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Abstract How genetically simple pathogens like HIV over-
whelm complex immune systems is not fully understood.
One unexplored possibility is that epistatic interactions
across genetically complementary quasispecies (i.e., group-
level social heterosis) allow pathogens to escape immune
suppression. We tested this hypothesis by simulating an
“HIV-like” pathogen under simultaneous individual- and
group-level selection. Results matched in vivo HIV infection
patterns, with virulence correlating to intrahost viral
diversity patterns, variable times to immune system collapse
extrinsic to variation in host immunity, unchanging viru-
lence across infections, repeated evolution of complemen-
tary quasispecies clades, and numerous reversion mutations
after virus transmission. Thus when group selection drives
pathogen evolution, studying individual clones or consensus
sequences will miss the possible effects of genetically
synergistic “social genomes” on virulence. Furthermore,
results suggest that virulence is reducible by manipulating
selection to favor individual-level competitive ability in
viruses. Overall, social genome models of pathogen interac-
tion could produce novel approaches in studying diseases.

Keywords fitness epistasis; group selection; HIV; pheno-
typic enhancement; quasispecies; social heterosis; virulence

1 Introduction

In the coevolutionary arms race between pathogens and their
human hosts there is one major asymmetry across the oppo-
nents. An initial infection can lead to many subsequent gen-
erations of pathogens within the host, in which new muta-
tions and recombination radically change the population’s
genetic composition. Such rapid and continuous appearance
of new alleles in pathogen populations cannot be matched on
a genetic level by the hosts. Host-pathogen dynamics will,
therefore, generally tend to favor pathogens over the course
of chronic infections.

In diseases such as malaria, polio, hepatitis C, and
human and simian immunodeficiency virus (HIV and SIV),

infecting pathogens do often undergo a considerable genetic
change over time [30,38,47]. Particularly with RNA viruses,
populations can evolve to be composed of many similar,
but non-identical, clones (quasispecies [47]). Furthermore,
the original infecting genetic clone may be rare or entirely
absent by the time health is compromised [37]. Thus,
within-host evolution may determine disease progression
and host mortality more so than the exact properties of the
initial infecting strain.

To understand all the consequences of pathogen within-
host evolution, it is necessary to consider the variety of ways
pathogens can interact not only with host immune systems,
but also with each other. Although pathogens are typically
considered as competing entities where individual-level
selection dominates [38], this need not always be the case.
For example, in vivo quasispecies dynamics suggest that
genotypes are non-independent and interact both competi-
tively and cooperatively to affect each other’s replication [4].

One specific way by which quasispecies dynamics may
shift to favor pathogens is through fitness-enhancing genetic
epistasis arising within increasingly diverse pathogen pop-
ulations. Of particular importance would be intergenomic
epistasis where the environmental component determining
phenotype includes genetic influences from other individu-
als (G x E interactions, where E is the genotypes of other
individuals [11,49,60,61,80,102,103]). Social heterosis,
as a form of intergenomic epistasis [60,61], occurs when
interactions among individuals with different genotypes
produce novel effects (e.g., collective action [12]), or
specialize on different aspects of host exploitation [16].
For example, one allele could code for a particularly
effective protein product. A different allele at the same
locus could code for a slightly different protein, but with
its own unique, beneficial properties. No single pathogen
could simultaneously produce both proteins, but groups
potentially could. Such synergistic interactions could allow
haploid viruses and bacteria to effectively act (and evolve)
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as polyploid entities, as might be the case in examples of
increased viral productivity when complementary genotypes
of cytomegalovirus [18], nucleopolyhedrovirus [19] or
polyomavirus [59] co-infect the same host cells.

Social heterosis is a potentially powerful evolutionary
process when two preconditions are met [60,61]. First, the
organism’s environment must be complex or heterogenous
so that no single genotype can optimally exploit every
aspect of it. Second, populations must be subdivided into
interacting groups that are genetically heterogenous. This
permits a group-level selection to be a counter force against
within-group directional selection [97,98]. Given these two
preconditions, pathogen phenotypes could evolve to act as
“social genomes”: multiple interacting genomes whose fit-
ness is enhanced in the presence of other specific genotypes.

HIV may serve as a particularly useful test case for
social heterosis affecting pathogen evolution. The model’s
first precondition is met as HIV exists in the human body
as part of a very complex ecosystem. HIV infects various
human tissues (e.g., brain, spleen, lymph nodes, etc.), and
each “habitat” has its own unique sets of environmental
challenges [87]. Furthermore, HIV faces a large variety
of “prey” and “predators” (e.g., T-cells, macrophages,
dendritic cells, and antibodies) that are different in both
external and internal composition, and change over location
and time [87]. As required by the second precondition
for group-level selection, the genetic composition of HIV
populations varies at all levels from tissues to cells [39,42,
53,76,81,86,91]. Overall, HIV replication interacts with
up to 273 host proteins [10], as might be expected in a
population of genetically diverse viruses. Finally, observed
HIV evolution within hosts strongly suggests that epistatic
interactions across clones do occur [7,21,68].

To investigate how a social genome might arise in a
quasispecies population, we simulated within-host evolution
of an “HIV-like” pathogen with epistasis both within and
across genomes. Although very general in explanatory
potential, the utility of such a multilevel approach is
evaluated relative to how well simulation results match
observed patterns of HIV transmission and progression
to AIDS. Like many viruses, HIV replicates quickly after
initial infection. This stimulates an immune response which
relatively rapidly suppresses HIV, but usually fails to
completely eliminate it. A long, generally asymptomatic
phase follows in which the HIV population is evolving and
genetically changing [5, 15], and this is the specific phase of
the disease progression modeled.

2 Methods

Individual stochastic simulations tracked the fitness of
an infecting pathogen over 5000 discrete generations.
Estimates of HIV generation times vary from 0.76 to
2.64 days [33,70,72], with an average of 1.47 days [83].

Therefore by the average value, our model is analogous to
tracking 9.3 years of HIV infection.

2.1 Defining the virus

The hypothetical pathogen has nine loci (as does HIV). No
specific gene functions are assigned across Loci 1 through 9.
Associated with each locus are wild-type alleles (wt), which
can mutate to one of nine other alleles (and back mutations
are equally probable). Thus, 10 unique viral genomes are
possible. A genome composed of all wt alleles is arbitrarily
defined as always having the highest fitness. Haplotypes
with mutations to alleles 1-9 are equally fit relative to each
other at each locus, but all nine have lower fitness than wt
when comparing individual haplotypes or homogeneous
groups (see below). For each simulation, however, two of
alleles 1-9 at a given locus may be randomly designated as
producing a positive epistatic interaction when co-infecting
the same cell (i.e., social heterosis).

2.2 Cell infection and replication

Simulated target cells could be infected by 1-7 randomly
chosen viruses (overall mean = 4 viruses per cell). Co-
infecting viruses can have the same or different haplotypes.
These values reflect the observed co-infection with HIV
and the similar SIV [17,22,24,42,82]. The viruses replicate
until cell death (this is equivalent to one viral “generation”
in the model) and their total productivity is the viral burst
size (VBS), such that

VBS =104+ny—wf.

VBS is a group property based on the various alleles that
are present within the cell. The net increase in group pro-
ductivity through epistatic interactions creating social het-
erosis is given as y (> 0, with y = 3 in all cases unless
otherwise indicated), multiplied by the number of loci (n)
where both complementary alleles are present in the group.
The net loss in group productivity due to non-wt alleles is
the product of the number of loci (w) at which no member
of the group has a wt allele and its cost, f (= 1 for each loci
in all simulations). However, if social heterosis is occurring
at a locus, f = 0 for that locus even if no wt is present in
the cell at that locus. Both gains and losses are modeled
as additive across loci. The maximum number of loci that
can potentially interact epistatically varies from 6 to 9 across
simulations.

The model therefore has three categories of alleles at
a given locus: (1) the wt; (2) two complementary alleles
that can produce social heterosis if together in the same
group, but are otherwise deleterious; (3) the remaining
alleles that are always deleterious. Thus, for cells infected
by one wt clone, VBS = 10 new viruses. For wt viruses,
co-infections of cells are not advantageous, as cells infected
by only one or seven pure wt will both have VBS = 10.
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Co-infections, however, can be advantageous for mutant
haplotypes through phenotypic rescue, as observed in
HIV [36,79]. Neither social heterosis nor phenotypic rescue
is dosage dependent in the model. One wt allele rescues
all other mutant viruses in the group. In the simulations,
VBS can range from 1 (a singly-infected cell by a virus
with no wt alleles at any loci) to 37 (2 viral haplotypes
present with social heterosis through complementary alleles
at all 9 loci). In this way, social heterosis extends beyond
phenotypic rescue to actual enhancement across all viral
clones, including the wt.

If only one virus infects a cell, all the descendants
are copies of that virus. When cells are co-infected, all
haplotypes have the possibility of being transmitted (as
in HIV [36]) but they are not always copied with equal
probability. This represents individual-level competition
within cells. The probability (p) of any given descendant
being a copy of infecting virus, z, is determined by the
proportional cost imposed on x by having w non-wt alleles,
relative to the summed costs for all co-infecting viruses:

Dy = (I—wa)/Z(l—Cwi)7

where the number of co-infecting viruses is a, and c is
the competitive cost for each non-wt allele. For most
simulations (unless otherwise indicated), ¢ = 0.02 for each
locus with a non-wt allele. So a virus with non-wt alleles at
all 9 loci has only 82% of the probability of a co-infecting
pure wt in being copied to produce descendants. Therefore,
independent of whether epistatic interactions are present
within any heterogenous group, wt alleles will have a
reproductive advantage, on average, over non-wt alleles and
the pure wt haplotype will always be the fittest haplotype at
the individual-level of selection.

The expansion of the social genome could be a step-
wise process, where complementary alleles must appear in a
particular order. Three such sets of conditions for social het-
erosis were simulated: (1) the base condition where social
genomes had to evolve in order at Loci 1-3 and thereafter
the social genome could be elaborated in any order at Loci
4-6 (with no social heterosis possible at Loci 7-9); (2) all
nine loci can be part of a social genome in any order, apart
from Locus 1 having to be the first to develop social hetero-
sis; (3) all nine loci can be part of a social genome, but must
arise in sequential order from Locus 1 to 9.

Recombination was simulated in a subset of runs when
a cell was infected by two or more viruses. A break point
was randomly chosen somewhere between Loci 1 and 9,
and the genetic material below the break point was switched
between two viruses. All recombination assumed an equal
exchange of complete genes and there was no hotspot on the
genome for recombining. Recombination is a common fea-
ture of HIV replication [93], and in the model each clone had

a 0.045 probability of recombining with a second, randomly
chosen clone.

It is important to note that the model’s variables (y,
f, and c¢) are simplified representations of potentially
many cumulative processes that eventually determine VBS.
Hence, testing model predictions will focus on qualitative
patterns of VBS over time rather than specific quantitative
effects of the variables.

2.3 Tracking disease progression

The above within-cell dynamics describes one model
generation, and in each generation it tracks a viral
production from a constant “sample” of 120 cells. At
the end of each round of reproduction, all the descendant
viruses enter a common pool (= the summed viral output
of all 120 cells). The infecting, parental viruses were not
added to the pool. Thus, a particular haplotype can infect
a cell but may not be represented in the next round due to
stochasticity in reproductive success. From this viral pool,
individuals were drawn (without replacement) to fill the
next generation of 120 cells. With a mean group size of
four, simulations tracked the reproduction of approximately
480 viruses in each generation. Before being assigned to
a group, each chosen virus had an approximately 0.045
probability of experiencing a non-synonymous mutation
(based on a probability of a mutation rate of 0.005 per
gene loci per generation). This created, on average, 19.2
mutant viruses per generation in the tracked population.
Mutations were distributed randomly across the nine loci,
with equal transition probabilities across the 10 possible
alleles at each locus. Thus mutation produced, on average,
0.43 alleles with the potential for intergenomic epistasis
per generation at a given locus (19.2 mutations X2 possible
complementary alleles/10 possible alleles/9 loci). This gives
a > 95% probability that at least one such allele will appear
across every 5 generations.

The model tracks pathogen genetic diversity in three dif-
ferent ways: (1) the number of unique haplotypes present in
each sample, scored by the Shannon diversity H-index [52];
(2) the H-index diversity values across alleles at each of
the 9 individual gene loci; (3) the mean similarity as the
number of alleles held in common at loci that could poten-
tially produce social heterosis, averaged across the four most
common haplotypes in a given sample. This mimics data
that would most likely result from sampling only subsets of
entire viral populations.

It is assumed that mean VBS per infected cell affects
the circulating viral load in a host and the number of future
infected cells. With HIV, an increase in viral load in the
asymptomatic phase strongly correlates with the collapse of
the immune system and the onset of AIDS [5]. This does not
imply, however, that replication within cells is the only point
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of viral life history where positive epistasis could be advan-
tageous. Social heterosis could also play a role in gaining
entry into cells, exploiting a variety of cells, or diminishing
the efficiency of the immune response. Thus, the results in
terms of VBS level are better considered as proxy measures
for how epistatic interactions evolve effective escapes from
immune systems.

2.4 Pathogen transmission

Each simulation began with only one viral haplotype present
in Generation 1 to reflect the strong genetic bottleneck
observed in HIV transmission [27,50]. This infecting
haplotype was randomly selected from the previous
simulation’s viral population when VBS in that population
reached a defined threshold (i.e., when one or four loci
exhibited social heterosis to reflect transmission at earlier
or later stages of infection). If the criterion was not reached,
the haplotype was randomly chosen from the population at
Generation 5000. Each set of conditions was replicated 21
times sequentially to generate a longitudinal series of 20
transmission events (the first simulation initiated with all wt
viruses, and was discarded from analyses).

2.5 Immune systems

The immune system of a given host is treated as a constant
over the course of an infection in order to isolate and
focus on the ramifications of pathogen genetic evolution.
In the pathogen-host arms race, human immune systems
are genetically fixed with a finite limit to plasticity of
response. They cannot reciprocally evolve to produce
genetically novel defenses in response to genetically
changing disease populations. Thus, the model assumes
that some synergistic combinations of viral genotypes (i.e.,
particular social genomes) overcome all possible responses
of a host’s immune system, resulting in deleterious viral
load levels. Dynamic immune systems have been repeatedly
modeled [23,25,63,64,65,66,74,84,99,100,101] and could
be simulated by changing the relative fitness of haplotypes,
where as a particular haplotype becomes common, the
immune system adjusts to reduce its fitness. By assigning
the wt allele the highest level of fitness under all circum-
stances, however, our simulation parameters are analogous
to this concept. From a mathematical standpoint, the same
defined fittest haplotype repeatedly sweeping through the
population is equally probable and identical to multiple
sweeps with new allele combinations. Moreover, whether
the fittest haplotype changes over time or not does not affect
the premise of the model, which is to understand the relative
power of individual- versus group-level selection. Although
a given immune system is held constant, immune variation
across hosts is included by randomly specifying different
sets of alleles as producing social heterosis.

VBS

0 1000 2000 3000 4000 5000

—
Generation

Figure 1: Increase in mean viral burst size (VBS) over time
in the simulations. The gray area is the 95% confidence
interval for the condition where 6 loci can be involved
with social heterosis, with the first 3 having to accumulate
mutations in a specific order (with y = 3, ¢ = 0.02). The
blue line is the mean when recombination also occurs. The
green line is the mean with no social heterosis (y = 0).
The red lines show the mean VBS when all 9 loci can be
involved in social heterosis. In the lower line, all 9 loci have
to accumulate in order. In the upper line, Locus 1 has to first
develop social heterosis, but the other 8 loci can develop
social heterosis in any order (/N = 20 simulations for each
line).

3 Results

Simulations yield 14 specific result predictions about dis-
ease progressions. Eleven of these could be compared to
some degree with data on HIV progression and the remain-
ing ones generate novel testable predictions.

3.1 Model results: high virulence can take many generations
to evolve

When across-haplotype epistatic synergism is absent
(y = 0), no between-group selection is possible. Mean
VBS across infected cells remains low and constant across
viral generations (Figure 1) and wt alleles dominate the
population (Figure 2). In contrast when social heterosis is
possible, between-group level selection can exceed within-
group selection and evolution of higher VBS becomes
probable, although individual-level selection can dominate
in the population for extended periods of time (i.e., VBS
remains low). On average, in the base condition it takes
2715 generations until 4 loci are involved in social heterosis.
Model results do depend on key parameters. When y = 2
or ¢ = 0.03, social genomes producing high VBS almost
never develop. Conversely, if mutations are more likely to
result in epistatically-interacting alleles, or y is increased,
or ¢ decreased, high virulence arises over relatively fewer
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Figure 2: Proportion of all alleles that are wild-type (wt).
The gray area is the 95% confidence interval for the
condition where 6 loci can be involved with social heterosis,
with the first 3 having to accumulate mutations in a specific
order (y = 3, ¢ = 0.02). For the line with filled circles,
Locus 1 has to first develop social heterosis, but the other
8 loci can develop social heterosis in any order. The line
with open circles has no social heterosis (y = 0). (/N = 20
simulations for each line.) Inset: the number of pure wt
haplotypes recorded across the sampled generations. Pure
wt haplotypes are not transmitted and have to re-evolve in
each simulation run.
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Figure 3: Relationship between allelic diversity and viral
burst size (VBS) at Locus 1 in the simulations. Inset:
diversity at Locus 1 with SD when social heterosis first
develops (set as Generation 0), 100 generations before
Generation 0, and 100 and 1000 generations after 0. Allelic
diversity is measured with the Shannon H-index. (N = 20,
y=3,and ¢ =0.02.)

generations (results not shown). Also, mean group size
has been shown to affect the selective strength of social
heterosis (see [60,61]). Thus, neither individual nor group-
level selection can be expected to always dominate pathogen
evolution.

Empirical evidence. Long asymptomatic periods of time
are common prior to AIDS onset [5,31].

3.2 Model results: onset of immune system collapse is
highly variable

The appearance of a high VBS occurs over a wide range
of simulated generations, from 500 to over 5000 (with 9
simulations less than the mean, and 11 greater than the
mean). Mean VBS is also highly variable as individual-level
selection would occasionally destabilize the social genome
when wt replaced complementary alleles, causing a decline
in VBS. Therefore, the mean VBS varied across a range of
values rather than equilibrating to a single value (Figure 1).

Empirical evidence. Variability in the progression of HIV
is common in human populations [38,87], as evidenced by
fast and slow progressors, who become symptomatic with
relatively low or high HIV diversity, respectively [63].

3.3 Model results: variance in AIDS onset can be greater
than predicted by variance in only immune system char-
acteristics

Because the model treats the immune system as a constant,
the above stochasticity reflects only variability in the trajec-
tories of viral evolution across simulations, which are deter-
mined by random chance evolutionary events.

Empirical evidence. Associations between disease progres-
sion and host immune variations are often found, but with
contradictory and inconsistent results [14,73,89], and host
genotype account for only about 10% of the variation in
AIDS onset [14]. Stochasticity in vivo is also shown by a
clinical case where monozygotic twins progressed to AIDS
at very different rates, although both twins were infected by
the same donor in a short time period [88].

3.4 Model results: correlations between virulence and viral
diversity strongly depend on where and when diversity
is measured

When no social heterosis is possible, over 80% of alleles
are wt, resulting in a high mean similarity across the most
common haplotypes (Figure 2). With social heterosis, the
average number of unique haplotypes varies from 53 to 110
in the approximately 480 viruses sampled per generation,
but does not correlate with increased VBS. Nor is there a sig-
nificant relationship with allelic diversity across the entire
genome and VBS. Allelic diversities at all individual loci,
however, do correlate with VBS. For Locus 1 the corre-
lation is significantly negative, but for all other loci it is
significantly positive (Figure 3, Table 1). Locus 1 is under
the strongest stabilizing selection to maintain complemen-
tary alleles for social heterosis, because if epistasis is lost at
this locus, it simultaneously disappears at all other loci. The
initial appearance of social heterosis at Locus 1 is clearly
signified by when VBS exceeds 10, defining this point in
time as generation “0”. Comparing this point to 100 genera-
tions before, and 100 or 1000 generations afterwards reveals
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Table 1: Regression summary for relationships of mean
viral burst size to mean allelic diversity across loci. Data for
loci 4-6 and 7-9 are averaged together within a simulation
run. (N = 50 measures: one taken every 100 generations and
averaged over 20 simulation runs.)

Loci Intercept Slope R? P value
1 32.631 —19.933 0.563 < 0.0001
2 1.213 12.639 0.173 0.0016
3 1.868 11.579 0.574 < 0.0001

4-6 1.152 13.037 0.892 < 0.0001

7-9 0.273 15.093 0.684 < 0.0001

that genetic diversity at Locus 1 initially rises after epistatic
synergism increases VBS and quickly reaches a maximum
(Figure 3, inset). Thereafter diversity declines over time as
non-complementary alleles are lost at that locus, leading to
an overall negative relationship.

Empirical evidence. Although HIV diversity is viewed as
one of the most consistent correlates for imminent immune
system collapse, there is also considerable variance in the
apparent relationship across patients [5,15,63]. How much
of this variance is due to differences in methodology or foci
of measurement is not discernible across the data. A spe-
cific prediction on diversity that is supported is that in vivo,
HIV-1 diversity most often stabilizes or slightly decreases
with the onset of AIDS [5,39,71,76,81,85].

3.5 Model results: consistent evolution of distinct and com-
plimentary quasispecies clades

Haplotype diversity tends to evolve into two quasispecies
families, designated as clades A or B. (Note that the exact
allelic combinations that constitute A and B genomes vary
across simulations, as different alleles become linked due
to chance.) These clades appear as haplotypes having alter-
native complementary alleles for epistasis across loci. Nev-
ertheless, there are no arbitrary constraints on haplotypes
and individual genomes could be intermediate by having
some number of alleles from both families, such as three
alleles from each clade. The resulting distribution of haplo-
types, however, is clearly not random with respect to pos-
sible allele combinations (Figure 4). Genomes are clustered
near the prototypical A and B haplotypes—67% of haplo-
types generated in the simulations had 4-6 alleles associ-
ated with either an A or B family. Very few intermediate
haplotypes remain in the population. Also when group-level
selection dominates, the mean similarity of the four most
common haplotypes steadily declines as haplotypes segre-
gate into two quasispecies families (Figure 5). Overall, the
degree to which the four most common haplotypes are dis-
similar significantly correlates with VBS (Figure 5, inset).

Empirical evidence. To our knowledge, there are no
direct tests for complimentary alleles across quasispecies

6
4 B
alleles

Haplotypes

2

A alleles

Figure 4: Percentages of viral haplotypes aligning by
quasispecies family. Quasispecies families A and B are
defined by having alternative alleles involved in social
heterosis at the six loci that can produce intergenomic
epistasis (with y = 3, ¢ = 0.02). N = 20 simulations, from
which a total of 9561 haplotypes were sampled.

families, but distinct quasispecies do consistently appear
with functional and non-functional Nef populations across
chronically infected individuals [2]. The maintenance of the
non-functional Nef is consistent with facilitation through
intergenomic epistasis as part of a social genome. Also
suggestive is that distinct phylogenetic clusters of HIV
clones consistently arose in patients with failing immune
systems [41].

3.6 Model results: group-level stabilizing selection is still
present as immune system is collapsing

Patterns of genetic diversity that occur as the immune
system is collapsing can indicate the selection mechanism.
Relaxed selection predicts that random substitutions
will accumulate from mutation and genetic diversity
should rapidly increase [71]. Alternatively, immune
system collapse due to directional selection should favor
exploitative genotypes and reduced genetic diversity with
non-synonymous mutations for loci increasing replicative
fitness. Finally, immune system collapse due to between-
group selection for a social genome predicts that stabilizing
selection maintains the existing pattern of diversity, as in
the results where VBS is rising (Figure 1) while genetic
diversity locks into two complementary quasispecies clades
(Figure 4).

Empirical evidence. At AIDS onset, genetic diversity tends
to either not increase or slightly decline [5,39,71,76,81,85].
Also, in the late stages of disease progression mutations at
the Env sequence are both non-random (suggesting selec-
tion is still acting) and synonymous (suggesting selection is
stabilizing) [95].



Journal of Evolutionary Medicine

3.7 Model results: genetic diversity enhances viral replica-
tive fitness more in late-infection isolates than in early-
infection isolates

Isolating clones separates them from the benefits they may
receive from a social genome (e.g., if clades A and B in
Figure 4 were isolated from each other). As social genomes
should be more likely in later stages of infection (Figure 1),
separation from the population’s genetic diversity should
affect those isolates more. A corollary prediction would
be that fitness enhancement with genetic diversity should
be greatest in the presence of pathogens isolated from the
same patient, because variation in host immune systems
helps determine the specific allele combinations for social
heterosis and social genomes (i.e., the A and B clades
in Figure 4 were different combinations of alleles across
simulations). Thus, overall pathogen evolution can be
determined by G x F x E interactions, where the E’s are
the genotypes of the other clones and the host.

Empirical evidence. Not directly tested to our knowledge.

3.8 Model results: loci vary in rate of accumulating
mutations over time, creating consistent patterns in
how genetic diversity arises

The rate of VBS increase depends on whether epistatic syn-
ergisms must evolve in a particular order. When epistasis at
Loci 2-9 can evolve in any order, VBS rises very rapidly
(Figure 1). In contrast, when epistasis must evolve in a spe-
cific sequence across the nine loci, VBS rises at a signifi-
cantly slower rate.

Empirical evidence. The Env locus in HIV accumulates
the most genetic variants over the course of an infection, but
it is highly conserved with few variants in the early stages
of infection [26, 104]. In contrast, the Gag locus tends to be
much more conserved overall, yet early in infection there
are more mutations found at this locus than at Env [26,62,
104]. Thus, diversity appears to have to be first created at
Gag before diversity becomes advantageous at Env, which
may reflect that CTL immune responses (towards Gag)
exert an initially stronger selection pressure than antibody
immune responses (towards Env). Further evidence for the
importance of sequential epistatic interactions comes from
associations of variation at specific Gag residues found
within single strains in vitro. Mutations are thought to arise
in other regions of the Gag C-terminus to compensate for
the reduction in replicative fitness associated with escape
phase mutations in the CTL-binding Gag epitope [55]. If
fitness consequences were independent across loci, then
mutations should accumulate randomly and in no particular
order. Also, HIV-1 infections with apparently absent or
defective Nef loci do not cause AIDS [2,45], although this
should not reduce the mutation rate at other loci (i.e., high
overall levels of genetic diversity in the viral population

7
-
=
-
0
E
(7]
5§ ol Meanemianty | L L
0 1000 2000 3000 4000 5000
Generation

Figure 5: Mean similarity of the most common haplotypes
over time. The gray area is the 95% confidence interval
zone for similarity. Similarity is defined as the average
number of alleles shared by the 4 most common haplotypes
in the population, across 6 loci producing social heterosis
(with y = 3, ¢ = 0.02). The line with open circles is mean
similarity when no social heterosis is possible, y = 0. (N =
20 simulations for each set of conditions.) Inset: correlation
of mean viral burst size (VBS) to mean similarity as defined
in the main figure.

should still be possible). Thus, specific trajectories in the
creation of genetic diversity, rather than just diversity per
se, appear related to the immune system collapse.

3.9 Model results: recombination decreases the evolution of
virulence

Adding recombination into the model slows the rate at
which VBS increases (Figure 1). Complementary epistatic
genomes are disrupted by recombination that creates
intermediate haplotypes that do not gain through epistasis.
Maintaining evolutionarily interacting loci in the same
genome or the same interacting group requires a strong
positive linkage disequilibrium, which also strongly selects
against recombination [28,44,61].

Empirical evidence. The majority of epistasis in HIV-1
is positive [7] and recombinant viruses have lower fitness
because of disruption of coadapted genetic sequences [35].

3.10 Model results: virulence does not increase across trans-
missions

Genetically complex social genomes are not transmitted in

toto. New infections with only one haplotype resulted in no
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Figure 6: The number of generations required for either 1
(black circle) or 4 (gray circles) loci to first exhibit social
heterosis, across a longitudinal series of 20 transmissions.
Neither regression (black lines) has a slope significantly
different from zero (P > 0.4).

significant change in virulence across a series of 20 trans-
missions (Figure 6). The results do not differ if transmis-
sions occur early or late in an infection. Neither slope is
significantly different from zero, P > .4. Evolving social
genomes multiple times does not produce haplotypes that
are either more or less capable of evolving a new social
genome after transmission.

Empirical evidence. The virulence of HIV-1 has been
tracked since the beginning of the pandemic, and there
is little conclusive evidence for any significant increase
or decrease [5,34,53,58]. Additionally, mutants that arise
during the pathogenic escape phase do not typically cause a
more rapid onset of immune collapse when transmitted [32,
45]. There is further suggestive evidence that certain clones
of HIV are more likely to be transmitted, but that these
clones are not dominant within the donor at the time of
transmission [6,9]. Thus, the strains most effective at
overcoming the immune system are not necessarily equally
most transmissible.

3.11 Model results: virulence evolves more rapidly with
multiple co-infection

Unlike the simulations for this model, if multiple variants
with a full range of genetic diversity were transmitted, this
would potentially allow group-level benefits of social het-
erosis to evolve more rapidly.

Empirical evidence. Transmission causes severe genetic
bottlenecks for HIV-1, as less than 1% of the standing
genetic variability appears to be transmitted in each new
infection [9,27,50]. This is independent of whether trans-
mission is vertical or horizontal. However, approximately
25% of HIV infections transmit multiple variants [9,43,
77], and in most cases these come from a single donor [1,
6,9,43,77]. Significant positive correlations are found

VBS

04 0.45 0.5 0.55 0.6 0.65 07 0.76

Proportion of wt alleles

Figure 7: Mean viral burst size (VBS) versus the mean
proportion of all alleles that are wt. The line connects points
from Generation 100 to 5000. (N =20, y =3, and ¢ =0.02.)

between rapid disease progression and multiple variant
transmission [1,75].

3.12 Model results: wild-type mutations are common in
early stages of infection

Consistent with individual-level selection dominating early
in an infection, wt alleles increase rapidly after transmission
(Figure 2), and the pure wt haplotype often reappears and
reaches high population frequencies (Figure 2, inset).

Empirical evidence. After transmission, HIV-1 populations
initially evolve back towards a general, consensus genotype
following transmission to a new host [3,37,48]. Similar phe-
nomena also occur with HIV-2 and SIV [32]. If AIDS onset
is simply a function of viral diversity exceeding levels that
can be suppressed by the immune system [23,63,64,65,66],
there would be no expectation for specific evolutionary tra-
jectories to be commonly repeated (i.e., quasispecies genetic
diversity should arise idiosyncratically across hosts). Evolu-
tionary reversion towards a predictable genotype is consis-
tent with individual-level selection consistently favoring a
particularly effective combination of alleles.

3.13 Model results: early in infection virulence negatively
correlates with genetic diversity, but the relationship
reverses over the length of the infection

Early in infections individual-level selection should dom-
inate and alleles that increase haplotype competitive abil-
ity should be favored. When group-level selection begins to
dominate later in the infection, the correlation should reverse
and virus production should positively correlate with the
degree of divergence from the consensus genome (Figure 7).

Empirical evidence. Not directly tested to our knowledge.
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Figure 8: Effect on mean viral burst size (VBS) over time
with the addition of other haplotypes. The gray zone is as
in Figure 1 (i.e., no addition of haplotypes). The blue line is
the mean VBS when random haplotypes replace 5% of the
viral population. Red lines are the mean VBS when pure wt
clones replace 1-10% of the population. (N = 20, y = 3,
and ¢ = 0.02 for all lines.)

3.14 Model results: re-emergence of or re-infection by the
wild-type can reduce virulence

High VBS requires the presence of a social genome, which
is possible only when group-level selection is stronger than
individual-level selection. This suggests that VBS can be
reduced by destabilizing social genomes through increas-
ing individual-level selection. The effect of inoculating an
infected host with either pure wt viruses or viruses with a
randomly-generated genotype (on average, such genomes
contained one wt allele) was simulated in the model. The
inoculations replaced 1-10% of the evolving virus popula-
tion every 100 generations (= 4 to 48 viruses replaced every
100th generation) as long as VBS > 10. Such inoculations
can also be viewed as analogous to the occasional in vivo re-
emergence of latent virus from a dormant reservoir. Replac-
ing 5% of the virus population with random genomes is a
control for the direct effect of replacing a proportion of the
existing population. It has no effect on the rate of increase
in VBS (Figure 8). Inoculating with at least 2% of pure wt
virus, however, significantly slowed or entirely prevented a
large increase in VBS.

Empirical evidence. Not directly tested to our knowledge.

4 Discussion

Evolutionary approaches to medicine continue to illuminate
the complex interactions between hosts and their pathogens.
There is a growing important realization that disease
outcomes are not due solely to host-pathogen interactions,
but are also determined by between-pathogen interactions

in evolving populations [4,40,92]. Especially in chronic
infections, host immune systems can face ever-changing
populations of quasispecies families. To understand the
progression of such diseases it is required to consider
the specific evolutionary mechanisms through which
quasispecies can interact. Here we show that intergenomic
epistasis as social heterosis [60] has the potential to strongly
affect the evolution of virulence when pathogen populations
are subdivided in heterogenous groups within a complex
host ecosystem. Our model results generate 14 predictions
about how an “HIV-like” chronic infection may evolve.
Of those predictions, 11 are at least partially consistent
with general characteristics of HIV-1 infections. Most
notable are matches to heretofore inadequately explained
phenomena, such as the high variance in time to collapse
of immune systems; variance in AIDS onset that is not
correlated to differences in immune systems; shifting
correlations between HIV genetic diversity and immune
system viability; why mutations may accumulate in specific
orders across HIV loci; the lack of significant change in HIV
virulence over the course of the epidemic; why reversion
mutations in HIV are common after transmission events.

The model also makes a number of novel predictions
for future testing. (1) Time to AIDS onset will not be
easily predicted by either initial host or viral genotypes
due to the inherently large stochastic variation in when
group level selection will predominate across pathogen
populations. (2) HIV diversity and viral load will be
negatively correlated early in infections due to individual-
level selection, but positively correlated as immune system
functioning declines as group-level selection dominates.
(3) Replicative fitness of specific HIV clones should be
higher when measured in the presence of other clones
found at the same time in the host, than when measured as
single-clone isolates. This difference in replicative fitness
should increase over the length of the infection because of
the increased likelihood that social genomes are affecting
HIV clone fitness. (4) Randomly assembled populations
of HIV clones may have higher genetic diversity than co-
evolved quasispecies clades but their replicative fitness will
be lower because they will not represent social genomes.
(5) Increasing recombination rates in HIV will slow further
virulence increase at later stages in infections because it
will create non-complementary clones. (6) Introduction
of clones that approximate consensus genotypes, or re-
emergence of the initial infecting clones will reduce viral
loads in hosts because it will break up the social genome
and individual-level selection will have greater influence on
the evolutionary dynamics of the pathogen population.

Our model does not explicitly consider dynamic
responses by host immune systems in order to more clearly
focus on the potential effects of within-host pathogen
interaction and evolution. The theoretical ramifications
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of a dynamic immune response have been extensively
explored, although most often with an implicit assumption
that pathogens experience only individual-level selective
pressures  [23,25,63,64,65,66,74,84,99,100,101], but
see [4,7,69,92]. Linking the evolutionary biology of
pathogens to immune response models could generate
future novel insights for disease treatments. Nevertheless,
if group selection on pathogen interactions significantly
affects disease progression, then there are already clear
methodological consequences for research. For example,
isolating individual or incomplete subsets of haplotypes
from late-stage patients [5,34,90,94] and testing their
replicative fitness, infectiveness, and resistance to drug
properties in a simple and ideal growth medium could be
very misleading [2]. Particularly suggestive is that the target
of selection may be the quasispecies, in that in vitro fitness
recovery in debilitated HIV populations occurs more rapidly
with higher genetic diversity [8,51].

If epistatic interactions have strong fitness effects, the
entire host and social environment must be tested, because
genotype expression will depend strongly on the social
environment [74,103]. Whole-genome association studies
could identify mutation patterns across co-occurring quasis-
pecies and determine when some sets of mutations appear
together more often than chance would predict (as possibly
in [2,3,39,67,85]). Single-genome amplification (SGA)
might also identify social genomes by accurate sequencing
of multiple viral genomes within a single sample [13,77,
78]. With repeated sampling over an extended length of
infection, SGA could identify complementary alleles and
track their frequency within the larger pathogen population.

Finally, specific epistatic interactions that evolve during
an infection may differ relative to a patient’s genetic
makeup and the particular characteristics of their immune
response [5,46,57,96]. Therefore, averaging disease
progression across many genetically-variable individuals
or considering only a few HLA loci could obscure critical
interactions [29,46,89]. Strong covariance between viral
and host genotypes would have to be discerned by matching
allelic variation across hosts and their viral populations.

5 Conclusion

A continuing paradox in the study of infectious diseases is
how very simple organisms like HIV (composed of 9000
bases and 9 genes that produce 15 proteins) can eventually
overwhelm an entity as complex and redundant as the
human immune system [20]. Social heterosis raises the real
possibility that even the simplest genomes can function like
socially cooperative organisms. Thus, rather than infections
being a population of competing entities, they may be
“clouds” of synergistic, interactive genomes [30,92] where
group-level selection can strongly affect virulence [56]. If
HIV can act as a social genome, its ability to effectively

manipulate hundreds of different human proteins [10]
becomes less puzzling. Furthermore, HIV is far from
unique in being able to evolve within its host. Other types of
viruses [18,19,59] and diseases such as hepatitis C, polio,
malaria (Plasmodium falciparum) and hoof-and-mouth
disease [37,54,92] also go through many generations within
a single host. Certainly any disease with the potential to
evolve within a host could become a cooperative social
genome with debilitating consequences.
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