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1. Variant diversity in donors

In the main text, we described how the changing distribution of variants in donors

during their courses of infection was estimated from next-generation sequencing

data (Zanini et al., 2015). The best fitting parameter values for each of the models

that we considered are given in the table below (Table 1 of Text S1).
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Table 1. Results of model fits to next-generation sequencing data to characterise the distribution of
variants in donors throughout their courses of infection. Best fitting models for each dataset are those
with the lowest AIC values — for example, for integrase data with no selection, the best fitting model is
the gamma distribution.

2. Viral load profiles

To characterise the viral loads of infected individuals in the population, we follow a
modelling approach used previously (Fraser et al., 2007). The infectious period of
each infected individual is divided into three sub-periods: primary, chronic, and pre-
AIDS. The viral loads in primary and pre-AlDS infection, and the length of these

periods, are assumed to be the same for everyone in the population.

Primary infection

In the primary stage, which lasts 1, = 0.24 years, the assumed viral load for each

individual is V,, = 8.7 x 107 viral particles per millilitre of blood.

Chronic infection

During the chronic stage of infection, the viral load, V., is fixed at set point, which
varies by several orders of magnitude between different individuals (Henrard et al.,
1995). The fraction of individuals at seroconversion (the point at which HIV-1
antibodies develop and become detectable) with each log(SPVL), v¢, in the

population at any given time is described by

gv(vc) — %Z (vc ; ”) 7 (a(vc - H))'

o

where z and Z are the probability density function and cumulative distribution
function of the standard normal distribution. We use published maximum-likelihood
estimates (Fraser et al., 2007), so that the mean of the distribution of log(SPVL)




values is

20a

U+ m = 4.74,
and the standard deviation is
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where a = -3.55, between minimum and maximum SPVL values of V™" = 102 viral

particles per millilitre and V™ = 107 viral particles per millilitre.

However, rather than the proportion of seroconverters with each SPVL in the
population, the quantity of interest is instead the proportion of all infected individuals
that have each SPVL when they are in the chronic phase of infection (including
individuals currently in the primary or pre-AlDS phases), g(V). This distribution is
obtained by weighting gv(vc) by the relative lengths of the infectious periods of
individuals with each SPVL and renormalising the resulting distribution. In doing this,
we assume that the proportion of individuals with each SPVL is at equilibrium. This

distribution is shown in Fig 2A in the main text.

The length of the chronic period is

Dy
DmaxDso

W=y Dyy’

years, where Dmax = 25.4 years, Dso = 3,058 copies per millilitre and Dx = 0.41.
Consequently, higher set-point viral loads correspond to shorter chronic periods than

lower set-point viral loads.

Pre-AIDS infection

The pre-AlIDS stage of infection lasts ta = 0.75 years, and the viral load in this phase

is assumed to be Vi = 2.4 x 107 viral particles per millilitre of blood for each

individual.

3. Binomial models of transmission




Simple assumptions that could be made when modelling transmission are that each
particle in an infected individual is transmitted in any given sex act with a fixed
probability, p, say, and that each particle is transmitted independently of any other
particle. As we illustrate here, this simple binomial model alone is inconsistent with
real-world observations. In our analyses, we therefore adjust this model of
transmission so that infections can only occur when environmental conditions are

appropriate.

For an individual with v particles in the genital tract available for transmission, where
each particle has an independent probability p of being transmitted during a single

act, a simple binomial model is:
B, = Prob(n particles transmitted) = (Z)p”(l —p)' .

Then

Prob(transmission) = 1 — P,,
=1-(0-p)”

~ vp,

where we assume that v is large and p is small. The probability of transmission in
real populations is small (around three out of every 1000 potential transmission acts

— Boily et al., 2009), and hence vp must be small.

Then

Prob(multi-particle transmission)

Prob(multi-particle transmission | transmission) =

Prob(transmission) ’

_1_P0_P1
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Following Taylor expansion, this reduces to

=1

. . . . . . v
Prob(multi-particle transmission | transmission) = 7”.

This quantity is small, since we previously found vp to be small. Since transmission
with multiple variants requires transmission with multiple particles, and this
probability is small, then multi-variant transmission must also be rare. However, this
is not the case in reality: around 30% of new infections are initiated with multiple
variants (see e.g. Keele et al., 2008; Abrahams et al., 2008; Tully et al., 2016).
Hence, the simplest possible binomial transmission models are not consistent with

data observed in real populations.

In this subsection, we have only considered transmission from a single infected
individual at a single time. If the complex relationships between viral load, viral
diversity and duration of infection — which vary between individuals in a population —
are included in a binomial model, we find the same result. To show this, we consider
the transmission model in the main text but with f =1 (analogous to a simple
binomial model averaged over the entire population of donors): rare transmission
again implies that new infections are almost always initiated by only single particles,

and therefore only single variants (Figure 1 of Text S1).
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Figure 1 of Text S1. The numbers of particles and variants transmitted according to our model, but
with parameters set so that there is a simple binomial assumption for the number of transmitted
particles in each sex act. The environment is assumed to always be appropriate for transmission (f =
1), and the per-particle transmission probability p is chosen so that transmission occurs in 0.003 of
transmission acts. Multi-variant transmission is then extremely rare, contradicting what is observed in
real populations. The variant distribution used for donors here corresponds to the no selection case,

with transmission parameter values: f=1, p =6 x 1070,

4. Reconciling models of transmission with population-level data

In heterosexual serodiscordant couples in low-income countries, transmission occurs
in approximately three out of every 1000 sex acts and multiple variants found
approximately 30% of new infections. We therefore set the value of the per-particle
transmission probability (p) so that the probability of multiple variant transmission
conditional on transmission occurring is 0.3. The distribution of particles and variants
that are transmitted in sex acts in which transmissions are known to occur is then
independent of the environmental suitability parameter f. However, the value of f can
be chosen so that transmission occurs in three out of every 1000 transmission acts.
The pairs of values (p, f) that match these population-level data (i.e. per-act
transmission probability of 0.003 and probability of multi-variant transmission
conditional on transmission of 0.3) in each of cases that we consider are shown in
Table 2 of Text S1.
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Table 2. Values of the per-particle transmission probability (p) and the proportion of the time the
environment is suitable for transmission (f) used in this manuscript. In most of our analyses, these
values were set so that the per-act transmission probability is 0.003 and the probability of multi-variant
transmission conditional on successful transmission is 0.3 in the absence of treatment.

5. Multiple variants founding infections in donors

In the main text, we described the fitting of distributions to estimate the proportion of
each variant in donors throughout their courses of infection. Since model fits were
obtained using data from ten infected individuals, the majority of whom were likely to
have been infected by single variants initially (Puller et al, 2017), the fitted
distributions suggest only a single variant in each donor initially. However, some
donors in real populations will themselves have been infected by multiple variants.
We therefore conduct a supplementary analysis to examine the numbers of variants
expected to be transmitted from donors who were themselves instead assumed to
be infected by multiple variants. Little is known about the dynamics through the
course of infection in individuals infected by multiple variants from the same donor,
with the notable exception of five individuals followed during the first few weeks of
infection (Kijak et al., 2017). We therefore assumed that within-host lineages deriving
from two different T/F variants evolved independently and remained at equal
proportion during infection (for an example in which the donor was infected by two
variants, see Fig 2E-H of Text S1). In other words, the diversity of variants within a
host infected by two variants was changed from the fitted distribution h(x, t) for x =
1,2,...Ns in the main text to h,(x,t) = h([x/2],t), for x = 1,2,...2Ns, where the
expression [x/2] represents the smallest integer greater than or equal to x/2. This is
an extreme assumption, since within-host lineages may not evolve independently,

and diversity may decrease during infection in some donors (Puller et al, 2017).

Under our assumptions, the number of variants that hosts initially infected with a pre-
specified number of variants are likely to go on to transmit can then be derived (Fig 3
of Text S1). For example, for donors initially infected with two variants, this
corresponds to the expression in the Materials and Methods in the main text for
Prob(N variants transmitted), but with the variant distribution h(x, t) replaced with
hy(x, 1),

Prob(N variants transmitted) =
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We find that hosts initially infected with multiple variants are more likely to go on to
transmit multiple variants. However, this result is strongest if the host is in very early
infection when they transmit to another host: by late infection, the virus has
diversified so that the viral profile of a donor infected with a single T/F variant is
similar to a donor infected with multiple T/F variants. As a result, if a host transmits in
late infection, the initial number of variants that the donor was infected with will not

drastically change the number of variants that they are likely to go on to transmit.

We repeat the analysis from the main text of the number of particles and variants
founding new infections, instead in a population in which 30% of donors were
themselves infected by two variants, and the rest infected by a single variant. (Fig 2I-
K of Text S1). This involves conditioning on whether each new infection arises from
a donor who was infected by one variant or from a donor who was infected by two
variants. For example, the equation for the number of variants transmitted in each

transmission act becomes
Prob(N variants transmitted)
= 0.7 X Prob(N variants transmitted | donor initially infected with one variant)

+ 0.3 X Prob(N variants transmitted | donor initially infected with two variants).

The expression Prob(N variants transmitted | donor initially infected with one variant)
is simply the expression for the distribution of transmitted variants in the main text.
The term Prob(N variants transmitted | donor initially infected with two variants) is

given by equation (S1) above. The entire expression for Prob(N variants transmitted)

(P (1 -



was then normalised (for N = 1,2,3,...), to give a valid probability distribution for the

number of transmitted variants conditional on transmission occurring.

Our main result is that, as before, the link between the numbers of T/F particles and
T/F variants depends on the timing of transmission, with infections deriving from
donors in early infection again more likely to be founded by a large number of

particles but only a small number of variants.
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Figure 2 of Text S1. The distributions of transmitted particles and variants in a population in which
70% of donors were themselves infected by one variant and 30% of donors were infected by two
variants. The distribution of variants in donors themselves infected by a single variant after: (A) 1

year; (B) 4 years; (C) 7 years; (D) 10 years. (E)-(H) The distribution of variants in donors themselves
infected by two variants at the same timepoints as A-D. The x-axis represents the x" most common
variant at each of the above timepoints. (I) The distributions of the numbers of particles (teal) and
numbers of distinct variants (grey) founding new infections in a population in which 70% of infections
are from donors are infected by a single variant and 30% of infections are from donors infected by two
variants. (J) The joint probability distribution of the numbers of particles and variants founding new
infections for the same population as I; the area of each circle is proportional to the probability that the
number of particles on the x-axis and number of variants on the y-axis are transmitted in a single
successful transmission act. (K) Identical figure to I, for donors in early infection only (infected for less
than two years). Parameter values shown in Tables 1 and 2 of Text S1.
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Figure 3 of Text S1. The numbers of variants expected to be transmitted by a donor, for different
numbers of T/F variants in that donor. The first column represents all transmissions. The second, third
and fourth columns represent transmissions in primary, chronic and pre-AlDS infection, respectively.
The distribution of the number of transmitted variants are shown for: (A)-(D) Donor infected by a
single variant initially. (E)-(H) Donor infected by two variants initially. (1)-(L) Donor infected by three
variants initially. The donor considered here has intermediate viral load, with nc = 10*® particles
available for transmission during chronic infection. Parameter value: p = 4.715 x 10°8. The lineages
from each initial variant in the donor are assumed to evolve independently and generate different
variants. The relative frequency of each of the initial infecting variants is assumed to be equal, and
these variants each evolve according to the distributions shown in the left column of Fig 3 of the main

text.

6. Relationship between viral load and number of particles available for

transmission

In the analysis in the main text, we assumed that the number of particles available
for transmission in the genital tract of each donor is proportional to the viral load, with
constant of proportionality k = 1. For example, if the viral load is V = 100,000 viral
particles per millilitre of blood, then we assume that 100,000 particles are available
for transmission. However, the constant of proportionality could in principle take
other values, and so we conduct a supplementary analysis considering different

values of k (0.5 and 4). For each value of k, the model is reparameterised to fit the



population-level data (i.e. per-act transmission probability of 0.003 and probability of
transmitting multiple variants of 0.3), and the distributions of transmitted particles and

variants are approximately unchanged (Fig 4 of Text S1).
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Figure 4 of Text S1. The effect of the numbers of particles available for transmission in donors’ genital
tracts on the numbers of particles and viral variants that found new infections in the population. (A)
The numbers of particles (green) and variants (grey) founding new infections when the number of
particles in the genital tract is smaller than the viral load per millilitre of blood (k = 0.5). (B) The joint
probability distribution of the numbers of transmitted particles and variants when the number of
particles in the genital tract is smaller than the viral load per millilitre of blood (k = 0.5). (C) The
distributions of the numbers of particles (green) and numbers of distinct variants (grey) founding new
infections in the population, from donors in early infection only (infected for less than two years), when
the number of particles in the genital tract is smaller than the viral load per millilitre of blood (k = 0.5).
Panels D-F are equivalent to A-C, when the number of particles in the genital tract is larger than the
viral load per millilitre of blood (k = 4). In B and E, circle areas are proportional to the probabilities that
they represent. Parameter values: variant distribution parameter values are given in Table 1 of Text

S1, and transmission parameter values are given in Table 2 of Text S1.

The reason that the value of k has little effect on the distributions of transmitted
particles and variants is that these quantities depend only on the product of k and the
per-particle probability of transmission, p, rather than the individual values of these
parameters. When the value of p is fitted so that the per-act transmission probability

is 0.003, then higher values of k simply corresponds to choosing lower values of p, so



that the product kp remains approximately fixed. We demonstrate that the distribution
of transmitted particles — and therefore also the distribution of transmitted variants —

depends approximately on the product of k and p, and not the individual values, here.

In the scenario in the main text, which corresponds to the case in which k = 1 so that
the number of particles available for transmission in each donor’s genital tract is equal

to the viral load per millilitre of blood (i.e. n, =V, n, = V. and n, =V,), the distribution

for the numbers of transmitted particles was given by

Prob(n particles transmitted) =

n;rcnax
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ne=nm!

7.(n.)
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+Tp+rc(nc)+ra(n)p(1 P) )

(%) et = pyecs

If instead, however, the numbers of particles available for transmission in primary,

chronic and pre-AlIDS infection are assumed to be n, = kV,, n. = kV_ (for the different

possible values of V. between infected individuals, which range between V™" and

M) and n, = kV,, respectively, then this expression is altered to give

Prob(n particles transmitted) =
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If kV,, kV; and kV, are large, and p is assumed to be very small (so that kV,p, kV.p and
kV,p are not large), then the binomial distributions can be approximated instead by

Poisson distributions,

Prob(n particles transmitted) =~

chax
/ Z an Tp (kV,p)"exp (—kV,p)
S gl¥e 7, +7.(V) + 74 n!

(V) (kV.p)"exp (—kV.p)

T, + 7. (V) + 14 n!
N Ta (kVap)™exp (—kV,p)
7, + 7. (V) + 14 n! '

The number of particles transmitted in a potential transmission act therefore depends
only on the product kp rather than the individual values of these parameters. The
distribution of transmitted variants depends on this expression and the distribution of
variants in the donor (which is independent of k and p). Consequently, the distribution
of transmitted variants also depends only on the product kp rather than the individual

values.

If the value of k is increased, then refitting the model so that Prob(transmission) =
0.003 corresponds to lowering p by the same factor, so that kp remains fixed. As a
result, the distributions for the probability of transmitting n particles and the probability
of transmitting N variants also remain fixed. Consequently, our results are hardly
affected by the constant of proportionality k representing the ratio of the viral load of a
donor to the corresponding number of particles available for transmission in that

donor’s genital tract.
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