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Abstract 33 

Determining the evolutionary basis of cross-species transmission and immune evasion 34 

is key to understanding the mechanisms that control the emergence of either new 35 

viruses or novel antigenic variants with pandemic potential.  The hemagglutinin 36 

glycoprotein of influenza A viruses is a critical host range determinant and a major 37 

target of neutralizing antibodies.  Equine influenza virus is a significant pathogen of the 38 

horse that causes periodical outbreaks of disease even in populations with high 39 

vaccination coverage.  EIV has also jumped the species barrier and emerged as a novel 40 

respiratory pathogen in dogs - canine influenza virus.  We studied the dynamics of 41 

equine influenza virus evolution in horses at the intra-host level, and how this 42 

evolutionary process is affected by inter-host transmission in a natural setting.  To this 43 

end, we performed clonal sequencing of the hemagglutinin 1 gene derived from 44 

individual animals at different times post-infection.  Our results show that despite the 45 

population consensus sequence remaining invariant, genetically distinct subpopulations 46 

persist during the course of infection and are also transmitted, with some variants likely 47 

to change antigenicity.  We also detected a natural case of mixed infection in an animal 48 

infected during an outbreak of equine influenza, raising the possibility of reassortment 49 

between different strains of virus.  In sum, our data suggest that transmission 50 

bottlenecks may not be as narrow as originally perceived and that the genetic diversity 51 

required to adapt to new host species may be partially present in the donor host and 52 

potentially transmitted to the recipient host. 53 
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Introduction 54 

Influenza viruses inflict a persistent annual burden on human health, with the occasional 55 

appearance of strains with pandemic potential.  A major research focus has been to 56 

determine the evolution of influenza A virus at the epidemic scale and across broad 57 

geographical areas (15, 22, 28, 30).  However, little is known about the original source 58 

of viral genetic variation in natural animal hosts, or how this variation impacts on the 59 

ability of the virus to adapt to new host species.  RNA viruses are characterized by their 60 

ability to rapidly generate genetic variation, a consequence of their replication with 61 

highly error prone RNA polymerases (8).  Such mutational power, coupled with 62 

immense population sizes, is thought to be central to their classification as the most 63 

common agents of emerging disease (44).  While the processes of mutation, segment 64 

reassortment and natural selection are expected to shape the evolutionary dynamics of 65 

influenza viruses within an individual host, the nature, frequency and interaction of these 66 

key evolutionary mechanisms have not been studied systematically in vivo in natural 67 

hosts, nor integrated into our understanding of viral evolution at the scale of global 68 

epidemics.  Such data are also essential for addressing one of the most important 69 

questions in the cross-species transmission of pathogens: whether the genetic variation 70 

required for a virus to adapt to transmission in a new host species largely appears de 71 

novo in the recipient host or is seeded from the donor host (20).  Similarly, the ability of 72 

natural selection to optimize such traits as host specificity is also in part dependent on 73 

the proportion of total genetic variability that is passed between hosts at transmission: 74 

the narrower the population bottleneck at transmission, the larger the stochastic 75 

component to viral evolution. 76 
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Influenza A viruses (IAVs) have their major reservoirs in wild aquatic birds (41), but 77 

periodically transfer into humans and other mammals to cause epidemics or pandemics.  78 

Contemporary human influenza A viruses appear to have originated from a transfer that 79 

occurred shortly before the 1918 pandemic (39), and that virus subsequently exchanged 80 

three and then two of its genome segments with avian viruses in 1957 and 1968 to 81 

create new pandemic strains (31, 33).  Phylogenetic analysis of recently emerged 82 

swine-origin H1N1 in humans suggests that this new pandemic virus is a reassortant 83 

between Eurasian and classic swine variants (11).  While reassortment involves the 84 

transfer of entire genome segments, the more gradual process of mutation 85 

accumulation is required to facilitate both host adaptation and escape from immune 86 

responses, and underlies the predictable seasonality of influenza in temperate regions 87 

(28, 30).   88 

To determine the patterns and consequences of genetic variation in mammalian 89 

influenza viruses, we used equine influenza H3N8 virus (EIV) as an experimental model 90 

system in horses.  EIV of the H3N8 subtype was first isolated from horses in 1963 (40) 91 

and is apparently the only subtype currently circulating in the horse population.  EIV has 92 

also recently jumped the species barrier and become established as a respiratory 93 

pathogen of the dog (5), so we are able to compare the variation of the virus in its 94 

established equine host, as well as in dogs which it initially infected at some point 95 

before 2004 (14).  We undertook transmission experiments in naïve horses and 96 

examined the degree and composition of the within-host EIV genetic diversity of the 97 

hemagglutinin 1 (HA1) at different times post-infection.  HA1 encodes the major surface 98 

viral antigen and the receptor binding domain (42).  We focused on the proportion of 99 
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viral variability that persists during infection as well as that transmitted during natural 100 

chains of transmission, with the latter informing on the magnitude of any transmission 101 

bottleneck.  To compare the variation observed within our experimental setting to that 102 

observed in the field, we also examined the variation in HA1 sequences of viruses 103 

recovered from natural cases of H3N8 influenza during an outbreak in the UK in 2003 104 

(23).  This allows us to link, for the first time, the process of viral evolution within and 105 

among hosts.  106 

Materials and Methods 107 

Direct transmission experiments in naïve horses.  Two “transmitter” horses (7D36 108 

and 0443) were nebulised with 20 ml of log10 106.3/ml EID50 of Eq/Newmarket/1/93 (21).  109 

On confirmation of infection using a rapid diagnostic ELISA to detect influenza virus in 110 

swab extracts (4), one transmitter (7D36) was housed with two naïve horses (7248 and 111 

6005) in the same stable.  When horses 7248 and 6005 became infected, they were 112 

removed to clean separated stables and each was co-housed with two other naïve 113 

horses (5447, 7C1C, 5257 and 282E) for another 72 hours, when the procedure was 114 

repeated and horses 7C1C and 5257 were each co-housed as described above with 115 

two further horses (2F50, 7A45, 780C, and 5D1A) in individual clean stables (Fig. 1).  116 

Nasal swabs were collected for 2-6 days after infection or contact, immersed in viral 117 

transport medium (5ml), and stored at -80oC.  All horses included in this experiment 118 

were considered naïve as they had no detectable antibodies against 119 

Eq/Newmarket/1/93 (measured by single radial haemolysis (43)).  The animal work was 120 

done under Home Office license following full ethical approval.  121 
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RNA extraction, real-time PCR and PCR analysis.  Viral RNA from nasal swabs was 122 

isolated from 280 µl-aliquots using the QIAamp viral RNA mini kit (Qiagen) according to 123 

the manufacturer’s instructions.  Reverse transcription, PCR and real-time PCR (qPCR) 124 

amplification were performed using a two-step reverse transcription-PCR protocol.  125 

cDNAs of the viral genomic M and HA genes were generated using Superscript III 126 

reverse transcriptase (Invitrogen) and primers Bm-M-1 and Bm-HA1 (14), respectively.  127 

RT was performed at 55°C for 90 min, followed by incubation at 70°C for 10 min.  Viral 128 

copy numbers were estimated by a qPCR assay using the QuantiTect Probe PCR Kit 129 

(Qiagen) with fluorogenic hydrolysis type probes following the manufacturer’s 130 

instructions.  Primers and probe for qPCR were designed using Beacon designer 131 

(Premier Biosoft, sequences available upon request).  Standard curves were generated 132 

using 10-fold dilutions of a plasmid containing the matrix segment (cloned from an egg-133 

grown Equine/Newmarket/1/1993 isolate), ranging from 1x102 to 1x108 copies µl-1.  For 134 

each run, all samples, no template controls, plasmid standards, positive and negative 135 

controls were run in triplicate and expressed as mean number of vRNA copies per µl of 136 

cDNA.  PCR amplification was performed using Platinum Pfx DNA polymerase 137 

(Invitrogen) using primers Bm-HA1 and EHA1007rw 138 

(5’TTGGGGCATTTTCCATATGT3’), spanning the region between nt -43 (upstream of 139 

the HA1 start codon) and nt 1007. PCR amplification was performed for 40 cycles (94°C 140 

for 30 sec, 55°C for 1 min and 68°C for 1 min), followed by a final extension at 68°C for 141 

10 min.  PCR products were gel-purified using the QIAquick Gel Extraction Kit (Qiagen) 142 

and further cloned using the Zero-Blunt TOPO PCR Cloning kit for sequencing 143 
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(Invitrogen) following the manufacturer’s instructions. Clones were sequenced at the 144 

Influenza Sequencing Pipeline established at the Wellcome Trust Sanger Institute.  145 

Deep-amplicon sequencing of HA1 from nasal swabs and controls.  The 146 

sequencing was performed using fluorescent sequencing chemistry and ABI 3730xl 147 

capillary sequencers.  Forward and reverse sequencing reads from each clone were 148 

trimmed of vector sequence and poor quality regions, and assessed for quality; reads 149 

with an average Phred quality score (9, 10) <20 were rejected.  Overlapping forward 150 

and reverse reads were merged into a single contig with quality scores.  Only contigs 151 

>900 bp in length were used for subsequent analyses.  Contigs were aligned against 152 

the HA1 consensus sequence of an egg grown isolate of A/Equine/Newmarket/1/1993 153 

using Ssaha2 (24), and high-quality variants were identified using the SNP_analysis.pm 154 

Perl module (http://sourceforge.net/projects/snpanalysis/), and our own Perl scripts.  155 

Nucleotide variants were considered real if their Phred score was >25.  Nucleotides with 156 

a Phred score below that value were considered identical to the consensus nucleotide. 157 

Amino acid variants were considered real if all of the nucleotides in the codon had 158 

Phred scores >25. Sequences containing high-quality insertions or deletions (indels) 159 

that altered the reading frame were counted and excluded from subsequent analyses. 160 

Analysis of assay-related mutations.  To measure errors associated with the 161 

replication of plasmid DNA in bacteria and capillary sequencing, we sequenced 754 162 

clones from a single plasmid clone.  To assess for DNA polymerase errors during the 163 

PCR step, we amplified the HA1 segment from a single plasmid and cloned it into 164 

pCR®4Blunt-TOPO as described above.  This PCR product was cloned and sequenced 165 
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as described above.  To estimate mutations introduced during cDNA preparation, we 166 

performed in vitro transcription from a single plasmid clone template, using the 167 

Riboprobe® in vitro transcription systems (Promega) following the manufacturers’ 168 

instructions. In vitro transcribed RNA was subject to RT-PCR, cloned and sequenced as 169 

described above. 170 

Evolutionary analysis.  A total of 2366 intra-host EIV sequences isolated from 171 

experimentally infected animals (EMBL-Bank accession numbers FN398346 to 172 

FN400711), 372 intra-host EIV sequences isolated from natural cases (EMBL-Bank 173 

accession numbers FN422006 to FN422377), and 158 epidemiological-scale 174 

sequences (Supporting Table 1, obtained from the Influenza Virus Resource 175 

[http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html]) extending from the start codon of 176 

the HA open reading frame to nucleotide position 903 were collated.  Sequence 177 

alignments were generated from the Ssaha2 output for the intra-host EIV sequences, 178 

and using Se-Al (http://tree.bio.ed.ac.uk/software/seal/) for the EIV population 179 

sequences.  Because of the very small genetic distances involved, the mean pairwise 180 

genetic diversity within each sample was calculated from the uncorrected pairwise 181 

distance matrix (p-distance) between taxa (available from the authors upon request).  182 

Maximum likelihood (ML) trees were estimated using the PAUP* 4.0b10 package (38) 183 

under the best-fit model of nucleotide substitution determined using Modeltest (27).  For 184 

those data sets representing individual horses expansive TBR branch-swapping was 185 

used in all cases.  However, for the extremely large data sets combining horses, simpler 186 

NNI branch-swapping was utilized to provide computational tractability.  Mean numbers 187 

of nonsynonymous (dN) and synonymous (dS) substitutions per site (ratio dN/dS) were 188 
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estimated using the Single Likelihood Ancestor Counting (SLAC) algorithm available in 189 

the Datamonkey web interface of the HyPhy software package (26).  Minimum spanning 190 

trees allowing hypothetical intermediate nodes were calculated from the sequence data 191 

using Prim’s algorithm in BIONUMERICS V4.5 (Applied Maths, Belgium) as described 192 

previously (29). 193 
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Results  194 

Transmission of equine influenza virus in naïve horses 195 

Our experimental system was designed to emulate natural transmission events of a 196 

virus in its natural host and, with two separate chains of transmission initiated from the 197 

first infected horse, internal comparison of any variation observed was also possible.  198 

Two naïve horses were experimentally infected with equine influenza virus 199 

Equine/Newmarket/1/1993 (Fig. 1A), and then one of those was housed with two further 200 

naïve horses, which were then separated and used to initiate two transmission chains 201 

(Fig. 1A).  The aim of this first step was to re-adapt the egg-grown inoculums to the 202 

horse.  Of the ten exposed animals, nine became infected indicating that transmission 203 

under these conditions was efficient.  Viral shedding was determined from copies of 204 

viral RNA in nasal swabs collected daily.  The peak of excretion – in which millions of 205 

viral particles were detected in a single nasal swab – was usually observed around 72 206 

hours post-contact (hpc) (Fig. 1B).  Thus, the sizes of the within-host viral populations 207 

are extremely large, particularly since nasal swabs only capture a very small proportion 208 

of the total population at a particular time-point.  In one exposure only one of two 209 

recipients (horse 5257) became infected despite the fact that the donor displayed high 210 

levels of viral shedding (Fig. 1B).  Horse 5257 subsequently exhibited lower levels of 211 

viral shedding (Fig. 1B) but it transmitted the virus to two contacts which appeared to 212 

shed less virus and showed a marked delay to reach the peak of viral shedding. 213 

Intra-host genetic variation 214 
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To determine the extent and structure of viral genetic diversity within infected horses, 215 

we examined the variation among multiple clones prepared from the RNA sequences of 216 

the first 903 nucleotides of the HA1 gene.  Because nasal swabs displayed variable 217 

amounts of virus, we restricted our analysis to those days in which the viral populations 218 

were large enough to allow PCR amplification and further sequencing.  Between 44 and 219 

154 clones were prepared and sequenced from the virus collected in nasal swabs from 220 

each horse on each day examined, resulting in a total of 2,366 individual HA1 221 

sequences.  Table 1 summarizes the levels of sequence variability present in samples 222 

examined, as well as the relative numbers of synonymous and nonsynonymous 223 

substitutions per site as a measure of selection pressure.   224 

Overall, we observed a total of 392 mutations, which results in a mutation frequency of 225 

1.8 x 10-4 mutations per nucleotide site.  Each sample (i.e. nasal swab) contained a 226 

mixture of closely related genomes, with most clones being identical to each other, and 227 

a proportion (14.2%) containing 1 or sometimes 2 mutations (Fig. 1C).  Only a few 228 

clones contained three, four, and six nucleotide mutations.  Mutations were present at 229 

246 nucleotide positions along the HA gene coding region examined.  In most samples, 230 

the number of nonsynonymous mutations was greater than the number of synonymous 231 

mutations (Fig. 1D).  Many clones shared a single mutation either in the same or in a 232 

different sample, and only two clones shared two mutations (C476T, Ala144Val and 233 

A884G, Glu280Gly), although these were derived from the same swab (animal 6005, 234 

day 6 post-contact).  235 
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We observed a gradual increase in the complexity of genetic diversity over the course of 236 

infection in individual animals, manifest as an increase in the number of synonymous 237 

and nonsynonymous mutations, the number of clones possessing single and multiple 238 

mutations, and the average pairwise divergence within samples (Table 1). Of note, the 239 

average pairwise distance is always significantly higher at the end of the infection period 240 

than at the beginning (p<0.001, after correcting for multiple tests using a Bonferroni 241 

correction) in individual animals for which we had 3 or more samples. Some mutations 242 

were observed at the same site on multiple days from the same horse and some of 243 

these were also observed in other horses (Tables 2 and 3).  Of the 392 detected 244 

mutations, 144 (distributed in 43 nucleotide sites) were observed in more than one of 245 

the 30 independent samples. 246 

To estimate the selection pressures affecting EIV within its natural host, we calculated 247 

the mean value of dN/dS for each sample (Table 1).  Although individual values were 248 

variable, mean dN/dS for the data as a whole was 0.80, close to the expected value of 249 

~1 expected under an entirely neutral evolutionary process.  This value (and the 250 

majority of the individual values) was higher than the 0.41 value estimated for 251 

epidemiological populations of EIV H3N8, suggesting that different selection pressures 252 

act at the individual than at the population level, with purifying selection dominating the 253 

latter.  However, since our intra-host data also contains some artifactual mutations that 254 

are invariably introduced due to the experimental procedure undertaken (see 255 

Supplementary Information), all conclusions on the overall extent and structure of 256 

genetic diversity need to be drawn with caution.  When we compared the sites and 257 

mutations that arose in the experimental infections, most nonsynonymous mutations 258 
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were observed as single changes in one sequence (singletons) in sites that were not 259 

polymorphic in the public database of equine H3N8 sequences (epidemiological scale 260 

variation), suggesting that they may have been introduced either in vivo, and hence are 261 

likely to represent transient deleterious mutations, or during the preparation of the 262 

samples.  This notion is also supported by the presence of sequences containing 263 

mutations that either generated premature stop codons or frame-shifts (Table 1).  264 

Patterns of intra- and inter-host viral evolution in infected horses  265 

We investigated viral variation during infection of animals at different stages in the 266 

transmission chain.  In all cases the majority of sequences recovered were identical to 267 

the consensus.  In 21 of 30 data sets from individual swabs, predominantly single (or 268 

occasionally double) nucleotide changes were seen from the consensus sequence.  269 

Importantly, in nine of the sets of sequences, some of the variation was seen to give 270 

rise to small phylogenetic clusters that were distinct from the consensus sequence.  271 

Hence, during infection of individual hosts, the viral populations consist of very closely 272 

related genomes, generated by an ongoing process of mutation, some of which then 273 

acquire additional changes, producing phylogenetic structure.  Such phylogenetic 274 

structure is strongly suggestive of natural, rather than artifactual, variation. 275 

To consider the dynamic properties of the within-host influenza populations, we 276 

examined sequence variation from animals where more than one virus positive daily 277 

nasal swab was available.  Again, most sequences detected were identical to the 278 

consensus, and variants generated through the course of infection mostly consisted of 279 

singletons.  For example, for horse 5D1A (for which we had three consecutive swabs 280 

 at N
A

T
 IN

S
T

 O
F

 H
E

A
LT

H
 LIB

 on M
ay 19, 2010 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


15 

 

and 214 sequences), we detected 24 clones bearing a single mutation when compared 281 

to the consensus sequence and three sequences displaying two mutations.  Of this 282 

entire mutational spectrum, only one mutation (A413G, Glu123Gly) was detected on two 283 

different days, suggesting that it was either generated de novo twice, or more likely, 284 

persisted through two days of the infection period (Fig. 2A).  Maximum likelihood 285 

phylogenetic trees for all the animals included in the transmission study are shown in 286 

Supplementary Fig. 1. 287 

We also repeatedly detected the same mutations in different animals.  Of a total of 20 288 

repeatedly observed nonsynonymous mutations, 17 were observed in animals linked 289 

through transmission (Table 3 and Fig. 1A).  In many cases such mutations were 290 

located at internal nodes of a phylogenetic tree linking these sequences, suggesting 291 

that they gave rise to subsequent variants.  For example, nonsynonymous mutation 292 

A61G (Ser6Gly) was detected in animal 6005 on days 3, 4, and 5 after contact, with one 293 

sequence containing an additional nonsynonymous mutation (C395G, Thr117Arg) on 294 

day 4 (Fig. 2B).  Animal 5447 constitutes an interesting case, as on day 6 post-contact, 295 

two lineages that differed from the consensus sequence were observed and the 296 

difference between both branches was a nonsynonymous mutation at Asp145 297 

(Supplementary Fig. 1C).  One variant comprised six clones harboring Tyr145, while the 298 

other branch exhibited eight clones with Asn145.  Interestingly, position 145 lies within 299 

antigenic site A of the HA (42), therefore mutations in that position could alter the 300 

antigenic structure of the virus.  More generally, the discovery that the mutations in that 301 

antigenic site were detected six days after contact between the infected and uninfected 302 

horses, together with their relatively high frequency, is compatible with the action of 303 
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immunological selection by the nascent adaptive immune response, as a significant rise 304 

in serum antibodies is readily detected in immunologically naïve horses at day 7 post-305 

infection (13).  Mutations at this site were not detected in the donor horse (7248), but 306 

one clone bearing an Asp145Asn change was seen on day 6 post-contact in horse 307 

7C1C, which was housed with horse 5447 and exposed at the same time, suggesting 308 

that the variant was transmitted between these two horses.  This indicates that novel 309 

lineages bearing distinct antigenicity can evolve within a single individual despite the 310 

short infection period of influenza.   311 

The observation of intra-host viral populations comprising more than one lineage in 312 

different horses, together with the detection of distinct variants harboring common 313 

mutation/s in different animals (Table 3), prompted us to determine whether distinct 314 

lineages were being transmitted between animals or if they were generated de novo 315 

within individual horses.  We therefore compiled all available data sets from each 316 

branch of the transmission chain and determined their evolutionary relationships.  317 

Phylogenetic analysis revealed that some variants from different animals shared a 318 

common ancestor (Fig. 3A and B), indicating that multiple lineages were transmitted 319 

between these animals (and a pattern that is highly unlikely to occur through 320 

experimental error, see Supplementary Information).  This result is of great importance 321 

as it means that multiple viral lineages are transmitted between hosts, which in turn 322 

means that transmission bottlenecks may not be especially narrow in the case of EIV.  323 

Detection of within-host variants of equine influenza virus associated with the 324 

emergence of canine influenza   325 
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The HA mediates attachment and entry into target cells and is a significant determinant 326 

of host range specificity (36).  CIV emerged as a respiratory pathogen of dogs shortly 327 

after 2000 from an apparent direct interspecies transfer of an H3N8 equine influenza 328 

virus into dogs (5).  Contemporary CIV and EIV share >96% sequence identity in all 329 

eight segments (5, 25), with three signature amino acid substitutions located within the 330 

stretch of 301 amino acid residues of HA that we examined: Asn54Lys, Asn83Ser and 331 

Trp222Leu (5, 25).  Strikingly, we found one variant bearing the Asn83Ser mutation in 332 

one horse and three other variants harboring mutations in position 222, although none 333 

of the latter exhibited leucine in that position (Trp222Gly, Trp222Arg, and Trp222stop).  334 

No mutations in the codon for Asn54 were detected.  Substitution Ser92Asn, which is 335 

present in Canine/FL/04, was also detected, and a substitution of Gly7, albeit different 336 

from the one present in Canine/FL/03, was also observed.  337 

In addition to the three HA signature substitutions that differentiate contemporary CIV 338 

and EIV isolates, there are eight further amino acid changes between the consensus 339 

sequence of the virus used in this study and other CIV viruses isolated in United States 340 

since 2003: Val14Ala (in the signal peptide), Thr5Ile, Thr30Ser, Ile48Met, Val58Ile, 341 

Val78Ala, Asn159Ser, Gln190Glu, and Glu193Lys.  Of these, we detected substitutions 342 

Thr5Ile, Ile48Met, and Val78Ala in samples of within-host EIV viruses.  Six clones 343 

harbored nonsynonymous mutations in the codon corresponding to Thr30, although 344 

serine was not present in any of them.  Other nucleotide substitutions present in 345 

individual CIV isolates were also detected.  Hence, the genetic diversity required to 346 

successfully jump the species barrier and infect a new host may sometimes be partially 347 

or completely present in viruses within individuals of the donor species. 348 
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Analysis of within-host variation in natural field cases 349 

To determine whether the variation observed within our experimental setting was 350 

comparable to that observed in the field, we analyzed equine H3N8 influenza virus in 351 

five nasal swabs from horses naturally infected during an outbreak that took place in 352 

England in 2003 (23).  Although the within-sample variation detected was similar to that 353 

observed in the experimental infections (Table 4), important differences were observed.  354 

First, we detected two distinct consensus viral populations that differed in one amino 355 

acid position: while Arg62 was present at the consensus level in three samples, the 356 

other two samples exhibited Lys62.  Further, one of the natural cases examined 357 

(OB151) exhibited an unusually high level of intra-host viral diversity, with nine clones 358 

harbouring nine mutations, raising the possibility of a mixed infection.  The mixed 359 

infection in that case was confirmed by phylogenetic analysis of sequences of 158 EIV 360 

epidemiological isolates, along with the 73 intra-host sequences derived from this 361 

sample.  Two phylogenetically distinct viral lineages were observed in this isolate and 362 

those grouped with different clades of the Florida sub-lineage (Fig. 4).  This represents 363 

the first description of mixed infection in EIV, a process that also provides the raw 364 

material for segment reassortment.  In addition, since these two viruses exhibited four 365 

nonsynonymous substitutions within HA1, it is possible that they also differ antigenically, 366 

increasing the likelihood of emergence of novel antigenic variants with outbreak 367 

potential.368 
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Discussion  369 

Human cases of avian H5N1 and the recently isolated H1N1 of swine origin constitute 370 

current examples of zoonotic infections with pandemic potential (2, 6).  However, the 371 

determining factors that allow only a small subset of emerging viruses to become 372 

established in a new host species are still unclear.  For example, although swine 373 

influenza viruses periodically spill-over into humans, few have ever caused sustained 374 

outbreaks (34).  Although it is clear that ecological factors can play a key role in viral 375 

emergence, it is likely that there is a genetic basis to cross-species transmission in most 376 

cases.  Accordingly, it is important to understand whether the mutations required for 377 

successful host emergence can arise in the natural reservoir, or if they only arise to 378 

significant levels within the new host subsequent to spill-over events, particularly in long 379 

chains of transmission, should they exist (1).  380 

Here, we applied a clonal sequencing approach to estimate the intra-host mutational 381 

spectrum of EIV in its natural host and its implications for viral emergence.  The novel 382 

patterns of cross-scale viral variability revealed underlines the power of experimental 383 

transmission and beyond-consensus viral sequencing to elucidate phylodynamic 384 

patterns (12).  Analysis of multiple samples taken from the same animal at different 385 

times post-infection allowed us to study the evolutionary dynamics of EIV over very 386 

short time periods.  The HA, as the viral receptor binding protein, is a critical host range 387 

determinant and a major target of neutralizing antibodies.  Even allowing for the 388 

presence of artifactual mutations introduced through error-prone reverse transcription, 389 

our results show that the HA1 segment of EIV exhibits significant variation during the 390 
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course of infection, with up to 13% of the clones sequenced harboring single mutations 391 

and ~1.4% of the total sequences exhibiting two mutations when compared with the 392 

consensus population.  The high frequency with which singletons fall into sites that are 393 

invariant at the population level, together with the high dN/dS values estimated for the 394 

intra-host data set and for the epidemiological scale viruses, strongly suggest that most 395 

mutations are deleterious and will ultimately be removed by purifying selection.  In 396 

contrast, some other mutations were detected in multiple days and persisted throughout 397 

infection, indicating that they were either neutral or advantageous.  In particular, in one 398 

animal we observed a high frequency of nonsynonymous mutations within an antigenic 399 

site at day 6 post-contact, suggesting that immunological selection may take place in 400 

the late stages of infection, when the evolutionary infectivity profile – the net 401 

transmission rate of immunologically selected variants, which results from the 402 

interaction between viral adaptation and immune history – will be the highest (12).  403 

Transmission studies in vaccinated or previously infected animals will be key to 404 

determine the role of immunity on within-host variation and its impact on emergence of 405 

antigenic variants.   406 

Clearly, some of the observed mutations were likely introduced during reverse 407 

transcription and PCR amplification.  However, it is highly unlikely that these 408 

experimental artifacts would result in introduction of repeated changes in the same sites 409 

in different samples, particularly in those that follow the transmission chain.  On the 410 

other hand, if artifactual mutations were commonly introduced as a result of RNA 411 

secondary structure, one might expect a higher proportion of mutations at specific sites 412 

than the distribution observed here.  Indeed, the finding that mutations are passed on in 413 
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a manner that matches the transmission chain, together with a gradual increase in 414 

diversity along the course of infection, acts as an independent verification of the validity 415 

of this method of examining the viral variation.  Finally, our results from control 416 

experiments of artifactual mutations (see Supplementary Information) are also in 417 

agreement with those of Descloux et al. who also evaluated in vitro introduced 418 

mutations during reverse transcription and PCR in a study of intra-host genetic diversity 419 

in dengue virus (7). 420 

The frequency of individual mutations at any nucleotide site was only 1.8 x 10-4, which is 421 

similar to that observed by Iqbal et al. (17) where within-host variability of avian 422 

influenza viruses was assessed in vivo using a variety of avian species.  However, 423 

because our sampling depth only allowed consistent detection of more common (>5-424 

10% of the population) variants, it is likely that greater variation exists at a lower 425 

frequency than is reported here.  Further studies including deeper sequencing of within-426 

host full genomes will therefore be essential to better understand the likelihood of 427 

emergence, as all genomic segments are likely to play distinct roles in host-range 428 

specificity (32, 35).  429 

Based on these results, we conclude that influenza viral populations continually 430 

generate the variants that would enable them to adapt to new host species, although 431 

most are purged by purifying selection.  Indeed, we detected mutations in HA1 432 

associated with the emergence of canine influenza virus within the EIV mutational 433 

spectra.  As infection progresses, the mutational spectrum gradually gains complexity 434 

and the frequency of certain variants in the viral population increases.  Hence, individual 435 
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infections of EIV result in an on-going evolutionary process.  The fact that within our 436 

experimental setting we did not detect fixed substitutions contrasts with our 437 

observations in natural cases collected from horses infected during the same outbreak, 438 

where intra-host viral populations differed in one amino acid in different animals, 439 

suggesting that replacement of the consensus population may require longer chains of 440 

transmission. 441 

By studying genetic variation both within and among hosts we are also able to examine 442 

the process of evolution during inter-host transmission.  Importantly, our observation 443 

that clones bearing common mutations are found in animals that are directly linked by 444 

transmission demonstrates that multiple viral lineages are passed among animals and 445 

hence that transmission bottlenecks are not always narrow, such as down to the level of 446 

a single virion as proposed for HIV (19).  However, the size of the transmission 447 

bottlenecks may vary depending on equine management; the bottleneck may be 448 

narrower in horses in less direct contact, such as individually stabled animals, or 449 

animals at pasture.  The transmission of multiple influenza viral lineages will also assist 450 

in the process of viral emergence, as the probability that new host species will be 451 

exposed to mutations of adaptive value will be greater and natural selection will act 452 

more efficiently.  Along the same line, loose transmission bottlenecks will allow efficient 453 

immune selection if individuals with different immunological histories are exposed to 454 

antigenic mutations.  The timing of transmission may therefore also play a role in the 455 

extent of initial viral diversity, such that the later transmission takes place, the more 456 

diverse the transmitted viral population is.  In addition, the occurrence of mixed 457 

infection, as we describe here for EIV in nature, provides the raw material for 458 

 at N
A

T
 IN

S
T

 O
F

 H
E

A
LT

H
 LIB

 on M
ay 19, 2010 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


23 

 

reassortment (3).  Finally, we suggest that understanding the dynamics of within-host 459 

variation will assist in developing the theoretical tools required to predict and therefore 460 

avoid or control the emergence of new viruses in humans and animals. 461 
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Horse Chain Day
a Number of 

sequences 
Total number of nt 

mutations 
Mean pairwise 
distance +/- SE 

Global 
dN/dS 

Stop 
codons 

Indels
b Sites with > 1 

nonsyn. mutation 

3 152 29 0.00042+-0.00001 0.71 4 1 0 
7D36* A/B-1 

5 82 18 0.00048+-0.00002 1.04 0 0 1 

3 154 15 0.00022+-0.00000 0.72 0 0 0 

4 65 3 0.00010+-0.00001 0.20 0 0 0 

5 154 24 0.00034+-0.00001 0.37 0 0 1 
7248 A-2 

6 62 9 0.00032+-0.00001 0.37 0 0 1 

3 69 4 0.00013+-0.00001 1.81 0 0 0 

4 44 9 0.00045+-0.00003 1.25 0 0 0 

5 50 12 0.00053+-0.00002 0.58 1 0 0 
5447 A-3 

6 51 31 0.00123+-0.00003 1.11 2 0 2 

2 52 6 0.00026+-0.00001 0.56 0 0 0 

3 54 8 0.00033+-0.00002 1.13 0 0 0 

4 83 12 0.00032+-0.00001 0.90 0 0 2 
7C1C A-3 

6 75 14 0.00041+-0.00001 1.10 1 0 2 

3 49 4 0.00018+-0.00001 0.29 0 0 0 

4 54 9 0.00041+-0.00002 0.13 0 0 0 

5 80 13 0.00036+-0.00001 3.40 0 0 0 
2F50 A-4 

7 46 7 0.00033+-0.00002 0.34 0 0 0 

7A45 A-4 3 107 13 0.00027+-0.00001 0.58 0 0 0 

3 67 9 0.00033+-0.00001 N/A 1 0 2 

4 81 14 0.00038+-0.00001 3.49 1 1 1 

5 52 7 0.00029+-0.00002 N/A 1 0 1 
6005 B-2 

6 72 27 0.00073+-0.00002 1.98 0 0 3 

2 112 16 0.00034+-0.00001 0.30 1 0 1 
5257 B-3 

3 127 21 0.00038+-0.00001 0.40 3 0 0 

780C B-4 3 71 18 0.00056+-0.00002 0.85 0 0 0 

4 54 4 0.00016+-0.00001 N/A 0 0 0 

5 81 12 0.00033+-0.00001 0.87 2 0 1 5D1A B-4 

6 79 14 0.00039+-0.00001 1.60 0 0 3 

0443* 0 2 87 10 0.00026+-0.00001 0.85 0 0 0 

 

Table 1. Analysis of intra-host variation in EIV sequences from the transmission experiment. 

* Experimentally inoculated animals. 

a Day post-inoculation (for inoculated animals) or after initial contact with donor horse. 

b Insertions/deletions. 
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Horse 
Mutation, 

amino acid 
change 

Day
a Number of 

clones 

Present at 
epidemiological 

scale? 

Variable at 
epidemiological 

scale? 

Other horses 
(days) 

with same 
mutation 

4 1 -  
5257 (D3), 
7C1C (D5) A228G

b 

5 1 -   

3 1 -  5447 (D5) 

7248 

A855G
b 

5 1 -   

4 2 -   
2F50 A231G

b 

7 2 -   

3 1 T29C, 
Leu10Pro

c
 

5 1 
no no (L) 7D36 (D5) 

4 1 G289A, 
Glu82Lys 

6 1 
yes yes (E,G,K)  

C407T, 
Thr121Ile 

4 1 yes yes (I,M,T) 5D1A (D5) 

5447 

A406C, 
Thr121Pro 

6 1 no   

4 1 C49A, 
Gln2Lys 

6 11 
no no (Q)  

3 2 

4 4 
A61G, 

Ser6Gly 

5 1 

yes yes (D,G,N,S)  

3 2 

4 1 

5 3 

6005 

A884G, 
Glu280Gly 

6 11 

no yes (E,K) 
0443 (D2), 
7D36 (D5), 
5257 (D2) 

4 1 
5D1A 

A413G, 
Glu123Gly 

5 1 
no no (E)  

 

Table 2. Intra-host EIV mutations present on multiple days. 

a Day after initial contact with donor horse. 

b Synonymous mutations. 

c Signal peptide (absent in mature HA1). 
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Mutation, 
amino acid 

change 
Horses (days) Direct contact? Horses from same chain? Motif 

T26C,Leu9Pro 
7248(5) 
5D1A(5) 

No No  

T29C,Leu10Pro 
7D36(5) 
5447(3) 
5447(5) 

No Yes  

T257C,Leu71Pro 
5257(3) 
5D1A(6) 

Yes Yes  

T337C,Tyr98His 
7D36(5) 
5D1A(6) 

No Yes  

T358C,Tyr105His 
5447(3) 
7C1C(3) 

Yes Yes  

C370T,Arg109Trp 
7C1C(3) 
780C(3) 

No No  

C395G,Tyr117Arg 
6005(4) 
7A45(3) 

No No  

C407T,Thr121Ile 
5447(4) 
5D1A(5) 

No No Ag
b
 A 

G409A,Ala122Thr 
6005(5) 
5447(3) 
5D1A(5) 

No Yes (6005 and 5D1A) Ag A 

T460C,Cys139Arg 
6005(5) 
5D1A(6) 

No Yes  

G478A,Asp145Asn 
7C1C(6) 
5447(6) 

Yes Yes Ag A 

T497G,Leu151Arg 
5257(2) 
7C1C(3) 

No No  

C545T,Thr167Ile 
7D36(3) 
7248(3) 

Yes Yes Gly
c 

A635G,Gln197Arg 
7248(6) 
780C(3) 

No No Ag B 

T709A,Trp222Arg 
7D36(5) 
5447(6) 

No Yes  

A730G,Arg229Gly 
7D36(3) 
7248(5) 
2F50(5) 

Yes (7D36 and 7248) Yes (all) 
receptor-
binding-

associated 

A835G,Lys264Glu 

0443(2) 
7D36(5) 
7248(5) 
2F50(5) 

Yes (7D36 and 0443, 
7D36 and 7248) 

Yes (all)  

C863T,Pro273Leu 
780C(3) 
2F50(7) 

No No Ag C 

G868A,Asp275Asn 
0443(2) 
7248(3) 

No Yes? Ag C 

A884G,Glu280Gly 

0443(2) 
7D36(5) 
6005(3) 
6005(4) 
6005(5) 
6005(6) 
5257(2) 

Yes (0443 and 7D36, 
7D36 and 6005, 6005 

and 5257) 
Yes (all)  

 

Table 3. Intra-host EIV non-synonymous mutations present in multiple horses. 

a Signal peptide (absent in mature HA1). 

b Ag: Antigenic site. 

c Glycosylation site. 
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Horse 
Number of 
sequences 

Total number of nt 
mutations

a 
Mean pairwise 

distance 
Global 
dN/dS 

Stop 
codons 

Indels
b Sites with > 1 

nonsyn. mutation 

OB150 68 6 0.0001 0.43 1 0 0 

OB151 73 145 0.002 0.35 0 0 5 

OB152 82 8 0.0002 0.58 0 0 0 

OB153 75 92 0.0005 0.49 0 0 2 

OB172 74 6 0.0001 0.42 0 0 1 
 

Table 4. Analysis of patterns of intra-host variation in EIV sequences from natural field cases. 

a Mutations relative to the reference sequence A/Equine/Newmarket/5/2003 (Accession number: 

FJ375213). 

b Insertions/deletions. 
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