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Identifying the genetic drivers of adaptation is a necessary step
in understanding the dynamics of rapidly evolving pathogens
and cancer. However, signals of selection are obscured by the
complex, stochastic nature of evolution. Pervasive effects of ge-
netic linkage, including genetic hitchhiking and clonal interfer-
ence between beneficial mutants, challenge our ability to distin-
guish the selective effect of individual mutations. Here we de-
scribe a method to infer selection from genetic time series data
that systematically resolves the confounding effects of genetic
linkage. We applied our method to investigate patterns of selec-
tion in intrahost human immunodeficiency virus (HIV)-1 evo-
lution, including a case in an individual who develops broadly
neutralizing antibodies (bnAbs). Most variants that arise are
observed to have negligible effects on inferred selection at other
sites, but a small minority of highly influential variants have
strong and far-reaching effects. In particular, we found that ac-
counting for linkage is crucial for estimating selection due to
clonal interference between escape mutants and other variants
that sweep rapidly through the population. We observed only
modest selection for antibody escape, in contrast with strong se-
lection for escape from CD8* T cell responses. Weak selection
for escape from antibody responses may facilitate bnAb devel-
opment by diversifying the viral population. Our results pro-
vide a quantitative description of the evolution of HIV-1 in re-
sponse to host immunity, including selection on the viral popu-
lation that accompanies bnAb development. More broadly, our
analysis argues for the importance of resolving linkage effects in
studies of natural selection.

Evolving populations exhibit complex dynamics. Can-
cers (1-6) and pathogens such as HIV-1 (7-9) and influenza
(10, 11) generate multiple beneficial mutations that increase
fitness or allow them to escape immunity. Subpopulations
with different beneficial mutations then compete with one an-
other for dominance, referred to as clonal interference, re-
sulting in the loss of some mutations that increase fitness
(12). Neutral or deleterious mutations can also hitchhike to
high frequencies if they occur on advantageous genetic back-
grounds (13). Experiments have demonstrated that these fea-
tures of genetic linkage are pervasive in nature (14—16).

Linkage makes distinguishing the fitness effects of individ-
ual mutations challenging because their dynamics are contin-
gent on the genetic background on which they appear. Lin-
eage tracking experiments can be used to identify beneficial
mutations (17), but they cannot readily be applied to evolu-
tion in natural conditions, such as HIV-1 evolution within or
between hosts. Current computational methods to infer fit-
ness from population dynamics ignore linkage or suffer from
serious computational costs (18-23).
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Fig. 1. MPL accurately recovers selection from complex dynamics. A, Sim-
ulated allele frequency trajectories in a model with 10 beneficial, 30 neutral, and
10 deleterious mutant alleles. The initial population is a mix of three subpopula-
tions with random mutations. Selection is challenging to discern from individual
trajectories alone. B, Selection coefficients inferred by MPL are close to their true
values. Error bars denote theoretical standard deviations for inferred coefficients.
Simulation parameters are the same as those defined in Supplementary Fig. 1.

Here we describe a method to infer selection from genetic
time series data and demonstrate its ability to resolve linkage
effects. We apply our method to reveal patterns of selection
in intrahost HIV-1 evolution. Our approach is to efficiently
quantify the probability of an evolutionary ‘path,” defined by
the set of all mutant allele frequencies at each time, using a
path integral method derived from statistical physics (Meth-
ods). This expression can be analytically inverted to find the
parameters that are most likely to have generated a path.

To define the path integral, we consider Wright-Fisher
population dynamics with selection, mutation, and recombi-
nation, in the diffusion limit (24). Under an additive fitness
model, the fitness of any individual is a sum of selection coef-
ficients s;, which quantify the selective advantage of mutant
allele 7 relative to wild-type. The probability of an evolution-
ary path is then a product of probabilities of changes in mu-
tant allele frequencies at each locus between successive gen-
erations, including the influence of selection at linked loci.

Applying Bayes’ theorem leads to an analytical expression
for the maximum a posteriori vector of selection coefficients
§ corresponding to a path (Methods),

8= (Cing+~I) " (Az—pg) . 1)

The integrated covariance matrix of mutant allele frequencies
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Fig. 2. Patterns of strong selection in within-host HIV

MPL evolution. A, Among the top 1% most beneficial vari-
'rggggle”de’“ ants across individuals, mutations to escape from T cell-

mediated immunity are especially common. B, Due to
clonal interference between escape mutants, MPL identi-
fies more escape variants to be strongly beneficial than an
independent model which ignores covariance. C, In con-
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Cint accounts for the speed of evolution and linkage effects.
Here 7 quantifies the width of a Gaussian prior distribution
for selection coefficients, and I is the identity matrix. Intu-
itively, the net change in mutant allele frequencies Ax and
the integrated mutational flux pg determine whether the dy-
namics of a mutant allele appear to be beneficial or deleteri-
ous when linkage is ignored. Because equation (1) emerges
from the likelihood of allele frequency trajectories, a subset
of the full genotype distribution, we refer to it as the marginal
path likelihood (MPL) estimate of the selection coefficients.

To test the ability of MPL to uncover selection, we an-
alyzed data from simulations of a variety of evolutionary
scenarios (Supplementary Information). Even in cases with
strong linkage (Fig. 1A), MPL accurately recovers true selec-
tion coefficients (Fig. 1B). Further tests indicated that perfor-
mance remains strong even when data is limited, an important
practical consideration (Supplementary Fig. 1). Compared to
existing methods of selection inference (18-23), MPL was
the most accurate method in terms of both classification ac-
curacy, measured by AUROC for classifying mutant alleles as
beneficial or deleterious, and in the absolute error in inferred
selection coefficients (Supplementary Fig. 2, Supplementary
Information) across a range of simulated data sets. Due to
the simplicity of equation (1), MPL was fastest among the
methods that we compared, with a running time roughly 6
orders of magnitude faster than approaches that rely on itera-
tive Monte Carlo methods.

Next we applied MPL to study the intrahost evolution of
HIV-1 and to resolve interactions between HIV-1 and the im-
mune system. Identifying selective pressures on HIV-1 gives
insight into the evolutionary dynamics leading to HIV-1 es-
cape from immune control and the development of bnAbs,
both of which are relevant for vaccine design.

We first examined longitudinal HIV-1 half-genome se-
quence data from 13 individuals where early-phase CD8* T
cell responses were comprehensively analyzed (25). In this
group, 36.6% of the top 1% most beneficial mutations re-
ported by MPL are nonsynonymous mutations in identified
(25) CD8* T cell epitopes (Fig. 2A). This is a 19-fold en-
richment in mutations in T cell epitopes compared to expec-
tations by chance (Methods). Reversions to clade consensus

2 | bioRxiv

are also strongly beneficial. Nonsynonymous reversions out-
side of T cell epitopes are 14-fold enriched in this subset.
Furthermore, nonsynonymous reversions within T cell epi-
topes are 326-fold enriched. These findings are compatible
with past studies that have observed strong selection for T
cell escape (8, 9, 26) and for reversions (9).

Resolving linkage leads to substantial differences in selec-
tion estimates. MPL places 1.76 times as many T cell escape
mutations within the top 1% most beneficial mutations as an
independent model that ignores linkage between mutant al-
leles (Fig. 2B). Conversely, MPL ranks 0.42 times as many
nonsynonymous reversions outside of T cell epitopes to be
strongly beneficial as the independent model does (Fig. 2C).
These differences are explained by the collective resolution
of genetic linkage effects, including clonal interference.

In order to dissect the contributions of linkage to estimates
of fitness, we computed the pairwise effects As;; of each
variant ¢ on the inferred selection coefficients for all other
variants j (Methods). We defined A3;; as the difference be-
tween the estimated selection coefficient §; for variant j us-
ing all of the data and the value of 5; when variant i is re-
placed by the transmitted/founder (TF) nucleotide at the same
site, thereby removing the contribution to selection from link-
age with variant 4. Positive values of A3;; indicate that link-
age with variant ¢ increases the selection coefficient inferred
for variant j (e.g., due to clonal interference between them).
Negative values indicate that variant ¢ decreases the selection
coefficient inferred for variant j (e.g., due to hitchhiking).

Our analysis revealed that the vast majority of observed
variants have essentially no effect on estimates of selection at
other sites, but a small minority of highly influential variants
have dramatic effects (Supplementary Figs. 3-4). Such highly
influential variants are often ones that change rapidly in fre-
quency, sweeping through the population and exerting strong
effects on linked sites (Supplementary Fig. 5). Consistent
with this observation, 40% of highly influential variants are
putative CD8" T cell escape mutations. Effects on estimated
selection drop off sharply with increasing distance along the
genome for most variants (Supplementary Fig. 6). However,
the effects of highly influential variants routinely span across
long genomic distances (Supplementary Fig. 4). Collectively,
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Fig. 3. Estimates of selection coefficients for viral escape mutations must account for clonal interference. A, Multiple escape mutations appear in the viral population
in the T cell epitope KF9, targeted by individual CH77, exhibiting clonal interference. B, Using the full half-genome-length sequence data as input, MPL infers that all KF9
escape variants are positively selected. In contrast, estimates based solely on the trajectories of individual variants only uncover substantial positive selection for the 9040C
and 9044G variants that coexist at the final time point. Furthermore, the independent model estimates of selection are attenuated because of the failure to account for
competition with other beneficial mutations, including other escape mutations within the same epitope. C, Linkage effects on inferred selection coefficients for KF9 escape
mutations. Effects shown here are due to variants within the KF9 epitope and the top four most influential variants outside the KF9 epitope, defined as the variants  for which
Zj |A3;;] is the largest. All of these influential variants lie within other T cell epitopes (6021C lies in DI9, 7285A in QF9, 8719G in DR9, and 8865yA in DG9). D, Inferred
selection in the HIV-1 half-genome sequence for CH77. Inferred selection coefficients are plotted in tracks. Coefficients of TF nucleotides are normalized to zero. Tick marks
denote polymorphic sites. Inner links, shown for sites connected to the KF9 epitope, have widths proportional to matrix elements of the inverse of the integrated covariance

(see Eq. (1)).

this data suggests that some highly influential variants are
drivers of selective sweeps. Competition between such vari-
ants results in clonal interference.

A clear example of clonal interference is demonstrated in
escape from a T cell response in individual CH77 targeting
the Nef KF9 epitope (Fig. 3A). MPL infers strong positive
selection for all escape variants. In contrast, when linkage
is ignored escape variants that are lost are inferred to be neu-
tral, and the magnitude of selection for 9040C is substantially
decreased (Fig. 3B). Ignoring linkage thus leads to selection
estimates that are qualitatively and quantitatively suspect. We
observe similar instances of clonal interference in other epi-
topes (Supplementary Figs. 7-8). In the case of KF9, com-
petition between the different escape variants increases the
estimated selection coefficient for each of them (Fig. 3C). In-
ferred selection is also influenced by linkage with other mu-
tations outside the KF9 epitope (Fig. 3C,D). For example,
9040C is inferred to be more beneficial due to its competition
with the DI9 escape mutation 6021C. The selection coeffi-
cient for 9044G, in turn, is somewhat reduced due to positive
linkage with 8719G, which is the dominant escape mutation
in the nearby Env DR9 epitope.

Some strongly selected mutations lie in regions of Env that
are exposed to antibodies, or in N-linked glycosylation mo-
tifs that affect the area of Env that is accessible to antibodies
(Fig. 2A). However, these mutations are infrequent compared
to others in T cell epitopes. One can also observe little posi-
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tive selection in Env outside of T cell epitopes in the example
of CH77 (Fig. 3D). Overall, selection for escape from anti-
body responses appears to be weaker or less frequent than
CD8* T cell-mediated selection.

We then asked whether strong antibody-mediated selection
would be observed in individuals who generate bnAbs. To
explore this question we studied HIV-1 evolution in individ-
ual CAP256, who eventually developed the VRC26 family
of bnAbs (27, 28). This case is particularly challenging for
inference because of a superinfection event 15 weeks after
initial infection (Fig. 4A). This leads to strong and complex
patterns of linkage as the superinfecting strain recombines
and competes with the primary infecting strain (Fig. 4B, Sup-
plementary Fig. 9). For this reason, ignoring linkage leads to
poor selection inferences. Most (6 of 11) of the top 1% most
beneficial mutations inferred by the independent model are
from the background of the superinfecting strain and are syn-
onymous. In contrast, none of the most beneficial mutations
inferred by MPL are synonymous.

We found that selection for known VRC26 resistance mu-
tations (27, 28) is modest (Fig. 4C). The most strongly
selected mutation in the VRC26 epitope region is 6709C
(5 = 0.041) in codon 162 in Env, a variant present in the
superinfecting strain that completes an N-linked glycosyla-
tion motif which is absent from the primary infecting virus.
However, this modification makes the virus more sensitive
to VRC26 (27, 28). We observe selection against 6717T
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Fig. 4. Complex patterns of selection in HIV-1 Env following superinfection in
an individual who develops broadly neutralizing antibodies. A, Multiple vari-
ants, including several from the superinfecting strain of the virus, rise and fall in
frequency within the epitope targeted by the VRC26 family of antibodies. B, In-
ferred selection in CAP256 HIV-1 half-genome sequences. Inferred selection coef-
ficients are plotted in tracks. Coefficients of TF nucleotides are normalized to zero.
Tick marks denote polymorphic sites. Inner links, shown for sites connected to the
VRC26 epitope, have widths proportional to matrix elements of the inverse of the
integrated covariance. Linkage is extensive due to the struggle for dominance in the
viral population between the TF, superinfecting, and recombinant strains. C, Map of
inferred selection within the VRC26 epitope, consisting of codons 160-171 in Env.

(§ = —0.012), corresponding to the Env 165L variant in the
superinfecting strain. Reversion of this residue to V, the vari-
ant in the primary infecting strain, improves resistance to
early VRC26 antibodies (28). We also observe modest pos-
itive selection for nonsynonymous variation at codon 169 in
Env (maximum § = 0.010), where mutations lead to complete
resistance to VRC26 family antibodies (28). Thus, even the
most strongly selected resistance mutations would fall out-
side of the top 5% most strongly selected mutations in the
larger sample of 13 individuals.

Weak selection on the virus for antibody escape may in fact
facilitate the development of bnAbs. Multiple escape vari-
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ants, as well as variants that are sensitive to the antibody, can
readily coexist for long times when escape is weakly selected.
This coexistence increases the diversity of the viral popula-
tion. Pressure on antibodies to bind to multiple variants can
then select for breadth (29). Indeed, viral diversification has
been observed to precede bnAb development (28, 30). In
contrast, stronger pressure on the virus for escape could re-
duce viral diversity due to rapid fixation of beneficial escape
variants and the elimination of sensitive ones.

Overall, our results reveal patterns of HIV-1 adaptation, in-
cluding selection on the virus population accompanying the
development of bnAbs, that were not possible to quantify
using methods that cannot resolve genetic linkage. Further-
more, the scale of the data considered here is far beyond what
existing methods that attempt to account for linkage can an-
alyze. We anticipate that our method can also be widely ap-
plied to investigate selection in other evolving populations.
Given the potential pitfalls of linkage-naive inference, our
results call for a greater focus on resolving linkage effects
in studies of selection.
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Methods

Data and code availability

All data and computer code supporting the find-
ings of this study are available on GitHub in the
repository https://github.com/bartonlab/
paper—-MPL-inference.

Evolutionary model

Our inference approach is based on the standard Wright-
Fisher (WF) model of population genetics, which describes
the stochastic dynamics of an evolving population of NV in-
dividuals. Each individual is represented by a genetic se-
quence of length L. The population evolves in discrete, non-
overlapping generations subject to the forces of selection,
mutation, and recombination. For simplicity, we begin by
describing the model with two alleles per locus, wild-type
(WT) and mutant. Thus there are M = 2% unique genotypes.
Later we show that our approach readily generalizes to con-
sider multiple alleles per locus.

The state of the population at a generation ¢ is given by the
genotype frequency vector z(t) = (z1(t),...,zap(t)), where
zq(t) denotes the frequency of individuals with genotype a.
Conditioned on z(t), the probability that the genotype fre-
quency vector in the next generation is z(¢ + 1) is multino-
mial (31):
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Here f, denotes the fitness of genotype a, and p,yp is the
probability of genotype a mutating to genotype b. For sim-
plicity we will assume at first that the mutation probability
1 is the same at all loci, and that the probability of mutating
from WT to mutant is the same as that from mutant to WT.
In Eq. (3),
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is the frequency of genotype a after recombination. Here
r is the probability of recombination per locus per genera-
tion, and v, (t) is the probability that randomly r