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Abstract 23 

Evolutionary theory hypothesizes that intermediate virulence maximizes pathogen fitness as 24 

a result of a trade-off between virulence and transmission, but empirical evidence remains scarce. 25 

We bridge this gap using data from a large and long-standing HIV-1 prospective cohort, in 26 

Uganda. We use an epidemiological-evolutionary model parameterised with this data to derive 27 

evolutionary predictions based on analysis and detailed individual-based simulations. We robustly 28 

predict stabilising selection towards a low level of virulence, and rapid attenuation of the virus. 29 

Accordingly, set-point viral load, the most common measure of virulence, has declined in the last 30 

20 years. Our model also predicts that subtype A is slowly outcompeting subtype D, with both 31 

subtypes becoming less virulent, as observed in the data. Reduction of set-point viral loads should 32 

have resulted in a 20% reduction in incidence, and a three years extension of untreated 33 

asymptomatic infection, increasing opportunities for timely treatment of infected individuals. 34 

Introduction 35 

To spread, a pathogen must multiply within the host to ensure transmission, while 36 

simultaneously maintaining opportunities for transmission by avoiding host morbidity or death 37 

(1,2). This creates a trade-off between transmission and virulence. This hypothesis permeates 38 

theoretical work on the evolution of virulence, but empirical evidence remains scarce (2–7). In 39 

HIV-1 infection, set-point viral load (SPVL), the stable viral load in the asymptomatic phase of 40 

infection, is a viral trait which is both variable and heritable (8–10), and has an important impact 41 

on the transmission cycle of the pathogen. In untreated infection, higher SPVL translates into 42 

higher per-contact transmission rates but also faster disease progression to AIDS and death. From 43 

the perspective of the transmission cycle, this creates a trade-off, under which an intermediate 44 

SPVL value maximises opportunities for transmission (6). Indeed the transmission potential of a 45 

parasite is the product of the transmission rate and the time during which the host is alive and can 46 

transmit. The latter is approximately the time to AIDS in HIV as host death occurs shortly after 47 

the onset of AIDS and sexual activity may be reduced in the AIDS phase because of AIDS-48 



associated symptoms (11). The virulence-transmission trade-off in HIV is important for 49 

understanding pathogenesis and is a possible explanation for the significant changes in HIV 50 

virulence reported over the last decades in North America and Europe.  There, SPVL increased at 51 

an estimated rate of 0.013 (12) and 0.020 log10 copies/mL/year (13) over the last 28 years. Since 52 

many persons at risk of infection do not routinely obtain HIV testing (14), such changes may lead 53 

to more transmission and more newly diagnosed patients presenting with advanced infection, 54 

despite the widespread availability of antiretroviral therapy (ART). 55 

The virulence-transmission trade-off is a promising hypothesis to explain changes in 56 

virulence of HIV, but this hypothesis and its predictions have so far been approached in a 57 

piecemeal manner, by combining data on infectiousness, AIDS-free survival and the dynamics of 58 

SPVL from very different cohorts (6,12,13). Here we integrated extensive data from a single 59 

cohort in Uganda into an epidemiological-evolutionary model describing the transmission cycle 60 

of HIV. We then compared predictions on the evolution of SPVL evolution to the observed trends 61 

in SPVL in this cohort. 62 

Results 63 

We focused on one of the longest established generalised HIV epidemics, in rural Uganda, 64 

and used data collected as part of the Rakai Community Cohort Study (RCCS), a large and long-65 

standing population-based open cohort conducted by the Rakai Health Sciences Program (RHSP) 66 

in Rakai District. We combined data on transmission rates and survival to estimate the 67 

evolutionary optimal distribution of SPVL for the RCCS cohort, and then compared it to the 68 

dynamics of SPVL over time from 1995 to 2012. ART probably had little effect on the 69 

evolutionary dynamics of SPVL in Uganda because it only became available in 2004 and is 70 

initiated at relatively late stage infection (CD4 < 250 cells/mm3 from 2004 to January 2011, and at 71 

< 350 cells/mm3 from February, 2011 to the time of writing, August 2016). 72 



As in other HIV epidemics, we found that SPVL is highly variable in this population, with 73 

values ranging from 102 copies/mL to 107 copies/mL. SPVL was calculated for 647 individuals 74 

who had a positive HIV serologic test within two study visits of their last negative test (“HIV 75 

incident cases”, table 1; median time between last negative visit and first positive visit is 1.25 76 

years), and for 817 participants in a serodiscordant partnership (“serodiscordant couples”, table 77 

2).  78 

 79 
Gender N Mean SPVL, [0.025; 0.975] quantiles 

F 362 4.3 [2.3; 5.85] 
M 285 4.54 [2.3; 6.03] 

Date of infection   
1995 - 1999 269 4.47 [2.3; 6.01] 
2000 - 2004 297 4.46 [2.3; 5.83] 
2005 - 2009 54 3.98 [2.3; 5.77] 

≥ 2010 27 3.97 [2.2; 5.33] 
HIV-1 subtype   

A 96 4.34 [2.78; 5.61] 
C 6 3.92 [3.42; 4.71] 
D 292 4.56 [2.62; 5.92] 

M* 14 3.99 [2.48; 5.35] 
R** 74 4.38 [2.33; 5.84] 

Unknown 165 4.22 [2.3; 6.03] 
Age at infection   

15-19 61 4.17 [2.3; 5.51] 
20-29 327 4.43 [2.3; 5.97] 
30-39 182 4.45 [2.3; 5.88] 
40-49 67 4.43 [2.28; 6.09] 
≥ 50 10 4.05 [2.3; 5.94] 

 80 
Table 1. Epidemiological and demographic characteristics of the HIV-1 incident cases in the Rakai cohort, used for 81 
the analysis of time trends in SPVL and for the analysis of time to AIDS. *Multiple subtypes (possibly dual 82 
infection) ** Recombinants, primarily A/D.  83 



 84 
Gender N Mean SPVL, [0.025; 0.975] quantiles 

F 324 3.99 [2.3; 5.61] 
M 493 4.23 [2.3; 5.85] 

Date of infection   
Unknown 595 4.1 [2.3; 5.64] 

1995 - 1999 93 4.13 [2.3; 5.53] 
2000 - 2004 96 4.41 [2.3; 5.98] 
2005 - 2009 30 4.08 [2.3; 5.62] 

≥ 2010 3 3.19 [2.36; 3.77] 
HIV-1 subtype   

A 54 4.11 [2.42; 5.72] 
D 430 4.27 [2.4; 5.77] 

Other/Unknown** 333 3.97 [2.3; 5.67] 
 85 
Table 2. Epidemiological and demographic characteristics of the infected individual in serodiscordant couples in the 86 
Rakai cohort, used for the analysis of time trends in SPVL and for the analysis of time to AIDS. ** Including 87 
recombinants, primarily A/D. 88 

 89 
We analysed transmission in 817 serodiscordant couples, in which one partner was positive 90 

(index partner), while the other was initially negative and at risk of infection during follow-up. 91 

This analysis revealed that higher SPVL was associated with significantly increased rate of 92 

transmission. Transmission between partners was modelled as a Poisson process, in which the 93 

instantaneous transmission rate is constant (6). We allowed the transmission rate to be a function 94 

of SPVL, (ݒ)ߚ. We estimated all parameters by maximum likelihood and compared different 95 

models based on Akaike Information Criterion (AIC) (Methods, fig. 1 – figure supplement 1). 96 

The best model fit was one where transmission rates increases from 0.019/year to 0.14/year in a 97 

stepwise fashion as SPVL increases with three plateaus (fig. 1a) (ΔAIC = -75.96 compared to null 98 

model with a fixed transmission rate, n = 817). A function with three steps was favoured over 99 

others, but we also show a continuous function, the generalised Hill function, that may be 100 

considered more biologically realistic (ΔAIC = - 71.17 compared to the null model, n = 817) (fig. 101 

1a). The two functions fitted the data well, as shown by comparison with non-parametric 102 

estimates of the transmission rate in the data stratified by SPVL (fig. 1a), and by a Kaplan-Meier 103 

plot comparing data to the model prediction (fig. 1b). We also allowed the parameters of the 104 

function (ݒ)ߚ to vary with the covariates subtype, gender, and male circumcision status. In 105 



accordance with previous studies (15), subtype A had a higher transmission rate than subtype D 106 

for all SPVL values (fig. 3a) (ΔAIC = -3.32 compared to the model without subtype, n = 817). 107 

We will examine the evolutionary consequences of subtype differences later on. Gender did not 108 

have an effect on transmission (ΔAIC = 1.66 compared to model without gender, n = 817), and 109 

male circumcision reduced transmission both from female to male and from male to female 110 

(ΔAIC = -3.74 for female to male, n = 321; ΔAIC = -3.17 for male to female, n = 487, compared 111 

to model without circumcision) (fig. 1 – figure supplement 3). 112 

We assessed the relationship between SPVL and time to AIDS from 562 incident cases with 113 

a SPVL value and information on time to AIDS, and found that higher SPVL was associated with 114 

significantly shorter time to AIDS (fig. 1c). The time to AIDS was assumed to follow a gamma 115 

distribution, where the expected value was a function of SPVL (6). We optimized the likelihood 116 

function and compared different models for the dependence of time to AIDS on SPVL based on 117 

AIC. The best model was a step function with three plateaus, with time to AIDS decreasing from 118 

40 years to 5 years from low to high SPVL (fig. 1c; ΔAIC = 137.22 compared to null model with 119 

fixed time to AIDS). Again, non-parametric estimation of the time to AIDS (fig. 1c) and a 120 

Kaplan-Meier survival plot (fig. 1d) showed good fit of the model to the data. We also allowed 121 

the relationship between SPVL and time to AIDS to vary by subtype and gender. The inferred 122 

gamma distribution had shape parameter 1.2, similar to an exponential distribution (which is the 123 

special case where shape parameter is 1). We found, in agreement with previous studies (14,15), 124 

that subtype D tended to confer faster disease progression, but this effect was not statistically 125 

significant here (fig. 1, ΔAIC = 15.41 compared to the model without subtype, n = 562). 126 

However, subtype D-infected individuals who progressed rapidly were not included in the 127 

analysis because they had no SPVL value (among the 33 individuals who progressed to AIDS 128 

within 10 years but had no SPVL value, there were 12 subtype D, 1 recombinant, and 20 129 



unknown subtype). Time to AIDS did not significantly vary by gender (fig. 1, ΔAIC = 7.85 130 

compared to the model without gender, n = 562). 131 

Next, we predicted how SPVL might change over time under the trade-off between 132 

virulence and transmission, incorporating our setting-specific estimates of the virulence-133 

transmission trade-off into an evolutionary and epidemiological model. The model is an 134 

analytically tractable Susceptible-Infected compartmental ordinary differential equation (ODE) 135 

model, where the viral population is stratified by SPVL, similar to previous models of virulence 136 

evolution (16,17) (Material and Methods). SPVL of an infected individual is the sum of a viral 137 

genetic effect g, which is transmitted with mutation from a donor to a recipient, and an 138 

environmental effect e, which includes host and other environmental factors and is independently 139 

drawn in a normal distribution with mean 0 in each newly infected individual. The evolution of 140 

mean SPVL in the population is determined by the evolution of the mean viral genetic effect g. In 141 

this model the transmission rate of a virus with SPVL v is the inferred function (ݒ)ߚ (fig. 1a), 142 

while death is assumed to occur at a constant rate (ݒ)ߤ given by the inverse of the mean time to 143 

AIDS (fig. 1c). In the ODE model, the time to AIDS follows an exponential distribution because 144 

the rate of AIDS-death is constant. The individual based model presented later on relaxes this 145 

assumption and considers gamma-distributed time to AIDS as inferred from the data. 146 

We first developed an analytical expression for the evolution of SPVL. Because prevalence 147 

of HIV in this cohort is approximately constant (at 14% on average in the period 1995 to 2013, 148 

fig. 2 – figure supplement 1) and the distribution of SPVL can be closely approximated by a 149 

normal distribution, we were able to use an approximation of the Price equation (18) inspired by a 150 

classical quantitative genetics model (19), to write the change in mean SPVL in prevalent cases 151 

over time as (Appendix): 152 



ݐ݀̅݃݀ = ܸ ℎଶ ߚଶ̅ߤ̅ ߲൫̅ߤ̅/ߚ൯߲݃̅ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ୲୰ୟ୬ୱ୫୧ୱୱ୧୭୬ି୴୧୰୳୪ୣ୬ୡୣ ୲୰ୟୢୣି୭ +  ด୵୧୲୦୧୬ି୦୭ୱ୲ ୣ୴୭୪୳୲୧୭୬ߤ̅ߙ

The equation has two terms that respectively describe the effects of selection and of inheritance 153 

on SPVL evolution. The first term describes selection under a virulence-transmission trade-off, 154 

maximising the ratio of the mean transmission rate over the mean severity of infection, ̅155 ,ߤ̅/ߚ 

which is the mean fitness of the viral population. The SPVL that maximises mean fitness is 3.4 156 

log10 mL/copies (95% bootstrap CI [2.6; 4.0], fig. 2a). Adaptation of the viral population will 157 

proceed at a rate proportional to phenotypic variance ܸ (the variance in SPVL) and heritability 158 ℎଶ (the fraction of variance explained by viral genetic factors, assumed to be at equilibrium). The 159 

second term describes biased mutation that changes the mean SPVL from one infection to the 160 

next, where ߙ is the mean effect of mutations from the donor to the recipient, recapitulating the 161 

effect of within-host selection on mean SPVL. The effects of the transmission-virulence trade-off 162 

were very similar when we used the generalised Hill functional form to fit the relationships 163 

between SPVL and transmission and time to AIDS (fig. 2a). 164 

Next we simulated the ODE and assessed the precision of the analytical approximation. We 165 

parameterised the ODE model with the data and simulated the evolution of mean SPVL from 166 

1995 to 2015. Parameterisation was as follows: the transmission rate was as in fig. 1a; the 167 

mortality rate was the inverse of time to AIDS (fig. 1c); heritability of SPVL in the Rakai cohort 168 

was previously estimated at 36% (confidence interval 6-66%), using 97 donor-recipient 169 

transmission pairs (10) (who are participants of the present cohort). We had little data to 170 

parameterise the effect of within-host evolution on SPVL, ߙ. Many different types of mutations 171 

may evolve within the host, and little is known on the net effect of these processes on SPVL. 172 

Within-host viral fitness is positively related to replicative capacity (RC), measured in the 173 

absence of an immune response, and immune escape, which is host-specific. Most studies of 174 

within-host HIV evolution have focused on CTL escape mutations, which are conditionally 175 



beneficial (i.e. their positive effect on fitness is host-specific). These usually sweep through 176 

during infection because the fitness benefit of evading the immune system outweighs the cost of 177 

reduced RC that these mutations also impose (20–22). CTL escape mutations may be reverted if 178 

the virus harbouring a costly CTL-escape mutation is transmitted to an individual where the 179 

mutation does not help evade the new host’s immune system (23,24). Mutations that increase the 180 

replicative capacity of the virus in all hosts may also evolve (25). It is also a possibility that 181 

slightly deleterious or beneficial mutations get fixed by genetic drift. We explored three scenarios 182 

where available data allow rough estimation of plausible values for the impact of within-host 183 

evolution on viral load (the ߙ parameter) (Material and Methods). (i) Most mutations evolving are 184 

conditionally beneficial but carry a strong cost to RC (ߙ = −0.47 log10 copies/mL). (ii) Most 185 

mutations evolving are conditionally beneficial but carry a moderate cost to RC (ߙ = −0.093 186 

log10 copies/mL). (iii) Most mutations have unconditionally beneficial effects on RC (ߙ =187 +0.057 log10 copies/mL). 188 

The ODE simulations predicted a decline in mean SPVL in incident cases from 1995 to 189 

2015, at a rate of -0.042, -0.013 and -0.0009 log10 copies/mL/year in the three scenarios chosen 190 

for within-host evolution, for a heritability of 36%. The Price equation predicted the outcome of 191 

the ODE simulations quite precisely (fig. 2b). The Price equation shows that the virulence-192 

transmission trade-off – the first term in the equation – contributes initially a decline in mean 193 

SPVL of −0.01 log10 copies/mL/year, slowing down as the population gets closer to the 194 

optimum. Note that the Price equation concerns average SPVL in the prevalent cases, but the rate 195 

of SPVL evolution in the incident cases was similar in these simulations (fig.2 – figure 196 

supplement 6). Predictions of the ODE model were robust to the addition of a number of more 197 

realistic features of the HIV epidemic, as shown by a more comprehensive individual-based 198 

stochastic model (IBM) of HIV evolution (26,27). The IBM includes all features of the ODE 199 

model, in particular the fact that SPVL is the addition of a heritable genetic component and a 200 



random environmental component. In addition, it includes the phases of acute infection and 201 

AIDS, both characterized by viral loads being much higher than the set-point value. Disease 202 

progression was modelled as progression through a series of CD4 count categories until AIDS 203 

occurred, and the transition rates between these categories were tuned to reproduce the inferred 204 

gamma-distributed time to AIDS. Partnership formation and dissolution was also explicitly 205 

modelled, as well as some degree of behavioural heterogeneity in partnership duration and coital 206 

frequency. The IBM also predicted a decline in mean SPVL in the three scenarios, although at a 207 

somewhat faster rate compared to the simplified ODE model, confirming the generality and 208 

robustness of our results (fig. 2b). 209 

Strikingly, the data was in qualitative agreement with the evolutionary model: SPVL in the 210 

Rakai cohort decreased with date of seroconversion between 1995 and 2012, at a rate of -0.022 211 

log10 copies/mL per year after adjustment for other covariates (CI [-0.04; -0.002], p = 0.027, n = 212 

603) (fig. 2). Average SPVL in prevalent cases was also declining at a rate of -0.020 log10 213 

copies/mL, although for those it is more difficult to adjust for covariates and test for significance 214 

(because the same participants are “prevalent cases” at multiple time points) (fig. 2 – figure 215 

supplement 6). The observed trends were best explained if mutations evolving within the host had 216 

a moderate negative impact on mean SPVL (scenario 2). 217 

The agreement between the observed trend in mean SPVL and the evolutionary model 218 

suggests that genetic changes in the virus may be responsible for decreasing SPVLs. However, it 219 

is possible that other confounding effects might explain some or all of the decrease in SPVL. 220 

Because the Rakai cohort has been studied extensively, we were able to consider the potential 221 

impact of a number of confounders but none of them could explain the observed decline in mean 222 

SPVL of around 0.4 log10 copies/mL over 17 years (fig. 2). SPVL decline was significant in the 223 

linear model both without adjustment (-0.029 log10 copies/mL per year, CI [-0.045; -0.013], p = 224 

0.0005, n = 603, fig. 2c), and in the multivariate regression mentioned above, controlling for the 225 



laboratory where SPVL was measured, assay type, gender, age and subtype. Additionally, to 226 

verify the robustness of the decline in mean SPVL, we examined the trend in SPVL in a number 227 

of subsets of the population (fig. 2d). SPVL declined in a similar way: (i) when using the “strict” 228 

definition of SPVL (i.e. the subset of measures that included more than one viral load 229 

measurement and where the standard error across viral loads of the same participant was less than 230 

one log10 copies/mL) (Appendix); (ii) within each gender (fig. 2d); (iii) within each assay type, 231 

when partitioning the data in viral loads measured with the “Abbott” assays and the “Roche 1.5” 232 

assays, showing that declining SPVL was not due to changing assays; (iv) for viral loads 233 

measured at the John Hopkins and at the RHSP laboratories; and it is unlikely there were 234 

independent downward shifts in assay reading over time in these two laboratories. Mean SPVL 235 

did not decline in the subset of SPVL measured in the Walter Reed laboratory, but 90% of those 236 

were for participants infected prior to 2003, limiting power to detect temporal trends. 237 

Improvement in nutrition or health care could be hypothesised to cause a decline in SPVL 238 

over time. However, improvement in nutrition would probably have no impact on the mean 239 

SPVL, as improving micronutrient intake slows down disease progression, but does not reduce 240 

plasma viral load (28–30). According to a survey conducted in 2006 in the Rakai communities, 241 

households experience on average 2 months per year of food insecurity, and the Household 242 

Dietary Diversity Score is 7.7 / 12 (S. Haberlen, personal communication, August 2016), which is 243 

high enough to meet WHO dietary requirements in energy, proteins, minerals and vitamins (31). 244 

Improved healthcare is also a possible confounder. ART was introduced in Uganda in 2004, but 245 

until 2011 ART was prescribed only at late stage infection (CD4 count below 250 cells/mL). 246 

Although we excluded post-ART viral load measures from SPVL calculations, unreported ART 247 

use could have become more frequent at later time points and therefore might have contributed 248 

the decline in mean SPVL. To exclude this possibility, we first verified that the entire distribution 249 

of SPVL shifted downward, and the decline in mean SVPL was not only due to more low viral 250 



loads at later time points (fig. 2 – figure supplement 4). We also examined the individual viral 251 

load trajectories within participants to verify that the clear drop in viraemia caused by ART was 252 

not present in more recent participants without reported ART (Supplementary file 1). Last we 253 

examined the determinants of SPVL using the same linear model, focussing on the subset of 254 

SPVL values with viral loads measured before 2004, prior to ART availability in the region. We 255 

found a similar though non-significant linear decline in SPVL after non-significant “laboratory” 256 

factors were removed (effect size = -0.019 log10 copies/mL, CI [-0.052; 0.014], p = 0.26, n = 257 

442). In this subset of data, all SPVL but one were measured with the Roche 1.5 assay. We had 258 

little power to distinguish between “laboratory” and “calendar time” effects because of a strong 259 

correlation between these factors (∆AIC = -1.9 for a model with “laboratory” relative to a model 260 

with “calendar time”). However we know from the analysis of the full dataset that “laboratory” 261 

has no significant effect on SPVL, and furthermore the inferred effects of “laboratory” in the pre-262 

2004 subset are consistent with confounding by calendar time and different from those of the full 263 

dataset, which suggests the temporal effect is the genuine effect here. 264 

Coinfections such as tuberculosis, malaria, the herpes simplex virus 2, gonorrhea, or 265 

syphilis, might increase viral load in HIV infected individuals (32). Better health care in the Rakai 266 

district could have caused a population-level reduction in SPVL via a reduction in prevalence of 267 

these coinfections. However, none of these coinfections had a combination of high prevalence at 268 

the beginning of the study, a large reduction in prevalence between 1995 and 2012, and a large 269 

effect on SPVL, sufficient to explain a decline of 0.4 log10 copies/mL (Material and Methods). 270 

To corroborate the evolutionary model, we extended it to include data on the subtype-271 

specific transmission rate and model jointly the evolution of SPVL and subtype A, D, and AD 272 

recombinants (the major subtypes circulating in the population). The evolutionary model 273 

predicted the observed dynamics of subtype A, D, and AD recombinants (“R”) in the cohort (fig. 274 

3). In particular, HIV subtype A was more transmissible than subtype D for a given SPVL (33), 275 



and therefore was predicted to increase in frequency in the population. Temporal trends in 276 

subtype frequency in the data were inferred by focusing on subtypes A, D, and R and fitting a 277 

multinomial linear model for the frequency of the three subtypes as a function of seroconversion 278 

date. This revealed significant changes in subtype frequencies (analysis of deviance, p = 0.044, n 279 

= 551) an increase in the frequency of subtype A (0.009 per year, bootstrap CI [-0.0007; 0.022]) 280 

and recombinants (0.007 per year, CI [-0.005; 0.017]), and a decrease in subtype D (-0.016, CI [-281 

0.027; -0.002]), in accordance with a previous study (34). The rise of subtype A and R together 282 

with the lower SPVL associated with infection with these subtypes contributes additionally to the 283 

decline in mean SPVL, but this effect is estimated at -0.003 log10 copies/mL/year, very small 284 

compared to the within-subtype evolution of SPVL at a rate of -0.022 log10 copies/mL/year 285 

(Material and Methods). We extended the ODE model to model the dynamics of subtypes A, D, 286 

and R. We assumed co-infection by A and D occurred only transiently and resulted in an “R” 287 

infection with probability r (35). We assumed the transmission function for subtype R was 288 

intermediate between that of subtype A and subtype D. In spite of large uncertainty in the fitness 289 

function of subtype A due to smaller numbers of infected individuals (fig. 3c), the model 290 

accurately predicted the rise in frequency of both subtypes A and R for r=1 (fig. 3d). SPVL 291 

declined within subtype A and D, the two major subtypes co-circulating in the region (fig. 2d). 292 

The inferred fitness functions for subtype A and D were both consistent with a decline in SPVL 293 

within each subtype (fig. 3e). We note, though, that the model predicted a slower decline in SPVL 294 

within subtype A than the one observed, because this subtype is expanding in the population, 295 

which favours selection for transmission and slows down the attenuation of the virus. 296 

Discussion 297 

Using extensive data on a population-based cohort in the Rakai district, Uganda, we 298 

confirmed the existence of a virulence-transmission trade-off in HIV, and predicted that the viral 299 

population should evolve reduced SPVL to maximise transmission opportunities. This prediction 300 



was verified, as mean SPVL in newly infected participants declined by 0.4 log10 copies/mL in the 301 

Rakai cohort form 1995 to 2012. We had limited information on the impact of within-host 302 

evolution on mean SPVL. However, the virulence-transmission trade-off was not negligible 303 

compared to the potential impact of within-host evolution, and results in a decline in mean SPVL 304 

of -0.01 log10 copies/mL/year, i.e. about 50% of the observed trend. We systematically examined 305 

potential confounders in this well-studied cohort, but none of them could account for the trend of 306 

declining SPVL, suggesting viral genetic changes may be responsible for the observed 307 

attenuation. The evolutionary model also quantitatively reproduced how higher transmission of 308 

subtype A resulted in expansion of this subtype in the population. 309 

The attenuation of HIV in this Ugandan cohort is in contrast to increasing virulence in 310 

Europe. The European dynamics were hypothesized to result from viral adaptation to a higher 311 

optimal SPVL of 4.5 log10 copies/mL (6,26). However this higher optimum was computed using a 312 

Zambian cohort for transmission estimates, and a Dutch cohort for time to AIDS (fig. 1 – figure 313 

supplement 1). Transient selection for increased virulence could also have been important in 314 

Europe, and in fact SPVL has declined since 2004 (13). Our finding of HIV attenuation is 315 

consistent with another study of the evolution of HIV virulence in Africa. Comparison between 316 

the epidemic in Botswana and the younger epidemic in South Africa revealed declines in SPVL, 317 

which was hypothesized to be due to the fixation of mutations conferring adaptation to HLA 318 

variants and decreased replicative capacity (36). 319 

Although the agreement between the observed trend in mean SPVL and the evolutionary 320 

model are consistent with genetic changes in the virus causing decreasing SPVLs, genomic data is 321 

lacking to positively demonstrate viral genetic changes. Even if genomic data were available, this 322 

would be a challenging task since SPVL is probably determined by many loci of small effect (37), 323 

and polygenic adaption is difficult to detect (38). However, adaptation of the viral population to 324 

the low optimum is a logical consequence of the impact of SPVL on transmission and time to 325 



AIDS, two robust relationships inferred from the data (fig. 1). These effects of SPVL on the viral 326 

transmission cycle, together with 30-40% viral heritability of SPVL (36% specifically in the 327 

Rakai cohort, but generally around 30-40% in different settings, (9,39,40)), is predicted to result 328 

in attenuation of the virus. 329 

The detailed evolutionary model of HIV SPVL evolution presented here quantitatively 330 

reproduced the attenuation of HIV-1 virulence that happened in the last 20 years. This decline in 331 

virulence is predicted to continue into the future. This decline is unaffected by ART becoming 332 

more widely available, as even aggressive test-and-treat strategies have little predicted effect on 333 

these evolutionary dynamics (27,41) (fig. 2 – figure supplement 3). As ART becomes more 334 

widely available, essentially shortening the duration of infection, reduced SPVL will contribute to 335 

reductions in onwards transmission, and so synergise with efforts to eliminate the pathogen.336 



Materials and Methods: 337 

The RCCS has conducted regular surveys (approximately annual) of all consenting 338 

residents aged 15-49 in the same 50 communities since 1994, collecting detailed information on 339 

demographics, sexual behaviours and health status and obtaining blood for HIV testing from all 340 

consenting participants. Personal information on marital and long-term consensual partners is also 341 

collected, which enables retrospective identification of stable couples. All individuals found to be 342 

HIV-infected are referred for care, including CD4 T cells count and viral load measurements. 343 

Virtually all HIV transmission in this population is via heterosexual vaginal intercourse, and the 344 

rates of reported intercourse per week and month were found to be stable by HIV subtype and 345 

different study time periods. 346 

SPVL: 347 

SPVL was calculated for 817 participants in a serodiscordant partnership (“Serodiscordant 348 

couples”, table 2), and for 647 individuals who had a positive HIV serology test within two study 349 

visits of their last negative test (“HIV incident cases”, table 1; median time between last negative 350 

visit and first positive visit is 1.25 years). SPVL was defined as the mean log10 viral load for all 351 

visits occurring more than 6 months after estimated date of infection and before initiation of ART. 352 

Clinical records indicating ART initiation were available for participants who received care at an 353 

RHSP clinic prior to 2013. After 2013, ART care at most RHSP clinics was transferred to the 354 

Ugandan Ministry of Health. We determined receipt of treatment from clinics other than RHSP 355 

prior to 2013, or at any clinic post-2013, by self-reported ART treatment status (SI). 356 

  357 



Transmission: 358 

Transmission was modelled as a Poisson process, in which the instantaneous transmission 359 

rate is constant (6). We allowed the transmission rate to be a function of SPVL and other 360 

epidemiological covariates. For a seropositive individual (the “index”) with SPVL v, the 361 

probability that infection of the seronegative partner occurs between time ݐ,ି and ݐ,ା (where the 362 

subscript p stands for partner) is given by: 363 

ି,ݐൣܲ < ∗ݐ < ,ା൧ݐ = eିఉ(௩)(௧,షି௧) − eିఉ(௩)(௧,శି௧) 
where ݐ௧ is the time at which the index becomes infected (defined as the mid-point between last 364 

negative and first positive dates) or where observation of the couple starts, whichever occurs last 365 

and (ݒ)ߚ is the transmission hazard. In a Poisson process, the time to transmission is 366 

exponentially distributed: thus the probability is obtained by integration of the probability density 367 

function of the exponential distribution between time ݐ,ି and ݐ,ା. When infection occurred 368 

within the window of observation, ݐ,ି and ݐ,ା are simply the last time the partner was seen 369 

negative and the first time he/she was seen positive. When infection did not occur within the 370 

window of observation, ݐ,ି is the last time the partner was seen and ݐ,ା is infinity. The 371 

likelihood function is the product of these probabilities over all couples. We compared several 372 

functional forms for (ݒ)ߚ, including a flat function where viral load has no impact on 373 

transmission, a power function (ݒ)ߚ = (ݒ)ߚ 10 ௩, the Hill functionߚ = ௫ߚ ଵଵାଵషೖ (ೡషೡఱబ) , a 374 

generalised Hill function (ݒ)ߚ = ߚ + ఉೌೣିఉ൫ଵାଵషೖ (ೡషೡఱబ)൯భം , a step function with three plateaus and 375 

one with four plateaus. We computed the likelihood of each model, searched for the maximum 376 

likelihood parameters using the Nelder-Mead method and compared different models based on 377 

Akaike Information Criterion (AIC). We tested how transmission varied with other 378 



epidemiological factors, including subtype, gender, and circumcision status, by allowing the 379 

parameters of the function (ݒ)ߚ to vary with different values of these factors (fig. 1 data file). 380 

Time to AIDS: 381 

The time at which an individual was first diagnosed with AIDS was defined in one of three 382 

ways. For the majority of participants, it was defined as the time at which CD4 count is first 383 

below 200 cells per mm3, (n = 203 of the 288 participants who declared AIDS) or the time at 384 

which three symptoms of AIDS (42) were first observed (n = 43), whichever came first. If AIDS 385 

was not defined according to these criteria, but the individual was known to have died of AIDS, 386 

the time to AIDS was taken to be the time to death (n = 42). 387 

Time to AIDS was assumed to follow a gamma distribution whose expected value was a 388 

decreasing function of the viral load. For this decreasing function we used a flat function (as a 389 

null model), a decreasing Hill function ̂ݐூௌ(ݒ) = ௫ݐ ଵଵାଵషೌ (ೡఱబషೡ) , a generalised Hill function 390 

(ݒ)ூௌݐ̂ = ݐ + ௧ೌೣି௧൫ଵାଵషೌ (ೡఱబషೡ)൯భ್  and a step function with three plateaus. For the Hill function 391 

and the generalised Hill function, we set the maximum time a virus can be carried by its host to 392 ݐ௫ = 40 years. We also allowed these functions to vary by subtype and gender. For a 393 

participant, the probability that AIDS occurred between time ݐ ூௌ and time ݐூௌ is: 394 

ܲሾݐ ூௌ < ݐ < ூௌሿݐ = ,݇)ܩ (݇)߁(ߠ/ூௌݐ − ,݇)ܩ (݇)߁(ߠ/ ூௌݐ  

where ܩ(݇,  is the regularized gamma function which is the cumulative 395 (݇)߁/(ߠ/ூௌݐ

distribution function of the gamma distribution; ݇ is the shape parameter and ߠ is the scale 396 

parameter set to ̂ݐூௌ/݇ so that the expected value is ̂ݐூௌ. When AIDS was not declared in the 397 

individual, ݐ ூௌ was set to the date of last visit of this individual, and  ݐூௌ was set to infinity. 398 

The likelihood function was obtained by multiplying these probabilities across all participants. 399 



We computed the likelihood of each model, searched for the maximum likelihood parameters and 400 

compared different models based on Akaike Information Criterion (AIC). 401 

Epidemiological and evolutionary modelling: 402 

We developed a Susceptible-Infected compartmental ordinary differential equation (ODE) 403 

model, where the viral population is stratified by SPVL. The set-point viral load v of an individual 404 

is given by v=g+e where g is the genetic effect, transmitted with mutation from a donor to a 405 

recipient, and e is the environmental effect, which includes host and other environmental factors, 406 

and is independently drawn in each newly infected individual. The model is akin to classical 407 

quantitative genetics models and in particular to a previously described model of virulence 408 

evolution (19,43). The model neglects the impact on transmission of the higher viral loads in 409 

early and late phases of infection, however we relax this assumption in the individual-based 410 

model presented below. The number of infected with genetic and environmental effects (g, e) 411 

evolves as: 412 ܻ݀(݃, ݁, ݐ݀(ݐ = න න ߛ)ߚ + ,ߛ)ܻ(ݐ)ܺ(߳ ߳, ߛ)ܳ(݁)ܲ(ݐ → ஶߛ݀ ߳݀(݃
ఢୀିஶ

ஶ
ఊୀିஶᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ௧௦௦௦

 − ݃)ߤ + ݁)ܻ(݃, ݁, ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥௗ௧(ݐ  

and the number of uninfected individuals X changes as: 413 ݀ܺ݀ݐ = ܾ ܺ −  ௧ܻ௧ ܺ ߚ̅

The first term in the equation for the number of infected reflects the increase in the number of 414 

infected individuals with viral genetic effect g and environmental effect e due to new transmission 415 

events from all possible donors. The second term describes death of infected individuals. In these 416 

equations, ߚ(. ) is the transmission rate as a function of SPVL, ܲ(݁) is the distribution of 417 

environmental effects in newly infected individuals, ܳ(ߛ → ݃) is the mutation kernel, which is 418 

the probability that a donor with virus of genetic effect ߛ gives an infection with a virus of genetic 419 

effect ݃, ߤ(. ) is the AIDS death rate as a function of SPVL (inversely related to the time to 420 



AIDS), b is the birth rate, ̅ߚ is the mean transmission rate in the population, and ௧ܻ௧ is the total 421 

number of infected. 422 

The evolution of mean SPVL in the population is determined by the evolution of the mean 423 

viral genetic effect g, as the mean environmental effect is set at 0 without loss of generality. 424 

Under this model, we find that evolution of mean genetic effect (denoted ݃̅) is determined by the 425 

Price equation (18): 426 ݀݃̅݀ݐ = covሾܺߚ − ,ߤ ݃ሿ +  ܺ ߚ̅ ߙ

(see SI for derivation). The parameter ߙ is the mean effect of mutations on SPVL in log10 427 

copies/mL. The first term of the equation is the Robertson-Price identity (18,44), which equates 428 

the change in character with the population covariance between a fitness measure, here ܺߚ −  429 ,ߤ

and the genetic value of this character. The dependence on the number of uninfected individuals 430 

sets the balance between selection for higher transmission rate and selection for lower mortality. 431 

For example, when the number of susceptible individuals is large relative to its long-term 432 

equilibrium value ̅ߚ̅/ߤ, selection for higher transmission and higher mortality is favored, an effect 433 

that can be important in an emerging epidemic (45–47). The second term describes the effect of 434 

biased mutation, proportional to incidence ̅435 .ܺ ߚ 

We emphasize that knowledge of the molecular mechanism driving the decline in virulence 436 

is not needed to make evolutionary predictions. To derive further analytical insights, we assume 437 

that the number of susceptible individuals is approximately at its equilibrium value ̅ߚ̅/ߤ. We take 438 

advantage of the approximately normal distribution of SPVL in the population to derive an 439 

expression for the change in mean SPVL in prevalent cases over time, akin to Lande’s classical 440 

quantitative genetic equation (19). 441 

ݐ݀̅݃݀ = ܸ ℎଶ ߚଶ̅ߤ̅ ߲൫̅ߤ̅/ߚ൯߲݃̅ +  ߤ̅ ߙ



where ܸ is the variance in SPVL and  ℎଶ is heritability of SPVL, the fraction of the variance 442 

explained by viral genetic factors. The mean SPVL in the population will evolve to the value 443 

maximizing mean fitness ̅ߤ̅/ߚ, which is 3.4 log10 mL/copies (95% CI [2.6; 4.0], fig. 2a), at a pace 444 

proportional to heritability (which is assumed to be at equilibrium). 445 

We parameterised the ODE model with our data, and solved it using the Euler method. 446 

Specifically, the initial SPVL in incident cases was 4.72 log10 copies/mL. The transmission rate 447 

and mortality due to AIDS as a function of SPVL were the inferred functions (fig. 1). We tuned 448 

the baseline transmission rate and the birth rate to achieve the stable prevalence of 14% observed 449 

in the Rakai communities and a total population size of 20 millions adults. Declining prevalence 450 

would not change much the evolution of mean SPVL (fig. 2 – figure supplement 5). 451 

We assumed that the mutation kernel ܳ(ߛ → ݃) was the density of a normal distribution 452 

with a non-zero mean ߙ, and standard deviation ߪ௨௧ = 0.15, evaluated at ݃ −  The density of 453 .ߛ

environmental effects ܲ(݁) was given by the density of a normal distribution with mean 0 and 454 

standard deviation 0.76. The variance parameters were chosen to achieve an approximately stable 455 

phenotypic variance of SPVL ܸ = 0.91 and heritability at 36% as inferred in this cohort (10), 456 

and similar to the value of  30 to 40% established in a number of studies (9,39). 457 

Because only a small number of studies have linked within-host evolution to SPVL 458 

evolution, we explored three scenarios spanning a range of possibilities to parameterise ߙ. (i) The 459 

dominant process is the increase in the frequency of CTL escape mutations, or other host-specific 460 

beneficial mutations imposing a RC cost, resulting in a reduced viral fitness and SPVL in the next 461 

typical infected person. We first parameterize α in this scenario using data on the inferred decline 462 

in mean SPVL in Botswana (36). The mean SPVL in a cohort in South Africa was 4.47, 463 

compared to 4.19 log10 copies/mL in a cohort in Botswana where the epidemic started about 6 464 

years earlier, giving an inferred decline of (4.19 – 4.47) / 6 = -0.047 log10 copies/mL/year, 465 

hypothesized to result from the rise of CTL escape mutations in the viral population. From the 466 



Price equation, the decline in mean SPVL is given by ߤ̅ ߙ, assuming constant prevalence and 467 

neglecting the virulence-transmission trade-off. Solving for ߙ in ߤ̅ ߙ = −0.047, with a mean 468 

death rate of ̅0.1 = ߤ per year as in the present cohort, gives a rough estimate of ߙ = −0.47 log10 469 

copies/mL under this scenario. (ii) Second, under a similar assumption that the dominant process 470 

is the increase in host-specific beneficial mutations imposing a RC cost, we now parameterize α 471 

assuming that these mutations impose a RC cost similar to that of random mutations. Indeed some 472 

immune escape mutations, for example CTL escape mutations arising in the pol, env or nef gene, 473 

appear neutral (22,48). Thus, the coefficient of variation of the distribution of SPVL effects 474 

within the host would be the same as that of the distribution of fitness effects of random 475 

mutations. This coefficient of variation was estimated at -1.609 in a previous study (19), giving 476 ߙ = ௨௧/1.609ߪ− = −0.093 log10 copies/mL. (iii) The dominant process is the increase in 477 

frequency of mutations causing a within-host increase in RC, resulting in higher viral fitness in 478 

the next host. To our knowledge increase in RC over the course of infection has been evidenced 479 

only in one study (25). This study predicted an increase in RC over the course of infection of + 480 

0.02 per year. The relationship between RC and SPVL inferred in that study (SPVL = 4.297 + 481 

0.572 * RC, figure 1A in (25)), together with the fact that the mean time to transmission is 5 years 482 

(as inferred from simulation of our IBM), leads to ߙ = 0.02  ×  5 ×  0.572 = + 0.057 log10 483 

copies/mL in this scenario. 484 

Predictions of the ODE model were robust to the addition of a number of more realistic 485 

features of the HIV epidemic, as shown by an individual-based stochastic model of HIV evolution 486 

(IBM) with a higher level of complexity, described in details previously (26,27). The IBM 487 

relaxed several assumptions of the ODE. In contrast to the ODE that described only the 488 

asymptomatic phase of infection characterized by a stable SPVL value, the IBM explicitly 489 

modelled the dynamics of viral load within individuals. This included the acute phase of infection 490 

and the AIDS phase, which are both characterized by a higher viral load. The viral load in the 491 



acute and AIDS phases, and the duration of acute phase did not vary across individuals. In the 492 

ODE, transmission was modelled using the law of mass action; in the IBM a changing network of 493 

sexual contacts was modelled (although sexes were not explicitly modelled). The number of 494 

partnerships in which each individual was engaged was variable, and there was heterogeneity in 495 

partnership duration (between 3 and 60 months). Furthermore, the behavioural dynamics were 496 

designed to reflect a core group of transmitters; individuals in the core group (10% of the overall 497 

population) had shorter partnership durations and increased coital frequency. The rate of overall 498 

partnership formation and the distribution of coital frequencies were both calibrated to result in an 499 

equilibrium prevalence of 14%, corresponding to the average prevalence in the 1995-2015 period, 500 

as for the main model. 501 

Temporal trends in SPVL: 502 

We inferred temporal trends in SPVL in incident cases using a multivariate linear model 503 

where we explained variation in SPVL as a function of the laboratory in which SPVL was 504 

measured, the assay used, whether VL was measured at a RCCS visit (individuals with unclear 505 

infection status), gender, circumcision status, age, date at seroconversion, and subtype (fig. 2). 506 

Significance was assessed using type II analysis of variance, and confidence intervals were 507 

computed assuming asymptotic normality of the coefficients. Viral loads were measured in three 508 

different laboratories and using two types of PCR assays. This heterogeneity of laboratory 509 

approaches could potentially confound other trends; however our multivariate regression 510 

controlled for these effects, and revealed that they had small and non-significant effect sizes (fig. 511 

2 data file), such that they did not generate any systematic variability in SPVL. SPVL decreased 512 

at a pace of -0.033 log10 unit per year (CI [-0.057; -0.009], p = 0.007, n = 603), resulting in a 0.66 513 

log10 unit change over the 1995-2015 period. The estimated rate was -0.022 (CI [-0.041; -0.002], 514 

p = 0.027, n = 603) after non-significant predictors were removed. The linear temporal trend in 515 

mean SPVL was more supported than a model where time was fitted as five discrete categories 516 



(∆AIC = 7.2). An important potential confounder of the reported trends in SPVL would have been 517 

the use of unreported antiretroviral therapy (ART) becoming more frequent at later time points. 518 

To exclude this possibility, we focused on the subset of SPVL values with viral loads measured 519 

before 2004, prior to ART availability in the region. Consistent with previous studies (49,50), 520 

males had a higher SPVL than females (+0.259 log10 viral copies/mL, CI [0.14; 0.38], p = 4.2 10-521 

5, n = 603) subtype D conferred higher SPVL than other subtypes (+0.211 relative to subtype A, 522 

CI [0.038; 0.38], p = 0.017, n = 603), and older age conferred slightly higher SPVL (+ 0.009 per 523 

year, CI [0.0008; 0.016],  p = 0.030, n = 603). The decreasing trend in SPVL as well as the effects 524 

of gender, and subtype D, were all robust, as they had similar magnitude in several subsets of data 525 

(fig. 2 - figure supplement 2). 526 

We also inferred temporal trends in mean SPVL in prevalent cases by calculating each year 527 

the mean SPVL for cases who are infected, alive, and not lost to follow-up. In this analysis we 528 

found a decline in mean SPVL at a rate of -0.020 log10 copies/mL/year (fig. 2 – figure supplement 529 

6). This decline was highly significant (p = 5.06e-08, N = 18) but the p-value calculation did not 530 

account for non-independence across years (the same prevalent cases may be included in multiple 531 

years). 532 

Review of coinfections as potential confounders of the SPVL trend: 533 

Coinfections such as tuberculosis, malaria, the herpes simplex virus 2, gonorrhea, or 534 

syphilis, might increase viral load in HIV infected individuals (32). A reduction in prevalence 535 ߜ 

of a disease with an effect ݒߜ on SPVL would cause a ݒߜ ߜ decrease in mean SPVL in the 536 

population. We systematically reviewed these diseases and show that potential reduction in 537 

prevalence of these diseases is unlikely to cause the observed 0.4 log10 copies/mL decline in mean 538 

SPVL. 539 



Tuberculosis results in a ݒߜ = 0.5 log10 copies/mL increase in viral load (32), prevalence 540 

has decreased two-fold since 1995, and was 2.7% in 2014 among HIV infected persons screened 541 

for TB (51). This would result in a change in SPVL ݒߜ ߜ = −0.027 ∗ 0.5 = −0.013 log10 542 

copies/mL. Malaria incidence is high in Uganda (50.8 episodes per 100 person years in Uganda in 543 

2001, (52)), but malaria infection only causes a transient increase in SPVL of ݒߜ = 0.25 log10 544 

copies/mL during ~ 40 days (53). The overall effect of a hypothetical two-fold reduction in 545 

malaria incidence from 1995 to 2012 (from 60 to 30 per 100 person years) would be ݒߜ ߜ =546 −0.3 ∗ 40/465 ∗ 0.25 =  −0.006 log10 viral copies per mL. Herpes simplex virus 2 (HSV-2) 547 

prevalence was roughly stable, from 70% in 1994-1998 (54) to 88% in 2007-2008 (55) in HIV 548 

infected individuals in the Rakai district, and the prevalence of genital ulcer disease in the general 549 

populations, mostly caused by HSV-2 (56) was stable over this period (data not shown). The 550 

prevalence of gonorrhea and syphilis was 8.6% and 3.3% respectively in 1994-1998 (57); 551 

therefore, given these diseases confer ݒߜ = 0.04 and ݒߜ = 0.1 log10 copies/mL increase in HIV 552 

viral load (32), an hypothetical two-fold reduction of prevalence from 1995 to 2012 would have 553 

caused a −0.043 ∗ 0.04 =  −0.0018 log10 viral copies per mL and − 0.017 ∗ 0.1 =  −0.0017 554 

log10 viral copies per mL. Last, coinfection by helminths is rare in most of the Rakai communities 555 

(58), although schistosomiasis is endemic in some fishing communities living near lake Victoria, 556 

with prevalence of up to 50% in 1998-2002 (59). However, there is no evidence for an effect of 557 

helminth infection on HIV viral load (32,60,61). 558 

Subtype-specific predictions: 559 

We extended the ODE model to account for subtype-specific dynamics, in particular the 560 

dynamics of subtype A, subtype D, and AD recombinants (called “R”). The functions describing 561 

transmission as a function of SPVL were the inferred subtype-specific step functions (fig. 3a). 562 

The function describing time to AIDS as a function of SPVL was the step function inferred on the 563 

whole cohort, as there was little difference between subtypes (fig. 1c). Starting conditions were 564 



parameterised based on the data, as follows. Mean SPVL in 1995 were ̅ݒ, = ,ݒ̅ ,4.58 = ோ,ݒ̅ 565 ,4.79 = 4.66 log10 copies per mL of blood. The frequencies of the three types in 1995 were 566 

pA=0.17, pD=0.7, pR=0.13. The mutation kernel ܳ(ߛ → ݃) was, for all three types, the density of 567 

a normal distribution with a non-zero mean ߙ = −0.093, and standard deviation ߪ௨௧ = 0.15, 568 

evaluated at ݃ −  The density of environmental effects ܲ(݁) was the density of a normal 569 .ߛ

distribution with mean 0 and standard deviation 0.67. These parameters were chosen to achieve 570 

an approximately stable phenotypic variance of SPVL ܸ = 0.7 (the phenotypic variance in 571 

SPVL within subtype) and heritability at 36%. 572 

We assumed super-infection occurred on a fast timescale and immediately resulted in one 573 

strain replacing the other. Super-infection with A and D, A and R, or D and R strains resulted in a 574 

recombinant subtype (“R”) with probability r. We chose r=1 as it best reproduced the rise in 575 

frequency of recombinants (fig. 3d). 576 

Contributions of within-subtype and between-subtype evolution to SPVL trends: 577 

We decomposed the trend in mean SPVL into the sum of two components, one due to 578 

changes in subtype frequency, one due to within-subtype changes in SPVL. The change in mean 579 

SPVL between time 0 and t reads: 580 Δ̅ݒ =  ,௧ ∈{,,ோ} ,௧ݒ̅ −  , ∈{,,ோ}  ,ݒ̅

With linear trends in subtype frequencies, ,௧ = , + ,௧ݒ̅ and in mean SPVL within subtypes, 581 ,ݐ ߜ = ,ݒ̅ +  Replacing yields: 582 .ݐ ݒ̅ߜ

Δ̅ݒ =  ൫, + ൯ ∈{,,ோ}ݐ ߜ ൫̅ݒ, + ൯ݐ ݒ̅ߜ −  , ∈{,,ோ}  ,ݒ̅

Because the changes are slow (i.e. ߜ and ݒ̅ߜ are small), we can neglect the term in ߜݒ̅ߜ and 583 

approximate the change as: 584 



Δ̅ݒ =    ∈{,,ோ}ݒ̅ߜ, +  , ∈{,,ோ}ݒ̅ ߜ ൩  ݐ

The first term reflects the changes in mean SPVL due to changes in mean SPVL within 585 

subtype. The second term reflects the changes in mean SPVL due to changing subtype 586 

frequencies. We have ̅ݒ, = ,ݒ̅ ,4.58 = ோ,ݒ̅ ,4.79 = 4.66 log10 copies/mL, and ߜ = ߜ 587 ,0.009 = ோߜ ,0.016− = 0.007, inferred from a generalized linear model with multinomial 588 

response describing subtype frequency as a function of calendar time. Thus the change in mean 589 

SPVL due to the rise in subtype A and R is -0.003 log10 copies/mL per year. Assuming the same 590 

rate of SPVL evolution in all subtypes, ݒ̅ߜ = ݒ̅ߜ = ோݒ̅ߜ = −0.022 log10 copies/mL per year (a 591 

rate inferred from the linear model, adjusted for subtype and other covariates), the change in 592 

mean SPVL due to within-host evolution is also -0.022 log10 copies/mL per year. Thus the total 593 

mean SPVL change is = −0.025 log10 copies/mL per year and most of this change is due to 594 

within-subtype evolution.595 
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Appendix: Details of the data analysis and the model 788 

 789 
The Rakai Community Cohort Study (RCCS) is a population-based cohort of HIV incidence and 790 
sexual behaviours set in the Rakai district, Uganda conducted on an approximately annual basis 791 
since 1994. The RCCS survey obtains detailed information on demographics, sexual behaviours 792 
and health status and specimens for HIV testing and other research purposes. Prior to 2013, the 793 
Rakai Health Sciences Program (RHSP), which administers the RCCS, primarily managed HIV 794 
care and treatment in the Rakai District and so these clinical data could be linked back to RCCS 795 
for research purposes. We used two subsets of this data. First, to investigate the temporal trends in 796 
SPVL and the relationship between SPVL and time to AIDS, we used the “incident cases”, 797 
defined as participants with a first positive result within two RCCS study visits of their last 798 
negative result, such that the date of infection is known relatively precisely. Second, to investigate 799 
the relationship between SPVL and transmission rate, we identified the subset of participants 800 
engaged in serodiscordant partnership. The “serodiscordant couples” are defined as those couples 801 
where one partner is positive, while the other is initially negative and may become infected over 802 
the course of follow-up. 803 

 804 
1. Data cleaning and Set-Point Viral Load calculations 805 
 806 
Incident cases 807 
 808 
To investigate the time trends in SPVL and the relationship between SPVL and time to AIDS, we 809 
used the incident cases, defined as participants with a first positive result within two RCCS study 810 
visits of their last negative result. The median time elapsed between last negative and first 811 
positive result was 1.25 year (minimum 0.56, maximum 3.59 years). 812 
 813 
SPVL calculation 814 
 815 
The date of seroconversion for each participant was defined as the mid-point between the last 816 
HIV-negative date and the first HIV-positive date. The SPVL was defined as the mean log10-viral 817 
load at all visits occurring more than 6 months after seroconversion, and before the beginning of 818 
antiretroviral therapy (ART). 819 
 820 
ART was prescribed in the Rakai district from 2004 onwards. We had clinical records on the date 821 
of ART start when it was prescribed in an RHSP clinic prior to 2013. However, participants may 822 
also have received ART from clinics outside of RHSP. Moreover, by 2013, ART distribution at 823 
the majority of RHSP clinics was transferred to the Ugandan Ministry of Health. To determine 824 
whether participants were prescribed ART outside of RHSP clinics, we relied on self-reported use 825 
of ART. For these cases, we defined the date of self-reported ART start as the mid-point between 826 
the last date no ART was reported and the first date where ART was reported. We further 827 
removed all viral load measures at a date later than this self-reported ART start date. 2135 viral 828 
load measures out of the 5180 were taken 6 months after the date of seroconversion and before 829 
ART. 830 
 831 
A number of viral loads measures were below detection limit of the assay (< 400 copies/mL), in 832 
which case the viral load is reported as “undetectable” and we did not know its precise value. 833 
Such low viral loads could mean these participants are “elite controllers”; but they could also be 834 
due to measurement error and/or degradation of the RNA sample, participants having been 835 
prescribed ART in a clinic other than the RHSP clinics without reporting it, or participants falsely 836 



believed to be infected. We assumed that any single viral load measure below 400 copies/mL in a 837 
participant with more than one measure over 400 copies/mL was due to either error or sample 838 
degradation, and we removed these measurements from our analysis (44 measures out of 2135). 839 
We verified that the HIV infection status of participants by reassessing all available serological 840 
HIV tests results, including rapid assays, ELISAs, and Western Blot assays. We removed from 841 
the analysis any participants whose infection status was unclear, i.e. those participants who only 842 
have “undetectable” viral load and who either have at least one “indeterminate” or “negative” 843 
Western Blot and two or less ELISA tests, or who have no Western Blot and at least one negative 844 
ELISA test (7 measures out of 2135). All remaining “undetectable” viral loads (n = 2071) were 845 
set to 200 copies/mL. We systematically verified the robustness of our analysis to the inclusion of 846 
the “undetectable” viral loads. 847 
 848 
Because of the uncertainty on the timing of infection, it is possible that a participant is still in 849 
acute infection more than 6 months after the presumed date of infection (the mid-point). To avoid 850 
this possibility, we also eliminated first measures where the viral load was ten times greater than 851 
all subsequent measures (13 measures out of 2135). 852 
 853 
Following these steps of data cleaning, we obtained SPVL for 647 individuals, each SPVL 854 
measure representing 1 to 16 visits (median = 2) and a total of 2071 viral load measures. We also 855 
computed a SPVL value where all “undetectable” viral loads are discarded, in which case we 856 
obtain SPVL for 603 individuals, each SPVL measure representing 1 to 16 visits (median = 4). 857 
 858 
Subtyping 859 
 860 
Subtype of each participant was determined using one or several of four different methods, based 861 
on (i) sequence fragments of gp41 and p24, (ii) Roche 454 sequencing of gp41 and p24, (iii) 862 
multi-region hybridization assays on gag, pol, vpu, env, and gp41 and (iv) full genome sequences 863 
(1,2). All subtype information was compiled for each participant, by genomic region (gag, pol, 864 
vpu, and env). In 467 cases out of the 576 participants with any subtype information, all subtype 865 
information agreed on a single subtype, which was then assigned to the participant. If the data 866 
indicated infection with multiple HIV subtypes (i.e. one or more HIV subtypes detected in the 867 
same gene region), we assigned the subtype “multiple” (M) to the individuals. Lastly, if HIV-1 868 
subtype differed across but not within genes, a recombinant subtype was assigned to the 869 
participant. This algorithm resulted in 12 subtype categories, of which the most represented in the 870 
population were subtype D (n=342) subtype A (n=118), recombinant DA (n=41), recombinant 871 
AD (n=28), multiple infections M (n=17), subtype C (n=8) and various types of recombinants 872 
(n=22). A linear regression of SPVL against subtype revealed that a more parsimonious model 873 
with only five simplified subtype categories, A, C, D, M, R (all recombinants) was a better fit to 874 
the data than a model with all 12 subtype categories (ΔAIC = 5.5). 875 
  876 



Viral load laboratories and assays 877 
 878 
Viral RNA was quantified in one of three laboratories: the Makerere University Walter Reed 879 
Project Laboratory (Kampala, Uganda) (WR), the International HIV and STD laboratory at Johns 880 
Hopkins University (Baltimore, MD, USA) (JH), or at the Rakai Health Sciences Program 881 
central laboratory (Kalisizo, Uganda) (RHSP). At WR and JH, all assays were conducting using 882 
the Roche Amplicor v1.5 assay. RHSP used the Roche Amplicor v1.5 from May 2005 to Nov 883 
2010 and the Abbott m2000 from October 2010 up to date. In order to test for potential effect of 884 
assay on viral load values, we assume the date at which each sample was assayed is 885 
approximately the date of the sample. Last, when the infection status of the participants was 886 
unclear from the serology results, viral loads were measured in the RHSP laboratory on samples 887 
taken at an RCCS visit; we included these particular samples as a variable in the regression to 888 
control for potentially lower SPVL for these participants. 889 
 890 
Time to AIDS 891 
 892 
The time to AIDS was the time at which CD4 count is first below 200 cells per mm3, three 893 
symptoms of AIDS were first observed, or of AIDS death. The time to AIDS is a reasonable 894 
approximation of the time during which the virus will be transmitted. Transmission could be also 895 
interrupted because of host death not related to HIV, but AIDS was the most common cause of 896 
mortality in Uganda among 13 - 44 years (3,4). Moreover, there is little opportunity for 897 
transmission after AIDS is declared, as host death occurs shortly after the onset of AIDS (median 898 
1.46 years) and it has been estimated that very little transmission occurs in the 10 months prior to 899 
death(5). 900 
 901 
Serodiscordant couples 902 
 903 
To investigate the relationship between SPVL and transmission rate, we focused on 904 
retrospectively identified serodiscordant couples, a subset of data largely distinct from the 905 
incident cases. In these couples, one partner is positive, while the other is initially negative and 906 
may become infected over the course of follow-up. The median duration of couple follow-up was 907 
2.6 years. As before, we set “undetectable” viral loads to 200 copies/mL, and the SPVL was 908 
defined as the mean log10-viral load at all visits occurring more than 6 after seroconversion, and 909 
before the beginning of antiretroviral therapy (ART). We also calculated a SPVL with 910 
undetectable values removed to check that this small number of imprecise measures at low viral 911 
loads did not affect inference of transmission rates. 912 
Subtypes were computed as before, except we simplified further the categories to keep only 913 
subtype A, subtype D, and “Other/unknown” subtypes (including other subtypes, multiple 914 
infections, recombinants, and unknown). 915 
Our analysis data set included 817 couples with SPVL values from the index HIV-infected 916 
partner. Each SPVL represented 1 to 15 measures (median = 2). The SPVL data from these 917 
couples are summarized in table 2. 918 
 919 
2. Inference of temporal trends in SPVL 920 
 921 
The variability in the number of measures underlying SPVL poses several problems for the 922 
analysis of temporal trends in SPVL. There was no effect of the number of measures on SPVL 923 
(ANOVA with number of visits as factor, p = 0.61, n = 603), but the variance of SPVL across 924 
individuals was much higher among individuals measured once than across those measured 925 
multiple times. This is expected as multiple measures reduce the effects of intra-individual 926 



fluctuations in VL and measurement error on SPVL. This means the error around each SPVL 927 
value was not the same across individuals, the true SPVL being approached much more closely in 928 
individuals with many measures than in individuals with a single measure. When analysing the 929 
determinants of SPVL, this will cause heteroscedasticity, violating an assumption of linear 930 
models. To overcome this problem, it has been proposed to fit the viral load trajectories within 931 
individual using a fractional polynomial within a mixed model, then to regress several descriptors 932 
of this fractional polynomial over the predictors of interest (6). This method cannot easily include 933 
multiple predictors, and is clearly not applicable in our case where 242 out of 526 participants 934 
have one viral load measurement only. To verify that our results were not affected by this 935 
problem, we also conducted an analysis on the subset of SPVL values which include 2 936 
measurements or more and where the standard deviation across these is less than 1 log-viral load 937 
unit across measures (“strict SPVL”). 938 
 939 
Linear model 940 
 941 
We used a linear regression to explain the variation in SPVL across participants as a function of 942 
gender, age at seroconversion, subtype, and date of seroconversion, using the data on the 943 
incidence cases for whom the date of seroconversion was known precisely. We also tested the 944 
effect of being circumcised in males. We corrected for potential confounding due to the use of 945 
several viral load assays and measurements in several laboratories by including these factors in 946 
the regression. 947 
We first analysed the determinants of SPVL being “undetectable” (that is, those participants 948 
where all viral load measures are undetectable), using a logistic regression over epidemiological 949 
covariates. Next we analysed the determinants of SPVL on the subset of data that excludes 950 
undetectable SPVL, because these SPVL values caused the distribution of SPVL to be non-951 
normal, violating an assumption of linear models (the “undetectable” were set at log10(200)). To 952 
verify the robustness of our predictions, we ran the analysis on several subsets of data: (i) SPVL 953 
calculated from at least two viral load measures, with a standard deviation of less than 1 log-viral 954 
load unit across measures, and including undetectable viral loads (“strict SPVL”) – a subset for 955 
which the heteroscedasticity problem will be reduced -, (ii) data partitioned in two subsets 956 
corresponding to the assays Abbott m2000 and Roche 1.5 (iii) data partitioned in three subsets 957 
corresponding to the laboratories (John Hopkins, RHSP, Walter Reed), (iv) data partitioned in 958 
male and female. 959 
The distribution of SPVL was visually very close to a normal distribution. However the Shapiro - 960 
Wilk test of normality rejected the normal distribution (n = 603, p = 0.0018), in particular because 961 
of an excess of low SPVL. 962 
The probability that the SPVL is “undetectable” was mainly determined by the assay, Abbott 963 
m2000 giving an “undetectable” SPVL with higher probability than Roche 1.5 (Appendix-table 1, 964 
n = 647). There was no effect of subtype, except that individuals whose subtype is unknown also 965 
tended to have “undetectable” SPVL with higher probability, because a low viral load made 966 
subtyping harder. 967 
 968 
The laboratory where the viral load was assayed and the assay used had a small effect on SPVL. 969 
The inclusion of VL values measured at a RCCS visit (“RCCS visit” in fig. 2, data file) led to 970 
significantly lower SPVL (-0.3 log10 copies/mL, CI [-0.51; -0.09], p = 0.006, n = 603), which was 971 
expected as viral loads were measured at a RCCS visit only when the infection status of the 972 
participants was unclear from the serology results. Variation in SPVL was mainly predicted by 973 
gender and date of seroconversion (fig. 2 – figure supplement 2). 974 
 975 
3.Fitting the transmission rate as a function of SPVL 976 
 977 



Using data on transmission and SPVL in 817 serodiscordant couples, we estimated the 978 
transmission hazard as a function of SPVL (Methods). The transmission hazard is the expected 979 
number of transmission events per unit time in a serodiscordant couple. This revealed that 980 
transmission increased significantly with SPVL, and the best functional form to describe this 981 
relationship was a step function with three plateaus. The best relationship was robust to the 982 
presence or absence of “undetectable” SPVL in the dataset (fig. 1 – figure supplement 2). We also 983 
tested whether transmission varied by subtype, gender, and whether the male was circumcised or 984 
not. 985 
 986 
4.Fitting the time to AIDS as a function of SPVL 987 
 988 
The time to AIDS was assumed to follow a gamma distribution whose expected value was a 989 
decreasing function of the viral load (Methods). We derived the likelihood function, found 990 
maximum likelihood parameters using the Nelder-Mead method, and compared the different 991 
models based on AIC. The step function was the one that described best the relationship between 992 
time to AIDS and SPVL (fig. 1). We tested how several covariates affected time to AIDS 993 
including subtype, and gender, but none of them significantly improved the fit. The best 994 
relationship was robust to the presence or absence of “undetectable” SPVL in the dataset (fig. 1 – 995 
figure supplement 2). 996 
 997 
5. A quantitative genetics model for the evolution of Set-Point Viral Load 998 
 999 
Analysis of a quantitative genetics model: 1000 
 1001 
We consider the SPVL as a viral trait that evolves to maximize transmission. We developed a 1002 
compartmental model describing the dynamics of susceptible and infected individuals in the 1003 
population. Each infected individual has SPVL v = g + e, where g is the breeding value of SPVL 1004 
and e is the environmental effect. The breeding value g is transmitted almost perfectly from the 1005 
one infection to the next, except it can be modified by mutations. The environmental effect, in 1006 
contrast, is independently drawn at each new infection. The model is similar to a previous model 1007 
on the evolution of virulence (7), except we consider the effect of the environment on SPVL and 1008 
the effect of mutation on g is modelled more generally (a diffusion model was used previously 1009 
(7)). The evolution of the number of infected with genetic and environmental values (݃, ݁) is 1010 
given by: 1011 
 1012 ܻ݀(݃, ݁, ݐ݀(ݐ = න න ߛ)ߚ + ,ߛ)ܻ(ݐ)ܺ(߳ ߳, ߛ)ܳ(݁)ܲ(ݐ → ஶߛ݀ ߳݀(݃

ఢୀିஶ
ஶ

ఊୀିஶ  − ݃)ߤ + ݁)ܻ(݃, ݁,  (ݐ

 1013 
The first term represents infected individuals with viral genotypic value and environmental value 1014 (ߛ, ߳) (“donors”) infecting susceptible individuals ܺ(ݐ) (“recipients”). The newly infected 1015 
individual will carry a virus (݃, ݁) with probability ܲ(݁) ܳ(ߛ → ݃) where ܲ(݁) is the probability 1016 
that the new environmental effect is ݁ and is given by the density of a normal distribution with 1017 
mean 0 and variance ߪଶ, and ܳ(ߛ → ݃) is the probability that the recipient has genetic value ݃ 1018 
given that the donor has genetic value ߛ, and is given by the density of a normal distribution with 1019 
mean ߙ and variance ߪ௨௧ଶ , evaluated at ݃ −  quantifies the mutational bias, 1020 ߙ The parameter .ߛ
and is equal to 0 if on average mutations do not affect SPVL. 1021 
 1022 
The second term represent death of individuals due to infection. 1023 
 1024 



Heritability, defined as the regression coefficient of the recipient’s viral load regressed against the 1025 

donor’s viral load, is equal to ሾீሿሾீሿାሾாሿ  where Vሾܩሿ is the population variance in g, Vሾܧሿ is the 1026 

population variance in e. While it is difficult to predict the exact value of heritability as a function 1027 
of parameters of the model, the genetic variance Vሾܩሿ will increase with mutational variance ߪ௨௧ଶ  1028 
and the environmental variance Vሾܧሿ will increase with the variance of the environmental effect 1029 ߪଶ. 1030 
 1031 
The model neglects the contribution of acute infection or AIDS in transmission. This is justified, 1032 
as the asymptomatic phase was the largest contributor to transmission in the Rakai cohort (5), and 1033 
recent work suggests the relative infectivity in the early phase of infection has previously been 1034 
overestimated, such that the contribution of early phase to total transmission could be about 7 1035 
times smaller than that of the asymptomatic phase (8). 1036 
 1037 ௧ܻ௧(ݐ) is the total number of infected given by: 1038 
 1039 

௧ܻ௧(ݐ) = න න ܻ(݃, ݁, ஶ(ݐ
ୀିஶ

ஶ
ୀିஶ ݀݃ ݀݁ 

 1040 
 1041 
the total number of infected evolves as (dependence on time is dropped for clarity): 1042 
 1043 ݀ ௧ܻ௧݀ݐ = න න න න ߛ)ߚ + ,ߛ)ܻ ܺ(߳ ߛ)ܳ(݁)ܲ(߳ → ஶߛ݀ ߳݀(݃

ఢୀିஶ
ஶ

ఊୀିஶ
ஶ

ୀିஶ
ஶ

ୀିஶ ݀݃ ݀݁ − න න ݃)ߤ + ݁)ܻ(݃, ݁)ஶ
ୀିஶ

ஶ
ୀିஶ ݀݃ ݀݁ 

 1044 
Because  ߛ)ܳ → ݃)ஶୀିஶ ݀݃ = 1 and  ܲ(݁)ஶୀିஶ ݀݁ = 1, this simplifies to: 1045 

 1046 ݀ ௧ܻ௧݀ݐ = ௧ܻ௧ ܺ ߚ̅  −  ௧ܻ௧ ߤ̅
 1047 
with ̅(ݐ)ߤ =   ݃)ߤ + ݁) ߶(݃, ݁)ஶୀିஶஶୀିஶ ݀݃ ݀݁ 1048 

and ̅(ݐ)ߚ =   ݃)ߚ + ݁) ߶(݃, ݁)ஶୀିஶஶୀିஶ ݀݃ ݀݁ 1049 

 1050 
where ߶(݃, ݁) = ܻ(݃, ݁)/ ௧ܻ௧ is the frequency of each infected type in the population. The 1051 
number of susceptible evolves as: 1052 
ݐ݀ܺ݀ 1053  = ܾ ܺ −  ௧ܻ௧ ܺ ߚ̅
 1054 
The evolutionary dynamics, the dynamics of the frequency distribution ߶(݃, ݁), is given by: 1055 
 1056 



݀߶(݃, ݐ݀(݁ = 1ܻ௧௧ଶ ቆܻ݀(݃, ݐ݀(݁ ௧ܻ௧ − ܻ(݃, ݁) ݀ ௧ܻ௧݀ݐ ቇ= ܺ ቆන න ߛ)ߚ + ,ߛ)߶ (߳ ߛ)ܳ(݁)ܲ(߳ → ஶߛ݀ ߳݀(݃
ఢୀିஶ

ஶ
ఊୀିஶ − ,݃)߶ ߚ̅ ݁)ቇ+ ൫̅ߤ  − ݃)ߤ + ݁)൯ ߶(݃, ݁) 

 1057 
It follows that the mean environmental effect in the population evolves as: 1058 
ݐ݀̅݁݀ 1059  = න න ݁ ݀߶(݃, ஶݐ݀(݁

ୀିஶ
ஶ

ୀିஶ ݀݁ ݀݃= ܺ ቈන න ߛ)ߚ + ,ߛ)߶ (߳ ߳) ቆන ݁ ܲ(݁)݀݁ஶ
ୀିஶ ቇ ቆන ߛ)ܳ → ݃)݀݃ஶ

ୀିஶ ቇ ஶߛ݀ ߳݀
ఢୀିஶ

ஶ
ఊୀିஶ− න න ,݃)߶ ߚ̅ ݁ ݁)ஶ

ୀିஶ
ஶ

ୀିஶ ݀݁ ݀݃ + න න ݁ ൫̅ߤ – ݃)ߤ + ݁)൯ ߶(݃, ݁)ஶ
ୀିஶ

ஶ
ୀିஶ ݀݁ ݀݃= ̅݁ ߚ̅ ܺ− + ߤ̅̅݁ − න න ݃)ߤ ݁ + ݁) ߶(݃, ݁)ஶ

ୀିஶ
ஶ

ୀିஶ ݀݁ ݀݃ = ̅݁ ߚ̅ ܺ− − covሾߤ, ݁ሿ 
 1060 
Transmission acts as a force that brings the environmental effect to zero, as the mean of the 1061 
environmental effect in new recipients is 0. However the positive correlation between the death 1062 
rate and the environmental effect tend to decrease the environmental effect, as those individuals 1063 
with higher environmental effect will die faster. 1064 
The mean genetic effect in the population evolves as: 1065 
ݐ݀̅݃݀ 1066  = න න ݃ ݀߶(݃, ஶݐ݀(݁

ୀିஶ
ஶ

ୀିஶ ݀݁ ݀݃= ܺ ቆන න ߛ)ߚ + ,ߛ)߶ (߳ ߳) ቆන ߛ)ܳ ݃ → ݃)݀݃ஶ
ୀିஶ ቇ ஶߛ݀ ߳݀

ఢୀିஶ
ஶ

ఊୀିஶ − ቇ̅݃ ߚ̅
+ ቆ̅ߤ ݃̅  − න න ݃)ߤ ݃ + ݁) ߶(݃, ݁)ஶ

ୀିஶ
ஶ

ୀିஶ ݀݁ ݀݃ቇ 

 1067 
 1068 
As  ߛ)ܳ ݃ → ݃)݀݃ஶୀିஶ = ߛ +  this simplifies into: 1069 ,ߙ

ݐ݀̅݃݀ 1070  = ܺ ቆන න ߛ)ߚ + ,ߛ)߶ (߳ ஶߛ݀ ߳݀ ߛ (߳
ఢୀିஶ

ஶ
ఊୀିஶ + ߚ̅ߙ − +ቇ̅݃ ߚ̅ ቆ̅ߤ ݃̅  − න න ݃)ߤ ݃ + ݁) ߶(݃, ݁)ஶ

ୀିஶ
ஶ

ୀିஶ ݀݁ ݀݃ቇ= ܺ covሾߚ, ݃ሿ + ܺߚ̅ߙ − covሾߤ, ݃ሿ 
ݐ݀̅݃݀ 1071  = covሾܺߚ − ,ߤ ݃ሿ +  ܺߚ̅ߙ
 1072 
The first term in the equation above is the Robertson-Price identity, as it expresses the change in 1073 
the genetic value of the trait as the covariance between ܺߚ −  a measure of fitness, and the 1074 ,ߤ
genetic value. The second term ܺߚ̅ߙ represents the directional effect of biased mutations on 1075 
virulence evolution, which is proportional to incidence. The mean viral load evolves as: 1076 



ݐ݀ݒ̅݀ 1077  = ܺ covሾߚ, ݃ሿ + ܺߚ̅ߙ − covሾߤ, ݃ሿ − ̅݁ ߚ̅ ܺ − covሾߤ, ݁ሿ= ܺ ൫covሾߚ, ݃ሿ + ߚ̅ߙ − ൯̅݁ ߚ̅ − covሾߤ,  ሿݒ
 1078 
The evolution of the mean viral load depends on the covariance between transmission and the 1079 
genetic value of viral load. That’s because upon transmission, only the genetic value is faithfully 1080 
transmitted to the recipient. In contrast, the evolution of the viral load depends on the covariance 1081 
between the death rate and the full viral load. This is because even if the viral load was fully 1082 
determined by environmental effect, those individuals with higher environmental effect will die 1083 
faster and therefore the mean viral load will tend to decrease in the population. The evolution of 1084 
the mean viral load depends, in general, on the number of susceptible individuals, which is itself 1085 
changing through time. When there are a large number of susceptible individuals in the 1086 
population, the first term may dominate the equation and higher virulence evolves (9–11). 1087 
 1088 
To understand further how the genetic component of viral load evolve, we develop an 1089 
approximation inspired by a classical quantitative genetics result (12). We will demonstrate below 1090 
our main result: the change in genetic component of SPVL due to selection can be approximated, 1091 
if SPVL follows a normal distribution, the g and e components are independent, and the 1092 
population is at demographic equilibrium, by: 1093 
 1094 covሾܺߚ − ,ߤ ݃ሿ = ܸீ ߚଶ̅ߤ̅ ߲൫̅ߤ̅/ߚ൯߲݃̅  

 1095 
This equation implies that, in the absence of biased mutation, the mean genetic value will evolve 1096 

at a rate proportional to the additive genetic variance ܸீ , climbing the fitness functionడ൫ఉഥ/ఓഥ൯డത  until 1097 

it reaches the value maximizing ̅1098 .ߤ̅/ߚ 
 1099 
To demonstrate this relationship, we write the derivative of ̅ߤ̅/ߚ with respect to ݃̅. 1100 
 1101 ߲൫̅ߤ̅/ߚ൯߲݃̅ = ߲߲݃ ̅ ൭  ݃)ߚ + ݁) ߶(݃, ݁)ஶୀିஶஶୀିஶ ݁݀ ݃݀  ݃)ߤ + ݁) ߶(݃, ݁)ஶୀିஶஶୀିஶ ݀݃ ݀݁൱

= ଶߤ1̅ ቆ̅ߤ න න ݃)ߚ + ݁) ߲߶(݃, ݁)߲݃̅ஶ
ୀିஶ

ஶ
ୀିஶ ݀݃ ݀݁− ߚ̅ න න ݃)ߤ + ݁) ߲߶(݃, ݁)߲݃̅ஶ

ୀିஶ
ஶ

ୀିஶ ݀݃ ݀݁ቇ 

 1102 
Assuming ߶(݃, ݁) is the density of a normal distribution with means ݃̅ and ݁̅, with variances ܸீ  1103 
and ாܸ, and neglecting any covariance that might arise between ݃ and ݁ in the population, we 1104 
have: 1105 
 1106 ߲߶(݃, ݁)߲݃̅ = 1ܸீ ߶(݃, ݁)(݃ − ݃̅) 

 1107 
Replacing yields: 1108 
 1109 



߲൫̅ߤ̅/ߚ൯߲݃̅ = ଶߤ1̅ ቆ̅ߤ න න ݃)ߚ + ݁) ൭ 1ܸீ ߶(݃, ݁)(݃ − ݃̅)൱ஶ
ୀିஶ

ஶ
ୀିஶ ݀݃ ݀݁

− ߚ̅ න න ݃)ߤ + ݁) ൭ 1ܸீ ߶(݃, ݁)(݃ − ݃̅)൱ஶ
ୀିஶ

ஶ
ୀିஶ ݀݃ ݀݁ቇ 

 1110 
And rearranging: 1111 
 1112 ߲൫̅ߤ̅/ߚ൯߲݃̅ = 1ܸீ ଶߤ̅ߚ̅ ቆ̅ߚ̅ߤ covሾߚ, ݃ሿ − covሾߤ, ݃ሿቇ 

 1113 
When the number of susceptible individuals has settled to its equilibrium value ܺ∗ =  we 1114 ,ߚ̅/ߤ̅

have ఓഥఉഥ covሾߚ, ݃ሿ − covሾߤ, ݃ሿ = ܺ∗covሾߚ, ݃ሿ − covሾߤ, ݃ሿ = covሾܺߚ∗ − ,ߤ ݃ሿ =  Thus we 1115 .ݐ݀/̅݃݀

obtain: 1116 
 1117 ߲൫̅ߤ̅/ߚ൯߲݃̅ = 1ܸீ ଶߤ̅ߚ̅ ݐ݀̅݃݀  

 1118 
Re-arranging yields the result presented above. All in all, the change in genetic value due to 1119 
selection and biased mutation, at demographic equilibrium (ܺ∗ =  can be rewritten as: 1120 ,(ߚ̅/ߤ̅
ݐ݀̅݃݀ 1121  = ܸீ ߚଶ̅ߤ̅ ߲൫̅ߤ̅/ߚ൯߲݃̅ +  ߤ̅ߙ

 1122 
Note that a similar equation can be found for covሾܺߚ − ,ߤ ݃ሿ by Taylor-expanding ܺߚ −  in ݃ 1123  ߤ
around ݃̅, holding ܺ constant. 1124 
The analytical prediction concerns mean SPVL in prevalent cases. Mean SPVL in incident cases 1125 
would be obtained by weighting the distribution of SPVL in prevalent cases by the rate of 1126 
transmission, and adding up the effect of within-host evolution on SPVL. Simulations show the 1127 
rate of evolution in incident cases is similar to that in prevalent cases (fig. 2 – figure supplement 1128 
6). 1129 
 1130 
Parameterization of the model: 1131 
 1132 
Main model 1133 
We simulated the differential equation that governs the evolution of the distribution of genetic 1134 
and environmental effects in the population ܻ(݃, ݁), and the number of susceptible individuals, 1135 
from year 1995 to 2015. We discretized the space of possible (݃, ݁) into bins of size 0.1 log10 1136 
copies/mL. 1137 
 1138 
To parameterize the model, we used the best-fit relationships for transmission (ݒ)ߚ and the 1139 
severity of infection (ݒ)ߤ as inferred from the data. The severity of infection is inversely related 1140 
to the time to AIDS, such that (ݒ)ߤ =  is the expected time to AIDS 1141 (ݒ)ூௌݐ̂ where (ݒ)ூௌݐ̂/1
for viral load v. The transmission rates in the population are assumed to be proportional to the 1142 
transmission rates fitted in serodiscordant couples. The constant of proportionality, which we call 1143 
the “baseline” transmission rate ߚ = 5. 10ି଼, was estimated to give a realistic equilibrium 1144 
prevalence of 14%, corresponding to the average prevalence in the 1995-2013 period across 1145 
communities in Rakai. Indeed, prevalence was constant in time in the communities surveyed here 1146 



(prevalence ranges from 12 to 29% across communities). Note that in other communities or in 1147 
Uganda as a whole there is indication that prevalence was maximum around 1992 and declined 1148 
since then (13–15). 1149 
Similarly, the birth rate ܾ = 0.0178 per year was chosen such that the stable population size 1150 
remains around 20M. 1151 
 1152 
The parameters that govern the inheritance of SPVL were ߪ௨௧ = 0.15 and ߪ = 0.76. Using 1153 
these values, heritability remained constant at around 36%, corresponding to the best estimate of 1154 
heritability in this cohort (16), and phenotypic variance, the variance of SPVL in the population, 1155 
remained constant at around ܸ = 0.91 as in the data. The initial variances of environmental and 1156 
genetic components were set at (1 − ℎଶ) ܸ and ℎଶ ܸ. The initial average SPVL was set at 4.71 1157 
log10 copies/mL, a value we chose such that the SPVL among incident cases was at 4.72 log10 1158 
copies/mL as in our dataset. Specifically, 4.72 is the value predicted by the linear model that 1159 
explains SPVL as a function of gender, age, subtype, and date of seroconversion, when date is 1160 
year 1995, the sex ratio is 0.5 and the proportion of the different subtypes is that observed in 1161 
1995. Under this linear model, the predicted SPVL at year 2015 is 4.23 log10 copies/mL. 1162 
 1163 
Biased mutation 1164 
In order to model the fact that mutations that decrease SPVL may be more frequent than those 1165 
that increase SPVL, we assumed that ܳ(ߛ → ݃), the probability that the recipient has genetic 1166 
value ݃ given that the donor has genetic value ߛ, is given by the density of a normal distribution 1167 
with a non-zero mean ߙ, and variance ߪ௨௧ଶ , evaluated at ݃ −  The plausible mean mutational 1168 .ߛ
effect was estimated based on the distribution of effects of random single mutations on replicative 1169 
capacity (17). This distribution has mean -0.258 and standard deviation 0.415 (in log10 1170 
multiplicative fitness units: fitness of a strain is the number of virions it produces divided by the 1171 
number of virions produced by the wild type, over one round of replication). Thus the coefficient 1172 
of variation of the distribution of single mutations on log-fitness is -1.609. Assuming the effect of 1173 
a mutation on SPVL is proportional to its effect on log-fitness, and assuming a number of 1174 
mutations fix in each host over the course of infection independently of their log-fitness effect, -1175 
1.609 is also the coefficient of variation of the distribution of mutational effects from one 1176 
infection to the next. This reasoning allowed us to compute the plausible mean mutational effect 1177 
as ߪ−= ߙ௨௧/1.609. Note that biased mutation could be due not only to deleterious random 1178 
mutations, but also to selected immune escape substitutions in the virus causing reduced 1179 
replicative capacity, as has been observed in Botswana (18). 1180 
 1181 
Subtype-specific model 1182 
Simulations were conducted as for the main model. Here the “baseline” transmission rate was 1183 ߚ = 3.2 10ି଼ (estimated to give a realistic equilibrium prevalence of 14%). The birth rate was 1184 ܾ = 0.0181 per year. The average SPVL in 1995 for subtype A, D and R was set to 4.50, 4.80, 1185 
such that the average SPVL in incident cases was 4.58, 4.79, and 4.66 log10 copies per mL of 1186 
blood. These are the SPVL values predicted for each subtype by the linear model for SPVL as a 1187 
function of gender, age, subtype, and date of seroconversion, when this date is 1995, and the sex 1188 
ratio is 0.5. 1189 
The frequencies of the three types in 1995 were pA=0.12, pD=0.82, pR=0.06, such that the 1190 
frequencies of the three types in incident cases was pA=0.17, pD=0.7, pR=0.13, as predicted by a 1191 
multinomial linear model fitting the frequency of the three subtypes in the data as a function of 1192 
seroconversion date. 1193 
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Appendix – Table 1 1245 
 1246 

Factor Effect size p-value 
Intercept 0.217 0.002 ** 

John Hopkins Reference -
RHSP -0.029 0.354 

Walter Reed -0.041 0.117 
Abbott Reference - 

Roche 1.5 -0.158 0.001 ** 
Not RCCS visit Reference - 

RCCS visit 0.01 0.747 
Female Reference - 
Male -0.021 0.261 
Age 0.001 0.378 

Date seroconversion -0.005 0.149 
Subtype A Reference - 
Subtype C -0.012 0.899 
Subtype D -0.011 0.693 

Recombinant 0.002 0.948 
Dual infections 0.051 0.434 

 1247 
Summary of adjusted effects and p-values obtained by type II analysis of deviance for the logistic regression of 1248 
'detectable versus undetectable SPVL' over epidemiological covariates. n = 647. ‘ p < 0.1, * p < 0.05, ** p < 0.01, 1249 
*** p < 0.001. 1250 
  1251 



Figures: 1252 
 1253 

 1254 
Figure 1. Inferred relationships between SPVL and transmission rate (a, b) and time to AIDS (b, d). On the left 1255 
panels, black lines show the maximum likelihood relationships and shaded areas the bootstrap 95% confidence 1256 
intervals. Both the step function (horizontal lines) and the generalised Hill function (curved line) are shown. The red 1257 
lines show a non-parametric estimation of the transmission rate (a) and the time to AIDS (c) curves, when the data is 1258 
stratified by SPVL in 8 bins of equal size. The right panels show Kaplan Meier plots when the data is partitioned in 1259 
three SPVL groups defined by the maximum likelihood relationships. There was good agreement between the data 1260 
(step functions) and the maximum likelihood function (smooth functions). 1261 
  1262 
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 1263 
Figure 1 – figure supplement 1. Functional forms for time to AIDS (a), and transmission rate (b), as a function 1264 
of SPVL, and comparison with Fraser et al. (6). Functional forms include power (red), Hill (blue), generalised Hill 1265 
(green), step function with three steps (black). The equivalent relationships as inferred in Fraser et al. (2007) are 1266 
shown for comparison (black, dashed line). 1267 

1268 



 1269 
Figure 1 – figure supplement 2. The inferred transmission rate (a) and time to AIDS (b), as a function of 1270 
SPVL, are similar when removing undetectable SPVL values from the analysis. In each panel, the maximum 1271 
likelihood step function (black line) with bootstrap confidence intervals (grey) is shown together with the maximum 1272 
likelihood function when undetectable SPVL values are removed (dashed line). 1273 
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 1275 
Figure 1 – figure supplement 3. Transmission rate as a function of SPVL, stratified by gender (a) and by 1276 
circumcision status (b, c). Lines are the maximum likelihood functions; shaded intervals are the bootstrap 1277 
confidence intervals.  1278 
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Model d.f. N AIC ΔAIC 
Flat (null model) 1 817 1473.47 79.28 

Power 2 817 1403.1 8.91 

Hill 3 817 1399.14 4.95 

Hill-generalised 5 817 1402.3 8.11 

3 steps 5 817 1397.51 3.32 
4 steps 7 817 1402.45 8.26 

3 steps - subtype 15 817 1394.19 0 
3 steps - gender 10 817 1399.17 4.98 

3 steps - male index 5 487 921.28 3.17 
3 steps - male index - circumcision 10 487 918.11 0 
3 steps - female index 5 321 460.41 3.74 
3 steps - female index - circumcision 10 321 456.67 0 

 1279 
Figure 1–source data 1. Data file for figure 1. (A) Model comparison for the transmission rate as a function of 1280 
SPVL and other covariates, based on the Akaike Information Criterion. d.f. are the degrees of freedom, N is the 1281 
sample size. 1282 
 1283 

Model d.f. N AIC ΔAIC 
Flat (null model) 2 562 1585.57 137.22 
Power 3 562 1461.93 13.58 
Hill 4 562 1473.64 25.29 
Hill-generalised 6 562 1463.52 15.17 
3 steps 6 562 1448.35 0 
3 steps - subtype 16 562 1463.76 15.41 
3 steps - gender 11 562 1456.2 7.85 

 1284 
Figure 1–source data 1. Data file for figure 1. (B) Model comparison for the time to AIDS as a function of SPVL 1285 
and other covariates, based on the Akaike Information Criterion. d.f. are the degrees of freedom, N is the sample size.  1286 
 1287 
  1288 



 1289 
Figure 2. Evolutionary dynamics of SPVL. (a), mean fitness of the viral population as a function of mean SPVL 1290 
when transmission and time to AIDS are fitted as step functions (solid line; shaded area shows the 95% C.I.) or 1291 
generalised Hill functions (dashed line). (b), evolutionary predictions for the temporal dynamics of mean SPVL given 1292 
by the ODE model (thin solid and dashed lines), and the stochastic IBM (dotted lines), under three scenarios for the 1293 
impact of within-host evolution (biased mutation) on SPVL in blue (1, α = -0.47 log10 copies/mL), red (2, α = -0.093 1294 
log10 copies/mL) and green (3, α = +0.057 log10 copies/mL). The thick line is the data, showing the linear regression 1295 
of SPVL on date of seroconversion, with 95% bootstrap confidence intervals shown as a shaded area. (c), distribution 1296 
of SPVL in the population over time; grey points show the data, and the line is the unadjusted regression of SPVL 1297 
over time. (d) coefficient of regression of SPVL over time in the adjusted linear regression, with confidence intervals, 1298 
in various subsets of the data (Material and Methods). All data; SPVL strict definition; SPVL measured with Abbott 1299 
assay and Roche 1.5 assay; SPVL measured at Walter Reed (WR), John Hopkins (JH) and RHSP laboratories; SPVL 1300 
in males and females; subtype A, subtype D, and other/unknown subtype viruses.  1301 
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 1302 

Figure 2 – figure supplement 1. Prevalence of HIV over time, in the Rakai communities (gray lines), and on 1303 
average across all communities (thick black line). 1304 
  1305 



 1306 

 1307 
Figure 2 – figure supplement 2. Summary of effects for the multivariate linear model explaining SPVL (table 1308 
S3). This is shown for the full dataset (“All”) and several subsets of data. Confidence intervals are determined 1309 
assuming normality of the coefficients. 1310 
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 1312 

 1313 

Figure 2 – figure supplement 3. ART had little impact on the evolution of SPVL under the virulence-1314 
transmission trade-off. Mean SPVL as a function of date of infection in the IBM including ART treatment, for 1315 
heritability h2=0.36 and no biased mutation. ART treatment started in 2004. Individuals with a CD4 count below 350 1316 
cells/mm3 are eligible for treatment, and we varied coverage (the probability to receive treatment when eligible) from 1317 
0 to 50%. Treatment started 1 year after eligibility, and complete adherence was assumed. Upon treatment, the viral 1318 
load is assumed to drop at 50 copies/mL. 1319 

  1320 



 1321 

Figure 2 – figure supplement 4. The entire distribution of SPVL shifts downwards with time. The figure shows the 1322 
10% to 90% percentiles of the SPVL distribution as a function of time. 1323 

  1324 



  1325 

Figure 2 – figure supplement 5. Declining prevalence had little impact on the evolution of SPVL under the 1326 
virulence-transmission trade-off. Mean SPVL as a function of date of seroconversion in the ODE model, for 1327 
heritability h2=0.36 and biased mutation α = -0.093 log10 copies/mL (scenario 2). The model with approximately 1328 
stable prevalence at 14% (red plain line, same as on fig. 2) is shown together with a simulation of the ODE model 1329 
where initial prevalence is 20%, and the baseline transmission rate is set such that prevalence decreases to 5% over 1330 
the 20 years of the simulation. 1331 

  1332 



 1333 

Figure 2 – figure supplement 6. Comparison of SPVL trends in incident cases and prevalent cases. Mean SPVL 1334 
is shown as a function of date of seroconversion (for incident cases) and year (for prevalent cases). The data is shown 1335 
in black, for incident cases (regression line, same as in fig. 2B) and prevalent cases (points are average SPVL each 1336 
year with 95% CI, line is the regression line). Simulations of the ODE model and predictions from the Price equation 1337 
are shown as coloured lines, for heritability h2=0.36 and three scenarios for biased mutation shown in the three 1338 
panels. 1339 



 1340 

 1341 

Factor All SPVL 
(n = 603) 

Strict SPVL
(n = 240) 

Abbott 
(n = 31)

Roche1.5
(n = 572)

WR 
(n = 299)

JH 
(n = 129)

RHSP 
(n = 175) 

Male 
(n = 268)

Female 
(n = 335)

Subtype A
(n = 94) 

Subtype D
(n = 285) 

Other /unknown 
subtype (n = 224)

John Hopkins 0 0 - 0 - - - 0 0 0 0 0 
RHSP 0.154 0.551 ** - 0.147 - - - 0.363 * -0.072 -0.266 0.204 0.208 

Walter Reed 0 0.287 ' - 0 - - - 0.108 -0.146 0.085 0.012 -0.22 
Abbott 0 0 - - - - 0 0 0 - 0 0 

Roche 1.5 -0.189 1.048 * - - - - -0.136 -0.081 -0.101 - 0.094 -0.534 *
Not RCCS visit 0 0 0 0 - - 0 0 0 0 0 0 

RCCS visit -0.37 ** -0.268 -0.112 -0.368 ** - - -0.444 ** -0.49 ** -0.132 0.271 -0.264 -0.738 *** 
Female 0 0 0 0 0 0 0 - - 0 0 0
Male 0.265 *** 0.404 *** -0.108 0.273 *** 0.277 ** 0.16 0.375 ** - - 0.321 * 0.148 0.378 ** 

Circumcised - - - - - - - 0 - - - - 
Not Circumcised - - - - - - - -0.036 - - - - 

Age 0.008 * -0.004 0 0.008 * 0.01 ' 0.011 0.004 0.014 * 0.004 0.023 * 0.012 * -0.003 
Date seroconversion -0.033 ** -0.039 ' -0.096 ' -0.032 * 0 -0.07 * -0.027 -0.04 * -0.022 -0.048 ' -0.026 -0.038 ' 

Subtype A 0 0 - 0 0 0 0 0 0 - - - 
Subtype C -0.447 0.284 - -0.448 -0.318 -0.874 -0.447 -0.606 -0.399 - - - 
Subtype D 0.213 * 0.271 ' 0 0.216 * 0.184 ' 0.121 0.371 ' 0.103 0.296 * - - - 

Recombinant 0.092 -0.003 1.855 * 0.078 0.094 0.291 -0.024 0.153 0.038 - - - 
Dual infections -0.236 -0.214 - -0.233 -0.267 -1.844 * 0.284 -0.467 -0.144 - - - 

 1342 
Figure 2–source data 1. Data file for figure 2. Summary of adjusted effects for the linear model explaining SPVL as a function of epidemiological covariates and date of 1343 
seroconversion. The linear models included all the covariates listed. Effects significant in the whole dataset are in bold ‘ p < 0.1, * p < 0.05, ** p < 0.01, *** p<0.001.1344 



 1345 

 1346 

Figure 3. Subtype-specific evolutionary predictions. Maximum likelihood functions for transmission (a) and time 1347 
to AIDS (b) as a function of SPVL, stratified by subtype, for heritability h2=0.36 and biased mutation α = -0.093 1348 
(scenario 2). Shaded areas are bootstrap confidence intervals. (c) Predicted fitness function for subtype A (red) and 1349 
subtype D (blue). (d) Subtype dynamics in the Rakai cohort as inferred by fitting a multinomial linear model with a 1350 
“date seroconversion” effect (solid lines, and confidence intervals as a shaded area; points show the actual frequency 1351 
in the data, binned in five time categories, with confidence intervals), together with subtype dynamics predicted by 1352 
the ODE model stratified by subtype (dashed lines). Recombination occurs upon co-infection and generates “R” 1353 
subtypes (purple). (e) Rates of evolution of SPVL per year within subtype, in the data (points, with 95% confidence 1354 
intervals) and in the ODE simulation stratified by subtype (open circles). 1355 
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59

Supplementary file 1. Individual viral load trajectories within patients for 603 incident cases with a SPVL value 1357 
(when undetectable viral load were removed from the SPVL calculation). Points are viral load values, shown as 1358 
solid bullets when used for the SPVL calculation, and open circles otherwise. The vertical red line is the mid-point 1359 
between last negative test and first positive test. The vertical light green line is the date ART started. The vertical 1360 
dark green line is the date of first self-reported ART. The horizontal black line is the SPVL value. This data relates 1361 
to Figure 2. 1362 


