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The successful spread of a virus in a specific ecological niche is largely determined by host availability. The lower the host density, the longer the virus spends in the external environment between successive infections, thus increasing its probability of degradation due to physical and chemical variables, which ultimately could lead to its extinction. Nevertheless, the high error rate of viral replication, particularly in the case of RNA viruses, can lead to the emergence and subsequent selection of mutants that increase their probability of transmission under unfavorable conditions. This fact could cause some containment measures, such as those based on restriction of contacts, to have unexpected consequences that it is important to analyze. Whereas it is quite difficult to implement this kind of studies during the spread of real epidemics, evolution experiments carried out with controlled variables in the lab can be very useful to unveil regularities in virus behavior that allow to anticipate difficulties. In this work we have carried out an evolution experiment in which the bacteriophage Qβ, a virus with an RNA genome, has been propagated at different host densities under conditions that prevent the selection of defense mechanisms in the bacteria. Our results show that there is a minimal host concentration that separates sustained propagation from extinction. After a certain number of generations, all lineages propagated at suboptimal host concentration selected a mutation in the minor capsid protein whose phenotypic effect was to enhance the entry of the virus into the cell. Although it is difficult to extrapolate our findings to more complex situations, they show the need to carry out an exhaustive monitoring of viral evolution when measures based on confinements or physical barriers that limit transmission are applied.
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Introduction

The degree of expansion reached by a virus in a population largely depends on its probability of transmission, which, among other factors, relies on the ease of finding susceptible hosts (1–4). Not surprisingly, frequent measures to reduce epidemic spread in our species are based on preventing virus access to people, lowering the probability of contagion. Despite their efficacy in the short term (5), that kind of measures, when applied on a large scale, have a huge economic and social impact and there are important doubts about how strictly they must be implemented to be effective in the long term. Another concern refers to whether the limitations to virus propagation could favor the selection of evolutionary strategies that increase contagion capacity. The risk is especially high in the case of RNA viruses, due to the high genetic heterogeneity contained in their populations, which is a consequence of their elevated replication error rates (6, 7) and the large size of their populations. RNA virus populations are often described as quasispecies, an extremely dynamic population structure made up of an ensemble of mutants that differ from each other in one or several mutations, and that confers rapid adaptation to most selective pressures of the environment (8, 9).

Since December 2019, a previously unknown RNA virus, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread globally causing millions of deaths. At different moments throughout the pandemic, most governments have established confinements and restrictions to limit virus expansion. The decrease in the number of susceptible hosts, together with the increasing number of individuals with defenses against the virus may impose a selective pressure that, together with other relevant epidemiological factors, has probably contributed to its evolution (10, 11). There are evidences that the virus has increased its transmission capacity through different strategies that include the improvement of the interaction with the cell receptor and partial escape to antibody neutralization (10, 12). To find out the relative contribution of each, it would be necessary to disentangle the molecular mechanisms that optimize virus entry from those that counteract cellular defenses, which sometimes can be difficult, in particular if the changes involved are subjected to fitness trade-offs (13, 14).

RNA bacteriophages may be a simple, adequate model to investigate the question raised above. Although bacteria can also select defenses against their phages, it is possible to design serial transfers experiments in which the phage is propagated in a continuous way, which allows its evolution, while the bacteria are replaced at each transfer to prevent the spreading of resistance mechanisms (15). We took advantage of this approach to design an evolution experiment aimed to study the evolutionary strategies followed by the RNA bacteriophage Qβ when it was propagated in the presence of suboptimal host concentrations.

Qβ is a lytic virus that infects the bacterium Escherichia coli using as receptor the conjugative F pilus. It is a member of the Leviviridae family (genus Allolevivirus) (16). It has a single-stranded, positive-sense RNA genome of 4217 nucleotides that encodes four proteins: A2 (that mediates phage binding to the bacterial pili, penetration of the viral genome, and cell lysis), coat (the major capsid protein), A1 (the minor capsid protein), and the replicase. As other RNA viruses, it replicates with very high error rate (estimated in 1.4 x 10-4 errors per copied nucleotide) (7, 17) and has a quasispecies population structure.

The objectives of the evolution experiment carried out with Qβ were i) to determine the minimal host density that allows sustained propagation of the virus under a set of defined environmental conditions, ii) to analyze whether the virus can adapt to lower-than-optimal host density, iii) to detect the mutations fixed in the consensus sequences of the evolved lineages and identify those that could be responsible for adaptation, and iv) to find out the phenotypic effect of the observed mutations. Our main result was that Qβ is able to optimize its replication at suboptimal host densities. In all cases analyzed, adaptation took place through the selection of a non-synonymous mutation in the minor capsid protein (A1) whose phenotypic effect was the increase of virus entry into the bacteria.



Materials and Methods


Virus and Bacteria. Standard Procedures for Infection

The plasmid pBRT7Qβ, which contains a cDNA of bacteriophage Qβ cloned in the plasmid pBR322 (18, 19), was used to transform Escherichia coli DH5-α, a strain that permits virus expression but that cannot be infected because it lacks the virus receptor. The supernatant of an overnight culture, obtained from a transformed colony, was used to infect E. coli, strain Hfr (Hayes), in semisolid agar. The virus progeny contained in a randomly chosen lytic plaque was isolated, and 106 plaque forming units (pfu) were used to infect an E. coli Hfr culture under standard conditions (see below). The supernatant of this culture was used as the ancestor of all the evolutionary lineages propagated in this work. It was denoted QβAnc and its consensus sequence showed no mutations relative to the Qβ cDNA cloned in pBR322.

Qβ was propagated in E. coli Hfr in NB medium (8 g/L Nutrient Broth from Merck and 5 g/L NaCl). Infections in liquid medium were carried out using fresh log-phase E. coli cultures with an OD600 of 0.8 that were infected at the multiplicity of infection (moi) indicated in each experiment. Cultures were incubated at 37°C for 2 h with good aeration (250 rpm). To estimate the total virus yield, cultures were treated with 1/20 volume of chloroform for 15 min at 37°C with shaking (850 rpm) in thermoblock. For the estimation of the extracellular virus fraction, chloroform treatment was omitted. Virus supernatants were harvested upon centrifugation at 13000 xg and maintained at 4°C for short-term use (less than 15 days) or at -80°C for long-term storage. Virus titers were determined by plaque assay and expressed as the number of pfu per mL of the phage suspension.



Evolution Experiment

This virus QβAnc was used to initiate 5 replicate evolutionary lineages differing in the amount of bacteria that was available for infection (Figure 1), and that were propagated through 16 serial transfers or until the virus infectivity was extinguished. At each transfer, bacteria were freshly prepared by growing E. coli until an OD600 of 0.8, which according our estimations corresponds to 6 x 108 colony forming units (cfu) per mL (https://www.agilent.com/store/biocalculators/calcODBacterial.jsp). The culture was serially diluted in NB medium (10-1, 10-2, 10-3, and 10-4 dilutions), and 0.5 mL of each dilution were placed in 10 mL tubes containing 400 µL of NB. A control culture with undiluted bacteria was prepared in the same way. Infections were initiated with 106 pfu (the first two transfers) or 107 pfu (the rest of transfers) in 100 µL of phage buffer (25 mM Tris HCl pH 7.5, 5 mM MgCl2, 0.5 g/L gelatin). In the case of the lineages propagated at the lowest bacteria density, due to the low yield obtained, from transfer number 2 we initiated the infections with 100 µL of the undiluted previous supernatant. After 2 h of incubation under standard conditions, the virus supernatants were collected upon treatment with chloroform, and a fraction of the phage suspension was used to infect fresh E. coli cultures prepared as described above. Evolutionary lineages were denoted Qβ(3x108), Qβ(3x107), Qβ(3x106), Qβ(3x105), and Qβ(3x104) to indicate the bacterial density used for virus propagation. When necessary, the numbers 1 and 2 were used to distinguish the two replicas performed for each condition.




Figure 1 | Scheme of the evolution experiment. A lytic plaque obtained upon expression of the plasmid pBRT7Qβ was allowed to replicate for 2 h in E. coli Hfr under standard conditions. The population obtained (QβAnc) was propagated through serial transfers carried out at different bacterial densities (see Materials and Methods). Evolutionary lineages are represented in different colors and named according to the bacterial density assayed. All lineages were replicated and the replicas distinguished with the numbers 1 and 2. The inset represents an experiment in which the bacteria concentrations indicated in the x axis were infected with 107 pfu and incubated for 2 h under standard conditions (see Material and Methods). Supernatants were collected, treated with chloroform and titrated to determine the virus yield. All bacterial concentrations were assayed in duplicate.



A negative control in which undiluted bacteria were incubated in culture medium in the absence of virus was set at each transfer. This control was processed and plated exactly the same as the experimental samples. When lytic plaques appeared, the corresponding transfer was discarded and repeated again.



Determination of the Virus Replicative Ability

The virus yields obtained in replication assays carried out in liquid medium were used as a measure of the virus replicative ability. Triplicate liquid cultures containing the indicated bacteria density were inoculated with 104 pfu of the virus population assayed, in a final volume of 1 mL. We used this amount of virus to ensure that the replicative capacity of the system was not saturated. After two hours of incubation at 37°C, the culture was distributed in two aliquots to estimate either the total or the extracellular virus produced. In this case, total virus was estimated through treatment with 0.8 mg/mL of egg white lysozyme (Sigma-Aldrich) for 30 min at 37°C with shaking (850 rpm in thermoblock). Lysozyme was used instead of chloroform because of its higher efficiency to lysate cells, demonstrated in several lysis assays carried out in our lab (data not shown). Extracellular virus was estimated in the same way but in the absence of lysozyme treatment.



Site-Directed Mutagenesis

The plasmid pBRT7Qβ was used to engineer a single-mutant virus (QβT222N) containing the mutation C2011A that produces the change T222N in the A1 protein. Mutagenesis was carried out using the QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) with the primer 5’TGGGATTCTCGGCTTAGTTATAACACGTTCCGCGG3’ and its complementary that contain the mutation to introduce in the virus genome. The procedures to build and isolate the site-directed mutant were the same as previously described for other Qβ mutants (20). A lytic plaque generated in E. coli Hfr by the virus QβT222N was picked and sequenced to test the presence of the desired mutation and the absence of any other that might have arisen during the mutagenesis process.



Competition Experiments

Competitions were carried out by infecting bacteria at the indicated density with equal amounts (106 pfu) of the viruses QβAnc and QβT222N in a final volume of 1 mL. After 2 h of incubation, the viral supernatant was collected, and 106 pfu were used to initiate a new infection. In all cases, competitions were carried out in duplicate. The consensus sequences of the populations obtained after 5 transfers were determined to test whether one of the viruses had out-competed the other, which was visualized through the inspection in the chromatograms of the nucleotide position that distinguished the two competitors.



Plaque Size Assays

Areas of the lysis plaques formed by QβAnc and the mutant QβT222N were quantified to define the differences between them. Around 100 pfu of each virus were mixed with ~ 3 x 108 bacteria and 3 mL of semisolid agar, and plated in agar plaques that had been prepared using the same volume of the same preparation of LB-agar (Invitrogen). Plaques were incubated overnight at 37°C. Images of the Petri dishes were taken with ChemiDoc MP Imaging System (Bio-Rad) using a white sample tray and “Coomasie Blue” mode. Images were analyzed with Image Lab Software (Bio-Rad) (RRID : SCR_014210), using the tool “Volume Tool-Round” to manually select seventy lysis plaques of each virus and measure their area values. Area values shown for both viruses are the mean of those seventy data.



Determination of Virus Entry Into Bacteria

Triplicate liquid 1 mL cultures, containing bacteria and virus at the concentration indicated in each experiment, were incubated at 37°C and 75 rpm. At the indicated times, 100 µL of EDTA 100 mM were added to stop virus entry into the bacteria. A control experiment showed that incubation of Qβ with this EDTA concentration completely inhibited its entry into E. coli, which agrees with previous results obtained for other phages (21). Cultures were centrifuged at 13000 xg at 4°C and the supernatant was discarded. The pellet was washed once with 500 μL of cold phage buffer containing EDTA 10 mM and re-suspended in phage buffer without EDTA. The number of infectious centers was estimated by plaque assay. Parallel cultures that were incubated at 4°C in the presence of EDTA 10 mM were used to estimate the virus background.



One Step Growth Curve

Duplicate 1mL liquid cultures containing 3 x 108 bacteria and 106 pfu of the viruses QβAnc or QβT222N were incubated for 5 min at 37°C in NB medium and 75 rpm. Virus entry was stopped by a 10000-fold dilution of the cultures. Diluted cultures were incubated at 37°C in a static bath, and only mixed by inversion right before taking the samples to avoid additional encounters between cells and viruses. At different times, 250 µL aliquots were removed and centrifuged to obtain the virus supernatants that were titrated to estimate the amount of virus that had been released. The duration of the latent period was calculated as the intercept between the regression line of the natural logarithm of the virus titers against time during the exponential rise period and the regression line for the points corresponding to the pre-rise period. The maximal growth rate was evaluated as the slope of the regression line during the rise period



Burst Size Determination

Triplicate 1mL liquid cultures containing 3 x 108 bacteria and 106 pfu of the virus indicated were incubated for 10 min at 37°C in NB medium and 75 rpm to allow virus entry into the bacteria. After this time, a 0.3 mL aliquot was removed to determine the number of infectious centers as described above. The remaining 0.7 mL were diluted 100000-fold. The diluted cultures were incubated at 37°C, 250 rpm for 55 min, after which 0.3 mL aliquots were removed and centrifuged. The virus supernatants were titrated to estimate the amount of extracellular virus. The burst size was calculated by dividing the number of pfu obtained by the number of infectious centers.



RNA Extraction, cDNA Synthesis, PCR Amplification, and Nucleotide Sequencing

Viral RNA was prepared following standard procedures to determine the consensus sequence either from biological clones or from complex virus populations. RNAs were used for cDNA synthesis with the avian myeloblastosis virus reverse transcriptase (Promega), followed by PCR amplification using Expand high-fidelity DNA polymerase (Roche). The pairs of oligonucleotide primers used for RT-PCR were the following: P1 forward (5’CTTTAGGGGGTCACCTCACAC3’) with P1 reverse (5’GGATGGGTCACAAGAACCGT3’) to amplify from nucleotide position 10 to 1595, P2 forward (5’GACGTGACATCCGGCTCAAA3’′) with P2 reverse (5’CAACGGACGGAACATCTCCT3’′) to amplify from nucleotide position 1109 to 2787 and P3 forward (5′GTGCCATACCGTTTGACT3′) with P3 reverse (5′GATCCCCCTCTCACTCGT3′) to amplify from nucleotide position 2254 to 4195. PCR products were column purified (Qiagen) and subjected to standard Sanger sequencing using Big Dye Chemistry with an automated sequencer (Applied Biosystems; Perkin Elmer). Sequences were assembled and aligned with Geneious Pro v4.8.5 (https://www.geneious.com). Mutations relative to the sequence of the virus QβAnc were identified using the same software.



Statistics

The statistical significance of the differences between the results obtained for the viruses QβAnc, QβT222N and the evolutionary lineages at transfer 16 was assayed through the Mann Whitney test. When indicated, experimental points were fitted to straight lines or other functions. All calculations were performed with the program Mathematica 9.0 (Wolfram Research), using the functions MannWhitneyTest with a significance level of p < 0.05, LinearFit (fit to straight lines through regression analysis) and NonLinearFit (fit to functions different of straight lines).




Results


Bacteriophage Qβ Can Adapt to Replicate at Lower-Than-Optimal Host Density

To investigate whether bacteriophage Qβ can evolve adaptive strategies to decreased host availability, we designed an evolution experiment (Figure 1) in which the virus QβAnc was propagated at different bacteria densities: 3 x 108 cfu/mL, 3 x 107 cfu/mL, 3 x 106 cfu/mL, 3 x 105 cfu/mL, and 3 x 104 cfu/mL. We did not assayed higher bacteria concentrations because that would have implied growing them until an OD600 higher than 0.8, when they enter in late exponential phase and pili expression starts to decay. The results obtained at the first transfer, in which infections were carried out with 106 pfu, showed that 3 x 107 cfu/mL produced the highest titers (Figure 2). The number of pfu used in the experiment was the same for all bacteria densities, meaning that the moi was higher the lower the bacterial density was. Since, at all bacteria densities assayed, we observed a decrease in the virus titers between the two first transfers, to avoid virus extinction, from transfer 3 we initiated infections with 107 pfu in all lineages but Qβ(3x104), in which, due to the low virus yield obtained, we could not use 107 pfu, and instead we infected with 100 µL of the undiluted previous virus supernatant. To analyze the changes in the virus yield as a function of the bacteria density when infections were carried out with 107 pfu, we carried out a control experiment with the virus QβAnc (see the inset in Figure 1). The results showed that, with this amount of virus, a bacterial density of 3 x 108 cfu/mL produced the highest titers. Thus, we considered that the optimal bacterial density, under the conditions used in most transfers of the evolution experiment, was around 3 x 108 cfu/mL.




Figure 2 | Virus titers obtained at each transfer of the evolution experiment (Figure 1). The color code used to distinguish the lineages evolved at different host density is the same shown in Figure 1. In each case, lineage 1 is represented with circles and lineage 2 with squares.



Both lineages Qβ(3x104) were extinguished by transfer 10, indicating that the minimal bacterial density that allows sustained propagation of Qβ under the conditions assayed is around 3 x 105 cfu/mL. In all other lineages, virus titers did not change significantly from transfer 3 to 16 and kept a direct relationship with the host density (Figure 2). Virus populations obtained at the last transfer were assayed to determine their replicative ability at the same bacteria concentration at which they had been propagated. When the total virus was considered, only evolutionary lineages propagated at the highest and the lowest host density compatible with virus maintenance for the 16 transfers [Qβ(3x108) and Qβ(3x105)] increased the virus yield with respect to the ancestor (p < 0.05, Mann Whitney test) (Figure 3A). Nevertheless, all evolutionary lineages propagated at lower-than-optimal host densities significantly increased the amount of extracellular virus produced (p < 0.05, Mann Whitney test for all comparisons carried out between the ancestor and the evolutionary lineages assayed at the same host density) (Figure 3B), suggesting that the virus had modified some of the parameters defining its life cycle.




Figure 3 | Replicative ability of the lineages obtained at transfer number 16 in comparison with the ancestor. Each evolutionary lineage was assayed at the same bacteria density at which it had evolved (indicated at the bottom of the figure). Each bar represents the average of three replicas. The color code used to distinguish the different lineages is the same shown in Figure 1. The virus QβAnc, which was assayed at all host densities, is shown in black. (A) Total virus. (B) Extracellular virus. Asterisks above the bars indicate that the result is significantly different from the value obtained for the virus QβAnc (p < 0.05) according to a Mann Whitney test. The absence of asterisk indicates that the value obtained did not significantly differ from that of the ancestor. The type 1 error for multiple comparisons (two evolutionary lines were compared with the ancestor at each bacterial density tested) was 0.1.



Another interesting observation was that in the assay shown in Figure 3, in which infections were carried out with 104 pfu, the maximum virus yield of the virus QβAnc was obtained at a bacteria concentration of 3 x 107 cfu/mL (Figure 3), the same than infecting with 106 pfu (see the first transfer in Figure 2) and one order of magnitude lower than when infections were carried out with 107 pfu (see inset in Figure 1). The result indicates that, keeping constant the rest of conditions, the amount of virus used for infections is what determines the bacteria concentration that renders the maximal virus yield. To test this idea, we carried out an experiment in which two concentrations of bacteria (3 x 108 cfu/mL and 3 x 105 cfu/mL) were infected with different amounts of the virus QβAnc (104, 105, 106, and 107 pfu). The result was that, for the high bacteria concentration, the logarithm of the virus yield increased almost linearly as a function of the logarithm of the number of pfu used in the infection. However, for the low bacteria concentration, the virus yield was maximum when 106 or 107 pfu were used for infections, with non-significant differences between both conditions (Supplementary Figure 1).

An additional finding that suggested that the virus had changed its properties upon propagation at decreased cell densities was that the size of the plaques became smaller than that observed for the lineages propagated at the optimal bacterial density.



Populations Adapted to Low Host Density Show in Their Consensus Sequences a Non-Synonymous Change in the A1 Protein

The determination of the consensus sequences of all evolutionary lineages analyzed in this work showed the presence of several mutations either fixed or polymorphic (Table 1). Mutations present in the lineages propagated at the optimal host density had previously been detected in several experiments of propagation of Qβ carried out in our lab (22–24). In the case of the lineages propagated at decreased host density, the most relevant observation was the presence in all of them of the non-synonymous change C2011A (T222N in the A1 protein).


Table 1 | Mutations present in the consensus sequences of the evolutionary lineages analyzed.



To analyze the effect of C2011A in the replication of Qβ, we prepared a single mutant containing this mutation (QβT222N) and determined its replicative ability at different host densities in comparison with that of the virus QβAnc (Figure 4).




Figure 4 | Replicative ability of the viruses QβAnc and QβT222N. Each bar represents the average of three replicas for either QβAnc (black) or QβT222N (white). Both viruses were assayed at the bacteria density indicated at the bottom of the figure. (A) Total virus. (B) Extracellular virus. Asterisks above the bars indicate that the result is significantly different from the value obtained for the virus QβAnc (p < 0.05) according to a Mann Whitney test. The absence of asterisk indicates that the value obtained did not significantly differ from that of the ancestor.



We observed that the mutant QβT222N presented a behavior similar to that of the evolutionary lineages propagated at decreased bacteria density (Figure 3). The mutant significantly increased the total virus yield at only the lowest host density assayed (3x 105 cfu/mL) (p < 0.05, Mann Whitney test) (Figure 4A). However, when the extracellular virus was determined, the titers obtained for the mutant were significantly higher than those produced by the virus QβAnc at all lower-than-optimal host densities (p < 0.05, Mann Whitney test for all comparisons carried out between the ancestor and the mutant assayed at the same host density) (Figure 4B). In general, differences between the ancestor and the mutant were of lower magnitude than between the ancestor and the evolutionary lineages (compare Figures 3, 4), which in part could be due to the effect of the rest of mutations that are present in the consensus sequences of the latter (Table 1).

To further analyze the selective advantages of substitution C2011A at low host density, we carried out competition experiments in which the viruses QβAnc and QβT222N were mixed in equal amounts and propagated at bacteria concentrations of 3 x 108, 3 x 107, 3 x 106, and 3 x 105 cfu/mL. After only 5 transfers the mutant was dominant at all host concentrations below 3 x 108 cfu/mL, indicating that mutation C2011A has an advantage under these conditions (Figure 5). The fact that the mutation was selected against when competitions were carried out at 3 x 108 cfu/mL, suggests that it has a fitness cost at this host density. The result is consistent with the slightly lower titers observed for the mutant than for the wild virus in the replication assay carried out at this bacteria concentration (Figure 4A).




Figure 5 | Competition experiment between the viruses QβAnc and QβT222N. The left part of the figure shows the conditions for the competition (described also in Materials and Methods). The right part shows the chromatograms of the populations obtained after the competition around nucleotide position 2011 (marked with an arrow). The presence of a C at this position indicates that the mutant has not an advantage over the wild-type virus, whereas the presence of an A indicates the opposite.



The mutant QβT222N also produced smaller plaques than the virus QβAnc, indicating that this mutation is also responsible for this phenotypic change that was observed in all evolutionary lineages propagated at lower-than-optimal host density. To confirm this observation, we determined the area of 70 lytic plaques produced by each of the viruses QβAnc and QβT222N using the Software Image Lab Software. The average of the plaque areas produced by QβAnc was 3.04 ± 1.31 mm2, which is significantly higher than that of the plaques produced by QβT222N (1.49 ± 0.88 mm2) (p = 1.51271 x 10-12, Mann Whitney test)



Mutation T222N in the A1 Protein Does Not Increase Virus Thermostability at 37°C

At low host availability, the period that the phage spends in the environment until it finds a susceptible bacteria increases with respect to conditions of high host density. Therefore, it is exposed to environmental conditions for a longer time, which can damage its infective capacity. To analyze this possibility, we designed an experiment in which triplicate cultures contained ~ 8 x105 pfu of either the virus QβAnc or QβT222N were incubated at 37°C in 1 mL of NB medium in the same conditions of the transfers but in the absence of bacteria. We took samples at 1 and 2 hours post-incubation and determined the virus titers, verifying that in no case had they decreased. The conclusion, therefore, is that the effect of mutation T222N is not to increase the stability of the phage in the external environment.



Mutation T222N in the A1 Protein Increases Virus Entry at All Bacteria Densities Assayed

The location of the mutation T222N in the A1 protein, a structural protein of the capsid, suggested that its effect could be to enhance the virus entry into the cell. To test this idea, we determined the rate of virus entry for the viruses QβAnc and QβT222N (Figure 6A) using a high bacteria concentration (3 x 108 cfu/mL). The experimental points were fitted to a model of the form:




where P is the amount of phage that has adsorbed or penetrated into the bacteria, P0 is the number of pfu used in the experiment (100000 in this case), N is the bacterial density, and k represents the adsorption constant. The variable time is indicated by t.





Figure 6 | Virus entry into the bacteria. (A) Kinetics of virus entry. 105 pfu of either the virus QβAnc (black circles) or QβT222N (white circles) were incubated with ~ 3 x 108 cfu in a volume of 1 mL. After the times indicated, the samples were processed (see Materials and Methods) to determine the number of infectious centers. Each determination was carried out in triplicate (B) Number of infectious centers produced upon a 10 min incubation. 105 pfu of either the virus QβAnc (black bars) or QβT222N (white bars) were incubated with different concentrations of bacteria (indicated at the bottom of the figure). Each bar represents the average of three determinations. Asterisks above the bars indicate that the result is significantly different from the value obtained for the virus QβAnc (p < 0.05) according to a Mann Whitney test. The absence of asterisk indicates that the value obtained did not significantly differ from that of the ancestor.




We obtained a value for the exponent kN of 0.043 (standard error = 0.009, R2 = 0.97) for the virus QβAnc and of 0.11 (standard error = 0.04, R2 = 0.89) for the virus QβT222N. Since each value was out of the confidence interval of the other, we can conclude that they differ significantly. The values of k for the ancestor and the mutant were 1.3 x 10-10 mL/min and 3.7 x 10-10 mL/min respectively, which indicates that the mutation enhances the rate of virus entry by a factor of about 3.

An additional determination of the virus entry at different host densities for a fixed time period (10 min) also showed that the virus QβT222N entered better into the bacteria than the ancestor (Figure 6B). The differences were significant for all bacteria densities but 3 x 105 cfu/mL (p < 0.05, Mann Whitney test).

The fact that, despite that mutation T222N enhances the entry of the virus at high host density (3 x 108 cfu/mL), it was selected against in competition experiments carried out under this condition reinforced the idea that it has a fitness cost. Thus, we analyzed the possible differences in the latent period and the burst size of the viruses QβAnc and QβT222N.



One Step Growth Curves Do Not Show Differences in the Latent Period Between the Mutant and the Ancestor

To determine the duration of the latent periods of the viruses QβAnc and QβT222N, we carried out one-step growth curves. To reduce differences that could be due to the faster entry of the mutant, virus interaction with bacteria in the undiluted culture was allowed for only 5 min, after which it was diluted 10000-fold to prevent new infections. The curves obtained (Figure 7) show great similarities between both viruses, which presented a latent period estimated in 29 minutes for the ancestor and 27 minutes for the mutant (see Materials and Methods), a result that agrees with previous estimations (25). Since the period for virus entry was of 5 min, differences lower than this time cannot be considered significant. The estimation of the maximal growth rate during the rise period of the curves (see Materials and Methods) was 0.34 ± 0.06 for the mutant and 0.32 ± 0.05 for the ancestor. Since each value was included in the confidence interval of the other, we can conclude that they do not differ significantly.




Figure 7 | One step growth curve for the viruses QβAnc and QβT222N. 106 pfu of each virus were pre- incubated for 5 min with ~ 3 x 108 cfu in a volume of 1 mL. The first sample (time 5 min in the curves) was taken just after dilution of the cultures (see Materials and Methods). Black circles refer to the virus QβAnc and white circles to the virus QβT222N. Each point represents the average of two replicas.





Mutation T222N Does Not Induce Significant Changes in the Burst Size of Qβ

To determine the burst size of viruses QβAnc and QβT222N, we carried out an assay in which the viruses were allowed to entry into the bacteria for 10 min, after which the culture was diluted 100000-fold to prevent further virus entry. The estimation of the extracellular virus yield at 55 min post-dilution (a time that according to the results shown in Figure 7 is enough for all the virus produced to have been released) gave a value for the burst size of the virus QβAnc of 877 ± 381 pfu/bacteria, which was not significantly different (p > 0.05, Mann Wihtney test) from that obtained for the virus QβT222N (609 ± 281 pfu/bacteria). Due to the high values of the standard deviation obtained for the three replicas of each determination, we repeated the experiment. This time, we obtained a bust size value for the virus QβAnc of 764 ± 75 and of 411 ± 27 for the virus QβT222N. Despite the standard deviation of the triplicates were lower than in the previous experiment, the differences between both viruses were still non-significant (p > 0.05, Mann Wihtney test). Nevertheless, it is noteworthy that in the two experiments carried out, the burst size of the ancestor was greater than that of the mutant.



Mutation T222N in the A1 Protein Delays Virus Extinction at Low Host Density

Since mutation T222N in the A1 protein is beneficial at low host density, we wonder whether its presence could avoid virus extinction when it is propagated at a host concentration (3 x 104 cfu/mL) that is incompatible with the preservation of infectivity for a prolonged number of transfers (Figure 2). To answer this question, we propagated the viruses QβAnc and QβT222N through serial transfers carried out with 3 x 104 bacteria at each transfer (Supplementary Figure 2). In this case the first transfer was performed infecting with 107 pfu. Whereas in the two replicas carried out with the virus QβAnc the infectivity was extinguished at transfers 10 and 11, the mutant could be propagated until transfers 16 and 19, after which we also could not recover infectious virus.




Discussion

One of the strategies used by viruses to be successfully transmitted in a host population is the improvement of its entry into the susceptible cells, which frequently occurs through the optimization of the interaction with the cell receptor. As a response to the infection, the host population develops defense mechanisms that can be extremely diverse (26–28). For many viruses infecting vertebrates, it is quite common that the viral protein that interacts with the cellular receptor is the same against which the antibodies produced by the immune system are directed. This means that frequently both properties cannot be optimized at the same time, since a worse neutralization by antibodies would imply a less optimal interaction with the receptor and vice versa (29).

In this work, we have carried out an experiment with a bacteriophage to study to what extent the limitation in the number of hosts influences virus evolution, in absence of the confounding factor of the selection of defense mechanisms. Our results show that, under the experimental conditions used, there was a critical bacterial density (between 3 x 104 cfu/mL and 3 x 105 cfu/mL) separating sustained virus propagation from extinction. At 3 x 105 cfu/mL or above, the virus improved its ability to enter the bacteria at all concentrations assayed. All virus lineages propagated at bacterial densities lower than 3 x 108, which was the optimal one under the conditions used from transfer 3 in the evolution experiment, showed the presence of substitution T222N in the A1 protein. This high degree of evolutionary convergence suggests that either this is the only option that Qβ has to adapt to low host density or that the alternatives have fitness costs that make them unviable.

Mutations analyzed correspond only to those that were detectable in the consensus sequence of the evolutionary lineages. Besides T222N, all lineages presented other mutations fixed or polymorphic (see Table 1). The beneficial effects of some of them could be responsible of the greater differences in replicative ability observed between the ancestor and the evolved lineages than between the ancestor and the mutant containing only T222N. In addition, there may be other mutations present in minority genomes, which may also be exerting an effect and be relevant for the subsequent evolution of the virus. The analysis of these low-frequency mutations is out of the scope of this work. Nevertheless, for future work we plan to carry out a deep sequencing analysis of all the evolutionary lineages obtained here, with the aim of determining whether the genetic diversity contained in a virus population, as well as its structure (in particular the genotype networks within the quasispecies), are modified as a consequence of evolution at low host density.

Our assay to determine viral entry was the quantification of infectious centers. Therefore, we cannot distinguish whether the process affected by the mutation is the interaction with the cell receptor or the transference of the viral genome into the cell. It is described that Qβ infects E. coli by initially attaching to the sides of the conjugative F pilus (30) through the protein A2, which is also bound to the genomic RNA (31). Studies carried out with the related phage MS2 (32) indicate that pilus retraction brings the phage close to cell surface, causing its breakage at the point of entry. After detachment of the pilus, further retraction of the protofilament, which extends through the central channel that traverse the plasma membrane at the basis of the pilus, would introduce the virus genomic RNA, together with the maturation protein, into the channel. According to this, we would have expected that mutations favoring the entry of Qβ were located in the A2 protein, instead of A1.

Protein A1 is present in the capsid in a number of around 10 copies placed at non-defined positions (33). Its precise function is unknown, although it was early demonstrated that it is essential for virus infectivity (34). The protein consists of the full-length coat domain connected by a 35 Å flexible linker to the read-through domain, an extension of 196 amino acids at the C-terminal end (35) that is located on the exterior of the capsid (36–38). In contrast to this, protein A2 is present in a single copy that replaces a coat protein dimer at a two-fold axis of the capsid (39). The A2 protein consists of an α-region (inserted into the capsid, where it binds to the genomic RNA) and a β-region, exposed outside the virion (40). Because both A1 and A2 proteins are required for infectivity, it seems possible that they interact with each other. The interaction could be facilitated by the long linker of A1 that would allow the read-through domain to reach the β-region of A2, influencing its interaction with the F pilus. If this idea were true, specific mutations in A1 could affect this interaction, modifying the ability of the virus to enter the bacteria. An alternative is that A1 provides initial binding to non-specific sites of the F-pilus. Substitution of Threonine 222 by an asparagine implies the incorporation of an amino acid with a lateral chain with one additional carbon atom and an amide group, instead of a hidroxyl group, which could modify the affinity of the hypothetical interaction between A1 and A2 or between A1 and the F pilus.

In addition to favoring virus entry, A2 protein has other functions. It is used by Qβ to bind and inhibit Mur A, an enzyme involved in bacterial cell wall biosynthesis (41), which leads to cell lysis and the release of the virus progeny (42–44). It is also described that interaction of A2 with hairpin structures in the genomic RNA could work as a nucleation center for virion assembly (45). This multi-functionality of the A2 protein probably causes it to have great restrictions to accept changes, since improving one of its functions could imply deteriorating of others. If adaptation to decreased host availability could be achieved through changes in a different protein (A1 in this case), in which mutations had less fitness costs, it is reasonable to think that this would be the pathway chosen by natural selection. The fact that, despite mutation T222N increases virus entry at the highest host density assayed, it is selected against under this condition, indicates that it also has a fitness cost, although it is expected that it will be of lower intensity than that of the possible changes in A2 that could have favored adaptation to low host density.

According to our estimations, the fitness cost of mutation T222N in the A1 protein is not caused by a change in the latent period. It is described that the optimal duration of the latent period changes in response to environmental conditions, the host density being the most relevant. At low densities, bacteria are more effectively exploited by producing more phage progeny per infected bacterium, which happens at the expense of longer latent periods. On the contrary, high bacterial densities should select for short latent periods that permit them to initiate many new infections. According to this, Abedon et al. found that a mutant of the phage RB69 displaying shorter latent period than the wild type was dominant in competitions carried out at high bacterial density, whereas it was outcompeted by the wild type at low bacterial density (46). Other studies also found that bacteriophages T7 and PhiX174 evolved at low host density increased the latent period and the burst size (47, 48). In contrast to these results, evolution of Qβ at low host density selected for phages with no apparent changes in the duration of the latent period and a non-significant, although repetitive, decrease in the burst size. Our findings show that the influence of host density on phage evolution is also mediated through its effect on the time necessary to initiate an infection (the search time). An environment with low host density is equivalent to a phage with a low adsorption rate. Thus, optimization of virus entry can be an adaptive solution under this condition. In good agreement with this idea, a previous study showed that adsorption rate had a much larger impact on phage fitness than lysis time (49).

The main conclusion of our study is that the reduction in the number of available hosts during the propagation of an RNA bacteriophage leads to the selection of a mutation that increases the virus entry into the cell. This happens in the absence of confounding circumstances, such as the emergence of defense mechanisms, which might arise in the host population as a response to infection. Although it is difficult to extrapolate our results to more complex situations, as it could be the spread of epidemics in the human population, they provide support for the idea that containment measures based on the reduction of contacts between people (the equivalent to reducing the number of hosts in our system) constitute a selective pressure that may lead to adaptive changes in viruses.
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Populations are denoted as indicated in Figure 1. The numbers 1 and 2 represent the two replicas performed for each evolutionary lineage. °Syn indiicates a synonymous mutation.

°Polimorphic mutations are indicated with a P and those fixed with an F.





