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Abstract

Rapid evolution contributes to frequent emergence of RNA viral pathogens on novel
hosts. However, accurately predicting which viral genotypes will emerge has been
elusive. Prior work with lytic RNA bacteriophage ¢$6 (family Cystoviridae) suggested
that evolution under low multiplicity of infection (MOI; proportion of viruses to
susceptible cells) selected for greater host exploitation, while evolution under high MOI
selected for better intracellular competition against co-infecting viruses. We predicted
that phage genotypes that experienced 300 generations of low MOI ecological history
would be relatively advantaged in growth on two novel hosts. We inferred viral growth
through changes in host population density, specifically by analyzing five attributes of
growth curves of infected bacteria. Despite equivalent growth of evolved viruses on the
original host, low MOI evolved clones were generally advantaged relative to high MOI
clones in exploiting novel hosts. We also observed genotype-specific differences in clone
infectivity: High fitness genotypes on the original host also performed better on novel
hosts. Our results indicated that traits allowing greater exploitation of the original host
correlated positively with performance on novel hosts. Based on infectivity differences of
viruses from high versus low MOI histories, we suggest that prior MOI selection can later

affect emergence potential.
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Introduction

RNA viruses are able to evolve rapidly due to high mutation rates, large population
sizes, and short generation times (Wasik and Turner 2013). These characteristics seem to
foster successful emergence of RNA viruses as pathogens on novel host types: In
humans, RNA viruses are overrepresented among emerging and re-emerging pathogens
(Woolhouse and Gowtage-Sequeria 2005). Examples of recent emerging diseases caused
by RNA viruses include AIDS (Barré-Sinoussi et al. 1983, Levy et al. 1984), influenza
(e.g., Ginsberg et al. 2009, Jordan et al. 2009), Ebola hemorrhagic fever (Baize et al.

2014, Dixon and Schafer 2014), and Zika fever (e.g., Duffy et al. 2009, Faye et al. 2014).

However, not all genotypes in a viral population should be equally capable of
growing robustly in a novel host. Consistent with this idea, individual viral genotypes
vary in their fitness across host types (Turner et al. 2010, Deardorff et al. 2011, Lali¢ et
al. 2011, Vale et al. 2012, Ford et al. 2014, Burmeister et al. 2016), indicating that
certain genotypes are better poised to infect novel hosts. These genotypes are shaped both
by spontaneous mutation and selective pressures previously experienced during
evolution. In some cases, prior selective pressures may have pleiotropic or correlated
effects that permit infection of a novel host. For example, adaptation to alternating cell
types permitted the evolution of “generalist” vesicular stomatitis virus (VSV) strains that
were better able to infect cell types they had not previously experienced (Turner et al.
2010). Even adaptation on a single host can fortuitously permit exploitation of other,
distantly related hosts. For example, evolution of VSV on a single cell type with an intact

innate immune response seemed to foster the evolved virus’s ability to infect other hosts
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with similar immune responses (Wasik et al. 2016). Prior ecological history can thus

affect viral performance in new host environments.

In addition to external pressures due to the host environment, inherent population
dynamics can impose selective pressures. A classic example of how selection can change
as a result of population dynamics is frequency-dependent selection, in which the fitness
of a genotype changes depending on how rare or common it is relative to other genotypes
(e.g., Lewontin 1958, Clarke and O’Donald 1964, Smouse 1976). Because viruses rely on
susceptible host cells for replication, an important aspect of viral population dynamics is
the multiplicity of infection (MOI), the ratio of viral particles to susceptible cells
(Gutiérrez et al. 2010, Lancaster and Pfeiffer 2012). MOI can change across viral
generations. For example, infectious viral diseases seem to be initiated by only few viral
particles (Gutiérrez et al. 2012), indicating low initial MOI. Over time, if viral replication
locally outpaces reproduction of susceptible host cells, MOI will correspondingly
increase. Depletion of the local cell population or transmission to a new multicellular host
then induces bottlenecks, often severe ones, and a concomitant decrease in MOI
(Gutiérrez et al. 2012). Subsequent expansion of the virus population may again increase

MOI.

Changes in MOI can alter the competitive environment for a viral genotype. At MOI
> 1 (i.e., average of more than one viral particle per susceptible host cell), it becomes
likely that two or more viruses will co-infect the same cell. Co-infecting viruses may
compete within the cell for resources such as amino acids and access to replicative
machinery. Intracellular competition can lead to the evolution of “cheating” strategies

among viruses. For example, viruses that specialize in sequestering and assembling
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proteins may take advantage of the proteins encoded by co-infecting genotypes that
instead maximize transcription (Turner and Duffy 2008). Cheater viruses may even
evolve reduced genome sizes by deleting essential genes, enabling faster replication
despite their reliance on fully functional genotypes (Huang and Baltimore 1970, Huang

1973, Horiuchi 1973, Williams et al. 2016).

Despite the importance of MOI in viral population dynamics, its role in the
subsequent performance of viral lineages has rarely been explored. A previous study
evolved ¢6 Cystovirus, a lytic bacteriophage with a segmented RNA genome, under high
MOI (average of 5 viral particles/cell; hereafter H lineages) or low MOI (average of
0.002 viral particles/ cell; hereafter L lineages) (Turner and Chao 1998). MOI was
controlled at each transfer by mixing viruses with Pseudomonas syringae pathovar
phaseolicola host bacteria at the treatment MOI, allowing them to adsorb (attach to the
host), and then plating them. Plaques were harvested for the next round of adsorption on
naive (non-coevolving) host bacteria. Fitness evaluations after 250 generations of
evolution indicated that the dominant selective pressure differed depending on the MOI
treatment. Clones from L lineages had increased their ability to exploit the bacterial host
with respect to the ancestral phage. Clones from H lineages, however, demonstrated
MOI-dependent fitness: Performance relative to the ancestor increased at high MOI but
was reduced at low MOI, suggesting that selection for intracellular competition can
interfere with generalized adaptations to exploit host cells (Turner and Chao 1998; see
also Turner and Chao 1999, 2003). By generation 300, however, fitness differences
between low MOI and high MOI evolved clones were no longer detectable, even though

the viruses from low MOI and high MOI treatments had diverged from one another
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genetically (McBride et al. 2008, Dennehy et al. 2013). The low MOI and high MOI
evolved clones thus represent genetically different viruses, molded by selection in each
environment, that can be harnessed to test how MOI ecological history affects viral

performance on novel hosts.

Experimental overview

In the laboratory, growth of ¢6 is supported on the bacterium P. phaseolicola. We
challenged ¢6 clones, evolved for 300 generations under low or high MOI, to grow on
two novel host bacteria, P. syringae pathovars tagetis and savastanoi. These hosts are
permissive for growth of wild type ¢6 (Duffy et al. 2006); we define them as “novel”
because the evolved clones had not encountered them in their recent selective history. We
used an automated, high-throughput method of inferring viral fitness by measuring
changes in the growth of infected bacteria over time, compared to the typical logarithmic
growth of uninfected bacteria (Fig. 1; see Methods and Turner et al. 2012). In particular,
these assays yielded estimates of five variables indicating the rate and extent of a virus’s
ability to kill the bacterial host population (Fig. 1, Table 1). Lower values of these

variables indicated better viral performance on the host.

Methods

Strains and culture conditions.

All viruses in this study were derived from wild type phage ¢$6 (American Type
Culture Collection [ATCC] #21781-B1). The specific viral clones originated from a prior
experiment (Turner and Chao 1998) in which three lineages were each evolved at low

MOI (L lineages) or high MOI (H lineages). Montville et al. (2005) isolated ten clones
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from each lineage after 300 generations of evolution (total of 30 clones from the L
lineages and 30 clones from the H lineages). The current study examined eleven of these
clones as test phages (designated L1.7, L2.4, L2.6, L3.2, L3.8; H1.1, H1.3, H2.4, H2.10,
H3.5, and H3.9; see also Dennehy et al. 2013).

We examined growth of the viral clones on the typical laboratory host for ¢6, P.
phaseolicola strain HB10Y (ATCC #21781) and two challenge hosts, P. tagetis and P.
savastanoi (kindly provided by G. Martin, Cornell University, Ithaca, New York; Martin
strain numbers 2230 and 2237, respectively). Bacterial cultures were initialized from
frozen stock by streaking onto 1.5% agar plates made from LC medium (Luria-Bertani
broth at pH 7.5) and incubating for 48 hours at 25°C to obtain visible colonies. An
individual colony was then randomly chosen, placed in liquid LC medium, and incubated
with shaking at 25°C for 2 hours to obtain a stationary-phase bacterial culture.

Viral lysates were prepared from frozen stocks of virus by mixing a diluted sample
of the virus stock with 200 pL of stationary-phase P. phaseolicola in 0.7% LC top agar.
This mixture was overlaid on a 1.5% LC agar base and incubated overnight at 25°C to
obtain visible plaques. Plaques were collected in 3 mL of liquid LC medium and filtered
(0.22 pL pore, Durapore, Millipore) to remove bacterial cells. Lysates were stored in 4:6

(v/v) glycerol:LC at -20°C.

Measuring bacterial growth curves

Growth curves of phage-infected and uninfected bacteria were obtained by
culturing bacteria in 200 pL of LC medium in transparent, flat-bottomed 96-well plates.

The plates were placed in a microplate reader (model Infinite F500, Tecan) that measured
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the optical density at 600 nm (ODeoo) every 5 minutes for 24 hours. Between ODgoo
measurements, plates were incubated at 25°C with orbital shaking.

Each well of the 96-well plate contained 4x107 cells of stationary-phase bacteria
with (infected) or without (uninfected) 400 plaque forming units (pfu) of a test phage.
Each plate housed seven replicate cultures of uninfected bacteria (controls) and seven
replicates of bacteria infected with each of the eleven test phages (84 culture wells total).
Separate plates were used for each of the three host bacteria (three 96-well plates total). A
random number generator was used to assign the locations of each replicate within the
96-well plate, and these locations were held constant across plates examining different
hosts. Growth curves were repeated on two separate days to obtain 14 replicate

measurements of each bacterial host infected with each of the eleven test phages.

Extracting measures of viral growth from bacterial growth curves

Similar to Turner et al. (2012), five variables were estimated from the bacterial
growth curves (ODeoo data; Fig. 1, Table 1): (i) maximum bacterial density (nMax); (ii)
time at which bacteria reached maximum density (tMax); (iii) time at which bacteria
went extinct or reached an equilibrium density with the test phage (tExt); (iv) ODseoo
reading at time tExt (nExt); and (v) area under the growth curve (AUC).

A script (see Data repository) written in R (version 3.1.2) smoothed the growth
curves by filtering the ODsoo values at each time point through a repeated medians filter
(robfilter package). Variables nMax and tMax were set as the maximum ODego value of
the smoothed curves and the corresponding time. Variables nExt and tExt were
determined by the point where the difference in sequential ODegoo values dropped below a

threshold (set as the 50% quantile of all differences between sequential ODeoo
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measurements). AUC was calculated using Riemann trapezoidal sums at 5-minute
intervals. For ease of comparison across hosts with different growth rates and densities,
all variables were normalized by the median value of the corresponding uninfected
bacterial controls.

Further details on data processing methods are available in the Data repository.

Examples of growth curves before and after processing are shown in Fig. S1.

Statistical analyses

Data did not meet normality assumptions of parametric tests, even after log
transformation of the estimated variables. For this reason, we ran non-parametric tests for
conservative estimates of how different viruses affected the growth of each bacterial host.
Kruskal-Wallis rank sum tests were used to assess significant differences in variables for
hosts that were uninfected, infected by low MOI (L) viruses, or infected by high MOI (H)
viruses. Post-hoc permutation tests (10,000 permutations) were then used to determine
specifically which viral clones differed from one another. Significance levels were
adjusted using a Bonferroni correction. All analyses were run in R (version 3.1.2). Scripts

are available in the Data repository.

Results

For eleven phage clones previously evolved for 300 generations at low (L) or high
(H) MOI on P. phaseolicola, we estimated five variables of their performance by
comparing growth curves of infected bacteria to those of uninfected controls (see
Methods). The medians and 95% quantile ranges of these extracted variables on each

host, normalized against the median values for the uninfected controls, are shown in Fig.
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2. Lines connect variable estimates for better visualization of the overall patterns of
similarity and difference between groups of viral clones and across host environments.
To examine whether L and H clones differed in their effects on bacterial growth,
we ran separate Kruskal-Wallis rank sum tests on each variable and each host. For all
variables, the rank orders differed significantly based on whether the host was uninfected,
infected with a clone from an L lineage, or infected with a clone from an H lineage (p <<
0.001; Table S1). Post-hoc permutation tests revealed that, across hosts and variables,
rankings for L clones were significantly higher than rankings for H clones (i.e., closer to
a ranking of 1, or the minimum value in the dataset; Table S2). In other words, compared
to the H clones, L clones tended to show lower mean values for each variable, indicating
superior performance. The only variables that presented no significant differences
between L and H clones were tExt on P. tagetis, and tExt and tMax on P. phaseolicola.
Clones within groups of L and H viruses varied in their performance, especially
on the novel hosts (Fig. 3). However, overall rankings of viral clones were similar across
hosts (Spearman’s p > 0.60, p < 0.02; with the exception of tExt on P. tagetis, for which
correlations were not significant; Table S3). High-ranked clones on P. phaseolicola also
tended to rank relatively well on novel hosts, while low-ranked clones from P.
phaseolicola also performed relatively poorly on the novel hosts. This trend suggested
that fitness on the novel hosts might simply be a function of fitness on the laboratory
host. To examine this possibility more closely, we compared two general linear models
for each variable: one model that predicted a clone’s rank solely from its rank on P.
phaseolicola, and another model that additionally incorporated whether the virus had

been evolved under low or high MOI (Table S4). For two variables on P. tagetis (nMax

10
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and tMax) and all variables on P. savastanoi, the model that included MOI treatment
explained more of the variation in rankings than did the model that only considered
ranking on the original host (p < 0.02 in all cases mentioned here).

On a single host, rankings of the individual viral clones were highly correlated
across extracted variables (Table S5): Clones that performed relatively well (closer to a
ranking of 1) in one variable tended to perform well in the others (Spearman’s p between
0.88 — 0.99, p << 0.001; except for tExt on P. tagetis, for which correlations were not
significant). Host effects on the growth of the viral clones are apparent in the similarities
in relationships among variables from different clones on the same host (Fig. 2, Fig. 3).
Corroborating this observation, Spearman correlation coefficients of each variable
exhibited a narrower range and closer correlations within a single host (excluding tExt on
P. tagetis, p > 0.88, p << 0.001; Table S5) than across hosts (0.56 < p < 0.86, excluding

tExt on P. tagetis, p < 0.027; Table S3).

Discussion

Multiplicity of infection (MOI) affects viral population dynamics, and relatively
low versus high MOI can exert differing selective pressures on viral populations (Huang
and Baltimore 1970, Huang 1973, Horiuchi 1973, Turner and Chao 1998, 1999, 2003,
Gutiérrez et al. 2010, Lancaster and Pfeiffer 2012, Williams et al. 2016). However, the
effects of historical MOI selection on a virus’s subsequent performance on alternative
hosts are not widely studied. A prior study evolved the phage ®6 on the original P.
phaseolicola host under low or high MOI. Here, we examined how 300 generations of

MOI selection affected the ability of viral clones to infect two novel hosts: P. tagetis and

11
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P. savastanoi. We used a high-throughput approach that tracked changes in the growth of
infected bacterial cultures over time (see also Turner et al. 2012). From these data, we
estimated five variables to describe the effects of viral infection on host growth,
compared to uninfected bacterial controls. These variables indicated how quickly (tMax,
tExt) and how completely (nMax, nExt, AUC) a viral clone reduced host population
density. Viruses with lower tMax and tExt values killed hosts more quickly (bacterial
density was reduced earlier); similarly, lower values of nMax, nExt, and AUC indicated
that a virus was better at reducing peak, final, and overall bacterial densities, respectively.
In phage ®6, these measures were previously shown to correlate strongly with the results
of traditional fitness assays conducted on agar plates (Turner et al. 2012).

At high MO, virus co-infection of host cells is more likely, which can produce
frequent intracellular competition for limited host resources among co-infecting
genotypes. In contrast, at low MOI virus co-infection is relatively rare, and intracellular
competition should be less important as a selective pressure. Prior studies indicated that
250 generations of low versus high MOI conditions were consequential to the fitness of
phage ®©6 (Turner and Chao 1998). Low MOI evolved viruses increased fitness on P.
phaseolicola relative to the wild type ancestor in both low and high MOI environments,
suggesting that selection for increased host exploitation was sufficient for generalized
improvement on that host. On the other hand, high MOI evolved viruses showed
increased fitness in their selective environment (high MOI) but constrained performance
at low MOI, suggesting that selection for intracellular competition reduced the general
ability to evolve host exploitation (Turner and Chao 1998, 1999). Importantly, after 300

generations of MOI selection, there were no fitness differences detectable by traditional

12
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assays between groups of viruses evolved at low and high MOI on P. phaseolicola
(Figure S2; Montville et al. 2005, McBride et al. 2008, Dennehy et al. 2013). The current
study tested whether this historical MOI selection would nonetheless influence the
performance of @6 viruses on challenge hosts.

We confirmed that historical selection under low or high MOI could affect the
subsequent performance of viral clones on novel bacterial hosts. As indicated from their
significantly lower mean values of tMax on both challenge hosts, and of tExt on one
challenge host, clones evolved at low MOI generally killed the novel hosts more quickly
than their high MOI evolved counterparts. L clones also reduced host density more
completely than H clones, indicated by their significantly lower mean values of nMax,
nExt, and AUC on both novel hosts. Our results confirm that prior selection at low versus
high MOI on the original host affected subsequent growth (emergence) of the viruses on
two novel hosts.

Prior work shows that the evolved clones in our study have diverged genetically,
but they no longer differ in fitness across MOI environments when infecting the typical
P. phaseolicola host (Montville et al. 2005, McBride et al. 2008, Dennehy et al. 2013).
However, in the current study, L clones were, on average, advantaged over H clones in
nMax, nExt, and AUC on P. phaseolicola. This difference may be explained by the
performance of one especially high-fitness clone, L2.6, which permutation tests revealed
to be significantly different (i.e., lower values of each variable) from many of the other
clones in this study (Table S6). Another possibility is that the current method of tracking
changes in optical density is useful for elucidating the multiple fitness components that

gauge the success of viral infection in a 24 hour period. Traditional fitness assays ignore

13
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these components for the purposes of convenience and simply resolve overall differences
in viral productivity. In particular, traditional fitness assays cannot reveal how virus
infection affects the density of the host bacterial population over time. It is precisely such
metrics of host density (nMax, nExt, AUC) that were observed to differ between L and H
clones on the typical P. phaseolicola host. Nevertheless, our analysis showed that the
emergence success of viral clones was not trivially due to growth differences on the
typical host: Generalized linear models showed that the ranked performance of viral
clones on the novel hosts were best explained when prior MOI history was included.

The extracted variables could be used more specifically to identify what aspects of
viral growth changed on the novel hosts. For example, the variables tMax and tExt reflect
how quickly a virus infects a cell and causes it to release progeny (burst). These variables
tended to be lower in value (i.e., better for viral fitness) on P. tagetis than on P.
savastanoi (Table S7). These results were consistent with data from classic burst
experiments (measurement of changes in viral titer over time) when wild type ®6 was
assayed on each of the novel host types: Lysis time on P. tagetis was shorter than on P,
savastanoi (Figure S3). In contrast, variables nMax and nExt indicate the proportion of
host cells killed by the virus. These estimates were typically lowest on P. phaseolicola
and highest on P. tagetis (Table S7). A high nExt (host extinction density), in particular,
indicates that the host environment is relatively difficult (less permissive) for viral
infection. Hosts with a high nExt are not killed as completely by the infecting virus,
suggesting that such host/virus combinations may be more likely to achieve an
equilibrium. Future work could examine co-evolution between ®6 viruses and the host

bacteria used in the current study to test whether one or more of the extracted variables
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usefully predicts bacteria/phage evolutionary dynamics and the possibility that a

population will achieve a stable equilibrium.

Our main conclusion — that evolution under low MOI can promote viral performance
on novel hosts — is corroborated in studies with poliovirus, an RNA virus that infects
humans. Stern et al. (2014) simulate adaptation of poliovirus after transmission to a novel
host type. The poliovirus particles that established the transmission event were assumed
to be at an evolutionary equilibrium, following evolution at either low MOI (0.1 viral
particles/cell) or high MOI (>10 viral particles/cell). Transmission then imposed a severe
bottleneck (decrease to 100 viral particles), necessitating that the initial viral generations
of the next infection occur at low MOI. As in our study, Stern et al. conclude that viruses
previously evolved at low MOI have a fitness advantage on a novel host. However, the
mechanisms that mediate this advantage are likely be very different between the
simulated poliovirus study and our ®6 experiments. In particular, Stern et al. model host
shift as a change in the fitness effects of a subset of nucleotide bases in the poliovirus
genome, and they conclude that the advantage of low MOI evolved viruses is partly due
to their ability to purge deleterious mutations rapidly. In our 24-hour assays, there is
insufficient time for specific mutations to be fixed or purged in the population. The
differences between L and H clones that we observed were more likely to be due to
dissimilar phenotypes for host exploitation, such as faster adsorption (attachment) to cells
to initiate infection, or faster lysis (burst) times to shorten the time between infection

cycles.

We noted that the starting MOI in our current experiments (MOI = 107 viral

particles/cell) is much lower than low MOI employed in prior @6 studies (MOI = 0.002

15
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viral particles/cell). While our extremely low initial MOI may have amplified host
exploitation differences among viral clones, it is a reasonable value in the context of
novel emerging diseases caused by RNA viruses. Natural MOIls within and across hosts
and infection cycles are not widely established for most viruses, but transmission
bottlenecks for some endemic and lab-studied diseases can be as low as a single or a few
viral particles (Gutiérrez et al. 2012). Initial bottlenecks for emerging diseases are likely
to be equally low. At the other end of the spectrum, MOI during cellular infection can
range from < 0.01 particles/cell (in blood CD4+ T cells infected with HIV-1, calculated
from Josefsson et al. 2011) to 13 particles/cell (for turnip infected with Cauliflower
Mosaic Virus, Gutiérrez et al. 2010). Such large differences across hosts, viruses, and
times of the infection cycle reveal that MOI — and the corresponding selective pressures —

can vary widely across viral systems.

Within-host MOI may also affect which viral genotypes next experience
transmission events. Some studies suggest that narrow transmission bottlenecks add
stochasticity to viral evolutionary trajectories (Murcia et al. 2014). Our study in phage
@6 suggests that intracellular competitiveness at high MOI trades off with replicative
ability in other hosts. In turn, these results hint that viral genotypes evolved under high
MOI may have a higher probability of transmission but may be less favored to replicate
at the extremely low MOI conditions inherent to infecting the next host. On the other
hand, a viral lineage may evolve such that certain genotypes (such as those advantaged
under low MOI) are favored for transmission. For example, evidence from HIV studies
suggests that certain genotypes may be selectively favored for their ability to be

transmitted (Boeras et al. 2011).
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MOI in natural viral populations is unlikely to be always high or always low. Rather,
viral populations should be expected to experience stages of high MOI, followed by
periods (at least occasionally) of low MOI. Future work should elucidate how these
dynamic MOI cycles might affect long term adaptability of RNA virus populations, an
idea that has been infrequently studied (e.g., Wilke et al. 2004). Here we document
differences in the ability of a virus to infect novel hosts after evolution at two extremes of
the MOI spectrum. Our findings suggest that MOI dynamics may play an

underappreciated role in virus utilization of novel hosts.
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Tables

Table 1: Measures extracted from growth curves of phage-infected bacteria. Lower

values of nMax, tMax, and tExt indicate that a virus is able to infect and kill host cells

more rapidly (via shorter lysis time, faster attachment rate, or larger burst size, Turner et

al. 2012). AUC gives a holistic measure of viral fitness, with a lower AUC (less

cumulative bacterial growth) corresponding to higher viral fitness (our measure is the

inverse of the virulence index described in Eshelman et al. 2010). Viruses that are

relatively better at driving their host to extinction will have a low nExt (relatively better

growth on that host), while viruses that settle into an equilibrium density with their host

will have a higher nExt (relatively poorer growth on that host). See Figure 1 for details of

how variables relate to dynamics of bacterial growth.

Variable Measure on growth curve Biological correlate(s)
nMax Maximum bacterial density Lysis time, burst size, attachment
rate (Turner et al. 2102)
tMax Time of maximum bacterial Lysis time, burst size,
density attachment rate (Turner et al.
2012)
nExt Bacterial density when viruses Relative virulence of the virus
have killed or reached an on the bacterial host
equilibrium density with the host
population
tExt Time at which the bacterial Rate of viral increase (Turner et
extinction or equilibrium density | al. 2012)
is reached
AUC Area under the growth curve Latent period, viral fitness
(Eshelman et al. 2010)
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505

506  Figure 1: Example growth curves of uninfected and phage-infected bacterial

507  cultures. Bacterial growth was estimated by measuring changes in optical density

508 (ODeoo) over time. Viral growth performance was inferred from deviations from the
509 logarithmic growth pattern of uninfected bacteria using 5 measures: maximum bacterial
510 density (hMax), time of maximum density (tMax), bacterial density at extinction (nExt),

511 time of bacterial extinction (tExt), and area under the growth curve (AUC).
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513  Figure 2: Medians of variables extracted from growth curves of uninfected bacteria
514  and bacteria infected with phages evolved at low MOI (L) or high MOI (H). All
515 variables were normalized against the median values for uninfected bacteria. Error bars
516  represent the 95% quantile range of the data. Lines connect variables for easier

517  visualization of comparisons in performance between L and H viruses on each host.
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519 Figure 3: Medians of variables extracted for each evolved phage clone on three
520 hosts. All variables were normalized against the mean values for uninfected bacteria.
521  Error bars represent the 95% quantile range of the data. Lines connect variables for easier

522  visualization of comparisons in performance between L and H viruses on each host.
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