2005 2010
Year Year

Figure 5. HIV-B adaptation to the proportion of African Americans in the US HIV-infected population over time. (A) The estimated ethnic composition of the HIV-
infected population in the USA over time. The grey vertical line indicates the time of equal proportions of Caucasians and African Americans, and the dark red vertical
line when the proportion of African Americans had stabilized. (B) Simulation of the relationship between the proportion of African Americans in a mixed African
American and US Caucasian population and the HLA B Shannon entropy (HLA B diversity) of those mixed populations. Red dotted line highlights the maximum HLA di-
versity (all HLA simulations and HLA frequencies in Supplementary Fig. S10). (C) Overview of the changing subtype-specific positions; HIV-C subtype-specific amino
acids are shown in parentheses and represent the most common change. (D) Posterior distributions over the regression coefficients of our model. The central point rep-
resents the median, the coloured region is the 80 per cent BCI, and the whiskers represent the 95 per cent BCI. The 95 per cent BCI exclude 0 for Positions 41, 116, and
120, whereas the 95 per cent BCI for Position 27 slightly overlap zero. (E) Population-level estimates of the probability a subtype-specific position is occupied by an HIV-
B subtype-specific amino acid as explained by the fraction of African Americans plotted against time (with the 95% BCI).

diversification. This observation suggested that these
population-specific HLA-associated selective pressures might
also shape the evolution of other novel pathogens in emerging
epidemics, for example, Zika virus and Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), and might be partly re-
sponsible for the subtype diversification of viruses that have a
longstanding infection history in humans (e.g. Hepatitis B,
Hepatitis C, and Morbilli). Similarly, these population-specific
selective pressures could affect the evolution of old pathogens
when these spread into previously naive populations in new

geographical locations due to human activities, and/or climate
change (e.g. dengue virus and West Nile virus). This granular
adaptation of pathogens to a population-specific HLA composi-
tion mirrors the already accepted granular adaptation of human
populations to different combinations of infectious challenges
(Doherty and Zinkernagel 1975).

The adaptive introgression of Neanderthal and Denisovan
HLA variants in Eurasians, and of HLA B*73:01 (a unique major
histocompatibility complex (MHC)-BII allele more closely re-
lated to chimpanzee and gorilla MHC-B alleles than to other
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modern human B alleles; Abi-Rached et al. 2011), and more
recently of rainforest hunter-gatherers HLA variants in Bantu-
speaking people (Patin et al. 2017) collectively suggest that in-
trogression of pre-adapted, advantageous HLA variants might
have occurred throughout hominid evolution and modern hu-
man history as invading populations mixed with adapted locals.
Such adaptive introgression events are likely not limited to pri-
mate evolution. The repeated introgression of immune
response-related genes would expose locally established patho-
gens to a continuous selective pressure for longer than the
length of time that the most recently immigrated host lineage
has been in a place.

In Africa, we found significant positive relationships be-
tween ethnic diversity and HIV-1 p24Gag sequence and subtype
diversity, respectively. These robust associations suggested that
ethnic diversity, and by extension HLA diversity and differences
in HLA-associated selective pressures, helps drive HIV-1 evolu-
tion and might result in subtype diversification. It will be impor-
tant to confirm and extend the findings reported here across
other antigenic regions of HIV-1. The spread and adaptation of
HIV-1 to different ethnic groups might initially have been facili-
tated by, for example, a combination of the socioeconomic and
cultural changes induced by the colonization of the DRC in the
early 1900s, for example, the rise of cities, extended transport
networks, and centralized camps for treatment of sleeping sick-
ness (Worobey et al. 2008; Faria et al. 2014).

Our results, and previous experimental work (Frahm et al.
2006; Tenzer et al. 2009, 2014), suggest that the local HIV-1 con-
sensus sequence represent the most common adaptions to es-
cape effective immune responses in the majority of people in
the population in which it circulates. Consequently, the local
HIV-1 consensus sequence is the least likely sequence combina-
tion to evoke effective immune responses upon transmission.
This proposal is in line with reports that the virus closest to the
consensus sequence in a population is most readily transmitted
(Carlson et al. 2014; Song et al. 2011). Because the transmitted
virus only needs to be present in small amounts in the infec-
tious dose (Keele et al. 2008), these observations together might
help the understanding of why the HIV-1 evolutionary rate at
the within-host compared with the population scale is ~5-fold
faster (Raghwani et al. 2018). The predominant viral variants in
the host are typically those best adapted to escape that particu-
lar host’s specific immune responses, while those viruses that
are most likely to be transmitted are those most like the local
consensus sequence. These ‘consensus-like’ sequences are
likely to be found as a minority population and to be more
closely related to the initially infecting viral variants, compati-
ble with both the ‘store and retrieve’ and ‘adapt and revert’ sce-
narios suggested by Raghwani et al. (2018).

Between 1962 and 1970, HIV-1 spread beyond Africa as a
Haitian aid-worker returned from the DRC (Gilbert et al. 2007).
Whether this person was infected by HIV-B or a Subtype-B/D an-
cestor lineage is unknown, but the latter is likely given the lack
of reports of indigenous HIV-B epidemics in Africa (van
Harmelen et al. 1997; Hemelaar et al. 2011; Foley et al. 2018). The
Haitian HIV-B epidemic is characterized by being more geneti-
cally diverse than elsewhere, and the predominant viral line-
ages are distinct from the pandemic HIV-B lineage (Gilbert et al.
2007). Despite ~70,000 American tourists visiting Haiti every
year throughout the 1970s, and a rapidly developing hetero-
and homosexual sex industry (Giraud 2010), it took ~10-12 years
before HIV-B spread within the USA to a sufficient extent for the
epidemic to be detected (Gilbert et al. 2007; Worobey et al. 2016).
It is also noteworthy that no HIV-1 outbreak was observed in

Belgium following the return of the colonialists when Congo
achieved independence in 1960. The causes of this lack of
spread or these interludes are debateable and likely multiple,
partly dissimilar, and complex. However, we propose that one
shared contributing factor could be lower transmissibility of
African HIV-1 lineages to and between Europeans, perhaps be-
cause these HIV-1 lineages were not pre-adapted to escape im-
mune responses associated with HLA variants common in
Caucasians. This hypothesis is indirectly supported by reports
of; (i) faster disease progression in HLA-matched recipients of
pre-adapted HIV-1 (Carlson et al. 2016), (ii) less polyfunctional
and more narrow CTL responses and higher viral loads in
infected vaccine recipients with higher HLA I adaptation to the
Gag vaccine insert (Boppana et al. 2019), and (iii) studies in
Zambia demonstrating an association between specific, com-
mon HLA variants and faster HIV-1 acquisition (Song et al. 2011)
and a more readily transmission of the predominant HIV-C con-
sensus sequence (Carlson et al. 2014). In combination, these
observations suggest that the increasing HIV-B adaptation to
African-Americans, and the on-going high infection rates, could
result in faster transmission and disease progression in this
group.

Our results, and the many HIV-1 vaccine trial failures
(Barouch and Korber 2010), suggest that the starting point for
HIV-1 vaccine design should be the HLA composition of the tar-
get population, not the HIV-1 subtype infecting that population
as in, for example, the unsuccessful Step and Phambili trials
(Corey, McElrath, and Kublin 2009), because the circulating sub-
type will have adapted to avoid evoking strong immune
responses in the majority of the population (Tenzer et al. 2009,
2014). One vaccine design option would be to select in-natural-
infection subdominant epitope sequences from vulnerable parts
of HIV-1 (Dahirel et al. 2011) that are presented by HLA variants
common in the target population and embed these in artificial
contexts that promote high epitope production. The resulting
abundant epitope production will help prime anti-viral CTL
responses (Faroudi et al. 2003), while even limited production of
these epitopes after HIV-1 infection will allow the primed CTLs
to recognize and kill infected cells (Purbhoo et al. 2004).

4. Materials and methods

4.1 Simulation of the relationship between ethnic
diversity and HLA diversity

To investigate the relationship between ethnic diversity and
HLA diversity we compiled HLA data from all available African
populations/ethnic groups that had been HLA typed to a ‘Gold
standard’ (i.e. all HLA types were reported as four-digit HLA var-
iants) (n=38; detailed in Supplementary Table S1). Although
three of the seven African populations came from Kenya, they
belonged to distinct ethnic groups and were, therefore, all in-
cluded. The eight populations were mixed in arbitrary propor-
tions to simulate the mixture of ethnic groups within different
fictive African ‘countries’. The proportions were assigned as fol-
lows: k random draws were taken from a uniform distribution.
These were turned into proportions by dividing each random
draw by the sum of all random draws. HLA types were mixed
proportionally into each simulated ‘country’, and Shannon en-
tropies were calculated both for the simulated ethnic diversity
and the simulated HLA diversity. Linear regressions were per-
formed of the Shannon entropy of the HLA diversity calculated
from these mixes versus the population Shannon entropy cal-
culated from the simulated mix. Statistically significant results
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were obtained for linear regression analyses of simulated coun-
tries consisting of n ‘ethnic groups’ and for all simulated coun-
tries (not shown).

4.2 Shannon entropy analyses of African HIV-1 p24Gag
diversity

To calculate the Shannon entropy (diversity) of HIV-1 group M
p24Gag for each country we searched the LANL HIV database
(Foley et al. 2018) for one non-problematic HIV-1 p24Gag se-
quence per patient from Sub-Saharan Africa (each sequence
was > 684 nucleic acids in length (~99% of the HXB, p24 se-
quence (GenBank K03455))) using the integer patient ID tool.
Subsequently, we removed all sequences from HIV-1 Groups N,
O, and P, and URFs and CRFs thereof, as well as sequences with-
out a unique patient ID to avoid oversampling individual
patients. We screened the remaining sequences for those origi-
nating from uncultured peripheral blood mononuclear cells,
and those originated from cultured virus by examining all paper
references. All sequences originating from cultured virus were
discarded because culturing likely obscures the sequence foot-
prints of the intra-host immune response. The remaining 2,274
sequences were aligned using the LANL HIV Align program, af-
ter which the sequences were stratified by country. Minor man-
ual corrections were made to each country’s alignment as
needed, and the mean amino acid Shannon Entropy of each of
these alignments was calculated using the R (version 3.4.3)
package bio3d (version 2.3-3).

4.3 Shannon entropy analysis of ethnic diversity

As a proxy for each country’s HLA diversity, we used ‘ethnic di-
versity’, which was based on the combined measure of ethnic,
linguistic, cultural, and religious fractionalization defined by
Alesina et al. (2003). This combined measurement is based on
data from several sources, including Encyclopaedia Britannica,
The CIA World Factbook, Minority Rights Group International,
and (Levinson 1998). The ethnic diversity for each country was
estimated by calculating the Shannon entropy for the ethnic
proportions data in (Alesina et al. 2003) as follows:

H= - pilogp
i=1

where n indicates the number of ethnicities recorded with the
database, and p; is the proportion of ethnicity i within the coun-
try’s population.

4.4 Examination of ethnic versus HIV-1 p24Gag diversity

Ethnic diversity was plotted against the mean HIV-1 p24Gag
amino acid entropy, weighted by the number of p24Gag sequen-
ces per country, using ggplot2 (version 2.2.1). The size of each
dot was scaled logarithmically by the number of sequences to
indicate graphically how this weighting was occurring. A
weighted linear model was fit in R (version 3.4.3) to assess sta-
tistical significance.

4.5 African HIV-1 sequences and subtype analysis

We searched the LANL HIV database (Foley et al. 2018) for all
non-problematic HIV-1 sequences originating in Africa (176,071
sequences). HIV-1 from Groups N, O, and P, and URFs and CRFs
thereof were removed, and all HIV-1 group M pure subtypes,
URFs and CRFs were filtered for one sequence per patient
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according to the integer patient ID (Foley et al. 2018). Sequences
were then filtered for those originating in Sub-Saharan African
(as defined by the United Nations Statistics Division, not LANL)
yielding 36,044 sequences. From these, the number of subtypes,
URFs, and CRFs per country and the number of sequences of
each subtype, URF, and CRF per country was calculated. The to-
tal number of subtypes, URFs and CRFs per country was plotted
against the ethnic diversity for each country weighted by the
number of sequences per country using ggplot2 (version 2.2.1).
The size of each point was scaled logarithmically by the number
of sequences. A weighted generalized linear model was fit using
R (version 3.4.3) to determine the significance. We generated a
map with pie charts showing the relative amounts of each sub-
type in the LANL database for each country, using Tableau 10.4
(Fig. 2D; a non-weighted version is shown in Supplementary Fig.
S3). The ethnic diversity for each country was also displayed on
this map. We generated a map showing the African ethno-
linguistic groups (Fig. 2E). For each African country we obtained
the proportion of First Language Users of Bantu languages in
the general population from Ethnologue (2020; www.ethno
logue.com). For ease of analysis we dichotomized this variable
using 50 per cent as a threshold value. Similarly, we divided the
African countries into two groups by the prevalence of HIV-C in
their HIV-infected population.

4.6 Worldwide HIV-infected patient information

To study potential HLA driven selection on HIV subtype-specific
motifs, we searched the LANL HIV database (Foley et al. 2018)
for all HLA typed HIV-1-infected patients from which HIV-1
p24Gag had been sequenced. For each patient, we obtained the
majority rule consensus for five Gag subtype-specific positions
(Positions 27, 41, 116, 120, and 128, Supplementary Fig. S1). The
LANL HLA annotations were manually curated to ensure a con-
sistent HLA nomenclature (e.g. ‘B2705’, ‘B*27:05’, and ‘HLA-
B*27:05’ were all rewritten as ‘B2705’). We used HLA annotations
with four or more digits to generate an HLA presence-absence
matrix to avoid pooling HLA variants with different effects on
HIV evolution (e.g. HLA-B*35-Py/Px and HLA-B*58:01/02 (Goulder
and Watkins 2008; Goulder and Walker 2012)). However, this
matrix was extended by two-digit HLA annotations if the four-
digit HLA type could be inferred based on (i) the patients HLA
variants (typical for either Caucasians or African Americans), or
(ii) the escape mutation pattern in their HIV-1 sequences (see
Supplementary Table S8 for patient ID). For example, patients
with HLA-B*27:05 often target the KK10 epitope, and the R264K,
R264T, or L268M substitutions are often present within the epi-
tope, but this is not the case in patients with HLA-B*27:02. In to-
tal, four-digit HLA types were inferred for 23 patients with HLA-
B*27 (Goulder et al. 2001; Goulder and Watkins 2008; Goulder
and Walker 2012). Likewise, 29 B*57 patients were reclassified as
B*57:01 based on the associated paper reference (Migueles et al.
2003) and two patients were classified as B*57:01 carriers based
on their other HLA types and cohort demographics (Goulder and
Watkins 2008; Goulder and Walker 2012). We reassigned six
American patients with HLA type B*35 to B*35:01 in African-
American patients, as the frequency of HLA B*35:01 in this eth-
nic group is far higher than that of HLA B*35:02 or HLA B*35:03
(Gonzalez-Galarza et al. 2015). After assessing all the publicly
available data, we limited ourselves to HIV-B (n=318) and HIV-C
(n=704), the only subtypes for which there were enough
patients to perform our analyses.
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4.7 HLA presence-absence matrix

We generated a binary HLA presence-absence matrix; the rows
represented patients (n=1,022), and the columns the HLA Class I
variants (the total number of HLA A, B, and C variants was 78).
The entries were 1 when a patient was annotated with an HLA
variant in the LANL database, and 0 otherwise resulting in an HLA
profile for each patient (the table is available upon request).

4.8 Population HLA Class I information

The HLA frequencies of all populations were derived from the
HLA-allele database (Gonzalez-Galarza et al. 2015) except for the
South African Zulu population. These HLA frequencies were
obtained as part of the Females Rising through Education,
Support, and Health project and were shared by Professor Bruce
Walker, Harvard University, and Professor Mary Carrington,
Frederick National Laboratory for Cancer Research.

4.9 Exploratory PCA

To investigate the variance-covariance structure of the HLA
presence-absence matrix, we performed a PCA (Menozzi,
Piazza, and Cavalli-Sforza 1978) and created a scatterplot of the
first two PC scores (Fig. 3 and Supplementary Fig. S4). Briefly,
PCA uses an orthogonal transformation to convert the variables
in the HLA presence-absence matrix into a smaller set of linear
combinations called PCs and determines the minimum number
of factors that will account for the maximum variance in the
data. The first PC accounts for as much of the variability in the
data as possible, and each succeeding PC accounts for as much
of the remaining variability as possible.

4.10 Accounting for phylogenetic variance

In our statistical model, we explicitly accounted for the phyloge-
netic covariance between individuals infected by closely related
viruses by including a parameter (u;) for every patient (i) and
amino acid position (j) combination. Every column in this ma-
trix (representing the phylogenetic effect for one subtype-
specific position) was modelled by a multivariate normal distri-
bution over patients using a phylogenetically informed covari-
ance matrix, thereby representing the similarity between
patients through the relatedness of their viruses. This phyloge-
netic correction was necessary because, for example, antenatal
transmission could lead to closely related viruses (with very
similar amino acids in the subtype-specific positions) in
patients with similar HLA variants even in the absence of HLA-
associated selection. We chose to use a separate phylogeneti-
cally informed multivariate normal for each subtype-specific
position because using just a single multivariate normal (i.e. a
single parameter per patient, shared over all k subtype-specific
positions, from a phylogenetically informed multivariate nor-
mal distribution) would fail to capture the independence of
each subtype-specific position.
This model can be expressed as follows:

logit(py) = a5 + Bj11, - Xijag, + Uy
U,j ~ N'n(0,5C)
yij ~ Bernoulli(py)
n is the number of patients.k is the number of amino acid posi-

tions.l; is the number of HLA types used as explanatory varia-
bles for subtype-specific position j.

Y is a n x k matrix (with individual elements y;) of binaries
representing whether the majority rule amino acid in a patient
is the same as the HIV-B Majority Rule consensus amino acid.

X is a nx k x|; array of binaries representing the selected
HLA types for the jth subtype-specific position. This ragged 3D
construction is necessary because we use different sets of HLA
types as explanatory variables for each amino acid; hence a sep-
arate 2D HLA matrix is needed for each position.

B is a k x max(l;) matrix representing the HLA coefficients for
the k different amino acids. Vectors B;, are not used in the
model beyond index l;; this is because ragged arrays are not
available in Stan (the software we used to do Markov chain
Monte Carlo (MCMC) analysis; Carpenter et al. 2017).

We define P as an n x k matrix containing the inferred proba-
bilities p; of amino acid j in patient i being B-like.

C is a covariance matrix representing genetic relatedness be-
tween the viruses infecting the patients in our sample (see
below).

The parameterization f;4;, - Xij 15 was chosen because there
is little overlap between the HLA types that selected for each
amino acid position. The |; variable is necessary because differ-
ent numbers of HLA types are appropriate for the different
subtype-specific positions.

Gelman’s recommendation (Gelman et al. 2008) for weakly
informative priors appropriately scaled for logistic regression
was adopted for the alpha and beta parameters; namely Cauchy
distributions with a location parameter of 0 and a scale parame-
ter of 2.5. The ¢ parameter was given a half-normal prior with a
0 mean and a standard deviation of 1. Because this analysis is
highly parameterized (one u; per data point), allowing c to vary
resulted in high sampling variance in ¢ and the u; parameters
until the inverse logit function collapses to 0 or 1 for all data
points, leading to instability of the o parameter and non-
convergence due to non-identifiability. To prevent this, we set
o =1. This choice of parameter is reasonable in the context of a
logit link function, which rapidly approaches 0 and 1 outside
the range [-2.71, 2.71]. This method is based on a previous
Bayesian model which only allowed for linear regressions (de
Villemereuil et al. 2012), which we here extend to allow the fit-
ting of generalized linear models. We do not incorporate phylo-
genetic uncertainty, but instead use a point-estimate of the
phylogenetic correlation matrix C.

We used simulations to justify our choice for an indepen-
dent phylogenetically informed multivariate Gaussian prior for
each amino acid position. We simulated each amino acid sepa-
rately using a Bernoulli distribution where p is a draw from the
multivariate normal distribution using a phylogenetic variance-
covariance matrix and the logistic link function; x was a draw
from a multivariate Gaussian distribution using the same phy-
logenetic variance-covariance matrix. We varied the number of
amino acids simulated between 1 and 9 and generated 2,000
simulated datasets for each amino acid count. We fitted a
model with a single phylogenetic multivariate Gaussian distrib-
uted random effect shared between all amino acids in a patient,
and a model with a separate phylogenetic multivariate
Gaussian distributed prior for each amino acid. We found that
the model with the shared multivariate Gaussian was prone to
increase false positive rates (FPRs) and that the FPR increased
with increasing numbers of simulated amino acids. The FPR in
the model with a separate phylogenetical multivariate normal
distribution for each amino acid was stable. Stan code is avail-
able upon request.
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4.11 Generating the phylogeny and the phylogenetic
correlation matrix

For each subtype, we built manually curated alignments with a
single representative sequence per patient and used the LANL
HYPERMUT tool to remove hypermutated sequences. To avoid
biasing the analysis by including HLA selective effects in the
correlation matrix C, which could occur since CTL responses
can drive convergent evolution leading to clustering in phyloge-
netic trees (Matthews et al. 2009), we removed from the align-
ment the five subtype-specific columns we use as response
variables in the multilevel model, and columns subject to CTL
escape mutation known to skew phylogenetic analysis. BEAST
was used to sample from the posterior distributions of phyloge-
nies by running 10 chains for 200 million steps with an HKY+G
model of nucleotide evolution, a lognormal clock, and a logistic
growth coalescent tree prior. The initial portions of the chains
were discarded as burn-in (50 million for HIV-B; 100 million for
HIV-C, except one HIV-C chain for which we discarded 150 mil-
lion). We evaluated the posterior using CODA (Plummer et al.
2006), and ensured that all effective sample sizes (ESS) for con-
tinuous parameters were larger than 200. We wused
TreeAnnotator to build a Maximum Clade Credibility (MCC) tree
for each subtype, keeping the heights of the maximum posterior
tree to prevent visualization artefacts. For every tree sampled
from the posterior, we calculated a phylogenetic variance-co-
variance matrix (Felsenstein 1985; Freckleton, Harvey, and Pagel
2002). By averaging over all sampled trees, we estimate the pos-
terior phylogenetic variance-covariance matrix scaled in years,
which was transformed into the phylogenetic correlation ma-
trix C.

4.12 Cross-validation

To avoid overfitting the high number of HLA types relative to
the number of patients (HIV-B: 26 HLAs/292 patients; HIV-C: 45
HLAs/687 patients) we performed a 5-fold cross-validation pro-
cedure (Kohavi 1995). This procedure incorporated both feature
selection and model fitting, which allowed us to optimize the
bias-variance trade-off. Within each training set, we calculated
the correlation coefficients between each subtype-specific posi-
tion and all HLA types; we then constructed Bayesian models
with the I best-correlating HLA types for every subtype-specific
position and used the inferred parameters to predict the ex-
cluded validation sets. From these predictions, we calculated
the area under the curve (AUC) of the receiver operator charac-
teristic curves (ROC) values for each subtype-specific position
(Fawcett 2006). We chose this metric because it is invariant to
the calibration of the latent probabilities in the Bernoulli model.
The training and validation sets were constructed on the pa-
tient level to avoid upwardly biasing the AUC (Saeb et al. 2016).
This procedure was repeated for every | until all HLA var-
iants were included in the model. After 10 replications, to re-
duce cross-validation error, a LOESS (LOcally Estimated
Scatterplot Smoothing) curve of the results was calculated for
each subtypes-specific site. In the cross-validation model fitting
procedure on the training set, all |; were identical. For each
subtype-specific position, the [; associated with the highest AUC
was taken as the starting point for the parsimonious model.
Cross-validation was performed on HIV-B and HIV-C separately
for both the patient-parameter and the phylogenetic model.
The numbers of HLA variants vary at each position in Fig. 5 as
they reflect the point when adding additional HLA variants
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ceased to improve our predictions for that particular subtype-
specific position.

4.13 Parsimonious model

For the parsimonious models, we took the I; HLA types for each
position which had the highest correlations with the amino
acids, calculating the correlations using the entire dataset, where
l; was the optimum number of HLA types for a subtype-specific
position j according to the cross-validations. We then fitted a
multilevel Bayesian model using these predictors and refitted it
after removing any HLA types where the associated OR 80 per
cent BCI failed to exclude 1. We obtained posterior distributions
from the model using the Stan MCMC sampler (Carpenter et al.
2017). We ran four chains for 2,000 generations each, discarded
the default 50 per cent burn-in and confirmed convergence by
ESS >500 for all parameters, R<1.01 and satisfactory Gelman
diagnostics (Gelman and Rubin 1992; Brooks and Gelman 1998;
Gelman et al. 2008). Pairs plots of the beta posteriors were exam-
ined to check for collinearity between the HLA types, which could
arise if two or more included HLA types were part of a common
haplotype. Pair plots of the MCMC traces were examined at every
step to search for potential interactions.

4.14 An agent-based method to investigate HIV-1 sub-
type diversification

To create our model, we combined a transmission dynamics
model with a model for within-host HIV-1 evolution (both de-
scribed below). We examined the effect of HLA selection on HIV-1
evolution in two ways. First, we used the HLA ORs estimated from
the HIV-B HLA regression dataset and evaluated how these would
affect the modelled amino acid frequencies (Fig. 4G and
Supplementary Fig. S9) and second, we tested how much the HLA
ORs would have to be increased to result in the HIV-B amino acid
frequencies observed today. To more adequately capture the dy-
namics of the early, primarily Caucasian, HIV-1 epidemic outside
of Africa, we adjusted all HLA ORs from HLA variants common in
AfricanAmericans to 1. Because only non-B like subtype-specific
amino acids are present initially in our model, there would be no
selective pressure against HIV-B-like amino acids as this selective
pressure would originate from the CTL response against epitopes
that are only processed, or processed to a greater degree, when an
HIV-B-like amino acid is present in a subtype-specific position. To
reflect this, we restricted all odds <1 (i.e. those which drive evolu-
tion away from subtype-B) to equal 1.

4.14.1 Model part 1: transmission dynamics

We assumed a human population of a fixed size into which an
initial infection of an HIV-C-like virus was introduced to a small
subset of the population at time zero. The infection subse-
quently spreads stochastically through the population accord-
ing to the following processes:

* Random mating between an infected person and one of the sus-
ceptible individuals (S) occurs at a rate f. This assumption
implies there is no spatial structure to the community that is, it
is panmictic.

* Death of a susceptible individual occurs at a rate yg.

¢ Death of an infected individual occurs at a rate p; > pg.

To maintain a constant population size, whenever an indi-
vidual died they were replaced with a susceptible individual.
We assumed that all the individuals in the population were
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susceptible to HIV-1 before the infection was introduced. After
the introduction, the population was composed of a mix of sus-
ceptible and infected individuals. In this model, individuals
could not recover from their HIV-1 infection, and so the infec-
tion dynamics followed that of a stochastic ‘susceptible-infec-
tious’ model. To simulate the dynamics we used the continuous
time Gillespie algorithm (see Erban, Chapman, and Maini 2017).

4.14.2 Model part 2: within-host evolution of the HIV sequences
We recognize that in reality, an individual is usually infected
with a limited number of HIV-1 variants that are not specifically
adapted to the recipient. In our simulations, however, we sup-
pose that within-host evolution of HIV-1 is sufficiently rapid to
ensure that the HIV-1 population within a patient during most
of the infectious period (i.e. after ~9months; Karlsson et al.
2007; Goulder and Walker 2012; Abrahams et al. 2013) becomes
dominated by HIV-1 that has adapted to that particular host.

We modelled the observed HIV-B and HIV-C subtype-specific
sites in HIV-1 p24Gag and assumed that the specific amino acid
present at each of these positions evolved in accordance with
the HLA profile of the host to be either HIV-B- or HIV-C-like.
When individuals in our model are ‘born’ they are endowed
with an HLA profile, which is drawn from an underlying pre-
specified distribution for a collection of HLA types for which we
have determined the selective ORs for selecting for an HIV-B-
like amino acid if HIV-1 infected. When each individual is cre-
ated, they can have a maximum of two (and a minimum of
zero) alleles for each of the HLA A, B, and C with associated ORs.
We recognize that in real life, an individual will possess two
alleles for each of the three HLA classes. In our model, if an indi-
vidual has, for example, zero HLA A variants associated with
HLA ORs, then this means that their two HLA Class A alleles are
not amongst those we model (and have an OR of one; see
below).

For a given amino acid position j we calculated the combined
odds across all HLA classes belonging to the host by taking the
product of the corresponding odds,

;= [T g, &)

where K € (3,4, 5, 6) is the number of HLA classes that we model,
and nj is the estimated odds for HLA class i and amino acid po-
sition j. We used an independent continuous time Markov
Chain to model the evolution of each amino acid position.
Specifically, we assume a transmission matrix of the form,

1=y Y

=1 Taty)

where v is the mutation rate of an amino acid. The matrix is ori-
entated so that the diagonal entries determine the rate at which
an amino acid position remains at its current state (top-left cor-
responding to the rate of remaining in an HIV-B state, bottom-
right to remaining in an HIV-C state), and the off-diagonal ele-
ments correspond to the rate of mutation. In the matrix, the
left-hand column is multiplied by the estimated odds which re-
sult in neutrality if W; = 1, a bias towards an HIV-Bif nj; > 1, or a
bias towards HIV-CifW; < 1.If one individual infects a suscepti-
ble (multiple HIV inoculations within one individual are not
allowed in our model) then they are given an HIV variant with a
sequence that corresponds to the current sequence (i.e. the re-
sult of the evolving Markov Chain after the time since infection)
within the infected person.

4.14.3 Model sequence

In the simulations, we first created a population of N individu-
als, and then randomly infect an initial number I, of the popu-
lace with HIV-1 with one particular sequence (in our
simulations variants with all amino acids in the HIV-C posi-
tions). We then iterate the following until a given time T has
elapsed,

1. Determine the time step t until the next ‘event’ and the type
of event (an infection, a death of a susceptible, or a death of
an infected) to occur by the Gillespie algorithm.

2. Implement the event.

3. For each infected individual in the population evolve each
HIV amino acid position as a continuous time Markov Chain
{or e Wit Jates determine d oY IR LY WPHhe simula-

tions. The transmission rate at the start of the epidemic was

obtained from Varghese et al. (2002).

4.15 HIV-infected US patient sequences and HLA
information

To assess HIV-1 evolution over time in the USA, we searched
the LANL HIV sequence database (Foley et al. 2018) for all dated
HIV-B sequences that spanned HXB2 nucleotide coordinates
1,252-1,569 (a fragment of p24Gag) and were sampled in the
USA and annotated with a patient ID (n=9,729 HIV-B sequences
from 437 patients). This limitation was necessary to avoid
pseudo-replication through the inclusion of multiple sequences
from the same patient as unique data points. In contrast to the
compilation of the worldwide HIV-infected patient sequences,
we also included patients without HLA information and allowed
for multiple sequences to be used per patient rather than taking
the majority rule amino acid.

4.16 Building a posterior distribution of phylogenies
from US sequences

We ran 10 BEAST chains for 100 million steps using a single rep-
resentative sequence per patient and a GTR+G model of nucleo-
tide evolution, using a log-normal clock and a logistic
coalescent; this has previously been shown to be appropriate
for similar data (Worobey et al. 2016). To promote model conver-
gence, we fully incorporated ambiguous sites in this model and
did not treat them as missing. We removed an appropriate 20
per cent burn-in and confirmed ESS>200 on all continuous
parameters in CODA (Plummer et al. 2006). We used
TreeAnnotator to calculate a MCC summary tree.

Table 1. The parameters used in the agent-based agent-based epi-
demic model

Parameter Interpretation Value

n Population size 1,000

Io Initial infected group size 500

T Total time 230years

B Transmission rate 0.0002 per infected/
susceptible pair

Us Death rate of susceptibles 0.02 per year

w Death rate of infected 0.1 per year

b Amino acid mutation rate 0.06 per year
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4.17 Bayesian model comparison with BEAST from US
HIV-1 sequences

We also used the posterior distribution of trees to perform some
exploratory analyses. It was not possible to use BEAST to ana-
lyse multiple sequences sampled from a patient. Instead, we
limited our analysis to whichever sequence was most recently
sampled from the patient, to allow the virus the most time to
adapt to its host. We treated the amino acids as binary traits,
which can be either positive if the amino acid in the patient’s
subtype-specific position is the same as the HIV-B consensus,
or negative if it is different. We fitted four models of Discrete
Trait evolution, varying the parameter configuration. Because
we estimated that most transitions would occur from the HIV-B
consensus amino acids to non-HIV-B consensus amino acids,
we investigated if a unidirectional model, which did not allow
the reverse transition, would fit better than a bi-directional
model. Because we believe that these four subtype-specific posi-
tions are undergoing roughly the same process, we specified a
hierarchical prior on their transition rates. Implementing the hi-
erarchical prior was trivial in the unidirectional case, as there
we could set the B—non-B transition rates to 1, and the non-
B—B transition rates to 0, and put a hierarchical prior on the
clock rates. The bi-directional models were parameterized by
setting the B—non-B transitions to 1 and allowing the non-B—B
transitions to vary as a relative rate; this model was made hier-
archical by allowing the clocks to vary freely and independently,
while hierarchical priors were placed on the relative rate for
each subtype-specific site. We used the stepping stone sam-
pling procedure implemented in BEAST to obtain estimates of
the marginal likelihood for each of the four models, which were
converted to Bayes Factors for model comparison by taking the
difference between the marginal likelihoods of two models on
the log scale (Baele et al. 2012, 2013). XML files are available
upon request.

4.18 Calculating the fraction of African Americans in the
US HIV-infected population over time

To estimate the ethnic demographics of the HIV-infected popu-
lation in the USA, we converted existing estimates of the ethnic
demographics of HIV incidence (new infections) to prevalence
(number of living hosts infected). We obtained incidence data
from the literature (Hall et al. 2008; Prejean et al. 2011) and used
the following assumptions:

1. In the beginning of the epidemic (when no drugs were avail-
able) the average survival time was 10 years.

2. Starting from 1996 the availability of combination therapy
increased the survival time to at least 25 years.

3. Starting from 2002 further improvement in the standard of
care extended this to at least 32 years.

These assumptions were the same for all ethnic groups.
We then calculated the fraction of African Americans in the
US HIV-1 infected population at each time point.

4.19 Regression of the US HIV-Infected population’s
African American frequencies on time

To smooth the data and to incorporate uncertainty in the esti-
mates, we performed a Bayesian regression of time on the esti-
mated African American proportions of HIV-1 infected
Americans (Supplementary Fig. S11). Initial observations
revealed a change (or a change-point) between growth and de-
cay of the proportion of African Americans around 1998 and we

N.C.Kistetal. | 15

used a Bayesian change-point analysis to model this. To pre-
vent discontinuity at the change-point, it was required that the
function was continuous with a continuous first derivative, and
we, therefore, chose the following form:

f(x) =00 + 01(x = p) + t2(x — p)* + a3 (x — p)* + oa(x — p)*
g(x) = ¢+ de'™®P)

y:{f(x) ifx<p

g(x) otherwise.

where:

ap=c+d
061:d")?

We used normal priors of mean 0 and standard deviation 10
on all parameters, except the p change-point parameter (normal
with mean corresponding to the year 1998 and SD 1), because
the approximate position of the change-point is clearly between
1996 and 2000, and the likelihood function precision parameter
(gamma with shape=0.001 and rate=0.001). To stabilize the
variance and thereby ensure homoscedasticity, a regression
model was fitted, which was weighted by the total number of
patients alive according to the simple population model; this
had the further advantage of allowing some uncertainty around
the earlier time points. The calculated frequency of African
Americans in the US HIV-infected population was standardized,
and 1980 was taken as Year 0. Because the model uses latent bi-
nary variables to distinguish between the f and g functions we
used the JAGS Gibbs sampler (Plummer 2003). Because of strong
correlations between the parameters (due to collinearity of the
(x-p) polynomials), it was necessary to run JAGS for 100,000
steps. The median fitted values from this regression were used
as the explanatory variable in the subsequent Bayesian Multi-
level Model.

4.20 Bayesian multi-level model incorporating phyloge-
netic information

We included a phylogenetic signal in much the same way as in
the previous analysis, by fitting parameters for every position/
patient combination. These parameters were sampled from a
single multivariate normal distribution for every subtype-
specific position, using the phylogenetic correlation matrix to
relate patients according to the evolutionary history of the vi-
rus. This can be expressed as follows:

yij ~ Bernoulli(py)
logit(py) = o5 + BjXi + Uy
The (hyper-)priors are:
% ~ N(0,2)
B ~ N (2,0)

)~ N(0,2)

¢ ~ Half — Normal(0, 1)

Uyj ~ Nm(O,C)
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This creates a multi-level model where each data point
informs both the estimated probability of HIV-B-likeness for a
subtype-specific position in an individual patient (through the
u; parameters) and the population level estimates (through
B;jx;). Additionally, we used a hierarchical prior on the slopes to
relate the four subtype-specific sites to one another, creating
what would be in classical statistical terms a random slope
model, which allows the partial pooling of information to fur-
ther protect against phylogenetic covariance as well as giving
us additional power. This construction is justified by our prior
belief that these four positions are special in the same way, and
by our explorations of the data set when testing the phyloge-
netic model, which favoured a hierarchical prior on the transi-
tion rates. A hierarchical prior on the transition rates is the
phylogenetic analogue to the hierarchical prior on the regres-
sion coefficients implemented here. More generally, a hierarchi-
cal prior can also be seen as a conservative choice due to the
protection it confers against multiple hypothesis testing
(Gelman 2009). As in the previous worldwide analyses, we used
the correlation matrix as a variance-covariance matrix to pre-
vent non-identifiability, implicitly setting the ¢ in oC to 1 (not
shown in Equation (4) to avoid confusion with the f variance o).
The model was fitted using Stan and ran for 5,000 steps using a
non-centred parameterization and the MCMC chains converged
on the posterior distributions (all R<1.01). To validate the gener-
ative properties of the model, we performed a posterior predic-
tive test, which confirmed that the actual data could have been
generated by our model. Due to the binary nature of our data,
we took the proportion of HIV-B consensus amino acids in each
position for every patient in each year and calculated the yearly
average for each subtype-specific position separately.

4.21 Population-level estimates of HIV-B consensus
amino acid frequencies

Using our multilevel model, we reconstructed the population-
level proportion estimates of the HIV-B consensus amino acid
over time. We set x’ as the inferred African American frequency
in every year between 1982 and 2009 and used the following for-
mula, which only included the population level parameters in
the multilevel model and left out the patient-specific
adjustments:

logit(q;) = o + B;X'; (6)

By plotting these population-level estimates (q;) against
time, we recovered the underlying pattern from the data, which
was the population level estimate that can be visualized to-
gether with the uncertainty inherent in the estimate (Fig. 5).

5. Data sets and code availability

The data were obtained from publicly available databases (the
LANL HIV sequence database (Foley et al. 2018) and the Allele
Frequency Net database (Gonzalez-Galarza et al. 2015)), and the
South African Zulu HLA data were kindly shared by Professor
Bruce Walker, Harvard University, and Professor Mary
Carrington, Frederick National Laboratory for Cancer Research.
All new code and algorithms are available upon request .
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Supplementary data:

HIV-1 p24Gag adaptation to modern and archaic HLA-allele frequency differences in
ethnic groups contributes to viral subtype diversification

Nicolaas C. Kist, Ben Lambert, Samuel Campbell, Aris Katzourakis, Daniel Lunn,
Philippe Lemey, Astrid K.N. Iversen

Overview:

1) Supporting figures 1 to 12:

Fig. S1: Subtype-specific differences between the two conserved, clinically important HIV Gag
Regions in HIV-B (B) and HIV-C (C)

Fig. S2: Outline of HLA-associated single-epitope and multiple-epitope selective pressures.
Fig. S3: HIV-1 subtype distribution in Sub-Saharan Africa

Fig. S4: The patients’ haplotype score in PC1 and PC2

Fig. S5: HIV-C, HIV-B and selected HLA frequencies in Southern Africa, the US,

and Europe

Fig. S6: HIV-B phylogeny

Fig. S7: HIV-C phylogeny

Fig. S8: MCA of each patient's HIV-1 subtype-specific amino acids

Fig. S9: Modeling of the evolution of HIV-C SSAA using HIV-B-related HLA ORs

Fig. S10: HLA diversity in mixed African American and US Caucasian populations

Fig. S11: Proportion of African Americans in the US HIV-infected population over time

Fig. S12: Phylogeny of the American HIV-B epidemic combined with demographic data

2) Supporting tables 1 to 8:

294



Table S1: African populations with HLA A, B, and C data

Table S2: The number of p24 Gag sequences per country and the number of HIV-1 subtypes,
CRFs and URFs per country and the country code abbreviation key

Table S3: Complete key to the African ethnicities in Fig. 3C

Table S4: Complete key over HIV-1 subtypes shown in Fig. 3D

Table S5: Complete key over African languages shown in Fig. 3E

Table S6: HLA class | allele frequencies in worldwide populations

Table S7: Overview of the amino acid variation at SSP in HIV-1 subtype consensus sequences

Table S8: LANL patient I1Ds of patients with imputed four digit HLAS
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Figure S1
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Fig. S1: Subtype-specific differences between the two conserved, clinically-important HIV

Gag Regions in HIV-B (B) and HIV-C (C)

The subtype-specific positions (SSP) 27, 41, 116, 120, and 128 are highlighted in yellow, and the

letters representing site-specific amino acids are sized according to their associated frequencies.

HIV-B position 128 and HIV-C positions 27, 41, and 116 are almost always occupied by the

consensus amino acids and cannot be used in the analysis. The HIV-B consensus amino acids are

circled. This figure was generated using a single sequence from each HLA annotated patient in

the HIV database (Foley et al. 2018).
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Figure S2
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Fig. S2. Outline of HLA-associated single-epitope and multiple-epitope selective pressures.

(A). Three common forms of HLA-associated single epitope selective pressures. CTL responses
targeting an epitope might select for an upstream mutation (indicated by the orange polygon) that
disrupts ERAP trimming (as in (Draenert et al. 2004)) or intra-epitope mutations that abrogates
epitope binding to the presenting HLA molecule or T cell receptor (TCR) recognition of the
epitope (reviewed in (Goulder and Watkins 2008; Goulder and Walker 2012)). Arrows signify
different forms of CTL selective pressures, geometric symbols indicate amino acids, and the

green triangle represents an HIV-B subtype-specific amino acid (as in (B)).
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(B). Schematic representation of a conserved p24Gag region in HIV-B and HIV-C with a
subtype-specific amino acid position (SSP; HIV-B, green triangle, HIV-C, yellow ellipse) and
down- and upstream epitope clusters; epitopes a-g indicate epitopes processed by intra-cellular
proteasomes. When a patient presents any of these epitopes, additional HLA-associated selective
pressures might select for the intra-epitope CTL-escape mutations described in Figure S2A. The
nature of the amino acid in the subtype-specific position controls intra-cellular proteasomal
production of the surrounding epitope-clusters (Tenzer et al. 2014), which each can contain 20-50
epitopes presented by approximately as many HLA variants (Foley et al. 2018). The outlined
structure consisting of partly overlapping epitope sequences in clusters in hydrophobic regions
that are separated by a subtype-specific position is also common in other HIV-1 proteins (Foley
et al. 2018; Lucchiari-Hartz et al. 2003).

(C), (D). Schematic outline of the outcome of the HLA-associated selective pressure on the
subtype-specific positions (experimentally demonstrated in (Tenzer et al. 2014)). The combined
HLA-associated selective pressure on the SSP in an HIV-infected population results in an inverse
relationship between the abundance of a processed epitope and the frequency of the presenting
HLA allele in the population in which the virus circulates (Tenzer et al. 2014). In this
hypothetical example, the grey epitope is not produced when the proteasome processes HIV-B
because the HLA variants that can present the grey epitope is very common in US Caucasians. In
contrast, the red epitope is not produced when the proteasome digests HIV-C because the
restricting HLA variant is very common in the South African Zulu population. The likelihood of
CTL priming will increase with the amount of presented epitope on the infected cell surface

(Faroudi et al. 2003; Tenzer et al. 2009).
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Figure S3
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Fig. S3: HIV-1 subtype and CRF distribution in Sub-Saharan Africa

This figure is similar to Fig. 3d, but the pie charts have not been scaled according to the number
of sequences from each country. The map showing the ethnic diversity within Sub-Saharan
Africa (orange shaded background) is overlaid with pie charts demonstrating HIV-1 subtype
diversity within each country. Missing countries (dark grey) lacked either HIV-1 or ethnic

fractionalization data; complete subtype key can be found in Table S4.
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Figure S4
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Fig. S4: The patients’ haplotype score in PC1 and PC2

(A). The first two PCs explained 14.5% of the variance (PCl1 = 7.7%, PC2 = 6.8%). The
haplotype score is not stratified for Caucasian HLA variants as the HLA A*02:01 contributes
most to the variance. HLA B*07:01 and HLA C*07:01 are in LD in Caucasians (a haplotype

inherited from Neanderthals (Abi-Rached et al. 2011)), but not in Africans (Gonzalez-Galarza et

al. 2015).
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(B). The patient’s haplotype score is incremented by one for each allele from haplotype HLA
A*30:01-B*42:01-C*17:01 and reduced by one for each allele from haplotype HLA B*58:02-

C*06:02 showing near-complete stratification of PC2 due to these haplotypes.

301



Figure S5
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Fig. S5: HIV-C, HIV-B and selected HLA frequencies in Southern Africa, the US,

and Europe
(A). The percentage of HIV-C in countries in Southern African. Dark grey signifies either no data

or that the region is outside the geographical region of interest.
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(B). The percentage of HIV-B in the US and Europe. The percentage of non-HIV-B sequences in
Europe is higher than in the US due to a higher proportion of non-B HIV-1-infected immigrants
and refugees primarily from Africa. Furthermore, the epidemic in some European countries was
in part, or mostly, founded by non-B subtypes; for example, the percentage of HIV-B is low in
Russia and former Soviet Union countries due to the introduction of HIV-A from the DRC and
HIV-G in Portugal because of the introduction of HIVV-G from Cape Verde, a former Portuguese
colony (Beloukas et al. 2016; Diez-Fuertes et al. 2015).

(C-F). The HLA frequencies of key HLA variants in PC1 and PC2. Note the low frequency of
HLA-B*58:02 in Zambia where the epidemic has lasted longer than in South Africa, and where
HLA B*42:01, but not HLA B*58:02, is associated with facilitated HIV-1 transmission. The
HLA B*07:02-C*07:02 haplotype was acquired from Neanderthals and is found primarily in
Eurasians (Abi-Rached et al. 2011). HLA B*07:02 and HLA C*07:02 can be found individually

in other combinations in some African ethnic groups (Gonzalez-Galarza et al. 2015).
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Figure S6
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Fig. S6: HIV-B phylogeny
The HIV-B BEAST Maximum Clade Credibility phylogeny annotated with the subtype-specific
positions (SSP) 27, 41, 116, and 120 (see Fig. S1). Every leaf-node on the phylogeny represents a

patient, and the four lines next to the leaf node show whether the majority rule amino acid in each
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of the four eligible SSPs was identical to the HIV-B consensus amino acid. The amino acid
patterns shown here follow the phylogeny (i.e., continuous patches of red are more vertical than
horizontal, and are therefore shared between closely related sequences rather than shared between
multiple positions on the same patient), and demonstrate the necessity of using a multiple
response random effect model where each amino acid is allowed to evolve independently. If the
color pattern had been more horizontal, that would have meant a single patient's subtype-specific
amino acids tended to change as a block, in which case a single patient parameter (random effect
model) would have been more appropriate than the multiple random effect phylogenetic model

used in this study.
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Figure S7
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Fig. S7: HIV-C phylogeny
The HIV-C BEAST Maximum Clade Credibility phylogeny annotated with the subtype-specific
positions (SSP) 120 and 128. Patients, where the majority rule amino acid is the same as the

HIV-B (see fig. S1), are colored blue; all other amino acids are colored red.
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Figure S8
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Fig. S8: MCA of each patient's HIV-1 subtype-specific amino acids

The MCA converts each patient's HIV subtype-specific position amino acid profile into two
dimensions. This MCA was trained using the subtype consensus sequences (labels), the MCA
was then used to project the patient's HIV subtype-specific amino acids onto the two-dimensional
space. Points were jittered to prevent them obscuring one another. While many patients’ subtype-
specific amino acids are identical to the subtype consensus (see large clusters around the HIV-B
and HIV-C labeled consensus sequences), other HIV-B and HIV-C sequences are identical in the
five Gag subtype-specific sites studied here (e.g., around the labeled HIV-1 circulating

recombinant (CRF) 01_AE consensus).
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Figure S9
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Fig. S9: Modeling of the evolution of HIV-C SSAA using HIV-B-related HLA ORs

We used an agent-based model (1.3) to estimate the effect of neutral and HLA-mediated selection
pressures, respectively, on the evolution of p24Gag positions 41, and 116 on a fictive HIV-1 with
HIV-C-like subtype-specific amino acids (SSAAS). For position 41, raising the odds to 2.9 or 3.0
made little difference. These results suggest that other, unidentified, HLA variants might

influence the evolution of these positions and/or that structural co-evolutionary factors might be

in play.

308



Figure S10

Schematic representation of HLA diversity in
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Fig. S10: Simulated mixtures of African Americans and US Caucasians (left) and HLA

diversity in African American and US Caucasian populations (right)
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(A). HLA A diversity in simulated populations with different proportions of African Americans
and US Caucasians, and the HLA A variant frequencies in African Americans and US Caucasians
(modified from (Gragert et al. 2013)).

(B, C). Asin A for B (HLA B), and C (HLA C).
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Figure S11
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Fig. S11: Proportion of African Americans in the US HIV-infected population over time
The ethnic demographic proportion of African Americans in the US HIV-infected population
(data from (Hall et al. 2008) and (Prejean et al. 2011)) as calculated in the simple population
model with the proportion of African Americans shown as points. Samples drawn from the
posterior distribution of the change-point model are shown as lines. Note the increased

uncertainty around 1980 due to data limitations.
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Figure S12
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Fig. S12: Phylogeny of the American HIV-B epidemic combined with demographic data
The Maximum Clade Credibility tree, annotated with individual sequence data for position 27
(bottom, blue if a sequence is identical to the HIV-B consensus amino acid; red otherwise). In

this case all non-B consensus amino acids were similar to the amino acid found in the HIV-C
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consensus sequence due to the limited variation possible at this position (Table S8). The
phylogeny was generated using one sequence per patient, but position 27 amino acid data from
multiple sequences sampled from the same patient have been superimposed onto the phylogeny.
These annotations illustrate the gradual increase of non-HIV-B consensus amino acids on
position 27 as the African-American proportion of HIV-infected individuals in the United States

increases (black line, top figure). No demographic data are available before 1980.
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Table S1: African populations with HLA A, B, and C data

Table showing the only African populations with publicly available ‘gold standard’ HLA data

(i.e., all HLA types were reported as 4-digits HLA variants)(Gonzalez-Galarza et al. 2015).

Number | Population or ethno- Country Number of
linguistic group people in
cohort
1 Bandiagara Mali 138
2 Ga-Adangbe Ghana 131
3 Kenya* (likely Masai) Kenya 144
4 Luo Kenya 265
5 Nandi Kenya 240
6 South Africa Black** South Africa (Free State) 200
7 Zulu South Africa (KwaZulu Natal) 606
8 Kampala (pop 2)*** Uganda 175

* The population named ‘Kenya’ has no ethnic group specifications but the location coordinates
(obtained from the database (Gonzalez-Galarza et al. 2015)) are situated within the Masai ethnic
group’s territory, and the population is described as ‘rural.” These coordinates differ from those
of the Luo and Nandi ethnic groups, and for this reason, we assumed all three groups were
distinct from each other. The data have been presented in a workshop but have not been
published. The Luo people in western Kenya are closely related to Luo people in Northern
Uganda, and Northern Tanzania, and are part of a larger group of ethno-linguistically-related Luo
people in South Sudan and South-western Ethiopia. Their language (Dholuo) belongs to the
Western Nilotic branch of the Nilo-Saharan language family. The Nandi people live in Nandi
Country (previously Rift Valley Province of Kenya) and speak Nandi, which belongs to the
Southern Nilotic language group. The Masai people live in Northern, Central, and Southern
Kenya and in Northern Tanzania. Their language (Maasai or Maa) belongs to the Eastern Nilotic
language group.

** The location coordinates of the South Africa Black HLA data is situated within the Free State

province of South Africa, a region where most people speak Sotho and belong to the Sotho-
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Tswana people, however, in the paper by Paximadis, M et al., the HLA data is reported to
represent “a cross-section of the black and Caucasian subgroups of the South African population
(Paximadis et al. 2012).” The South Africa Black and Caucasian HLA data are recorded
separately in the database. The number of South Africa Black ethnic groups is ~10, but the
majority of the Zulu population lives in the KwaZulu Natal and Gauteng provinces

(http://www.sahistory.orq.za/).

*** The HLA data from Uganda does not belong to a distinct population; “All the individuals
were Black Africans from Kampala, but no other ethnic affiliation was recorded” (from (Kijak et

al. 2009)).”
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Table S2: The number of p24 Gag sequences per country and the number of HIV-1
subtypes, CRFs and URFs per country and the country code abbreviation key

ISO alpha-2 two-letter  Country name p24
Country code sequences /

country
BW Botswana 51
CD Democratic Republic of the Congo 22
Cl Ivory Coast 6
CM Cameroon 318
ET Ethiopia 35
GA Gabon 6
GH Ghana 13
KE Kenya 633
NE Niger 72
NG Nigeria 19
SN Senegal 27
TD Chad 18
TZ United Republic of Tanzania 38
ZA South Africa 935
ZM Zambia 12
ISO alpha-2 two-letter Country name HIV-1 subtypes, CRFs, and
Country code URFs (group M) / country
AO Angola 21
BF Burkina Faso 13
Bl Burundi 8
BJ Benin 6
BW Botswana 7
CD Democratic Republic of the Congo 46
CF Central African Republic 30
CG Congo 20
Cl Ivory Coast 22
CM Cameroon 78
DJ Djibouti 6
ET Ethiopia 7
GA Gabon 33
GH Ghana 18
GM Republic of the Gambia 10
GN Guinea 1
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GQ
GW
KE
LR
MG
ML
MwW
Mz
NE
NG
RW
SD
SN
SO
TD
TG
TZ
uG
ZA
ZM
ZW

Data were obtained from the HIV data base (Foley et al. 2018).

Equatorial Guinea

Guinea Bissau

Kenya
Liberia
Madagascar
Mali

Malawi
Mozambique
Niger
Nigeria
Rwanda
Sudan
Senegal
Somalia
Chad

Togo

United Republic of Tanzania

Uganda
South Africa
Zambia

Zimbabwe
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Table S3: Complete key to the African ethnicities in Fig. 2C

ABABDAH

I ABBALA
ABE

M ABIDJI
ABINSI

M ABO
ABRON

M ACIPA

W ACOLI

B ADARAWA
ADJUKRU

M AFAR
AFO

W AIT WARAIN
AA

I AKAN
AKANIKI

M AKARE
AKEBON

Il AKOKO-EDO
AKOOSE

M AKPA

[1 AKPA-YACHE

M AKPES
AKPINI

M AKPOSO
AKYE

M ALAGO
ALEGE

M ALGERIAN

I ANTANDROY
I ANTANUSI
M ANTEMURU

ANTESAKA
W ANUAK

M AOUK
APAKIBETI

M ARAD
ARGOBA

W ARIAAL

ATUOT

I AULYEHAN

I AUSHI

W AUYUKAWA
AVIKAM

M AVOKAYA-AJIGU
AVOKAYA-OJILA

W AWAK
AWIYA

W AWUTO
AYIGHA

WA
BAALI

M BABALE
BABANKI

W BABILE
BABOLE

I BADA
BADE

W BAGA
BAGA MANDORI

M BAGGARA

[ BAGHAP

M BAGIRMI
BAHARIYA

W BAl

BAILO

M BAILUNDU
BAINUK

M BAKA
BAKO

M BAKPINKA
BAKUNDU

W BAKWE
BAKWELE

I BALANTA
BALONG

M BAMBARA
BAMILEKE

M BAMUN
BANDA

M BANDI

I BANGANTU

M BANGBA
BANGU-BANGU

M BANGWINJI

BASONGO-MENO

W BASSA
BASSOSSI

M BATA

[ BATAHIN

W BATI
BAULE

W BAUSHI
BAYGO

W BEBIL
BEDAWI

M BEEMBE
BEKWARRA

M BELANDA
BELANDA VIRI

BENGA

M BENI GIL
BENI MENASSER

M BENI MZAB

I BENI-AMER

M BERABISH
BERANDJOKO

M BERGDAMA
BERIBERI

M BEROM
BERTA

M BERTI
BESOMBO

M BETE
BETE-BENDE

M BETI
BETSILEO

[ BETSIMISARAKA
BEYRU

[l BEZANUZANU
BIAFADA

M BIAL
BIDEYAT

M BIDIANKAMBA

W BILE

M BILEN
BIMOBA

M BINDI
BINGA

M BIRA
BIRGIT

M BIRIFOR
BIRKED

BOBO

I BOBO-OULE
BODO

M BOFI

BOGHOM

M BOGURU
BOKALA

[l BOKIBA

W BOKKOS

[l BOKO, BUSA
BOKONGO

W BOKYI
BOLENDO

[ BOLENGE
BOLGO

M BOLOKI
BOLOMBOKI

M BOLON
BOLONGO

W BOM

[l BONDONGO
BONGI

M BONGILI

¥ BONGO

M BOR
BORORO

[l BOSOKU
BOZO

W BUA
BUBIA

M BUDAMONO
BUDDU

W BUDJA
BUDUKWA

M BUDUMA

M CHAGGA
CHAKALI

M cHAM

W CHAMBA

[l CHAOUIA
CHE

M CHISHINGA
CHIWERE'S NGUNI

Il CHOKWE
CHOKWE, LELE

[l CHOKWE, LUNDA

Il COMOKARIM
CWAMHI-WURI

[l DAAROOD
DABA

[ DADIYA

[l DAGAARI

[ DAGOMBA
DAHALO

M DAISU

DAN
M DAN-GEH
DANAKIL

M DCIRIKU
DEG

W DEGEMA
DEKAKIRE

W DELIM

¥l DEMBO

M DENYA
DEY

MDA
DIDA

I DIDINGA
DIGO

[ DIGODIA
DIl

| [bINIY
DIKIDIKI

M DINKA
DIO

W pIoBO
DizI

M DJAGADA
DJEBALA

W DJEM
DJENNENKE

[ DUERBA

¥ DODOTH

I DOE
DOGON

M DOKA
DOKO

[l DOKO-UYANGA
DONDO

[ DONGO
DRAWA

M DUAISH
DUALA

M DUI-MENIA
DUKA

W buLBU
DuLI

M DUMBULE
DURUMA

I DUUPA
DUWAI

Il DYALONKE

W DYE

W DYULA
DZA

M DZING
EASTERN LUBA, KUNDA

M EBANGA

M EGYPTIAN
EJAGHAM
W EJAMAT

M ENYELLE
EOTILE

M EPEITA

I ESAN

M ESELE
ESHIRA

M ESIMBI
ETON

M ETULO
EWE

M EWONDO
FALI

[l FANYAN
FEZARA

M FEZZAN
FIA

W FGIG
FIHERENA

M FILALA
FIPA

[l FODONON
FON-GBE

M FONGE

318

I FONGORO

M FOODO
FUFULDE

I FULANI
FULANKRIABE

M FULBE
FULILWA

M FULIRU
FUNGWA

M FUNGWE
FUR

W FURU
FYAM

W FYER
GA'ANDA

M GAAJAK
GAAJOK

M GAALIN
GAAM

M GADAMES

I GADE

M GAFSA
GAGU

M GALA
GALAMBU

M GANAGA
GANDA

B GANJA
GARREH-AJURAN

M GAYA
GBAGA

W GBAGYI
GBANZIRI

W GBARI

GIsU
M GIZIGA SOUTH
GOBU
W GODIE
GOEMAI
M coco
[ GOKANA
M GOLA
GOMA
I GOMANI'SNGUNI
GONDO
M GONJA
GOROWA

W GUENZE
GULA

M GULA KARA OF SUDAN
GULE

M GURAGE
GURENSI

M GURMA

I GURMANA

M GURO
GURUNTUM

HGwA
GWANDARA

M GwE
GWENO

M GWERE
GWOMU

M GYEM
HA

M HADENDOWA

HADIYYA

M HANYA
[ HARARGE OROMO
M HARARI
HAVU
W HAWIYA

M HEMBA, BANGU-BANGU
HEMBA, BUYU

M HENGA
HERERO

W HIMA
HINGA

W HOLO-HOLO
HOLOHOLO

M HoLu
HOMBO

I HOROM
HUBA

M HUM

¥ HUNDE

M HUNGANA
HUNGO

M HUNGWORO
HUTU

W BAJI
IBIBIO

M 1BINO

W AW
WE

M KA

[ IKASSA

M IKENGA
IKizU

M IKOMA
IKONGO

I IKPESHI
IKULU

WA
ILA-TONGA

M ILEBO
ILWANA

M IMBANGALA
IMOMA

I IMRAGEN
INJOLO

W IPANGA
IPULO

W IRANGI
IRAQW

M RIGWE

[ 1sAAQ

IVBIOSAKON
o wA
IWELLEMMEDEN
M IYEMBE
1IZDRA
Wz
JA'ALIYYIN GAALIIN
M JAMALA
JANJERO
W JANJI
JARA
W JARAWA
W JARSO
M JEKAING
JERA
M JERDD



JIBU

W JIDA
JIE

NN}
JIMI

M JIMINI
JIRU

W JTA
Jiu

[ JONGA
JOOLA

M JOPADHOLA
JUKUN

I JUKUN KONA
JUKUN WASE

M JUKUN WURKUM
JUNGO

M JUR
JUR MODO

M JWIRA-PEPESA
KAAMBA

I KABA
KABA DEMI

I KABA NAA
KABA SO

Il KABONGA
KABRE

M KABYE
KABYLE

[l KADARA
KADARU

W KAFFA
KAGOMA

M KAGORO
KAGURU

W KAJAKSE
KAKO

M KAKONDA
KALAMSE

M KALANGA
KALIKO

[ KALUNDWE
KAM

W KAMANGA
KAMANTAN

I KAMBA
KAMBARI

M KAMBATA
KAMIR

[ KAMKAM
KAMO

M KAMUKU
KAMWE

[ KANAKURU
KANDAWIRE

I KANDERMA
KANEMBU

M KANGO
KANTANA

M KANU
KANUFI

W KANURI
KANYOK

I KAONDE
KAONDE, SANGA

M KARA
KARABORO

M KARANGA
KARE

W KAREKARE
KASEM

I KASENA
KASONGI

[ KASONGO
KASONKE

M KATAB
KATYA

M KAWENDI
KAYAMBA

M KAYLA
KEDERU

W KEENGE
KEL

I KEL AHAGGAR
KEL AYR ASBEN

M KEL GRES
KEL IFFORA

M KELE
KENGA

I KENYANG
KENYI

M KERA

KERARISH

W KEREWE
KETE

M KETE EAST
KETE LULUA

M KETE NORTH
KETE SOUTH

M KEYO
KHARGA

M KHUMALO
KIBET

M KIGA
KIKUYU

M KM
KIMBU

M KIMBUNDU
KINGA

I KIONG
KIPSIKIS

M KIR-BALAR
KISAMA

W Kiss|
KITA

M KIYAK
KLAOH

M ko
KOBIANA

M KOFFA
KOFYAR

B KOHUMONO
KOKE

W KOKO
KOL BIKELE

M KOLBILA
KOM

M KOMA
KOME

[ KONGO DINGA
KONJI

M KONJO
KONKOMBA

M KONO
KONONGO

M KONSO
KONYANKE

Il KOONI
KORO

M KOROP
KOTA

M KOTE
KOTOKO

M KOTOPO
KOUYA

M KPELLE
KPESSI

M KRAN, NGERE
KRESH

I KRIM
KUANG

M KuDU
KUFRA

M KUKA
KUKELE

W KUKU
KUKUYA

I KULANGO
KULERE

M KULUNG
KUMU

I KUNAMA
KUNDA

M KUNDU
KUNTA

M KUNUZ
KUNY!

M KUPTO
KURAMA

I KURANKO

KUYU
B KWAAMI

KWAFI

I KWAKUM
KWAME

M KWANDI
KWANGARI

1 KWANGWA
KWANJA

W KWANKA
KWAYA

M KWERE
KWESE

W LAALI
LABWOR

M LADO
LAGBA

M LAGUAT
LAGWAN

W LAKA
LALA

I LALA ROBA
LALIA

M LAMA
LAMBA

M LAMBYA
LAMJA

[ LANDUMA
LANGA

M LANGO
LARU

W LEELAU
LEGA

M LEGBO
LEKA

M LELE
LEMBWE

[l LEMORO
LENDU

M LENGI
LENGOLA

W LENJE
LESE

WLuA
LIBOLO

| Jifel:]]
LIGI

W L
LIKO

B LIKWALA
LIMA

W Limo
Lo

M LoBI
LOBI LORHON

M LoGo
LOGORIK

M Lol
LOKALO

W LOKELE
LOKO

I LOKORO
LOKOYA

M LoMA
LOMBI

M LOMOTWA
LOMWE

W LONDO
LONGARIM

M LONGTO
LOPA

I LOSAKANYI
LOTSU-PIRI

M LOVALE
LOVEDU

W Loz
LUANO

M LuBA
LUBA EASTERN

I LUBA KASAYI
LUBA SHANKADI

[ LUBA UPEMBA
LUBA, LUNDA

[ LUBA, NDEMBU
LUBA, NDEMBU, LUNDA

M LUBILA
LUCHAZI

I LUGBARE
LUGURU

WLuLA
LULUBA

W LULUWA
LUMBU

[ LUNDA

LUNDA, CHOKWE

[ LUNDA, KETE
LUNDA, NDEMBU

M LUNGU
LUNTU

W LURI
LUSHANGI

I LUUNDA
LUYIA

W LWALU
LWENA

M LWER
LWIMBI

[ LYANGALILE
LYELE

B vA
MAAKA

W MAASAI
MAAZA

I MABA
MABENDI

M MABEZA
MABIHA

[l MABINZA
MACHINGA

W MADA
MADI

I MAGHARBA
MAGUZAWA

W MAHAFALY
MAHONGWE

B MAK
MAKAA

[ MAKERE
MAKOMA

M MAKONDE
MAKUA

W MAKWA
MALINKE

W MALWAL
MAMBAI

M MAMBILA
MAMBWE

M MAMPRUSI
MAMVU

I MANALA
MANDA

[ MANDARI
MANDINKA

I MANDYAK
MANGAS

B MANGAYAT
MANGBELE

[ MANGBETU
MANGBUTU

[ MANINKA
MANKANYA

M MANO
MANYANGA

W MANYIKA
MANZA

I MAO SOUTH
MAPOPOI

M MARARIT
MARBA

I MARFA
MARGHI

M MARGHI SOUTH
MARKA

[ MASAKIN
MASALIT

M MASANA
MASHASHA

[ MASHI
MASMAJE

W MASONGO
MASSA

I MASSALAT
MATENGO

W MATUMBI
MAU

I MAURI
MAYOGO

M MBA
MBAAMBA

I MBAATI
MBAGANI

M MBAI BEDIONDO
MBALA

Il MBANGWE
MBANZA

W MBATA
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MBEKO

% MBELIME
MBELO

M MBEMBE
MBEMBRE

B MBENE
MBERE

M MBESA
MBINSA

M mBO
MBOKO

M MBOLE
MBOMOTABA

M MBONGO
MBOSHI

W MBUGWE
MBUKUSHU

W mBULI
MBULU

W MBUM
MBUNDA

[ MBUNGA
MBUUN

W MBWELA
MBWELA KOLWE

W MBWERA
MDUNDULU

W MEDJE
MEDOGO

M MENDE
MENING

Il MERINA
MERU

W MESME
MFINU

M MFUNU
MIDOB

I MIGAAMA
MILTU

MM
MINIANKA

I MINUNGO
MINUNGU

M MITSOGHO
MITTU

W MITUKU
MIYA

M MOBA
MOBANGO

M MOBENGE
MOKOLE

M MOoLO
MONDOMBE

I MONDZOMBO
MONGO

M MONO
MONTOL

I MOROCCAN
MORU

M moss!
MOTEMBO

M MOYE
MPAMA

W MPANGU
MPE

I MPEZENI'S NGUNI
MPONGMPONG

W MPOTO
MPUT

M MPUTU
MPYEMO

M MSER
MUBI

[l MUCHIKONGO
MUKULU

W MUMUYE
MUN

M MUNDANG
MUNDU

W MUNGA
MURLE

[ MUSGU
MUSSEY

M MUSSUMBE
MVELE

I MWAGHAVUL
MWENYI

M MYANG
MYENE

W NABAN
NAFANA

M NAGUMI

NALU

I NAMBA
NAMJI

I NANCERE
NANDE

Il NANDI
NANDU-TARI

W NANDYA
NATENI

[ NATIORO
NAWDM

W NBWERA
NDAAKA

[ NDALI
NDAM

M NDAMBA
NDAU

I NDEBELE
NDEMBU

M NDEMLI
NDENDEULE

[ NDENGEREKO
NDENGESE

W NDIBU
NDO

M NDOGO
NDOLO

M NDOOLA
NDULU

1% NDUNGA
NDZABI

M NDZUNDZA
NEFUSA

M NEYO
NGABA

W NGALA
NGALANGI

W NGAM
NGAM GIR BOR

M NGAMBAI
NGAMO

I NGANDA
NGANDO

M NGANDU
NGANDYERA

M NGANGELA
N'GARE

B NGASA SHAKA
NGATA

[l NGBAGA
NGBAKA

I NGBANDI
NGEENDE

I NGENGE
NGENGELE

B NGENZA
NGGWAHYI

W NGHWELE
NGINDO

W NGIZIM
NGOLA

I NGOMBE
NGONGI

I NGONGO
NGOUNGWONI

W NGUL
NGULU

M NGUMBA
NGUMBO

[ NGUNDI
NGUNGULU

B NGUNI
NGURIMI

W NGWABA
NHAM

I NIABWA
NIELLIM

M NIMBARI
NINZAM

M NJAJGULGULE
NJAMUS

I NKANGALA
NKANSI

I NKANU
NKHUMBI

W NKOLE
NKOMI

M NKOYA
NKUKOLI

I NKUTSHU
NKWE

M NOBIIN



M NWENSHI
NWERA

M NYAKYUSA
NYALA

I NYALI
NYAMWANGA

W NYAMWEZI
NYANEKA-HUMBE

I NYANGA
NYANGATOM

M NYANGBARA
NYANJA

[ NYARAFOLO
NYATURU

M NYEMBA
NYENGO

W NYIHA
NYILAMBA

M NYIMANG
NYINDU

M NYONG
NYORO

W NYULI
NZAKARA

W NZANYI
NZIMA

W oBOLO
OBULKOM

W opbut
OKAK

Ml OKO-ENI-OSAYEN
OKPE

[ OKPE-AKUKU
OKPELA

W omBO
OMETO

[ OMONO
ool

M OPA
OPAMERI

W oPuUUO
ORANA

M ORING
OROMO

W ORON
OTANG

W OTUHU
OUASSA

W PAI

I PARE, SAA
PATU

M PAYE
PENDE

M PERE
PERO

M PEVE
PHOKA

W PIMBWE
PINDA

M PINDI
PITI

W PIYA
PODJULU

M PODZO
POGORO

W POKOMO
POMBO

M POMO

PONGWE

W POTO
PUGULI

M PUKU
PUNU

M PYAANG
QUILENGUE

I RASHAD
REGEIBAT

I RENDILL
RIF

M RIYAH
RONGA

M RUARHA
RUBASA

M RUFLI
RUNGA

I RUNYANKOLE
RURI

M RUSHA
RUUND

W RUWENG
SAAB

I SAADI
SABA

W SAFWA
SAGALA

M SAGARA
SAHEL

M sAHO
SAKA

I SAKALAVA
SAKATA

M SALA
SALA MPASU

M SAMBA
SAMBA LEKO

W SAMBO
SAMBU

M SAMBURU
SAN

M SANGA
SANGO

I SANGU
SANUSI

M SAPAUT
SAR

M SARA
SARA GULA

[l SARA GULAY
SARO

W SARUA
SASARU

M SAYA
SEBA

W SEEKU
SEKE

[ SENA
SENGA

W SENGELE
SERE

M SERER
SESE

M sH
SHAGAWU

M SHAIKIA
SHALL

M SHAMBAA
SHANJO

I SHATT
SHEBELLE

W SHERBRO
SHI

M SHIKI
SHILA

M SHILLUK
SHINJI

1 SHIRAWA
SHLUH

M SHONA
SHOO

W sHuBI
SHUKRIA

M SHUWA
SIDAMO

M siDi
SIHANAKA

M SIMAA
SINASHA

W SINGA
SINYAR

I SIRTICAN

SISAALA

M sIsYA
SIWA

M SIZAKI
SO

[l SOKORO
SOLA

M soLl
SOLONGO

W soLu
SOMRAI

M SOMYEWE
SONGHAI

[ SONGO
SONGOLA

Ml SONGYE
SONINKE

M soNJo
SOONDE

W sosso
SOTHO

v

[ TOBANGA
TOGBO

W TOKA
TOMA

I TONGA
TONGA-INHAMBANE

I TONGWE
TOPOKE

W TOPOSA
TORAM

I ToRO
TOROBE

W TOTELA
TOUGOURT

M Touyo
ToW

W TRARZA
TRIBOUE

M TRIPOLITANIAN
TSAAM

I SOUTHERN BANGANTU W TSHIAKA

SUAFA

M suBA
SUBIYA

W SUGA
SUK

M suku
SUKUMA

I SUKWA
SUMA

I SUMBWA
SUNDI

I SUNGOR
SURI

M SURUBU
susu

W SWAKA
SWAZI

W SYEMU
TABWA

M TAFIRE
TAGWANA

Il TAHOU
TAJAKANT

1 TAJUASO
TALE

M TALENSI
TAMA

W TAMAZIGHT
TAMBAHUAKA

I TAMBAS
TAMBERAMA

W TAMBO
TAMEZRET

M TAMPOLENSE
TANALA

[ TANDA
TANGA

I TANGALE
TANGBAGO

W TANKARA
TAPSHIN

M TAROK
TASUMSA

W TATOG
TAWANA

M TAZARAWA
TCHWABO

W TEDA
TEFASI

M TEGE
TEITA

W TEM
TEMNE

M TENDA
TEPETH

W TERA
TERE

M TESO
TETELA

M TEVUNDRU
TIBA

M TIBEA
TIE

W TIENE
TIGRAY

M TIGRINYA
TIKAR

W TIKUU
TIO

W TITU

TSIENIMBALALA
M TSIMIHETY
TSONG
I TSONGA
TUAT

W TUKEN
TUKULOR

W TULA
TULAMA

M TUMBUKA
TUMBWE

W TUMTUM
TUNDJUR

M TUNGU
TUNISIAN

W TUPURI
TURA

M TURKA
TURKANA

M TURUMBU
TUSIAN

M TUTSI
TYEMBARA

W TYENGA
UBANG

I UHAMI-IYAYU
UJOGOMA

W UKAAN
UKPE

M UKPET
UKWUANI

W ULED NAIL
UMON

M UNGA
UREGU

M URHOBO
UTUGWANG

W UZEKWE
VAGALA

M val
VEKHEE

W VENDA
VERE

W vEZO
VIDUNDA

W i
VIN

M VINZA
VIRA

W vIvE
VUMA

W VUTE
WAAMA

W WADA
WAJA

W WALA
WALLAGA

W WAMBU
WANDYA

B WARGLA
WARJI

W wAsSA
WASI ALAWA

B we
WENYA

W WIILE
WILLE

 WINIAMA
WINJI

M woLLo
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WOLOF

W wom
WONGO

W woyo
XHOSA

W YAA
YAELIMA

M YAGOUTE
YAHI

M YAKA
YAKA, SUKU

M YAKOMA
YALIWASA

W YAMAIE
YAMANDUNDU

I YAMONGO
YANA

M YANZI
YAO

M YARSE
YASA

1 YASAMA
YEKE

M YELA
YESKWA

W YEYE
YIWOM

W YOoKO
YOMBE

M YORUBA
YOWA

M YUKUTARE
YUNGUR

W ZAGHAWA
ZANAKI

M ZANDE
ZANDE ABANDIA

M ZANDE AVUNGARA
ZARAMO

M zARI
ZARMA

W ZEEM
ZEKARA

W ZELA
ZENAGA

W zIBAN
ZIGUA

M ZILMANU
ZIMBA

W ziNzU
ZOMBO

M zuLA



Table S4: Complete key over HIV-1 subtypes shown in Fig. 2D
HIV-B and HIV-C are indicated by stars.

Mol AE
01A1
M o1A1G
01ADF2
MoiB
[l 01BC
W 01BG
01C
W oiD
[ o1r2
Moic
01GHJKU
Moiu
[702_AG
W o2A
02A1
M o2A1A2
02A1G
M o2A1U
02A3
M o026
02AG
W o2B
02BD
M 02BG
[l o2c
M o2D
02F2
M o2G
[ 026K
M o2H
02HU
M o2u
[ 03 AB
M 04_cpx
05_DF
M 06_cpx
06A1
M 06G
06U
M 07_BC
07B
[ 08_BC
09_cpx
M ooA1
[ 09A1D
W10 oo
11_cpx
W 11A1
[ 11AG
M11c
12_BF
M 13_cpx

[713c
M 13U
14 _BG
M 15_01B
16_A2D
M 16A1
17_BF
M 18_cpx
18D
M 18G
19_cpx
M 190A1
[ 19B
M 20 BG
21_A2D
M 22 _01A1
[ 22A1U
M 22pU
23 BG
W 23A1
[ 24 BG
M 25_cpx
26_A5U
M 26C
27_cpx
M 28_BF
29 BF
M 30_0206
31_BC
W 32_06A6
32A6
M 32G
[7133_01B
W 34 01B
35_AD
M 36_cpx
71 37_cpx
M 38 BF
38 _BF1
M 39 BF
[ 40 _BF
W41 o
42 _BF
W 43 02G
44 _BF
M 45_cpx
45BF1
M 45F1
45U
[ 46_BF
47_BF
M 48 _01B
[0 49 cpx

M50 ALD
51 01B
W52 01B
[ 53 01B
M54 01B
55 _01B
M 56_cpx
[57_BC
M 58 01B
59 01B
W61 BC
62_BC
M 63 02A
64_BC
M 65_cpx
67_01B
M 68 01B
69_01B
M 70_BF1
0 71_BF1
M 72_BF1
73_BG
W74 01B
[ 76_01B
M 78_cpx
79 0107
M 82_cpx
7783 _cpx
[ 85 BC
86_BC
M 87_cpx
90_BF1
W02
103
M 107
108
113
206
M 209
211
218
222
M 609
[ 708
M 0102A
0102A1
M 0122F
1113
W 1819

BA
Al
B ALA2

Al1A2C
M A1A2CD
A1A2D
W A1A2G
A1A3
W A1A6
[ A1B
W A1BD
AlC
M A1CD
[ A1CDGKU
M ALCG
A1D
M A1DG
[ A1DHK
B A1DK
A1DU
W A1lFL
A1F2
W AlG
A1GH
M A1GHU
A1GJ
W A1H
A1J
B A1K
AU
W A2
A2B
W A2C
[ A2cD
M A2D
A2F
M A2G
[ A2u
M A3
A3G
W A4
A6
M ~6B
AB
M ABD
ABDU
W AC
ACD
M ACDJ
7 AD
M ADG
ADU
M AF
[ AF1
L\
AF2G
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B AG
[ AGS
M AGU
AH
M AHIU
Al
B AKU
AU
R:]
BC
M BCF1
BCU
M BD
[ BF
M BF1
BF1G
M BFR2
[ BG
M BK
BU
Kuc
[ co
M coG
CF1
M cF1u
cG
WcH
CHU
| Jo
(\[]
el
D
M DF
[ DF1
M DF1G
DF2
M oG
[ DGH
W bk
DU
mF
=
M FiF2
F1G
M Fiu
F2
| Rl
F2K
B F2KU
FK
M FrU
FU
| )¢

[ GH
M GHK

W cK
[ cku

Wy

| N
[T HU
mo
JK
M Jku
Ju
B K
KU
| Y



Table S5: Complete key over African languages shown in Fig. 2E
Bantu languages are indicated by stars.

B Adamawa-Ubangian

B Adamawa-Ubangian/Chari-Nile
Bantoid

* Bl Bantu
* B Bantu/Bantu

Berber

B Chadic

B Chadic/ Cushitic

B Chadic/Fufulde

B ChariNile
Chari-Nile / Nilotic

B Cushitic

Il Fufulde

B Fufulde / Adamawa-Ubangia

M Fur

M Gbaya

I Khoi: Nama, Bergdama

B Kordofanian
Kru

I Kwa

B Maban

B Malagasy
Miscellaneous / Unclassified
Nilotic

B Nilotic/Bantoid

B Nilotic/Bantu

B Northern Mande
Other

M Saharan

B Saharan / Cushitic

B Saharan/ Nilotic

M San

B Sandawe
Semitic: Arab, Bedouin

B Songhai

B Southern Mande

M voltaic
West Atlantic
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Table S6: HLA class | allele frequencies in worldwide populations

ZA Blacks ZA Zulu US African US Thailand us US Caucasian UK central

Caribbean Chinese

A*02:01 0.083 0 0.123 0.111 0.255 0.0946 0.2755 0.2697

B*07:02 0.046 0.07 0.073 0.073 0.038 0.0079 0.1306 0.1391

C*07:02 0.058 0.08 0.073 0.067 0 0.1945 0.1415 0.155

A*30:01 0.101 0.1 0.068 0.072 0.013 0.0274 0.013 0.011

B*42:01 0.089 0.11 0.053 0.053 0 0.0001 0.0003 0.0019

C*17:01 0.111 0.05 0.068 0.068 0 0.0005 0.0088 0.004

B*58:02 0.094 0.11 0.042 0.032 0 0.0001 0

C*06:02 0.149 0.15 0.087 0.072 0 0.0447 0.0932 0.11

Population ZA Blacks  ZA Zulu US African  US Thailand us US Caucasian UK central
Caribbean Chinese

Sum of HLA 0.187 0.15 0.269 0.251 0.293 0.297 0.5476 0.5638

variants

common in

Caucasian

Sum of HLA 0.544 0.52 0.318 0.297 0.013 0.0727 0.1154 0.1269

variants

common in

Africans

The individual HLA alleles frequencies of HLA variants that contributed most to the first two

principal components (PCs) were also found in common African and Caucasian haplotypes. Here

we show the individual frequencies of each HLA variant and the sum of the variants that can

form haplotypes in Africans and Caucasians. The data derive from (Gonzalez-Galarza et al.

2015), and the South Africa (ZA) Zulu data derive from the Females Rising through Education,

Support, and Health (FRESH) project.

323



Table S7: Overview of the amino acid variation at SSP in HIV-1 subtype consensus

sequences

HIV subtype Position Position Position Position Position 128
consensus 27 amino acid 41 116 120

HIV-Al I S G G D
HIV-A2 \4 T G S E
HIV-B \% S G N E
HIV-C I T A S D
HIV-D I S G S E
HIV-F1* I S Q S D
HIV-G \4 S R S E
HIV-H" \4 S A G D
HIV-K* I S T S E

(From www.hiv.lanl.gov/content/sequence/NEWALIGN/align.html, (Foley et al. 2018))

*HIV-F1 predominates in South America, especially in Brazil, Uruguay, and Argentina, HIV-H
is found in Central Africa, Eastern Europe, and Central Asia, and HIV-K is found in Central

Africa and Pakistan (Khan et al. 2018) at low frequency.

The subtype distribution of HIV-F1, HIV-H and HIV-K outside of Africa — and the presence of,
e.g., HIV-C in India and China - is due to founder effects. The evolution of these subtypes over
time in non-African countries is unknown due to limited sampling and the brevity of the ongoing
HIV epidemic (Buonaguro et al. 2007; Hemelaar et al. 2011; Osmanov et al. 2002). Overall,
HIV-F (0.59%), HIV-H (0.17%), HIV-J (0.14%), and HIV-K (0.04%) together cause fewer than
1% of HIV-1 infections worldwide (Buonaguro et al. 2007; Hemelaar et al. 2011). No consensus
sequences for HIV-J p24Gag are available from the Los Alamos HIV sequence database (Foley

et al. 2018).
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Table S8: LANL HIV database patient I1Ds of patients with imputed four digit HLAS

B*27 = B*27:05:
402, 3393, 3394, 10542, 11222, 13225, 15792, 19252, 19542, 19878, 22972, 22973, 22974,

22975, 22982, 22984, 22986, 23077, 27220, 34369, 36112, 36113, 49996

B*35 - B*35:01:

24029, 30977, 35886, 36113, 49994, 51971

B*57 = B*57:01:
10487, 10488, 10489, 10490, 10491, 10492, 10493, 10494, 10495, 10496, 10497, 10498, 10499,
10500, 10501, 10502, 10503, 10504, 10505, 10506, 10507, 10508, 10509, 10510, 11222, 13224,

15396, 15397, 19539
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Conclusion

The ever increasing amount of biological data, both freely available and in private
databases, offer the possibility of answering previously intractable questions and having
direct impacts on human health and wellbeing. However, processing the information
presents its own unique and often frustrating set of challenges. Attempts to create data
format standards more often than not leads to an additional standard being added to
mix, rather than the hoped for consolidation. Machine learning and Artificial
Intelligence are making some headway in database clean up, but the bulk of this work

still falls to humans.

Elsewhere, human involvement also remains critical. Computers are very good at rapidly
doing exactly what they have been programmed to do, but results still require
interpretation by humans. In commercial and clinical settings, machine learning is
making some headway into this as well, but this utilises vast datasets with well-defined
and pre-delineated results. In research, where results are ideally by definition novel,
humans are still required, and the formulation of sensible and useful research questions
still remains a principally human endeavour. Being able to notice outliers as biologically
interesting and follow up on them, rather than simply discarding them as noise, is one of

the key reasons why we need biologically trained computational scientists.

Despite humanity's desire to neatly classify life along strictly linear branches of descent,
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I have shown in Chapter One that attempts to make such phylogenies of virophages
and polintons can be misleading. While some genes have (mostly) shared evolutionary
histories, the fact that no single gene is shared by all members indicates that there is no
such thing as a 'core' set to be examined. There is also likely to be extensive horizontal
gene transfer HGT present in the virophage/polinton/polinton like elements (PLE)
world, and taken together these indicate that single genes trees will likely be more
informative. The extreme timescales involved have also erased much of the
phylogenetic signal further compounding the problem. Finally, shedding light on a long
standing question of how trans-species horizontal gene transfer of homing
endonuclease genes (HEGs) occurs, I also found evidence suggesting that the HEGs are

using viruses to hitchhike between genomes of disparate organisms.

When modern humans left Africa, they encountered archaic hominids such as
Neanderthals and Denisovans that had been living in Eurasia for hundreds of thousands
of years. The archaic hominids had substantial amounts of time to coevolve with and
granularly adapt to the local pathogens across the length and breadth of Eurasia. As I
showed in Chapter Two, introgression of archaic hominid HLA genes into our genomes
has left an indelible mark still observable today. This is clinically relevant as modern
humans have migrated at unprecedented levels since the age of exploration. Modern
crises have displaced millions and we are already seeing small amounts of climate
refugees displaced by rising sea levels and desertification. The next century is likely to

see levels of human movement that are frankly, beyond comprehension. This movement
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has shifted, and will continue to shift, pathogens along with us. As old pathogens move
into new areas, non-preadapted populations may experience higher levels of morbidity
and mortality than populations that have coevolved with these pathogens, e.g. the recent
outbreak of Zika in the Americas. Furthermore, other human activities like deforestation
and encroachment into natural habitats can result in the outbreak of novel pathogens,
e.g. SARS-CoV-2. In even without coevolution, because of what we have adapted to
before there can be differences in the way populations respond to these novel pathogens,
e.g. recent studies have shown that a major genetic risk factor for respiratory failure after
SARS-CoV-2 infection and a genomic region associated with protection from SARS-CoV-
2 are both inherited from Neanderthals (Zeberg and Péibo, 2021, 2020). Differences in
the efficiency in which different HLA types sort and separate dispersed populations also
suggests additional functions for these genes that may not be as immediately apparent,

e.g. HLA C's involvement in human placentation.

Chapter Two showed hosts adapting to pathogens, while Chapter Three showed that this
is a two-way street with pathogens also adapting to their hosts. In Chapter Three, I
showed that the dominant paradigm (that different HIV subtypes are principally
artefacts of selectively neutral processes such as founder effects) is unlikely to be the
whole story. This has profound implications for HIV vaccine research, which has thus
far been unsuccessful in delivering a broadly effective vaccine despite nearly 40 years of
effort. It also has implications for other pathogen vaccines, particularly for other highly

antigenically variable pathogens such as influenza. These findings also highlight the
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importance of extensive metadata associated with pathogen sequences. Often pathogen
sequences will be devoid of any metadata, and this is a lost opportunity for drawing
connections via data mining. While it may be politically charged and uncomfortable,
gathering information on host ethnicity, gender, etc. is of paramount importance for

maximising the long term utility of sequence information.

As I have shown, host/pathogen coevolution occurs at many levels in biological systems,
and examining it can open up new avenues of research. Many of these may be basic
research without immediate obvious clinical benefits, but even aside from the goal of
expanding the frontiers of human knowledge, these always have the potential to pay
dividends down the line. James Clerk Maxwell's equations of electromagnetism underpin
our current understanding of all forms of radiation, and make the entirety of modern
telecommunications (and therefore debatably, modern life) possible. Despite this, his
theories were somewhat slow to catch on:
Meantime, it took physicists some decades to grasp the full significance of
Maxwell's discovery, so bold was the leap that his genius forced upon the
conceptions of his fellow-workers. Only after Hertz had demonstrated
experimentally the existence of Maxwell's electromagnetic waves, did
resistance to the new theory break down. (Einstein, 1940)
Similarly, albeit in all probability to a far lesser extent, the clear demonstration that
linguistic diversity is correlated with genetic diversity in Sub-Saharan Africa may not
have always had clear clinical implications at the time. Nevertheless, building upon

such work, and the work of countless others, I hope to contribute in my own small way

towards ending the HIV pandemic.
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"Bernard of Chartres used to compare us to dwarfs perched on the
shoulders of giants. He pointed out that we see more and farther than our
predecessors, not because we have keener vision or greater height, but
because we are lifted up and borne aloft on their gigantic stature." (John of

Salisbury, 1159; McGarry, 2009)

However, we not only see further because we are standing on the shoulders of giants,
but also because we collectively are standing on a great pyramid of knowledge built of
innumerable smaller blocks, and I am pleased to lay my own tiny block on this ever

growing collective effort.
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