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Abstract 

 The therapeutic benefits of the neuraminidase (NA) inhibitor oseltamivir are dampened 

by the emergence of drug resistance mutations in influenza A virus (IAV). To investigate the 

mechanistic features that underlie resistance, we developed an approach to quantify the 

effects of all possible single nucleotide substitutions introduced into important regions of NA. 

We determined the experimental fitness effects of 450 nucleotide mutations encoding 

positions both surrounding the active site and at more distant sites in an N1 strain of IAV in the 

presence and absence of oseltamivir. NA mutations previously known to confer oseltamivir 

resistance in N1 strains, including H275Y and N295S, were adaptive in the presence of drug, 

indicating that our experimental system captured salient features of real-world selection 

pressures acting on NA. We identified mutations, including several at position 223, that reduce 

the apparent affinity for oseltamivir in vitro. Position 223 of NA is located adjacent to a 

hydrophobic portion of oseltamivir that is chemically distinct from the substrate, making it a 

hotspot for substitutions that preferentially impact drug binding relative to substrate 

processing. Furthermore, two NA mutations, K221N and Y276F, each reduce susceptibility to 

oseltamivir by increasing NA activity without altering drug binding. These results indicate that 

competitive expansion of IAV in the face of drug pressure is mediated by a balance between 

inhibitor binding and substrate processing.  

Keywords: experimental fitness, systematic mutation, adaptive, neuraminidase inhibitor, 

oseltamivir 
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Introduction 

Influenza A virus (IAV) causes a highly contagious acute respiratory illness responsible for 

significant morbidity and mortality in humans. IAV has two surface glycoproteins, hemagglutinin 

(HA) and neuraminidase (NA) that are used to distinguish subtypes. The most common IAV 

subtypes that infect humans are H1N1 and H3N2. H1N1 IAV has caused several influenza 

pandemics, including the 1918 Spanish flu and the 2009 swine flu [1, 2]. HA binds to sialic acid 

that is part of glycoproteins located on the surface of host cells and is critical for initial 

attachment and infection. NA cleaves sialic acid from host cell glycoproteins during the release 

of newly formed viral progeny, thus reducing viral affinity for previously infected cells [3]. The 

NA competitive inhibitor oseltamivir is widely used for treatment of influenza [4]. Oseltamivir is 

a successful example of structure-based drug design, in which electrostatic interactions have 

been optimized between the drug and the protein [5]. As NA is an enzyme, the active site is 

more conserved than the rest of the protein surface to preserve the necessary activity for viral 

release [6]. Yet antiviral resistance is a persistent problem with IAV; the use of oseltamivir to 

prevent morbidity and mortality has been disappointing due to widespread drug resistance [7-

9]. Improved approaches to combat influenza infection and an increased understanding of drug 

resistance mechanisms are in great demand.  

Clinical reports have shown the emergence of a handful of different oseltamivir-

resistance mutations in H1N1 IAV following the clinical use of oseltamivir [9]. Thus far, 

mutations that have been associated with oseltamivir resistance occur at only a few positions 

that neighbor the NA active site [10-13]. The most prevalent resistance mutation in H1N1 IAV 

encodes the H275Y substitution (N1 numbering system used throughout), which spread globally 
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in 2008 [8]. Most oseltamivir resistance mutations that have been studied cause defects in viral 

expansion in the absence of drug pressure [14, 15]. For example, the H275Y mutation that is 

commonly observed in H1N1 isolates with oseltamivir resistance, caused a reduced titer in the 

absence of drug in the WSN strain [16]. In the case of H275Y, secondary mutations including 

R222Q and V234M can restore fitness and the combined H275Y/R222Q/V234M genotype 

became predominant in circulating H1N1 in 2008 [17]. The analyses of individual IAV clones 

indicate that costs of adaptation can mediate the mutations that emerge in response to drug 

pressure. Because only a limited number of mutations have been studied, often in different 

strain backgrounds, the extent to which fitness costs mediate the emergence of drug resistance 

mutations in IAV is unclear.  

To effectively probe drug resistance mechanisms, precise measurements of the effects 

of individual mutations are critical because small differences can distinguish mutants that will 

have different evolutionary outcomes. This remains a technical challenge despite exciting 

recent findings from gene-wide analyses of mutant effects in IAV [18-23] and genome-wide 

analyses in poliovirus [24]. Gene-wide studies of mutations in IAV provide useful estimates of 

the average impact of mutations at each amino acid position and effectively delineate the 

strength of selection acting at each position in the NA, NS, NP and HA genes of IAV. However, 

the effects of specific amino acid substitutions from gene-wide analyses of IAV [18, 20, 21] are 

only modestly reproducible (R2 ranging from 0.34 to 0.62).  

To measure fitness effects in IAV with high precision, we adapted the EMPIRIC 

(Exceedingly Meticulous and Parallel Investigation of Randomized Individual Codons) approach 

that we previously developed to investigate fitness landscapes in yeast [25-31]. The EMPIRIC 
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approach, along with related approaches developed by others [32-35], utilizes bulk 

competitions of engineered mutational libraries and next generation sequencing to estimate 

the frequency of each mutation before and after selection. A similar strategy used by Sun and 

colleagues was successful in identifying resistance mutations in the NS5A gene of hepatitis C 

virus [36]. Here, we adapted the EMPIRIC approach to systematically quantify the fitness effects 

of mutations in the NA gene of influenza A/WSN/33, which is an H1N1 strain. The results of this 

study provide improved precision relative to other high throughput studies of IAV mutants and 

enabled a robust assessment of drug resistance and fitness costs in the absence of drug 

pressure. 

Our results indicate that a balance between mutant effects on binding to drug and 

processing of substrates mediates drug resistance mutations. In the absence of drug pressure, 

most mutations exhibited fitness defects. The presence of oseltamivir changed the fitness 

effects of many mutations including a handful that became adaptive. The strongest drug 

adaptive mutations (H275Y, N295S, and I223M) have previously been associated with drug 

resistance in clinical N1 isolates [8, 37, 38]. These drug adaptive mutations had similar fitness 

defects (30-33%) compared to the parental strain in the absence of oseltamivir. In contrast, 

mutations associated with drug resistance in clinical N2 isolates caused severe fitness defects 

when introduced into the N1 strain used in our experiments (60-100% defects relative to the 

parental N1 strain in the absence of drug) that hinder them from being adaptive in N1. These 

observations suggest that fitness costs govern the resistance mutations that emerge in different 

IAV subtypes. We observed the vast majority of mutants at position 223 became adaptive to 

oseltamivir and had decreased drug binding. We also identified two drug adaptive mutations, 
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K221N and Y276F that did not decrease drug binding, but increased the efficiency of substrate 

processing. These observations demonstrate that resistance to oseltamivir can occur by two 

distinct mechanisms: decreased binding to drug or increased efficiency of substrate processing.  

 

Results 

We analyzed the fitness effects of all single nucleotide mutations in five specific 30 base 

regions of NA, focusing on mutations encoding regions of NA immediately adjacent to the 

active site as well as a control region on the surface of NA far from the active site (Table 1 and 

Fig. 1A). Regions around the active site were selected to include amino acid positions previously 

associated with oseltamivir resistance in human isolates, as well as positions that could 

encompass potentially novel mutations. Mutations were site-specifically engineered into 

plasmid-encoded viral genomes using a previously described plasmid system in which each 

influenza gene segment of the A/WSN/33 H1N1 strain is encoded on an individual plasmid [39]. 

Libraries of NA plasmids containing all possible single nucleotide mutations at 30 consecutive 

bases were generated. The NA plasmid libraries were combined with plasmids containing the 

remaining seven segments and transfected into co-cultured 293T and Madin-Darby canine 

kidney (MDCK) cells to recover an initial viral pool containing engineered mutations (P0) (Fig. 

1B). This pool was used to infect MDCK cells in the absence or presence of oseltamivir, a 

competitive inhibitor of NA. P1 viruses were isolated from these infected MDCK cells. 

 

Systematic approach to quantify the fitness effect of NA mutants with high precision 
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 We analyzed a total of 50 amino acid positions in NA. The frequency of each mutation in 

the plasmid, P0, and P1 samples provided a direct estimate of the fitness effects of all 450 

single nucleotide mutations in these regions without drug pressure (Table S1 and S2). Stop 

codons were universally depleted in P0 samples relative to plasmid.  In contrast, synonymous 

mutations were relatively unchanged in frequency between plasmid, P0, and P1 pools (Fig. S1).  

For mutations whose frequencies could be assessed in the plasmid, P0, and P1 pools, we 

observed consistent changes in frequency during viral recovery (plasmid to P0) and viral 

propagation (P0 to P1) (Fig. S2). These observations indicate that similar selection occurred 

during P0 viral recovery and P1 viral propagation. To compare the effects of mutations in 

different experiments with potential region-specific bias, we normalized fitness effects, setting 

the average stop codon for each bulk competition to -1 to represent null NA function and 

average synonymous substitutions in each competition to 0 to represent WT-like fitness. We 

estimated fitness effects of mutations independently from changes in frequency from plasmid 

to P0, and from P0 to P1. 

 Fitness estimates for mutations based on P1 analyses in the absence and presence of 

drug are shown in Fig. 1C and Fig. 1D, respectively, and results were highly reproducible with R2 

> 0.9 for experimental replicates of viral expansion. Comparing bulk analyses with mutations 

analyzed in isolation is an important control that probes both stochastic noise and potential 

systematic differences between these independent approaches. We performed fitness analyses 

on a panel of 22 clones of individual mutations and observed strong correlation with fitness 

estimates from our bulk analyses (Fig. 1E and Fig. S3). These observations indicate that our bulk 

studies are accurate estimates of fitness effects of isolated clones. 
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Fitness effects of mutations in NA without drug pressure 

We examined how missense mutations that change the amino acid sequence impact 

fitness in the absence of drug pressure (Fig. 2A). The vast majority of amino acid changes in 

regions of NA close to the active site caused severe fitness defects. In contrast, many amino 

acid changes in the control region located far from the active site were compatible with robust 

fitness (Fig. 2B). These observations are consistent with the intuition that enzyme catalysis is 

sensitive to the physical composition of the amino acids surrounding the active site. To 

estimate the sensitivity of each amino acid position to mutation, we calculated the average 

fitness effect observed for missense mutations (Fig. S4A). This metric of mutational sensitivity 

correlated (R2 = 0.46) with solvent exposure (Fig. S4B), indicating that solvent exposure 

contributes to the sensitivity of a position to mutation. 

We examined the relevance of these experimental fitness analyses of the WSN strain 

under laboratory conditions to natural evolution. The WSN strain was chosen for these 

experiments because it can be efficiently recovered from plasmids, which helped facilitate the 

recovery of diverse viral libraries necessary for the competition experiments. WSN was cloned 

from a strain originally isolated in 1933 that had subsequently been passaged under laboratory 

conditions. The NA gene of WSN contains an unusual deletion in the stalk region that has been 

observed to partially impair viral expansion in chicken eggs, but not in mammalian cells [40]. 

The sequence of amino acids that comprise the active site of NA are similar to circulating 

viruses. To investigate how lab adaptation of WSN may influence the interpretation of our 

results, we compared the experimental fitness effects of amino acid changes that we observed 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 11 

in WSN with the frequency of the same amino acids in 6,205 sequenced H1N1 isolates available 

from the influenza research database [41] (Fig. 2C).  

The amino acids most frequently sampled in the sequenced H1N1 isolates, including the 

most frequent amino acid at each position that we experimentally analyzed, all supported 

robust viral expansion when generated in the WSN genetic background (Fig. 2C). In contrast, 

the vast majority of mutations that caused severe experimental fitness defects in WSN were 

either never or rarely observed in sequenced H1N1 isolates. Multiple factors could contribute 

to the observation that some mutations with severe fitness defects in WSN were rarely 

observed in sequenced isolates including a strong dependence on genetic background for these 

mutations as well as potential rare errors in the sequencing process of these isolates. Overall, 

the correspondence we observe between WSN fitness effects and the frequency of amino acids 

observed in sequenced H1N1 isolates suggests that our analyses of NA mutations in WSN 

capture many salient features of natural selection acting on the NA protein of circulating H1N1 

IAV.  

To investigate the extent to which our fitness experiments in WSN could extend to other 

IAV strains, we compared them to the frequency of amino acids observed in 5,279 sequenced 

H3N2 isolates available from the influenza research database [41] (Fig. 2D). Many of the most 

common amino acids identified in H3N2 sequenced isolates were moderately to strongly 

deleterious when generated in WSN. This observation indicates that strongly epistatic or 

context-dependent amino acid substitutions have accrued during the divergence of the N1 and 

N2 proteins. 
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N1 and N2 subtype specific mutant effects 

To further examine how divergence of N1 and N2 proteins contribute to fitness effects 

of mutants in different genetic backgrounds, we analyzed the mutations E119V and R293K, 

which have been specifically associated with oseltamivir resistance in N2 isolates. Both E119V 

and R293K had strong fitness defects when generated in the N1 of WSN: E119V was lethal and 

R293K exhibited a 62% defect relative to the parental WSN strain without drug pressure. We 

attempted to recover viral stocks from individually cloned plasmids encoding E119V and R293K 

in WSN, but neither yielded measureable titers (data not shown). The failure to recover viral 

stocks of these variants is consistent with the severe fitness defects observed for these 

mutations in our bulk competitions. A previous study demonstrates that oseltamivir binding is 

decreased by the E119V mutation in the WSN strain and showed that E119V dramatically 

reduces the susceptibility of WSN NA to oseltamivir inhibition compared to both the parental 

wild type NA as well as the H275Y variant that is most commonly associated with oseltamivir 

resistance in the N1 strain[42]. In the same study, the enzymatic activity of the R293K mutation 

was too low to be accurately measured by the NA inhibition experiment [42]. When expressed 

in 293T cells, both the E119V and R293K variants of WSN NA had enzyme activity in the absence 

of oseltamivir that was less than 5% that observed for wild type NA in the absence of 

oseltamivir (Fig. 2E). These observations suggest that severe fitness costs in the absence of 

oseltamivir prevent E119V and R293K from contributing to drug adaptation in WSN. In future 

research beyond the scope of this work, it will be of interest to investigate the process by which 

N1 and N2 proteins have accumulated context-dependent amino acid substitutions. 
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Fitness effects of mutations in NA with oseltamivir 

To examine the impact of drug pressure on NA mutations, we compared fitness effects 

observed with and without oseltamivir (Fig. 3A). To provide a sensitive readout, we utilized a 

concentration of drug (1 μM) that partially reduced expansion of the parental WSN strain. Using 

a Student’s t-test with multiple test correction, we identified 24 drug responsive mutations 

whose fitness effect was significantly increased in the presence of this concentration of 

oseltamivir (Table S3; plotted in orange in Fig. 3A). Most of these drug responsive mutations 

exhibited fitness defects without drug, indicating that they reduce substrate processing as well 

as drug binding. The fitness defects of many of the drug responsive mutations hindered their 

ability to outcompete the parental strain under the conditions of these experiments. Using a 

similar statistical approach, we determined that only five mutations (K221N, I223M, H275Y, 

Y276F, and N295S, N1 numbering system) were significantly more fit than the parental strain in 

the presence of 1 μM oseltamivir, and we refer to these mutations as drug adaptive. 

Three of these five drug adaptive mutations from our experiments (H275Y, N295S, and 

I223M) have previously been associated with oseltamivir resistance (Table 2) [9, 38, 43]. In our 

experiments, H275Y was the strongest drug resistance mutation, with greater than two-fold 

increased fitness in the presence of oseltamivir compared to wild-type (Fig. 3A). H275Y is the 

predominant oseltamivir resistance mutant that has appeared in seasonal and pandemic H1N1 

influenza virus [9]. The N295S mutation, which exhibited a 50% fitness improvement in the 

presence of oseltamivir compared to wild-type in our experiments, has also been associated 

with oseltamivir resistance in different serotypes of IAV, although less frequently than H275Y 

[37, 43, 44]. The I223M mutation has been associated with oseltamivir resistance in H5N1 IAV 
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[38]. These three drug adaptive mutations (H275Y, N295S, and I223M) all had similar fitness 

defects ranging from 30-33% relative to the parental strain in the absence of drug. These 

observations indicate that the influenza virus can tolerate large fitness costs in the face of a 

novel selection pressure. In principle, fitness defects of this magnitude impose subsequent 

selection for compensatory mutations that can restore substrate processing and fitness. This 

scenario has been observed with influenza viruses carrying the H275Y mutation that 

accumulated the compensatory R222Q/V234M mutations and became the dominant circulating 

strain in 2008 [17]. 

To examine if mutations with more extreme fitness costs could outcompete the parental 

strain at different drug concentrations, we measured the fitness effects of mutations at 

positions 292-301 under a range of oseltamivir concentrations (Table S4). This region includes 

two drug responsive mutations with different fitness costs relative to the WSN virus without 

oseltamivir: N295S (30% fitness cost) and R293K (70% fitness cost). These mutations both 

exhibited fitness effects that increased with oseltamivir concentration (Fig. 3B), supporting the 

conclusion that these mutations reduce susceptibility to oseltamivir. While we observed fitness 

effects responding to oseltamivir concentration, the changes in fitness effects were small (2-

fold) relative to the changes in oseltamivir concentration (16-fold). Over this range of 

oseltamivir concentrations, the R293K mutation is always less fit than the parental strain. These 

observations suggest that the strong fitness cost of the R293K mutation hinders its ability to 

outgrow the parental strain and cause drug resistance. 

We investigated how the fitness effects of mutations based on bulk competitions in the 

presence and absence of oseltamivir compared with analyses of individual clones of five 
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variants (Fig. 3C). This comparison is complicated because different references are utilized in 

each experiment: in bulk competitions, the fitness of mutations are determined directly relative 

to WT, and in the analyses of individual clones the effect of drug is relative to the expansion 

rate of each viral variant in the absence of drug. The response of an isolated clone to 

oseltamivir when not in competition with other viruses should be a function of fitness effects 

measured in bulk competitions both with oseltamivir and in the absence of drug. Consistent 

with this principle, the order of the sensitivity of four isolated clones to oseltamivir (Fig. 3C) was 

the same as the order of mutations based on the difference between fitness effects with and 

without oseltamivir (Y276F < I223M < N295S < H275Y). 

 

Position 223 is a hotspot for mutations that decrease binding to oseltamivir   

Hotspots have been associated with drug resistance in many systems [45, 46]. To scan 

for potential hotspots that impact oseltamivir binding relative to substrate processing, we 

calculated the average drug responsiveness (defined as change in average fitness effect of 

mutations with oseltamivir compared to without drug) at each analyzed position (Fig. 4A). 

Mutations at position 223 and 275 exhibited the strongest averaged oseltamivir 

responsiveness. Analyzing the individual mutations at these positions indicated that the 

responsiveness of position 275 was almost completely due to one mutation (H275Y) of very 

large effect (Fig. 4B). In contrast, the responsiveness of position 223 was due to multiple 

mutations with intermediate drug responsive effects. 

 To investigate the drug responsive effects of mutations at position 223 in further detail, 

we generated individual clones and examined their responsiveness to oseltamivir in vitro (Fig. 
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4C). We observed that six different mutations at position 223 (Arg, Lys, Met, Leu, Thr, and Val) 

were less sensitive to oseltamivir than WT. All of the mutations at position 223 that we 

analyzed were more sensitive to oseltamivir than the H275Y mutation. Together, our results 

indicate that a very specific physical change at position 275 is required to disrupt drug binding. 

This is consistent with structural analyses of H275Y, which indicate that subtle conformational 

rearrangements mediated by the side chain of E277 that is located between position 275 and 

oseltamivir are responsible for disrupting drug binding [13]. While position 275 does not 

directly contact oseltamivir or substrate, position 223 is located at the substrate binding site 

and can directly contact oseltamivir (Fig. 4D). Position 223 contacts hydrophobic atoms in 

oseltamivir that are outside the substrate envelope and that differ in physical properties from 

the polar substrate. Distinctions between substrate and inhibitors have been associated with 

hotspots for drug resistance in HIV protease [47]. The differences between oseltamivir and 

substrate where these contact position 223 likely cause this position to be a hotspot for 

mutations that disrupt drug binding in NA. Of note, the I223K, I223R, and I223T mutations have 

been observed in 2009 H1N1 isolates with reduced sensitivity to oseltamivir [48, 49], although 

other mutations at position 223 have not yet been associated with adaptation to oseltamivir in 

the H1N1 subtype to the best of our knowledge.  Structural analyses of neuraminidase with 

I223R demonstrate that this mutation physically disrupts binding to oseltamivir [50].  

 

Drug adaptive mechanism of Y276F and K221N 

The Y276F and K221N mutations had similar or slightly improved fitness compared to 

the parental strain in the absence of drug pressure (Fig. 5A). In bulk competition experiments, 
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K221N exhibited smaller differences in fitness effects with and without drug compared to 

Y276F. The small fitness differences observed for K221N in bulk competitions would be difficult 

to discern with experiments on an individual clone. For these reasons, conclusions regarding 

K221N must be considered cautiously. Y276F exhibited a larger fitness increase and in isolation 

we observed that it did require elevated concentrations of oseltamivir to slow expansion 

relative to WT (Fig. 3C). Taken together, our observations indicate that Y276F improves the 

fitness of WSN both in the presence and absence of oseltamivir. To the best of our knowledge, 

the Y276F mutation has not previously been associated with oseltamivir resistance.  

To investigate potential drug adaptive mechanisms of K221N and Y276F, we closely 

examined structural and biochemical properties of each mutation. The C-C bond of amino 

acids at positions 221 and 276 are oriented away from the active site (Fig. 5B) such that the side 

chains are unlikely to directly contact either the inhibitor oseltamivir or the sialic acid moiety of 

the substrate. This observation suggests that the fitness effects of the K221N and Y276F 

mutations are likely due to subtle alterations to the conformation or dynamics of nearby 

positions that do contact substrate and inhibitor. 

We analyzed the enzymatic activity of K221N and Y276F as well as the other three 

identified drug adaptive mutations (I223M, H275Y, and N295S) in vitro using a fluorescent 

substrate (Fig. 5C). The three drug-adaptive mutations with fitness costs in the absence of drug 

(I223M, H275Y, and N295S) all had reduced enzymatic activity relative to WT. These results 

suggest that reduced substrate turnover caused by these mutations is responsible for 

decreased fitness in the absence of drug pressure. In contrast, K221N and Y276F both exhibited 

increased enzymatic activity relative to WT. In principle, mutations that increase enzymatic 
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activity without impacting drug binding can provide an adaptive advantage in the face of drug 

pressure. For example, a mutation that increases the efficiency of substrate processing two-fold 

without impacting drug binding will increase WT enzymatic activity in the presence of drug 

concentrations that reduce the WT enzyme efficiency 2-fold. To examine if this mechanism is 

relevant to the K221N and Y276F mutations, we analyzed the effects of these mutations on 

inhibition by oseltamivir in vitro (Fig. 5D). Full experimental titration experiments with WT 

indicate that the results of this inhibition assay are highly reproducible. Both K221N and Y276F 

had inhibition profiles and 50% enzyme-inhibitory concentration (IC50) values that were similar 

or slightly more sensitive to oseltamivir than WT (Fig. 5D). These results indicate that the 

adaptive advantage of K221N and Y276F are due to increased efficiency of substrate processing 

rather than decreased binding to drug. 

 

Discussion 

Many pathogens, including IAV, accumulate mutations that make them resistant to 

currently available drugs. While some mutations that cause influenza to become resistant to 

oseltamivir have been identified, the impact of most mutations has not been fully resolved. In 

particular, the effect of most mutations in the absence of drug pressure has not been 

experimentally characterized. Here, we systematically analyzed all possible single nucleotide 

mutations in regions of the active site of the viral NA gene using the EMPIRIC method. Our 

approach provides rapid and highly reproducible fitness measurements of IAV mutants. We 

comprehensively examined fitness effects of all possible single nucleotide mutations in defined 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 19 

regions of NA in the absence and presence of oseltamivir, identifying mutations that confer 

resistance to oseltamivir and validating mutations with individual clones. 

Our results support the conclusion that a balance between substrate processing and 

drug binding determines the potential of an NA mutation to adapt to oseltamivir (Fig. 6A).  

Mutations with either decreased drug binding (Fig. 6B, purple line) or increased substrate 

processing (Fig. 6B, green line) should expand more efficiently compared to WT in the presence 

of drug (Fig 6B, black line). In principle, mutations that decrease drug binding without causing a 

defect in substrate processing provide the ability for viruses to expand most efficiently over the 

broadest concentrations of drug (Fig. 6B). Multiple lines of evidence indicate that this type of 

mutation is extremely rare: none were identified in our mutational scan, and drug resistance 

mutations identified in clinical isolates exhibit fitness costs without drug [14, 15]. Instead, most 

mutations associated with oseltamivir resistance in clinical isolates had clear experimental 

fitness defects (~30%) in our experiments (Fig. 6B, red line). The fitness defects of these drug-

resistant mutations should impose selection for compensatory mutations that increase the 

efficiency of substrate processing, which has been observed both experimentally [51] and in the 

majority of H1N1 clinical isolates from 2008 [17]. 

Our results indicate that NA mutations can also provide an adaptive advantage in the 

presence of oseltamivir by increasing the efficiency of substrate processing without decreasing 

sensitivity to drug. The Y276F mutation that exhibited the largest increase in substrate 

processing efficiency and fitness effect with oseltamivir has been observed at low frequency 

(0.1%, only observed in 2009-2010) in sequenced H1N1 isolates.  The low frequency of Y276F in 

sequenced H1N1 isolates suggests that the effects of Y276F may be distinct in different N1 
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sequence backgrounds. Nonetheless, our observations of the effects of Y276F in WSN highlight 

the general mechanistic conclusion that increased efficiency of substrate processing by NA 

without reduced sensitivity to oseltamivir binding can lead to drug adaptation. While this type 

of mutation does not provide resistance to high levels of oseltamivir, it may act as an enabling 

mutation that provides greater sampling of secondary mutations that could lead to strong drug 

resistance. For example, a mutation that increases the efficiency of substrate processing may 

offset the fitness costs of a mutation that reduces binding to drug and processing of substrate 

such that the double mutant disrupts binding to drug while maintaining efficient substrate 

processing. 

Our results, as well as other studies [17, 52], indicate that multiple mutations in NA are 

required to reduce oseltamivir binding while maintaining efficient substrate processing. The 

evolution of drug resistance in this scenario will be a complex combination of mutational 

probabilities as well as the effects of individual and combined mutations on binding to drug and 

processing of substrate. Additional studies of combinations of mutations will be critical to 

appreciate the full spectrum of potential oseltamivir resistance NA variants. This should also 

serve as a caution that widespread use of oseltamivir at sub-neutralizing concentrations will 

likely lead to an increased frequency of multiple NA mutations with adaptive benefits. 

 

Materials and Methods 

Construction of plasmid-encoded libraries 

NA point mutant libraries were generated using a previously described approach [26, 

53]. Plasmids encoding the parental NA gene as well as the other seven gene segments 
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encoding the H1N1 A/WSN/33 strain in the pHW2000 vector were kindly provided by R. 

Webster (St. Jude Children’s Research Hospital, Memphis, TN). The NA gene was cloned into 

pRNDM to generate a plasmid without any BsaI restriction sites. Inverted BsaI sites were then 

introduced to enable a cassette ligation strategy to efficiently generate libraries of single 

nucleotide mutations; a separate cassette was used to mutate each base to all three non-

parental bases. Libraries of single nucleotide mutants at 30 consecutive bases were combined 

and blended with parental (wild-type) plasmid as well as a panel of three stop codons at about 

4-fold elevated frequency as negative controls for NA function. The resulting pool of NA 

libraries was transferred from pRNDM to pHW2000 [39] using sequence and ligation 

independent cloning (SLIC) [53, 54]. The pHW2000 construct contains a CMV promoter to drive 

expression of mRNA and a polII promoter in the opposite orientation to generate genomic 

negative strand RNA.  

 

Cell culture 

293T and MDCK cell lines were obtained from the American Type Culture Collection 

(Manassas, VA). The 293T cell line was maintained in 293T cell culture media consisting of Opti-

MEM I reduced serum media (Gibco, Grand Island, NY) supplemented with 5% fetal bovine 

serum (Hyclone, Logan, UT), 100 U/mL penicillin, and 100 μg/mL of streptomycin at 37°C and 

5% carbon dioxide. The MDCK cell line was maintained in Eagle's minimal essential medium 

(MEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 10 mM sodium 

pyruvate, 1X non-essential amino acid, 100 U/mL penicillin, and 100 μg/mL of streptomycin at 
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37°C and 5% carbon dioxide. All cell culture reagents were from Corning (Manassas, VA) unless 

otherwise indicated.  

 

Viral library recovery and selection experiments 

Viral libraries were recovered from plasmids as previously described [39]. Briefly, equal 

numbers of 293T and MDCK cells were mixed in 293T cell culture media, and seeded in 6-well 

plates at a density of 2–6 × 105 cells/well. 293T-MDCK co-cultures were transfected with 1 μg of 

NA plasmid library and 1 μg of each plasmid encoding the other seven gene segments (8 μg 

total plasmid) using TransIT-LT1 Reagent (Mirus, Madison, WI). The ratio of DNA (μg) to TransIT-

LT1 (μL) was 1:2. At 6 hours post-transfection, cell growth media was replaced with fresh Opti-

MEM I reduced serum media. At 30 hours post-transfection, TPCK-trypsin (Sigma-Aldrich, St. 

Louis, MO) was added to cell growth media to a final concentration of 0.5 g/mL. At 72 hours 

post-transfection, supernatant containing viral particles was harvested and centrifuged at 

300xg for 15 minutes to remove cell debris. Supernatants were stored at -80°C. These 

recovered pools of viral variants are referred to as P0 libraries. Plaque assays were performed 

to determine the titer (plaque forming units or PFU/mL) of each P0 sample as previously 

described [55].  

 MDCK cells were used for additional viral competition experiments. 106 MDCK cells were 

seeded in individual wells of a 6-well plate and grown for one day. Cells were washed twice 

with 1X PBS and once with cDMEM/BSA (DMEM, 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 7.5% BSA) before infection. P0 viral libraries were diluted in influenza virus growth medium 

(IVGM: cDMEM/BSA with 1 μg/mL TPCK trypsin). MDCK cells were infected at a multiplicity of 
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infection (MOI) of 0.001. For each experimental dataset, three independent infections were 

conducted in the presence or absence of 1 μM oseltamivir. Replicate datasets were obtained by 

performing three additional independent P1 infections. Oseltamivir carboxylate was a kind gift 

from Hoffmann-La Roche Pharmaceuticals (Basel, Switzerland). Viral binding was conducted at 

37°C with 10% carbon dioxide for one hour, followed by two washes with PBS. After washing, 2 

mL of fresh IVGM was added to each well of MDCK cells, which were maintained at 37°C with 

10% carbon dioxide. The supernatant containing viruses was collected when 50%-90% CPE was 

observed or at 120 hours post-infection. Supernatants were centrifuged at 300xg for 15 

minutes and stored at -80°C. Samples recovered from MDCK expanded viral pools were 

referred to as P1.  

 

Analyses of individual mutants 

A panel of individual NA variants were cloned into plasmids and analyzed in isolation. 

Viral samples were recovered from 293T-MDCK cells as described for library samples. Titers of 

P0 samples were determined for each variant using plaque assays. For variants that produced 

P0 samples with titers >10,000 PFU/mL, we also analyzed plaque size. Plaque size was 

measured using a Nikon SMZ1500 microscope for 20 randomly selected and well separated 

plaques for each variant analyzed (Fig. S3).  

For a subset of variants, infectivity was analyzed as a function of oseltamivir 

concentration as previously described [56]. Briefly, confluent MDCK cells in 24-well plates were 

infected at an MOI of 0.01. The infection was conducted in a range of oseltamivir 

concentrations (0, 0.1, 0.3, 1, 3, 10, 30 and 100 μM), and incubated at 37°C with 10% carbon 
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dioxide. Supernatants were collected 3 days post-infection and virus titer was determined by 

plaque assay. 

 

Analyses of enzyme activity in vitro 

Enzyme activity of NA was determined using fluorogenic 2’‐(4‐methylumbelliferyl)‐alpha‐D‐N-

acetylneuraminic acid (MUNANA) substrate according to the manufacturer’s instructions (Life 

Technologies, Carlsbad, CA). Briefly, recombinant viruses were incubated with MUNANA 

substrate at a final concentration of 0.1 mM for one hour at 37°C with shaking. After this 

incubation, fluorescence was measured using a Victor X5 plate-reader (PerkinElmer, Waltham, 

MA) with a 355 +/- 10 nm excitation filter and a 460 +/-20 nm emission filter. RFU was 

normalized to the titer of viruses determined by plaque assay to obtain estimates of relative NA 

activity between different variants. To estimate sensitivity to oseltamivir, MUNANA assays were 

performed in the presence of a range of oseltamivir concentrations. Recombinant viruses were 

incubated with various concentrations of oseltamivir for 45 minutes at 37°C with shaking and 

then reacted with MUNANA as described. The fluorescent signal at each concentration of 

oseltamivir was normalized to the signal in the absence of oseltamivir and the resulting data fit 

to a standard binding equation in order to estimate IC50 values. Enzymatic activity of E119V and 

R293K was estimated by transiently expressing NA on the surface of 293T cells according to a 

previously published protocol with modifications [17]. Briefly, an equal amount of plasmid 

harboring WT or mutant NA was transfected into an equal number of 293T cells using TransIT-

LT1 Reagent (Mirus, Madison, WI). 293T cells were harvested 24 hours post transfection and 

resuspended in non-lysis buffer before subject to MUNANA assays as described for 
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recombinant viruses. Sensitivity of I223R and I223K to oseltamivir was also estimated by 

expressing NA in 293T cells and then incubated with oseltamivir, followed by reaction with 

MUNANA as described. IC50 values were estimated by fitting normalized signal to a standard 

binding equation. 

 

Sequence analyses 

Influenza genomic RNA was extracted from supernatants containing virions using the 

QIAamp Viral RNA Mini Kit (Qiagen, Germantown, MD). Viral RNA was reverse transcribed into 

cDNA using primers binding upstream of randomized libraries and SuperScriptIII (Life 

Technologies, Beverly, MA). Subsequent processing steps were as described previously for 

analyzing mutant frequency [26]. Briefly, samples were barcoded to distinguish replicates as 

well as plasmid, P0, and P1 samples and submitted for Illumina 36bp single read sequencing on 

a Genome Analyzer II. 2.05 × 107 high quality reads (>99.5% confidence across all 36 bases) 

were obtained and analyzed. Raw sequencing data has been submitted to the NIH Short Read 

Archive under accession number: Bioproject PRJNA272490 or SRA SRX839403. Read abundance 

(R) is the count of each mutant. The relative abundance (A) of each point mutant in plasmid or 

P0 or P1 library was estimated from logarithmic frequency of mutant normalized to WT, as 

indicated below in Equation 1.  

       
    

   
  (Eq. 1) 

The frequency change (F) of a mutation from P0 to the mean of three P1 replicates (Equation 2) 

was used as an estimate of the enrichment or depletion during viral expansion. Estimates of 
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selection during virus recovery were made by comparing frequency changes between plasmid 

and P0 using the same equations. 

           (Eq. 2) 

Selection coefficients (s) representing the experimental effects of each mutation on viral 

replication were calculated by normalizing the average stop codon to -1 (representing null 

fitness) and wild-type synonyms to 0 (representing no fitness effect), as indicated in Equation 3. 

Mutants with s less than 0 had a fitness defect, whereas mutants with s greater than 0 had a 

fitness benefit, relative to the parental sequence. 

  
             

              

 (Eq. 3) 

The above analyses yielded experimentally reproducible estimates of fitness effects for 

mutations with frequency greater than 0.2% (Fig. S5). Mutations below this frequency in P0 

were likely subject to highly stochastic sampling in the pool of viruses used to start P1 passages. 

The majority of mutations with low frequency in P0 were prevalent at far greater abundance in 

the plasmid-encoded libraries. These observations indicated that selection during viral recovery 

depleted viruses with unfit NA mutations, and is consistent with expected viral expansion in 

MDCK cells during the co-culture viral recovery to generate P0 samples. We observed that the 

frequency change of mutations from plasmid to P0 correlated (R2=0.89) with frequency changes 

from P0 to P1 (Fig. S2). From these observations we infer that selection pressure on NA 

mutations during plasmid to P0 rescue mimics selection during P0 to P1 expansion and that for 

mutations at high relative abundance in P0, frequency changes from P0 to P1 may be more 

accurate estimates of fitness effects than frequency changes from plasmid to P1. For these 

reasons, we calculated fitness effects without drug pressure for mutations with low frequency 
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(<0.2%; 14% of our dataset) based on frequency changes from plasmid to P0, while for 

mutations that were abundant in P0 (>0.2%) fitness effects were calculated solely based on 

frequency changes from P0 to P1. The severe fitness defects for these mutations with low 

frequency in the absence of drug make it unlikely that they would contribute to drug resistance.   

 

Estimate of variation of experimental fitness measurements 

We assessed potential sampling limitations (e.g., bottlenecking) in our viral recovery and 

passaging experiments by analyzing stop codons and synonymous codons. Stop codons had 

consistent and strong depletion in P0 samples relative to plasmid, whereas synonymous 

mutations had very limited changes in frequency between these pools (Fig. S1). This indicates 

that selection on NA occurs during P0 viral recovery (consistent with infection of co-cultured 

MDCK cells during this step) and that sampling of plasmid variants during viral recovery is 

sufficient to reproducibly sample the number of mutations in our libraries. If sampling were 

insufficient, stochastic depletion of some synonymous mutations due to random under-

sampling should have been observed.  In addition, four mutants with strong depletion in P0 

samples relative to plasmid were studied in isolation and had strongly reduced or even no 

infectivity in an independent experiment, suggesting that mutants became depleted in P0 

samples mainly because they had detrimental effects on viral infectivity.   

The variation in fitness effects between EMPIRIC experimental repeats (Fig. S5) suggests 

that sampling during initial viral entry was the main source of variance between replicates. This 

sampling was sufficient to analyze all single nucleotide variants, but would hinder the 

investigation of more complex libraries (e.g., libraries of all possible amino acid substitutions). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 28 

To calculate confidence intervals on estimates of fitness effects from mutants that passed the 

P0 cutoff, we used a pooled error function for each data set. This approach provides a more 

robust estimate of standard errors for each mutant than calculations of the standard error of 

the mean based on three measurements. Pooled error functions were obtained by a log-linear 

regression of the individual standard deviations as a function of mutant frequency in P0 (Fig. 

S5). An evaluation of the resulting residuals supported the validity of the pooled error 

approach. Mutations whose standard error appeared as an outlier of the estimated error 

distribution, which indicates potentially different sources of error for these mutations, are 

identified in Table S2. To estimate noise from sample processing and sequencing, viral samples 

generated solely from wild-type NA were processed by identical procedures and sequenced as 

control (Table S1).  

 

Statistical analysis to determine oseltamivir responsive mutants 

t-tests using 2×(N-1) degrees of freedom (where N represents independent fitness 

measurements for each amino acid substitution in both drug and no-drug conditions) were 

used to compare fitness effects of amino acid substitutions with and without oseltamivir 

together with a multiple-test correction using a 5% false discovery rate. 

 

Analysis of mutant frequency in natural isolates 

6205 H1N1 NA protein sequences and 5279 H3N2 NA protein sequences isolated from humans 

were downloaded from the Influenza Research Database [41]. These sequences were from 

viruses collected from 1933 to 2013, although the majority of viruses (76%) were from the 
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2004-2013. The dataset was curated to exclude partial sequences and duplicate entries. 

Multiple sequence alignment was conducted using Multiple Sequence Comparison by Log- 

Expectation, MUSCLE [57]. Positional amino acid frequencies were tabulated and compared to 

experimental fitness measurements. 
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Figure Legends 

Figure 1. A high throughput approach was optimized to precisely analyze the fitness effects of 

NA mutations in influenza A virus. (A) Molecular image based on the PDB ID: 3B7E structure 

[60] of NA showing a monomer with the regions near the active site as well as a control region 

far from the active site that were chosen for mutational analysis highlighted in magenta. A 

competitive inhibitor bound in the active site of NA is shown as yellow spheres. (B) Site-directed 

mutagenesis was used to introduce point mutations into the plasmid encoding the NA gene 

from the influenza A/WSN/33 mixed with plasmids encoding wild-type versions of the other 

seven gene segments from this strain. Plasmids were co-transfected into 293T/MDCK cells to 

generate an initial P0 library of viral particles that were subsequently expanded through 

infection of MDCK cells to generate a P1 library. Focused deep sequencing was utilized to 

quantify the enrichment or depletion of each mutation during viral expansion. (C) 

Reproducibility of high throughput estimates of fitness effects from experimental replicates of 

viral expansion. Silent substitutions (wild-type synonyms) in this plot are green and nonsense 

mutations (stop codons) are red. (D) Reproducibility of estimates of fitness effects in replicates 

of viral expansion with 1 μM oseltamivir. (E) Correlation between fitness effects estimated for a 

panel of individual mutations analyzed in isolation with estimates from bulk competitions.  

 

Figure 2. Fitness effects of mutants in WSN correspond to the frequency of amino acids 

observed in sequenced H1N1 isolates. The distribution of fitness effects observed for 

mutations in four regions proximal to the active site (A) and one region distant from the active 

site (B). Null-like and WT-like fitness effects are colored red and green and were based on 
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observations of stop codons and WT synonyms. Fitness effects of amino acid changes were 

compared to the frequency of amino acids observed in 6205 sequenced H1N1 isolates (C) and 

5279 sequenced H3N2 isolates (D) available from the Influenza Research Database [41]. (E) 

Relative MUNANA activity of NA variants of WSN expressed in 293T cells monitored using a 

fluorescent substrate. Cells lacking the NA gene were included as a blank control. Error bars 

indicate the standard deviation of 3 biological replicates. 

 

Figure 3. Oseltamivir adaptive mutations were identified by comparing fitness effects of NA 

mutations in the presence or absence of oseltamivir. (A) Comparison of the fitness effects of 

NA mutations with and without oseltamivir.  Mutations with a statistically significant (detail in 

Materials and Methods) increase in fitness effect in the presence of oseltamivir compared to 

without drug (above and to the left of the diagonal) are colored orange. Mutations that were 

significantly more fit than WT in the presence of drug (above the horizontal dashed line) are 

labeled.  (B) Fitness effects of two mutations associated with oseltamivir resistance in H1N1 

(N295S) or H3N2 (R293K) from bulk competitions performed over a range of oseltamivir 

concentrations. The mutations exhibited fitness effects that increased with escalating amounts 

of oseltamivir. (C) Expansion of individually isolated mutations as a function of oseltamivir 

concentration. 

 

Figure 4. Multiple mutations at position 223 reduced the apparent binding affinity of NA to 

oseltamivir. (A) To identify hotspots for mutations with adaptive potential to oseltamivir, we 

examined the average effect of mutations at each position on responsiveness to oseltamivir in 
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the bulk competitions. (B) Oseltamivir responsiveness of single nucleotide mutations at 

positions 223 and 275. (C) Enzyme activity of individually isolated viral variants as a function of 

oseltamivir concentration. The activity of I223K and I223R was estimated in 293T cells while the 

activity of other mutants and WT was estimated using virus. (D) Structural image of an NA 

monomer indicating the location of positions 223 and 275 relative to oseltamivir and a 

substrate analog. The image was generated from PDB ID: 3CL2 [13] and PDB ID: 1F8B [61]. 

 

Figure 5. K221N and Y276F are adaptive in the presence of oseltamivir because they increase 

NA activity without altering drug binding. (A) Fitness effects of mutations that were 

statistically more fit than WT during bulk competitions with oseltamivir. Zero represents WT 

fitness, positive values represent increased fitness relative to WT, and negative values 

represent decreased fitness relative to WT. Error bar indicates standard error of the mean with 

N =3. (B) Structural image of an NA monomer indicating the location of positions 221 and 276 

[53] relative to oseltamivir (blue) and a synthetic substrate used in enzymatic assays (yellow). 

The image was generated from PDB ID: 3CL2[13] and PDB ID: 1F8B [61]. (C) Relative activity of 

isolates of individual viral variants determined using the fluorescent substrate MUNANA. 

Enzyme activities were normalized to viral titer to estimate the relative enzyme activity per 

infectious unit. Error bars indicate the standard deviation of 5 biological replicates. The 

standard deviations are as follows: WT: 0.0499, Blank: 0.0002, E119V: 0.0004, R292K: 0.0001 

(D) Enzyme activity of individually isolated viral variants as a function of oseltamivir 

concentration. The experimentally determined IC50’s are as follows: WT: 0.89 nM, K221N: 1.04 

nM, and Y276F: 0.55 nM. 
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Figure 6. Mechanisms of adaptation to drug pressure. (A) Drug resistance is a balance between 

the effects of mutations on drug binding and substrate processing. Mutations that increase 

substrate processing or reduce drug binding favor drug resistance. (B) Theoretical model of the 

efficiency of substrate processing as a function of inhibitor concentration for mutations with 

different impacts. (C) Structural representation based on 3CL2.PDB of a NA subunit illustrating 

the location of mutations that either increased substrate processing (colored pink), or decrease 

binding to oseltamivir (colored green). Oseltamivir is shown in yellow and the catalytic tyrosine 

at position 406 is shown in cyan. 
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Tables 

Table 1. Amino acid regions of NA analyzed 

Region Amino acid positions 

Active-site proximal 1 112-121 

Active-site proximal 2 
220-229 

Active-site proximal 3 
271-280 

Active-site proximal 4 
292-301 

Surface loop distant from active site 83-92 
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Table 2. Experimental fitness effects of previously reported oseltamivir resistance mutants 

that were covered in the libraries analyzed in the study [9, 37, 38, 43, 44, 48-50, 58, 59] 

Mutation Subtype No oseltamivir 

1 M 

oseltamivir 

Increase in 

fitness effect 

I117V H5N1 -0.14 0.12 0.26 

E119V H3N2, H7N9 -1.10 -1.00 0.10 

I223K H1N1, H7N9 -0.54 -0.15 0.39 

I223R H1N1, H7N9 -0.56 -0.13 0.43 

I223M H5N1 -0.33 0.23 0.56 

I223T H1N1, H5N1 -0.25 -0.01 0.24 

I223L H5N1, H3N2 -0.40 -0.02 0.38 

H275Y H1N1, H5N1 -0.31 1.12 1.43 

R293K H3N2, H7N9 -0.62 -0.38 0.24 

N295S H1N1, H5N1, H3N2 -0.30 0.49 0.79 
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Highlights 

 Limited influenza mutants have been examined for fitness costs and drug resistance 

 Fitness effects in critical regions of N1 neuraminidase were quantified by EMPIRIC 

 Many mutations exhibited increased fitness in the presence of oseltamivir 

 NA position 223 is a hotspot for mutations that decrease binding to oseltamivir  

 Drug resistance results from a balance of drug binding and substrate processing  


