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Abstract

Presented here are two large Ugandan HIV genome datasets, one from the modern period
(by the MRC/UVRI & LSHTM group and PANGEA), and another generated from stored 1986
serum samples using target-capture next generation sequencing. Uganda uniquely has two
HIV subtypes at similar proportions, and although subtype A1 is older than subtype D, both
subtypes are well established in all cohorts and risk groups, which has facilitated comparison
of the two. Previously, HIV sequence data from East Africa has typically been short gene
sequences, thus the full-length genome data here has presented an opportunity to compare
the evolutionary histories of the two subtypes across the genome, and carry out an examin-
ation of inter-subtype recombination patterns. The majority of the modern HIV genomes are
unique recombinant forms (URFs), representing a large number of independent superinfection
events, which is consistent with the size and age of the epidemic. There are wide scale
patterns of recombination along the genome, which are described. Specifically, the region
of envelope from C2 of gp120 to the transmembrane region of gp41 is almost always found
intact since disruption of these protein interactions is expected to be highly detrimental. Re-
discovered serum samples from 1986 yielded 109 full-length HIV ’historical’ genomes. The
subtype distribution is shown to significantly change over time: subtype D fell from 67% in 1986
to 17% in the modern PANGEA sample. Furthermore, co-receptor tropism (CXCR4 or CCR5)
was predicted with geno2pheno and a significant difference between the historical subtypes
was observed: 63% of subtype D genomes are X4 tropic (known to be associated with faster
progression to AIDS) whilst 0% of A1 sequences are X4 tropic. Therefore, co-receptor tropism
may have reduced the effective reproductive number of subtype D by reducing the duration of
potential onward exposure (due to faster time to death) compared with A1, and can explain a
drop in subtype D prevalence over time. Finally, BEAST1 methods are applied to reconstruct
the demographic histories of the two subtypes over time using gag, pol, and env gene data,
and place the subtypes in their wider East African context. These findings characterise a
highly diverse and complex epidemic in Uganda that has shifted from predominantly sub-
type D to predominantly subtype A1 between 1986 and 2016, whilst pervasive and ongoing
recombination has generated a wide variety of URFs.



Lay Summary

Over time HIV has formed distinct lineages or ‘subtypes’. When an individual is infected with
more than one HIV subtype, genetic material can be exchanged (at any point along the
genome) creating hybrid viruses or ‘inter-subtype recombinants’. When a new recombinant
virus is generated it may be called a ‘unique recombinant form’ (URF), unless it is transmitted
and is seen at least three times in unlinked cases, then it may be designated a ‘circulating
recombinant form’ (CRF). Using full-length genomes from the PANGEA project, the modern
epidemic in Uganda is composed ’'pure’ subtypes A1 and D and their recombinants. There
is a conspicuous lack of clear CRF, which points to continual and ongoing inter-subtype
recombination, rather than the expansion of any one URF. The location and frequency of
detectable recombination events along the genome is described and a section of the envelope
gene is found to be a ‘cold-spot’ for recombination. This envelope region is almost always
found intact likely because the translated protein undergoes intricate folding, disruption of
which would render the virus unable to infect new cells. Highly degraded HIV samples from
1986 were rediscovered in storage and subsequently sequenced with new and highly sensitive
techniques to obtain 109 new full-length genomes. The subtype distribution is significantly
different to the modern day PANGEA sample, containing a high proportion of subtype D
(67%). HIV uses the cell receptor CD4 and a secondary co-receptor to gain entry into cells,
most often a receptor called CCR5. However, some viruses can use the co-receptor CXCR4
which is linked to faster progression to AIDS in those patients. The subtype D historical
sequences have remarkably high predicted CXCR4 usage (63%) whereas the subtype A1
historical sequences are all predicted to use CCR5, suggesting subtype D infections in the
early epidemic progressed faster to AIDS. We then use phylodynamics to examine the two
subtypes and show that many of the subtype D lineages present in 1986 are no longer found
in the modern day. We propose that subtype D had a shorter time to AIDS, thus decreasing
its fitness in the 1990s and 2000s when AIDS education lead to fewer infection opportunities
for the virus. These findings characterise a highly diverse and complex epidemic in Uganda
that has shifted from a higher proportion of subtype D to a higher proportion of subtype A1
between the 1980s and the modern day, whilst recombination has generated a wide variety of
unique recombinant forms, without any clear expansion of any form in particular.
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Chapter 1

General Introduction

1.1 HIV origin and subtypes

There exists a large and diverse reservoir of simian immunodeficiency viruses (SIVs) in wild
primate populations in Central and West Africa (Peeters & Delaporte 2012). From this reser-
voir there have been multiple zoonotic introductions of human immunodeficiency virus (HIV)
into people, probably from the consumption of bush meat (Gao et al. 1999, Hahn et al. 2000,
Sharp et al. 2001). HIV-1 Group M (M for ‘'main’) is responsible for the overwhelming majority
of global infections, whilst HIV-2 or HIV-1 Group O (O for ‘outlier’) or N (N for ‘'non-M/O’) are
distinct zoonotic events (Sharp & Hahn 2011), usually found as part of small epidemics in
West Africa. All global Group M diversity can be found nested within modern day diversity
in Kinshasa in the Democratic Republic of Congo (Rambaut et al. 2001) where this diversity
has been present since the 1960s (Worobey et al. 2008) before the first AIDS cases were
reported.

Exports of HIV-1 M strains out of the DRC into new global susceptible populations led to rapid
evolution and diversification (Faria et al. 2014), which can be seen in its 'starburst’ phylogen-
etic structure (Archer & Robertson 2007), indicative of rapid expansion. These founder events
(Rambaut et al. 2001) created phylogenetically distinct clades, often termed subtypes (A to D,
F to H, J and K) (Robertson et al. 2000). Evolution in separate populations for many decades
has resulted in between subtype genome nucleotide distances of around 15% (Li et al. 2015)
and strong geographical structure. Subtype B for example, is the dominant subtype found in
North America and Europe, while subtype C is the most common subtype in Southern Africa.
Places with high levels of global immigration such as London have a highly cosmopolitan
subtype distribution (Yebra et al. 2018).
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1.2 Infection and disease progression

HIV is predominantly transmitted via sexual routes, but can also be transmitted from mother
to child, via intravenous drug use, or contaminated blood products (Shaw & Hunter 2012).
HIV relies on the CD4 receptor, as well as a secondary chemokine co-receptor to gain entry
into T-cells (Wilen et al. 2012). After cell binding and entry, HIV is reverse transcribed into
DNA (the provirus), which is then integrated into the host cell genome. This provirus copy
is transcribed and translated into viral RNA and proteins which can then be assembled to
make new viruses which go on to infect new cells, (see lifecycle overview by Kirchhoff 2013).
Once an infection has been initiated, HIV replicates with an exceptionally high mutation rate
(Mansky & Temin 1995) and short generation time (Ho et al. 1995) to create large quasi-
species diversity within each person. The size of this viral population gives it power to evolve
rapidly in response to drugs (Wei et al. 1995) and host immune responses (Bonhoeffer et al.
1995) like cytotoxic T-cells (Poon et al. 2007), or neutralising antibodies (Frost et al. 2005).
During the course of infection, T-cells are irreparably lost (Sabin et al. 2000), causing AIDS
(defined as fewer than 200 CD4+ T-cells per microlL), after which other infections cause death.
It is therefore important halt white blood cell decay by starting antiretroviral therapy (ART) as
soon as possible (WHO, 2016).

Without ART intervention, each individual patient’s path to AIDS is extremely variable, and
may depend on a myriad of host genetic factors, including sex and age (Telenti & Johnson
2012), but particularly human leukocyte antigen (HLA) types (Steel et al. 1988, Kaslow et al.
1996). For example, cohort studies in Africa and Europe show that the allele HLA B57 is
extremely predictive of viral suppression (Price et al. 2019, Fellay et al. 2009). A very small
percentage of people are in a category known as ‘elite controllers’ because they able to stay
AIDS free for longer periods, and the genetics of that groups is of great interest (Deeks &
Walker 2007).

Viral load (number of viral copies at some equilibrium during clinical latency) also contributes
to the variability in AIDS progression. The clearest cut demonstration of this effect is between
HIV-1 and HIV-2, where HIV-2 was shown to be far less virulent in a cohort of Senegalese sex
workers (Marlink et al. 1994). HIV-2 infections had a much longer time to AIDS and left higher
CD4 counts, whilst eliciting lower viral loads (Kanki et al. 1994). Therefore, a clear difference
in viral load and virulence could be demonstrated (Hansmann et al. 2005). Viral load is a key
predictor of disease progression (Mellors et al. 1996), but also leads to higher transmission
risk (Blaser et al. 2014).
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The secondary co-receptor used by the virus (CCR5 or CXCR4) has implications for variability
in disease progression. CXCR4 tropism has been shown to more rapidly reduce CD4 counts
and the time to AIDS compared with CCR5 tropism (Richman & Bozzette 1994), by more
more rapidly depleting T-cells (Penn et al. 1999). This is likely explained by a wider range of
T-cells as 'prey’ available (Schuitemaker et al. 2010). This wider range includes naive T-cells
which are involved in T-cell regeneration, thus further contributing to more drastic declines in
CD4 counts (Blaak et al. 2000).

1.3 Co-receptor dynamics

Early on in HIV research, viruses grown in cell-culture could be differentiated as ‘syncytium
inducing’ (Sl) or ‘non-syncytium inducing’ (NSI) (Koot et al. 1993). Syncytium formation is
a feature of fast replicating viruses grown in transformed T-cell lines, and ultimately this
phenotype was linked to use of the secondary co-receptor CXCR4, while the NSI forming
viruses were shown to use CCR5 (Connor et al. 1997).

A viral switch from using the CCR5 co-receptor ('R5 tropic viruses’) to CXCR4 (’X4 tropic
viruses’) is facilitated by changes in the amino acid sequence of the third variable loop (V3)
of the envelope protein gp120, notably positively charged amino acids at the 11th and 25th
position (the ’11/25 rule’; de Wolf et al. 1994). However, this rule is not a particularly accurate
predictor in isolation, as the other positions contribute to changes in overall charge and the
3D structure of the protein (Lengauer et al. 2007). There are a multitude of diverse amino
acid combinations and pathways that can facilitate a co-receptor switch (Poon et al. 2012),
which makes machine learning tools like geno2pheno highly relevant to this complex pattern
prediction problem (Lengauer et al. 2007). Other gene regions (such as the V1/V2 region)
may also contribute to co-receptor tropism (Pastore et al. 2006), but are often not included in
prediction tools.

There is a long-standing notion that R5 variants generally initiate most infections (Zhu et al.
1993, van’t Wout et al. 1994). Independent of route of transmission, the mucosal tissues are
seemingly the primary site of replication and have a high concentration of memory T cells with
high expression of CD4 and CCR5 co-receptors (Lackner et al. 2012). The observation that
persons with two copies of a defective CCR5 allele (a 32 base pair deletion) are protected
against the initiation of new infections (Wilkinson et al. 1998), also points to the importance of
CCRS5 at the early stages. Other than the abundance of CCR5 at primary infection sites, sev-
eral ‘gatekeeping’ mechanisms have been proposed to explain the apparent scarcity of new
infections with X4 variants (Margolis & Shattock 2006), including differences in interactions
with heparan sulfate proteoglycans (Moulard et al. 2000) or the integrin o437 (Cicala et al.
2010).
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Over the course of infection, dynamic changes in the immunological ecosystem are expected
to change the relative fithess of R5 and X4 variants. After immune activation there may be
a depletion of memory T-cell populations and a fitness advantage to X4 variants which infect
a wider variety of white blood cells (the ’target cell hypothesis’; Davenport et al. 2002). But
despite the rapid evolution rate of HIV, there is no inevitability of X4 evolution (Holmes 2001),
and not all AIDS patients develop X4 variants. Therefore, there may be an adaptive landscape
with a dip in fitness for intermediate forms (Regoes & Bonhoeffer 2005). Furthermore the im-
mune system may actively select against X4 variants (the 'immune-control hypothesis’), which
is also likely to change over the duration of infection. For example, there is some evidence that
transitional co-receptor forms are more susceptible to certain neutralising antibodies (Bunnik
et al. 2007), and dendritic cells may release SDF-1a which inhibit X4 variants (Gonzalez et al.
2010).

There is therefore evidence that X4 tropic variants can be both a cause and a consequence of
more advanced disease progression. Careful experiments have showed clearly that CXCR4
co-receptor tropism causes more rapid T-cell depletion (for example Penn et al. 1999, Kreis-
berg et al. 2001), and evidence supporting the ‘target cell hypothesis’ has also come from a
longitudinal study pinpointing certain T-cell population changes as strong predictors for the
emergence of X4 variants (Connell et al. 2020).

1.4 Recombination in HIV

Retroviruses co-package two RNA genomes in their virus particles, both of which are required
to reverse transcribe a single DNA copy (Panganiban & Fiore 1988), thus HIV is considered
‘psuedo-diploid’ (Hu & Temin 1990). Recombination mimics sex in that it may serve to bring
beneficial mutations together or purge deleterious mutations (Barton & Charlesworth 1998),
increasing the variance of fithess and allowing selection to work efficiently (Worobey & Holmes
1999, Burt 2000). Recombination is therefore a powerful tool in HIV evolution which can create
better adapted viruses, but also rescue non-functioning viruses from a high mutation rate and
error catastrophe (Tripathi et al. 2012). Recombination exceeds the mutation rate, occurring
between 2 to 14 times per replication (Jetzt et al. 2000, Zhuang et al. 2002, Cromer et al.
2016), ten times higher than that of other retroviruses (Rhodes et al. 2003). The rate of
recombination might also depend on the overall viral load or the cell type where replication is
occurring (Levy et al. 2004).

As part of the retroviral lifecycle, HIV is reverse transcribed from RNA to DNA by reverse
transcriptase (RT), firstly by making a negative sense DNA copy with an RNA template, then a
positive sense DNA copy with the single stranded DNA template (see detailed review by Coffin
et al. 1997). If dual infection with two distinct viruses occurs and those RNA genomes are
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transcribed in the same cell, it is possible to generate a single particle with two distinct RNA
genomes. During reverse transcription in a new cell, distinct RNA genomes may recombine to
produce a chimeric provirus, which after integration may later may produce a daughter virus
with two identical recombinant RNA genomes.

There are two directional models for recombination: firstly the ‘copy choice model’ (during
the synthesis the minus strand) and secondly the ’strand displacement model’ (during syn-
thesis of the positive strand). These models are not mutually exclusive, although it is believed
that recombination is more frequent during minus strand synthesis (Coffin et al. 1997). The
negative strand 'copy choice’ or 'temple switching’ hypothesis has more than one proposed
mechanism. The early ‘forced choice’ model arose from observations in Avian Sarcoma Virus
that RNA genomes are usually very fragmented, thus RT should be 'forced’ to find other RNA
templates to continue DNA synthesis (Coffin 1979). However, the degree of RNA fragmenta-
tion within the HIV particle is not certain, thus the 'pause model’ may be more realistic. In the
‘pause model’ a slowing of reverse transcription lead to template switching by RT (Destefano
et al. 1992, DeStefano et al. 1994, Wu et al. 1995). An extension to this model came from
Hwang et al. (2001), who proposed that RNase H can further promote the dissociation or RT
by degrading the nascent template (the ‘'dynamic copy choice model’). Structured region of the
RNA genome are thought to be important in encouraging template switching, such as hairpins
(for example a kissing hairpin in the dimer initiation sequence; Balakrishnan et al. 2001), and
it has been demonstrated experimentally that modulation of the stability of hairpin structures
can influence recombination rates (Galetto et al. 2004).

Despite these intricate model, there is no unifying mechanism or model which can explain hot-
spots of recombination along the genome (Galetto & Negroni 2005), and it seems other factors
like increased sequence identity (Baird et al. 2006, Archer et al. 2008), and homopolymeric
nucleotide runs (Klarmann et al. 1993) also promote recombination. Onto this background of
mechanistic processes is superimposed functional constraints on the virus. A successful HIV
recombinant must create a viable virus with functional proteins, able to infect new cells and
new hosts, and some recombination events will inevitably bring discordant gene combinations
together creating less fit proteins (Galli et al. 2010). Therefore many of the recombinants
formed during infection may never leave the person in which they were generated.

Describing recombination is an important first step in any phylogenetic analysis. When se-
quences that have undergone recombination are used in standard phylogenetics, the branch
lengths tend to be overestimated, and there is a breakdown of the molecular clock (Schierup
& Hein 2000a). Recombination in genomes can be detected with the use of phylogenetics
because different sections of the genome represent different evolutionary histories, and will
therefore have discordant branching patterns (Robertson et al. 1995, Lemey et al. 2004).
Subtyping tools like REGA (de Oliveira et al. 2005) implement a phylogenetic based method
with "bootscanning” (Salminen et al. 1995), which involves moving along the genome in 400
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base pair windows at 20 base pair increments. The closest reference sequence for each
window is reported which can give an indication of where the recombination event took
place along the genome because the top references ’switch’. Other subtyping tools such as
COMET (Struck et al. 2014) are alignment free and work by building Markov Models over
nucleotide frequencies for each given reference sequence. It is therefore 'context based’
and rapid, but does not determine the location of any recombination breakpoints. SCUEAL
(Kosakovsky Pond et al. 2009) is an HIV specific tool based on the recombination detection
program GARD (Kosakovsky Pond et al. 2006) which both work by searching through a
multitude of different recombination models using a genetic algorithm. This method is able
to provide numerical breakpoint locations and outputs intra-subtype recombination results
(discussed more in chapter 2 and appendix A). Ultimately, recombination detection programs
are only as good as the reference sequences used, and many recombination events will be un-
detectable, particularly between highly similar sequences. The rate of recombination is likely
under-estimated since a higher pairwise sequence identity makes the physical occurrence of
recombination more likely to happen, yet the detection of recombination less likely.

1.5 The HIV genome

The HIV genome is around 9700 base pairs (including the long terminal repeat or LTR regions)
see Figure 1.1, (or approximately 8000 bp from gag to nef). Three structural genes make
the essential proteins needed to make an HIV viral particle. Gag encodes several proteins
including matrix protein (p17), capsid (p24), and nucleocapsid (p7), whilst pol encodes the
enzymes protease (PR), reverse transcriptase (RT) and integrase (IN) which are all essential
for the HIV life cycle. The env gene makes proteins SU gp120 and TM gp41 which form a com-
plex trimer spike particle which is essential for CD4 and co-receptor recognition and cellular
entry. Gp120 contains 5 conserved regions and 5 variable regions (which directly interact with
the immune system), and gp41 makes up the stalk protein, composed of an extracellular and
intracellular component, with a hydrophobic transmembrane region between them. Regulatory
proteins aid processes like transcription (TAT) and nuclear export (REV) while the LTRs or
UTR (untranslated regions) are important for integration into host cell. Among other functions,
the accessory genes (vpr, vpu, vif, nef) have various roles in downregulating the immune
system (Emerman & Malim 1998).

The first HIV sequences were often only few hundred base pairs. The V3 loop was sequenced
earlier on e.g. (Bruce et al. 1994) but later researchers started to sequence p17 or gp41 which
permitted phylogenetic clustering at a national level without signatures of selection which are
often found in V3 e.g. (Leigh Brown et al. 1997). Since the ART era, po/ sequencing has
become common (and particularly the RT region) because it is where many drug resistant
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Figure 1.1: The HIV genome

mutations arise (Cane 2011). Working with near full length genomes however, provides over
8000bp of genetic information, shown to give better resolution and accuracy in phylogenetic
analysis compared with pol alone (Yebra et al. 2016), and more opportunity to look at geno-
types that might be of interest across the whole genome.

1.6 The generalized HIV epidemic in Uganda

‘Slim disease’ as AIDS was colloquially known in Uganda, was first reported in 1982 in the
Rakai district (Serwadda et al. 1985), although there were reports of deaths in 1976 which,
in retrospect, were AIDS-like (Kuhanen 2010). In the 1980s, particularly high HIV prevalence
was seen in lorry drivers and ‘barmaids’ (female sex workers) found along roadside travel
hubs; 35% and 67% respectively (Carswell 1987, Carswell et al. 1989), while phylogenetic
evidence points to the importance of the road network in importing HIV into rural southwest
Uganda from the DRC (Gray et al. 2009). Unlike the Western epidemic in the 1980s, the
Ugandan epidemic was, and still is, overwhelmingly spread heterosexually, with hotspots in
urban areas and roadside stops where sex workers are concentrated (Berkley et al. 1989).
HIV spread continuously into new populations during the 1980s throughout Uganda, no doubt
aided by war in 1979 (Kuhanen 2010), imparting a particularly high incidence and mortality
burden e.g. (Sewankambo et al. 2000).

In the late 80s and early 90s Uganda mounted a successful and concerted national effort
to encourage large scale behavioural changes, with involvement from the highest levels in
government down to the grass roots (Green et al. 2006). A combination of openness to
acknowledging the epidemic (Genuis & Genuis 2005), reductions in risky behaviour (Hayes
& Weiss 2018) and public health messages like ABC ‘abstinence be faithful, use condoms’
(Shelton et al. 2004) has helped to reduced incidence. The Ugandan response was one of
the best in Africa and provided a good example for other African nations to follow (UNAIDS),
although the relative impact of each intervention type on reducing infections during this period
was debated (Low-Beer 2002). It appears that incidence peaked in 1987 and prevalence
peaked in 1992 (Kirby 2008, Baryarama et al. 2004) but interpretation of incidence and
prevalence is extremely difficult (Parkhurst 2002), not least because of rapidly changing birth
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rates and AIDS-related deaths (Mbulaiteye et al. 2002). Data from the UN estimate that
the population of Uganda has changed from 6 million in 1956, to 15 million in 1986, to 40
million in 2016, despite adult mortality of 438 per 1000 in the years between 1995-2000 (UN
Department of Economic and Social Affairs 2019) (age 15-50, both sexes, any cause).

The introduction of ART in 2004 was another big step forward further reducing the burden
of disease and also new infection (since ART-initiated individuals are less infectious). Since
then, ART use has steadily grown and reduced HIV incidence rates (Grabowski et al. 2017).
Despite a reduction in prevalence and incidence, the Ugandan HIV epidemic is highly diverse
and highly complex. There is great heterogeneity in infection rate, risk, and prevalence across
the country (Chang et al. 2017), and incidence ranges widely according to age, gender, and
geographical location (particularly between urban and rural areas). For example, a meta-
analysis by Birdthistle et al. (2019) showed young women in a Rakai fishing community might
have a 32x greater HIV risk than young women in the rural East Ugandan district Kumi (12.4
vs 0.38, incidence measured in per 100 person years). In the fishing villages in and around
Lake Victoria, the prevalence of HIV is as much as 11x higher than the general population in
land (Kamali et al. 2016) due to a culture of high-risk behaviours (Kiwanuka et al. 2014). Co-
infection or super-infection (multiple infections initiated simultaneously or sequentially) occur
(Redd et al. 2014, Ssemwanga et al. 2012), but are difficult to estimate effectively because
they often resolve in early infection (Koning et al. 2013, Yang, Daar, Jamieson, Balamurugan,
Smith, Pitt, Petropoulos, Richman, Little & Leigh-Brown 2004). There appears to be structured
transmission networks within communities, but also substantial connections between adja-
cent communities (Ratmann et al. 2020, Kiwuwa-Muyingo et al. 2017). Furthermore, these
dynamics might not be as obvious as expected. The fishing villages were long thought to be
the source of HIV transmission into the general population e.g. (Opio et al. 2013) but it has
been recently shown that there is significant movement in the opposite direction, and that
these villages may in fact be sinks of transmission (Bbosa, Ssemwanga, Nsubuga, Salazar-
Gonzalez, Salazar, Nanyonjo, Kuteesa, Seeley, Kiwanuka, Bagaya, Yebra, Leigh-Brown &
Kaleebu 2019).

The Phylogenetics And Networks for Generalised HIV Epidemics in Africa consortium (PANGEA-
HIV) (Pillay et al. 2015) funded by the Bill and Melinda Gates Foundation, was set up in
order to widen the phylogenetic information available to study HIV transmission in Africa.
The first phase of project (2013-2017) was led by Deenan Pillay (UCL), Christophe Fraser
(Oxford University), Paul Kellam (EMBL-EBI) and Tulio de Oliveria (Africa Health Research
Institute), and Andy Leigh Brown (Edinburgh), and managed by Dr Anne Hoppe. Sequencing
was carried out on behalf of several partners including the Medical Research Council/Uganda
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Virus Research Institute, the Rakai Health Sciences Program, the Zambart Project, and the
Botswana Harvard AIDS Institute Partnership. The PANGEA2 (2017-2021) project will con-
tinue this work by producing additional data but mainly focusing on analysis of the existing
data.

The Uganda Virus Research Institute in Entebbe directed by Pontiano Kaleebu runs a mul-
titude of cohort studies, the most famous being the 'General Population Cohort’, recently
described by Deogratius Ssemwanga and collegues in Kyamulibwa in south west Uganda
(Ssemwanga et al. 2020), and (Kapaata et al. 2013). This cohort has been run since 1989 and
includes local rural communities. Other large cohorts include ‘The Good Health for Women
Project’ and women at high risk to HIV (Kasamba et al. 2019), or cohorts of high-risk sexual
behavior e.g. in Masaka (Serwanga et al. 2018), various fisherfolk cohorts e.g. Nsazi Island,
and drug resistance cohorts e.g. Ministry of Health Drug Resistance(UVRI-MOHDR). These
cohort studies were included as part of the MRC/UVRI and LSHTM Uganda Research Unit
contribution to generated PANGEA data.

In 2017 in what was then the Public Health England labs at Porton Down, samples from
1986 Uganda were found during relocation efforts. Pat Cane brought these to the attention of
PANGEA, who attempted to sequence them with the PANGEA protocol, but due to the highly
degraded nature of the samples, there was limited success. Later, Judy Brueur suggested
the use of target capture next generation sequencing on the remaining samples, which vastly
improved the outcome of sequencing see (chapter 3).

This thesis presents the most comprehensive characterisation to date of the Ugandan epi-
demic with full genome data, spanning three decades. The data reflect a very complex epi-
demic with two HIV subtypes, which have competed in the same population, while dual
infections have facilitated the generation of a myriad of unique recombinant forms.
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2.1 Abstract

Recombination is an important feature of HIV evolution, occurring both within and between
the major branches of diversity (subtypes). The Ugandan epidemic is primarily composed of
two subtypes, A1 and D, that have been co-circulating for 50 years, frequently recombining in
dually infected patients. Here we investigate the frequency of recombinants in this population
and the location of breakpoints along the genome. As part of the PANGEA-HIV consortium
1472 consensus genome sequences over 5kb have been obtained from 1857 samples collec-
ted by the MRC/UVRI & LSHTM Research unit in Uganda, 465 (31.6%) of which were near-
full length sequences (>8kb). Using the subtyping tool SCUEAL we find that of the near-full
length dataset, 233 (50.1%) genomes contained only one subtype 30.8% A1 (n=143), 17.6%
D (n=82) and 1.7% C (n=8), while 49.9% (n=232) contained more than one subtype (including
A1/D (n=164), A1/C (n=13), C/D (n=9); A1/C/D (n=13), and 33 complex types). K-means clus-
tering of the recombinant A1/D genomes revealed a section of envelope (C2gp120-TMgp41) is
often inherited intact, whilst a generalized linear model was used to demonstrate significantly
fewer breakpoints in the gag-pol and envelope C2-TM regions compared with accessory gene
regions. Despite similar recombination patterns in many recombinants, no clearly supported
CRF was found, there was limited evidence of the transmission of breakpoints, and the
vast majority (153/164; 93%) of the A1/D recombinants appear to be unique recombinant
forms (URFs). Thus, recombination is pervasive with clear biases in breakpoint location, but
circulating recombinant forms (CRFs) are not a significant feature, characteristic of a complex
and diverse epidemic.

2.2 Introduction

Human immunodeficiency virus (HIV) is a highly diverse retrovirus at both the within-individual
and population level (Smyth et al. 2012). The HIV reverse transcriptase (RT) is error-prone
resulting in a high mutation rate. RT also facilitates recombination via template switching
between the two RNA genomes packaged inside the virion (Hu & Hughes 2012). The diversity
of HIV allows the virus to evade host defenses, accrue drug resistance mutations, and prevent
effective vaccine development (Rambaut et al. 2004).
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HIV-1 Group M group contains the greatest genetic diversity. This group likely diversified in
Kinshasa (Democratic Republic of Congo or DRC) from the 1920s to the 1960s, before rapidly
expanding into global susceptible populations (Korber et al. 2000, Worobey et al. 2008, Faria
et al. 2014). Forming phylogenetically distinct clades, the subtypes A to D, F to H, J and K
(and sub-subtypes within e.g. A1), are found globally but frequently have broad geographic
associations, mainly as the result of founder effects (Rambaut et al. 2001, Archer & Robertson
2007). Meanwhile, the DRC retained as much diversity as the global pandemic (Niama et al.
2006). As they spread, the subtypes almost certainly underwent extensive recombination
throughout their evolution including at an early stage (Kalish et al. 2004, Ward et al. 2013,
Olabode et al. 2019).

Recombination between different HIV variants occurs in individuals with dual infection
(Robertson et al. 1995), either acquired simultaneously (co-infection) or sequentially (super-
infection). This gives rise to unique recombinant forms (URFs) especially in regions where
more than one subtype is common (Yebra et al. 2015, Bbosa, Ssemwanga, Nsubuga, Salazar-
Gonzalez, Salazar, Nanyonjo, Kuteesa, Seeley, Kiwanuka, Bagaya, Yebra, Leigh-Brown &
Kaleebu 2019). If three or more recombinant genomes without direct epidemiological link-
age are found, they may be defined as a circulating recombinant form (CRF) (Robertson
et al. 2000). Additionally, recombination between viruses of the same subtype (intra-subtype)
occurs (Kraft et al. 2012), especially where there are high rates of dual infections (Taylor &
Korber 2005) although as it is more difficult to detect due to the similarity of the recombining
sequences (Yang, Daar, Jamieson, Balamurugan, Smith, Pitt, Petropoulos, Richman, Little &
Leigh-Brown 2004) it is therefore less well documented.

HIV-1 subtypes represent major clades that have a lengthy period of distinct identity, thus
assigning sequences to subtypes is inherently a phylogenetic problem. Correctly placing
sequences into clades of ancestral diversity relies on the availability of representative ref-
erence sequences, that themselves are unrecombined and correctly classified. It is made
challenging by growing global diversity, the accumulation of drug resistance mutations (essen-
tially equating to convergent evolution), and in particular, widespread recombination. Manual
phylogenetics has been seen as a “gold standard” for subtype classification (Pineda-Pefa
et al. 2013, Fabeni et al. 2017), but a number of automated tools exist e.g. (de Oliveira
et al. 2005, Struck et al. 2014) which are particularly useful in subtyping large datasets
and databases. Automated subtyping methods have good accuracy compared to manual
phylogenetics in the case of the simple ‘pure’ subtype using just the pol region (Pineda-Pefa
et al. 2013, Fabeni et al. 2017), although a similar assessment has not been undertaken for
whole-genome tools. Agreement between methods is better for certain subtypes (e.g. B or
C), whilst more challenging for others (e.g. A or D), and novel recombinants with sections
of different phylogenetic history are a particular source of disagreement (Gifford et al. 2006),
highlighting the difficulties in classifying recombinant sequences. The description of new CRFs
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for instance, typically involves showing that they form a monophyletic cluster amongst a
background of other sequences, a “boot-scanning” sliding window approach (Salminen et al.
1995) to find putative sections of different subtype, followed by more detailed and laborious
confirmation by hand e.g. (Carr et al. 1998, Foster et al. 2014).

SCUEAL (Kosakovsky Pond et al. 2009) is an automated tool, which finds the most likely
subtype or recombinant mosaic with a model-based evaluation. Briefly, a reference set of pure
subtypes and CRF genomes is used to make a reference alignment, tree, and an inferred root
sequence which remains constant for each query and model proposal. The query sequence
is then aligned to the inferred root sequence, grafted to the reference set to make a three-
taxon tree, and the maximum likelihood placement is found. A genetic algorithm acts upon
a population of models to create mosaic suggestions for a fixed number of breakpoints.
Schwartz’s Bayesian Information Criterion (BIC) is used to assess the fitness of models in the
population, which evolve until there is no improvement after several generations (the stopping
criteria). Additional breakpoints may be added until there is no further BIC improvement (and
a step-down verification). Model averaged support for the best mosaic is found using the
sum of Akaike weights of all concordant proposed models. A 95% confidence interval for the
breakpoint location is found using a similar principle.

In Uganda, HIV was prevalent by the early 1980s (Serwadda et al. 1985), with two circulating
subtypes (A1 and D) present at similar frequencies in the population (Yirrell et al. 2002, 1997),
alongside unique A1/D recombinants (Eshleman et al. 2002). These two subtypes are thought
to represent independent introductions of HIV diversity into Uganda, with A1 having arrived
first via the rural south-west in the 1950s or 60s, followed later by subtype D about 10 years
later (Yebra et al. 2015). There were already reports of growing numbers of AIDS cases (then
identified as aggressive Kaposi’s sarcoma or slim disease) in the rural Rakai region of south
western Uganda in the 1970s, (Serwadda et al. 1986, Kuhanen 2010). Surveillance studies
found seropositivity in 1987 in pregnant women attending hospitals in the capital, Kampala,
was 24.1% (Carswell 1987). Today the adult prevalence is estimated to be within 5.7% and
6.2% (Joint United Nations Programme on HIV/AIDS, 2019; Ministry of Health Uganda, 2019).
Dual infections can be found in female sex workers (Ssemwanga et al. 2012, Redd et al. 2014)
but also at substantial levels in general population and low risk rural cohorts (Kiwanuka et al.
2010, Ssemwanga et al. 2012, Redd et al. 2012). Therefore, subtypes A1 and D have been
co-circulating in Uganda for perhaps as long as 50 years, with high rates of incidence and
dual infection, providing ample opportunity for recombination to occur.
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The PANGEA-HIV project (Pillay et al. 2015) was set up with the aims of using phylogenetics
to better understand the dynamics and drivers of ongoing transmission in African HIV epi-
demics and has generated large numbers of near full length genome sequences. The data
generated with samples obtained by MRC/UVRI in Uganda presented an opportunity to study
the prevalence of recombinants and the distribution of their breakpoint locations along the
genome in a population setting.

2.3 Methods

2.3.1 Sample collection

Samples were collected by the MRC/UVRI and LSHTM Uganda Research Unit between
2007 and 2017 from sites and cohorts across southern Uganda. These included the Masaka
District in the rural South West, female sex workers from Kampala, and people living in
fishing communities on the shores and islands around Lake Victoria. Ethical approval was
given by the Uganda Virus Research Institute Research and Ethics Committee (UVRI-REC,
Federal Wide Assurance [FWA] No. 00001354), the Uganda National Council for Science
and Technology (UNCST FWA No. 00001293) and the University of Edinburgh School of
Biological Sciences Ethics Committee (12/06/2018). All participants were recruited voluntarily
and provided written informed consent.

2.3.2 Sequencing and alignment

Viral RNA was extracted from plasma by automated extraction. Near full-length HIV-1 gen-
omes were reverse transcribed and amplified in four overlapping amplicons using a one-step
RT-PCR protocol and a pan-HIV-1 primer set (Gall et al. 2012). Amplicons were pooled in
equimolar amounts and sequenced using lllumina MiSeq 250-bp paired-end technology as
described previously (Gall et al. 2014). Consensus sequences were generated from short
reads using an in-house de novo assembly pipeline as follows. Trimmomatic (Bolger et al.
2014) was used to trim reads using a mean Phred quality score cut-off of 30. Human reads
were removed by mapping to a smalt [ https://www.sanger.ac.uk/science/tools/smalt-0] index
consisting of HIV genomes [downloaded from Genbank:https://www.ncbi.nim.nih.gov/genbank]
and the hg38 human assembly [downloaded from Ensembl: ftp:/ftp.ensembl.org]: read pairs
where either or both reads mapped to hg38 were removed. De novo assembly was then
performed using lterative Virus Assembler (IVA) (Hunt et al. 2015), and contigs aligned to
their closest viral reference using lastz (Harris 2007). Custom Perl scripts were then used to
concatenate contigs into draft genomes and subsequently generate consensus sequences
by a process of iterative mapping using smalt and SAMtools (Li et al. 2009). We applied
a read depth cut-off of (greater or equal to) 20 reads to these final genomic sequences
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before subsequent analyses. In total 1277 consensus genome sequences were produced
at the Wellcome Sanger Institute, following the above protocol. In addition, 603 consensus
genomes were produced using a similar approach by the Africa Centre (Durban, South Africa).
After removal of duplicates the dataset comprised 1857 sequences. Of these, 1472 (79.3%)
were over 5000bp, 1218 (65.6%) were over 6000bp, 797 (42.9%) were over 7000bp, and 465
(25.0%) were near-full length at over 8000bp which were used in the breakpoint analyses.
Of these last, 371 were sequenced at the Wellcome Sanger Institute and 94 sequenced at
the Africa Centre. The consensus sequences were aligned using MAFFT (Katoh & Standley
2013), and where necessary manually edited after visual inspection. The alignment starts
from the first codon of gag (HXB2, 790) and ends at the last codon of nef (HXB2, 9415).
Hypervariable loops 1+2, 4, and 5 in env (HXB2 6615-6812; 7377-7478; 7599-7637) were
removed from the alignment as these can rarely be aligned with confidence (Simmonds et al.
1990). The sequences are submitted to Genbank under the accession numbers MN788736:
MN790202.

2.3.3 Subtyping

Preliminary subtyping investigations were carried out with COMET (Struck et al. 2014), REGA
(de Oliveira et al. 2005), and SCUEAL (Kosakovsky Pond et al. 2009). Our comparison of
these three methods found overall agreement to be only 36.2%, (28.9% of sequences agreed
between two methods, and 34.9% had no agreement). Where there was agreement between
the 3 methods, these agreements tended to be pure subtypes (82%). Arau et al. (2019)
carried out a similar comparison, but found better agreement by transforming the output of
the methods to simplify classifications of difficult recombinants, which are much more likely
to disagree. Of COMET, REGA and SCUEAL, only SCUEAL outputs breakpoint location nu-
merically. For that reason, subtyping and breakpoint detection were undertaken with SCUEAL
implemented locally using 218 full length subtypes and CRFs as references, allowing the
program to find recombinant fragments of 300 base pairs and above, with a maximum number
of 10 breakpoints. The genetic algorithm population size was set to 128 models and was
said to have converged after no score improvements in 50 generations. A validation exercise
was undertaken by creating ten random A1/D in-silico recombinants and analysing them 100
times in SCUEAL to test its reliability and accuracy (Supplementary Figure 2.7). The raw
SCUEAL output was edited in R (R Core Team 2019) using the packages ape (Paradis &
Schliep 2019) and seqinr (Charif & Lobry 2007) to make the following adjustments. Firstly,
SCUEAL reports breakpoints at the location in the individual sequence, not the alignment, so
these were adjusted to correspond to alignment positions. Secondly, phylogenetic subtyping
methods sometimes have difficulty distinguishing subtype B and D in recombinants, owing to
their closer common ancestry than other subtypes (Korber et al. 2000). As no pure subtype
B sequences have been observed from Uganda (Lihana et al. 2012) and subtype B was only
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ever seen as fragments in complex recombinants B calls were changed to D. Similarly, we did
not attempt to distinguish A2 fragments from A1, as while A1 has been established in Uganda
for decades, other A lineages have not been described. Confidence intervals of individual
breakpoints have been stripped for clarity. Intra-subtype breakpoints were also removed.

2.3.4 Identification of transmitted breakpoints

A maximum-likelihood tree of all A1/D recombinant genomes, three A1 sequences, and three
D sequences was constructed using IQ-TREE (Nguyen et al. 2015) with fast model selection
(Kalyaanamoorthy et al. 2017), in order to identify any obvious CRFs. Similarly, a second tree
was also constructed including the non-A1/D recombinants.

In order to distinguish between transmitted breakpoints and independent recombination events,
we used a window-based approach to find pairs of sections of the genome linked by a low
genetic distance. If a given pair of genomes contained multiple consecutive linked windows
and a similar breakpoint was also found inside one of these windows, it was taken as evidence
for a transmitted breakpoint.

Custom R scripts (https://github.com/heathergrant/HIV_recombination)were used
to split genomes into 27 non-overlapping 300 base pair windows and to find linkage with a
threshold of 2% divergence using the TN93 nucleotide distance (Tamura & Nei 1993). This
is similar to the HIV-TRACE approach (Kosakovsky Pond et al. 2018), but considers multiple
windows instead of the whole sequence. This approach was tested with randomly generated
recombinants (see Supplementary Figure 2.8), and it was shown that at the 2% level, some
references would be linked in some single windows. This 2% threshold was slightly higher than
the usual 1.5% threshold often used in studies of transmission clusters using po/ sequences
e.g. Mehta et al. (2015), and there is no set distance that a pair of CRF genomes might be
linked to each other: it will depend on the time since recombination and subsequent spread
(younger CRFs should have lower thresholds). The purpose of this linkage was not to find
recent transmission pairs, but to find sections of the genome that were related and shared
a clearly transmitted breakpoint. All of the A1/D recombinant pairs linked by more than two
out of 27 windows at the 2% level were examined. Where there was evidence for transmitted
breakpoints between pairs of genomes, only one genome was kept in the subsequent GLM
analysis to avoid issues of non-independence.
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2.3.5 Recombination pattern classification

In order to classify A1/D recombinant genomes, each genome was transformed into binary
characters identifying subtype at each nucleotide position (A1 recorded as 0, D recorded as
1). A Euclidean distance matrix was generated from the recoded data and K-means clusters
were found using the kmeans function from the package stats v.3.6.0 (part of base R) and
the algorithm of Hartigan & Wong (1979), which divides the data into groups by minimizing
within-cluster variation. The optimal value of K was judged with the gap statistic (Tibshirani
et al. 2001), and the elbow and silhouette methods using the cluster v.2.0.8 (Maechler et al.
2019) and factoextra v.1.0.5 (Kassambara & Mundt 2017) R packages.

2.3.6 Breakpoint and genome location model framework

Breakpoints of all inter-subtype recombinant genomes at different genome positions were
analyzed using a generalized linear model in R. The binary response was presence or ab-
sence of a breakpoint, aggregated for each window of the genome, transformed with the logit
link. Genomes were divided into 27 windows of 300 base pairs in length. The first window did
not contain breakpoints (as minimum length to assign a subtype was constrained to 300bp),
and the last window was fewer than 300bp. Both were removed from the analysis. Following
the genome K-means clustering result, the genome regions were defined into three broad
regions of the genome. These were a) windows containing gag-pol (windows 1-13), b) a
custom region of envelope (C2-TM, from C2 of gp120 to the transmembrane region of gp41,
windows 19-22) and c) accessory gene regions (vif, vpr, vpu, 14-18) and the cytoplasmic tail
of gp41 plus nef 22-26).

2.4 Results

2.4.1 Subtype distribution

The MRC PANGEA-HIV genome dataset comprised 1857 sequences, of which 1472 were
over 5000bp and 465 were over 8000bp. The subtype distribution for the 5000bp dataset was:
411 (27.9%) A1, 235 (16.0%) D, 25 (1.7%) C, 472 (32.1%) A1/D, 63 (4.3%) A1/C, 25 (1.7%)
C/D, 54 (3.7%) A1/C/D, and 187 (12.7%) complex. Of the 465 near-full length genomes, 233
(50.1%) were ‘pure’ containing only one subtype (143 A1; 82 D; 8 C), while 232 (49.9%) were
inter-subtype recombinants (164 A1/D; 13 A1/C; 9 C/D; 13 A1/C/D; and 33 other complex
recombinants Figure 2.1). SCUEAL called more ‘complex’ and ‘other’ subtypes in the 5000bp
dataset than the more complete sequences, which may be due to gaps in the sequence.
Excluding the ‘complex’ category however, there was no difference in subtype proportions
between these two datasets (2= 4.19, df = 6, p=0.65), and the ratio of A1 to D genomes was
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similar (1.743 :1 in the 8000bp and 1.748 :1 in the 5000bp dataset), confirming a lack of bias
in successful sequencing by subtype or recombinant status. For the remaining analyses we
used the near-full length genome dataset where subtype and location of breakpoints could be

most accurately determined.
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Figure 2.1: Subtype distribution in the 5000bp and above genomes,
n=1472, and the near full length 8000bp and above dataset, n=465

2.4.2 Identification of CRFs and transmitted breakpoints

A maximum-likelihood tree of the A1/D recombinants with three A1 and D pure sequences
was constructed (Figure 2.2). A similar figure is presented for non-A1/D recombinants, (n=68)
in Supplementary Figure 2.9. Although the overall phylogeny is confounded by the violation of
the key assumption that there are no recombinants, any CRF should form a clear monophyletic
cluster.

Midpoint rooting broadly splits the tree into genomes predominantly containing subtype D,
and those predominantly containing subtype A1 (the three references of each subtype fall
within these respective groups). There are a few closely related cherries, and one closely
related triplet, (Figure 2.2). Notably, some recombinants with a similar recombinant pattern
can be found on altogether different parts of the tree, showing a clear evidence of convergent
recombination.

We then used a window-based approach to find consecutive genetically linked windows that
contained similar breakpoints, in an attempt to distinguish transmitted and unique breakpoints.
Of the 164 A1/D recombinants, there were 12 single pairs, linked at a 2% threshold in a
minimum of two out of 27 windows (Figure 2.3). There were also pairs forming a triplet (boxed),
which had a similar recombination pattern in all three sequences and was tightly linked in
multiple windows. However, there is epidemiological linkage of two of these sequences (data
not shown) and therefore it does not meet the requirements of a CRF. Pairs 1,2 and 3 were
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linked in 27/27 windows and are likely to have been transmitted relatively recently. Pair 2
has an almost identical subtype result and those breakpoints were likely transmitted. Other
matching breakpoints outside of linked windows (e.g. in pairs 4 or 6) could represent trans-
mitted breakpoints whose windows have diverged sufficiently to indicate an older common
ancestor.
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Assuming there is evidence for transmitted breakpoints in pairs 1-12 (the A1/D pairs) and the
triplet, there are 14 A1/D genomes that have evidence for being transmitted wholly or partially,
and these pairs and triplet can be found as closely linked tips in the phylogenetic tree (Figure
2.2). Overall, as the vast majority of the A1/D genomes (150/164; 91%) lack linkage with other
genomes, we see no evidence for large-scale transmission of individual recombinants such as
would be recognised as a CRF, and should be considered unique recombinant forms. Linked
windows with non-matching breakpoints (e.g. pairs 1, 3, 5) represent subtle inconsistencies
in subtyping results, perhaps in region where divergent subtypes are more similar.

2.4.3 Recombinant groupings

The A1/D recombinants were placed into groups to highlight similarities in recombination
patterns. This was done by putting subtype identity at each position along each genome
through a K-means clustering algorithm. The optimum number of groups was found to be
nine. Figure 2.4 shows a representation of the 164 A1/D recombinant genomes placed into
these nine groups, (see Supplementary Figures 2.10, 2.11 and 2.12 for justification of, and
alternative values of K). Group 1 contains mostly subtype D (in orange) with small sections
of subtype A1 (in blue), whereas group 9 contains mostly subtype A1 with small sections
of subtype D. In the remaining groups it is notable that a section of envelope appears to
be inherited intact in many A1/D recombinants. This was observed in both directions, where
subtype A1 envelope was found on a background of subtype D (groups 3, 4, 5), and subtype
D envelope was found on a background of subtype A1 (groups 6 & 7). The part of envelope
these groups have in common specifically spans from the C2 part of gp120 through to the
transmembrane domain of gp41 (abbreviated C2-TM). In groups 7&8 the intact region of
envelope extended into nef and there also appeared to be sections of subtype D RT (within
pol) with A1 subtype either side.

2.4.4 Breakpoint distribution

The distribution of breakpoints along the genome for the A1/D genomes (n=164) and all other
inter-subtype recombinants genomes (n=68) is shown in 300 base pair windows in Figure
2.5. The two distributions were strongly positively correlated (Pearson correlation, R?=0.91, df
=25, p<0.001).

Both distributions show a relatively large frequency of breakpoints in the accessory gene
region (covering vif, vpu, vpr, tat1, revl, and genome positions 4200 to 5700), lower levels
of recombination in the gag-pol region and a particularly low level of recombination in the
envelope region which was also seen in the K-means clustering result (Figure 2.4). Figure 2.6
shows the distribution within envelope at a finer scale (100 base pair windows) and a lower
frequency of recombination within the C2-TM region (windows 20-23).
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Estimate | SE z p

Intercept (Gene region = Accessory) | -1.61635 | 0.05886 | -27.462 | <0.001

Gene region = gag-pol -0.92597 | 0.09147 | -10.123 | <0.001

Gene region = env C2-TM -1.40804 | 0.16688 | -8.437 | <0.001

Table 2.1: Beta estimates for the GLM on the log-odds scale

Table 2.1 shows the GLM model summary. Regions of the genome containing gag-pol had
significantly (p<0.001) fewer breakpoints per 300bp window per genome than the accessory
gene region, as did the C2-TM region (p<0.001). On the data scale the model finds the
following estimates of breakpoint per 300bp window per genome: gag-pol 0.073 (95% ClI
0.064 — 0.083), env-C2-TM 0.046 (95% CI 0.035 — 0.062), and the accessory regions 0.166
(95% CI1 0.150-0.182).
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2.5 Discussion

Multiple studies using single gene regions e.g. (Yirrell et al. 1997, 2002, Kaleebu et al. 2000)
have previously described the HIV diversity in Uganda as predominantly subtype A1, sub-
type D, and A1/D recombinants (including A1/D URFs (Eshleman et al. 2002)). A more re-
cent study suggests that in the pol region, around 15% of sequences are detectable inter-
subtype recombinants (Bbosa, Ssemwanga, Nsubuga, Salazar-Gonzalez, Salazar, Nanyonjo,
Kuteesa, Seeley, Kiwanuka, Bagaya, Yebra, Leigh-Brown & Kaleebu 2019), however, near-full
length genomes reveal substantial additional recombination: we observe here that around
half (49.9%) of the genomes are inter-subtype recombinants, and that most of these are
URFs. Earlier small-scale studies of full-length genomes from Uganda have also shown high
numbers of inter-subtype recombinants e.g. (14/46; 30%) (Harris et al. 2002) and (92/200;
46%) (Lee et al. 2017), also predominantly containing A1 and D subtypes.

This dataset, containing large numbers of near-full length sequences from a country already
known to contain high numbers of unique recombinants, provided a difficult subtyping chal-
lenge. SCUEAL is an automated tool, unique in its ability to find a model-based assessment
of recombination, including breakpoint locations. We have tested SCUEAL against in silico
PANGEA subtype A1 and D recombinant sequences, and found it to perform extremely well
(Supplementary Figure 2.7). Further to this, extensive tests were included in the original
SCUEAL publication (Kosakovsky Pond et al. 2009), including a test against simulated re-
combinants, of database sequences, and in a comparison with the boot-scanning tool REGA.
While it was shown to perform very well under a wide range of scenarios, accuracy wanes
under the most complex scenarios, for instance those with more breakpoints, with closely re-
lated recombining sequences, and short fragments. Whilst SCUEAL is an extremely powerful
model-based estimation of recombinant history, it is probabilistic, and should be interpreted
as such.

There are significantly lower levels of recombination breakpoints in the gag-pol and envelope
C2-TM regions compared with the accessory gene regions of the genome. The pattern of
breakpoint frequency along the genome is remarkably similar to those in CRFs and URFs
from publicly available datasets (Fan et al. 2007). These authors were the first to hypothesize
that envelope is often inherited intact, being transferred into new genomes as an integral
unit (Archer et al. 2008). Functional constraints of protein and RNA folding could drive these
patterns, as has been shown in vitro (Galli et al. 2010), and this appears particularly pertinent
in the envelope region, where the K-means clustering and GLMM result showed that the C2-
TM region is often inherited intact. The gp120 protein is essential for cellular entry and for
outcompeting other strains (Marozsan et al. 2005), and its recombination is likely to come
up against functional constraints (Simon-Loriere et al. 2009). The three dimensional structure
of envelope shows the interdependence of the gp120 and gp41 proteins, and the disruption
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of internal residue contacts is expected to decrease the fitness of recombinants (Woo et al.
2014). The intricate interdependences of env proteins have been further demonstrated in vitro
(Bagaya et al. 2015), and also by computational simulations of protein folding (Golden et al.
2014).

Sequence identity (Baird et al. 2006, Archer et al. 2008) and RNA structure (Galetto et al.
2004) have been shown to predict recombination frequency along the HIV genome. RNA
structures have also been shown to potentially enable the recombination of envelope (Simon-
Loriere et al. 2010), and in particular, a hairpin in C2 is identified as a driver of recombination.
This mechanistic explanation of recombination in envelope, taken together with the seemingly
universal breakpoint pattern and in the global CRF datasets, may suggest the genome recom-
bination pattern and the recombination of C2-TM as an integral unit as observed here, is not
unique to Uganda, but may be generalized to other population settings.

Finding potential CRFs among a myriad of recombinant genomes is not straightforward as
standard phylogenies are violated by recombination, but sequences that have a more recent
common ancestor (such as CRFs) should be identifiable as a cluster. However, independent
recombination events with convergent recombination patterns involving the same subtypes
and breakpoints will be difficult to distinguish from CRFs that originated years or decades
ago. It is also possible that some recombination events are sequential, where recombinant
genomes undergo new recombination, creating breakpoints of different ages in the same
genome.

We searched all recombinant sequences for shared breakpoints which would suggest recom-
binants had been transmitted. The error associated with breakpoint assignment in SCUEAL
will be related to diversity in the surrounding region. Any case where transmission of a re-
combinant had occurred would lead to the flanking sequences either side of the breakpoint
being homologous even if subsequent recombination caused the descendent sequences to be
relocated in the phylogeny. Given the difficulty of applying phylogenetic approaches we estim-
ated simple genetic identity across the breakpoint between putative examples of transmitted
recombinants. This revealed a small number which could be assigned to transmission pairs.
Overall 91% of these recombinants are unique, as previously seen in pol sequences (Yebra
et al. 2015), and parallels the general low frequency of transmission pairs in the Ugandan
general population (Bbosa, Ssemwanga, Nsubuga, Salazar-Gonzalez, Salazar, Nanyonjo,
Kuteesa, Seeley, Kiwanuka, Bagaya, Yebra, Leigh-Brown & Kaleebu 2019). A high prevalence
of URFs in Uganda and neighboring Kenya has been seen in earlier studies (Harris et al.
2002, Yang, Li, Shi, Winter, Van Eijk, Ayisi, Hu, Steketee, Nahlen & Lal 2004, Lee et al. 2017)
pointing to their continual creation, which would require a relatively high dual infection rate. In
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general, this would be expected to be found in transmission networks of higher degree than
observed here (we found only 12 linked pairs and a triplet in a pool of 164 A1/D recombinants).
It appears from this inconsistency that the HIV transmission network structure in Uganda is
more complex than generally thought.

The distinct lack of CRFs in the dataset suggests recombinants are unable to establish in
any appreciable way. A recombinant might be transmitted widely if it has some biological
advantage (Turk & Carobene 2015) or after going through a bottleneck in a new susceptible
population e.g. CRFO1_AE (?), but neither appears to hold true in this already established
and diverse epidemic. However, since the sampling density is low and only a small sample
of closely linked pairs of genomes were found, our findings could also be consistent with the
presence of circulating recombinants at low frequency.

Recombination is an important evolutionary force, observable at every scale, from within-
patient (Song et al. 2018) to deep in HIV evolutionary history, before even the divergence of
the subtypes (Olabode et al. 2019). Significant efforts have been made to quantify the general
population level of recombination in HIV-1 using coalescent-based estimators (McVean et al.
2002, Taylor & Korber 2005) which concluded that it can be extremely high, particularly in
comparison with other viruses with comparable levels of population nucleotide diversity (e.g.
HCV). Taylor and Korber extended their analysis to estimate possible levels of superinfection
consistent with both the within-individual recombination level they inferred and that of the
frequency of recombination inferred at the population level. They suggested that the superin-
fection level could be as high as 15% in some combinations of parameter values. However, as
they pointed out, they did not consider non-random mixing in the population, which generally
applies to sexual networks (Liljeros et al. 2001).

Here we have shown pervasive levels of recombination in Uganda, both within and between
subtypes. While at the population level some patterns of recombination breakpoints are more
prevalent than expected, the effect is not large, and certainly has not given rise to outgrowth of
any particular recombinant, or CRF, as the great majority are unique. A major assumption of
any phylogenetic analysis is that no recombination between sequences has taken place. The
greatest impact of the inferred high level of recombination in the dataset therefore appears to
lie on the reconstruction and interpretation of HIV phylogenies. This may be especially true
for sequences with overlooked intra-subtype recombination.
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Sequence data analysed in this work have been submitted to Genbank under accession
numbers MN788736: MN790202. The whole-genome version of SCUEAL is available on
Github (https://github.com/veg/hyphy-analyses).
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2.6 Supplementary Information

In silico A1/D inter-subtype recombinants, with a random number of breakpoints from 1 to
3, random breakpoint locations, and a random selection of three “pure” A1 (labelled Ax, Ay,
Az) and three “pure” D subtype sequences (labelled Dx, Dy, Dz) taken from the PANGEA
dataset (pre-screened with SCUEAL) were created. Each in silico recombinant was analysed
by SCUEAL 100 times.

The majority of the SCUEAL replicates found inter-subtype breakpoints as expected. Ex-
amples 3, 4, 5, and 10 worked particularly consistently (100/100 replicates found breakpoints
in the same 100bp region as expected). More difficult scenarios, (examples 1 and 7 with
small recombination fragments) still performed well finding breakpoints most of the time (60
or more/100), with other breakpoints close by.
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To test the sliding window pairwise linkage approach described in the methods (section 2.4),
dummy recombinants were generated using the SCUEAL reference genomes to show that
recombinants with the sections of the same subtype would be linked. Twenty of these re-
combinants were generated with a random selection of genomes (23 A1 SCUEAL reference
genomes and 12 D SCUEAL reference genomes labelled A1:A23, D24:D35) and a random
number of breakpoints between 1 and 3. Fig 2.8 shows these recombinants in the pairwise
window linkage analysis, where windows containing the same subtype were successfully
linked. Note that at the 2% level, some windows will match even with different reference
subtypes, (e.g. references A4 and A20 matched in window 13 in pair 5), but this was linkage
in a single window only.
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Figure 2.8: Pairs of randomly generated recombinant genomes linked by a distance of less than 2% (TN93) in more than one
window along the genomes. The matching windows are shown with open clear boxes, and the SCUEAL subtyping result is in
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Supplementary information: K-means clustering justification

Fig 2.10 shows three methods for determining the optimal number of clusters. The gap statistic

(top left) compares the within cluster variation for each value of k against a null reference

distribution. Here 9 appears to be most appropriate value of k. The elbow method (top right)

plots all within-cluster sum of squares for each value of k, and the bend or elbow in the plot

is an indicator of the appropriate number of clusters. There is a curve between k=2 and 5

without an obvious elbow, however there is a kink at k=9. The silhouette method (bottom left)

shows the average silhouette width (a measure of how tightly grouped genomes within each

cluster are), and k=2, k=3, k=5 or k=9 have higher silhouette width.
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Fig 2.11 shows genomes clustered with k=2, k=3, k=5 and k=9. Using k=2 broadly splits the
genomes into predominantly subtype A1, and subtype D genomes, k=3 splits the genome into
mostly A1, mostly D, and D genomes with an A1 envelope region. Using k=5 adds another
group of A1 genomes with a D envelope region, and using k=9 adds a few smaller groups with
clustering of subtype D in gag and pol regions. The broad scale pattern of interest (that is the
intact inheritance of partial envelope) is evident in k=3, k=5 and k=9.
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3.1 Abstract

We present 109 full-length HIV genomes amplified from blood serum samples obtained during
early 1986 from across Uganda, which to our knowledge is the earliest and largest popu-
lation sample from the initial phase of the HIV epidemic in Africa. Consensus sequences
were made from paired-end lllumina reads with a target-capture approach to amplify HIV
material following poor success with standard approaches. In comparisons with a smaller
‘intermediate’ genome dataset from 1998-9 and a ‘modern’ genome dataset from 2007-2016,
the proportion of subtype D was significantly higher initially, dropping from 67% (73/109),
down to 57% (26/46) and 17% (82/465) respectively (p<0.0001). Subtype D has previously
been associated with a faster rate of progression than subtype A1 in Ugandan population
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studies, and a higher CXCR4 co-receptor tropism (or *X4’) which is known to decrease the
AIDS free period. Here we find significant differences in co-receptor usage between A1 and
D subtypes in all three sample periods considered, which is particularly striking in the 1986
sample: 66% (53/80) of subtype D env sequences were predicted to be X4 tropic compared
with none of the 24 subtype A1. We also analysed the frequency of subtypes in the envelope
region of inter-subtype recombinants, and found that subtype A1 is over-represented in env,
suggesting recombination and selection have acted to remove subtype D from circulation.
The reduction of subtype D frequency over three decades appears to be a result of selective
pressure against X4 tropism and its higher virulence. Lastly, we find a subtype D specific
codon deletion at position 24 in the V3 loop, which may explain a higher propensity for subtype
D be X4 tropic.

3.2 Introduction

The main (M) group of HIV-1 viruses that caused the global AIDS epidemic can be categorised
into major lineages or “subtypes” (Robertson et al. 2000). Evidence points to the epicentre of
the HIV epidemic being Kinshasa in the Democratic Republic of Congo (DRC) (Sharp & Hahn
2011) in the early part of the Twentieth Century (Faria et al. 2014). HIV-1 transmission was
largely confined to the DRC for multiple decades where it underwent substantial recombination
(Kalish et al. 2004, Ward et al. 2013). However, by the 1960s, strong genetic bottlenecks had
created geographically (Faria et al. 2019) and phylogenetically distinct subtypes (Worobey
et al. 2008). These subtypes subsequently spread worldwide, resulting in the current global
subtype distribution (Bbosa, Kaleebu & Ssemwanga 2019).

There has been much speculation and interest in the possibility of phenotypic differences
between subtypes (see review by Geretti 2006) that may have contributed to the relative
success of any one subtype over another (Essex 1999). However, viral characteristics such
as infectivity or virulence are confounded by a range of factors like mode of transmission, host
genetics and health. Subtype comparisons within the same country, population, or cohort are
therefore strengthened by the reduction in these factors (Kuritzkes 2008) such as those in
Uganda where subtypes A1 and D co-circulate at high enough frequencies. Subtype D has
been shown consistently in large population studies to progress to AIDS faster compared with
subtype A1 (Kaleebu et al. 2001, 2002, Vasan et al. 2006, Kiwanuka et al. 2008, Bousheri
et al. 2009, Ssemwanga et al. 2013, Easterbrook et al. 2010). It has also been reported that
individuals infected with subtype D reach higher viral loads more rapidly (Amornkul et al.
2013), and that subtype D clones have a higher replicative capacity in vitro (Baalwa et al.
2013). Other studies have indicated that subtype D viruses are more likely to use CXCR4
co-receptors (Tscherning et al. 1998, Huang et al. 2007, Kaleebu et al. 2007).
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Co-receptor tropism (the secondary receptor used alongside CD4) can be distinguished in
cell-culture where “fast replicating” syncytium inducing (SI) viruses are CXCR4 (X4) tropic
and “slow” non syncytium inducing (NSI) viruses are usually CCR5 (R5) tropic (Connor et al.
1997). Fast replicating X4 tropic viruses have long been associated with faster CD4 decline
(Koot et al. 1993), and risk of AIDS progression could be as much as 3.8x higher (Daar et al.
2007) which in real terms translates to several years of reduction in lifespan. Comparisons
of R5 and X4 viruses at the V3 loop showed that positive charges at position 11 and 25
are strongly predictive of X4 tropism (the *11/25 rule’; de Wolf et al. 1994). Currently, more
sophisticated machine learning models are used to predict co-receptor tropism based on V3
amino acid training data (e.g. geno2pheno; Lengauer et al. 2007).

Genetic sequencing is an important epidemiological tool for gaining understanding of epidem-
ics which can then be used to inform intervention strategies. HIV sequencing is important for
use in testing for drug resistant mutations, but can also provide insights about epidemic size
and diversity e.g. (Ssemwanga et al. 2020) or movement between key populations by phylo-
genetic analysis e.g. (Kiwuwa-Muyingo et al. 2017, Bbosa, Ssemwanga, Nsubuga, Salazar-
Gonzalez, Salazar, Nanyonjo, Kuteesa, Seeley, Kiwanuka, Bagaya, Yebra, Leigh-Brown &
Kaleebu 2019). Sequencing in East Africa up until 2013 had been limited mostly to consensus
Sanger sequences of partial gene sequences of p24 or gp41 (Lamers et al. 2016) although
partial pol sequencing (where many drug resistance mutations are found), has become more
common since the antiretroviral therapy roll out. There is very little genome sequence data
from the 20" century, the exception to this being a 46-genome dataset from samples taken
in the Rakai district in 1998/1999 (Harris et al. 2002). The PANGEA project (Pillay et al.
2015) aimed to rectify this for the 21st century and has obtained large datasets of full-length
sequences from Africa to provide more phylogenetic information (Yebra et al. 2016).

Samples from serological surveys conducted in early 1986 from hospitals and antenatal clinics
in Uganda were re-discovered in storage in 2013 during the relocation of what were then the
Public Health England laboratories at Porton Down. Standard clinical po/ sequencing (Cane
2011) had limited success with these historic samples (Yebra et al. 2015), and amplification
and sequencing success with the PANGEA full-length genome protocol was limited. To over-
come the problems associated with considerable RNA degradation, we used target-capture
techniques with RNA baits designed to capture a wide variety of HIV-1 M (Depledge et al.
2011) to recover 109 new full-length (and 37 partial) genomes. This is a unique population
dataset from the early African epidemic, shortly after AIDS was discovered, and from a decade
where very few HIV genomes are available, particularly from Africa.
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3.3 Methods

3.3.1 Sample preparation

Serum samples were collected from across Uganda between January and May 1986, as part
of a serological survey of HIV prevalence in different populations (Carswell 1987). Samples
were sent to Porton Down in the UK for antibody testing in 1986, which was at the time one of
the only UK facilities able to receive such samples. The samples, stored at -80°C since, were
brought to the attention of the PANGEA project in 2013 and transferred to UCL. The remaining
samples have subsequently been returned to the UVRI in Entebbe, Uganda.

HIV positive samples were identified by ELISA and RNA extracted. A target-capture approach
(Depledge et al. 2011) developed for degraded RNA viruses was adopted. Thus 120 base
pair capture baits were designed with an in-house pipeline to target the whole HIV genome,
using 2635 reference genomes covering global subtype and CRF diversity. cDNA libraries
were constructed with SuperScript IV Reverse Transcriptase (Invitrogen) followed by NEB
Second Strand cDNA Synthesis before using the SureSelectXT Target Enrichment System
for lllumina Paired-End Multiplexed Sequencing Library. This included a pre-capture PCR step
during library preparation; followed by bait hybridization and a capture step with streptavidin
beads to enrich for HIV fragments; and a post-capture indexing PCR. Paired end sequencing
was carried out with the lllumina MiSeq v2 500 cycle kit.

3.3.2 Sequence assembly

Trimming, adapter removal, and quality checking of reads was performed with TrimGalore,
cutadapt and FastQC (Andrews 2010, Martin 2011, Krueger 2020), using a minimum Phred
score of 30. Mapping to reference genomes was done with the Burrow-Wheeler Aligner MEM
algorithm (Li 2013) and the samtools and bcftools libraries (Danecek et al. 2021), firstly
to 170 reference genomes (encompassing a wide range of subtype and CRF diversity) to
identify the best genotype, and then to the best reference for a single reference assembly.
A visual assessment in Geneious Prime 2022.0.1 (www.geneious.com) was carried out to
check for good coverage across the genome, or any dips that might indicate an inter-subtype
recombinant sequence. If this was the case, the multi-reference BAM files were examined,
or an alternative de-novo assembly with HAPHPIPE and SPAdes was attempted (Bankevich
et al. 2012, Gibson et al. 2020). Either the single reference assembly (or de-novo assembly
if improvement could be found) was then fed into the HAPHPIPE framework for fine tuning
with three rounds of iterative improvement. Coverage statistics and vcf files were produced for
each and finally a consensus sequence with a minimum of 10x coverage at every base pair
position was generated using GATK (McKenna et al. 2010) within HAPHPIPE.
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Full length consensus genomes (>8000bp from gag to nef) with minimum 10x coverage were
selected for analysis from an extended dataset of partial genomes (> 1000bp per sample).
Full-length genome consensus sequences have been deposited in GenBank (numbers OP039379:
OP039487), and partial sequences (OP39488: OP039526), and read data are available on
request.

3.3.3 ‘Intermediate’ and ‘modern’ datasets

In addition to the newly generated ‘historical’ dataset, a collection (n=46) of genomes from
the Rakai district (Uganda) in 1998 and 1999 provided an ‘intermediate set’ (Harris et al.
2002), whilst a ‘contemporary set’ was taken from the MRC/UVRI PANGEA genome collection
(n=465) sampled in Central Uganda between 2007 and 2016 (described fully in Grant et al.
2020).

3.3.4 Subtyping and co-receptor prediction

All genomes were subtyped with the full genome version of SCUEAL (Kosakovsky Pond et al.
2009). All available sequences were subjected to co-receptor prediction using the geno2pheno
co-receptor tool (Sing et al. 2007) first by aligning the V3 loop by eye and extracting the
amino acid sequence in Geneious Prime 2022.0.1 (www.geneious.com). The inter-subtype
recombinant genomes (unique recombinant forms; URF) from all three datasets with a clear
majority (over 70% the length of env determined as A1 or D by SCUEAL breakpoints and
clearly covering the V3 loop) were included. Subtype level consensus amino acid sequences
were found and Shannon’s Entropy of both were calculated and compared with the Entropy-
Two tool from the Los Alamos Database
(https://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy.html).

3.4 Results

3.4.1 Historical sequences

HIV specific baits were used in a target-capture step to enrich HIV genetic material before
lllumina MiSeq sequencing to generate a paired-end read dataset of 109 full length consensus
sequences with a minimum of 10x coverage at every position. In addition to these full-length
consensus genomes (> 8000bp from gag to nef), 37 partial sequences (> 1000bp) were
generated (a 65% genome recovery success from 168 samples, or 87% partial sequence
recovery). Table 3.4 shows sequence consensus lengths, SCUEAL subtype assignment, and
read depth of the genome assemblies for full-length genomes, and Table 3.5 partial se-
quences.
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Location Hospital Subtype D | Subtype A1 | Inter-subtype recombinants | Subtype C | Total

Kampala and Central Region 32 12 10 1 55

Rubaga (Lubaga) | (11) (1

Mulago (4) (2

)
)
M
)
)

Nsambya (3)

Antenatal Clinics

P A N
=

Unknown (14) 6 (5 (1)
Masaka District Kitovu 27 3 31
Gulu Lacor 4 4
Jinja Unknown 1 1
Other Uganda Unknown 10 4 4 18
Total 73 17 18 1 109

Table 3.1: Frequency of HIV genomes by subtype recovered from histor-
ical samples by sampling location

This method is considerably more sensitive than without the target-capture step; in 2014 some
of these samples were subjected to the PANGEA protocol (Gall et al. 2012) with modest
success, generating 5 full length genomes and 17 partial genomes, (a success rate of 5%
and 22% respectively from a 96-sample plate; data not shown). Average coverage spanned
from x27 to x1769, with no significant difference found between subtypes or between subtypes
and inter-subtype recombinants (Figure 3.1).

Of the 109 consensus genomes, 90 had some basic location information (Table 3.1). The
majority are broadly from the “Central” region (n=53) which includes hospitals within Kampala,
Rubaga (n=12), Mulago (n=8) and Nsambya (n=7). There were 31 genomes from Kitovu
Hospital (Masaka District), and 4 from Lacor hospital (northern Uganda), one from a hospital
in Jinja (80km East of Kampala), and 2 from unidentified antenatal clinics (see map, Figure
3.2).

While subtype distribution varied across Uganda, subtype D predominated in the historical
dataset (73/109, 67.0%), followed by subtype A1 (17/109, 15.6%), inter-subtype recombinants
composed of A1, D (17/109, 15.6%) and A1, C and D (1/109, 0.9%), and subtype C (1/109,
0.9%). All inter-subtype recombinants had a unique recombination pattern (Figure 3.5).

3.4.2 Temporal change in subtype frequency

The SCUEAL designated subtype distribution for the ‘intermediate’ genome dataset was 26 D
(56.5%); 7 A1 (15.2%); and 13 inter-subtype recombinants containing A1, D, and C (28.2%).
The ‘modern set’ had the distribution: 82 D (17.6%); 3 C (0.6%); 143 A1 (30.8%) and 232 inter-
subtype recombinants (49.9%). The proportional change of subtype over the three periods is
illustrated in Figure 3.3. Combining other subtypes with recombinants, the relative frequencies
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Historic 1986 | Intermediate 1998/9 | Modern 2007-2016 | Total
D (genome) 73 26 82 181 (52% of genomes)
Denv (URF) | 8 7 61 76 (37% of URF)
A1 (genome) | 16 5 143 164 (48% of genomes)
At env (URF) | 8 8 115 131 (63% of URF)

Table 3.2: Number of env sequences available from ‘pure’ genomes and
URFs for subtype A1 and D at three sampling time points

Subtype Historic 1986 Intermediate 1998/9 Modern 2007-2016
X4 | R5 | Proportion X4 | X4 | R5 | Proportion X4 | X4 | R5 | Proportion X4

D (genome) 47 | 26 9 17 44 | 38

53/80 (66%) 11/33 (33%) 70/143 (49%)
Denv (URF) | 6 1 2 |5 26 | 35
A1 (genome) | O 16 0 5 5 136

0/24 (0%) 0/13 (0%) 13/256 (5%)
Alenv (URF) | O 8 0 |8 8 107
Other 0 1 0% 0 0 0% 5 |55 | 8%
Total 53 | 52 | 50% 11 | 35 | 24% 88 | 371 | 19%

Table 3.3: Co-receptor tropism predictions for subtypes D and A1. Dis-
tinction is made between V3 sequences from within “pure” genomes and

URFs.

of A1 and D, are significantly different in these three time periods (y2 = 122.68, df = 4, p <

0.0001). Specifically, there is evidence for a linear decrease in subtype D frequency over time

(Cochran Armitage Z = -10.861, dim = 3, p < 0.0001), with subtype D being replaced with

subtype A1 and inter-subtype recombinants.

In addition, the majority subtype within the envelope region of all inter-subtype recombinants

from all datasets was assessed. Based on SCUEAL-estimated breakpoints a threshold of

70% over the length of the env gene, including the V3 loop, was used to classify env as

D, A1, or not clearly either. Table 3.2 shows the frequency of env subtypes A1 and D from

‘pure’ genomes and URFs over the three periods. There were many more URFs with subtype

A1 env (n=131), than URFs with subtype D envelopes (n=76), significantly different to the

genome level expectation (x?= 45.973, df = 3, p-value < 0.0001).
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3.4.3 Co-receptor usage

The machine learning application geno2pheno (Lengauer et al. 2007) was used to predict
virus co-receptor tropism of all V3 sequences in the three datasets. Adopting a 5% false
positivity rate threshold, there is a significantly higher proportion of CXCR4 coreceptor usage
by subtype D compared with A1 at all three sampling times (Table 3.3). Of the historical set,
66% (53/80) of subtype D envelope sequences were predicted to be X4 tropic whilst none
(0/24) were predicted to be X4 tropic for the A1 sequences (x2= 29.8, df=1, p<0.0001). Of the
intermediate genomes, 33% (11/33) of subtype D were X4 tropic compared with none (0/13)
of subtype A1 (¥2=4.01, df=1, p=0.04), and of the modern day 49% (70/143) were X4 tropic,
compared with 5% (13/256) for subtype A1 (¥2=104.5, df=1, p<0.0001).

3.4.4 Subtype specific differences in V3 loop at the amino acid level

The consensus V3 amino acid sequences of Subtypes A1 and D from Uganda are shown
with the entropy at each codon position underneath (Table 3.4). We used the Los Alamos
Entropy-Two tool which uses randomisation with replacement to test for differences in entropy
between subtypes. In total 14 positions were significantly more entropic in Subtype D than A1
(including the crucial positions of 11 and 25), while three sites were more diverse in subtype
A1 than D (positions 19, 22, and 24).

The consensus length of subtype A1 was 35 codons, whilst that for Subtype D was 34
codons due to a deletion at position 24. This deletion is found in the vast majority of historic
(94%; 68/72), and modern-day (90%; 73/81) subtype D sequences. Whilst the deletion 24
is found in the vast majority of Ugandan subtype D sequences, it is found only in some
subtype D outgroup sequences, and not found in the Subtype B consensus (Figure 3.4).
This suggests that the deletion happened after the subtype B/D split, but before the ap-
pearance of subtype D in Uganda. There are a number of additional sequence changes in
the recent PANGEA subtype D V3 loops, including an additional deleted codon at position
23 in many sequences, confirming a distinctive difference in the behaviour of this region
of env in this subtype. All V3 amino acid sequences and G2P results are available from (
github.com/heathergrant/HIVdata).


https://github.com/heathergrant/HIVdata
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Figure 3.1: Average read coverage across the genome for each genome
assembly, and three example coverage plots of inter-subtype recombinant
genomes. Panel a) gives the average coverage per genome assembly by
subtype (base 10 scale), which shows no significant difference between
subtypes A1 and D, or between either subtype and the inter-subtype
recombinants. Panel b) shows the highest inter-subtype recombinant cov-
erage plot (x1769), c) the only A1,C,D inter-subtype recombinant genome
assembly coverage plot (average x80), and d) the lowest coverage inter-
subtype recombinant (average x27). The dotted horizontal lines show 5x,
10x and 50x and the SCUEAL designated breakpoints are shown as bars
underneath each plot (subtype A1 in blue, D in orange, and C in red).
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Figure 3.2: Map of Uganda with sampling locations of historical samples,
including Kampala, Masaka, Jinja, and Gulu and hospitals Mulago,

Nsambya, Rubaga, Kitovu
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UG genome subtype distributions at three time points
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Figure 3.3: Bars show subtype proportions in the 1986 ‘historical’ genome
set described here n=109, the ‘intermediate set’ from Harris et al. 2002
(n=46), and the ‘modern’ PANGEA dataset (described in Grant et al.,
2020, n=465). The sampling dates of each period are shown as box plots
underneath.
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Figure 3.4: Consensus V3 amino acid sequences of subtypes A1 and D from Uganda with pairwise entropy comparison
at each site and b) V3 sequences of the outgroup to subtype D in Uganda. The Entropy-Two tool from the Los Alamos
National Laboratory database was used to compare Shannon’s Entropy at each codon position (indicating variability at each
position). Sites with significantly different (p<0.01) entropy between the subtype A1 consensus and the subtype D consensus
are highlighted in bold. Positively charged amino acids (K, Lys) and (R, Arg) are shown in blue, while negatively charged amino
acids (D, Asp) and (E, Glu) are shown in red, geno2pheno predictions are shown to the right.
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3.5 Discussion

Here we describe a population sample of 109 HIV genomes from the early stages of the
epidemic in Uganda, a period from which very few genomes are available globally. Two
well-known isolates (MAL and ELI; Alizon et al. 1986)) were the first sequences generated
from African samples (obtained following culture). However, most of the sequences from the
early years of the epidemic are now retrospectively obtained by amplification of material from
preserved serum or tissue, or from clones kept in cell culture. The oldest sequence fragment to
date is ZR59 (from 1959 DRC) but unfortunately, only a few hundred base pairs were obtained
(Zhu et al. 1998). We show here that target capture next generation sequencing can work well
on highly degraded serum samples from over 30 years ago. Yamaguchi et al. (2018) also
successfully employed similar methods, obtaining genomes from a range of subtypes from
1987 DRC. More recently “jackhammer” techniques recovered a 1966 genome sequence
of a subtype C virus preserved in a similar way to ZR59, where target-capture methods
failed (Gryseels et al. 2020). New 21st century retrospective sequencing now means that
we are increasingly limited by the availability of preserved virus material rather than method
sensitivity.

In this historical dataset, most genomes are ‘pure’ subtypes, consistent with it being an
early point in the Ugandan epidemic. However, we also find 18 inter-subtype recombinant
forms, all of which have a unique pattern, representing at least 18 independent co-infection
or super-infection events with different subtypes before 1986. Dual infection and recombin-
ation between the two subtypes was therefore occurring long before 1986. There is now an
extremely high prevalence of unique recombinant forms in Uganda (Lee et al. 2017, Capoferri
et al. 2020, Grant et al. 2020), without any major circulating recombinant form. This is not
unexpected within a generalised epidemic of such large scale and network complexity in-
volving two subtypes at similar prevalence (Bbosa, Ssemwanga, Nsubuga, Salazar-Gonzalez,
Salazar, Nanyonjo, Kuteesa, Seeley, Kiwanuka, Bagaya, Yebra, Leigh-Brown & Kaleebu 2019,
Ratmann et al. 2020), which has not experienced any obvious bottlenecks.

Ugandan cohort studies have been of wide interest because unusually, the generalised epi-
demic contains two subtypes at similar proportions, which provides a natural experiment for
directly comparing the phenotypes of viral subtypes. These cohort studies have consistently
found subtype D to be more virulent than subtype A1, with faster drops in CD4 counts and
more rapid progression to AIDS (Kaleebu et al. 2002, Kiwanuka et al. 2008). Since then, a
faster rate of progression in Subtype D has been confirmed in Tanzania (Vasan et al. 2006)
and in the UK (Easterbrook et al. 2010).

There is an extensive literature on the subject of differences in virulence between viral strains,
often framed in terms of viral load (Fraser et al. 2007, Hodcroft et al. 2014, Blanquart et al.
2016). Viral load is a well-known predictor of HIV virulence (Mellors et al. 1996), and some
have claimed evidence of higher viral load being achieved faster in subtype D viruses com-
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pared with subtype A1 (Amornkul et al. 2013). However, from other cohort studies it appears
that differences in viral load cannot explain differences in mortality risk between subtypes A1
and D (Baeten et al. 2007, McPhee et al. 2019), and that subtype contributes to virulence
even after accounting for differences in viral load (Eller et al. 2015).

As well as viral load, co-receptor usage is also well known to be associated with virulence
of HIV (see review by Schuitemaker et al. 2010), with the presence of X4 variants being
associated with a rapid decline in CD4 and progression to AIDS (Koot et al. 1993). We
found significant co-receptor usage difference between subtype D and A1, which had been
previously reported in small samples (Huang et al. 2007, Kaleebu et al. 2007). In the 1986
genome sample, 66% (53/80) of subtype D envelopes had X4 tropic viruses compared to 0/
24 subtype A1 viruses. By the time of the ’intermediate’ 1998/9 sample (Harris et al. 2002)
the frequency of X4 strains in subtype A remained 0 and that in subtype D had fallen to 33%,
which coincided with the period of sample collection for the Kaleebu (2002) study. It is not
unreasonable to suppose the difference in progression rate might have been up to twice as
great if analysed at the time of the historical samples.

We also report a significant drop in subtype D, sustained over a long time period (1986-2016)
over the whole of Uganda, in full length genomes. A change in relative proportion of the two
subtypes during the 1990s was also suggested previously from sequence fragments of gag
and gp41 coding regions (Conroy et al. 2010). Extending this to consider the prevalence of
the X4 phenotype itself, as well as changes in subtype and subtype within the URF envelope,
recombination has played a significant role too. We looked at 207 modern URF genomes
containing either A1 or D env segments, and found they were significantly more likely to
have subtype A1 in their envelope than subtype D, suggesting some degree of ‘rescue’ of the
genome by the replacement of a less virulent V3 sequence.

In the 1990s, Uganda mounted a concerted national effort to encourage large scale behavi-
oural changes. This came from the highest levels in government and was also implemented
at the grass roots level (Green et al. 2006). Once the epidemic was no longer growing,
HIV variants would have come under a selective pressure to delay the progression to AIDS,
thereby increasing reproductive number (R) by expanding exposure window duration (Fraser
et al. 2007). However, we propose that instead of modulating viral load, this came about by
changes in frequency of the sequences most likely to encode the more virulent X4 phenotype.
Differences in co-receptor usage is a very compelling potential explanation for changing
subtype dynamics seen and differences in disease progression reported by various cohort
subtypes in Uganda in the 20th century.
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3.6 Supplementary Information
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Figure 3.5: SCUEAL assignment of the 18 inter-subtype recombinants
from historical samples. All had a unique recombination pattern. Subtype
D fragments shown in orange, A1 in blue, subtype C in red
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Name SCUEAL subtype Location Percentage of Average Number bp Genbank no
(edited) reads mapped Coverage (min 10x each)
HIV1-2034-1986 Al Mulago 66.69 1151.38 8699 OP039384
HIV1-2037-1986 At Mulago 0.54 29.38 8363 OP039386
HIV1-2075-1986 Al Central 0.83 57.66 8016 OP039407
HIV1-2077-1986 At 50.3 74.93 8474 OP039408
HIV1-UG002366-1986 Al Kitovu 1.92 144.38 8106 0OP039448
HIV1-UG002370-1986 At Central 16 47.64 8511 OP039451
HIV1-UG002376-1986 Al Nsambya 9.96 76.11 8637 OP039454
HIV1-UG002378-1986 Al Central 33.42 402.13 8650 OP039455
HIV1-UG002399-1986 Al Antenatal 33.34 774.49 8722 OP039467
HIV1-UG002400-1986 Al 127 36.25 8575 OP039468
HIV1-UG002401-1986 At 0.95 24.78 8178 OP039469
HIV1-UG002408-1986 Al Central 1.26 45.81 8563 0OP039473
HIV1-UG002409-1986 Al Nsambya 11.43 73.71 8602 OP039474
HIV1-UG002415-1986 Al Nsambya 32.35 98.53 8604 OP039477
HIV1-UG002419-1986 At Central 12.07 232.42 8683 OP039479
HIV1-UG002424-1986 Al Central 7.45 304.95 8650 OP039481
HIV1-UG002429-1986 At 51.67 681.4 8687 0OP039485
HIV1-2090-1986 A1,CD Jinja 0.84 80.63 8461 OP039415
HIV1-2047-1986 A1D Mulago 2.81 206.84 8618 OP039396
HIV1-2053-1986 A1,D Central 2.31 166.72 8511 OP039399
HIV1-2055-1986 A1D Central 3.95 221.15 8609 OP039401
HIV1-2068-1986 A1,D Central 0.37 45.41 8306 OP039406
HIV1-2081-1986 A1D 2.15 147.75 8596 OP039410
HIV1-2084-1986 A1,D 0.45 34.68 8113 OP039413
HIV1-2098-1986 A1D Rubaga 26.25 654.37 8640 OP039417
HIV1-2110-1986 A1,D Kitovu 4.04 181.23 8618 OP039425
HIV1-UG002356-1986 A1D Kitovu 47.05 1769.08 8601 OP039439
HIV1-UG002358-1986 A1,D Kitovu 0.95 114.09 8627 OP039440
HIV1-UG002383-1986 A1D Central 20.04 133.64 8568 OP039457
HIV1-UG002390-1986 A1,D Antenatal 18.53 204.36 8675 OP039461
HIV1-UG002391-1986 A1D Central 19.22 27.32 8187 OP039462
HIV1-UG002394-1986 A1,D Nsambya 121 408.18 8612 OP039463
HIV1-UG002395-1986 A1D 58.45 247.09 8694 OP039464
HIV1-UG002421-1986 A1,D Mulago 3.5 93.86 8511 0OP039480
HIV1-UG002431-1986 A1D 1.54 78.34 8343 OP039487
HIV1-UG002385-1986 C Central 27.711 324.88 8623 0OP039458
HIV1-2029-1986 D Nsambya 9.06 90.32 8558 OP039379
HIV1-2030-1986 D Rubaga 2213 153.74 8525 OP039380
HIV1-2031-1986 D Rubaga 14.73 1593.94 8553 OP039381
HIV1-2032-1986 D Rubaga 6.89 374.21 8588 0OP039382
HIV1-2033-1986 D Nsambya 57 483.34 8594 OP039383
HIV1-2036-1986 D Mulago 1.67 65.38 8600 OP039385
HIV1-2038-1986 D Mulago 113 62.45 8587 OP039387
HIV1-2039-1986 D Rubaga 25.89 385.59 8671 0OP039388
HIV1-2040-1986 D Rubaga 12.06 143.21 8602 OP039389
HIV1-2041-1986 D Rubaga 77 2197.35 8674 OP039390
HIV1-2042-1986 D Rubaga 7.73 448.64 8646 OP039391
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HIV1-2043-1986 D Rubaga 88.08 7564.68 8632 OP039392
HIV1-2044-1986 D Rubaga 10.45 453.74 8618 OP039393
HIV1-2045-1986 D Mulago 81.83 1779.92 8609 OP039394
HIV1-2046-1986 D Mulago 1.47 138.57 8443 OP039395
HIV1-2048-1986 D Central 1.24 76.36 8500 OP039397
HIV1-2052-1986 D Central 0.66 40.18 8228 OP039398
HIV1-2054-1986 D Central 9.37 240.65 8599 OP039400
HIV1-2056-1986 D Central 3.25 184.07 8617 0OP039402
HIV1-2057-1986 D Central 1.03 142.19 8609 OP039403
HIV1-2058-1986 D Central 75.39 706.32 8649 OP039404
HIV1-2064-1986 D Central 30.54 2702.45 8685 OP039405
HIV1-2079-1986 D 7.1 90.58 8621 OP039409
HIV1-2082-1986 D 5.79 113.24 8607 OP039411
HIV1-2083-1986 D 22.64 503.26 8600 0OP039412
HIV1-2085-1986 D 1.63 157.43 8626 OP039414
HIV1-2097-1986 D Rubaga 4.57 38.37 8444 OP039416
HIV1-2100-1986 D Kitovu 8.4 478.59 8619 OP039418
HIV1-2102-1986 D Kitovu 37.21 764.13 8635 OP039419
HIV1-2103-1986 D Kitovu 0.89 92.33 8605 OP039420
HIV1-2106-1986 D Kitovu 3.64 349.84 8635 OP039421
HIV1-2107-1986 D Kitovu 5.39 32.35 8558 OP039422
HIV1-2108-1986 D Kitovu 39.81 154.51 8618 0OP039423
HIV1-2109-1986 D Kitovu 1.31 48.41 8611 OP039424
HIV1-2111-1986 D Kitovu 257 151.97 8644 OP039426
HIV1-2112-1986 D Kitovu 12.72 255.92 8639 OP039427
HIV1-2113-1986 D Kitovu 2.01 19.09 8054 0OP039428
HIV1-2114-1986 D Kitovu 15.08 227.09 8619 OP039429
HIV1-2115-1986 D Kitovu 13.4 316.02 8611 OP039430
HIV1-2116-1986 D Kitovu 0.55 45.05 8593 OP039431
HIV1-UG002345-1986 D Kitovu 15.37 181.14 8612 0OP039432
HIV1-UG002347-1986 D Kitovu 1.12 103.82 8627 OP039433
HIV1-UG002348-1986 D Kitovu 7.01 133.46 8637 OP039434
HIV1-UG002349-1986 D Kitovu 10.54 419.08 8609 OP039435
HIV1-UG002351-1986 D Kitovu 9.44 143.51 8611 OP039436
HIV1-UG002352-1986 D Kitovu 5.47 59.16 8604 OP039437
HIV1-UG002354-1986 D Kitovu 6.16 117.61 8591 0OP039438
HIV1-UG002359-1986 D Kitovu 1.82 80.91 8608 OP039441
HIV1-UG002360-1986 D Kitovu 20.64 1076.86 8615 0OP039442
HIV1-UG002361-1986 D Kitovu 257 179.58 8604 OP039443
HIV1-UG002362-1986 D Kitovu 4.31 188.1 8601 OP039444
HIV1-UG002363-1986 D Kitovu 1.13 65.3 8169 OP039445
HIV1-UG002364-1986 D Kitovu 2.63 170.26 8588 OP039446
HIV1-UG002365-1986 D Kitovu 12.26 1309.63 8612 OP039447
HIV1-UG002368-1986 D Lacor 12.6 134.59 8567 0OP039449
HIV1-UG002369-1986 D Lacor 28.12 995.75 8644 OP039450
HIV1-UG002371-1986 D Lacor 25 140.29 8637 0OP039452
HIV1-UG002372-1986 D Lacor 17.6 427.61 8604 OP039453
HIV1-UG002382-1986 D Central 2.87 115.3 8594 OP039456
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HIV1-UG002387-1986 D Kampala 26.53 65.55 8599 OP039459
HIV1-UG002389-1986 D Central 9.06 63.09 8629 OP039460
HIV1-UG002396-1986 D Kampala 0.76 79.79 8628 OP039465
HIV1-UG002397-1986 D Rubaga 0.43 31.66 8502 OP039466
HIV1-UG002405-1986 D Central 9.72 516.1 8652 OP039470
HIV1-UG002406-1986 D 62.61 851.56 8609 OP039471
HIV1-UG002407-1986 D 3.72 58.04 8603 OP039472
HIV1-UG002410-1986 D Central 16.64 570.73 8644 OP039475
HIV1-UG002414-1986 D Nsambya 3.7 119.62 8583 OP039476
HIV1-UG002417-1986 D Central 1.14 123.8 8635 0OP039478
HIV1-UG002426-1986 D 23.07 1335.02 8651 OP039482
HIV1-UG002427-1986 D 3.48 213.81 8581 0OP039483
HIV1-UG002428-1986 D 80.79 1096.89 8637 OP039484
HIV1-UG002430-1986 D 16.39 764.2 8630 0OP039486

Table 3.4: Information about each 109 genome sequence including
SCUEAL subtype, read depth, location, and Genbank numbers

SCUEAL subtype Percentage of Average Number bp
Name Location Genbank Notes about submission
(edited) reads mapped Coverage (min 10x each)

HIV1-2066-1986 Al Central 0.21 31.05 6832 OP039490 one sequence, large gaps

HIV1-2067-1986 Al Central 0.28 31.91 7067 OP039491 one sequence, large gaps

HIV1-2071-1986 Al Central 15.92 12.44 4285 0OP039492 one sequence, large gaps

HIV1-2099-1986 Al Rubaga 0.3 16.32 6161 OP039504 one sequence, large gaps

HIV1-UG002346-1986 Al Kitovu 0.15 19.59 6360 0OP039508 one sequence, large gaps

HIV1-UG002386-1986 Al Antenatal 0.17 13.09 5192 OP039515 one sequence, large gaps

HIV1-UG002420-1986 Al Mulago 2.78 18.07 7277 0OP039524 one sequence, large gaps

HIV1-2049-1986 A1D Central 0.25 14.95 6396 0OP039488 one sequence, large gaps

HIV1-2078-1986 A1D 0.06 12.74 3677 0OP039494 one sequence, large gaps
0OP039497 and

HIV1-2086-1986 A1,D Jinja 0.07 8.75 2033 400 gag + 3000 env-nef
0OP039498

HIV1-UG002379-1986 A1,D Kampala 33.24 19.34 6701 OP039514 one sequence, large gaps

HIV1-UG002393-1986 A1D Antenatal 0.88 16.35 7400 OP039518 one sequence, large gaps

HIV1-UG002404-1986 A1,D Central 0.31 31.71 6438 OP039520 one sequence, large gaps

HIV1-2072-1986 A1,DJ Central 0.15 13.73 4981 0OP039493 one sequence, large gaps

HIV1-UG002357-1986 A1,K Kitovu 0.09 12.41 4463 OP039510 one sequence, large gaps
0OP039521 and

HIV1-UG002412-1986 | complex,A1 0.66 7.67 1456 1500 gagpol +300 env
0OP039522

HIV1-2093-1986 complex,D Jinja 0.07 12.2 3506 OP039501 one sequence, large gaps
0OP039512 and

HIV1-UG002375-1986 complex,D Kampala 8.44 9.35 2102 partial gag 1000 + partial pol 800
0OP039513

HIV1-2065-1986 D Central 0.12 16.51 4924 OP039489 one sequence, large gaps
0OP039495 and

HIV1-2080-1986 D 0.22 9.13 3043 gagpol 1500 + vif 500
OP039496

HIV1-2087-1986 D Jinja 0.11 14.53 6189 OP039499 one sequence, large gaps

HIV1-2092-1986 D Jinja 0.16 18.36 7522 OP039500 one sequence, large gaps

HIV1-2095-1986 D Jinja 0.2 16.68 4980 0OP039502 one sequence, large gaps
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HIV1-2096-1986 D Jinja 0.02 7.84 1000 OP039503 env-nef 1000
HIV1-2101-1986 D Kitovu 0.48 18.62 5860 OP039505 one sequence, large gaps

OP039506 and
HIV1-2104-1986 D Kitovu 0.05 7.44 1023 gagpol 500 + env 500
OP039507
HIV1-UG002355-1986 D Kitovu 0.22 13.16 5063 OP039509 one sequence, large gaps
HIV1-UG002373-1986 D Lacor 0.17 15.99 5882 OP039511 one sequence, large gaps
HIV1-UG002398-1986 D Central 0.26 9.08 2640 OP039519 one sequence, large gaps
HIV1-UG002416-1986 D Central 3.15 12.81 4273 0OP039523 one sequence, large gaps
HIV1-UG002422-1986 D Nsambya 1.28 11.94 5118 OP039525 one sequence, large gaps
HIV1-UG002432-1986 D 0.25 19.18 7499 0OP039526 one sequence, large gaps
OP039516 and
HIV1-UG002392-1986 DH Central 0.59 7.84 1196 900bp gagpol + 300 env
OP039517

Table 3.5:

Information about partial genome sequences including
SCUEAL subtype, read depth, location, and Genbank numbers
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4.1 Abstract

While some major global epidemics of HIV-1 such as in the global North or southern Africa
are primarily composed of single subtypes (B and C respectively), Uganda has experienced
an epidemic composed of two subtypes (A1 and D), co-circulating for many decades. To
explore these dynamics, we apply BEAST phylodynamic models to full-length HIV genome
data spanning three decades (1986-2016) of the Ugandan HIV epidemic. During the 1960s
and 1970s, subtype D expanded extremely rapidly into Uganda, surpassing the pre-existing
subtype A1 epidemic to become the dominant subtype in 1986. After the late 1980s and the
start of the HIV/AIDS program, subtype D declined much more rapidly than subtype A1, and
we see signatures of extinct subtype D lineages. This may be explained by a higher propensity
for CXCR4 co-receptor tropism in subtype D, which is known to increase mortality risk and
decrease time to AIDS.
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4.2 Introduction

HIV-1 group M entered the human population in the early part of the 20th century (Korber

et al. 2000), possibly by zoonotic transfer during the butchering of chimpanzee meat (Hahn

et al. 2000). After establishing itself in Kinshasa (Democratic Republic of Congo, DRC), its
high mutation rate in combination with exponential growth in the local population meant viral
diversity rapidly expanded (Faria et al. 2014). Despite appreciable recombination between
viruses in the early epidemic (Kalish et al. 2004), by the 1960s, it appears HIV-1 had formed
broad-scale lineages (Worobey et al. 2008) which have been categorised into subtypes (Robertson
et al. 2000). Furthermore, there is evidence from phylogeographic analysis of env sequences
that these subtypes were separated geographically within the DRC at an early stage (Faria

et al. 2019).

Researchers in Uganda were among the first to document AIDS in Africa, which was typified
by cases of aggressive Kaposi’s sarcoma and extreme wasting known then as “slim disease”
(Serwadda et al. 1985, 1986). Even before it was shown that AIDS was associated with a
retrovirus, HIV was already widespread in Ugandan communities. One serological survey in
Kampala in February 1987 pointed to 1 in 4 pregnant women being HIV positive (Carswell
1987). In the decade that followed, Uganda mounted a multipronged campaign to tackle
HIV/AIDS (Slutkin et al. 2006), which was heralded one of the best responses in Africa
(UNAIDS 1998). After peaking in around 1992 (Kirby 2008), prevalence and incidence started
to fall steadily (Baryarama et al. 2004) aided further by the start of the antiretroviral therapy
roll out in 2004 (Grabowski et al. 2014). Between 2010 and 2018 incidence fell from 3.21 to
1.4 per 1000 population per year (UNAIDS, 2019).

Uniquely, Uganda has had two HIV-1 subtypes (A1 and D) in circulation at similar frequency
in the same populations since the beginning of the recorded epidemic (Yirrell et al. 1997,
Ssemwanga et al. 2020). Subtype A is widespread globally in different risk groups with a
very large intra-subtype diversity (Tongo et al. 2018), while subtype D is mostly confined to
heterosexual populations in East Africa. There are however, some key differences between
the subtypes; subtype D is less diverse than A1, is confined to heterosexual populations in
East Africa, and is thought to have spread into Uganda a decade later (Yebra et al. 2015).
Subtype D is also known to use the CXCR4 co-receptor more frequently (Huang et al. 2007,
Kaleebu et al. 2007), and cohorts from Uganda, Tanzania, and even UK, have found subtype
D to progress faster to AIDS (Kaleebu et al. 2002, Vasan et al. 2006, Easterbrook et al. 2010,
Kiwanuka et al. 2008).

In our most recent work, we sequenced 109 full length genomes from samples taken in
1986 from various hospitals across Uganda (chapter 3). This is one of the earliest population
samples, both from East Africa and from the early global epidemic. To evaluate longitudinal
changes in subtype diversity in Uganda we combined this historical sample to an intermediate
(1998-9) sample and a modern (2007-2016) sample. Bioinformatic predictions confirmed a
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higher propensity for subtype D to be X4 tropic at each time period, but particularly in the
1986 dataset where 0/24 subtype A1 were X4 tropic compared with 53/80 in subtype D. We
also showed the prevalence of subtype D fell continuously from 67% to 57% to 17% over
these periods. We proposed therefore, that subtype D had a shorter infectious window and a
disadvantage over time due to a higher X4 propensity (since X4 co-receptor tropism is likely
to decrease time to AIDS; Daar et al. 2007).

In this study, we combine 620 Ugandan genomes spanning three decades with additional
sequences from the Los Alamos database to further analyse and explore the changing HIV
dynamics of two subtypes. Using BEAST (Suchard et al. 2018) we examine the subtypes
in their wider East African context, the times of most recent common ancestor (tMRCA) of
Ugandan subtype diversity, and show subtle differences in the histories of the three major HIV
genes. Using the skygrid model we estimate the change in effective population number (N¢)
of each subtype independently. Finally, we have incorporated into our phylogenetic analyses
gene sequences from unique recombinant forms (URFs) to demonstrate historic and ongoing
recombination between subtypes.

4.3 Methods

All plots and graphs were made in R with application of the packages ‘ape’ (Paradis & Schliep
2019), ‘phytools’ (Revell 2012), ‘caper’ (Orme et al. 2018), ‘geiger’ (Pennell et al. 2014),
‘ggtree’ (Yu et al. 2018), and ‘ggplot’ (Wickham 2016). Our dataset was previously subtyped
with SCUEAL (Kosakovsky Pond et al. 2009, Grant et al. 2020), including 465 MRC/UVRI
PANGEA sequences sampled between 2007 and 2016, and a collection of 46 genomes by
(Harris et al. 2002) and 109 HIV genome sequences from 1986 (chapter 3). In order to place
these Ugandan genomes in a wider context, full-length genomes were obtained from the Los
Alamos National Laboratory database (lanl.hiv.gov) to supplement the dataset. See results
and Supplementary Table 4.1 for details of the additional included genome sequences.

4.3.1 Phylogenetic reconstructions of subtype A1 and D

Sequences were separated by subtypes and into three major gene regions ("gene partitions"):
gag (493 codons), pol (939 codons), and env (744 codons), and edited by eye to ensure
sequences were in a single open reading frame throughout. An initial maximum likelihood
tree produced with IQtree (Nguyen et al. 2015) was used as input for Tempest (Rambaut
et al. 2016) which identifies outliers in the molecular clock. Alignments were screened with
RDP4 (Martin et al. 2015) for individual sequences with evidence of recombination and GARD
(Kosakovsky Pond et al. 2006) for evidence of incongruent history in different sections of
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each alignment. Where a significant breakpoint was found the majority part of the alignment
was kept and the minority discarded. After removing molecular clock outliers, recombinant
sequences and recombinant gene regions, genomes which had a representative in every
gene partition were retained for analysis.

Bayesian phylogenetic reconstruction was carried out in BEAST 1.10.4 (Suchard et al. 2018)
to reconstruct the histories and topology of Ugandan subtypes A1 and D, find their time to most
recent common ancestor (tMRCA), and place them in their wider contexts. We chose a relaxed
clock model with rates sampled from a lognormal distribution, commonly used for HIV data e.g.
(Drummond et al. 2006, Alizon & Fraser 2013). The nucleotide substitution model used was
SRDO06, in which the HKY85 model is applied to two partitions: codon positions 1+2 and codon
position 3, separately (Shapiro et al. 2006). In this model site heterogeneity was modelled
using a gamma distribution with 10 discrete categories. This nucleotide model was selected
after comparing marginal likelihood estimates of GTR+4, TN93+4, SRD06+4, and SRD06+10
for subtype A1 pol (data not shown) with generalised stepping stone path sampling (GSS;
(Baele et al. 2016). The Skyride (Minin et al. 2008) was used as the demographic model,
which allows the effective population size of the virus to change freely between time points,
(irregular intervals determined by coalescent times) with GMRF smoothing between them.
Alizon & Fraser (2013) suggest between host evolutionary rates (measured in substitutions
per site per year) of (1.7x10° and 3.1x10) for non-env and env regions respectively, and
the following evolutionary rate priors were applied: subtype A1 gag 1.8x102 with standard
deviation (SD) 1.8x10#, subtype A1 pol 1.5x103 with SD 1.5x10™#, subtype A1 env 2.7x103
with SD 5x10™#, subtype D gag 2x1073 with SD 5x10#, subtype D pol 1.7x 103 with SD 5x10%,
subtype D env 2.7x103 with SD 5x10.

MCMC chains were run for a minimum of 300 million generations sampled every 100,000
generations and then extended until deemed converged. This was judged by high (>300)
effective sample sizes (ESS) and good mixing of parameter estimates with particular attention
paid to a well-mixed evolutionary rate, (a good acceptance rate of MCMC proposals and lack
of autocorrelated samples) as seen with Tracer v.1.7 (Rambaut et al. 2018). A Maximum Cred-
ibility Clade tree (MCC) was created for each gene partition analysis separately. Finally, the
posterior tree states outputs of all gene partitions of each subtype were combined (possible
because all runs had the same tip-labels) with equal numbers of tree states (equal partition
weight), so that a MCC tree of all three partitions could be constructed to show topology
agreement at the genome level (using treeannotator within the BEAST package).
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4.3.2 Additional analyses with recombinant sequences

We also examined the dynamics of unique circulating recombinant forms (URFs) in the data-
set. From the Ugandan URFs previously described (chapter 2) A1 or D fragments which
covered at least 70% of the length of the gene, based on the SCUEAL breakpoints, were
extracted. These recombinant fragments were added to gene alignments of Ugandan ‘pure’
sequences, again checked with RDP4, GARD, and Tempest, and analysed using BEAST in
the same way as above. We examined the phylogenetic spread of URF sequences through-
out individual gene phylogenies, and counted the number of lineages containing only URF
genomes (which represent at least one recombination event with another subtype).
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Figure 4.1: The D statistic - adapted from Fritz and Purvis 2010 and the
phylo.d() function in caper showing the D-statistic rationale.

Visual inspection of some topologies suggested a level of non-randomness or ‘clumping’ of
sequences from before the year 2000. To formally test this observation we applied the D-
statistic (Fritz & Purvis 2010) of phylogenetic signal (using the binary trait of “pre- or post-
20007). The ‘D measure’ is calculated with weighted sum of sister clade differences. For a
given phylogenetic tree and a given number of tips with a binary trait, trait evolution can be
simulated under a Brownian random walk (Felsenstein 1985) (expected D=0) or a random
distribution (expected D=1). When repeated 1000 times this creates a probability density
function for interpreting the significance of the value of D (Figure 4.1). The estimated value of
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D is compared against the two null distributions to obtain confidence in phylogenetic signal or
clumped-ness of the binary traits. A very high value of D suggests over-dispersal of the trait
on the tree, while a very negative value of D suggests extreme clumping or high phylogenetic
signal. This was also applied to co-receptor (X4 or R5) tropism in the env topologies.

4.3.3 Effective population size estimation

In order to estimate the change in effective population size of the two subtypes over the
same time scale, additional BEAST runs were set with the skygrid model (Gill et al. 2012).
This model differs from the skyride model in that the time points (where effective population
number are estimated) are regular, and therefore a change can be interpreted more easily.
With 20 parameters and a cut off of 80 years, each ‘grid square’ represented a regular 4-
year interval. Point estimates were taken for each gene partition separately, and then the
log files were combined together (weighted equally) for the overall 95% Bayesian credible
interval (BCI) of effective population size using all partitions at the genome level. The same
substitution model, clock model, and rate priors as above were used, but only genomes from
Uganda were included.

4.4 Results

We estimated the evolutionary history of HIV subtypes A1 and D in Uganda with the skyride
model including closely related subtype outgroup genomes (from East Africa, the DRC, or the
early subtype B Western epidemic). We combined tree state outputs from separate BEAST
analyses for each of the three gene partitions: gag, pol, and env, to make a combined Max-
imum Clade Credibility tree at the genome level. Thus we were able to examine the gene
partitions separately and together, while allowing for differences in evolutionary rates and the
effects of inter-gene recombination. At the same time we were able to evaluate the topology
and tMRCA over the whole HIV genome. We present the phylogenetic results obtained for
each subtype separately, and show the overall dynamics for the two together.

4.41 Subtype A1

A total of 167 subtype A1 genomes from Uganda (1986-2016) were complemented with
additional full-length genomes from the LANL database (hiv.lanl.gov). Subtype A1 is widely
prevalent across East Africa, and therefore a number of genomes were available from sur-
rounding countries. After removing duplicate genomes or those with missing dates, there were
68 from Kenya, 10 from Rwanda, 22 from Tanzania, a single DRC genome, and 11 additional
from Uganda. Kenyan genomes were subsampled to 20, a similar number as available from
Tanzania, by iteratively removing one from a pair of the most genetically similar genomes from
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the same year. The oldest available genomes from the DRC in outgroup subtype G (n=4),
A4 (n=4), A5 (n=4) and A2 (n=2 and n=2 from elsewhere) were selected for inclusion. After
screening for recombinant sequences with RDP4, 3 sequences from the gag alignment, 4
from pol, and 10 sequences from the env alignment were removed as probable recombinants.
There was no evidence according to GARD of recombination in gag, but strong evidence for a
breakpoint at position 2190 in pol (corresponding to mid-integrase) and another breakpoint in
env at position 1700 (corresponding to the transmembrane region of gp41). The final dataset
included 218 genomes each with three gene sequences.

Figure 4.2 shows the genome MCC topology of subtype A1 and its outgroups. All subtypes
and sub-subtypes monophyletic and have the overall structure G,(A5,(A2,(A4,A1)))). There is
however, low branch support for the placement of A2 and A5. In individal MCC gene trees
for gag and pol subtypes A2 and A5 are sisters, while in env A5 is an outgroup to (A2,
(A4, A1) (Supplementary Figure 4.6). This gene level incongruence is most likely explained
by recombination between A5 and A2 lineages in the DRC in the 1950s and 1960s. The
single subtype A1 genome from the DRC falls just outside of the East African diversity, and
the tMRCA for the East African/ Ugandan subtype A1 is 1949.4 [1943-1955]. There is some
structure within subtype A1 by East African nation. For example, “clade T” has predominantely
Tanzanian sequences or “clade K” has the most Kenyan sequences (and also Rwandan,
Tanzanian, and Ugandan). These clades have low posterior node support at the genome
level, but are more clearly defined in the individual gene trees with better node support
(Supplementary Figure 4.6), again reflecting intra-subtype recombination between the gene
partitions.

We further explored the evolution of subtype A1 by including A1 gene sequences from URF
genomes broken down into ‘pure’ gene sections containing of 70% A1 so that an additional
101 gag, 59 pol, 118 env (total of 278) were included. By including ‘pure’ sections of URFs in
the trees, we see the placement of URF fragments is also very well mixed throughout, showing
continual generation of unique recombinant forms in all genes. We have picked out some
recombinant lineages of different ages, for example, ‘clade u1’ with 3 gag URF sequences
with a tMRCA of 1996 or clade u3 with two pol sequences coalescing in 1999, or clade u6
with 5 env A1 URFs with tMRCA 1971 (Supplementary Figure 4.7).

In these analyses, we also see historical subtype A1 sequences spread well throughout the
tree, particularly in pol. To give a formal measurement of how clumped historical sequences
we applied the D-statistic for phylogenetic signal on the extended gene trees of Ugandan Af.
There was some clustering of pre-2000 sequences as might be expected under the Brownian
random walk model in gag and env (D= -1.1, D=-0.9) while in pol pre-2000 sequences are
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Figure 4.2: Subtype A1 BEAST skyride with outgroups. Maximum Clade
Credibility tree from BEAST with median node height for Subtype A1,
created with tree states from three independent BEAST runs for gag,
pol, env partitions. Outgroups are collapsed for clarity, small black dots
at nodes indicate posterior probability of > 0.9. Individual gene MCC trees
are shown in Figure 4.6
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more dispersed and randomly placed throughout the phylogeny (D=0.9). Lastly, co-receptor
tropism associated with faster CD4 decline (X4) is plotted onto the A1 env tree, and showed
no phylogenetic signal; X4 sequence tips are found under a random expectation (D=1.1) in
the phylogeny (see supplementary information for D-statistic details).

4.4.2 Subtype D

Subtype D is much less prevalent outside Uganda, and only 18 additional genomes from
East Africa were found (6 from Uganda, 7 from the DRC, 2 from Tanzania, 3 from Kenya) to
complement the 181 we have previously described (1986, 1998/9 and 2007-2016). Ugandan
sequences therefore make up 187/200 or 94% of East African subtype D genomes avail-
able to us. Additionally, we included 16 subtype D genomes from other countries including
Cameroon (n=4), Chad (n=4), Senegal (n=1), South Africa (n=2), Yemen (n=2), and Brazil
(n=3). Because of the close relationship between subtypes B and D, seven of the oldest (1983-
4) subtype B genomes from the early north America epidemic were included as an outgroup
(see Supplementary Table 4.1). Subtype D alignments were also assessed for signatures
of recombination: RDP4 suggested removal of 1 sequence from gag, none from pol, and in
the env alignment 12 sequences were either removed or trimmed. GARD found very similar
recombination positions in subtype D as subtype A1 (none in gag, position 2300 in po/ (mid-
integrase) and position 1700 in env (the transmembrane region of gp41). The final subtype
D dataset included 208 genomes with sequence available in all three gene partitions, all
screened for recombination.

The genome level MCC tree of subtype D is shown in Figure 4.3. Subtype B forms a clear
outgroup to subtype D as expected with tMRCA of 1970.3 [1965-1974]. Subtype D can be
broadly separated into three groups each with > 0.9 genome level MCC posterior support. The
top clade labelled “D ancestral north” contains genomes from the DRC, from 2 other countries
further north (Cameroon, and Chad) and from immigrants in two other countries (Cyprus,
Yemen). The second clade, labelled “D ancestral south”, contains genomes from the DRC
including ‘ELI"’ and ‘NDK’ and from countries from southern Africa (South Africa, Tanzania;
also Brazil). The third clade is overwhelmingly Ugandan (97%) with only 6 non-Ugandan
genomes (Kenya, Tanzania, and Senegal). Only one East African genome falls outside of
this clade (KX907406 from Mbeya, Tanzania, 2004 in ‘ancestral D south’), highlighting a very
strong geographical structure. These three clades (ancestral D north, ancestral D south, and
D Uganda) can also be found in the individual gene partitions of each of gag, pol, and env
(Supplementary Figure 4.8) but with some topological incongruences between them, which
again suggests intra-subtype recombination within the DRC of early subtype D lineages.
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Figure 4.3: Subtype D BEAST skyride with outgroups. MCC tree created
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The historical 1986 subtype D sequences are distributed very unevenly throughout the tree
(Figure 4.3), and the majority of modern Ugandan D sequences are not directly related to the
genomes sampled in 1986 (sampling location is shown where known). The first bifurcation
of Ugandan subtype D appears in 1962.8 (95% BCI: 1958-1967) and forms an older group
highlighted as “Clade O”. Clade O contains 12 pre-2000 sequences, but only 3 post-2000
sequences suggesting this clade has severely reduced in size. The clade highlighted “Clade
E” with tMRCA 1969.7 [1967-1971] contains the majority of 1986 sequences including all the
known Kitovu hospital genomes (from the Masaka district). Although Clade E contains 77
pre-2000 genomes, it does not give rise to many modern descendants, and only includes 14
post-2000 genomes. Therefore, it appears many of these lineages are no longer in circulation.

According to the PhyloD statistic the historical tips in these trees are all extremely clumped
(gag = -1.5, pol = -1.6), and particularly so in env (-2.7) (supplementary information). In
extended analyses we included an additional 106 gag, 93 pol, and 65 env subtype D gene
sequences (264 in total) from URFs. Many recombinant lineages can be seen in Supple-
mentary Figure 4.9. We highlight 3 gag sequences that coalesce in 2007 (clade u7), a pair
of pol sequences in 1992 (clade u8), or 4 env sequence in 1994 (clade u9). In previous
work we show subtype D has a high propensity to carry X4 co-receptor tropism (66% of
1986 sequences; chapter 3). Here, X4 co-receptor tropism shows some phylogenetic signal
in subtype D as its distribution is clumped across the env phylogeny (D=0), as might be
expected by a Brownian walk (p=0.5), beyond the random null distribution (p<0.001).

4.4.3 Change in effective population size over time

An estimation of Ng over time for the two HIV subtypes was carried out using the skygrid
demographic model where the effective population size was estimated at 4-year intervals.
Figure 4.4 shows the skygrid effective population size point estimates for each partition for
subtype A1 and subtype D with the associated credible intervals. The three genes provide in-
ternally consistent estimates for both subtypes. As already established, subtype A1 is present
earlier in Uganda (1957 in this analysis), growing exponentially until a peak in the late 1980s
and early 1990s, consistent with some estimates (Kirby 2008) of the peak in HIV incidence
and prevalence for Uganda. Subtype D is introduced into Uganda about a decade later, but its
epidemic grows even more quickly, so that by the early 1990s where it also reaches its peak,
the two subtypes have a similar effective population size. Subsequently, N for subtype A1
remains fairly constant, with perhaps a slight upward trend toward the present day. Subtype D
however, appears less stable, dropping more sharply in the early 1990s and again after 2010,
although the credible intervals largely overlap.
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4.4.4 Molecular clock rate estimates and tMRCA in Uganda

In the above analyses we have analysed three genes using two demographic models, firstly
the skyride with outgroup sequences to look at the placement of the subtypes in their wider
context (Figures 4.2 and 4.3) and secondly the skygrid model with only Ugandan sequences
to examine changes in Ng over time (Figure 4.4). We find subtype D to have a higher evolu-
tionary rate than subtype A1 in all comparisons of gene and demographic model (Figure 4.5.
Evolutionary rates in subtype A1 are lowest in pol/ (1.51x103), followed by a marginally faster
rate in gag (mean 1.73x10°%), whilst env rates are considerably higher (mean 2.53x103). The
same pattern with respect to the three genes is seen in subtype D (po/ mean = 1.74x10°%, gag
mean = 1.99x10°3, env mean = 2.93x10°%). The clock estimates for the skygrid model were
much the same as the skyride model if slightly higher (pol: 1.58 vs 1.51) (gag :1.77 vs 1.73),
and (env: 2.65 vs 2.53) for subtype A1 and (pol: 1.83 vs 1.74) (gag: 2.10 vs 1.99) and (env:
both 2.93) x103 for subtype D. Accordingly, the tMRCA ages as estimated with the skygrid
model were slightly later due to a faster rate (compare panels ¢ and d in Figure 4.5). The
individual gene skyride tMRCA estimates were remarkably consistent in subtype D skygrid
(Figure 4.5d) with distinct peaks in the posterior around the date 1966, while there was more
variation between genes in the subtype A1 skyride analysis (Figure 4.5c).
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Figure 4.5: Rate and date estimates from BEAST analyses, a) evolutionary rates estimated with the skyride model and
outgroups, b) evolutionary rates with skygrid and only Ugandan sequences, c) time to most recent common Ugandan ancestor
estimated with the skyride model (age height and BCI of the node is shown) d) root age estimate with the Skygrid model and
Ugandan sequences only.
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4.5 Discussion

Using full-length HIV genomes spanning three decades of the Ugandan epidemic (1986-
2016) we have shown that the two predominant subtypes, A1 and D, entered the country
sequentially. Subtype A1 preceded subtype D, as (Yebra et al. 2015) first suggested using po/
fragment sequence data (A:1960 vs D:1973). Here we have confirmed and refined this differ-
ence using full genome data from 1986. We now estimate the age of the Ugandan epidemics
to be between 1949 and 1956 for subtype A1, and 1962 and 1965 for subtype D, (estimates
from skyride with outgroups and skygrid with Uganda only models respectively). After its later
appearance, the Ugandan subtype D clade grew substantially faster than subtype A1 and
both subtypes peaked with a similar Ng in the 1988, and thereafter remaining similar. By 1986,
subtype D was the predominant (67%) subtype in that sample. However, these early subtype
D sequences are not randomly distributed in the subtype D phylogeny. There is clearly visible
(and statistically significant) clumping in the distribution of historical sequences in the tree,
many of which do not give rise to modern day descendants and we are therefore seeing the
extinction of many early subtype D lineages.

As known for some time (e.g. Yirrell et al. 1997), subtype D is well established in Uganda,
and was infact the predominant subtype in 1986, the date of the historical samples. This was
despite an already widespread subtype A1 epidemic already in place since around 1950.
A national epidemic of two HIV subtypes at similar prevalence is unusual. A comparable
example might be the early Thai epidemic where the B and CRF01 subtypes were clearly
evident (Mccutchan et al. 1992). However, these were found in different geographical areas
and were associated with different risk groups (Ou et al. 1992). In Uganda, subtypes A1
and D have been found within the general population, and have both been associated with
heterosexual transmission, and diverse URF genomes containing both subtypes confirms that
these epidemics were in the same population early on, since dual infection is a prerequisite
for their creation. East African Subtype D genomes available from our sample and in the Los
Alamos Database are 97% Ugandan, and so it appears that while subtype A spread into the
rest of Africa (and indeed across the whole world), subtype D remained endemic to Uganda.

From the phylodynamic reconstruction, exponential growth is inferred for both subtypes until
the late 1980s. The slowing of the growth corresponds to the beginning of a strong and
multipronged HIV public education campaign in Uganda. After this point there seems to be
a change in dynamics, and subtype D decreases in proportion from 67% in 1986 to 17% in
the modern day (chapter 3); a decline which other large Ugandan cohorts have also reported
(Conroy et al. 2010, Lamers et al. 2020). Subtype D infections progress relatively quickly to
AIDS (Kaleebu et al. 2002, Ssemwanga et al. 2013, Vasan et al. 2006, Kiwanuka et al. 2008,
Baeten et al. 2007, McPhee et al. 2019, Easterbrook et al. 2010). We and others have shown
that subtype D has a higher propensity for CXCR4 tropism (Huang et al. 2007, Kaleebu et al.
2007) which might be the cause of increase in virulence. Under many models a reduction in
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risk through behavioural change on a population level, might be expected to favour a variant
with a lower virulence and consequently a longer exposure window (Blanquart et al. 2016,
Fraser et al. 2007), and in Uganda that may have favoured subtype A1 over subtype D in the
later period.

In our analysis we have adopted a novel approach to making genome level MCC trees by
analysing genes with different evolutionary rates separately and then combining them to
reflect the genome history as a whole. We have taken particular care in our analyses to
remove intra-subtype recombination from each of our gene alignments, since the clock rate
will be particularly sensitive to recombination (Schierup & Hein 2000b). The gene level results
were consistent enough that we were able to combine the topologies into one consensus
tree, whilst allowing for uncertainty introduced by intra-gene recombination via incongruent
branching patterns. This method seems to be robust in recovering similar key tMRCA dates
at the subtype level. Thus, the MCC skyride genome tMRCA of all subtype D (/=1955) is
consistent with earlier date estimates (Faria et al. 2014, 2019, Korber et al. 2000), as were
those of subtypes B and A (Worobey et al. 2016, Tongo et al. 2018).

We used two different population growth models in our BEAST phylogeny reconstructions.
Firstly, we used the skyride with a wide range of outgroup sequences to look at the placement
of the subtypes in their wider context. Secondly we used the skygrid with sequences solely
from Uganda to look at the change in effective population over time. We observed that the
skygrid (with single subtype) evolutionary rate estimates are consistently slightly higher and
the dates are consistently slightly earlier than those from the skyride (with multiple subtype)
model. Previously, Wertheim et al. (2012) described the phenomenon of heterotachy in dif-
ferent subtype clock rate estimations. Specifically, they showed that subtype evolutionary
rates are not all the same, and analyses using single subtypes produce earlier tMRCAs than
combined subtype analyses, which is consistent with our observations.

The evolutionary rate in subtype D appears higher than that for subtype A with all models
and for all genes. Yebra et al. also previously reported a faster rate of subtype D than A1
using just pol data, but with a larger difference (2.4 x10° vs 1.7x10°%). The use of historical
genome sequences from 1986 has significantly reduced this gap, and improved the accuracy
of evolutionary rate estimates. Subtype D is approximately 10 years younger than subtype A
(depending on the model examined), therefore we believe that the faster rate of subtype D
is a subtle effect of the time dependent clock rates observed in viruses e.g. (Duchéne et al.
2014, Aiewsakun & Katzourakis 2015). Others have suggested that using mixed clock models
(Bletsa et al. 2019) aid with evolutionary rate estimates, but having full-length genomes span-
ning 3 decades should add more of an improvement to estimates than the clock model itself,
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as others have found (Wilkinson et al. 2015, Worobey et al. 2016). Similarly, Patino-Galindo &
Gonzalez-Candelas (2017) suggest the clock rate for subtype D is slower than other subtypes,
but the subtype D genome data presented here doubles what has been previously available,
and so has provided a better estimate.

We suggest that differences in tMRCA in each gene might not necessarily reflect errors in the
BEAST model, but that there may be real differences in evolutionary processes occurring in
each gene, particularly since the same full genomes were used for all models and partitions.
For instance, the 5-year discrepancy between Skyride pol D (1965) and skyride env D (1960)
might indicate an intra-subtype gene conversion event in po/ that might that makes it appear
younger than other genes. Also of note, is that when examining the individual gene tree in pol
D (Supplementary Figure 4.6) a well-supported coalescent event at 1973.4 is observed. This
is where the majority of modern sequences meet, and is consistent with our previous estimate
of 1973 based on pol data alone and without the historical sequences (Yebra et al. 2015).
This highlights the importance of the sampling of the sequences as well as the estimation
procedure.

We present a tale of two subtypes in Uganda. Firstly, subtype A1 enters Uganda between 1949
and 1956, growing exponentially. Secondly, subtype D enters between 1962 and 1965 and
rapidly overtakes to become the dominant subtype (67%) in 1986. After the AIDS education
era begins in the late 80s, there is a reversal of fitness as subtype D declines rapidly. We
propose that many historical subtype D lineages went extinct and failed to infect new persons
because a faster progression to AIDS gave the virus a shorter window to do so.

4.6 Supplementary Information

Subtype Country pling Year A ion Name

B FRANCE 1983 K03455 HXB2

B UNITED STATES 1983 AY835748 5096

B UNITED STATES 1983 AY835754 5084

B UNITED STATES 1983 AY835770 5082

B UNITED STATES 1983 AY835777 5018

B UNITED STATES 1983 AY835781 5157

B UNITED STATES 1983 M17451 HAT3

D DEM REP OF CONGO 1983 K03454 ELI

D DEM REP OF CONGO 1983 M27323 NDK

D DEM REP OF CONGO 1984 usss22 84ZR085

D DEM REP OF CONGO 1985 M22639 7276 72 _CDC_Z34
D DEM REP OF CONGO 1987 MH705152 PBS5635

D DEM REP OF CONGO 2002 KU168272 LA18ZiAn

D DEM REP OF CONGO 2003 KU168271 LA17MuBo

D BRAZIL 2010 KJ787684 10BR_RJ095
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D BRAZIL 2010 KJ787683 RJ108

D BRAZIL 2010 KU749394 DEMD10BR034
D CAMEROON 2001 AY371155 01CM_0009BBY
D CAMEROON 2001 AY371156 01CM_0175BA
D CAMEROON 2001 AY371157 01CM_4412HAL
D CAMEROON 2008 MN153488 08CMBDSH25
D CAMEROON 2010 JX140670 DEMD10CMO009
D CAMEROON 2010 KP109501 DEMD10CM018
D CHAD 1999 AJ488927 MNO012

D CYPRESS 2006 FJ388945 CY163

D SENEGAL 1990 AB485649 SE365

D KENYA 2001 AF457090 NKU3006

D KENYA 1997 AY322189 ML415_2

D KENYA 2011 KF716476 DEMD11KE003
D TANZANIA 2004 KX907406 C0O6405V4

D TANZANIA 2001 AY253311 A280

D UGANDA 1991 AB485650 uG270

D UGANDA 1991 AB485651 UG270

D UGANDA 1992 AJ320484 92UG001

D UGANDA 1993 AY713418 93UG_065

D UGANDA 1994 ugss24 94UG114

D UGANDA 1995 MH705143 42-877

D UGANDA 2007 JX236670 p191647

D SOUTH AFRICA 1984 AY773338 R2

D SOUTH AFRICA 1985 AY773339 R214

D YEMEN 2001 AY795903 01YE386

D YEMEN 2002 AY795907 02YE516

D CHAD 1999 AJ488926 MNO11

D CHAD 1999 AJ519488 MNO11

D CHAD 1999 AJ519489 MNO12

Table 4.1: Additional genomes from the Los Alamos Database (for subtype

D)
Subtype Country Year A 1 Name
G DEM REP OF CONGO 2003 KU168277 LA23LiEd
G DEM REP OF CONGO 1987 MH705134 PBS1191
G DEM REP OF CONGO 1987 MH705155 P406
G DEM REP OF CONGO 1987 MH705162 87-2580
A2 CYPRUS 1994 AF286237 94CY017_41
A2 DEM REP OF CONGO 1997 AF286238 97CDKTB48
A2 CAMEROON 2001 GU201516 01CM_1445MV
A2 DEM REP OF CONGO 1987 MH705163 PBS1195
A4 DEM REP OF CONGO 1997 AM000053 97CD_KCC2
A4 DEM REP OF CONGO 1997 AMO000054 97CD_KTB13
A4 DEM REP OF CONGO 2002 AMO000055 02CD_KTB035
A5 DEM REP OF CONGO 1997 FM877777 97CD_KTB119
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A5 DEM REP OF CONGO 2002 FM877780 02CD_KS069
A5 DEM REP OF CONGO 2002 FM877781 02CD_LBTB084
A5 DEM REP OF CONGO 2002 FM877782 02CD_MBTB047
Al DEM REP OF CONGO 2002 KU168256 LAO1AIPr

Al KENYA 1994 AF004885 Q23_17

Al KENYA 2000 AF457055 KER2012

Al KENYA 1999 AF457063 KNH1088

Al KENYA 1986 AF539405 ML170_1986

Al KENYA 1997 AY322185 MLO13_2

Al KENYA 2001 EU110085 ML752

Al KENYA 2002 EU110092 ML1990

Al KENYA 2006 FJ623475 06KECst_006
Al KENYA 2006 FJ623480 06KECst_009
Al KENYA 2006 FJ623483 06KECst_016
Al KENYA 2006 FJ623488 06KECst_017
Al KENYA 2011 KF716474 DEMA111KE002
Al KENYA 2004 KT022360 04KE169579V3
Al KENYA 2004 KT022361 04KE263806V2
Al KENYA 2004 KT022364 04KE378531V2
Al KENYA 2004 KT022365 04KE406723V2
Al KENYA 2005 KT022370 05KE185405V4
Al KENYA 2006 KT022378 06KE196199V6
Al TANZANIA 1997 AF361872 97TZ02

Al TANZANIA 1997 AF361873 977203

Al TANZANIA 2001 AY253305 A173

Al TANZANIA 2001 AY253314 A341

Al TANZANIA 2005 KX907341 CO0260V5

Al TANZANIA 2004 KX907343 CO0330V4

Al TANZANIA 2006 KX907346 C0O0434V7

Al TANZANIA 2005 KX907347 CO0439V5

Al TANZANIA 2003 KX907348 C0O0543V2

Al TANZANIA 2002 KX907352 CO0783V0

Al TANZANIA 2005 KX907364 CO3083V4

Al TANZANIA 2004 KX907372 CO3365V2

Al TANZANIA 2006 KX907378 C0O3504V7

Al TANZANIA 2004 KX907383 CO3718V3

Al TANZANIA 2004 KX907389 C0O3878V2

Al TANZANIA 2005 KX907401 CO6161V5

Al TANZANIA 2005 KX907412 C06592V5

Al TANZANIA 2006 KX907414 CO6637V7

Al TANZANIA 2006 KX907423 C06830V7

Al TANZANIA 2006 KX907431 C06974V7

Al RWANDA 1992 AB253421 92RW008

Al RWANDA 1992 AB287376 92RW025A

Al RWANDA 1993 AB287378 93RW037A

Al RWANDA 1993 AY713406 93RW_024

Al RWANDA 2011 KF716472 DEMA111RW002
Al RWANDA 2003 KF716499 DEMAO3RWO001
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Al RWANDA 2007 KP109528 DEMAO7RWO002
Al RWANDA 2007 KP223844 R880_MPL_C11
Al RWANDA 2006 KU749423 DEMA106RW003
Al RWANDA 2008 KU749424 DEMA108RWO010
Al UGANDA 1992 AB098332 UG029

Al UGANDA 1992 AB253428 92UG037_A35
Al UGANDA 1992 AY713407 92UG_029

Al UGANDA 2007 JX236669 p191084

Al UGANDA 2007 JX236671 p191845

Al UGANDA 2007 JX236676 p9004SDM

Al UGANDA 2009 KF716478 DEMA109UG001
Al UGANDA 2011 KF716486 DEMA110UG009
Al UGANDA 2011 KF859745 DEMA110UG001
Al UGANDA 2009 KP109490 DEMA109UG017
Al UGANDA 1985 M62320 U455_U455A

Table 4.2: Additional genomes from Los Alamos (for subtype A1)
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Partition | post-2000 | pre-2000 | D p(clumped Brownian) | p(clumped random) | Interpretation

Gag A1 | 239 32 -1.119 | 0.019 0.000 clumped

Pol A1 31 197 0.925 | 0.033 0.408 random

Env A1 256 29 -0.934 | 0.945 0.000 clumped

Gag D 116 172 -1.535 | 1.000 0.000 extremely clumped
Pol D 112 166 -1.635 | 1.000 0.000 extremely clumped
Env D 109 135 -2.791 | 1.000 0.000 extremely clumped

Table 4.3: The Fritz and Purvis “D-statistic” for phylogenetic distribution of
age of sequences (pre-2000/ post-2000)
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Figure 4.10: Prob density functions of phyloD statistic applied to historical
(pre-2000) tips
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Partiton | R5 | X4 | D p(clumped Brownian) | p(clumped random) | Interpretation
EnvA1 | 268 | 17 | 1.084 | 0.051 0.545 random
EnvD 113 | 131 | 0.040 | 0.464 0.000 clumped

Table 4.4: The Fritz and Purvis “D-statistic” for phylogenetic distribution of
binary character X4 tropism
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Figure 4.11: Prob density functions of phyloD statistic applied to tips with
X4 tropism




Chapter 5

Opinion: HIV-1 circulating
recombinant forms are biologically
distracting and misleading
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5.1 Introduction

The division of viruses into groups that meaningfully reflect their evolutionary history is an
important pursuit (Kuhn et al. 2019), but difficult, and as such there are no universally agreed
methodologies for virus classification (Kuhn 2021). The International Committee on Taxonomy
of Viruses (ICTV) states that virus taxonomy should serve the community in facilitating inter-
national agreement, provide stability, avoid confusion, and avoid the unnecessary creation of
names. HIV diversity is currently partitioned into subtypes A-D and F-H, J and K, with sub-
subtypes A1-A6, F1-F2 and 117 circulating recombinant forms composed of more than one
subtype, see lanl.gov/crfs.

The major HIV subtypes have gone through large bottlenecks resulting in genetically distinct
subtypes (around 15% divergence; (Li et al. 2015), with distinct patterns with respect to
geography and risk groups. Subtype B for example is associated with men who have sex with
men in high income countries (Vermund & Leigh-Brown 2012), subtype C with heterosexual
populations in South Africa (Wilkinson et al. 2015), or subtype A6 in people who inject drugs
in the countries of the former Soviet Union (Abidi et al. 2021).
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The ancestral sequence of COVID-19 was known before the major lineages had started
to emerge (Rambaut et al. 2020). By contrast, when HIV was first sequenced in 1985, it
was already the cause of a large pandemic with geographically distinct lineages that had
accrued around 60 years of mutation and recombination (Worobey et al. 2008). It was not
until sequences from Africa became available to researchers, that the scale of the genetic
diversity (Alizon et al. 1986, Potts et al. 1993) or age (Zhu et al. 1998) of the pandemic became
apparent. Sequencing and sampling at the time was not able to capture the breadth and
depth of global diversity, so that when the first subtypes (A-E) were designated in 1992, it was
not by full-genome sequences, but by single gene sequences from gag or env.When more
data became available, it was became increasingly clear that recombination was a significant
factor in the evolution of HIV-1 (Robertson et al. 1995). Therefore, when ’subtype E’ was
sequenced in full, the gag and pol regions appeared more like subtype A1 (Gao et al. 1996,
Carr et al. 1996) and so the lineage became known as CRFO1_AE. In 1999, a committee
met and promulgated a new rule. Circulating recombinant forms (CRF) were defined as three
or more epidemiologically unlinked genomes with a distinct recombination pattern with more
than one subtype (Robertson et al. 2000).

5.2 CRF frequencies

The Los Alamos HIV Database (accessed 24 February 2022) was searched for CRF se-
quences of any length. Of the 117 CRF classifications, 51 (44%) had fewer than ten se-
quences, and the majority (92 or 78%) had fewer than a hundred representative sequences,
see Figure 5.1. An example is CRF 23, a subtype B and G chimeric genome described from
Cuba (Sierra et al. 2007), which has not been documented since, either as a partial gene
sequence or as a full-length genome. Partial gene sequences are much more common in the
database, and when we specifically looked for full-length sequences, a large majority 98 or
(83%) of CRFs had ten or fewer genome representatives.

Therefore, most CRFs have poor representation in the database. The two main exceptions
to this are CRFO1and CRF02 with 66,368 and 23,999 sequences (of any length) respect-
ively, and they alone make up 71.3% of the CRF sequences available. In fact, both of these
CRFs have more numerous representations than the subtypes F, G, H, J, and K combined
(n=16,185). This is in part explained by their age; CRFO01 originated in Africa, before seeding
epidemics in Thailand and China, and is a large enough clade that there have multiple pro-
posals to further stratify it into sub-lineages (Feng et al. 2013, Li et al. 2017, An et al. 2020).
Similarly, CRF02 (composed of subtypes A and G) is a very old and diverse lineage found
widely in West and Central West Africa (Faria et al. 2012, Mir et al. 2016).
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There has been much speculation that recombination between multiple subtypes might bring
together favourable mutations to bring forth some biological advantage which allows them to
outgrow their parent subtypes (e.g. Turk & Carobene 2015). With some exceptions however, it
appears that the majority of CRFs are not reported after their initial designation. These events
therefore appear to be more lost to genetic drift than confer any selective advantage.

Number of CRF gene or partial genome sequences per CRF
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Figure 5.1: Los Alamos Database was queried for full length genomes

5.3 Recombination is a continuous process

Mutation and recombination are not independent processes (Schlub et al. 2014), because
they are both a consequence of the reverse transcription process (Coffin et al. 1997). Template
switching is an obligate part of reverse transcription (Temin 1993) and additional template
switches can happen about 5 to 14 times per replication event (Cromer et al. 2016), making
recombination more frequent than mutation (Hu & Temin 1990). Recent advances in single
genome amplification have meant recombination within a patient can be well documented and
described (Song et al. 2018). Recombination is not only a mechanism for increasing diversity,
but also a mechanism to avoid error catastrophe (Tripathi et al. 2012) and maintaining genome
structure and integrity (Rawson et al. 2018). We would argue that a single recombination event
is therefore not remarkable in of itself.
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Signatures of recombination can be detected in both distant and recent histories. In distant
history, the SIV in the chimpanzee (from which HIV-1 M was descended) is a chimera of two
SIVs from different monkey prey species of chimpanzees (Bailes et al. 2003). Within Group 1-
M, a deep recombination event is evidenced by differences in the time to most recent common
ancestors across the genome (Olabode et al. 2019). It is therefore not surprising that global
CRF lineages represent a spectrum of ancient and modern recombination events (Zhang
et al. 2010). In the same way, breakpoints within the same genome will have different ages
as sequential recombination events take place (Gao et al. 2021). Another example, CRFs
79, 102, 104, 109, 113, 117, which are all found in China, are composed of CRFs 01 and
07, and will therefore have breakpoints between CRF 01 and CRF 07 parents, but also older
breakpoints between subtypes C and B in the CRF07 genomic regions.

5.4 Recombination patterns along the genome

Fan et al., in 2007 described the distribution of 354 unique breakpoints amongst 80 CRFs
and URFs Figure 5.2 a). They reported moderate levels of recombination in structural genes
gag and pol, very low levels within envelope, and much higher levels at the accessory gene
regions (vif, vpr, tat, and nef). Whilst there are a number of factors that determine breakpoint
frequency and location along the genome, like RNA structure (Simon-Loriere et al. 2009,
2010), and sequence similarity (Baird et al. 2006), recombination in the env gene seems to
be highly suppressed. This may be because the envelope proteins, which are essential for
cellular entry, have an extremely complex trimer structure, providing a significant functional
constraint (Bagaya et al. 2015, Woo et al. 2014, Golden et al. 2014) against their disruption,
thereby being recombined intact like a 'cassette tape’ in and between viruses (Archer et al.
2008).

In Uganda, two subtypes co-circulate at high frequency, leading to myriad unique recombinant
forms (Grant et al. 2020). Previously, we described the distribution of breakpoints of A1 and
D URFs in Uganda using the phylogenetic method SCUEAL (Kosakovsky Pond et al. 2009)
(Figure 5.2b). We found a remarkably similar distribution to that of Fan et al. (Figure 5.2a). We
then extended our SCUEAL analyses to a large curated global dataset (Olabode et al. 2019)
with 2558 URFs, Figure 5.2c), and again find peaks of recombination in the accessory gene
regions either side of envelope. In addition, SCUEAL, which is capable of identifying within
subtype recombination, also finds the same pattern within subtype B (n=434, Figure 5.2d).
Finally, we recover similar breakpoint distributions using two other non-phylogenetic methods
using JPHMM (a hidden Markov Model based tool, n=1394 genomes, Figure 5.2e) and using
dynamic stochastic block modelling from (Olabode et al. 2022), Figure 5.2f, demonstrating
that this is not a result of using standard phylogenetics or SCUEAL specifically.
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We therefore demonstrate a reproducible pattern of recombination along the HIV genome
using phylogenetic and non-phylogenetic methods, that can be seen both within and between
subtypes. Given that there are clear hotspots of recombination, genomes may have the same
inter-subtype recombination pattern by chance, despite having independent evolutionary ori-
gins. This is indeed what has been observed in Uganda, and as was the case with CRF84
which was retracted some time after its publication for this reason.

5.5 ‘Pure’ subtypes

The concept of ‘pure’ subtypes is misleading, as all subtypes originated in the Democratic
Republic of Congo and were likely the result of recombination (Kalish et al. 2004). The lack
of clarity as to what comprises a 'parent’ subtype is exemplified by the unknown "Subtype E"
parent of CRF01 (Anderson et al. 2000) and indeed, it was shown that CFR02 is the parent
of subtype G, not the other way around (Abecasis et al. 2007).

Recently we have applied a new clustering method inspired by network science, to detect
‘communities’ of HIV diversity (Olabode et al. 2022). A network is constructed based on
genetic distances (TN93) across sliding windows between the genomes, and an optimal
number of clusters determined with ICL criterion. Using this method, HIV global diversity can
be categorised into 25 optimal ‘communities’ of diversity, with only 5% of the genomes in the
analysis belonging to the same ‘community’ in every window along their genome, therefore
deemed 95% of the genomes recombinant.

Furthermore, when this analysis was applied to the subtype reference genomes of A-D,F-
H,J,and K, the communities which were found were not clearly delineated in all windows of
their genome, showing some evidence of recombination between the subtypes, particularly
subtypes F,G, J and K. Therefore, even the most ‘pure’ HIV subtypes cannot be strictly
delineated.

5.6 Misleading classification

The subtype classification is useful where there have been strong bottlenecks and strong
geographic structure is present, like for example the clade A6, which is found in the countries
of the former Soviet Union, or subtype B in the global North. Where there are multiple subtypes
circulating in the same region however, myriad recombinant forms will arise, as is seen today
in cosmopolitan centres with high levels of immigration such as London (Yebra et al. 2018).

CRFs and pure subtypes classifications, particularly in the same geographical regions, may
therefore create some confusing and misleading subtyping results, and when we include
new CRF references in the subtyping process, it becomes difficult to decipher new CRF
sections from parts of the genome that resemble the parent. Figure 5.3 shows an example of
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a genome from Spain in 2014 [KT276261] subtyped by SCUEAL, with the recombination
pattern G/CRF25/G/CRF43. Examining the structure of CRF25 and CRF43 however, the
picture becomes more confusing as the section of the genome predicted to be CRF25 has

parents subtype A and G, and the parents of CRF43 are CRF02 and subtype G. A strict
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interpretation would suggest this genome is an inter-subtype recombinant with three parents,
G, CRF25 and CRF43. It could also be the case that KT276261 is a subtype G genome with
genome regions that are similar to parent sections of those CRFs (also subtype G). Moreover,
the fact that CRFs25 and 43 are from Saudi Arabia might suggest a priori they are related to
the parent rather than the CRF.

Some subtyping programs, for example JPHMM, do not include CRFs in their reference set.
This would mean that CRF03, for example would be reported as a C/B recombinant by
JPHMM. For the automated subtyping tools which do include CRFs however, it becomes
cumbersome to include new CRF references as they arise, and they may face the kind of
misleading taxonomy presented in Figure 5.3.

(both 25 and 43 from Saudi Arabia 2008)

CRF 43 CRF02 G CRF02 G
CRF 25
A G U, e u G A G
KT276261 G CRF G CRF 43
(Spain 2014) 25
[ T T T 1
0 2000 4000 6000 8000

Genome position

Figure 5.3: CRFs make describing diversity more difficult. KT276261 is
subtyped with SCUEAL and appears related to CRFs 25 and 43, but may
just be phylogenetically similar to the parent sections of those CRFs.

5.7 Conclusion

Both subtypes and CRFs have undergone a multitude of recombination events in recent and
ancient times, and are far from uniform in terms of relative frequency or age. Incomplete
sampling of diversity in the early part of the epidemic meant that certain subtypes were
‘grandfathered’ in (Foley et al. 2016), but the subtype system, whilst imperfect, is widely
understood and reflects founder effects that happened before the 1960s (Worobey et al.
2008).
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We argue that while some CRFs seed significant epidemics, most are never documented
again and therefore represent small clusters transmission clusters which confuse our under-
standing of HIV diversity. While retiring the current subtype classification may well be 'throwing
the baby out with the bathwater’, we must accept that recombination is a pervasive, ongoing,
and even predictable evolutionary process in HIV-1. Because recombination is an ongoing
process, the use of highly curated subtype references means that our understanding of HIV
diversity is fixed in a single point in time. Genome references, whilst they may have been
carefully selected, will have undoubtedly have undergone recombination, and will undoubtedly
give rise to new recombinant forms. We therefore make two suggestions.

Firstly, we suggest the use of unsupervised clustering methods in finding reference sequences,
such as the DSBM (Olabode et al. 2022). Analyses that require large numbers of sequences
to explore the diversity and evolution of HIV (like phylodynamic or clustering studies) would
certainly benefit from this approach, as it would include the most appropriate references, whilst
also reducing the burden of inter and intra-subtype recombination. Furthermore, classification
of diversity can be updated as more data becomes available, and reflect the frequency of new
sequences and the dynamic process of recombination.

Secondly, we propose that the new naming of CRFs is counterproductive, because many
do not have large enough numbers of sequences available (and therefore epidemiological
significance), because the presence of shared breakpoints among three genomes alone is
not an interesting feature enough in of itself, and because of the taxonomic confusion they
add.



Chapter 6

General Discussion

6.1 HIV phylogenetics with full-length genomes

This thesis presents two large datasets of genomes from modern Uganda by the PANGEA-
HIV consortium, and a historic sample of 109 genomes from 1986, providing new depth and
detail about the HIV epidemic in Uganda. With longer genome sequences however the chal-
lenges posed by recombination (Posada & Crandall 2002) become more severe, particularly in
this well-established generalised epidemic with two subtypes and high levels of superinfection
(Redd et al. 2012, Ssemwanga et al. 2012). In the modern dataset (chapter 2), over half of the
genomes were distinct, unique, inter-subtype recombinant forms (Figure 2.4), in chapter 3, a
range of distinct, unique, inter-subtype recombinant forms are found by the year 1986 (Figure
3.5), and in chapter 4, by including sections of genes from URFs into phylodynamic analyses,
the diversity of ages of URF clades from the 1970s to 2000s is demonstrated (Figures 4.7 and
4.9). Recombinant forms are therefore being continually created.

If dual infections with different HIV subtypes occur, so too must dual infections with two
viruses of the same subtype, and intra-subtype breakpoints of a range of ages should also be
present. During the preparation of chapter 2, | also described the intra-subtype recombination
distribution along the genome, (included here as Appendix A). SCUEAL is the only program
able to detect intra-subtype recombination because it uses multiple reference genomes from
the same subtype that have been carefully selected and screened with GARD for recom-
bination (Kosakovsky Pond et al. 2009). Using SCUEAL | showed that almost all (91.8%)
of the genomes exhibit either intra- or inter-subtype recombination, and that the distribution
of intra-subtype breakpoints mirrored that of inter-subtype recombination along the genome
(Figure A.1), but with slightly higher levels of intra-subtype recombination in C2-TM env region
(Figure A.2). This pattern might be explained by greater levels of protein or RNA mis-folding
between diverse subtypes compared to the same subtype, where proteins are more likely to
fold and function as required where there has been recombination within the same subtype.
However, after an in silico validation of the intra-subtype detection, it became clear that intra-
subtype detection was not perfectly reliable (Figures A.3 and A.4), and the analysis was
removed from the publication. The unreliability of intra-subtype recombination detection was
particularly high the subtype A1 experiments, where certain sections were conflated with other
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subtype A sub-subtypes and CRFs containing subtype A parents. This further highlights the
problems with referenced based taxonomy (discussed in chapter 5), and the struggle to finding
references that are truly “recombination-free”. The intra-subtype recombination in Uganda
(and the world) therefore remains largely undocumented because it is so hard to detect with
increasing pairwise similarity.

Intra-subtype recombination may also artificially inflate branch lengths (Schierup & Hein 2000a).
The classic ‘starburst’ (Archer et al. 2008) shape of HIV therefore may be partially a con-
sequence of intra-subtype recombination. There seems to be no easy solution to the problem
of intra-subtype recombination in phylogenetics, since recombination is a fundamental part of
the HIV lifecycle, and absence of recombination is a fundamental assumption of phylogenet-
ics, and many phylogenetic studies must exclude large numbers of recombinant sequences
from analyses (e.g. studies using pol data in Uganda). In chapter 4, | extracted sections of
‘pure’ gene sequence from recombinant genomes to decrease the proportion of excluded
data. | also allowed each gene to have a separate phylogenetic history to allow for recombin-
ation between genes, whilst strictly screening for inter- and intra-subtype recombination within
each gene with GARD and RDP4.

In chapter 5, we suggest the use of dynamic stochastic block models (Olabode et al. 2022)
for selecting reference sequences from the database, an approach inspired by network theory
which is highly suited to HIV biology and recombination. This method however will require
some more testing before it can be more widely used. For example, when | applied the
DSBM to Ugandan genome data (not shown), the results of the DSBM were highly dependent
on the down sampling process and the quality of the curated alignment. The number of
communities also tends to increase with increasing numbers of sequences. Therefore, finding
the appropriate diversity and number of sequences to apply the DSBM approach will be the
next important consideration.

6.2 Virulence in subtype D

There is a correlation between faster disease progression and subtype D viruses which has
been shown in several studies both in Uganda and elsewhere. Chapter 3 presents evidence
for a high propensity for subtype D to use the CXCR4 co-receptor using the bioinformatic tool
geno2pheno. Bioinformatic co-receptor prediction is imperfect, and there are other parts of the
genome outside of V3 which contribute to co-receptor tropism (such as V1/V2). Raymond et al.
(2011) suggest some improvements to subtype D specific predictions which might be further
explored, but ultimately the most accurate determination of co-receptor tropism is through cell
culture. With that caveat aside, | think we can be very certain that subtype D viruses are more
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likely to be X4 tropic, because this was also found by others using cell culture (Huang et al.
2007, Kaleebu et al. 2007), and viruses from the same 1986 survey samples sequenced in
chapter 3 were also found to be syncytium forming when they were examined in cell culture
in 1991 (Oram et al. 1991).

In chapter 3, | compare the V3 amino acid sequence of subtype D to some outgroups such as
subtype B and some older subtype D references. We should be wary of interpretation of some
of the older samples (like MAL and HXB2) that would have been grown in cell culture before
sequencing (as was the practice in 1986), because X4 tropic mutations commonly evolve
in cell culture and might not necessarily reflect the virus extracted from the patient. However,
there is a conspicuous deletion in codon position 24 in subtype D, which was probably present
during the bottleneck of the expansion of subtype D into Uganda. This may have facilitated
the increased entropy at positions 23 and 25, and help predispose subtype D to increased
X4 tropism. Poon et al. (2012) show that, during the course of infection, there are a multitude
of mutational pathways that V3 loops can take to switch from R5 to X4 form. The inherited
“sequence space” of V3 may therefore alter the mutational pathways available and predispose
subtype D to X4. Furthermore, in chapter 4, | show that the X4 tropic sequences in subtype
D env are clumped in their phylogenetic distribution, providing some evidence that propensity
to be X4-tropic is a heritable trait within subtype D. Interestingly the opposite effect has been
observed in subtype C which has lower propensity to be X4 (Pollakis et al. 2004, Ping et al.
1999), possibly because it requires additional mutations to reach X4 tropism (Coetzer et al.
2011).

R5 viruses are said to generally initiate infection (Zhu et al. 1993) while during later stages,
X4 viruses may become prominent (Connor et al. 1997). The ‘switch’ from R5 to X4 is often
said to happen in half of AIDS patients (Koot et al. 1992), (although | would argue many of
these observations are from the global North and may be a subtype B specific observation).
In theory, during the course of infection, the T-cell population undergo changes which en-
courage the evolution of X4 tropism (reviewed by Regoes & Bonhoeffer 2005). X4 viruses
are sometimes regarded as ‘dead ends’ because of several ‘gatekeeping’ mechanisms in
the mucosa, which should prohibit the transmission of X4 viruses (reviewed by Margolis &
Shattock 2006). In chapter 3, however, | report that 66% of all subtype D envelopes from
1986 were X4 tropic, while all the subtype A viruses were R5 tropic. This large difference
between subtypes is surprising given that many of the samples (of both subtypes) came from
late-stage AIDS patients in hospitals. Subsequent studies have provided clear evidence that
X4 tropic transmission can occur sexually (Chalmet et al. 2012), and from mother to child
(Church et al. 2008) leading to Hedskog et al. (2012) to assert that there is no evidence
against a ‘random transmission hypothesis’ and the detection of R5 viruses in early infection
may simply be a sampling bias. More evidence for early infection with X4 variants come from
Wambui et al. (2012) who show no association between disease stage and X4-tropism in
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a Kenyan cohort. Although an extremely small sample size, it is remarkable that recently
infected patients (=500 CD4), were just as likely to have X4 tropic viruses (n=4) as R5 (n=5)
(as determined by cell culture). In this thesis | show that subtype D viruses from 1986-2016
have a higher X4 frequency compared with subtype A1, but this data does not address the
‘random transmission hypothesis’ or the ‘gatekeeping hypothesis’. Either way, my conclusions
are consistent with one of a few possibilities, 1) X4 receptors are transmitted in the form
observed, 2) they are transmitted in an R5 form which has the predisposition to evolve very
quickly to X4, or 3) they exist as dual-tropic (R5/X4) viruses .

Viral load is also an important factor in virulence, (Mellors et al. 1996), and Eller et al. (2015)
claim it to be the single largest contributor to virulence. However, the relationship between viral
load, transmissibility, and disease progression is subject to an evolutionary trade off (Fraser
et al. 2007) and the relationships between these factors quickly become very complicated
(see outlined in Figure 6.1), not least because viral load increase and co-receptor switches
may be correlated as the disease progresses to AIDS. Compared to the large difference in
viral loads between HIV-1 and HIV-2 (Hansmann et al. 2005), differences of viral load within
Group M are less obvious, and estimates of heritability of viral load vary considerably within
and between subtypes (Hodcroft et al. 2014). While single point mutations might arise almost
immediately in response to drugs (Coffin 1995), genetic factors determining viral load in Group
M are presumed to be multiple loci with small-scale contributions to replication capacity or T-
cell-activation activities (Fraser et al. 2014). A more virulent subtype B strain with higher viral
load was clearly identified recently in Europe, but still, it remains difficult to attribute virulence
effects at the genetic level (Wymant et al. 2022). The evolution of virulence, particularly with
respect to the "transmission virulence trade-off" is a fascinating area of theoretical research
e.g. (Alizon et al. 2009, Alizon & Michalakis 2015). However, without fully understanding the
underlying mechanisms for virulence it is difficult to predict the direction of evolution (Read
1994). This issue has also been of great interest with respect to Covid-19 (Wertheim 2022).



96

Host factors : HLA,
Amornkul et al., 2013, Kiwanuka et al., 2008 | gender, age, etc. A | Faster disease
Subtype D Kaleebu etal., 2001, Kaleebu et al., 2002 .

I Ssemwanga et al., 2013, Vassan etal., 2006 progression
Kiwanuka et al., 2010, Baeten et al., 2007 o

*
Kaleebu et al., 2007 McPhee et al., 2019 Easterbrook et al., 2018 ?

Tscherning et al., 1998 o .

Huang et al., 2007 O .

Grant et al., 2022a | Connell et al. 2020 r Koot et al., 1993 .

Wambui et al., 2012 - Daar et al., 2007 :
Baeten et al., 2007 ‘;’ =
Bousheri et al., 2009 Evolutionary trade-off
Kapaata et al., 2021 X4 CO-reCGptor Mellors et al., 1996 facilitated by heritable
No difference in viral | Eller et al., 2015 genetic changes in
load between subtypes o Y:,. McPhee et al., 2019 viral load
Aand D R4 Fraser et al., 2007

Both change during Blanquart et al., 2016

disease progression ’..’ E
> .’0 :
..” Gatekeeper hypothesis E
R vs. the random .
.." transmission hypothesis E
’.0 0.. .
h’ ”0.. V
i . o epeps
Viral Load P — A transmissibility
Intermediate viral load transmissible | A> D Kiwanuka et al. 2010 |

evolves (Fraser et al., 2007)
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Many authors find no significant difference in viral load between subtypes A1 and D in Uganda,
at least in the modern era (Baeten et al. 2007, Bousheri et al. 2009, Kapaata et al. 2021). The
historic samples had no accompanying viral load measurements or information about disease
stage, so we could not compare the set point viral loads of the two subtypes. Even if more
information was available, it’s likely many of patients were in a late stage of the disease, which
would confound the comparison. However, read depth in NGS assemblies are sometimes
used as a proxy for viral load (Bonsall et al. 2020, Frampton et al. 2021), which we might be
able to use to give an indication about differences in viral load between subtypes in 1986.
Figure 3.1 from chapter 3, shows no significant difference in read depth between A1 and
D genome assemblies, which suggests there are no differences in viral load between the
subtypes, although this must be a tentative conclusion because of the lack of meta data
(crucially disease stage) and the possibility of unequal degradation of RNA samples (e.g.
different time to freezer). Amornkul et al. (2013) report that subtype D reached higher viral
loads faster than other subtypes, but this may be a consequence faster disease progression
due to differences in propensity for the X4 co-receptor.

6.3 Subtype specific differences

Phenotypic difference between the Group M subtypes has been of great interest, particularly
with respect to vaccine design, drug resistance, virulence or infectivity which may give one
subtype an advantage over another (Essex 1999, Geretti 2006, Lessells et al. 2012, Taylor
et al. 2008, Buonaguro et al. 2007). The principle that one subtype confers a selective ad-
vantage over another is the crux of the argument made by (Turk & Carobene 2015); that
combination of phenotypic differences from different subtypes would be significant in creating
a new CRF with some selective advantage.

Subtype D virulence seems to be well documented by many authors, both within Ugandan
cohorts, and in Western cohorts. Another interesting subtype effect might be that subtype C
seems to have lower propensity to form X4 viruses (Bjorndal et al. 1999, Peeters et al. 1999,
Tscherning et al. 1998). However, many subtype specific phenotype reports are not replicated,
and it may be particularly difficult to clarify this because any virulence or transmissibility
factors heritable by the virus are confounded by host genetic factors, ethnicity, geography, and
route of transmission (Butler et al. 2007, Peeters 2000). Some studies might be able to find
subtype specific motifs of interest (for example Tenzer et al. 2014). However, studies which
do not investigate underlying genetic mechanisms of subtype-specific definitions show only
correlations. Moreover, many of the studies that compare subtypes are based on single gene
classification (e.g. (Price et al. 2019) only sequences pol, or (Palm et al. 2014) only sequence
V3), which therefore rely on an assumed linkage between parts of the genome which contain
theoretical loci of interest. In this thesis, whole genomes were examined, and two subtypes



6.3. Subtype specific differences 98

were compared within the same human population, reducing some of these confounding
factors. We found a deletion in position 24 of the V3 loop of subtype D: a subtype specific
motif already associated with a known regulator of virulence. Furthermore, we showed that
this subtype D specific V3 loop appears to have been removed by selection and recombination
in URF sequences.

6.4 HIV diversity in Uganda

Sampling biases are always important to consider in phylogenetic studies (Hills 1998). Uganda
is one of the best sampled countries in East Africa, but even so, the data here represents only
a tiny fraction of the Ugandan epidemic. The modern PANGEA data was collected by the UVRI
which is based in Entebbe, and many of the cohorts therefore represent the central region of
Uganda. Some subtype heterogeneity between Ugandan regions can be seen in the map
presented by Poon et al. (2019), which also highlights that many areas are under-sampled.
It is important to note that studies from the Rakai Health Sciences Program in South West
Uganda appear to sample more subtype D than the central region. Some Rakai studies even
find geographical patterns of subtype within the Rakai region (Collinson-Streng et al. 2009).

Although the relative subtype frequencies in Uganda have shifted, the Ugandan epidemic has
been overwhelmingly driven by subtypes A1 and D for three decades. The founder events
that seeded the epidemics East Africa seem to have occurred early on. Considering the
proximity of Uganda to the DRC, it was surprising not to see other DRC subtype exports
in the 1986 sample. Similarly, subtype C, whilst common in Kenya is not seen in Uganda in
any abundance, even though Uganda sits between the DRC and Kenya. The sub-structure
of subtype A1 by East African country (Figure 4.2) suggests that the movement of people
between countries was fairly constrained, particularly in the earlier decades.

We can provide no clear explanation as to why subtype D invaded Uganda so successfully
and not the surrounding countries like Kenya or Tanzania. The period before 1986 period is
an undocumented part of the epidemic and we can only speculate based on the coalescence
patterns from BEAST. One explanation might be that subtype D had a higher viral load in the
early epidemic (and therefore was more infectious per sexual contact) but we find no evidence
to support a higher viral load in subtype D (discussed above). Therefore, the spread of subtype
D may just simply be a very strong founder effect, where subtype D established itself very
rapidly in Uganda in the 20 years (approx 1965-1987) before the national “education era”
began to curb infections. Faria et al. (2019) discuss the introduction of subtype D into Uganda.
They suggest that the nearest cities Bwamanda and Kisangani in the DRC are known to have
high subtype D incidence (Vidal et al. 2005, 2000) and subtype D may have entered into
northern Uganda from these northern DRC cities. Interestingly then, Clade O (the oldest clade
in Uganda, Figure 4.3) contains 3 of the 4 genomes from Lacor hospital in Gulu (northern
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Uganda), so subtype D may have entered Uganda from the north side. Northern Uganda is not
included in the PANGEA dataset however, so it seems possible that more descendants might
be found with more sampling in the region. Faria et al. (2019) tentatively suggest that blood
transfusions may have played a role in amplifying the founder effects of subtype D in Uganda.
However, at that time blood donations were usually from family members and one-time events,
and there were no financial incentives for repeat donations (personal communication Dr JW
Carswell, December 2021), so while this route of infection may have happened occasionally it
is unlikely to have been a large factor.



Appendix A

SCUEAL intra-subtype recombination

Because SCUEAL is a phylogenetic based method with multiple references for each subtype,
it is also capable of detecting intra-subtype recombination. During preparation of Chapter 2,
| had initially included the intra-subtype breakpoint distributions of subtype A and subtype
D genomes in Uganda (Figure A.1 and Figure A.2). | reported that subtype A1 had more
intra-subtype breakpoints per genome (mean 3.5) than subtype D (mean 2.5), (Mann-Whitney
U-test, p<0.0001),

The reviewers asked for a validation of the SCUEAL breakpoint detection. Using real Ugandan
genomes, | created in silico A1/D inter-subtype recombinants, and A1 and D intra-subtype
recombinants to test the sensitivity of SCUEAL. A random number of breakpoints from 1 to
3, with random breakpoint locations, and a random selection of three “pure” A1 (labelled A1,
A2, A3) and three “pure” D subtype sequences (labelled D4, D5, D6) taken from the PANGEA
dataset (already designated as 'pure’ by SCUEAL) were used to make the recombinants.
Each in silico recombinant was analysed by SCUEAL 100 times.

For the A1/D recombinants, the majority of the SCUEAL replicates found inter-subtype break-
points as expected (as seen in Chapter 2 supplementary information Fig 2.7) which demon-
strated high SCUEAL sensitivity to A1/D breakpoints. However, the SCUEAL intra-subtype
detection was not as reliable (Figures A.3 and A.4). SCUEAL was not able to accurately
describe the intra-subtype breakpoint placements in many cases, and a number of additional
inter-subtype breakpoints were found, especially in subtype A1 simulations Figure A.4, where
the correct call (pure A1) was made only between 38-92% of the time.

100
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