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Abstract 19	
  

The understanding of the evolutionary processes underlying HIV-1 fitness recovery is 20	
  

fundamental for HIV-1 pathogenesis, antiretroviral treatment and vaccine design. It is 21	
  

known that HIV-1 can present very high mutation and recombination rates, however the 22	
  

specific contribution of these evolutionary forces in the “in vitro” viral fitness recovery 23	
  

has not been simultaneously quantified. To this aim, we analyzed substitution, 24	
  

recombination and molecular adaptation rates in a variety of HIV-1 biological clones 25	
  

derived from a viral isolate after severe population bottlenecks and a number of large 26	
  

population cell culture passages. These clones presented an overall but uneven fitness 27	
  

gain, mean of 3-fold, respect to the initial passage values. We found a significant 28	
  

relationship between the fitness increase and the appearance and fixation of mutations. 29	
  

In addition, these fixed mutations presented molecular signatures of positive selection 30	
  

through the accumulation of non-synonymous substitutions. Interestingly, viral 31	
  

recombination correlated with fitness recovery in most of studied viral quasispecies. 32	
  

The genetic diversity generated by these evolutionary processes was positively 33	
  

correlated with the viral fitness. We conclude that HIV-1 fitness recovery can be 34	
  

derived from the genetic heterogeneity generated through both mutation and 35	
  

recombination, and under diversifying molecular adaptation. The findings also suggest 36	
  

nonrandom evolutionary pathways for in vitro fitness recovery. 37	
  

 38	
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1. Introduction 43	
  

In HIV-1 natural infections, viral evolution is affected by different factors, among them 44	
  

is the viral population size (Coffin, 1995). Changes in the viral population size include 45	
  

severe population bottlenecks that may arise during a variety of processes like 46	
  

transmission (e.g., Keele et al., 2008), antiretroviral drug therapy (e.g., Arenas, 2015; 47	
  

Ibanez et al., 2000), invasion by a new virus (e.g., da Silva, 2012; Golani et al., 2007) or 48	
  

under the host-virus arm races (e.g., Daugherty and Malik, 2012). As a consequence, the 49	
  

study on the influence of population fluctuations and molecular mechanisms on viral 50	
  

fitness alterations (either increases or decreases) is fundamental for the understanding of 51	
  

viral evolution. 52	
  

As expected after severe population bottlenecks, an active mutational process is 53	
  

required for fitness recovery (e.g., Lorenzo-Redondo et al., 2011; Poon et al., 2007). 54	
  

This process occurs thanks to the high HIV-1 mutation rate because of the lack of proof 55	
  

reading activity of the reverse transcriptase (Mansky and Temin, 1995). Additionally, 56	
  

the contribution of recombination to HIV-1 in vitro fitness recovery has not yet been 57	
  

completely identified. Handany and Beker (2003) showed a complex evolutionary 58	
  

advantage of fitness-associated recombination that could generate new and 59	
  

advantageous viral strains but also could break down existing good ones. Other authors 60	
  

showed the influence of recombination on fitness landscapes depending on the 61	
  

particular landscape topology, population size, mutation-selection balance and 62	
  

recombination rate (see Hadany and Beker, 2003; Moradigaravand and Engelstadter, 63	
  

2012). Several works studied the role of recombination in the generation of antiviral 64	
  

drug resistant variants (Gheorghiu-Svirschevski et al., 2007; Kellam and Larder, 1994, 65	
  

1995; Richman et al., 1991; Rouzine and Coffin, 2005), the presence of recombination 66	
  

in complex in vivo systems (Batorsky et al., 2010) or in theoretical studies that mimic 67	
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recombination in HIV evolution (Carvajal-Rodriguez et al., 2007; Rouzine and Coffin, 68	
  

2010). Nevertheless, in order to clearly study influences of recombination on the fitness 69	
  

of viral populations, in vitro studies are useful because they avoid in vivo processes that 70	
  

could confound such influences (i.e., compartmentalization, transmission between 71	
  

individuals or antiviral therapies). 72	
  

HIV-1 presents very high recombination rates because of the pseudodiploid nature of 73	
  

the virus (Jetzt et al., 2000a), which favors the generation of large viral diversity (Perez-74	
  

Losada et al., 2015; Smyth et al., 2012). Despite the wide diversity of recombinant 75	
  

forms in HIV populations, it was found that only a minority of recombination events are 76	
  

significant to viral evolution (Archer et al., 2008; Iglesias-Sanchez and Lopez-Galindez, 77	
  

2002). In addition, most of recombinant forms present low fitness, especially if the viral 78	
  

population evolves under strong selective pressures (Bretscher et al., 2004; Nijhuis et 79	
  

al., 1998). In contrast, depending on parameters such as population size, recombination 80	
  

and mutation rates, other authors found that recombination can accelerate adaptation 81	
  

through both the fitness effects of individual mutations and epistatic fitness interactions 82	
  

(Carobene et al., 2009; Moradigaravand et al., 2014). 83	
  

Fitness recovery was observed in diverse RNA viruses (Elena et al., 1996; Novella et 84	
  

al., 1995), reviewed in (Domingo et al., 2012). In order to study the effects of 85	
  

population changes in HIV-1 evolution, several in vitro experiments were carried out in 86	
  

our laboratory (Borderia et al., 2010; Lorenzo-Redondo et al., 2011; Yuste et al., 1999). 87	
  

Initially, HIV-1 biological clones from a natural isolate were subjected to serial plaque-88	
  

to-plaque passages (Ebert, 1998) producing drastic fitness losses, known as the Muller 89	
  

ratchet effect (Yuste et al., 1999), also named as mutation accumulation experiments 90	
  

(Eyre-Walker and Keightley, 2007). This effect has been described in a number of RNA 91	
  

viruses (Chao, 1990; Escarmis et al., 2009; Novella, 2004). Previous studies showed a 92	
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recovery of fitness after a total of 20 large population passages of debilitated HIV-1 93	
  

viruses (see Borderia et al., 2010; Lorenzo-Redondo et al., 2011). Viral populations 94	
  

from other viruses tend to reach a fitness plateau after a given number of passages 95	
  

(Escarmis et al., 1999), however it is unknown when such a plateau can be reached in 96	
  

HIV-1 in vitro large population passages and thus the evolution of fitness with 97	
  

additional passages should be analyzed. 98	
  

In this study, we extended our previous works by including 10 additional large 99	
  

population passages (reaching a total of 30 large population passages) and analyzed the 100	
  

specific roles of mutation, recombination and molecular adaptation in HIV-1 in vitro 101	
  

fitness recovery. We found that the new passages showed a non-uniform fitness 102	
  

variation and each viral population evolved following a particular evolutionary 103	
  

trajectory, suggesting a diverse and complex process of HIV-1 fitness recovery. Indeed, 104	
  

we observed an increase in genetic diversity with the number of passages for all viral 105	
  

populations with a prevalence of non-synonymous substitutions suggesting the presence 106	
  

of diversifying (positive) selection at the molecular level where viruses evolve toward 107	
  

new and more adapted variants. Interestingly, genetic recombination was detected in 108	
  

several clones and it also increased with the passages until reaching a high fitness peak. 109	
  

In general, both substitution and recombination rates positively correlated with HIV-1 110	
  

in vitro fitness recovery, not only at the consensus sequence but also at the quasispecies 111	
  

level. 112	
  

 113	
  

2. Materials and Methods 114	
  

2.1. Cells, viral populations, biological cloning, large population passages, viral 115	
  

quasispecies and fitness 116	
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The preparation of cells, viral populations, biological cloning and large population 117	
  

passages of virus are described in (Lorenzo-Redondo et al., 2011; Yuste et al., 1999) 118	
  

and in the Supplementary Material. A total of 10 clones D1, D2, E1, G1, G2, H1, I1, I5, 119	
  

K1 and K2 derived from plaque-to-plaque transfers (severe population bottleneck) were 120	
  

subjected to 30 large population passages by infection in 2.5x106 MT-4 cells (Figure S1, 121	
  

Supplementary Material). For each passage, fitness (replicative capacity) was calculated 122	
  

in competition cultures against a common reference virus following (Borderia et al., 123	
  

2010; Lorenzo-Redondo et al., 2011; Yuste et al., 1999) and described in the 124	
  

Supplementary Material. Global sequences and viral quasispecies were analyzed in the 125	
  

genomic regions – gag, vpu, V1-V2 and V3-V4 in env – in at least 20 independent clones 126	
  

for each viral population and passage. 127	
  

 128	
  

2.2. Estimation of genetic diversity and molecular adaptation 129	
  

Genetic diversity was estimated with the p-distance (proportion of nucleotide sites at 130	
  

which the sequences being evaluated are different) calculated for every viral population 131	
  

and passage with the maximum composite likelihood method (Tamura et al., 2004) 132	
  

implemented in the MEGA6 software (Tamura et al., 2013). p-distance was used as a 133	
  

heterogeneity measure to allow the comparison of the different genomic regions (vpu, 134	
  

gag, env). Mean values of p-distances from the genomic regions were used for the 135	
  

analysis per passage. 136	
  

Due to the quasispecies population structure, competition is always happening among 137	
  

the different mutants existing and being generated in the QS during the cell cultures. 138	
  

Without any external selection (in vitro system) the QS itself may generate evolutionary 139	
  

pressure and selection. To explore this aim we analyzed synonymous (dS) and non-140	
  

synonymous (dN) mutations within quasispecies in each region with the modified Nei-141	
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Gojobori method (Nei and Gojobori, 1986) implemented in MEGA (additional details 142	
  

are shown in the supplementary material). The observed dN and dS for each viral 143	
  

population were compared at different passages and tested for statistical differences. 144	
  

Currently the best evidence of signatures of molecular adaptation in HIV evolution is 145	
  

provided by dN and dS (e.g., Edwards et al., 2006; Perez-Losada et al., 2011; Perez-146	
  

Losada et al., 2009). Indeed, it is known that recombination can increase the number of 147	
  

false positively selected sites through phylogenetic tree discordance but also it does not 148	
  

influence molecular adaptation estimates at the global (sequence) level (Anisimova et 149	
  

al., 2003; Arenas and Posada, 2010a, 2014). Here we provide estimates, by a method 150	
  

that is not based on phylogenetic tree inference, at the global sequence level.  151	
  

 152	
  

2.3. Estimation of recombination rates 153	
  

Population recombination rates ρ=4NrL, where N is the effective population size, r is 154	
  

the recombination rate per site and L is the sequence length in nucleotides, were 155	
  

estimated with the OmegaMap program (Wilson and McVean, 2006). Following other 156	
  

analysis of HIV-1 data (Arenas and Posada, 2010b; Lopes et al., 2014), we used a 157	
  

uniform U(0,100) prior distribution for ρ [also note that this prior covers estimated 158	
  

values from diverse HIV-1 data (Carvajal-Rodriguez et al., 2006) and the estimated 159	
  

values fell well within the prior (Results)] and all the other priors were set to the 160	
  

software default, as recommended by the authors. A total of 5 independent runs were 161	
  

performed for each genomic region and passage, and each run was based on 1,000,000 162	
  

iterations following the author’s recommendation. A burn-in of 10% of the total number 163	
  

of iterations was applied also following the author’s recommendation and we found that 164	
  

after removing these first iterations, the effect of the starting values on the estimation is 165	
  

eliminated (i.e. Figure S6, Supplementary Material), which can improve the estimation. 166	
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All independent runs reached convergence (assessed as a ρ distance between all the 167	
  

different runs lower than 1). Following this procedure we computed ρ for each passage 168	
  

and genomic region. 169	
  

Additionally, clonal sequences of each passage and genomic region were used to infer 170	
  

quasispecies recombination networks [ancestral recombination graphs (Arenas, 2013; 171	
  

Griffiths and Marjoram, 1997)] in the different viral lineages with the program 172	
  

SplitsTree4 (Huson, 1998). The number of reticulate nodes was considered as a measure 173	
  

of recombination events (Arenas, 2013; Arenas et al., 2010; Arenas et al., 2008; Huson 174	
  

and Bryant, 2006; Morrison, 2005). 175	
  

 176	
  

2.4. Statistical analyses 177	
  

Statistical analyses were performed with Graphpad Prism 178	
  

(http://www.graphpad.com/scientific-software/prism/) and PasW Statistics17 179	
  

(http://www.spss.com.hk/statistics/) software. For comparisons between passages, One-180	
  

Way ANOVA with repeated measures and Bonferroni correction were used. Spearman 181	
  

rank correlation analyses were performed to study correlations of fitness with 182	
  

heterogeneity and recombination at passages levels. Note that this correlation analysis is 183	
  

informative for the representation of the relationship between the parameters from the 184	
  

ordered sets under a monotonic function. 185	
  

 186	
  

3. Results 187	
  

3.1. Fitness recovery in HIV-1 viral clones 188	
  

A previous study with HIV-1 biological clones, debilitated due to plaque-to-plaque 189	
  

passages (Yuste et al., 1999), showed a slow fitness increase after 21 passages. In this 190	
  

study we found a general increase of fitness after 10 additional serial large population 191	
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passages (Table 1). While the mean fitness in passage 1 was 0.52, it raised to 0.75 at 192	
  

passage 11, 1.03 at passage 21 and 1.57 at passage 31 (Table 1). This final increase is 193	
  

around 3-fold over the initial values. 194	
  

Interestingly, we observed a great variability in the recovery patterns among the viral 195	
  

populations (Table 1). Individual fitness increases ranged from 7.5-fold in clone G1, or 196	
  

5.6× in H1.5, to a non-significant increase or stability in clones E1.5 and K2 (Table 1). 197	
  

Most of the viral populations showed significant fitness increases at passage 31 (Table 198	
  

1). Although two viral populations showed fitness losses in the 10 final passages (D1.5 199	
  

and G1.5, Table 1) that could be associated with a temporal excessive specialization 200	
  

after 20 passages. The specialization was referred to viral replication, which is the main 201	
  

property under which viruses are evolving in tissue cultures. Viruses D1.5 and G1.5 202	
  

showed very high titers at passage 20, the highest of all lineages, showing that there 203	
  

were replicating very efficiently. This process has resulted in a posterior 204	
  

homogenization of these viral populations where the signal of the advantageous variants 205	
  

could be removed. Thus we hypothesize that this homogenization of the viral population 206	
  

could be the cause of a fitness decrease in the following 10 passages. The different 207	
  

alterations detected in viral populations also suggest distinct evolutionary patterns of in 208	
  

vitro HIV-1 recovery of fitness. 209	
  

 210	
  

3.2. Influence of mutations on fitness recovery 211	
  

The consensus viral genomic sequences obtained from the large population passages 212	
  

were systematically analyzed for the detection of genetic changes behind fitness 213	
  

recovery. In the first 10 recovery passages, only 24 mutations were observed, including 214	
  

some viral populations without fixed mutations. In passage 31, after an exponential 215	
  

increase in the fixed mutations at passage 21, a moderate increase of the total number of 216	
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mutations took place with a total of 100 mutations in the global sequences (Figure 1A). 217	
  

Overall, 80% of the substitutions appearing during the serial passages were non-218	
  

synonymous (Figure 1A) suggesting the predominance of positive selection in the 219	
  

consensus sequences. 220	
  

The fixation of mutations (substitutions) during the passages was also analyzed. Among 221	
  

the changes detected, more than 60% of the mutations appearing in the 10 initial 222	
  

passages persisted at passages 21 and 31 (Figure 1B). Interestingly, only 26% of the 223	
  

mutations fixed at passage 21, persisted at passage 31 (Figure 1B), which suggests an 224	
  

increase of selective constraints (although the number of non-synonymous mutations 225	
  

decreased from passage 21 to 31 (Figure 1A), this number was still much higher than 226	
  

the corresponding number of synonymous mutations). On the other hand, the other 227	
  

observed mutations always reverted to the original nucleotide present in the virus before 228	
  

the recovery passages. Altogether, these findings suggest an important role of the 229	
  

mutations fixed during the initial passages, which according to their maintenance, 230	
  

constitute the genetic basis for the subsequent fitness recovery of the final viruses. 231	
  

 232	
  

3.3. Analysis of molecular adaptation in viral quasispecies during fitness recovery 233	
  

The investigation of the evolutionary mechanisms operating during HIV-1 fitness 234	
  

recovery was also carried out at the quasispecies level. Quasispecies represents the 235	
  

swarm of different variants present in any RNA viral population according to the model 236	
  

proposed by Eigen (1971) and applied to viruses by Domingo et al. (1985). The mutant 237	
  

spectrum of the different viral populations was here analyzed in different genomic 238	
  

regions (see Methods and Supplementary Material). Taking into account all passages 239	
  

and lineages, quasispecies heterogeneity in these regions was estimated by the mean of 240	
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the genetic distance expressed in number of substitutions per site with a maximum 241	
  

likelihood method (see Methods) and represented per passage in Figure 2. 242	
  

For the investigation of the evolutionary forces operating in viral quasispecies, we 243	
  

analyzed the type of mutations (synonymous and non-synonymous) within the mutant 244	
  

spectra along the large population passages. In this analysis, synonymous mutations 245	
  

were constant during the passages with an average of 4 mutations per region (data not 246	
  

shown). We found variation of dN-dS among genomic regions and viral populations but, 247	
  

in general, the last passages presented the highest signatures of positive selection in 248	
  

most of viral populations (Figure S2, Supplementary Material). In addition, when 249	
  

correlation analyses were performed between dN or dS substitution rates and fitness 250	
  

values, this correlation was only significant for dN (p-value = 0.0004) (Figure 3). This 251	
  

preponderance of non-synonymous mutations within quasispecies indicated that not 252	
  

only the consensus sequences, but also the quasispecies composition evolved under 253	
  

positive selection. 254	
  

 255	
  

3.4. Influence of recombination on fitness recovery 256	
  

Taking into account the limitations of the analytical method (see Methods and 257	
  

Supplementary Material), the estimated recombination rates in most of viral populations 258	
  

(8 out of 12; D1.5, D2, G1, G1.5, G2, H1.5, I5 and K1) showed that recombination 259	
  

might have also contributed to the fitness recovery (Figure 4). Concerning genomic 260	
  

regions, the highest recombination rates were detected in gag and env, whilst vpu 261	
  

showed recombination rates close to 0 (Figure S3, Supplementary Material). 262	
  

Interestingly, the highest recombination rates were observed in the different viral 263	
  

populations at passages immediately previous to the passages with the highest fitness 264	
  

values (Figure 4). Similar results were obtained from the number of reticulate nodes of 265	
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the inferred recombination networks (not shown). Nevertheless, the viral populations 266	
  

D1 and I1 increased fitness without presenting large recombination rates and the viral 267	
  

population K2 showed the opposite pattern (Figure 4). Globally throughout the large 268	
  

population passages (from 1 to 31), the estimated recombination rates and the number 269	
  

of reticulations positively correlated with fitness by Spearman correlation 270	
  

(nonparametric monotonic function) with p-values 0.0002 and 0.008, respectively (see 271	
  

also Figure S4, Supplementary Material). 272	
  

 273	
  

3.5. Influence of genetic diversity in viral quasispecies on fitness recovery 274	
  

We found variable genetic diversity among genomic regions and viral populations but, 275	
  

in general, the last passages (p21-p31) presented the highest contribution to the final 276	
  

genetic heterogeneity (Figure S5, Supplementary Material). The quasispecies 277	
  

heterogeneity of the viral populations throughout the large population passages was also 278	
  

analyzed with the Spearman, Pearson and mixed-effects tests of correlation. All of them 279	
  

generated a significant positive correlation between heterogeneity and fitness with an 280	
  

increase from 0.325 at passage 1 to 0.4391 substitutions per site in passage 31 (p-value 281	
  

< 0.05) (Figure 2). The obtained p-values were 0.03, 0.006 and 0.07 from the Pearson 282	
  

correlation, Spearman correlation and best mixed-effects methods, respectively. 283	
  

 284	
  

4. Discussion 285	
  

Fitness recovery can occur in nature in a variety of evolutionary scenarios where 286	
  

population size contractions and expansions affect genetic diversity (Arenas et al., 2012; 287	
  

Ibanez et al., 2000). For example, in HIV-1 low genetic diversification can be observed 288	
  

under antiretroviral drug therapy (Ercoli et al., 1997) or as a consequence of immune 289	
  

system-virus arms races (Hamoudi et al., 2013). After such population contractions, 290	
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genetic diversity and fitness can be recovered (Escarmis et al., 1999; Hadany and Beker, 291	
  

2003; Moradigaravand and Engelstadter, 2012). In this study we presented the 292	
  

underlying evolutionary mechanisms of in vitro HIV-1 fitness recovery. Overall the 293	
  

results indicate that, in most of studied viral populations, the replication of HIV-1 294	
  

during 30 large population passages results in a general viral fitness increase, especially 295	
  

during the last passages.  296	
  

The fitness increase was achieved in different, but specific, evolutionary pathways 297	
  

depending on the viral clone (although no parallel cultures were carried out) and 298	
  

associated with the accumulation of genetic changes, the fixation of non-synonymous 299	
  

mutations and, often, the emergence of recombination events. Then, as expected, such 300	
  

evolutionary processes increased the genetic heterogeneity among viral quasispecies. 301	
  

The accumulation of non-synonymous substitutions indicated episodes of positive 302	
  

selection during the fitness recovery that suggests an active evolution toward different 303	
  

and more adapted viruses. Altogether, our results indicate that the generation of HIV-1 304	
  

genetic heterogeneity through mutation, often contributed by the shuffling of genetic 305	
  

material through recombination, is fundamental for HIV-1 in vitro fitness recovery. 306	
  

 307	
  

4.1. Diversifying selection during fitness recovery 308	
  

We detected evidence of positive selection operating at the consensus sequence level 309	
  

(Figure 1A), but more interestingly, we also observed that the quasispecies composition 310	
  

was shaped by positive selection (Figure 3). The signatures of molecular adaptation 311	
  

varied among viral populations and genomic regions (Figure S2) although we found an 312	
  

overall increase of positive selection at last passages (Figure S2, total). This suggests 313	
  

that the different viral populations and regions present different evolutionary trajectories 314	
  

to finally increase diversity of the encoded proteins. Most of non-synonymous 315	
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mutations did not become dominant in the population, but they seem to provide an 316	
  

important improvement of the quasispecies because of the accumulation of higher 317	
  

fitness variants based on a better mutant background (see also Borderia et al., 2010; 318	
  

Yusim et al., 2001). The strong preponderance of non-synonymous changes in the 319	
  

global populations and in the viral quasispecies also indicates a non-random 320	
  

evolutionary process for fitness increase. 321	
  

 322	
  

4.2. Recombination can promote fitness recovery 323	
  

The estimation of recombination rates can be influenced by the amount of genetic 324	
  

diversity (Posada and Crandall, 2001). Under low genetic diversity a recombination 325	
  

event could be not detected but also its resulting recombinant sequence will be very 326	
  

similar to the parental sequences and probably, with similar properties. Therefore, in 327	
  

this study, the observed recombination could lead to fitness variation whilst 328	
  

recombination that was not detected (because of the limitations of the analytical 329	
  

method), probably did not. Recombination is a very important viral evolutionary force 330	
  

but its incidence during HIV-1 in vitro fitness recovery has not been yet quantified. We 331	
  

observed that recombination was more frequent in gag and env than in vpu genes 332	
  

(Figure S3). Recombination events can be present along the entire genome (Archer et 333	
  

al., 2008; Jetzt et al., 2000b). However, as noted by Archer et al. (2008), only a minority 334	
  

of recombinant events (in particular, short regions within gag, pol and env) are of 335	
  

significance to the evolution of the virus because of the action of natural selection 336	
  

(Archer et al., 2008). We believe that our in vitro study also suggest this finding where 337	
  

only the favored recombination forms, through the operation of natural selection along 338	
  

the population passages, are finally established. 339	
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In all, recombination rate correlated with fitness recovery under a Spearman correlation 340	
  

(see Results), but we also noted a non-linear relationship based on several 341	
  

particularities. Unexpectedly, many viral populations presented high recombination 342	
  

rates at passage 21 whereas the higher fitness values were detected in passage 31 343	
  

(Figure 4). A possible explanation for the fact that recombination does not increase 344	
  

fitness immediately, is probably related to the requirement of posterior mutations for the 345	
  

optimization of the new recombinant forms to gain fitness. Additionally, a new 346	
  

recombinant form needs to reach a certain frequency in the viral population to have a 347	
  

detectable effect on fitness (Galli et al., 2010; Iglesias-Sanchez and Lopez-Galindez, 348	
  

2002). Also, viral populations D1 and I1 recovered fitness without the need of 349	
  

recombination events (Figure S2). We believe that in these situations, the mutation 350	
  

process could be sufficient to generate improved viral forms and thus, most of 351	
  

recombination events do not provide better viral forms and/or are deleterious, as 352	
  

described by some authors (see Background and Archer et al., 2008; Iglesias-Sanchez 353	
  

and Lopez-Galindez, 2002). Indeed, viral population K2 presented large recombination 354	
  

at passage 21 with no fitness increase. In this case, we believe that the generated 355	
  

recombinant forms could also be removed by selection and therefore do not contribute 356	
  

to the fitness recovery (see Archer et al., 2008; Bretscher et al., 2004; Nijhuis et al., 357	
  

1998). Altogether, our results suggest that, as expected, only advantageous 358	
  

recombination events during HIV-1 in vitro fitness recovery can lead to fitness increase. 359	
  

  360	
  

4.3. Genetic diversity drives fitness recovery 361	
  

We found that genetic diversity varies among viral populations and genomic regions, 362	
  

which also suggests different evolutionary trajectories among viral populations. Overall 363	
  

we found a general trend to increase the amount of genetic diversity during the last large 364	
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population passages (p21-p31, Figure S5). Therefore, our results on the role of genetic 365	
  

heterogeneity in fitness recovery point to the importance of the generation of diversity 366	
  

to improve fitness. Note that Novella et al. (1995) showed an exponential fitness 367	
  

increase due to large populations passages in vesicular stomatitis virus (VSV) mutants. 368	
  

The strong correlation between increase of genetic heterogeneity and fitness recovery is 369	
  

in concordance with previous works of our group showing phenotypic effects of 370	
  

quasispecies composition for HIV-1 during a few populations passages (Borderia et al., 371	
  

2010; Lorenzo-Redondo et al., 2011) and with other studies based on diverse RNA 372	
  

viruses (reviewed in Domingo et al., 2012). In addition, studies performed with HIV-1 373	
  

in vivo also showed positive correlation of genetic diversity with viral fitness and 374	
  

disease progression (Ragonnet-Cronin et al., 2012; Shankarappa et al., 1999). 375	
  

 376	
  

5. Conclusions 377	
  

We conclude that HIV-1 fitness recovery is a dynamic and complex process driven by 378	
  

quasispecies heterogeneity that can be generated by mutation and recombination and 379	
  

under positive selection for the better-adapted variants to the new environment. Thus 380	
  

the process follows a “Darwinian” dynamic with the generation of variability and 381	
  

selective pressure towards the fittest variants. This knowledge can be of great help for 382	
  

the understanding of the course of HIV-1 natural infection and the evolutionary 383	
  

mechanisms by which, for example, viral strains with resistance mutations arise after 384	
  

severe population bottlenecks derived from antiviral treatments (Condra et al., 1995). 385	
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Figure captions 605	
  

Figure 1. Analysis of mutations appearing during the recovery passages. A) 606	
  

Classification by type of mutations including the total number, synonymous (Syn), non-607	
  

synonymous (Non-syn), non-coding (NC) and new mutations arising in the viral 608	
  

populations at passages (p) 1, 11, 21 and 31. B) Percentage of mutations emerged at 609	
  

passages (p) 11, 21 and 31 that are maintained in subsequent passages. 610	
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 612	
  

613	
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Figure 2. Correlation between quasispecies heterogeneity and fitness throughout 614	
  

the passages. Quasispecies heterogeneity (genetic distance) was analysed using mean 615	
  

values of each viral population in the genomic regions examined. Heterogeneity was 616	
  

measured as the mean genetic distance (number of substitutions per site). Significant 617	
  

correlation of heterogeneity and fitness was found (see Results) and a trend line is 618	
  

depicted to better visualize the studied association. Big grey circles group the average 619	
  

fitness values and average heterogeneity (radius of the circles) at passages 1 (circles), 11 620	
  

(squares), 21 (up triangles) and 31 (down triangles). 621	
  

 622	
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Figure 3. Genetic diversity and molecular adaptation as a function of fitness. 625	
  

Correlation of non-synonymous and synonymous mutations with fitness in the 626	
  

quasispecies data. The linear correlation is derived from a non parametric Spearman test 627	
  

with p-value = 0.0004 and the trend lines are depicted to better visualize the association. 628	
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Figure 4. Recombination rate and fitness recovery per viral population and 632	
  

passage. Population recombination rates (rate per codon per 2Ne generations, where Ne 633	
  

is the effective population size) and viral fitness at 1, 11, 21 and 31 large population 634	
  

recovery passages (p). The point estimates are the mean of the estimates from the 5 635	
  

different runs (see Methods) and error bars indicate credible intervals considering the 636	
  

different runs. 637	
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Table captions 641	
  

Table 1. Fitness variation during the recovery passages. Fitness values are 642	
  

shown “±” standard deviations. “Total increase” (last column) refers to the fold 643	
  

increase between the initial and the final passages and indicates a fitness increase in 644	
  

most of viral populations. Notice that the passage 31 presents viral populations with 645	
  

significant higher fitness (bold), significant lower fitness (italic) or not significant 646	
  

variation in relation to passage 21. In addition, fitness at passage 31 presents a 647	
  

much higher dispersion than in previous passages suggesting that viral populations 648	
  

evolve under different evolutionary trajectories. Biological fitness values were 649	
  

obtained by competition assays (see Supplementary Material). 650	
  

 651	
  
Viral 

population 
Passages 

 1 11 21 31 Total 
Increase 

(×) 
D1 0.2±0.13 0.9±0.06 1.05±0.05 1.5±0.30 7.5× 
D1.5 0.2±0.13 0.9±0.07 1.4±0.24 0.8±0.27 4.0× 
D2 0.3±0.03 1.0±0.02 1.0±0.01 1.5±0.24 5.0× 
E1.5 0.65±0.04 0.85±0.03 0.9±0.05 0.9±0.08 1.4× 
G1 0.6±0.05 0.8 ±0.03 1.3±0.18 3.4±1.77 5.6× 
G1.5 0.6±0.05 0.7 ±0.02 1.2±0.20 0.5±0.04 0.8×  
G2 0.7±0.03 0.7 ±0.01 0.8±0.08 1.7±0.38 2.6× 
H1.5 0.5±0.04 0.95±0.01 1.6±0.15 2.8±1.58 5.6× 
I1 0.5±0.09 0.7±0.02 0.8±0.01 1.9±0.25 3.8× 
I5 0.6±0.03 0.6±0.03 0.9±0.15 1.2±0.47 2.0× 
K1 0.7±0.00 0.8±0.00 0.8±0.02 2.0±1.07 2.9× 
K2 0.7±0.04 0.7 ±0.04 0.7±0.05 0.6±0.27 0.9× 
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