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The dissertation related to evolution experiment has been presented in two parts. The larger part
of this thesis is devoted for investigating adaptation of single-stranded (ss)RNA virus to novel
environments using thermal adaptation of sSRNA bacteriophage Qp as a model system. The second
and smaller part of this thesis is studied for investigating the growth characteristics of Qp mutants.

sSRNA viruses change at high mutations rates to maintain the integrity of genetic information,
which allows them to find the beneficial mutations needed for adaptation quickly. In spite of the
fact that it has been considered that sSRNA virus can adapt readily to changes in the environment,
it remains unclear how quickly they can adapt to a novel environment and/or how many and what
types of mutation are required to facilitate evolution. To elucidate the mechanisms underlying
ssRNA virus adaptations to the novel environment, | conducted thermal adaptation evolution
experiments of sSRNA bacteriophage Qp as a model system. The ssRNA bacteriophage Qp, of the
family Leviviridae, which infects Escherichia coli strains expressing the F-pili that acts as the virus
receptor. The QP has short generation time and a genome of 4217 nucleotides in length that
encodes only four proteins: the A2 protein for bacterial lysis and entry, the coat protein, the Al
protein, which is expressed through incorrect reading of the stop codon of the coat protein and
present in low amounts in the capsid, and the B subunit for Qp replicase. These make us understand
the relationship between genotypic and phenotypic changes easily. In addition, evolution
experiments with thermal selection of pressure is suitable for analyzing the process of adaptation
because vital living processes, such as energy transduction, reproduction, and growth, are affected
by temperature change and the temperature is precisely controllable in the laboratory. Previously, a
thermal adaptation experiment using QB as a model of ssRNA virus was conducted in our

laboratory, in which the culture temperature was increased in a stepwise manner from 37.2°C to



43.6°C in three independent lines using E. coli 43BF’ as the host strain that could grow in
temperatures up to 43.6°C. The effect of synonymous and nonsynonymous changes on the fitness
and life history of QP were evaluated. To investigate the thermal adaptation of phages at higher
temperatures, it is necessary to use a host strain that is capable of growth at higher temperatures.
Recently, Kishimoto et al. in Toho University, Japan isolated a strain of thermally adapted E. coli
46L-1 that was capable of growing at temperatures up to 46°C by thermal adaptation evolution
experiment. This technical advance made it possible to evaluate QB adaptation to thermal changes
at higher temperatures.

To monitor thermal adaptation of Qp, I used the thermally adapted E. coli strain 46L-1F’ as the
host, which was constructed via conjugation with strain 46L-1 and HB2151, and QB 18 mut as the
starting phage, which was one of three replicates that had adapted to 43.6°C and was prepared from
cDNA. Because the growth of QB depends on the growth of the E. coli host and the specific growth
rate of E. coli 46L-1F’ was almost identical between 37.2°C and 44.8°C but decreased by 7% and
26% at 45.3°C and 45.9°C, respectively. Therefore, | conducted the present thermal adaptation
experiments at temperatures up to 45.3°C using the E. coli 46L-1F strain as the host. After
adaptation at 45.3°C, the culture temperature was reverted back to 37.2°C to investigate whether
the ancestral sequence became dominant in the population. In this study, | explored the adaptation
process of ssRNA bacteriophage Qf via stepwise increases to the highest known growth
temperature, 45.3°C and showed that QP can grow and replicate at this temperature within 52 days
(616-638 generations) when the QB 18 mut variant was used as the starting material and within 114
days (1238-1260 generations) when QP ancestral was used as the starting material. Fitness analysis
revealed that Q adapted to growth and replication at 45.3°C had an overall increased temperature
range because these populations could grow with equivalent fitness at 37.2°C. Intriguingly, the
reverse-adapted QB populations showed little to no decrease in fitness after adaptation of the
45.3°C adapted populations to 37.2°C for 8 days (122-124 generations). These results clearly
indicate that QB gained the potential for growth at higher temperatures without showing trade-off
in the lower ranges. The 45.3°C-adapted population had at most 21 substitutions from Qf 18 mut
and 39 substitutions from ancestral Q. In addition, the mutation introduced during this adaptation
tend to increase the frequency in NCR and Al but not randomly in all the genes. These results
suggest that QB could adapt to these elevated temperatures with only point mutations; these
mutations account for 0.8% — 0.9% of the total RNA genome.

Finally, in order to investigate the improved growth characteristics of 43.7°C-adapted endpoint
populations, four kinds of mutant (18 mut-A1781C, -U3784C, -C3879G, and -combined of
three) were prepared through site-directed mutagenesis of the QP expression vector
PACYCQp 18 mut. The fitness assay was performed for four mutants and 18 mut at 43.6°C
using the host strains 43BF’ and 46L-1F" and at 43.7°C using the host strain 46L-1F’ and
compared to determine the selective pressure of 43.7°C-adaptation using 46L-1F’ and Qf 18
mut. The fitness of four mutants and 18 mut at 43.6°C using the host strain 43BF’ and 46L-1F’
showed no statistically significant difference in mean fitness but the mean fitness at 43.7°C is
comparatively lower than that of at 43.6°C. The slightly deleterious and/or natural mutants
(A1781C and U3784C) and beneficial mutant (C3879G) cannot reach the maximum fitness



value separately but combined mutants showed maximum fitness at 43.7°C. These results
suggest that the adaptation temperature 43.7°C acts as a selective pressure for Qf 18 mut, the
mutations were introduced due to thermal adaptation, and the natural and/or slightly deleterious
mutations are important as well as the beneficial mutations for thermal adaptation.

The evolution experiment results of sSRNA bacteriophage Qf performed with thermally
adapted E. coli underscore the observation regarding the rapid adaptation of sSRNA
bacteriophage to novel environments. This evolution experiments focus on temperature on sSRNA
bacteriophage Qp, displaying the adaptation mechanism that can be readily explored for
applications in tracking the emergence of new type of virus. Studies like these are not only critical
for the field related to evolutionary biology but also for the field of control of epidemic diseases
by viruses for humans, livestock, and plants.
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