
Quantifying the Fitness Advantage of Polymerase
Substitutions in Influenza A/H7N9 Viruses during
Adaptation to Humans
Judith M. Fonville, David F. Burke, Nicola S. Lewis, Leah C. Katzelnick, Colin A. Russell*¤

Department of Zoology, University of Cambridge, Cambridge, United Kingdom

Abstract

Adaptation of zoonotic influenza viruses towards efficient human-to-human transmissibility is a substantial public health
concern. The recently emerged A/H7N9 influenza viruses in China provide an opportunity for quantitative studies of host-
adaptation, as human-adaptive substitutions in the PB2 gene of the virus have been found in all sequenced human strains,
while these substitutions have not been detected in any non-human A/H7N9 sequences. Given the currently available
information, this observation suggests that the human-adaptive PB2 substitution might confer a fitness advantage to the
virus in these human hosts that allows it to rise to proportions detectable by consensus sequencing over the course of a
single human infection. We use a mathematical model of within-host virus evolution to estimate the fitness advantage
required for a substitution to reach predominance in a single infection as a function of the duration of infection and the
fraction of mutant present in the virus population that initially infects a human. The modeling results provide an estimate of
the lower bound for the fitness advantage of this adaptive substitution in the currently sequenced A/H7N9 viruses. This
framework can be more generally used to quantitatively estimate fitness advantages of adaptive substitutions based on the
within-host prevalence of mutations. Such estimates are critical for models of cross-species transmission and host-
adaptation of influenza virus infections.
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Introduction

The emergence of novel influenza A viruses in humans is an

ongoing cause for concern. The outbreak of human infections of

A/H7N9 influenza viruses in China in early 2013 highlights the

potential for emergence of influenza viruses not previously

detected in humans [1]. The animal source of the A/H7N9

infections has not yet been unambiguously confirmed, although

highly similar viruses have been isolated from birds in live bird

markets epidemiologically linked to human infections [2,3].

Analogous to the situation for other zoonotic influenza viruses

such as A/H5N1, it is feared that adaptation of A/H7N9 viruses

could lead to increased incidence of human infection and

sustained human-to-human transmission. Information on the

potential of such zoonotic viruses to become adapted for efficient

transmission between humans is of critical importance in decisions

on eradication and pandemic mitigation strategies. However,

studies on within-host evolution of pathogens are often limited by

sparse information on the magnitude of the selective advantage

that substitutions might have [4].

Several substitutions in the influenza virus polymerase PB2 gene

have been reported to be important for adaptation of avian

influenza viruses to human infection [5–18]. For example, E627K,

D701N, and Q591K have been shown to alter the host range of

the virus, in various subtypes including A/H2N2, A/H5N1 and

A/H7N7, as they increase virulence, replication and pathogenicity

in mammalian cells [5–18], and the E627K substitution has been

reported to increase the virulence of the novel A/H7N9 strains in

mice [19]. The effects of the PB2 substitutions may be the result of

altered temperature-dependence of polymerase activity [15,20,21],

yet are dependent on the viral genetic backbone and the cell type

or model animal used [8,16,21]. Interestingly, substitutions E627K

and D701N are also reported to be determinants of mammalian

inter-host transmission [15,22]. Both substitutions can improve the

efficiency of influenza virus growth in the human respiratory tract.

The mutation Q591K has been reported to increase the

polymerase activity and pathogenicity of avian influenza A/

H9N2 viruses, and to allow efficient replication of A/H5N1 and

A/H1N1pdm viruses in mammals [23–25]. Several studies have

proposed that the absence of one PB2 substitution can be

compensated for by a substitution at another position [13,22,23].

Importantly, E to K, D to N, and Q to K substitutions can always

be achieved through a single nucleotide mutation.

Published reports of PB2 sequence data from the 2013 A/H7N9

virus outbreak in China highlight that the PB2 genes from birds

and environmental samples (40 of 40) have 627E, 701D, and
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591Q, whereas the PB2 genes of the A/H7N9 viruses collected

from humans have acquired either the E627K (11 out of 13), the

D701N substitution (1 out of 13), or the Q591K substitution (1 out

of 13) [1–3,19,26–29]. Thus, based on the currently available data,

which are biased towards severe infection cases as no sequences of

subclinical infections are available, all sequenced viruses from

human A/H7N9 infections (13 of 13) show signs of human

adaptation.

Despite the evidence for airborne transmissibility of the A/

H7N9 virus among ferrets and ability to infect non-human

primates and pigs [19,30–32], epidemiological and genetic

analyses have so far not provided evidence for sustained human-

to-human transmission, suggesting that the human A/H7N9

infections are the result of multiple independent zoonotic

introductions [1,26,33]. Indeed, the general lack of secondary

infections among individuals in close contact with infected persons

[33,34] and the genetic divergence between viruses isolated from

humans [26] suggest that widespread circulation of A/H7N9

viruses among non-human hosts must have occurred in China

[35]. Thus, a critical observation is that adaptive PB2 substitutions

have been observed within all humans from whom virus was

isolated and sequenced. As suggested by Jonges et al. [26], and

similar to the situation of drug-resistance in HIV [36], two

mechanisms could have lead to the detection of such adaptive

substitutions in a single host after each of these cross-species

transmission events: 1) the substitution was acquired during

replication within the human host [2,26]; or 2) the virus

population infecting the human already contained one or more

virions with the adaptive substitution at a sufficiently low

proportion that they would not have been detected by consensus

sequencing in the avian host. In order to reach a within-human

prevalence detectable by consensus sequencing, these absent or

initially rare substitutions would need a selective advantage to

substantially increase in proportion. Here, we employ the

probabilistic mathematical framework described in Russell et al.

[4] to quantify the selective advantage necessary to observe a

substitution in the majority of virions within a human host over the

course of a single infection.

Results

We explored the minimum selective advantage that an adaptive

mutant must have compared to the wild type virus in order to

reach a certain within-host proportion as a function of duration of

infection or the time point of infection at which the sequenced

virus was collected. For the model used here, fitness advantage is

defined as a replicative fitness advantage, i.e. the relative change in

progeny of the mutant with respect to progeny of the starting virus

(i.e. the wild type virus is assumed to have a neutral fitness: fitness

1). Any fitness advantage of the mutant is exercised in each step of

replication. Results are given for a polymerase error rate, r, of

1025 mutations per site per round of replication, and the results

for r = 1024 and 1026 are shown in brackets.

Figure 1A shows the minimum fitness advantage required to

achieve a virus population where at least 10%, 50% or 90% of the

virions have a specific mutation, in the case that the mutation was

absent at the start of infection. This figure only establishes a lower

bound for the required fitness advantage – any higher fitness

advantage would also reach or exceed the given proportion. While

extreme fitness advantages are required to achieve a given

proportion in the first day or two of infection, the required fitness

advantage decreases rapidly as the length of infection increases. A

selective advantage of 1.55 (1.39 for r = 1024, 1.71 for r = 1026) is

sufficient to reach 50% adaptive-mutant prevalence after 6 days of

infection, a substantial decrease in the lower bound on the

selective advantage required compared to the situation after only 2

days of infection, which would require an advantage of at least

4.07 (3.01, 5.48). The differences in selective advantage required

to achieve 10%, 50% and 90% prevalence appear relatively small

(Figure 1A) due to the exponential growth of mutant proportions

and the fact that the difference between 10% and 90% is less than

an order of magnitude.

The proportion of viruses with an adaptive substitution after 3,

6, 9, 12 and 15 days of infection as a function of the selective

advantage of the adaptive substitution is shown in Figure 1B. If

there is no selective advantage, i.e. the mutant has the same fitness

as the wild type virus, the proportion of adapted mutant after 6

days is predicted to be 0.024% (0.24%, 0.0024%). As also shown

in Figure 1A, the longer the infection, the lower the selective

advantage needed to achieve any given proportion. As expected,

for a given length of infection, the higher the selective advantage,

the higher the proportion of mutant.

Even though the E627K, D701N, and Q591K substitutions

have not been reported for non-human A/H7N9 viruses, it is not

possible to rule out that these substitutions were present as part of

the viral diversity in the non-human host species. The absence of

the PB2 substitutions in the non-human sequences may be because

only the predominant nucleotide at each position in the virus

sample is reported in the consensus sequences. Figure 2 shows the

selective advantage required for a substitution to increase to 50%

prevalence in the virus population in a human host as a function of

the fraction of mutant present at the start of infection and the time

since infection. The presence of the mutant at the start of infection

decreases the fitness advantage needed for a mutant to reach

predominance. A virus population that has 10% mutant at the

start of infection requires a fitness advantage of 1.10 to reach 50%

after 6 days, compared to 1.55 for 0% presence at start of

infection. As expected, the required fitness advantage decreases as

the length of infection increases, because the fitness benefit is

expressed over more generations, and thus smaller fitness

advantages can still result in a substitution reaching predominance

(see also Figure 1B). Indeed, for long infections, the substitution

needs a relatively small fitness advantage over the wild type to

achieve 50% prevalence (e.g. 1.12 (1.09, 1.16) to be predominant

after 20 days of infection), even if the mutant was completely

absent at the start of infection.

In publically available clinical data, the shortest reported

duration between the onset of disease symptoms and the sampling

for A/H7N9 sequencing was 6 days [1,2]. If this presumed

incubation time, which may have to be adjusted with any amount

of time between the start of infection and the time of symptom

onset, which is currently unknown, corresponds to the length of

time during which the virus was replicating, the substitution would

require a fitness advantage of 1.33 (1.31, 1.33) to achieve 50%

prevalence if the mutant was already present at 0.1% when the

infection started and 1.55 (1.39, 1.71) if the mutant was absent at

the start of infection.

Discussion

In general, there is a lack of quantitative information on fitness

effects of genetic substitutions in influenza viruses. The A/H7N9

outbreak offers an opportunity to calculate a within-host fitness

advantage in humans, which circumvents the need to rely on

estimates from in vitro studies. Our approach uses the time since the

start of infection to establish a lower bound on the within-host

fitness advantage of the human-adaptive PB2 substitutions in A/

H7N9. Such information on the fitness effects of adaptive

Quantifying Fitness Advantage of PB2 Substitutions
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substitutions fills a gap in our knowledge when modeling within-

host evolution and host-adaptation of viruses, and this modeling

framework can be used to obtain fitness advantage information for

other situations in which the proportion of adapted virus in the

human host after a certain time is known as a function of the

proportion of adaptive mutant at the start of infection. Sensitive

and accurate estimates of low-prevalence mutations from deep

sequencing would allow the estimation of fitness advantages of less

strongly selected mutations and help expand the applicability of

the framework to situations where the mutant would not have

been detected with consensus sequencing alone.

It is likely that the genetic background of the virus in which

these substitutions occur modulated the observed pattern of PB2

substitutions in the non-human and human A/H7N9 strains. For

example, the E627K and D701N substitutions have only been

detected in ,30% and ,7%, respectively, of sequences from

human infections with A/H5N1 viruses and in ,23% and ,1%

of sequences from avian infections with A/H5N1 viruses [4,37].

For A/H5N1 viruses, the Q591K substitution has not been

observed in viruses from birds and has been found in ,1% of

human infections. The majority of sequenced A/H5N1 viruses

from birds that have the E627K substitution are phylogenetically

grouped in clade 2.2 and its subclades with ,91% of viruses

having the substitution, compared to ,1% prevalence detected in

sequences from other clades. The E627K substitution is found in

all (12/12) sequenced A/H5N1 viruses from clade 2.2 and its

subclades isolated from humans, the prevalence of the substitution

for all other clades of A/H5N1 viruses from humans is ,27%. For

A/H9N2 viruses, E627K, D701N, and Q591K have been found

in 0%, 10% (1 of 10 sequences), and 0% of the human infections

and in ,1%, 0%, ,1% of the reported avian data. This variability

in prevalence indicates that the fitness advantage that any specific

substitution confers differs among influenza subtypes and constel-

lations of internal genes, and more detailed analyses on the

influence of genetic background are needed.

The differences in adaptive substitution prevalence among

subtypes may be the result of the possibility to obtain various

functionally equivalent adaptive substitutions, and different

substitutions may be preferentially associated with each subtype.

A wide range of potential mammalian-advantageous mutations in

PB2, in addition to E627K, D701N and Q591K, has been

reported in the literature [10–12]. In the absence of other similar

studies, the A/H7N9 data provide the current best estimate for the

fitness associated with this mutation in the PB2 gene. Because the

fitness advantage is defined relative to the wild type virus, an

equivalent way to interpret these data is that they provide a

measure of how unfit the starting A/H7N9 virus was compared to

the PB2-adapted virus in humans. Other wild type viruses might

be more relatively fit than this A/H7N9 virus was in humans in

Figure 1. Selective advantages when the substitution is absent at the start of infection. A) The selective advantage required to achieve
50% (black) prevalence of the adaptive substitution within the host after a certain number of days of infection in a situation where the substitution is
not present in the infecting virus population (results for 10% and 90% shown in grey). B) The proportion of mutant observed after 3 (dark blue), 6
(blue), 9 (pink), 12 (red) and 15 (dark red) days of infection for a range of selective advantages. The grey bar indicates 50% prevalence.
doi:10.1371/journal.pone.0076047.g001

Figure 2. Quantifying the selective advantage as a function of
substitution prevalence at the start of infection and infection
duration. The minimum selective advantage necessary to reach 50%
prevalence in the human host is displayed in color as a function of days
of infection (y-axis) and mutant proportion at start of infection (x-axis).
Selective advantages of 2.5 and 1 represent the upper and lower
bounds of the color bar. The selective advantage exceeds 2.5 for early
time points (see Figure 1A), but for clarity, a threshold was used here.
For starting prevalences of .50% no selective advantage is required.
doi:10.1371/journal.pone.0076047.g002
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which case the selective advantage of adaptive substitutions in the

PB2 gene would be smaller.

The E627K substitution was found in one human case out of

the 61 sequenced patient strains from the A/H7N7 influenza

outbreak in 2003 in the Netherlands [38,39]. In this fatal infection,

the patient presented with pneumonia in combination with acute

respiratory stress syndrome [38], instead of the conjunctivitis

symptoms mostly observed during the A/H7N7 outbreak.

Although D701N circulated in some A/H7N7 viruses from

poultry during that outbreak [39], the E627K PB2 substitution

is thought to have arisen during replication of the virus in the

human patient, as it was not observed in any isolates from poultry

or other humans [8,26,38,39]. The pathogenicity of the A/H7N7

virus isolated from this patient is thought to be associated with the

E627K substitution [6], similar to the effect of this substitution in

A/H5N1 [14]. To our knowledge, this is the only previously well-

documented situation in which there is a time frame for an

adaptive PB2 mutation to arise during the infection of a single

human host.

The possibility that adaptive PB2 substitutions in A/H7N9

viruses may exist at a high prevalence in a non-human host cannot

be fully dismissed: we cannot exclude that the A/H7N9 viruses

sequenced so far are simply not representative of viruses in the

poultry that infected the human cases, or that the animal source

from which human infection arose is not amongst the species that

have been identified and sequenced so far. However, the viruses

sequenced from humans are highly similar to the viruses isolated

from avian and environmental samples, making this possibility

unlikely. Another possibility is that the substitutions have arisen

during laboratory virus culturing, as seasonal influenza virus

isolates from humans are commonly passaged in MDCK cultures,

whereas avian viruses are often passaged in eggs, prior to

sequencing. However, for the A/H7N9 viruses sequenced thus

far, the majority of human and avian isolates have been cultured in

eggs, and thus this explanation is not sufficient for the observed

presence of PB2 substitutions in human isolates.

The human infection samples from which sequences have been

collected and made available in Genbank and from published

reports [1–3,28,34,40] may not reflect the within-host evolution-

ary dynamics of all human infections. From the reported data it is

clear that co-morbidities such as detection of hepatitis B antigen or

hypertension are common, but not present for all individuals from

whom sequences have been obtained; this is similar to the gross

epidemiology of all reported A/H7N9 infections, where 68% of

the individuals have a reported coexisting condition, often

hypertension [41]. Similarly, for the sequences from individuals

for which treatment details are known, oseltamivir or other

antivirals are administered in some, but not all cases, and in some

cases only after the sample for sequencing was already obtained. In

one analysis of 111 reported H7N9 cases, 108 individuals received

antivirals, yet for 65 of these 108, treatment was only initiated at or

after 6 days post-symptom onset [41]. Although there are

substantial unknowns about the potential bias of reporting A/

H7N9 infections [42], and any biases in selection of samples for

sequencing, there is currently no reason to assume that these

patterns in PB2 substitutions are the result of phenomena or

underlying factors that are not representative of all individuals

reported with A/H7N9 infections.

The results presented here provide a lower bound on the

selective advantage of the PB2 adaptive substitutions in A/H7N9

per genome replication round, as a function of the duration of

infection at the time of virus sample collection. The exact duration

of time between symptom onset and swab varies from 6 to 22 days

in the literature for the available sequences [1–3,28,34,40], and

the model can be adjusted to report the lower limit for that

individual based on their data. The longer the infection, the lower

the estimated lower bound, which is why it is important to obtain

the sequence information at the earliest possible time point. If

samples collected at earlier time points in infection than those

reported in the literature so far reveal a predominance of an

adaptive substitution, the fitness advantage can be adjusted

upwards, based on the information in Figures 1 and 2; similarly

the timing has to be adjusted with information on how long viral

replication is occurring before symptom onset, given that often the

exact time of infection is unknown.

If no adaptive substitutions are detected in a newly sequenced

human virus, there are several potential explanations for such an

observation: either the virus was sampled before the substitution

could reach the threshold for detection (e.g. due to short time of

infection, low presence of mutant at start of infection, or stochastic

effects), or host-specific factors altered the viral population

dynamics, or the genetic background of the virus affected the

selective advantage of the substitution. If the reported sequences

are each the result of stuttering chains of human-to-human

transmission of the A/H7N9 virus, potentially undetected if A/

H7N9 viruses without a PB2 substitution do not cause symptom-

atic disease, the effective within-human-host evolutionary time

may be significantly longer than for a single infection, and the

fitness boundary could be substantially lower, depending on the

size of the transmission bottleneck and the selection of adapted

virions during transmission [4]. Indeed, if absence of the adaptive

PB2 substitutions would cause asymptomatic or low-pathogenic

infections, this could have caused an observational bias where the

only sequences are from severe infection cases which have the PB2

substitutions, and thus would lead to overestimation of the general

fitness advantage of such a substitution. To test this bias, it would

be important to sequence the viruses isolated from mild A/H7N9

influenza infections [42], and if this indicates a difference in PB2

substitution prevalence, seroprevalence percentages for individuals

with extensive contact with non-human hosts would help to assess

the size of this bias in our data. On the other hand, if it is found

that one of the PB2 substitutions is necessary to even initiate a

human infection (i.e. with a fully purifying selective advantage, if

selective advantage is defined at the transmission step), the lower

bound of the within-host fitness advantage of the PB2 substitution

can only be estimated as neutral (fitness 1) as it would be the sole

component of the within-human viral diversity.

The situation for A/H7N9 within-host evolution of PB2

substitutions is akin to the situation of drug resistance, where

drug-resistant mutants rapidly rise, either due to pre-treatment

low-level prevalence, or de novo generation [36]. Our modeling

framework could also be used in this situation, and indeed, if

highly sensitive deep sequencing data are available, also to study

any fitness disadvantage that such resistant mutations might have

in the absence of treatment. This information could then be used

in models such as used by Ribeiro et al. to investigate the

production of resistant HIV mutants, and optimize timing of

antiretroviral therapy [43]; similar studies could be carried out to

parameterize models of antiviral treatment in influenza infection.

The strong-selection-weak-mutation paradigm [44,45] has been

employed for models of within-host evolution, and assumes that

advantageous mutations go to fixation faster than new mutations

arise, through applying a strong selection on beneficial mutations.

Given the high mutation rates of RNA viruses, the validity of such

assumptions will critically depend on how beneficial a substitution

is (e.g. a fitness advantage of 10 vs. 1.001), hence the framework

reported in this study will be useful to determine weather a

particular mutation is strongly or weakly selected, which will be

Quantifying Fitness Advantage of PB2 Substitutions
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informative for testing such assumptions. Quantifying and

comparing the fitness effect of various host-adaptive substitutions

can inform future qualitative and quantitative models of within-

host evolution and cross-species transmission events. Accurate

estimates of fitness parameters for adaptive substitutions are not

only important for basic research, but may also be used to enhance

quantitative risk assessments and to design virus control and

pandemic preparedness strategies.

Methods

The within-host population dynamics of virus mutants were

calculated based on the deterministic probability model described

in Russell et al. [4]. Errors made by the virus polymerase are the

source of mutation: the probability of obtaining the advantageous

nucleotide change, e.g. resulting in E627K, is 1025 per virus

genome per round of genome replication. There are two rounds of

genome replication within each infected cell: one from vRNA to

cRNA and one from cRNA to vRNA. Rounds of replication are

transformed into time by assuming that each step of genome

replication lasts six hours (e.g. 3 days corresponds to 12 rounds of

genome replication, and 6 cellular lifecycles). Extensive details and

discussion of the model and its parameterization were provided in

the supporting material of Russell et al. [4]. All models and figures

were created with Matlab R2012b (The Mathworks, MA, USA).

The population of each mutant type (viruses with and without

mutation) Nj after a replication cycle is given by the sum of

contributions from each type in the previous replication cycles:

Nj(t)~
X

i
Ni(t{1)mij ð1Þ

Where mij is the probability of type i mutating to type j (similar to

e.g. Ribeiro et al. [36] and Perelson et al. [46]); each type

contributes exactly its expected value. To calculate m, the

possibility of back mutation is incorporated (which does not

significantly alter the results, but is a small conceptual improve-

ment to the model presented by Russell et al. [4]). The probability

of no mutation (m00 and m11) is 1-r, while the probability of

mutation (m01 and m10) is r.

The fitness advantage was modeled by adjusting the expected

probability for a mutant at the end of each generation with an

iterative algorithm. The advantage or disadvantage of each

mutant type was expressed in each genome replication step: after

every replication round, the relative progeny of the mutant and

wild type viruses are adjusted based on their fitness values (thus, in

effect, an advantageous substitution is equivalent to the wild type

being disadvantageous). The starting population (generation zero)

consists of N0 = 1 and N1 = 0 for Figure 1, these values are

adjusted accordingly in Figure 2 to reflect the percentage of

mutant (q) at the start of infection: N0 = 12q and N1 = q. After

application of the mutation matrix in equation 1, the probability of

each type Nj is multiplied by its relative fitness gi, and the

population is normalized by dividing each type by the sum of the

fitness-weighted prevalence of all types:

Ni adj(t)~
Ni(t) � giP
i Ni(t) � gi

ð2Þ

The Ni_adj are then used as Ni in equation 1 in the next

replication step. The fminsearch algorithm (Matlab) was used to find

at which settings the population of mutants first exceeded 50%,

10% or 90% as indicated.

This deterministic model reports the probability that any

random virion of the total virus population has the mutation of

interest. This probability is the same for each virion, and is

insensitive to the virus population size and dynamics [4]: it is the

merely monitoring the probability (equivalent to the proportion) of

obtaining a given mutation, as a function of time.

In the model, we assumed that the fitness effect of the

substitution in PB2 is observed in every replication step, as the

polymerase is involved in each step. However, the methodology

can easily be adjusted for other adaptive substitutions (such as in

the HA gene) that would be only expressed at a subset of time

points. The same methodology can be applied to estimate the

fitness (dis)advantages of other adaptations, or for mutations in a

different genetic backbone. The model does not incorporate any

effects the immune response may have on the accumulation of

mutations. However, if the immune response would not differen-

tially neutralize the wild type and mutant virions, then the

reported proportions and results would not be affected. Finally, the

polymerase error rate r can be adjusted if the estimate of 1025 used

here, based on information for other influenza viruses, is not

representative for A/H7N9 viruses (results for r = 1024 and

r = 1026 are given in the text, by adjusting the values in the

mutation matrix given in equation 1 accordingly).

Author Contributions

Conceived and designed the experiments: JMF CAR. Performed the

experiments: JMF. Analyzed the data: JMF DFB CAR. Wrote the paper:

JMF DFB NSL LCK CAR. Interpretation of the data: JMF DFB NSL

LCK CAR.

References

1. Gao R, Cao B, Hu Y, Feng Z, Wang D, et al. (2013) Human infection with a

novel avian-origin influenza A (H7N9) virus. N Engl J Med 368: 1888–1897.

2. Chen Y, Liang W, Yang S, Wu N, Gao H, et al. (2013) Human infections with

the emerging avian influenza A H7N9 virus from wet market poultry: clinical

analysis and characterisation of viral genome. Lancet.

3. Bao CJ, Cui LB, Zhou MH, Hong L, Gao GF, et al. (2013) Live-animal markets

and influenza A (H7N9) virus infection. N Engl J Med 368: 2337–2339.

4. Russell CA, Fonville JM, Brown AE, Burke DF, Smith DL, et al. (2012) The

potential for respiratory droplet-transmissible A/H5N1 influenza virus to evolve

in a mammalian host. Science 336: 1541–1547.

5. Gabriel G, Dauber B, Wolff T, Planz O, Klenk HD, et al. (2005) The viral

polymerase mediates adaptation of an avian influenza virus to a mammalian

host. Proc Natl Acad Sci U S A 102: 18590–18595.

6. Munster VJ, de Wit E, van Riel D, Beyer WE, Rimmelzwaan GF, et al. (2007)

The molecular basis of the pathogenicity of the Dutch highly pathogenic human

influenza A H7N7 viruses. J Infect Dis 196: 258–265.

7. Subbarao EK, London W, Murphy BR (1993) A single amino acid in the PB2

gene of influenza A virus is a determinant of host range. J Virol 67: 1761–1764.

8. de Wit E, Munster VJ, van Riel D, Beyer WE, Rimmelzwaan GF, et al. (2010)
Molecular determinants of adaptation of highly pathogenic avian influenza

H7N7 viruses to efficient replication in the human host. J Virol 84: 1597–1606.

9. Almond JW (1977) A single gene determines the host range of influenza virus.

Nature 270: 617–618.

10. Bussey KA, Bousse TL, Desmet EA, Kim B, Takimoto T (2010) PB2 residue 271
plays a key role in enhanced polymerase activity of influenza A viruses in

mammalian host cells. J Virol 84: 4395–4406.

11. Foeglein A, Loucaides EM, Mura M, Wise HM, Barclay WS, et al. (2011)

Influence of PB2 host-range determinants on the intranuclear mobility of the
influenza A virus polymerase. J Gen Virol 92: 1650–1661.

12. Miotto O, Heiny A, Tan TW, August JT, Brusic V (2008) Identification of

human-to-human transmissibility factors in PB2 proteins of influenza A by large-

scale mutual information analysis. BMC Bioinformatics 9 Suppl 1: S18.

13. de Jong MD, Simmons CP, Thanh TT, Hien VM, Smith GJ, et al. (2006) Fatal
outcome of human influenza A (H5N1) is associated with high viral load and

hypercytokinemia. Nat Med 12: 1203–1207.

14. Hatta M, Gao P, Halfmann P, Kawaoka Y (2001) Molecular basis for high

virulence of Hong Kong H5N1 influenza A viruses. Science 293: 1840–1842.

Quantifying Fitness Advantage of PB2 Substitutions

PLOS ONE | www.plosone.org 5 September 2013 | Volume 8 | Issue 9 | e76047



15. Hatta M, Hatta Y, Kim JH, Watanabe S, Shinya K, et al. (2007) Growth of

H5N1 influenza A viruses in the upper respiratory tracts of mice. PLoS Pathog

3: 1374–1379.

16. Li Z, Chen H, Jiao P, Deng G, Tian G, et al. (2005) Molecular basis of

replication of duck H5N1 influenza viruses in a mammalian mouse model.

J Virol 79: 12058–12064.

17. Naffakh N, Massin P, Escriou N, Crescenzo-Chaigne B, van der Werf S (2000)

Genetic analysis of the compatibility between polymerase proteins from human

and avian strains of influenza A viruses. J Gen Virol 81: 1283–1291.

18. Shinya K, Hamm S, Hatta M, Ito H, Ito T, et al. (2004) PB2 amino acid at

position 627 affects replicative efficiency, but not cell tropism, of Hong Kong

H5N1 influenza A viruses in mice. Virology 320: 258–266.

19. Zhang Q, Shi J, Deng G, Guo J, Zeng X, et al. (2013) H7N9 influenza viruses

are transmissible in ferrets by respiratory droplet. Science 341: 410–414.

20. Massin P, van der Werf S, Naffakh N (2001) Residue 627 of PB2 is a

determinant of cold sensitivity in RNA replication of avian influenza viruses.

J Virol 75: 5398–5404.

21. Labadie K, Dos Santos Afonso E, Rameix-Welti MA, van der Werf S, Naffakh

N (2007) Host-range determinants on the PB2 protein of influenza A viruses

control the interaction between the viral polymerase and nucleoprotein in

human cells. Virology 362: 271–282.

22. Steel J, Lowen AC, Mubareka S, Palese P (2009) Transmission of influenza virus

in a mammalian host is increased by PB2 amino acids 627K or 627E/701N.

PLoS Pathog 5: e1000252.

23. Yamada S, Hatta M, Staker BL, Watanabe S, Imai M, et al. (2010) Biological

and structural characterization of a host-adapting amino acid in influenza virus.

PLoS Pathog 6: e1001034.

24. Mehle A, Doudna JA (2009) Adaptive strategies of the influenza virus

polymerase for replication in humans. Proc Natl Acad Sci U S A 106: 21312–

21316.

25. Mok CK, Yen HL, Yu MY, Yuen KM, Sia SF, et al. (2011) Amino acid residues

253 and 591 of the PB2 protein of avian influenza virus A H9N2 contribute to

mammalian pathogenesis. J Virol 85: 9641–9645.

26. Jonges M, Meijer A, Fouchier R, Koch G, Li J, et al. (2013) Guiding outbreak

management by the use of influenza A(H7Nx) virus sequence analysis. Euro

Surveill 18.

27. Kageyama T, Fujisaki S, Takashita E, Xu H, Yamada S, et al. (2013) Genetic

analysis of novel avian A(H7N9) influenza viruses isolated from patients in

China, February to April 2013. Euro Surveill 18.

28. Li J, Yu X, Pu X, Xie L, Sun Y, et al. (2013) Environmental connections of novel

avian-origin H7N9 influenza virus infection and virus adaptation to the human.

Sci China Life Sci.

29. Liu Q, Lu L, Sun Z, Chen GW, Wen Y, et al. (2013) Genomic signature and

protein sequence analysis of a novel influenza A (H7N9) virus that causes an

outbreak in humans in China. Microbes Infect.

30. Zhu H, Wang D, Kelvin DJ, Li L, Zheng Z, et al. (2013) Infectivity,

Transmission, and Pathology of Human H7N9 Influenza in Ferrets and Pigs.
Science.

31. Watanabe T, Kiso M, Fukuyama S, Nakajima N, Imai M, et al. (2013)

Characterization of H7N9 influenza A viruses isolated from humans. Nature.
32. Richard M, Schrauwen EJ, de Graaf M, Bestebroer TM, Spronken MI, et al.

(2013) Limited airborne transmission of H7N9 influenza A virus between ferrets.
Nature.

33. Li Q, Zhou L, Zhou M, Chen Z, Li F, et al. (2013) Preliminary Report:

Epidemiology of the Avian Influenza A (H7N9) Outbreak in China.
N Engl J Med.

34. Qi X, Qian YH, Bao CJ, Guo XL, Cui LB, et al. (2013) Probable person to
person transmission of novel avian influenza A (H7N9) virus in Eastern China,

2013: epidemiological investigation. BMJ 347: f4752.
35. Liu D, Shi W, Shi Y, Wang D, Xiao H, et al. (2013) Origin and diversity of novel

avian influenza A H7N9 viruses causing human infection: phylogenetic,

structural, and coalescent analyses. Lancet.
36. Ribeiro RM, Bonhoeffer S (2000) Production of resistant HIV mutants during

antiretroviral therapy. Proc Natl Acad Sci U S A 97: 7681–7686.
37. Chen GW, Chang SC, Mok CK, Lo YL, Kung YN, et al. (2006) Genomic

signatures of human versus avian influenza A viruses. Emerg Infect Dis 12:

1353–1360.
38. Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SA, et

al. (2004) Avian influenza A virus (H7N7) associated with human conjunctivitis
and a fatal case of acute respiratory distress syndrome. Proc Natl Acad Sci U S A

101: 1356–1361.
39. Jonges M, Bataille A, Enserink R, Meijer A, Fouchier RA, et al. (2011)

Comparative analysis of avian influenza virus diversity in poultry and humans

during a highly pathogenic avian influenza A (H7N7) virus outbreak. J Virol 85:
10598–10604.

40. Chang SY, Lin PH, Tsai JC, Hung CC, Chang SC (2013) The first case of
H7N9 influenza in Taiwan. Lancet 381: 1621.

41. Gao HN, Lu HZ, Cao B, Du B, Shang H, et al. (2013) Clinical findings in 111

cases of influenza A (H7N9) virus infection. N Engl J Med 368: 2277–2285.
42. Ip DK, Liao Q, Wu P, Gao Z, Cao B, et al. (2013) Detection of mild to

moderate influenza A/H7N9 infection by China’s national sentinel surveillance
system for influenza-like illness: case series. BMJ 346: f3693.

43. Ribeiro RM, Bonhoeffer S (1999) A stochastic model for primary HIV infection:
optimal timing of therapy. Aids 13: 351–357.

44. Park M, Loverdo C, Schreiber SJ, Lloyd-Smith JO (2013) Multiple scales of

selection influence the evolutionary emergence of novel pathogens. Philos
Trans R Soc Lond B Biol Sci 368: 20120333.

45. Gillespie JH (1984) The status of the neutral theory: the neutral theory of
molecular evolution. Science 224: 732–733.

46. Perelson AS, Rong L, Hayden FG (2012) Combination antiviral therapy for

influenza: predictions from modeling of human infections. J Infect Dis 205:
1642–1645.

Quantifying Fitness Advantage of PB2 Substitutions

PLOS ONE | www.plosone.org 6 September 2013 | Volume 8 | Issue 9 | e76047


