
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Petrie, SM;Butler, J;Barr, IG;McVernon, J;Hurt, AC;McCaw, JM

Title:
Quantifying relative within-host replication fitness in influenza virus competition
experiments

Date:
--

Citation:
Petrie, S. M., Butler, J., Barr, I. G., McVernon, J., Hurt, A. C. & McCaw, J. M. ().
Quantifying relative within-host replication fitness in influenza virus competition
experiments. Journal of Theoretical Biology, , pp.-. https://doi.org/./
j.jtbi....

Persistent Link:
https://hdl.handle.net//



Quantifying relative within-host replication fitness in influenza virus competition
experiments

Stephen M. Petriea, Jeff Butlerb, Ian G. Barrb,c, Jodie McVernona,d, Aeron C. Hurtb,c, James M. McCawa,d,e,∗

aMelbourne School of Population and Global Health, The University of Melbourne, Parkville, Victoria, Australia
bWHO Collaborating Centre for Reference and Research on Influenza, Victorian Infectious Diseases Reference Laboratory at the Peter Doherty Institute for

Infection and Immunity, Melbourne, Victoria, Australia
cSchool of Applied Sciences, Monash University, Churchill, Victoria, Australia

dMurdoch Childrens Research Institute, The Royal Children’s Hospital, Parkville, Victoria, Australia
eSchool of Mathematics and Statistics, The University of Melbourne, Parkville, Victoria, Australia

Abstract

Through accumulation of genetic mutations in the neuraminidase gene, the influenza virus can become resistant to antiviral drugs
such as oseltamivir. Quantifying the fitness of emergent drug-resistant influenza viruses, relative to contemporary circulating
viruses, provides valuable information to complement existing efforts in the surveillance of drug-resistance. We have previously
developed a co-infection based method for the assessment of the relative in vivo fitness of two competing viruses. We have
also introduced a model of within-host co-infection dynamics that enables relative within-host fitness to be quantified in these
competitive-mixtures experiments. The model assumed that fitness differences between co-infecting strains were mediated by
strain-dependent viral production rates from infected epithelial cells. Here we extend the model to enable a more complete ex-
ploration of biological processes that may differ between virus pairs and hence generate fitness differences. We use the extended
model to re-analyse data from competitive-mixtures experiments that investigated the fitness of oseltamivir-resistant (OR) H1N1
pandemic 2009 (“H1N1pdm09”) viruses that emerged during a community outbreak in Australia in 2011. Results are consistent
with those of our previous analysis, suggesting that the within-host replication fitness of these OR viruses is not compromised
relative to that of related oseltamivir-susceptible (OS) strains, and that potentially permissive mutations in the neuraminidase gene
(V241I and N369K) significantly enhance the fitness of H1N1pdm09 OR viruses. These results are consistent regardless of the
hypothesised biological cause of fitness difference.
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1. Introduction1

Antiviral drugs are used to treat influenza infection and re-2

duce the onward spread of infection [1, 2, 3]. Currently circulat-3

ing influenza viruses are predominantly susceptible to the neu-4

raminidase (NA) inhibitor oseltamivir, however the drug’s util-5

ity as a treatment option for influenza may be severely compro-6

mised if resistance becomes prevalent [4]. During the North-7

ern Hemisphere’s 2007/08 influenza season, surveillance stud-8

ies identified a rise in the proportion of A(H1N1) viruses carry-9

ing the resistance-conferring H275Y mutation in the NA gene10

[5, 6, 7, 8]. These resistant viruses spread globally and replaced11

wild-type H1N1 during 2008 [9, 10, 11, 12], largely indepen-12

dently of the use of oseltamivir [10, 7, 11, 8]. This event high-13

lighted a need to be able to accurately assess the relative fitness14

of emergent drug-resistant influenza strains compared to con-15

temporary circulating drug-susceptible wild-type strains.16

Previous studies have quantified the relative replication fit-17

ness of different pathogens using mathematical models [13, 14,18

∗Corresponding author
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15, 16, 17, 18]. A method introduced by Marée et al. [13] quan- 19

tified relative in vitro fitness via the ratio of the infected cell 20

replication rates of each competing strain. Marée et al. dis- 21

cussed alternatives to their assumption that the replication rate 22

is the only parameter that differs by strain (e.g. the infected cell 23

death rate could instead be assumed to be the source of strain 24

difference), however other possible biological sources of strain 25

difference were not considered, such as strain-dependence in 26

the latent phase duration. Wu et al. [14] quantified relative in 27

vitro fitness using the overall growth rate for each strain. This 28

method is difficult to compare across different experiments be- 29

cause the growth rate incorporates the number of target cells, 30

and so changes depending on experimental conditions. Wu 31

et al. also did not consider alternative scenarios regarding the 32

source of strain difference. In earlier work [15], we quanti- 33

fied relative in vivo fitness via the difference of the infected cell 34

replication rates of each strain. However, we neglected other 35

possible causes of strain difference, such as strain-dependence 36

in the duration of either the latent or productive phase of in- 37

fected cells. Holder et al. [16] and Pinilla et al. [17] quan- 38

tified relative in vitro fitness by estimating several fundamen- 39

tal biological properties of each strain, gaining direct insight 40
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into the underlying cause of strain-dependent infection dynam-41

ics and fitness differences. Quantifying relative fitness in this42

way is preferable to estimating experiment-specific properties43

that change depending upon modifications to the infection sys-44

tem (e.g. Wu et al. [14]), and depending on the biological prop-45

erties of the pathogens being studied, may also be preferable to46

assuming that the infected cell replication rate or death rate are47

the only parameters that differ by strain (e.g. Marée et al. [13]).48

In a recent experimental study involving the co-infection49

of animals with competing pairs of A(H1N1) pandemic 200950

(“H1N1pdm09”) strains [18], we used a within-host model of51

the co-infection system to quantify relative replication fitness.52

The model assumed that fitness differences were caused by53

strain-dependence in the production rate of infectious virus by54

infected cells, and relative within-host fitness was quantified55

via the ratio of the production rates. Results indicated that: (1)56

H275Y drug-resistant influenza viruses that emerged in 2011 in57

the Hunter New England (HNE) region of New South Wales,58

Australia, did not have compromised in vivo fitness compared59

with related drug-sensitive viruses, and (2) the unusually ro-60

bust fitness of these drug-resistant viruses may have been due61

to the presence of two permissive NA mutations — V241I and62

N369K — which have since become established in virtually63

all circulating H1N1pdm09 viruses. Here we first revisit the64

model introduced in Butler et al. [18], and then extend it to al-65

low investigation of several different biologically plausible hy-66

potheses regarding the cause of fitness difference. Of note, our67

focus throughout the analysis is to obtain accurate and precise68

estimates for the relative fitness, rather than individual model69

parameters.70

2. Experimental data71

We analyse data from a competitive-mixtures experimental72

study involving co-infection of ferrets with pairs of compet-73

ing influenza viruses [18]. In these experiments, immuno-74

logically naive ferrets were inoculated with various mixtures75

of two different influenza strains (“A” and “B”). Each ferret76

was assigned either to one of three “mixed-infection groups”77

(80A:20B, 50A:50B, and 20A:80B), or to one of two “pure-78

infection groups” (100A:0B and 0A:100B). Each inoculum was79

prepared at the required proportion by combining known con-80

centrations of each virus.81

Nasal wash samples were taken daily from each ferret. The82

infectious viral load of each sample was measured using 50%83

tissue culture infectious dose (TCID50) assays, and total (infec-84

tious + non-infectious) viral load was measured using real-time85

reverse transcription-polymerase chain reaction (rRT-PCR) as-86

says of the matrix gene. The proportion of each co-infecting87

virus was also measured using pyrosequencing assays of the88

NA gene of each co-infecting strain. Dynamics in this vRNA89

proportion over the course of infection provide insight into rel-90

ative replication fitness within the mixed-infection groups. Dif-91

ferences in viral load dynamics between the two pure-infection92

groups also provide insight into relative replication fitness. Py-93

rosequencing and rRT-PCR measurements were taken for each94

inoculum.95

Reverse genetics techniques were used to generate drug- 96

resistant viruses with or without certain potentially permissive 97

NA mutations — V241I and N369K — that were hypothe- 98

sised to have counteracted the fitness cost of the H275Y muta- 99

tion. The different virus pairs investigated in each competitive- 100

mixtures experiment are shown in Table 1, and full details of the 101

experimental procedures have previously been presented [18]. 102

3. Within-host co-infection model 103

Epithelial cells infected with influenza produce both infec- 104

tious and non-infectious virus. In order to model competitive- 105

mixtures experiments, we extended our previous model of in- 106

fectious and non-infectious influenza viral dynamics [19] to 107

incorporate two different co-infecting strains [18]. This “co- 108

infection” model (Figure 1) assumes that target cells (T ) may 109

be infected by either strain A (VTCID
A ) or strain B (VTCID

B ) infec- 110

tious virions; i.e. each strain competes for the same target cell 111

resources [18]: 112

dT
dt

= −βATVTCID
A − βBTVTCID

B . (1)

For each strain, infected target cells progress through a latent 113

phase (L) before becoming infectious (I) as described by the 114

following equations [18]: 115

dLA

dt
= βATVTCID

A − kALA

dLB

dt
= βBTVTCID

B − kBLB

dIA

dt
= kALA − δAIA

dIB

dt
= kBLB − δBIB

dVTCID
A

dt
= pAIA − ch,AVTCID

A − dinf ,AVTCID
A

dVTCID
B

dt
= pBIB − ch,BVTCID

B − dinf ,BVTCID
B

dVRNA
A

dt
= ξA pAIA − ch,AVRNA

A

dVRNA
B

dt
= ξB pBIB − ch,BVRNA

B .

(2)

Details of all state variables and parameters in this model are 116

shown in Table 2, together with fixed parameter values and the 117

biologically realistic bounds used to constrain fitted parameters. 118

In order to produce more biologically accurate distributions for 119

the latent and infected cell lifespans, the L and I compartments 120

are each split into 20 stages, for both strain A and strain B [19]. 121

The model is similar to that used by Pinilla et al. [17] to model 122

competition between co-infecting strains in cell culture. 123

4. Fitting the model to data 124

When fitting model outputs to experimental data, three dif- 125

ferent assay types are used: 126
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Table 1: Virus pairs analysed in [18]. Each row shows the virus pair (“A” vs. “B”) analysed in a given competitive-mixtures experiment, together with a description
of each virus. One experiment involved naturally isolated viruses (row 1) while the other experiments involved viruses generated using reverse genetics (rg)
techniques (rows 2–5). All oseltamivir-resistant (OR) viruses contained the H275Y NA mutation (tyrosine (Y) at position 275), whereas the oseltamivir-susceptible
(OS) virus did not contain that mutation (histidine (H) at position 275).

A B Description

New17 OR New163 OS An OR virus isolated from the HNE outbreak (A/Newcastle/17/2011), paired with an OS wild-type virus
isolated during the same outbreak (A/Newcastle/163/2011).

rgNew17 OR rgNew17 I241V OR A virus genetically identical to the New17 OR isolate which naturally encodes the V241I and N369K NA
substitutions (rgNew17 OR), paired with the same virus except with V241I removed (rgNew17 I241V OR).

rgNew17 OR rgNew17 K369N OR The rgNew17 OR virus, paired with the same virus except with N369K removed (rgNew17 K369N OR).

rgNew17 OR rgNew17
K369N,I241V OR

The rgNew17 OR virus, paired with the same virus except with both V241I and N369K removed (rgNew17
I241V, K369N OR).

rgPerth261
N369K,V241I OR

rgPerth261 OR A virus genetically identical to an early (2009) OR isolate, A/Perth/261/2009, which does not naturally
encode the V241I and N369K NA substitutions (rgPerth261 OR), paired with the same virus except

containing the V241I and N369K mutations (rgPerth261 V241I, N369K OR).

Figure 1: Co-infection model. For each strain, infectious virions (VTCID) infect target cells (T ) which, following a latent phase (L), become productively infected
(I) and release both infectious (VTCID) and total (VRNA) virions. Infectious virions naturally decay into non-infectious virions, and we assume that the natural
decay process does not affect vRNA concentration as measured by rRT-PCR assays. Host-driven clearance affects all viral particles. VTCID

comb = VTCID
A + VTCID

B ,
VRNA

comb = VRNA
A + VRNA

B , and VRNA
B = VRNA

B /VRNA
comb are fitted to TCID50, rRT-PCR, and pyrosequencing data, respectively. For clarity, the colours of the VTCID

A ,
VTCID

B ,VRNA
A , and VRNA

B compartments (green/black) are matched to the colours of the corresponding viral load curves in Figure 2. Adapted from the Supplementary
Text of Butler et al. [18].
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1. the infectious virus concentration of both strains combined127

(VTCID

comb = VTCID
A + VTCID

B ) is fitted to TCID50 data;128

2. the viral RNA concentration of both strains combined129

(VRNA

comb = VRNA
A + VRNA

B ) is fitted to rRT-PCR data;130

3. the proportion of viral RNA comprised of strain B131

(VRNA
B /VRNA

comb) is fitted to pyrosequencing data.132

TCID50 data were obtained using several separate runs of the133

assays in [18] (due to the limited number of samples able to134

be tested with any single assay), and inter-assay variability was135

controlled for by including, in each assay, 1–2 samples from136

stocks of control virus. We use these control samples to cali-137

brate all TCID50 data. Each measurement in a given assay is138

scaled up by adding, in log-space, the difference between that139

assay’s average calibration value and the largest average cali-140

bration value obtained across all TCID50 assays in all experi-141

ments.142

Initial conditions for T , L, I, and VTCID

comb are identical to those143

used in our previous within-host modelling study of ferret in-144

fection [19], i.e. T (0) = 7 × 107, L(0) = I(0) = 0 (for each145

strain), and VTCID

comb(0) is a fitted parameter. For each infec-146

tion group the initial proportion of infectious virus comprised147

of strain B (VTCID
B (0)/VTCID

comb(0)) is fixed to the proportion pre-148

pared in the inoculum. The initial total:infectious ratio for both149

strains combined (ρ(0) = VRNA

comb(0)/VTCID

comb(0)) is fitted to the150

rRT-PCR:TCID50 ratio as measured in the inoculum. Mea-151

surements of the rRT-PCR:TCID50 ratio varied systematically152

across the different mixed inocula, indicating that the two com-153

peting strains in a given experiment may have had different ra-154

tios. We assume that ρ(0) is strain-dependent, introducing ρA(0)155

and ρB(0) as follows:156

ρ(0) =
VRNA

comb(0)

VTCID

comb(0)
=

VRNA
A (0) + VRNA

B (0)
VTCID

comb(0)

=
ρA(0)VTCID

A (0) + ρB(0)VTCID
B (0)

VTCID

comb(0)

= ρA(0)
1 − VTCID

B (0)
VTCID

comb(0)

 + ρB(0)
VTCID

B (0)
VTCID

comb(0)
.

(3)

The initial proportion of total virus comprised of strain B157

(VRNA
B (0)/VRNA

comb(0)) is fitted to inoculum pyrosequencing data.158

For pure-infection group ferrets, the strain omitted from each159

group’s inoculum is assumed to be absent throughout the entire160

course of infection. Those data are fitted with only a single161

strain present in the model. This assumption is supported by an162

inspection of the raw data [18], which suggest that the probabil-163

ity of spontaneous mutation from one strain to the other is low164

throughout the course of a pure infection. Data from mixed-165

infection group ferrets are fitted with the full two-strain version166

of the model.167

Measurements that are outside detection thresholds are fitted168

as previously explained [19]. Pyrosequencing measurements169

are considered to be outside the threshold of detectability when170

they are outside the range [0.02, 0.98], as the pyrosequencing171

error for each experiment was generally around 2%.172

Model parameters are estimated by minimising the sum of 173

squared residuals (SSR) between model outputs and data, using 174

a similar method to previous within-host modelling studies [28, 175

19]. For a single set of model parameters (θ) the SSR is: 176

SSR(θ) =

NTCID∑
i=1

 log10 V̂TCID
i − log10 VTCID

comb(ti, θ)

log10 V̂TCID
max − log10 V̂TCID

thr

2

+

NPCR∑
i=1

 log10 V̂PCR
i − log10 VRNA

comb(ti, θ)

log10 V̂PCR
max − log10 V̂PCR

thr

2

+

Nρ(0)∑
i=1

(
log10 ρ̂i(0) − log10 ρ(0, θ)

log10 ρ̂max(0) − log10 ρ̂min(0)

)2

+

Npyro∑
i=1

(
V̂pyro

B,i − VRNA
B (ti, θ)

)2
,

(4)

where NTCID, NPCR, Nρ(0), and Npyro are the number of TCID50, 177

rRT-PCR, ρ̂(0) (i.e. rRT-PCR/TCID50), and pyrosequencing 178

data points being fitted, respectively; ti is the time that the ith 179

data point was measured; V̂TCID
i , V̂PCR

i , ρ̂i(0), and V̂pyro
B,i denote 180

the ith measurement for each respective assay; V̂TCID
max, V̂PCR

max, and 181

ρ̂max(0) are the maximum values that were obtained (for the 182

particular experiment being fitted) across all TCID50, rRT-PCR, 183

and ρ̂(0) measurements respectively; ρ̂min(0) is the minimum 184

value that was obtained across all ρ̂(0) measurements; and V̂TCID

thr 185

and V̂PCR

thr denote detection thresholds for each respective assay. 186

MATLAB 2011b’s genetic algorithm (GA) is used to ensure 187

that a good candidate for the global minimum of the SSR is 188

obtained and to generate likelihood confidence regions (LCRs) 189

and confidence intervals (CIs) for parameter estimates, as de- 190

tailed previously [19, 38, 39]. The rate of degradation of infec- 191

tious to non-infectious virus is fixed to dinf = 3.12 d−1; a value 192

estimated previously in vitro for two H1N1pdm09 viruses [17]. 193

This value is also consistent with other in vitro measurements 194

[34, 35, 36, 37, 25, 26, 16]. For all fitted parameters in the 195

co-infection model, a range of biologically plausible values are 196

specified (Table 2) which restrict the parameter space search- 197

able by the GA. Different hypothesised models are compared 198

statistically using the Akaike information criterion (AIC) in the 199

case of least squares estimation with normally distributed er- 200

rors [40]. The AIC corrected for datasets with few data points 201

(AICc) is used. 202

5. Quantifying relative fitness using ratios of strain- 203

dependent model parameters 204

Once model parameters have been estimated for each com- 205

peting strain, relative replication fitness is quantified via the 206

ratio of each pair of strain-dependent parameters. As the un- 207

derlying biological cause of experimentally observed strain- 208

dependence in infection dynamics is unknown and may differ 209

depending on which two strains are being compared, we in- 210

vestigate several different hypotheses regarding the biological 211

processes that may differ (Section 6). To avoid parameter iden- 212

tifiability issues, each hypothesis is investigated separately by 213
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allowing one biological parameter to be strain-dependent at a214

time, while all other biological parameters are assumed to be215

equivalent for both strains. Note that ρ(0) is also assumed to216

be strain-dependent (see Section 4), however that parameter is217

simply an initial condition of the infection system which is af-218

fected by each virus’ storage conditions leading up to a given219

experiment, rather than a fundamental biological property of220

each virus.221

For each hypothesis, strain-dependence in the associated bio-222

logical parameter generates a fitness difference between strains.223

Relative fitness is quantified via the ratio of these two strain-224

dependent parameters. An estimated value of one for the ra-225

tio indicates equivalent fitness between the two strains; values226

either side of one indicate greater or lesser fitness, driven by227

differences in the parameter under study.228

6. Hypothesised explanations for a fitness difference be-229

tween strains that have distinct NA genes230

In the competitive-mixtures experiments analysed here (Ta-231

ble 1) co-infecting viruses differ (primarily or solely) via mu-232

tations in the NA gene. Hence the hypothesised causes for a233

fitness difference that we choose to investigate are informed234

by previous in vitro experiments that examined functions of in-235

fluenza NA ([41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53,236

54, 55, 56, 57, 58, 59, 60, 61, 62]; summarised in Appendix A).237

6.1. The p-diff model238

Previous in vitro work has indicated the importance of NA in239

the production of free virions, and in regulating the balance of240

infectious and non-infectious virions during production from241

infected cells (see Appendix A). One hypothesis we investi-242

gate is that the production rate of infectious virus (p) differs243

between strains while all other rate parameters are identical for244

both strains; hence relative fitness = pB/pA. This assumption245

was made in our previous analysis of these experiments [18].246

We refer to the resulting model as the “p-diff” model. Under247

the p-diff model, a larger estimated value for p indicates greater248

replication fitness, as a greater rate of production of infectious249

virus leads to a greater exponential growth rate for infectious250

virus and infected cells (assuming that target cells are available251

for infection once progeny virus production begins).252

6.2. The β-diff model253

Previous experimental results have indicated that NA is im-254

portant for virus entry into susceptible cells (see Appendix A).255

Other in vitro work has also indicated that NA is important in256

counteracting the effects of decoy receptors in mucins that (1)257

restrict the spatial spread of free virus throughout the site of258

infection, and (2) clear free virus (see Appendix A).259

To account for the first of these mucin-counteracting func-260

tions of NA, as well as the possibility that NA may affect the261

infectivity of each infectious virion, we investigate a hypothesis262

that only the infectivity/mixing rate (β) differs between strains263

(the “β-diff” model), where relative fitness = βB/βA. This hy- 264

pothesis embodies a scenario in which NA counteracts the inhi- 265

bition of the spatial spread of free virus, and/or alters the infec- 266

tivity of infectious virions, in a strain-dependent manner. Under 267

the β-diff model, a larger estimated value for β indicates greater 268

replication fitness, as faster spatial spread of infectious virus 269

and/or greater infectivity per virion leads to a greater exponen- 270

tial growth rate for numbers of infected cells. 271

6.3. The τV-diff model 272

To account for the second of the previously mentioned 273

mucin-counteracting functions of NA, we also investigate a 274

hypothesis in which only host-driven clearance (ch) is strain- 275

dependent. This embodies a scenario in which NA counteracts 276

the host-driven clearance of free virus in a strain-dependent 277

manner. Under this hypothesis, a larger estimated ch rate in- 278

dicates that virions are cleared more quickly from the site of 279

infection, leading to a relatively decreased exponential growth 280

rate in numbers of infected cells and a more rapid exponen- 281

tial decay rate for free virus. Larger ch values are associ- 282

ated with decreased within-host fitness. To aid in presenta- 283

tion we therefore use an alternative parameterisation of host- 284

driven clearance: strain-dependence in the expected lifetime of 285

infectious virions (τVinf = 1/[ch + dinf ], with dinf fixed); hence 286

relative fitness = τVinf ,B/τVinf ,A. This hypothesised model is re- 287

ferred to as the “τV -diff” model. 288

6.4. The τI-diff model 289

Other in vitro work has indicated that NA may be important 290

in determining the lifetime of infected cells (see Appendix A), 291

which in the co-infection model is dependent upon the aver- 292

age duration of both the latent phase (τL = 1/k) and produc- 293

tive phase (τI = 1/δ). One way to incorporate this possible 294

function of NA is to investigate a hypothesis in which only δ 295

is strain-dependent. Under this hypothesis, a larger estimated 296

value for δ indicates that infected cells produce infectious virus 297

for shorter durations on average (shorter τI), leading to rela- 298

tively lower amounts of free infectious virus, a decreased rate 299

of exponential growth for infected cells (if there are still tar- 300

get cells available for infection once infected cells start dying), 301

and more rapid reduction of infected cell numbers towards the 302

end of infection. Larger δ values are associated with decreased 303

replication fitness. Similar to the τV -diff model, to aid presen- 304

tation relative fitness is quantified using the infected cell pro- 305

ductive phase duration (τI) rather than death rate (δ); hence 306

relative fitness = τI,B/τI,A. 307

6.5. The k-diff model 308

As mentioned above in the context of the τI-diff hypothesis, 309

NA may be important in determining the lifetime of infected 310

cells. Another way to account for this possible function of NA 311

is to investigate a hypothesis in which only the transition rate 312

from latent to productive infection (k) differs between strains 313

(the “k-diff” model), where relative fitness = kB/kA. Under 314

this hypothesis, a larger estimated k value indicates that the 315
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average latent phase duration is shorter so infected cells initi-316

ate production of infectious virus more quickly, leading to an317

increased rate of exponential growth for both infected cells (if318

there are still target cells available for infection once progeny319

virus production begins) and infectious virus. Larger k values320

are associated with increased within-host fitness. This hypothe-321

sis is also supported by experimental results indicating that NA322

is important in the release of progeny virions from the surface323

of infected cells (see Appendix A).324

7. The relative within-host replication fitness of an OR325

strain isolated during the HNE outbreak326

Here we quantify the relative replication fitness of the New17327

OR and New163 OS viruses isolated from the HNE outbreak328

(see Table 1, row 1). We refer to this competitive-mixtures ex-329

periment as the natural isolate experiment.330

7.1. Fits to data using the p-diff hypothesis331

Given that virus particle release from infected cells is often332

considered to be the primary function of NA, we first present333

our analyses of the p-diff model, in which strain-dependence in334

the production rate of infectious virus is hypothesised to be the335

underlying cause of fitness difference. All analyses performed336

using the p-diff model are identical to those presented in [18].337

Figure 2 shows fits of the p-diff model to TCID50, rRT-PCR,338

and pyrosequencing data from hosts in the natural isolate ex-339

periment [18]. Fits of the other four hypothesised models to the340

natural isolate experiment are shown in Supplementary Figures341

S2–S5.342

Note that the pyrosequencing proportion data in the inoc-343

ula of the natural isolate experiment are systematically lower344

than the proportions that were prepared according to TCID50345

mix (Figure 2, centre column, blue squares at t = 0). Also346

the rRT-PCR:TCID50 ratio measured in the inocula (right col-347

umn, black dots at t = 0) increases systematically across the348

different infection groups with increasing New163 OS inocu-349

lum proportions, suggesting that the New163 OS isolate had a350

larger ratio of total vRNA:infectious virus compared with the351

New17 OR isolate. The co-infection model is able to reproduce352

each of these systematic effects by assuming that the initial to-353

tal vRNA:infectious virus ratio in the inoculum (ρ(0)) differs by354

strain, as discussed further in Section 9.355

TCID50 and rRT-PCR viral load generally decrease over time356

in the natural isolate experiment, with TCID50 reaching unde-357

tectable levels by t ≈ 6–7 d (post-infection; p.i.) (Figure 2,358

left column). Comparing the two pure-infection groups, there359

are no substantial differences in TCID50 or rRT-PCR viral load360

dynamics between each group.361

In the three mixed-infection groups, there is a general trend362

for the New17 OR pyrosequencing proportion (Figure 2, cen-363

tre column) to increase relative to its value in the inoculum (at364

t = 0); i.e. the New17 OR virus tends to outgrow the New163365

OS virus within hosts. The slope of this increase also appears366

to become steeper with greater amounts of New163 OS virus367

in the inoculum. This trend is reproduced by the best-fit of the368

p-diff model (Figure 2, solid blue line) but not by most other 369

fits that lie within the 95% confidence level of the LCR (Fig- 370

ure 2, faded dotted blue lines), which rapidly increase and then 371

plateau prior to 24 h (p.i.). Note that this bimodality (i.e. two 372

mechanistically distinct solutions that are each capable of re- 373

producing observed infection dynamics) is a limitation of the 374

p-diff model fitted to the natural isolate experiment, but does 375

not typically occur for the other model-experiment combina- 376

tions analysed in this work. 377

7.2. Fits to data using the four alternative hypotheses 378

Having analysed the natural isolate experiment using the p- 379

diff model, we now analyse fits of the four other hypothesised 380

models to that experiment: 381

• β-diff (infectivity/mixing rate differs by strain), 382

• τV -diff (lifetime of infectious virions differs by strain), 383

• τI-diff (infected cell productive phase duration differs by 384

strain), 385

• k-diff (transition rate from latent to productive infection 386

differs by strain). 387

Fits to infectious viral load, total viral load, and ρ(0) inoculum 388

measurements are similar for all four models (Figures S2–S5, 389

left and right columns). However, fits to pyrosequencing data 390

(Figures S2–S5, centre column) exhibit different behaviours for 391

different models, as does the predicted coupling between infec- 392

tious and total A:B ratios. The infectious A:B ratio under the τI- 393

diff hypothesis (Figure S4, dashed black line) decouples from 394

the total vRNA A:B ratio (solid blue line) after t ≈ 2–3 d (p.i.). 395

This decoupling is also present in some of the fits of the τV - 396

and k-diff hypotheses (as well as the p-diff hypothesis; Figure 397

2), but does not occur under the β-diff hypothesis. The fact that 398

predicted infectious proportion dynamics decouple from total 399

vRNA proportion dynamics is crucial, because pyrosequenc- 400

ing assays measure the total vRNA proportion, yet infectious 401

proportion dynamics provide a more direct insight into relative 402

fitness. This highlights the importance of considering both in- 403

fectious and total virus dynamics in competitive-mixtures ex- 404

periments. 405

7.3. Differences in the ability of the five hypothesised models to 406

reproduce observed infection dynamics 407

All models are able to generate some form of increase in 408

the New17 OR vRNA proportion over time, yet certain mod- 409

els reproduce particular aspects of the pyrosequencing data bet- 410

ter than others. The β-diff model is unable to generate the 411

continual increase present in the pyrosequencing data from 412

t = 0 d (p.i.) to t ≈ 6 d (p.i.) (Figure S2, centre column). In- 413

stead, the New17 OR vRNA proportion rapidly increases and 414

then plateaus within the first 24 h (p.i.), similar to most of the 415

fits generated using the p-diff model (Figure 2, centre col- 416

umn). Both the p- and τV -diff models are able to generate 417

fits that reproduce the increase in vRNA proportion between 418
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Figure 2: Fits of the p-diff model to data from the natural isolate experiment. Each row shows viral load data for a given infection group. The 50:50 mixture
was inoculated into two different ferrets in order to provide more data on infections that begin on equal footing; therefore data points may overlap in that group. Left
column: Best fits are shown of infectious (solid green line; VTCID

comb(t)) and total (solid black line; VRNA
comb(t)) viral load to calibrated TCID50 data (green dots) and

rRT-PCR data (black dots; dashed grey line indicates detection threshold), respectively. Centre column: Best fits of the New17 OR vRNA proportion (solid blue
line; VRNA

B /VRNA
comb) to pyrosequencing data (blue squares). The New17 OR infectious proportion is also shown (dashed black line; VTCID

B /VTCID
comb). Right column:

Data of the rRT-PCR:TCID50 ratio (black dots), together with the total:infectious ratio of both strains combined (dot-dashed black line; ρ(t) = VRNA
comb(t)/VTCID

comb(t)).
Note that only the initial condition, ρ(0), is fitted to data. The total:infectious ratio of the New163 OS (dot-dashed red line; red dot indicates initial value) and
New17 OR (dot-dashed blue line; blue dot indicates initial value) strains are also shown. In all plots, non-filled arrows indicate that the measured concentration or
proportion was outside of the range of detectability for the corresponding assay, with arrow direction indicating the direction of the actual, unknown quantity. In
addition to the best fit lines, 5000 randomly sampled fits with SSR values that lie within the 95% confidence level of the LCR are also shown (faded dotted lines).
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Figure 3: Correlation between strain-dependent parameters. The best-fit
(black dot) and 2-dimensional projections of the 68% LCR (dark blue contour)
and 95% LCR (light blue contour) are shown for the two strain-dependent pa-
rameters in the p-diff model, when fitted to the natural isolate dataset. The
dashed line shows the line of equivalent fitness. The estimated relative fitness
(pMUT /pWT ) lies above the line (see Table 3).

t = 0 d (p.i.) and t ≈ 6 d (p.i.) (Figures 2 and S3, centre col-419

umn). However, the vRNA proportion continues to increase420

beyond t ≈ 6 d (p.i.) in those fits, whereas the pyrosequencing421

data appear to plateau beyond t ≈ 6 d (p.i.) and perhaps even422

decrease following t ≈ 8 d (p.i.). The pyrosequencing dynam-423

ics in this final stage are, however, difficult to discern due to a424

relative lack of data following t ≈ 8 d (p.i.).425

The τI- and k-diff models are the most capable of reproduc-426

ing all of the aforementioned features in the pyrosequencing427

data (Figures S4 and S5, centre column), and are the best-fitting428

models overall for the natural isolate experiment. Each model’s429

AICc value correlates well with its capacity to reproduce py-430

rosequencing data (Table 3), simply because model fits differ431

most prominently when fitting pyrosequencing data. However,432

these differences in the ability of each hypothesised model to fit433

data are minor; our results do not provide strong evidence that434

any particular hypothesised model is more biologically plausi-435

ble than the others. Table 4, row 1, provides a qualitative com-436

parison of the performance of different models when fitting data437

from the natural isolate experiment.438

7.4. Strain-dependent parameters are highly correlated439

Estimates of strain-dependent parameters — e.g. pWT for the440

OS wild-type strain and pMUT for the OR mutant strain in the441

p-diff model — have a large degree of uncertainty and overlap.442

For example, this is evident in estimates of pWT and pMUT ob-443

tained when fitting the p-diff model to the natural isolate dataset444

(see Table 3 and Figure S1 for all p-diff model parameter esti-445

mates and LCR projections, respectively).446

Despite this uncertainty and overlap, which is present to447

some degree in all model-fits analysed in this work, each pair448

of strain-dependent parameters is generally highly correlated to449

the extent that their ratio is well estimated. This is evident in450

the LCR projection in Figure 3, which shows the correlation of451

the two strain-dependent parameters in the p-diff model.452

7.5. The H275Y mutation does not compromise the within-host453

replication fitness of the New17 OR virus, regardless of the454

hypothesised cause of fitness difference455

Under each of the p-, β-, τV -, and τI-diff hypotheses, esti-456

mates of relative within-host fitness (Table 3) indicate that the457

New17 OR virus has significantly greater within-host fitness458

than the New163 OS virus, although in each case the lower459

bound of the 95% CI is close to one (equivalent fitness). Under 460

the k-diff hypothesis, although the model fits the data relatively 461

well (comparable AICc), large uncertainty in the relative fit- 462

ness estimate leads to a lack of evidence for a fitness difference. 463

These results suggest that the H275Y mutation does not com- 464

promise the within-host replication fitness of the New17 OR 465

virus; indeed the New17 OR virus likely has enhanced replica- 466

tion fitness compared with related OS strains. 467

8. The effects of the V241I and N369K neuraminidase mu- 468

tations upon the replication fitness of H275Y OR strains 469

As discussed in Section 2, Butler et al. [18] analysed reverse 470

genetics (rg)-derived virus pairs in four additional competitive- 471

mixtures experiments (see Table 1, rows 2–5) to investigate the 472

effect of the V241I and N369K mutations upon the intrinsic 473

fitness of H275Y OR strains. 474

8.1. Fits to data 475

When fitting each alternative model to the rgNew17 OR 476

vs. rgNew17 I241V OR (Figures S6–S10), rgNew17 OR vs. 477

rgNew17 K369N OR (Figures S11–S15), rgNew17 OR vs. 478

rgNew17 I241V, K369N OR (Figures S16–S20), and rgPerth261 479

V241I, N369K OR vs. rgPerth261 OR (Figures S21–S25) exper- 480

iments, fits of infectious viral load, total viral load, and ρ(0) in- 481

oculum measurements are reproduced similarly well for all five 482

hypothesised models (Figures S6–S25, left and right columns). 483

For a given hypothesised model, total vRNA A:B ratio dynam- 484

ics are generally similar for all four reverse genetics experi- 485

ments (Figures S6–S25, centre column, solid blue lines) and 486

also for the natural isolate experiment (Figures 2 and S2–S5, 487

centre column, solid blue lines). A notable exception to this 488

consistency is evident in fits of the τI-diff model, where the 489

increase in total A:B ratio begins at different times for differ- 490

ent experiments. This increase occurs latest when fitting the 491

rgNew17 OR vs. rgNew17 I241V OR dataset (Figure S9), such 492

that the fitted total A:B ratio is substantially lower than py- 493

rosequencing data in each of the mixed-infection ferrets dur- 494

ing t . 4 d (p.i.). This strong systematic failure indicates that 495

the τI-diff model produces a biologically implausible fit to the 496

rgNew17 OR vs. rgNew17 I241V OR dataset. We do not in- 497

terpret relative fitness estimates obtained from that particular 498

experiment–model combination. 499

8.2. Differences in the ability of the five hypothesised models to 500

reproduce observed infection dynamics 501

Table 5 also shows the AICc values for the five alternative 502

hypothesised models fitted to each of the four reverse genetics 503

experiments. For all four reverse genetics experiments the p-, 504

β-, and k-diff models reproduce infection dynamics most accu- 505

rately (lowest AICc values of the five models; note that AICc 506

values are only compared within an experiment (row)). The τV - 507

and τI-diff models produce relatively poor fits to data. Table 508

4, rows 2–5, provide a qualitative comparison of model perfor- 509

mance when fitting the reverse genetics datasets. The varying 510

ability of each model to reproduce infection dynamics across 511

the different experiments is discussed further in Section 9. 512
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Table 3: AICc values and estimates of fitted parameters and relative replication fitness, for the natural isolate experiment. Best-fit estimates of relative
within-host replication fitness are shown (row 1; 95% CIs in parentheses) together with AICc values (row 2) and parameter estimates (rows 3–10), for each model
fitted to the natural isolate dataset. Parameters that have separate values for the WT and MUT viruses are shown with the MUT estimate (e.g. ρMUT (0)) below the
WT estimate (e.g. ρWT (0)).

Hypothesised model
p-diff β-diff τV -diff τI -diff k-diff

RelFit 1.07 (1.02;2.59) 1.56 (1.05;2.92) 1.03 (1.01;1.10) 1.18 (1.06;1.39) 0.07 (0.05;6.06)

AICc −719 −713 −717 −732 −728

log10(VTCID
comb (0)) 4.70 (−5.54; 4.70) 4.70 (−6.00; 4.70) 4.70 (−6.00; 4.70) 4.70 (−6.00; 4.70) 4.70 (−0.92; 4.70)

log10(ρ(0)) 2.66 (2.46; 2.85)
2.13 (1.83; 2.39)

2.66 (2.44; 2.86)
2.14 (1.82; 2.41)

2.66 (2.47; 2.84)
2.14 (1.86; 2.37)

2.66 (2.45; 2.86)
2.13 (1.83; 2.41)

2.66 (2.45; 2.86)
2.14 (1.83; 2.41)

log10(β) −5.62 (−5.80;−1.00) −4.00 (−5.41;−1.04)
−3.80 (−5.36;−1.00)

−5.62 (−5.74;−1.00) −1.03 (−4.50;−1.00) −1.03 (−3.53;−1.00)

log10(k) 1.38 (0.22; 1.38) 1.38 (0.16; 1.38) 1.38 (0.19; 1.38) 1.38 (0.14; 1.38) 1.38 (0.29; 1.38)
0.23 (0.05; 1.38)

log10(δ) 0.90 (−0.61; 0.90) −0.52 (−0.62; 0.90) 0.90 (−0.60; 0.90) −0.47 (−0.56;−0.33)
−0.54 (−0.62;−0.43)

−0.49 (−0.61;−0.40)

log10(p) −0.46 (−2.49;−0.25)
−0.43 (−2.29;−0.22)

(−2.50;−0.58) −0.45 (−2.35;−0.35) −1.86 (−2.40;−1.30) −1.90 (−2.41;−1.35)

log10(ch) 0.21 (0.05; 0.46) 0.20 (0.02; 0.48) 0.31 (0.07; 0.56)
0.27 (−0.01; 0.53)

0.18 (0.01; 0.32) 0.21 (0.06; 0.35)

log10(ξ) 3.81 (2.88; 4.54) 3.69 (2.68; 4.62) 3.94 (2.76; 4.54) 3.63 (2.69; 4.53) 3.76 (2.88; 4.61)

Table 4: Model performance summary. Qualitative comparison of the performance of each model when fitted to each experimental dataset. The symbols are to
be interpreted as follows: XX: best-fitting model(s) for a given dataset, which capture the trends in data well; X: good-fitting model(s) that capture the majority of
trends in data; ?: marginal model(s) that, while plausible, reproduce some of the trends in data poorly; ×: poor model(s) that are implausible based on an inability
to fit the data. Note that there is no reason to believe that the biological cause of fitness difference should be the same for different experiments.

Dataset Hypothesised model
p-diff β-diff τV -diff τI -diff k-diff

New17 OR vs. New163 OS X ? X XX XX

rgNew17 OR vs.
rgNew17 I241V OR

XX XX X × XX

rgNew17 OR vs.
rgNew17 K369N OR

XX X X ? X

rgNew17 OR vs.
rgNew17 K369N,I241V OR

X XX ? X XX

rgPerth261 N369K,V241I OR vs.
rgPerth261 OR

XX XX ? ? XX

Table 5: Relative replication fitness and AICc for the reverse genetics experiments. Best-fit estimates of relative within-host replication fitness are shown (95%
CIs in parentheses) together with AICc values, for each model fitted to each of the reverse genetics experiments.

Dataset Hypothesised model
p-diff β-diff τV -diff τI -diff k-diff

rgNew17 OR vs.
rgNew17 I241V OR

RelFit
AICc

3.96 (1.17;6.83)
−566

3.98 (1.12;7.02)
−562

1.79 (1.10;4.58)
−556

–
−529

1.51 (1.08;7.39)
−561

rgNew17 OR vs.
rgNew17 K369N OR

RelFit
AICc

3.14 (1.17;5.30)
−671

2.44 (1.14;4.79)
−659

2.05 (1.12;3.63)
−654

1.35 (1.15;1.67)
−650

1.94 (1.07;6.91)
−662

rgNew17 OR vs.
rgNew17 K369N,I241V OR

RelFit
AICc

1.82 (1.35;7.46)
−710

6.33 (1.38;30.92)
−719

1.38 (1.17;2.60)
−689

1.49 (1.28;1.97)
−708

2.97 (1.22;12.77)
−718

rgPerth261 N369K,V241I OR vs.
rgPerth261 OR

RelFit
AICc

1.86 (1.37;7.24)
−769

5.43 (1.39;15.35)
−776

1.71 (1.23;5.61)
−693

1.31 (1.24;2.18)
−690

1.74 (1.14;9.89)
−775
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8.3. The V241I and N369K substitutions improve the in vivo513

replication fitness of H1N1pdm09 H275Y OR viruses, re-514

gardless of the hypothesised cause of fitness difference515

Table 5 shows estimates of relative within-host replication516

fitness for each of the five different hypothesised models fitted517

to the four rg experiments. For each of the three experiments518

that involve the rgNew17 OR virus, removing either one or both519

of the V241I and N369K substitutions results in a statistically520

significant reduction in within-host replication fitness. Con-521

versely, adding the two substitutions to an early H1N1pdm09522

virus improves its within-host replication fitness. These results523

are consistent regardless of the hypothesised biological cause of524

fitness difference. These relative fitness estimates suggest that525

the V241I and N369K mutations improve the in vivo replication526

fitness of H1N1pdm09 H275Y OR viruses.527

9. Discussion528

Results from four of the five hypothesised models indicated529

that the New17 OR virus has significantly improved replication530

fitness relative to the New163 OS virus, while there was no ev-531

idence for a fitness difference under the k-diff hypothesis. If the532

New17 OR and New163 OS isolates are representative of other533

viruses from the HNE outbreak, then these results suggest that534

the H275Y mutation did not compromise the within-host fitness535

of HNE OR viruses. We come to this conclusion regardless536

of the hypothesised cause of fitness difference, reinforcing the537

conclusion presented in our earlier study [18] in which we used538

the p-diff hypothesis.539

Our modelling analyses of the rg experiments demonstrates540

that the V241I and N369K mutations significantly increase the541

in vivo replication fitness of H1N1pdm09 H275Y OR strains.542

As the V241I and N369K mutations were present in the HNE543

viruses, this ability to compensate for the fitness cost of the544

H275Y mutation may have played an important role in enabling545

those OR viruses to spread amongst the community of the HNE546

region.547

Pinilla et al. [17] previously quantified relative fitness in vitro548

by allowing many model parameters to be strain-dependent and549

directly comparing estimates obtained for each strain. That550

same technique would not have been suitable for our purposes,551

as the in vivo experiments analysed here involved relatively552

sparse data and a more complex infection system compared553

with the in vitro experiments analysed by Pinilla et al. In-554

stead, we investigated several different hypothesised causes of555

fitness differences separately, each involving a model with a sin-556

gle strain-dependent biological parameter. The fitting method557

employed here, while unable to identify some parameters (e.g.558

VTCID(0) and k, which often have large uncertainties; Figures559

S1 and S26–S49), was able to consistently generate precise es-560

timates of relative fitness. These robust estimates were pos-561

sible, despite a large degree of uncertainty and overlap in the562

strain-dependent parameter estimates, because each parame-563

ter pair was found to be highly correlated such that their ratio564

was well-estimated (e.g. Figure 3), providing a viable method565

for quantifying relative fitness in competitive-mixtures exper-566

iments. These ratios involve comparatively little uncertainty567

primarily because each model is fitted to pyrosequencing data 568

which, from the inoculum to the end of infection, show one 569

strain consistently outgrowing the other across the different 570

mixed-infection groups (Figures 2 and S2–S25, centre column). 571

Such consistent outgrowth in an experiment can only be re- 572

produced if one strain-dependent parameter is larger than the 573

other; hence their ratio is well-estimated regardless of uncer- 574

tainty in the actual estimates of each parameter. Fitting this 575

strong trend of outgrowth also tends to generate a consistent 576

picture of which virus is fitter in a given experiment, regardless 577

of the hypothesised biological cause of strain difference. 578

In the mixed-infection groups, each inoculum was prepared 579

at the desired mixture (i.e. 20:80, 50:50, or 80:20) by mea- 580

suring the infectivity titre of each virus, and then combining 581

an appropriate amount of each virus together to generate the 582

required proportion [18]. However, for the natural isolate ex- 583

periment, pyrosequencing measurements of the inocula were 584

systematically lower than the intended proportions (Figure 2). 585

This systematic variation was also present (with a maximum 586

discrepancy of almost 40%) in the rgNew17 OR vs. rgNew17 587

K369N OR (Figure S11) and rgPerth261 V241I, N369K OR 588

vs. rgPerth261 OR (Figure S21) experiments. Additionally, 589

measurements of the rRT-PCR:TCID50 ratio in the inocula var- 590

ied systematically across the five different infection groups in 591

each of these three experiments, suggesting that the two com- 592

peting strains in each experiment had different ratios of infec- 593

tious and total virus. Under the assumption that the initial total 594

vRNA:infectious virus ratio (ρ(0)) is strain-dependent, the co- 595

infection model is capable of generating not only the system- 596

atic variation in rRT-PCR:TCID50 ratio but also the systematic 597

discrepancy between intended and measured inoculum propor- 598

tions. Estimates of ρ(0) were consistent with observed trends 599

in inocula data, in that ρ(0) was significantly different between 600

strains in each of the three experiments where systematic varia- 601

tions were present, whereas no evidence of a significant differ- 602

ence was found in the other two experiments (data not shown). 603

These results reinforce the importance of considering both in- 604

fectious and total virus when analysing data from competitive- 605

mixtures experiments. 606

Another possible explanation for the systematic discrepancy 607

between intended and measured inoculum proportions is that 608

the infectivity titres of each virus, taken prior to mixing, were 609

simply inaccurate (e.g. if an A virus infectivity titre measure- 610

ment had been inaccurate by just 0.1 TCID50/ml, then an in- 611

tended inoculum ratio of 50:50 would actually have led to a 612

56:44 ratio). This would lead to inoculum proportions that 613

systematically differ from the intended proportions, however it 614

would not explain the systematic change in rRT-PCR:TCID50 615

ratio across different infection groups. Such a hypothesis is not 616

as well supported by the data as the aforementioned hypoth- 617

esis involving strain-dependence in ρ(0). Nevertheless in fu- 618

ture competitive-mixtures experiments it may be useful to more 619

accurately measure the infectious concentration of each virus 620

prior to mixing, e.g. by taking a greater number of replicates of 621

infectivity measurements of each virus in order to reduce uncer- 622

tainty (≈ 3–5 measurements were performed in the experiments 623

analysed in this work). Such a reduction in uncertainty would 624
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allow further scrutiny of the plausibility of the assumption that625

the initial infectious proportion in each ferret is identical to the626

intended proportion in the corresponding inoculum.627

Previous ferret competitive-mixtures experiments performed628

by Pinilla et al. [17] indicated that an early H1N1pdm09629

H275Y OR virus, in which the V241I and N369K mutations630

were absent, had reduced in vivo replication fitness relative631

to a related OS virus (each of these viruses were generated632

from the A/Québec/144147/09 isolate using reverse genetics633

techniques). Our results from the natural isolate competitive-634

mixtures experiment generally indicated an in vivo replication635

fitness advantage for the OR isolate from the HNE outbreak.636

If the isolates analysed in [17] and here are representative of637

similar contemporaneously circulating viruses, then these con-638

trasting results suggest an improvement in the fitness of late639

H1N1pdm09 OR viruses relative to early H1N1pdm09 OR640

viruses. This is consistent with the hypothesis that the V241I641

and N369K mutations enhance the fitness of H1N1pdm09 OR642

strains.643

The p-, β-, and k-diff hypotheses (in which the infectious644

virus production rate, infectivity/mixing rate, and latent phase645

duration differ by strain, respectively) are supported not only by646

experimental results (Section 6) but also by results from previ-647

ous in vitro modelling studies that compared the infection ki-648

netics of H275Y MUT and related WT strains [16, 17]. Pinilla649

et al. [17] found that the production rate of total vRNA from650

infected cells was statistically significantly different between651

WT and MUT strains in the H1N1pdm09 background, and that652

the average duration of the latent phase differed between WT653

and MUT strains in both the seasonal H1N1 and H1N1pdm09654

backgrounds. The infecting time was also found to be different655

between strains in the seasonal H1N1 background, consistent656

with the results of Holder et al. [16] who performed a differ-657

ent analysis on the same dataset. Note that the infecting time658

(τinfect =
√

2/[pβT (0)]) is dependent upon both p and β in the659

co-infection model; thus one or both of the equivalent param-660

eters within the model used by Pinilla et al. may have been661

strain-dependent. The standard deviation in the distribution of662

latent phase durations (σL) was also found by both Pinilla et663

al. [17] and Holder et al. [16] to be strain-dependent within664

the seasonal H1N1 background. Although we did not explicitly665

estimate σL, the estimates by Pinilla et al. [17] and Holder et666

al. [16] were roughly correlated with average latent phase du-667

ration (τL) in both the H1N1pdm09 [17] and seasonal H1N1668

[16, 17] backgrounds — the longer the average latent phase,669

the larger the standard deviation. This behaviour was replicated670

within the co-infection model, as splitting the L compartment671

into nL stages generates an Erlang distribution for latent phase672

lifetimes with a standard deviation dependent upon the average673

latent phase duration via σL = τL/
√

nL.674

For the natural isolate experiment, the k-diff model (i.e. la-675

tent phase duration differs by strain) and τI-diff model (i.e. pro-676

ductive phase duration differs by strain) provided the best fits to677

data (Figures S4 and S5, and Table 4). For the rg experiments,678

relatively poor fits were obtained when fitting the τV -diff (viral679

clearance differs by strain) and τI-diff models to the rgPerth261680

V241I, N369K OR vs. rgPerth261 OR dataset, the τV -diff model681

to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset, and 682

the τI-diff model to both the rgNew17 OR vs. rgNew17 I241V 683

OR and rgNew17 OR vs. rgNew17 K369N OR datasets (Tables 4 684

and 5). It is interesting that the τI-diff model produced the best 685

fit to the natural isolate experiment, yet repeatedly produced 686

poor fits to the rg experiments. Indeed biological differences 687

between strains in the natural isolate experiment may be dis- 688

tinct from those in the rg experiments, as all virus pairs used 689

in the rg experiments differ only via NA substitutions, whereas 690

the viruses used in the natural isolate experiment differ via sub- 691

stitutions in both the NA gene and other genes. We have pre- 692

viously noted that none of the extra amino acid differences be- 693

tween the natural isolates have been linked to any functional 694

process [18]. Nonetheless it is possible that one or more of 695

those substitutions have some yet to be established functional 696

effect. This analysis highlights the potential to examine which 697

hypothesised causes of fitness differences are the most plausi- 698

ble given observed competitive-mixtures data. Yet it is crucial 699

to caution against overinterpretation of our results, as the co- 700

infection model (1) involves relatively simple dynamics when 701

compared with the complexities of the influenza infection sys- 702

tem [21, 20, 63]; and (2) is fitted to data that give only partial 703

insight into those complex dynamics. More realistic within- 704

host models coupled with more comprehensive datasets will be 705

required to improve confidence in model selection. 706

Previous in vitro modelling of H275Y OR and related OS 707

strains in the H1N1pdm09 background indicated that the ratio 708

of total vRNA:infectious virus produced by infected cells signif- 709

icantly differed by strain [17]. A hypothesis in which the ratio 710

of total vRNA:infectious virus produced by infected cells (ξ) 711

is assumed to differ by strain could potentially generate strain- 712

dependent viral load dynamics without an associated fitness dif- 713

ference, because only non-infectious virus production would 714

differ by strain. We did not investigate such a model in this 715

work because, in each competitive-mixtures experiment, ob- 716

served outgrowth in pyrosequencing data across serial host-to- 717

host transmission lines suggested that the fitness of each virus 718

pair was indeed different [18]. For future competitive-mixtures 719

studies in which outgrowth is not evident in mixture data, or in 720

which multiple different hypotheses regarding functional dif- 721

ferences between strains are investigated simultaneously, this 722

alternative hypothesis may be a relevant biologically plausible 723

scenario to investigate. 724

It is possible for predicted infectious A:B ratio dynamics to 725

decouple from total vRNA ratio dynamics (e.g. Figure S4, cen- 726

tre column). As infectious ratio dynamics provide more di- 727

rect insight into relative fitness compared with total vRNA ratio 728

dynamics, future development of an assay capable of measur- 729

ing the infectious ratio would likely improve the capacity of 730

competitive-mixtures experiments to assess relative fitness. 731

Furthermore, predicted infectious ratio dynamics sometimes 732

differ substantially between different hypothesised models (e.g. 733

compare the dashed black lines in the centre column of Fig- 734

ure S2 to those of Figure S4). These markedly different infec- 735

tious ratios could lead to very different predictions regarding the 736

proportion of each strain that is transmitted during any given 737

transmission event. Such model-dependent behaviour can be 738
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explored in greater detail if transmission dynamics are incorpo-739

rated into the co-infection model, and such an extended model740

is currently under development.741

We have detailed a method for quantifying the relative742

within-host replication fitness of two competing influenza743

strains in competitive-mixtures experiments. Our results have744

relevance for drug-resistant influenza surveillance, and were745

consistent regardless of which underlying mechanism was as-746

sumed to generate a fitness difference between strains. The747

method may also have relevance for acute infections other748

than influenza, particularly those where drug-resistant or highly749

pathogenic strains have the potential to out-compete established750

strains.751
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Appendix A. Known functions of the NA surface protein773

NA is important in facilitating the release of virus particles774

via cleavage of sialic acid residues, following the budding of775

those particles on the surface of infected cells (for related re-776

views, see [41, 42, 43, 44, 45, 46]). Similarly, recent in vitro777

experiments have indicated that NA is capable of counteracting778

the effects of the antiviral factor tetherin, which also facilitates779

the release of progeny virions [47]. Other recent work has indi-780

cated that NA may be important in the budding of viral particles781

on the surface of infected cells and in the resulting morphogen-782

esis of those particles [48, 49, 47], and that the presence of NA783

alone within cells can lead to the release of non-infectious vi-784

ral particles [48]. Taken together, these known functions of NA785

indicate that it is important in the process of virion production,786

and in regulating the balance between production of infectious787

and non-infectious virions.788

Previous results have indicated that NA may be important789

in reducing the inhibiting effects of decoy receptors in mucins790

[42, 50, 51, 52, 53, 54], thus counteracting the effect of mucins 791

in restricting the spatial spread of free virions throughout the 792

site of infection. This function of NA may also inhibit host- 793

driven clearance of virions from the site of infection, as decoy 794

receptors in mucins, upon binding to free virions, also promote 795

the clearance of those virions [55, 56]. 796

Some studies have indicated that NA is important for in- 797

fluenza virus entry into susceptible cells [57, 58, 59]. NA may 798

also be important in determining the lifetime of infected cells 799

[60, 61]. 800

The results of Huang et al. [62] suggest that NA also plays 801

a role in inhibiting super-infection (i.e. the infection of a host 802

cell by multiple influenza virions). However, we do not inves- 803

tigate strain-dependence in this process as a possible biologi- 804

cal hypothesis for the source of fitness difference in this work, 805

because a core assumption of the co-infection model was that 806

susceptible cells are infected by a single infectious virion. 807
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Figure S1: LCR projections for the p-diff model fitted to the natural isolate dataset. Best-fits (black dots) and 2-dimensional projections of the 68% LCR
(dark blue contours) and 95% LCR (light blue contours) are shown for each model parameter, for the p-diff model fitted to data from the natural isolate experiment.
Dashed lines show ρWT (0) = ρMUT (0) and pWT = pMUT . All axis bounds correspond to the biologically realistic ranges imposed during fitting (see Table 2).
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Figure S2: Fits of the β-diff model to data from the natural isolate experiment. Each row shows viral load data for a given infection group. The 50:50 mixture
was inoculated into two different ferrets in order to provide more data on infections that begin on equal footing; therefore data points may overlap in that group. Left
column: Best fits are shown of infectious (solid green line; VTCID

comb(t)) and total (solid black line; VRNA
comb(t)) viral load to calibrated TCID50 data (green dots) and

rRT-PCR data (black dots; dashed grey line indicates detection threshold), respectively. Centre column: Best fits of the New17 OR vRNA proportion (solid blue
line; VRNA

B /VRNA
comb) to pyrosequencing data (blue squares). The New17 OR infectious proportion is also shown (dashed black line; VTCID

B /VTCID
comb). Right column:

Data of the rRT-PCR:TCID50 ratio (black dots), together with the total:infectious ratio of both strains combined (dot-dashed black line; ρ(t) = VRNA
comb(t)/VTCID

comb(t)).
Note that only the initial condition, ρ(0), is fitted to data. The total:infectious ratio of the New163 OS (dot-dashed red line; red dot indicates initial value) and
New17 OR (dot-dashed blue line; blue dot indicates initial value) strains are also shown. In all plots, non-filled arrows indicate that the measured concentration or
proportion was outside of the range of detectability for the corresponding assay, with arrow direction indicating the direction of the actual, unknown quantity. In
addition to the best fit lines, 5000 randomly sampled fits with SSR values that lie within the 95% confidence level of the LCR are also shown (faded dotted lines).
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Figure S3: Fits of the τV -diffmodel to data from the natural isolate experiment. Each row shows viral load data for a given infection group. The 50:50 mixture
was inoculated into two different ferrets in order to provide more data on infections that begin on equal footing; therefore data points may overlap in that group. Left
column: Best fits are shown of infectious (solid green line; VTCID

comb(t)) and total (solid black line; VRNA
comb(t)) viral load to calibrated TCID50 data (green dots) and

rRT-PCR data (black dots; dashed grey line indicates detection threshold), respectively. Centre column: Best fits of the New17 OR vRNA proportion (solid blue
line; VRNA

B /VRNA
comb) to pyrosequencing data (blue squares). The New17 OR infectious proportion is also shown (dashed black line; VTCID

B /VTCID
comb). Right column:

Data of the rRT-PCR:TCID50 ratio (black dots), together with the total:infectious ratio of both strains combined (dot-dashed black line; ρ(t) = VRNA
comb(t)/VTCID

comb(t)).
Note that only the initial condition, ρ(0), is fitted to data. The total:infectious ratio of the New163 OS (dot-dashed red line; red dot indicates initial value) and
New17 OR (dot-dashed blue line; blue dot indicates initial value) strains are also shown. In all plots, non-filled arrows indicate that the measured concentration or
proportion was outside of the range of detectability for the corresponding assay, with arrow direction indicating the direction of the actual, unknown quantity. In
addition to the best fit lines, 5000 randomly sampled fits with SSR values that lie within the 95% confidence level of the LCR are also shown (faded dotted lines).
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Figure S4: Fits of the τI-diff model to data from the natural isolate experiment. Each row shows viral load data for a given infection group. The 50:50 mixture
was inoculated into two different ferrets in order to provide more data on infections that begin on equal footing; therefore data points may overlap in that group. Left
column: Best fits are shown of infectious (solid green line; VTCID

comb(t)) and total (solid black line; VRNA
comb(t)) viral load to calibrated TCID50 data (green dots) and

rRT-PCR data (black dots; dashed grey line indicates detection threshold), respectively. Centre column: Best fits of the New17 OR vRNA proportion (solid blue
line; VRNA

B /VRNA
comb) to pyrosequencing data (blue squares). The New17 OR infectious proportion is also shown (dashed black line; VTCID

B /VTCID
comb). Right column:

Data of the rRT-PCR:TCID50 ratio (black dots), together with the total:infectious ratio of both strains combined (dot-dashed black line; ρ(t) = VRNA
comb(t)/VTCID

comb(t)).
Note that only the initial condition, ρ(0), is fitted to data. The total:infectious ratio of the New163 OS (dot-dashed red line; red dot indicates initial value) and
New17 OR (dot-dashed blue line; blue dot indicates initial value) strains are also shown. In all plots, non-filled arrows indicate that the measured concentration or
proportion was outside of the range of detectability for the corresponding assay, with arrow direction indicating the direction of the actual, unknown quantity. In
addition to the best fit lines, 5000 randomly sampled fits with SSR values that lie within the 95% confidence level of the LCR are also shown (faded dotted lines).
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Figure S5: Fits of the k-diff model to data from the natural isolate experiment. Each row shows viral load data for a given infection group. The 50:50 mixture
was inoculated into two different ferrets in order to provide more data on infections that begin on equal footing; therefore data points may overlap in that group. Left
column: Best fits are shown of infectious (solid green line; VTCID

comb(t)) and total (solid black line; VRNA
comb(t)) viral load to calibrated TCID50 data (green dots) and

rRT-PCR data (black dots; dashed grey line indicates detection threshold), respectively. Centre column: Best fits of the New17 OR vRNA proportion (solid blue
line; VRNA

B /VRNA
comb) to pyrosequencing data (blue squares). The New17 OR infectious proportion is also shown (dashed black line; VTCID

B /VTCID
comb). Right column:

Data of the rRT-PCR:TCID50 ratio (black dots), together with the total:infectious ratio of both strains combined (dot-dashed black line; ρ(t) = VRNA
comb(t)/VTCID

comb(t)).
Note that only the initial condition, ρ(0), is fitted to data. The total:infectious ratio of the New163 OS (dot-dashed red line; red dot indicates initial value) and
New17 OR (dot-dashed blue line; blue dot indicates initial value) strains are also shown. In all plots, non-filled arrows indicate that the measured concentration or
proportion was outside of the range of detectability for the corresponding assay, with arrow direction indicating the direction of the actual, unknown quantity. In
addition to the best fit lines, 5000 randomly sampled fits with SSR values that lie within the 95% confidence level of the LCR are also shown (faded dotted lines).
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Figure S6: Fits of the p-diff model to data from the rgNew17 OR vs. rgNew17 I241V OR experiment. Same as Figure S5, except for the p-diff model fitted to
the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S7: Fits of the β-diff model to data from the rgNew17 OR vs. rgNew17 I241V OR experiment. Same as Figure S5, except for the β-diff model fitted to
the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S8: Fits of the τV -diff model to data from the rgNew17 OR vs. rgNew17 I241V OR experiment. Same as Figure S5, except for the τV -diff model fitted
to the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S9: Fits of the τI-diff model to data from the rgNew17 OR vs. rgNew17 I241V OR experiment. Same as Figure S5, except for the τI -diff model fitted to
the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S10: Fits of the k-diff model to data from the rgNew17 OR vs. rgNew17 I241V OR experiment. Same as Figure S5, except for the k-diff model fitted to
the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S11: Fits of the p-diffmodel to data from the rgNew17 OR vs. rgNew17 K369N OR experiment. Same as Figure S5, except for the p-diff model fitted to
the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S12: Fits of the β-diff model to data from the rgNew17 OR vs. rgNew17 K369N OR experiment. Same as Figure S5, except for the β-diff model fitted to
the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S13: Fits of the τV -diffmodel to data from the rgNew17 OR vs. rgNew17 K369N OR experiment. Same as Figure S5, except for the τV -diff model fitted
to the rgNew17 OR vs. rgNew17 K369N OR experiment.

29



Figure S14: Fits of the τI-diff model to data from the rgNew17 OR vs. rgNew17 K369N OR experiment. Same as Figure S5, except for the τI -diff model fitted
to the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S15: Fits of the k-diff model to data from the rgNew17 OR vs. rgNew17 K369N OR experiment. Same as Figure S5, except for the k-diff model fitted to
the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S16: Fits of the p-diff model to data from the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment. Same as Figure S5, except for the p-diff model
fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S17: Fits of the β-diff model to data from the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment. Same as Figure S5, except for the β-diff model
fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S18: Fits of the τV -diff model to data from the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment. Same as Figure S5, except for the τV -diff
model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S19: Fits of the τI-diffmodel to data from the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment. Same as Figure S5, except for the τI -diff model
fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S20: Fits of the k-diff model to data from the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment. Same as Figure S5, except for the k-diff model
fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S21: Fits of the p-diff model to data from the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment. Same as Figure S5, except for the p-diff
model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S22: Fits of the β-diff model to data from the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment. Same as Figure S5, except for the β-diff
model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S23: Fits of the τV -diff model to data from the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment. Same as Figure S5, except for the τV -diff
model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S24: Fits of the τI-diff model to data from the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment. Same as Figure S5, except for the τI -diff
model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S25: Fits of the k-diff model to data from the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment. Same as Figure S5, except for the k-diff
model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S26: LCR projections for the β-diff model fitted to the natural isolate dataset. Best-fits (black dots) and 2-dimensional projections of the 68% LCR
(dark blue contours) and 95% LCR (light blue contours) are shown for each model parameter, for the β-diff model fitted to data from the natural isolate experiment.
Dashed lines show ρWT (0) = ρMUT (0) and βWT = βMUT . All axis bounds correspond to the biologically realistic ranges imposed during fitting (see Table 2).
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Figure S27: LCR projections for the τV -diff model fitted to the natural isolate dataset. Best-fits (black dots) and 2-dimensional projections of the 68% LCR
(dark blue contours) and 95% LCR (light blue contours) are shown for each model parameter, for the τV -diff model fitted to data from the natural isolate experiment.
Dashed lines show ρWT (0) = ρMUT (0) and ch,WT = ch,MUT . All axis bounds correspond to the biologically realistic ranges imposed during fitting (see Table 2).
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Figure S28: LCR projections for the τI-diff model fitted to the natural isolate dataset. Best-fits (black dots) and 2-dimensional projections of the 68% LCR
(dark blue contours) and 95% LCR (light blue contours) are shown for each model parameter, for the τI -diff model fitted to data from the natural isolate experiment.
Dashed lines show ρWT (0) = ρMUT (0) and δWT = δMUT . All axis bounds correspond to the biologically realistic ranges imposed during fitting (see Table 2).
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Figure S29: LCR projections for the k-diff model fitted to the natural isolate dataset. Best-fits (black dots) and 2-dimensional projections of the 68% LCR
(dark blue contours) and 95% LCR (light blue contours) are shown for each model parameter, for the k-diff model fitted to data from the natural isolate experiment.
Dashed lines show ρWT (0) = ρMUT (0) and kWT = kMUT . All axis bounds correspond to the biologically realistic ranges imposed during fitting (see Table 2).
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Figure S30: LCR projections of the p-diff model fitted to the rgNew17 OR vs. rgNew17 I241V OR dataset. Same as Figure S29, except for the p-diff model
fitted to the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S31: LCR projections for the β-diff model fitted to the rgNew17 OR vs. rgNew17 I241V OR dataset. Same as Figure S29, except for the β-diff model
fitted to the rgNew17 OR vs. rgNew17 I241V OR dataset.
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Figure S32: LCR projections of the τV -diff model fitted to the rgNew17 OR vs. rgNew17 I241V OR dataset. Same as Figure S29, except for the τV -diff model
fitted to the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S33: LCR projections of the τI-diff model fitted to the rgNew17 OR vs. rgNew17 I241V OR dataset. Same as Figure S29, except for the τI -diff model
fitted to the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S34: LCR projections of the k-diff model fitted to the rgNew17 OR vs. rgNew17 I241V OR dataset. Same as Figure S29, except for the k-diff model
fitted to the rgNew17 OR vs. rgNew17 I241V OR experiment.
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Figure S35: LCR projections of the p-diff model fitted to the rgNew17 OR vs. rgNew17 K369N OR dataset. Same as Figure S29, except for the p-diff model
fitted to the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S36: LCR projections for the β-diff model fitted to the rgNew17 OR vs. rgNew17 K369N OR dataset. Same as Figure S29, except for the β-diff model
fitted to the rgNew17 OR vs. rgNew17 K369N OR dataset.
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Figure S37: LCR projections of the τV -diffmodel fitted to the rgNew17 OR vs. rgNew17 K369N OR dataset. Same as Figure S29, except for the τV -diff model
fitted to the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S38: LCR projections of the τI-diff model fitted to the rgNew17 OR vs. rgNew17 K369N OR dataset. Same as Figure S29, except for the τI -diff model
fitted to the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S39: LCR projections of the k-diff model fitted to the rgNew17 OR vs. rgNew17 K369N OR dataset. Same as Figure S29, except for the k-diff model
fitted to the rgNew17 OR vs. rgNew17 K369N OR experiment.
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Figure S40: LCR projections of the p-diff model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset. Same as Figure S29, except for the p-diff
model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S41: LCR projections for the β-diff model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset. Same as Figure S29, except for the β-diff
model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset.
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Figure S42: LCR projections of the τV -diffmodel fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset. Same as Figure S29, except for the τV -diff
model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.

58



log
10
(ρ

WT
(0))

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

0 2 4
−6

−4

−2

0

2

4

log
10
(ρ

MUT
(0))

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

0 2 4
−6

−4

−2

0

2

4

log
10
(β)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

−8 −6 −4 −2
−6

−4

−2

0

2

4

log
10
(k)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

0 0.5 1
−6

−4

−2

0

2

4

log
10
(δ
WT

)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

−0.5 0 0.5
−6

−4

−2

0

2

4

log
10
(δ
MUT

)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

−0.5 0 0.5
−6

−4

−2

0

2

4

log
10
(p)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

−4 −2 0 2
−6

−4

−2

0

2

4

log
10
(c

h
)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

−2 0 2
−6

−4

−2

0

2

4

log
10
(ξ)

lo
g
1
0
(V

c
o
m
b

T
C
ID

(0
))

0 2 4 6
−6

−4

−2

0

2

4

log
10
(ρ

MUT
(0))

lo
g
1
0
(ρ

W
T
(0
))

0 2 4
0

1

2

3

4

5

log
10
(β)

lo
g
1
0
(ρ

W
T
(0
))

−8 −6 −4 −2
0

1

2

3

4

5

log
10
(k)

lo
g
1
0
(ρ

W
T
(0
))

0 0.5 1
0

1

2

3

4

5

log
10
(δ
WT

)

lo
g
1
0
(ρ

W
T
(0
))

−0.5 0 0.5
0

1

2

3

4

5

log
10
(δ
MUT

)

lo
g
1
0
(ρ

W
T
(0
))

−0.5 0 0.5
0

1

2

3

4

5

log
10
(p)

lo
g
1
0
(ρ

W
T
(0
))

−4 −2 0 2
0

1

2

3

4

5

log
10
(c

h
)

lo
g
1
0
(ρ

W
T
(0
))

−2 0 2
0

1

2

3

4

5

log
10
(ξ)

lo
g
1
0
(ρ

W
T
(0
))

0 2 4 6
0

1

2

3

4

5

log
10
(β)

lo
g
1
0
(ρ

M
U
T
(0
))

−8 −6 −4 −2
0

1

2

3

4

5

log
10
(k)

lo
g
1
0
(ρ

M
U
T
(0
))

0 0.5 1
0

1

2

3

4

5

log
10
(δ
WT

)

lo
g
1
0
(ρ

M
U
T
(0
))

−0.5 0 0.5
0

1

2

3

4

5

log
10
(δ
MUT

)
lo
g
1
0
(ρ

M
U
T
(0
))

−0.5 0 0.5
0

1

2

3

4

5

log
10
(p)

lo
g
1
0
(ρ

M
U
T
(0
))

−4 −2 0 2
0

1

2

3

4

5

log
10
(c

h
)

lo
g
1
0
(ρ

M
U
T
(0
))

−2 0 2
0

1

2

3

4

5

log
10
(ξ)

lo
g
1
0
(ρ

M
U
T
(0
))

0 2 4 6
0

1

2

3

4

5

log
10
(k)

lo
g
1
0
(β
)

0 0.5 1

−8

−6

−4

−2

log
10
(δ
WT

)

lo
g
1
0
(β
)

−0.5 0 0.5

−8

−6

−4

−2

log
10
(δ
MUT

)

lo
g
1
0
(β
)

−0.5 0 0.5

−8

−6

−4

−2

log
10
(p)

lo
g
1
0
(β
)

−4 −2 0 2

−8

−6

−4

−2

log
10
(c

h
)

lo
g
1
0
(β
)

−2 0 2

−8

−6

−4

−2

log
10
(ξ)

lo
g
1
0
(β
)

0 2 4 6

−8

−6

−4

−2

log
10
(δ
WT

)

lo
g
1
0
(k
)

−0.5 0 0.5
0

0.5

1

log
10
(δ
MUT

)

lo
g
1
0
(k
)

−0.5 0 0.5
0

0.5

1

log
10
(p)

lo
g
1
0
(k
)

−4 −2 0 2
0

0.5

1

log
10
(c

h
)

lo
g
1
0
(k
)

−2 0 2
0

0.5

1

log
10
(ξ)

lo
g
1
0
(k
)

0 2 4 6
0

0.5

1

log
10
(δ
MUT

)

lo
g
1
0
(δ
W
T
)

−0.5 0 0.5

−0.5

0

0.5

log
10
(p)

lo
g
1
0
(δ
W
T
)

−4 −2 0 2

−0.5

0

0.5

log
10
(c

h
)

lo
g
1
0
(δ
W
T
)

−2 0 2

−0.5

0

0.5

log
10
(ξ)

lo
g
1
0
(δ
W
T
)

0 2 4 6

−0.5

0

0.5

log
10
(p)

lo
g
1
0
(δ
M
U
T
)

−4 −2 0 2

−0.5

0

0.5

log
10
(c

h
)

lo
g
1
0
(δ
M
U
T
)

−2 0 2

−0.5

0

0.5

log
10
(ξ)

lo
g
1
0
(δ
M
U
T
)

0 2 4 6

−0.5

0

0.5

log
10
(c

h
)

lo
g
1
0
(p
)

−2 0 2
−4

−2

0

2

log
10
(ξ)

lo
g
1
0
(p
)

0 2 4 6
−4

−2

0

2

log
10
(ξ)

lo
g
1
0
(c

h
)

0 2 4 6
−2

−1

0

1

2

3

Figure S43: LCR projections of the τI-diff model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset. Same as Figure S29, except for the τI -diff
model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S44: LCR projections of the k-diff model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR dataset. Same as Figure S29, except for the k-diff
model fitted to the rgNew17 OR vs. rgNew17 I241V, K369N OR experiment.
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Figure S45: LCR projections of the p-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR dataset. Same as Figure S29, except for the
p-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S46: LCR projections for the β-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR dataset. Same as Figure S29, except for the
β-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR dataset.
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Figure S47: LCR projections of the τV -diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR dataset. Same as Figure S29, except for the
τV -diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S48: LCR projections of the τI-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR dataset. Same as Figure S29, except for the
τI -diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.
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Figure S49: LCR projections of the k-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR dataset. Same as Figure S29, except for the
k-diff model fitted to the rgPerth261 V241I, N369K OR vs. rgPerth261 OR experiment.

65


	Introduction
	Experimental data
	Within-host co-infection model
	Fitting the model to data
	Quantifying relative fitness using ratios of strain-dependent model parameters
	Hypothesised explanations for a fitness difference between strains that have distinct NA genes
	The p-diff model
	The -diff model
	The V-diff model
	The I-diff model
	The k-diff model

	The relative within-host replication fitness of an OR strain isolated during the HNE outbreak
	Fits to data using the p-diff hypothesis
	Fits to data using the four alternative hypotheses
	Differences in the ability of the five hypothesised models to reproduce observed infection dynamics
	Strain-dependent parameters are highly correlated
	The H275Y mutation does not compromise the within-host replication fitness of the New17 OR virus, regardless of the hypothesised cause of fitness difference

	The effects of the V241I and N369K neuraminidase mutations upon the replication fitness of H275Y OR strains
	Fits to data
	Differences in the ability of the five hypothesised models to reproduce observed infection dynamics
	The V241I and N369K substitutions improve the in vivo replication fitness of H1N1pdm09 H275Y OR viruses, regardless of the hypothesised cause of fitness difference

	Discussion
	Acknowledgements
	Known functions of the NA surface protein

