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ABSTRACT

Mamerow, M.A. The effects of genetic bottlenecks on mutation fixation and replicative
capacity of the influenza A virus. MS in Clinical Microbiology, December 2018, 64pp (P,
Wilker)

The influenza A virus is a common cause of respiratory illness in humans. Seasonal
epidemics of influenza in the United States can result in up to 40 million cases, with
annual hospitalizations and deaths reaching as high as 400,000 and 70,000, respectively.
The influenza A virus continually causes annual epidemics, despite yearly vaccines, as a
result of its high mutation rate, leading to genetically diverse viral populations within
hosts. Respiratory droplet-mediated transmission of the virus between individuals is
accompanied by a bottleneck event that decreases the diversity of the viral population
passed to new hosts. Using controlled artificial bottlenecks of different sizes during in
vitro serial passaging, the impact of these bottleneck events on patterns of mutation
fixation and replicative capacity of the influenza A virus was determined. Growth curves
and genome sequencing were used after passaging to characterize differences in
replicative capacity and identify genomic changes within the population. Serial passaging
at a bottleneck size of one virus generated virus populations with lower replicative
capacity as compared to the original parental virus. This effect was associated with
fixation of numerous mutations spread throughout the genome. An increase in replicative
capacity was evident after repeated bottlenecks of 1000 viruses, demonstrating that
sufficiently loose bottlenecks do not compromise viral replication kinetics and even allow
for improvement. This increase in replicative capacity was associated with several
mutations, clustered primarily in the hemagglutinin genome segment.
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INTRODUCTION
Influenza Background

The family Orthomyxoviridae contains three genera of influenza viruses —
influenza A, B, and C. These are single-stranded, negative-sense RNA viruses with
segmented genomes containing seven or eight genome segments. Influenza A, in
particular, contains eight genomic segments spanning roughly 14,000 nucleotides (1, 2).
Characterization of influenza viruses into type A, B, or C is most commonly done based
on the serological response to internal proteins, specifically the matrix (M) and
nucleoprotein (NP) proteins (3). Influenza A can be further separated into subtypes based
on differences in the surface proteins hemagglutinin (HA) and neuraminidase (NA).
Currently, 18 HA and 11 NA subtypes have been discovered, though only subtypes
H1IN1 and H3N2 currently circulate amongst human populations (4). Both influenza B
and C viruses are primarily isolated from humans, though type B has been found in seals,
and type C in pigs and dogs (2). Wild aquatic birds are the natural reservoir for most
subtypes of influenza A, the exceptions being HA subtypes 17/18 and NA subtypes 10/11
which are only found in bats (4). Influenza A virus also causes disease in a wide variety
of warm-blooded animals. Though only type A viruses have been seen to cause global
pandemics, both influenza A and B are capable of causing large-scale epidemics, with
such outbreaks often occurring in a seasonal fashion, particularly in the winter months (2,

5, 6). Type A viruses also cause the most severe disease, while type C viruses are the



least severe, usually being limited to a mild respiratory illness similar to the common
cold (3).

Infections with influenza A virus (IAV) result in a respiratory illness that can
affect both the upper and lower respiratory tracts. As a respiratory illness, influenza is
primarily transmitted from person to person through respiratory droplets, though
transmission through fomites is also possible. Persons infected with the influenza virus
are often contagious 24 hours before symptoms appear and remain contagious for five
days (7). Influenza can manifest with a variety of non-specific symptoms including fever,
chills, cough, sore throat, and muscle or body aches. In most healthy individuals, the
disease lasts for one to two weeks with no complications. However, in young children,
the elderly, and those with underlying medical conditions, IAV may produce a much
more serious illness that can result in moderate to severe complications, including
pneumonia (both primary viral and secondary bacterial), hemorrhagic bronchitis, and
sepsis (2, 8).

Significance of Influenza

The impact of seasonal influenza is exceptionally hard to determine, due to
variability in the severity and number of cases between seasonal outbreaks. However,
between medical costs, lost earnings or loss of life, it has been estimated that the total
economic burden of seasonal outbreaks of influenza in the United States is $87.1 billion
annually (9). In the last five years, estimates for the total number of cases have ranged
from 7 million to 40 million in the US (10, 11). The better measures for the burden of
influenza are the number of influenza-associated hospitalizations and deaths. During

seasonal outbreaks in the US from 1979-2001, estimates for the annual number of



influenza-associated hospitalizations ranged from 55,000 to 431,000, with a mean of
226,000 (10, 11). During that same period, the estimated annual number of influenza-
related deaths ranged from 3,300 to 70,000 (10, 11). Though the influenza virus can
cause disease in people of any age, the majority of hospitalizations and deaths due to
influenza are in those aged 65+ (11, 12). Emergence of pandemic influenza can greatly
increase the overall burden of influenza, both through an increase in the number of cases
and severity of the disease. The Spanish influenza pandemic of 1918 infected an
estimated 500 million people, one third of the entire global population at the time, leading
to roughly 50 million deaths. The mortality rate of the 1918 pandemic was 25 times
greater than the average mortality rate of season influenza (13). The 2009 H1IN1 ‘swine
flu> pandemic, while not resulting in excessive mortality relative to seasonal epidemics,
caused disease in younger people much more effectively than seasonal influenza,
possibly as a result of lower immunity to HIN1 viruses in this age group. Hospitalization
and death rates in children and working adults were four to seven and eight to twelve
times greater, respectively, due to ‘swine flu’ compared to rates normally caused by
seasonal influenza viruses (14). The continued burden of seasonal epidemics and the
sudden appearance of pandemic strains are due in part to the potent ability of influenza to
change over time.
Influenza Mechanisms of Variation

Antigenic drift is the process through which viruses accumulate genomic changes
that lead to amino acid substitutions within their antigenic sites. In all viruses, influenza
included, antigenic drift occurs as a product of error-prone genome replication and

natural selection. Viruses harboring beneficial mutations can increase in frequency within



a population through selective pressure, primarily the human immune response. Host
antibodies against the influenza viral particle promote evolution of the virus — specifically
within the genome segments coding for HA or NA surface proteins (15). Drift occurring
in these genome segments can lead to changes in the antibody binding sites of the
proteins, reducing the effectiveness of pre-existing antibodies (10, 16). New strains of
influenza can develop due to these antigenic changes, which is one of the reasons
vaccines must be periodically updated and the strains included in the vaccine carefully
selected. Hemagglutinin in particular has evolved in a very distinct stepwise fashion over
the last several decades as a direct result of selective pressure on the influenza virus.
Since the introduction of the H3N2 subtype into the human population in the 1968 Hong
Kong influenza pandemic, evolution of the H3 gene has occurred in a single lineage.
Antigenically different H3 proteins have emerged roughly every 1-2 years, based on data
used for vaccine recommendations (17). Evolution of influenza — through antigenic drift
and driven by selective pressure of the host immune system — is a major factor
contributing to the seasonal nature of outbreaks of the virus but does not explain the
sudden appearance of highly virulent pandemic strains.

Pandemic strains of influenza primarily arise as a result of antigenic shift, a type
of genetic reassortment that occurs in influenza A, but not B or C. Genetic reassortment
is defined as the exchange of genetic material between two distinct viruses infecting the
same cell. In influenza A, this process is facilitated by its segmented genome, which
allows for the efficient reassortment of entire genome segments between different
viruses. Antigenic shift is a specific occurrence of genetic reassortment between subtypes

of influenza, primarily involving the genome segment for the HA protein, as the HA



protein is a primary target of protective antibody responses, though other segments can be
involved. This leads to the introduction of novel subtypes of HA and NA into human
populations, against which there is little existing immunity (2). The emergence of
pandemic strains often involves reassortment of subtypes from different animals.
However, both avian subtypes and human subtypes exhibit a high degree of host-
specificity. Pigs, on the other hand, can be efficiently infected by both avian and human
influenza viruses, making them effective intermediates in which antigenic shift can
happen. The lack of host specificity seen in pigs is due to the nature of the sialic acid
residues, which act as the receptor for influenza A viruses, found on their cells.

The influenza virus binds to sialic acid residues present on host epithelial cells in
order to enter into the cell. These residues are linked to galactose residues at the end of
carbohydrates on cell surfaces. The sialic acid residue can be linked to galactose in two
ways; the carbon atom at position number 2 of the sialic acid hexose can be joined to the
carbon at position 3 of the hexose of galactose (a-2,3 linkage) or to the carbon at position
6 of the galactose (a-2,6 linkage) (18, 19). Avian HA subtypes preferentially bind to
sialic acid connected to galactose via an a-2,3 linkage, while human subtypes
preferentially bind those connected via an a-2,6 linkage. Cells within the pig respiratory
tract contain both types of sialic acid linkages, allowing them to be infected by both avian
and human viruses. Furthermore, the presence of both of these linkages may allow for the
adaptation of avian viruses to the a-2,6 linkage, which is dominant in the human
respiratory tract, potentially leading to the emergence of avian-derived viruses that can

infect humans (17). The adaptation of novel and avian viruses in this manner may lead to



more efficient transmission between humans and aid the virus in reaching its true
pandemic potential (2).

Influenza is constantly evolving, even beyond antigenic shift and drift, primarily
due to being an RNA virus. The RNA-dependent RNA polymerase of influenza
transcribes its genome into positive sense mMRNA (for translation into protein) or cRNA
(for replication of the genome). The polymerases of RNA viruses contain no
proofreading ability, resulting in error rates ranging from 10 to 107 substitutions per
site, though 1AV has been measured to have rates as high as 8x1073 (2, 17). With a
genome merely 14 kb long, this introduces, on average, one mutation into the genome as
a whole each time it is replicated into cRNA. High rates of mutation, coupled with high
replication rates and large population sizes generated during infection, leads to very large
and very diverse viral populations (20). Over the course of an infection in a single
individual, it is estimated that every possible point mutation occurs within these large
viral populations. This population is known as a quasispecies: a collection of closely
related but ultimately distinct viruses organized around a master sequence, where the
master sequence is defined as being the most fit variant selected for amongst the
quasispecies (20-22, 24). Genetic diversity, or the number and frequency of variants
within a quasispecies, is heavily reliant on the tolerance to mutations produced during
replication (24). Viral diversity within a population is constantly in flux, being impacted
by continuous competition and selection, with the fitness of viral progeny determining
their frequency within a population. In general, positive selection allows for the
dominance of higher fitness clones while eliminating those with lower fitness. In contrast

to the constant nature of competition, genetic bottlenecks are distinct events that can both



specifically and stochastically alter viral diversity. These genetic bottlenecks, as must
occur during transmission, can dramatically reduce the population size and may allow
only a small subset of variants, with varying degrees of fitness, to survive and replicate
(25).
Genetic Bottlenecks and the Influenza Virus

Influenza can be transmitted person-to-person in a number of ways. The
consensus is that the most common means through which influenza spreads from person
to person is through large respiratory droplets, defined as respiratory particles larger than
5 um in diameter. These droplets are generated through coughing, sneezing or talking, do
not remain suspended in the air, and require close contact to successfully spread disease
(26, 27). The virus can also become aerosolized through coughing or sneezing and
transmission can occur as microscopic droplets, often smaller than 5 um, remain
suspended in the air for long periods of time (26). Additionally, influenza may be spread
directly, through physical contact with respiratory secretions from an infected host, and
indirectly, through contact with contaminated surfaces or objects in the environment.

Both aerosolized and large respiratory droplets can contain anywhere from 1 to
>1000 viral particles, though droplets typically contain under 100 particles (28—-30).
Within infected individuals, viral populations can be extremely large — populations in the
millions are not uncommon, and some viral populations can be as large as 10*2 particles
per human, and influenza is no exception (24, 31). Thus, transmission events in which
merely 100 virus particles are passed on from a population of millions or billions
represent a very significant genetic bottleneck. These events are defined by a sharp

decrease in a population, leading to a significant reduction in the population diversity. In



viral populations, genetic bottlenecks, especially repeated bottlenecks, are often
accompanied by a loss of fitness (31, 32). This should not come as a surprise — if most
mutations are deleterious, then most progeny are likely less fit than the parent from which
they were generated. The chances of selecting high fitness viruses in the event of a
genetic bottleneck are very small, leading to less fit viruses being spread to new hosts.
Previous work on the influenza virus supports the idea that transmission events
present significant genetic bottlenecks, reducing the diversity of the viral population that
is passed on to new hosts. In one such study, researchers produced over 100 molecularly
barcoded influenza viruses by inserting unique, detectable 22 nucleotide barcode
identifiers into the NS genome segment. Through sequencing of the barcode identifiers
before and after transmission, dynamics of transmission-associated bottlenecks could be
determined. These barcoded viruses were ultimately used to determine that airborne
transmission of the virus in an animal model produced very significant genetic
bottlenecks, with some new infections being initiated by as few as two barcoded viruses,
from an initial starting population of over 100. Additionally, the probability of any given
variant in a population to be passed on through the bottleneck was found to be solely
dependent on its proportion within the original population (33). Other work tracking
avian HA haplotypes passed to new hosts in a ferret model also found that transmission is
accompanied by a bottleneck. A diverse population of HA haplotypes in experimentally
infected index ferrets was reduced to a much smaller number of haplotypes in newly
infected ferrets, suggesting this transmission was mediated by a very small subset of the
original population (34). Though a radically different virus than influenza A, HIV has

also shown evidence for bottleneck events during transmission. New infections were



observed to be initiated by a single viral particle, representing a very drastic reduction in
the population being passed on to new hosts (35). This previous work supports the idea
that transmission events, whether in influenza or other viruses, lead to a bottleneck of the
viral population and a reduction of the diversity of viruses transferred to new hosts.
Muller’s Ratchet Theory

The steady loss of fitness after repeated genetic bottlenecks can be explained by
Muller’s ratchet. More specifically, Muller’s ratchet describes a finite, asexual population
that accumulates irreversible deleterious mutations, leading to a loss in fitness (36). Due
to high mutation rates, eventually every member within a population will acquire a
mutation. As an asexual population, no genetic recombination can occur that may be able
to reverse these mutations and the occurrence of revertant and beneficial mutations are so
low as to not be significant. Once every member of the population has acquired a single
mutation, the ratchet “clicks” and the overall fitness of the population is irreversibly
lowered (37). As this continues, the least-loaded class within the population — those
individuals with the lowest number of mutations — acquires more and more mutations,
potentially leading to extinction of the population (38). Muller’s ratchet can occur
naturally in a sufficiently small population, where a fitness equilibrium cannot be reached
before all members of a population accumulate mutations, but is certainly accentuated
through repeated bottleneck events (37, 39).

Though it began as a hypothesis, Muller’s ratchet has been observed in
populations of RNA viruses exposed to repeated genetic bottlenecks. Repeated plaque-to-
plaque transfers of bacteriophage ®6, vesicular stomatitis virus (VSV), and foot-and-

mouth disease virus (FMDV) led to significant losses in fitness (39-41). Plaque-to-plaque



transfers represent a bottleneck size of a single particle, intensifying genetic drift that
occurs naturally in RNA viruses (41). Interestingly, these RNA viruses undergo varying
levels of recombination and reassortment, which could potentially allow the viruses to
elude fitness losses from mutation. VSV and FMDV are single-stranded viruses, while
Bacteriophage ®6 contains a segmented genome, like influenza, allowing for
reassortment between segments. Reassortment can potentially eliminate mutations, if two
co-infecting viruses have mutations on separate segments. However, in experiments with
the bacteriophage, mutations were not limited to a single segment, rendering reassortment
ineffective at circumventing deleterious mutations (41). FMDV, a non-segmented RNA
virus, cannot undergo reassortment, but exhibits high rates of recombination during
replication (39). Despite this, plague-to-plaque transfers led to a significant loss in fitness
in the majority of passaged clone populations (39). VSV is also a non-segmented RNA
virus, but unlike FMDV does not undergo measurable recombination during replication.
Unsurprisingly, fitness losses were also observed in most clone populations after repeated
passages of VSV (40). Though direct comparisons between experiments with FMDV and
VSV are tenuous at best, it is interesting that plaque-to-plaque transfers had a similar
effect on virus populations in both the presence and absence of recombination. This
would suggest that recombination, and even reassortment, may not be sufficient to
counteract the effects of Muller’s ratchet.

Though Muller’s ratchet remains irreversible in small and bottlenecked
populations, further work on VSV showed that large-scale passages of greater than
100,000 viruses were enough to not only return fitness, but improve it beyond original

levels (40, 42). Bottleneck events prevent natural selection from removing low fitness
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mutants whereas large-scale passages bring selection back into the fold, allowing higher
fitness clones to out-compete other mutants. Additionally, large-scale passages increase
the chances that clones with advantageous mutations are among the new population that
is passed on. It is important to note, however, that the potential fitness gains from large
population passages are highly dependent on the fitness of the population being passaged.
In a very high fitness population, the likelihood of mutations occurring that further
increase fitness is very low. Thus, even high population passages may fail to provide
enough “better” clones that could lead to an increase in fitness. On the other hand, if the
fitness of the population is very low, then mutations are much more likely to be
advantageous. Large-scale passages of such a population would contain many viruses
with higher fitness than the population mean, leading to very drastic and rapid fitness
recovery (43).

Studies looking at the effect of genetic bottlenecks have been done on both
segmented RNA viruses (bacteriophage ®6) and single-stranded, negative sense RNA
viruses (VSV), yet it remains unclear how much overlap these viruses have with
influenza, a segmented, negative sense, single stranded, RNA virus that is repeatedly
subjected to poorly defined bottleneck events during respiratory droplet-mediated
transmission. A segmented genome appears to be insufficient in counteracting Muller’s
ratchet in drastic bottleneck events. However, influenza A has eight segments compared
to three segments with bacteriophage ®6, which theoretically means there needs to be a

much greater accumulation of mutations before reassortment cannot recoup fitness losses.
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Research Objectives

Here we sought to define the impact of serial genetic bottleneck events of varied
sizes on the replicative capacity and mutational pattern of influenza viruses using an in
vitro model system. We used a system of controlled artificial bottlenecks during in vitro
serial passage of an influenza virus to model the effects of various types of genetic
bottlenecks that have been shown to occur during aerosol-mediated transmission between
mammals. Seasonal epidemics of influenza must involve significant amounts of repeated
bottleneck events as the virus transmits between individuals. However, extinction of the
virus as a result of fitness losses after transmission events does not occur, despite this
being an expected outcome of repeated genetic bottlenecks. Loose bottlenecks that may
circumvent Muller’s ratchet could allow viruses to avoid these extinction events. This
work hopes to shed some light on the exact impact of these bottleneck events and how
similar events during seasonal epidemics actually affect the influenza virus. Additionally,
this work could be useful in extrapolating the role of bottlenecks in the adaptation of
avian influenza viruses to humans. Work on avian influenza viruses have shown that as
few as four or five mutations are necessary to allow airborne transmission of these
viruses in mammalian models (44, 45). In addition to the accumulation of these
mutations, any avian viruses must also survive a bottleneck as they are transmitted from
avian to mammalian hosts. Working to characterize these bottleneck events could provide
insight into the type of obstacle these events present to avian influenza viruses. In order
to accomplish our goal of determining the impact of serial bottlenecks on the influenza A

virus, we defined two specific aims, which are outlined below:
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Aim 1. Generate lines of influenza A/Victoria/361/2011 (H3N2) that have been subjected
to repeated genetic bottlenecks of defined size during serial passage in vitro.
Aim 2. Compare the replicative capacity and genomic sequence of serially ‘bottlenecked’

virus lines to the parental virus.
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MATERIALS AND METHODS
Experimental Overview

To determine the effect of genetic bottleneck size on replicative capacity, influenza
A/Victoria/361/2011 (H3N2) was subjected to artificial genetic bottleneck sizes of 10°
and 103 viruses during serial passage in cell culture (Fig. 1). This specific parental strain
of influenza was chosen to minimize risk of human infection, as it was the primary target
of the 2011 influenza vaccine. Thirty plaque-to-plaque transfers were done to produce
viral lines subjected to a bottleneck size of 1 virus. For a bottleneck size 10° viruses, each
round of sequential growth in culture was initiated using the number of viruses
corresponding to the bottleneck size. Three independent lineages were generated for each
bottleneck size. Harvested virus from every passage number, or plaque, in the case of the
plague-to-plaque transfers, was saved and frozen and plaque assays were done to
determine the concentration of harvested viruses after each round of growth so that the

next round could be initiated with the proper number of infectious virions.
Determination of Viral Concentration by Plaque Assay

Twelve-well plates were seeded one day prior to the assay with 1 ml/well of Madin-
Darby Canine Kidney (MDCK) cells, a cell line routinely used for influenza work, at a
concentration of 2.25x10° cells/ml and incubated at 37°C with 5% CO,. Each well

containing cells was washed twice with phosphate buffered saline (PBS) after which the
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FIGURE 1 Experimental design of serial bottlenecks of 1 and 1000 viral particles. Parental virus A/Victoria/361/2011 (H3N2) was
used to perform a routine plaque assay using MDCK cells, after which virus was harvested from a plaque and used for subsequent
plaque assays, out to 30 passages, for the plaque-to-plaque transfers. For a bottleneck size of 102 viruses, parental virus was used to
infect MDCK cells in a T25 flask for 3 days, harvested, frozen for one day, and then used to infect a new flask of MDCK. This
process was repeated 30 times for the serial passaging process.
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wells were inoculated with 200 pl of viral dilutions, with any control wells receiving 200
ul of Minimal Essential Media (MEM) supplemented with bovine serum albumin (BSA),
sodium bicarbonate, MEM amino acids, antibiotics, an antimycotic, ThermoFischer
MEM 100x vitamin solution (Cat # 11120052), and HEPES buffer, herein referred to as
MEM-BSA. For the virus being quantified, a ten-fold dilution series was prepared in
MEM-BSA out to a final dilution determined reasonable for the virus being used. After
inoculation, plates were incubated for 45 minutes at 37°C with 5% CO.. After incubation,
viral inoculant was aspirated off and each well was washed again with PBS. Cells then
received a 1 ml overlay of MEM-BSA containing 1% molten SeaPlaque agar, and TPCK-
treated trypsin at a final concentration of 1 pg/ml. Once the overlay had solidified, the
plates were incubated upside-down at 37°C and 5% CO: for three days. After the three-
day incubation period, plates were removed and fixed for a minimum of four hours with
10% buffered formalin and stained with crystal violet dye. Plaques were counted to
determine the concentration of virus harvested from the infected flasks using the

following equation:

Average of 2 plaque counts

Concentration (PFU/ml)=
( ) (inoculant volume)(dilution factor)

Plaque-to-Plaque Transfer

Viral stocks were diluted 10-fold in MEM-BSA.. Six-well plates were seeded one
day prior to infection with 2 ml/well of MDCK cells at a concentration of roughly
2.25x10° cells/ml and incubated at 37°C with 5% CO.. Wells were washed twice with
PBS and then inoculated with 400 pl of the viral dilutions. Infected plates were incubated

at 37°C with 5% CO. for 45 minutes with occasional rocking. After incubation,
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remaining viral inoculant was aspirated off and all wells washed with PBS. A solid
overlay was prepared in an identical manner as the overlay for plaque assays and 2 ml
was added to each virally inoculated well and left to solidify, at which point the plates
were incubated at 37°C and 5% CO. for three days. Once the three-day incubation period
had passed, plaques were visualized by holding plates up to a light and circled on the
underside of the plate. Circled plaques were picked using a 20 pl pipette and dispensed
into 500 ul of MEM-BSA. Picked plaques were diluted out in 500 pl PBS and used for a

dilution series in order to start the next plaque assay, repeating the process.
1000 PFU Transfer

Three T25 flasks, one flask for each viral line, were seeded one day prior to
infection with 3.5 ml of cells at a concentration of 2.25x10° cells/ml. Using viral
concentrations obtained from plaque assays, virus from each of the three viral lines was
diluted out to produce a solution of virus at a concentration of 1000 plague-forming units
(PFU)/ml. The following day, cells were washed twice with PBS and inoculated with 1
ml of the freshly prepared, 1000 PFU/ml viral solution. Infected flasks were incubated at
37°C, 5% CO; for 45 minutes with occasional rotation, after which all remaining liquid
was aspirated off and replaced with 3.5 ml of MEM-BSA containing TPCK-treated
trypsin at a final concentration of 1 pg/ml. After infection with the virus, flasks were
incubated at 37°C, 5% CO for three days at which point 90% of cells were dead and
lifted from the bottom of the flasks. Media from infected flasks was pipetted into a 15 ml
tube and centrifuged at 2,297 x G for five minutes to pellet cell debris. Supernatant was

removed, placed into new 15 ml tubes, and vortexed for ~10 seconds. Finally, 300 pul
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aliquots of the supernatant were pipetted into sterile 1.5 ml microfuge tubes, labeled with

the passage number, bottleneck size, and date and stored at -70°C.
Multi-Cycle Growth Curve

Four T25 flasks, one flask for each viral line and one for the parental virus, were
seeded one day prior to infection with 3.5 ml of cells at a concentration between 2.0 and
2.5x10° cells/ml. The concentration, determined through manual counting using a
hemocytometer, was recorded and the total number of cells in the flask 24 hours (when

confluency was 90-100%) after seeding was estimated using the following equation:
Total cells = Cell concentration at seeding x volume added to flask x 2

Using viral concentrations obtained from plaque assays, virus from each of the three viral
lines was used to infect the flask at a multiplicity of infection (MOI) of 0.001. For
infection, cells were washed twice with PBS and inoculated with 1 ml of the freshly
prepared viral stocks. Infected flasks were incubated at 37°C, 5% CO- for 45 minutes
with occasional rotation, after which all remaining liquid was aspirated off and replaced
with 3.5 ml of MEM-BSA containing TPCK-treated trypsin at a final concentration of 1
ug/ml. After infection with the virus, flasks were incubated at 37°C, 5% CO: for three
days. Samples were taken every 12 hours. For the 12-hour sample, two aliquots of 110 pl
from each flask were taken, placed into a 1.5 ml tube, and frozen. All other time points
consisted of two 30 pl aliquots removed and frozen in the same manner. Plaque assays
run in duplicate with parallel dilution series for each virus at each time point were
performed in order to determine the concentration of the virus at the respective time

point.

18



Viral Amplification

Three T75 flasks, one flask for each viral line, were seeded one day prior to
infection with 2.25x10° cells. The total number of cells in the flask 24 hours after seeding
was estimated in the same manner as for the multi-cycle growth curve. The following
day, virus from each of the three viral lines was used to infect cells at an MOI of 0.001
for the 1000 PFU viruses or an MOI of 0.01 for the plaque-to-plaque viruses. Different
MOIs were used to account for differences in replicative capacity. Infected flasks were
incubated at 37°C, 5% CO> for 45 minutes with occasional rotation, after which all
remaining liquid was aspirated off and replaced with 10 ml of MEM-BSA containing
TPCK-treated trypsin at a final concentration of 1 ug/ml. Flasks were then incubated at
37°C, 5% CO> for 24 or 36 hours, for the 1000 PFU viruses and plaque-to-plaque viruses,
respectively. Following the incubation period, the virus was harvested using the same
protocol as described in the “Virus Recovery” sub-section.

Single-Cycle Growth Curve

Four T25 flasks, one flask for each viral line and one for the parental virus, were
seeded one day prior to infection with 3.5 ml of cells at a concentration between 2.0 and
2.5x10° cells/ml. The total number of cells in the flask 24 hours after seeding was
estimated using the same protocol as described in the “Multi-Cycle Growth Curve”
subsection. Stocks of amplified virus from each of the three viral lines were prepared to
produce an MOI of 5, based on the estimated number of cells. Preparation and infection
of the flasks again followed the previously described protocol. After infection with the
virus, flasks were incubated at 37°C, 5% CO: for 12 hours. Two 30 pl aliquots were

taken every three hours, placed into a 1.5 ml tube, and frozen. Plaque assays run in
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duplicate with parallel dilution series for each virus at each time point were performed in
order to determine the concentration of the virus at the respective time point.

RNA Purification and Reverse Transcription

Viral RNA was purified from the viral stocks using the Ambion PureLink™ RNA
Mini Kit (Cat # 12183018A) after which the RNA was reverse transcribed into cDNA
using the Invitrogen SuperScript 111 First-Strand Synthesis System for RT-PCR. For
reverse transcription, the primer AUni12F (5-AGCRAAAGCAGG-3), targeting 12
bases in the upstream untranslated region that are highly conserved amongst all influenza
A viruses, was used. Both RNA purification and reverse transcription (RT) followed the

procedures described by the respective Kits, including thermocycler parameters.
Sequencing

Viral genome segments were amplified individually using the BioRad iProof™
High Fidelity PCR kit (Cat # 1725330). Samples were prepared following the Kit-
provided recommendations for 50 pl reactions, with the exception of MgClz, which was
added to reach a final concentration of 3.4 mM. Additionally, 2 ul of viral cDNA was
added as template to each reaction. Primers were added individually to each reaction, at a
volume of 2.5 pl, to reach a final concentration of 5 uM. Primer sets and the region of
each genome segment amplified by said primers for each passaged viral line and the
parental virus can be seen in Table 1. Those primers labeled as M13F or M13R include a
tag to facilitate downstream sequencing using the M13 forward (M13F, underlined in
Table 2), or M13 reverse (M13R, bolded in Table 2) primers as described in Table 2.
Primers not containing these M13 tags were sequenced using the same primers used in

amplification. PCR amplification followed one of two thermocycler protocols. The first
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TABLE 1 Primer pairs used for segmented genome amplification.

Primer

A-PB2-I-M13F
A-PB2-I-M13R
A-PB2-1I-M13F
A-PB2-1I-M13R
A-PB2-11I-M13F
A-PB2-11I-M13R
P30-PB2-I-F
P30-PB2-I-R
P30-PB2-II-F
P30-PB2-I1I-R
P30-PB2-llI-F
P30-PB2-l11-R
P30-PB2-I-F
A-PB2-I-M13R
A-PB1-I-M13F
A-PB1-I-M13R
A-PB1-1I-M13F
A-PB1-1I-M13R
A-PB1-1I-M13F
A-PB1-1I-M13R
P30-PB1-II-F
P30-PB1-II-R
P30-PB1-lll-F
P30-PB1-llI-R
A-PB1-1I-M13F
P30-PB1-II-R
A-PA-I-M13F
A-PA-I-M13R
A-PA-II-M13F
A-PA-II-M13R
A-PA-III-M13F
A-PA-III-M13R
P30-PA-I-F
P30-PA-I-R
P30-PA-II-F
P30-PA-I1I-R

1000 PFU

v

v

Bases Parental Plaque-to-plaque
Amplified A30 B30 C30 A30 B30 C30
1-864 v v v
745-1694 v v v v
1469-2340 v v v v
1-787

625-1317

1101-1785

1-864 v

1-820 v v v v
693-1634 v 4 v v
1520-2334 v 4 v v
596-1350

1225-1817

693-1350

1-980 4 v v v
861-1619 v v v v
1435-2231 v 4 v v
6-710

590-1343
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TABLE 1 (Continued)

Primer Bases Parental Plaque-to-plaque 1000 PFU
Amplified A30 B30 C30 A30 B30 C30
P30-PA-IlI-F
1137-1829 v v
P30-PA-III-R
P30-PA-IV-F
1689-2221 4
P30-PA-IV-R
A-HA-I-M13F 51199 v v v v v v v
A-HA-I-M13R
A-HA-II-M13F
843-1763 v v v v v
A-HA-II-M13R
P30-HA-II-F
1351-1724 v v
P30-HA-II-R
P30-HA-II-F
1351-1763 v v
A-HA-II-M13R
A-NA-I-M13F
1-845 v v v
A-NA-I-M13R
A-NA-1I-M13F
723-1467 v v v v v
A-NA-1I-M13R
NA-I M13F v2
Y 8-828 v v v
NA-1 M13R v2
P30-NA-I-F
1-608 v v
P30-NA-I-R
P30-NA-II-F
350-1034 v v v
P30-NA-II-R
P30-NA-III-F
819-1411 v v
P30-NA-IlI-R
P30-NA-III-F
819-1467 v v
A-NA-1I-M13R
A-NP-I-M13F
9-1026 v v v v
A-NP-I-M13R
A-NP-II-M13F 841-1568 v v v v v v v
A-NP-11-M13R
P30-NP-I-F
2-613 v v v
P30-NP-I-R
P30-NP-II-F
407-1026 v v v
P30-NP-II-R
A-NS-I-M13F
1-891 4
A-NS-I-M13R
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TABLE 1 (Continued)

Primer Bases Parental Plaque-to-plaque 1000 PFU
Amplified A30 B30 C30 A30 B30 C30
NS-1 M13F v2 LS v v v v v o
NS-1 M13R v2
NS-1l M13F 353-532 v v v v v v
NS-I M13R
NS-1l M13F
353-891 v v v
A-NS-I-M13R
A-M-I-M13F
1-1028 4
A-M-I-M13R
M-I M13F v2 e v v v v v v
M-1 M13R v2
P30-M-I-F
426-801 v v v
P30-M-I-R
P30-M-II-F
596-891 v v v
P30-M-II-R
M-Il M13F
371-1028 v v v
A-M-I-M13R
P30-M-II-F
596-1028 v v v
A-M-I-M13R

protocol, used for amplification of segments using primers containing the M13 tags,
consisted of an initial denaturation at 98°C for 30 seconds followed by five cycles of
98°C for 10 seconds, 50°C for 20 seconds, and 72°C for 30 seconds followed by 35
cycles of identical parameters, except for an increase in annealing temperature to 60°C,
and a final elongation at 72°C for five minutes. The alternate protocol, used for
amplification of segments not containing the M13 tags, consisted of an initial
denaturation at 98°C for 30 seconds followed by 40 cycles of 98°C for 10 seconds, 60°C
for 20 seconds, and 72°C for 30 seconds and a final elongation at 72°C for five minutes.
All thermocycling was done using the Bio-Rad T100™ Thermal Cycler (Cat #1861096).
After PCR, amplified products were separated on a 2% agarose gel using gel
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electrophoresis, excised from the gel, and purified using the Invitrogen PureLink™
Quick Gel Extraction Kit (Cat # K210012). Elution of the DNA was done in molecular
grade water instead of elution buffer, however. Purified DNA was diluted to about 20
ng/ul using molecular grade water and sent to Eton Bioscience (5829 Oberlin Dr, San
Diego, CA 92121) for sequencing. Sequencing data were compiled and assessed using

the DNASTAR Lasergene and/or the Serial Cloner software.
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RESULTS

Changes in Replicative Capacity

Plaque-to-plaque bottlenecked virus

To evaluate the replicative capacity of three viral lines (A, B, and C) after 30
plaque-to-plaque transfers, MDKC cells were infected at an MOI of 0.001 with passage
30 virus. Samples were taken every 12 hours post-infection out to 48 hours and
characterized by routine plague assay. Two of three viral lines exhibited lower viral titers
at all hours post infection compared to the parental virus A/Victoria/361/2011 (H3N2)
(Fig. 2). Both lines B and C had viral titers nearly two-log lower than that of the parental
virus at 12 hours post infection. By 48 hours post infection, the viral titer differences of
these two lines represented a roughly one-log decrease compared to that of the parental
virus, with line C having slightly lower titers than that of line B. These decreased viral
titers suggest the two viral lines experienced a drop in replicative capacity as a result of
the serial passaging process. The remaining viral line, however, had viral titers similar to
those of the parental virus, except at 12 hours post-infection, where the viral titer was
roughly half a log lower than that of the parental virus. Based on these titers, this line did

not appear to lose fitness after being subjected to repeated plaque-to-plaque bottlenecks
(Fig. 2).

Differences in replicative capacity were also reflected in the phenotypic
differences between the plaques produced by the serially bottlenecked viruses and those
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FIGURE 2 Multi-cycle growth curve of three independent viral lines (Line A/B/C) subjected to 30 plaque-to-plaque
transfers, representing a bottleneck size of 1 PFU, compared to the parent virus A/Victoria/361/2011 (H3N2)
(Parental). Flasks containing confluent MDCK cells were infected with bottlenecked viruses or the parental virus at
an MOI of 0.001. Virus was harvested at the indicated hours post-infection and titered as plague-forming units/mL
(PFU/mL).
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produced by the parental virus. Plaques produced by lines B and C, the viral lines
exhibiting lower viral fitness compared to the parental virus, were both smaller and
fainter than those produced by the parental virus (Fig. 3). Visual differences in the
plaques are quite evident and support the conclusion that these viral lines have
experienced a loss in fitness. Line A also produced plaques noticeably different in size
than those produced by the parental virus, though plaque numbers matched those of the
parental virus (Fig. 3). This phenotypic difference could suggest a change in replicative

capacity that was not evident in the multi-cycle growth curve.

Parental

FIGURE 3 Plaque phenotypes of 1 PFU passaged viral lines compared to parental virus.
Viral dilutions were prepared and inoculated onto MDKC cells within 12-well tissue
culture plates. Following three days of growth, cells were fixed with formalin for a
minimum of four hours and stained with crystal violet dye to visualize plagues.
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To determine viral fitness over a single replicative cycle, viruses subjected to 30
plaque-to-plaque transfers were used to infect MDCK cells at an MOI of 5. The results of
the multi-cycle growth curve were not mirrored in the single cycle growth curve (Fig. 4).
All three serially passaged viruses showed lower PFU counts than the parental virus at
the first time point, representing a roughly half-log drop in viral titer compared to the
parental virus. However, by nine hours all three viruses had surpassed the parental virus,
with line A surpassing the parental virus after just 6 hours (Fig. 4). Line A produced viral
titers nearly a half-log greater than the parental virus at six hours, which increased to a
one-log difference by twelve hours. Meanwhile, lines B and C had lower viral titers at six
hours post infection, which changed into a roughly one-log increase over the parental
virus by twelve hours post-infection. Like the multi-cycle growth curve, there also
appeared to be a significant difference amongst the three bottlenecked viral lines. Line A
had higher viral titers at all time points, most notably at six hours post-infection where
viral titers were one-log higher than lines B and C, suggesting differences in replicative
capacity that were evident in the multi-cycle curve as well. The visual nature of the
growth curves themselves between line A and lines B and C also underline the
differences between the viral lines. Viral titers for line A increased from three to nine
hours post-infection before levelling out at twelve hours. Lines B and C had viral titers
that remained steady between three and six hours post-infection, increased between six

and nine hours, and remained steady once again between nine and twelve hours.
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FIGURE 4 Single-cycle growth curve of three independent viral lines (Line A/B/C) subjected to 30 plaque-to-
plaque transfers, representing a bottleneck size of 1 PFU, compared to the parent virus A/Victoria/361/2011 (H3N2)
(Parental). Flasks containing confluent MDCK cells were infected with bottlenecked viruses or the parental virus at
an MOI of 5. Virus was harvested at the indicated hours post-infection and titered as plaque-forming units/mL
(PFU/mL).
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1000 PFU bottlenecked virus

To evaluate the replicative capacity of viral lines after 30 serial passages at a
bottleneck size of 1000 PFU, three serially passaged viral lines were used to infect
MDKC cells at an MOI of 1073, After 30 passages at a bottleneck size of 1000 PFU, the
serially passaged viruses exhibited increased titers compared to the parental virus,
suggesting this bottleneck size was large enough to allow for an increase in replicative
capacity as a result of the passaging process (Fig. 5). At all hours post-infection, the
bottlenecked viral lines had higher viral titers than the parental virus. This increase was
less than half a log at 12 hours, between the passaged viruses and the parental virus, but
increased to a roughly half-log difference at 24, 36, and 48 hours post-infection. There
were also no significant differences in replicative capacity, based on viral titer produced
during the growth curve, amongst the three serially passaged lines. Not only were viral
titers clustered between the three lines at all time points, but no one viral line had
consistently higher titers across all time points (Fig. 5). This suggests the replicative

capacity of the three serially bottlenecked viral lines to be roughly equivalent.

The phenotypes of the plaques produced by the serially passaged viruses,
particularly when compared to the plaques produced by the parental virus, support the
conclusion that the bottlenecked viruses improved their replicative capacity as a result of
the passaging process. Plaques from bottlenecked viral lines A and B were visibly larger

and more pronounced than those produced by the parental virus, suggesting a
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FIGURE 5 Multi-cycle growth curve of three independent viral lines (Line A, B, and C) subjected to thirty 1000 PFU
bottlenecks compared to the parent virus A/Victoria/361/2011 (H3N2) (Parental). Flasks containing confluent
MDCK cells were infected with bottlenecked viruses or the parental virus at an MOI of 0.001. Virus was harvested
at the indicated hours post-infection and titered as plaque-forming units/mL (PFU/mL).
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difference in replicative capacity (Fig. 6). Line C produced a number of plaques that were
visibly similar to those produced by the parental virus, yet also produced some plaques
with phenotypes closer to those produced by lines A and B. The smaller plaques
produced by line C could be suggestive of a difference in replicative capacity from the
other bottlenecked viral lines not evident in the multi-cycle growth curve (Fig. 6). Itis

also possible the phenotypic differences within the plaques formed by line C were

Parental

FIGURE 6 Plaque phenotypes of viral lines after thirty 1000 PFU passages (A30, B30,
C30) compared to that of the parent virus A/Victoria/361/2011 (H3N2) (Parental). Viral
dilutions were prepared and inoculated onto MDKC cells within 12-well tissue culture
plates. Following three days of growth, cells were fixed with formalin for a minimum of
four hours and stained with crystal violet dye to visualize plaques.
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due to extraneous factors, such as agar concentration or cell monolayer thickness not

related to the virus itself.

To determine viral fitness over a single replicative cycle, viruses subjected to
thirty serial transfers at a size of 1000 PFU and then amplified once were used to infect
MDCK cells at an MOI of 5. The single cycle growth curve supported the results of the
multi-cycle growth curve and the difference in plaque phenotypes (Fig. 7). All three viral
lines subjected to thirty 1000 PFU bottlenecks showed higher viral titers than the parental
virus from six hours post-infection onwards, suggesting an improvement in replicative
capacity as a result of the passaging process. Viral titers of the serially passaged viruses
were nearly 1.5-log higher than those of the parental virus at six, nine, and twelve hours
post-infection. In addition to the increased viral titers, the bottlenecked viruses exhibited
a different growth curve than that seen in the parental virus. While the parental virus
titers appeared to go through a lag phase before increasing after nine hours, the serially
passaged viruses continually increased in count throughout the twelve hour growth curve
(Fig. 7). This difference could also be indicative of a difference in replicative capacity.
While the three viral lines were nearly identical at all hours post infection in the multi-
cycle growth curve, there were minor discrepancies between the three viral lines in the
single-cycle curve. In particular, both lines B and C produced higher viral titers at 9 and
12 hours post infection than line A, though this difference in titer was not nearly as
pronounced as that seen between the bottlenecked viruses and the parental virus, which

was nearly a two-log difference.
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FIGURE 7 Single-cycle growth curve of three independent viral lines (Line A/B/C) subjected to thirty 1000 PFU
bottlenecks compared to the parent virus A/Victoria/361/2011 (H3N2) (Parental). Flasks containing confluent
MDCK cells were infected with bottlenecked viruses (Line A/B/C) or the parental virus at an MOI of 5. Virus was
harvested at the indicated hours post-infection and titered as plaque-forming units/mL (PFU/mL).
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Changes in Genomic Sequence

Plaque-to-plaque bottlenecked virus

After 30 serial plaque-to-plaque passages, ten mutations were identified in lines A
and C while thirteen mutations were identified in line B, which were associated with the
previously discussed changes in replicative capacity. In line A, 50% of present mutations
were non-synonymous compared to 54% in line B and 70% in line C. Amongst the three
viral lines, mutations were present in all eight genome segments, affecting nine different
proteins. Line A and line C had mutations in five genome segments affecting five
proteins whereas line B had mutations in seven genome segments altering eight proteins.
All mutations, denoted by the genome affected, the base change caused by the mutation,
and the accompanying amino acid substitution, if applicable, can be seen in Table 2.
Nucleotide numbering is based off publicly available reference sequences for the parental
virus, A/Victoria/361/2011 (H3N2), though sequence information is based on data
collected from the parental virus used in these experiments (46). All three viral lines
contained the mutations A545C and A544G, within the HA genome segment, which
together contribute to the amino acid change Arg156GIn. In addition to the A544G and
A545C mutations, there were another two mutations shared amongst all viral lines within
the HA genome segment — C647A and A733C. Amidst the mutations across all three
viral lines there were 16 transversions (54%) - mutations involving a switch from a
purine (A/G) to a pyrimidine (C/T), or vice versa (Table 3). Of these sixteen
transversions, five were in line A (50% of all mutations), eight were in line B (62%), and
five in line C (50%). Three transversions in each viral line were synonymous mutations,

with the remaining representing non-synonymous mutations.
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TABLE 2 Genomic mutations identified in the plague-to-plaque passaged viruses.

Line A Line B Line C
Segment Mutation Amino Acid Mutation Amino Acid Mutation Amino Acid
Change Change Change
PB2 A37G A1

C897A =
A1464T R479S
T1706C V560A

PB1 A397G -
T781A -
G1217A A401T
PA A817C -
Al1661G D547G
A2166G -
HA A544G R156H A544G R156H A544G R156H
A545C - A545C - A545C -
A544G & R156Q A544G & R156Q A544G & R156Q
A545C A545C A545C
C647A E190D C647A E190D C647A E190D
A733C Y219S A733C Y¥219S A733C Y219S
G1299T D408Y
NA A210G E64G
A265T -
G968A V317M T958G -
NP A435T -
A1401C K452N
M1 G349A T108T
A546G K174R
M2 C389T -
NS1 C253T -
Total 10 13 10

1 Dashes indicate synonymous mutations, where no change in amino acid occurred

TABLE 3 Synonymous and non-synonymous mutations and transversions in plaque-to-
plaque passaged viruses

Line A Line B Line C
Synonymous 5 (50%) 6 (46%) 3 (30%)
Non- 5 (50%) 7 (54%) 7 (70%)
synonymous
Transversions 5 (50%) 8 (62%) 5 (50%)
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1000 PFU bottlenecked virus

After 30 serial passages at a bottleneck size of 1000 PFU, four mutations became
fixed within the viral population of line A, six in line B, and five in line C. Between all
three viral lines, mutations spanned five genome segments and affected five proteins.
These mutations, their locations in the genome, base substitutions, and amino acid
changes can be seen in Table 3. Nucleotide and amino acid numbering are based off
reference sequencing information for the parental virus A/Victoria/361/2011 (H3N2)
(46). Of the 15 total mutations amongst the three viral lines, 13 were non-synonymous,
with the two synonymous mutations being located at nucleotides 1989 in the PB2
segment of line B and 1006 in the NA genome segment of line C. Additionally, each line
had only two synonymous mutations present in non-HA genome segments. All remaining
mutations for each of the three viral lines affected the HA protein. Amongst the three
lines, there were five unique mutations within the HA genome segment. Two of these
mutations were shared between lines B and C. Line A harbored two HA mutations not
found in any of the other viral populations, C460A and T553A, while line B had only one
- T655C. Two other mutations outside of the HA genome segment were also shared
between viral lines. Both lines A and B contained the mutation G2245A within the PB2
genome segment and all three contained a mutation in the M segment, A546G. Amongst
the mutations across all the three viral lines there were three transversions (20%) (Table
5). Two of these occurred in line A (50%), both in non-synonymous mutations, while one
occurred in line B (17%), in the singular synonymous mutation present in that line. No

transversions were present in line C.
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TABLE 4 Genomic mutations identified in the 1000 PFU bottlenecked viruses.

Line A Line B Line C
Genome Mutation Amino Acid Mutation Amino Acid Mutation Amino Acid
Segment Change Change Change
PB2 T1989G -1
G2245A D740N G2245A D740N
PA A107G K29R
HA C460A T128N
T553A F159Y
C572T V165N C572T V165N
G633A V18el G633A V186l
T655C F193S
NA C1006T -
M1 A546G K174R A546G K174R A546G K174R
Total 4 6 5

1 Dashes indicate synonymous mutations, where no change in amino acid occurred

TABLE 5 Synonymous and non-synonymous mutations and transversions in 1000 PFU
passaged viruses.

Line A Line B Line C
Synonymous 0 (0%) 1(17%) 1 (20%)
Non- 4 (100%) 5 (83%) 4 (80%)
synonymous
Transversions 2 (50%) 1(17%) 0 (0%)

38



DISCUSSION

The primary goals of this research were to determine the effects of controlled
artificial bottlenecks on the replicative capacity and evolutionary trajectory of the
parental influenza virus A/Victoria/361/2011 (H3N2). This work has shown that at a
bottleneck size of one virus, brought about through plaque-to-plaque passaging, reduced
replicative capacity in two out of three viral lines was concomitant with a number of
mutations throughout the viral genomes. Conversely, in viral lines passaged at a
bottleneck size of 1000 PFU, replicative capacity was not only maintained, but actually
increased. The mutations within these lines were primarily clustered in the HA genome

segment, as opposed to being spread throughout the genome.

Fitness Effects of Plaque-to-Plaque Transfers and Associated Mutations

Based on previous work with other RNA viruses, it is no surprise that influenza
also experiences a loss in fitness after repeated plaque-to-plaque transfers (39-41). It is
interesting that only two of the three viral lines subjected to plaque-to-plaque bottlenecks
exhibited a loss in fitness, but not unexpected. While it would be difficult for a virus to
avoid the accumulation of deleterious mutations that would lead to a decrease in fitness
when being repeatedly passaged at a bottleneck size of 1 PFU, it is not impossible, and

serves to underscore the random nature of mutations in RNA viruses.

The mutations seen in the plaque-to-plaque viruses are suggestive of an absence

of natural selection, which would be expected after such severe bottlenecks as those
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produced through plaque-to-plaque transfers. Recent work determining the nature of
influenza bottlenecks between humans found similar results, specifically that between-
host bottlenecks were stringent enough to lead to the fixation of stochastic mutations and
preventing positive selection of higher fitness variants (47). Even though high fitness
mutations may appear within the population, the stringency and stochastic nature of the
bottleneck impede the transmission of these high fitness clones, since those viruses
passed on are based solely on their frequency in the original population. However, even
in human infections, viruses containing beneficial mutations do not appear to reach
frequencies above 2%, though antigenic drift still proceeds as a result of the sheer
number of transmissions that occur during seasonal epidemics (47). Thus, in the presence
of stringent bottlenecks, as seen in these plaque-to-plaque transfers, fitness fails to
improve due to viruses containing beneficial mutations being present at such low
frequencies. Why clones containing beneficial mutations don’t reach frequencies high
enough to promote their transmission remains an unanswered question. In the plaque-to-
plaque model, it is possible the virus simply cannot replicate to high enough numbers for
any variant to out populate lower fitness clones. One possibility could be that viral
populations within individuals, and presumably within cell culture models, are dominated

more by stochastic processes than positive selection.

The similar number of synonymous mutations and non-synonymous mutations in
the plaque-to-plaque passaged viruses is also evidence of a lack of positive selection. In
general, a higher rate of non-synonymous mutations (dn) compared to synonymous
mutations (ds) at a specific codon is indicative of positive selection acting at that site

within the genome. While dn and ds cannot be calculated for these viruses, primarily
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because mutations within these viruses are not being tracked over time, the nearly equal
number of synonymous and non-synonymous mutations is highly suggestive of an
absence of positive selection acting on these viruses, which would be expected based on

the stochastic nature of mutations within viral populations as referenced above.

The direct contribution of each individual mutation is hard to determine without
using reverse genetics to investigate each mutation individually. However, since these
mutations arose stochastically, their appearance within the genome and effect on the virus
are random. Thus, most of these mutations aren’t worth discussing further in terms of the
evolutionary trajectory of the influenza virus, as no selective process improves their

chances of becoming fixed within the viral populations.

Three notable mutations are A544G, A545C, and A647A within the HA genome
segment of all three plaque-to-plagque passaged viruses. Reference data available from the
Influenza Research Database for the parental virus A/Victoria/361/2011 (H3N2) shows
the consensus sequence for this particular strain of the virus to have a GC at nucleotides
544 and 545 and a C at nucleotide 647. However, when the parental virus stock was
sequenced, there were mutations at each of these positions within the genome — AA at
544/545 and A at 647. The chromatographic data at each of these locations showed the
reference sequence present at low levels within the parental viral population. Their
presence in the parental virus, albeit at low levels, suggests these mutations simply arose
during the passaging process, and not as a result of the passaging process, as is the case
for the rest of the mutations that were not present in the parental virus in any capacity. It
is interesting, then, that these three mutations are the only three to be located at antigenic

sites within the HA protein (48-50). In the absence of selective pressure, such as that
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presented by human antibodies, it would be unexpected to find a significant number of
mutations within antigenic sites. Thus, the fact that the three mutations present in the
antigenic site of the HA protein likely did not arise as a result of stochastic processes, as
is probably the case with the rest of the mutations, but was present in some capacity
within the parental population already supports the idea that strict bottlenecks limit

selection and promote stochastic mutation.

Single Cycle Discrepancies in Plaque-to-Plaque Passaged Virus

What is quite interesting, and counterintuitive, is the apparent improvement in
replicative capacity of all three viral lines (relative to the parental virus) in the single-
cycle growth curve versus the multi-cycle growth curve. There are a couple of potential

explanations for this apparent discrepancy between the two curves, however.

First, separate virus stocks were used for each growth curve and could account for
the differences. For the multi-cycle growth curve, virus from the passage 30 plaques were
picked and then briefly amplified for 24 hours to provide enough viral material to use in
subsequent experiments, including sequencing. However, there were not enough viruses
present in this primary amplified stock to use in the single-cycle growth curve, which
required enough virus to reach an MOI of 5 for the infection. To overcome this, the
primary amplified virus was amplified again for 36 hours before being harvested and
used for the single-cycle growth curve. It is possible that the viral lines were able to
improve in fitness, as has been observed in large-scale passages of low fitness viral

populations.
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Alternatively, the consistent low titers at all time points for the parental virus
could be due to defective interfering particles (DIPs). These particles are virions
containing all the necessary surface proteins for attachment and entry with a genome that
is replication deficient due to deletions or other genetic mutations(51). Influenza DIPs
most frequently contain deletions in segments 1-3, which code for the subunits of the
viral RNA-dependent RNA polymerase, thus rendering them unable to replicate on their
own. These DIPs can only replicate in the presence of functional, infectious virus.
Interference from defective viruses can occur when replication of defective genome
segments exceeds that of functional segments (51). It is possible that at high MOls the
ratio of DIPs to functional virus is high enough to produce this interference, but low
enough at low MOiIs (like in the multi-cycle growth curve) that the growth of the parental
virus is not affected. If this were the case, it would explain the differences between the
two growth curves for the parental virus. Such particles would be absent for the passaged
viral lines since the passaging process would naturally eliminate defective particles, due

to the requirement of co-infection for the replication of DIPs.

Fitness Effects of Passaging at a Bottleneck Size of 1000 PFU

The increase in replicative capacity of the viral lines after repeated bottlenecks at
a size of 1000 PFU clearly suggest that this bottleneck size is at or above the threshold
required for maintenance or improvement of fitness in the influenza A virus. Beneficial
mutations are more likely to become fixed in large populations than in small populations
(52). Such a difference is precisely the result observed with this research when comparing
the fitness changes in the plaque-to-plaque viruses, where population sizes are limited,

and those passaged at 1000 PFU, where larger populations are produced during infection.
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Furthermore, as was previously discussed, viruses harboring mutations with higher
fitness effects often fail to reach frequencies above 2% in viral populations within human
hosts. This is presumably also the case within viral populations produced in cell culture.
However, while transmission between humans produce bottlenecks allowing only one to
two viral genomes to found a new population, this research dealt with the transmission of
1000 viral genomes (47). Clearly a bottleneck of this size was more than enough to allow
the transmission of those viruses containing beneficial mutations, allowing for the

improvement of fitness over time.

Mutations Associated with Passaging at a Bottleneck Size of 1000 PFU

Contrary to what was seen in the plaque-to-plaque viruses, the mutations present
in the viruses passaged at the 1000 PFU bottleneck are highly suggestive of strong
positive selection. As was discussed previously, though rates of dy and ds cannot be
calculated, the ratio of non-synonymous to synonymous mutations can be suggestive of
positive selection. The majority of the mutations in these viral lines are non-synonymous,

which would be expected if a selective pressure was acting on them.

Additionally, many of the mutations in all three of these viral lines are present in
the HA genome segment, a well-known target of antigenic change in influenza A. All
five of the unique HA mutations amongst the three viral lines were located in or around
antigenic sites of the H3 protein, which is strange considering there is no selective
pressure from antibodies in MDCK cells (48-50). It is clear that these mutations must
still provide the virus some advantage in tissue culture separate from that afforded viruses
adapting to antibody pressure. These mutations were likely the result of further

adaptation to MDCK cells, as antigenic variation during adaption to new host species or
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new cell lines (as would be the case in laboratory work) is a well-known process in

influenza A (53).

Several of the residues at which mutations are present in the passaged viruses are
associated with changes in virulence. Mutations at residues 128, 165, 186 and 193 in
influenza A viruses with an H3 protein are associated with changes in viral binding to a2-
6 glycans, altering receptor-binding specificity (54-56). Alterations in receptor-binding
specificity, leading to an increase in binding to certain oligosaccharides or broadening the
range of recognized oligosaccharides, can improve virulence (55). Such changes may be
what occurred in these viruses - further adaptation to MDCK cells led to improvement in
receptor-binding specificity. In addition to changes in viral binding, previous work has
determined that a T128N mutation results in a loss of a potential glycosylation site for the
H3 protein (57). An increased number of glycosylation sites within the H3 protein of
H3N2 viruses has been associated with decreased virulence in these viruses (58). The
loss of a glycosylation site could lead to an increase in virulence, and such a change in

the passaged viruses could contribute to the observed increase in replicative capacity.

The M1 matrix protein of influenza A has a number of important roles in the viral
replicative cycle. Export of newly replicated ribonucleoprotein from the host cell nucleus
and budding of new viral particles is dependent on the M1 protein (59, 60). The mutation
K174R present in all three viral lines is located within the C-terminal domain of the M1
protein, which covers residues 165-252. The function of the C-terminal domain is still
unclear, though there is some evidence that this domain interacts with the host cell, is

important in virus assembly, and contributes to oligomerization of the M1 protein.
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Alterations to any of these functions in a beneficial manner could certainly impact

replicative capacity in the manner observed through the growth curves.

Significance of Transversions

It has been widely observed that transitions, purine to purine or pyrimidine to
pyrimidine changes, occur more frequently, despite there being more opportunities for a
transversion to occur, known as the transition bias (61). There are two main hypotheses
for why this bias exists. The mutational hypothesis suggests polymerases are more prone
to making transition mutations than they are transversion mutations, while the selectional
hypothesis posits that natural selection favors transitions over transversions, supposing
that transitions are less biochemically severe and lead to less chemical changes in amino
acids (61). With these hypotheses in mind, it is worth questioning if either is in play when
considering the differences in transversions between the plaque-to-plaque passaged
viruses and those passaged at a bottleneck size of 1000 PFU. While the sample size is
very small for the 1000 PFU viruses, there are fewer transversions when compared to the
plaque-to-plaque viruses. Previous work on influenza A found that transitions are less
detrimental than transversions (62). If this is the case, and the selectional hypothesis were
true, it would be expected that transversions would be selected against within viral
populations, if positive selection were allowed to act, which appears to be what is
occurring in these serially passaged viral lines. In the plaque-to-plague viruses, selection
cannot take place, so transversions become more numerous, but in the 1000 PFU viral
lines, positive selection is acting and reducing the number of transversions, favoring

transitions instead.
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Through the serial passaging of the influenza A virus in artificial bottlenecks of 1
and 1000 viruses, we have shown that bottleneck size drives the direction of evolution in
vitro. At small bottleneck sizes, the stochastic nature of mutations is the driving force
behind evolution of the virus, leading to fitness decreases over time. However, at larger
bottleneck sizes evolution is driven by positive selection of more beneficial mutations,
resulting in fitness increases. Mutations associated with these fitness changes reflect the
driving force behind the evolution of the virus — at small bottleneck sizes, mutations are
spread throughout the genome reflecting their stochastic nature, whereas at larger
bottleneck sizes, mutations are clustered in sites with well-documented effects on

virulence, which would be expected if positive selection were acting.

Future work on influenza and genetic bottlenecks should be focused on
identifying the bottleneck size where the tradeoff between fitness loss and fitness gain
occurs. Much of the previous research on bottlenecks and influenza identified new
infections as being founded by fewer than 100 viral particles. Therefore, it is not
surprising the virus maintains and even improves fitness when passaging 1000 particles.
Presumably at some point between 1 and 1000 viruses, likely closer to that 10-100
particle number found in respiratory droplets, there occurs a shift where bottlenecks no
longer allow for the maintenance or improvement of fitness. However, the error-prone
nature of influenza genome replication combined with large population sizes achieved
during infection may compensate for the initial loss of viral fitness in the viral population
that establishes infection following a bottleneck event (e.g. through reversion of mutated
sites). This research and future work on bottlenecks is significant for both understanding

the evolution of currently circulating influenza strains that cause seasonal epidemics and
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the emergence of avian influenza pandemic strains from animal reservoirs. Improving our
knowledge of the effect of bottlenecks that occur during transmission of influenza can
help our understanding of their impact on seasonal epidemics and illuminate their role as
a roadblock that must be overcome by avian influenza viruses to reach pandemic

potential.
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TABLE 6 Sequences of primers used in this study. Underlined sequence denotes the

M13 Forward tag. Sequence in bold denotes the M13 Reverse tag.

Primer
A-Unil2F
M13F

M13R
A-PB2-I-M13F
A-PB2-I-M13R
A-PB2-1I-M13F
A-PB2-1I-M13R
A-PB2-III-M13F
A-PB2-III-M13R
A-PB1-I-M13F
A-PB1-I-M13R
A-PB1-1I-M13F
A-PB1-1I-M13R
A-PB1-1lI-M13F
A-PB1-llI-M13R
A-PA-I-M13F
A-PA-I-M13R
A-PA-II-M13F
A-PA-II-M13R
A-PA-III-M13F
A-PA-III-M13R
A-NP-I-M13F
A-NP-I-M13R
A-NP-II-M13F
A-NP-1I-M13R
A-M-I-M13F
A-M-I-M13R
A-NS-I-M13F
A-NS-I-M13R
A-HA-I-M13F
A-HA-I-M13R
A-HA-II-M13F
A-HA-1I-M13R
A-NA-I-M13F
A-NA-I-M13R
A-NA-1I-M13F
A-NA-1I-M13R

Sequence (5’ 2 3’)

5'-AGCRAAAGCAGG-3'

5'-GTAAAACGACGGCCAG-3'

5'-CAGGAAACAGCTATGAC-3'
5'-TGTAAAACGACGGCCAGTCTCGAGCAAAAGCAGGTCAA-3'
5'-CAGGAAACAGCTATGACCGATGCTARTGGRTCTGCTG-3'
5'-TGTAAAACGACGGCCAGTGGGARCARATGTACACTC-3'
5'-CAGGAAACAGCTATGACCYTGYGTTTCACTGAC-3'
5'-TGTAAAACGACGGCCAGTGCAAAATGGGWGTRGATG-3'
5'-CAGGAAACAGCTATGACCTAGAAACAAGGTCGTT-3'
5'-TGTAAAACGACGGCCAGTAGCAAAAGCAGGCAAACCAT-3'
5'-CAGGAAACAGCTATGACCTGTTCAAGCTTTTCRCAWATGC-3'
5'-TGTAAAACGACGGCCAGTCRATGACCAAAGATGCWGA-3'
5'-CAGGAAACAGCTATGACCAAGGTCATTGTTTATCATRTTG-3'
5'-TGTAAAACGACGGCCAGTGTTGCYAATTTYAGCATGGAG-3'
5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGCATTT-3'
5'-TGTAAAACGACGGCCAGTAGCRAAAGCAGGTACTGAT-3'
5'-CAGGAAACAGCTATGACCGGYTCTTTCCAKCCAAAG-3'
5'-TGTAAAACGACGGCCAGTCMAARTTCCTSCTGATG-3'
5'-CAGGAAACAGCTATGACCTCMAGTCTYGGGTCTGTGAG-3'
5'-TGTAAAACGACGGCCAGTGCATCCTGTGCAGCMATGGA-3'
5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGTACCTTTT-3'
5'-TGTAAAACGACGGCCAGTCAGGGTWRATAATCACTCAMTG-3'
5'-CAGGAAACAGCTATGACCTGRCTCTTGTGWGCTGG-3'
5'-TGTAAAACGACGGCCAGTYTGAGRGGRTCAGTTGC-3'
5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGGTATTTTTC-3'
5'-TGTAAAACGACGGCCAGTAGCAAAAGCAAAAGCAGGTAG-3'
5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGTAG-3'

5'-TGTAAAACGACGGCCAGTAGCAAAAGCAGGGTGACAAAGACA-3'

5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGGTGTTTTTTAT-3'
5'-TGTAAAACGACGGCCAGTAAAGCAGGGGATAATTCTA-3
5'-CAGGAAACAGCTATGACCATTGCTGCTTGAGTGCTT-3'
5'-TGTAAAACGACGGCCAGTGGTTACTTCAAAATAC-3'
5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGGTGTTTT-3'
5'-TGTAAAACGACGGCCAGTAGCAAAAGCAGGAGT-3'
5'-CAGGAAACAGCTATGACCCGACATGCTGAGCACTYCCTGAC-3'
5'-TGTAAAACGACGGCCAGTGAACTTGTRCAGTRGTAATG-3'
5'-CAGGAAACAGCTATGACCAGTAGAAACAAGGAG-3'
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TABLE 6 (Continued)

Primer Sequence (5’ 2 3’)

NA-I M13F v2 5’-GTAAAACGACGGCCAGGCAGGAGTAAAGATGAATCC-3’

NA-1 M13R v2 5’-CAGGAAACAGCTATGACCCCTGACAATGTGCTAGTATGAAG-3’
NS-1 M13F v2 5’-GTAAAACGACGGCCAGGGGTGACAAAGACATAATGGATTCC-3’
NS-I M13R v2 5’-CAGGAAACAGCTATGACCCCTGGAAAAGAAGGCAATGGTGAG-3’
NS-1l M13F v2 5’-GTAAAACGACGGCCAGGAAAGTGGAAGGACCTCTTTGC-3’
NS-Il M13R v2 5’-CAGGAAACAGCTATGACCCCTGTTCTACTTCAAACAGC-3’

M-I M13F v2 5’-GTAAAACGACGGCCAGGCAGGTAGATATTGAAAGATGAGC-3’
M-I M13R v2 5’-CAGGAAACAGCTATGACCGCCACCATCTGCCTATGAGACC-3’
M-Il M13F v2 5’-GTAAAACGACGGCCAGGCTCTCAGTTATTCTGCTGGTGC-3’
P30-PB1-II-R 5'-CCCATCCCACCAGTATGTTGTCTTGG-3’

P30-PB1-IlI-F 5’-GGCACAGCATCATTGAGCCCTGG-3’

P30-PB1-IlI-R 5’-GGTCCCCCATCTGATACCAATAGTCC-3’

P30-PA-I-F 5’-GCAGTAGCGAAAGCAGGTACTG-3’

P30-PA-I-R 5’-GGCAGGAGAAGTTCGGTGGG-3’

P30-PA-II-F 5’-GGCCTCTGGGATTCCTTTCG-3’

P30-PA-II-R 5’-GCTCAATTGGGGCTACGTCC-3’

P30-PA-III-F 5’-GGGCTCTTGGTGAAAACATGGC-3’

P30-PA-III-R 5’-CGGCTTCAATCATGCTCTCGATCTGC-3’

P30-PA-IV-F 5’-GTGCCATAGGCCAAATTTCAAGACCG-3’

P30-PA-IV-R 5’-GGACAGTACGGATAACAAATAGCAGC-3’

P30-PB2-I-F 5’-AGCAAAAGCAGGTCAATTATATTCAGTATGG-3’

P30-PB2-I-R 5’-GGTGGAGGAGTGAGGAATGACG-3’

P30-PB2-II-F 5’-CCCTTGATGGTCGCATACATGTTAGAG-3’

P30-PB2-II-R 5’-GGGGTTCAACCGCTGATTTGC-3’

P30-PB2-IlI-F 5'-GGGGTATGAGGAGTTCACAATGGTAGG-3’

P30-PB2-IlI-R 5’-CCCACTGTATTGGCTTCTAATGGCC-3’

P30-HA-I-F 5’-GGCAACAGGAATGCGAAATGTACC-3’

P30-HA-I-R 5’-GCCCATATCCTCAGCATTTTCCC-3’

P30-HA-II-F 5’-CGGAGCTTCTTGTTGCCCTGG-3’

P30-HA-II-R 5’-GCAAATGTTGCACCTAATGTTGCCC-3’

P30-NA-I-F 5’-AGCAAAAGCAGGAGTAAAGATGAATCC-3’

P30-NA-I-R 5’-CCCCCGTTATACAAACATGCAGCC-3’

P30-NA-II-F 5’-GGTGGGGACATCTGGGTGACAAG-3’

P30-NA-II-R 5’-CCAAACAATGGCTACTGCTGGAGCTG-3’

P30-NA-IlI-F 5’-CATTGTCAGGAAGTGCTCAGCATGTCG-3’

P30-NA-III-R 5’-GAGGTCCGCCCCATCAGG-3’

P30-NP-I-F 5’-GCAAAAGCAGGGTCAATAATCACTCAC-3’

P30-NP-I-R 5’-CCATTGTCCCGATTCCTTTGACTGC-3’
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Table 6 (Continued)

Primer
P30-NP-II-F
P30-NP-lI-R
P30-M-I-F
P30-M-I-R
P30-M-II-F
P30-M-II-R

Sequence (5’ 2 3’)
5’-GCCAAGCCAACAATGGTGAGG-3’
5’-CTGACTCTTGTGTGCTGGATTCTCG-3’
5'-GGATGGGGGCTGTAACCAC-3’
5’-CGGCAACAACAAGCGGGTCAC-3’
5’-CAAATGGCTGGATCAAGTGAGCAGG-3’
5’-GACTGTCGTCAGCATCCACAGCATTC-3’
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