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ABSTRACT                                                                                                          1 

Avian influenza viruses have adapted to human hosts causing pandemics in humans.  2 

The key host-specific amino acid mutations required for an avian influenza virus to 3 

function in humans are unknown.  Through multiple sequence alignment and statistical 4 

testing of each aligned amino acid we identified markers that discriminate human 5 

influenza viruses from avian influenza viruses.  We applied strict thresholds to select 6 

only markers which are highly preserved in human influenza isolates over time.  We 7 

found that a subset of these persistent host markers exist in all human pandemic 8 

influenza sequences from 1918, 1957 and 1968, while others are acquired as the virus 9 

becomes a seasonal influenza.  We also show that human H5N1 influenza viruses are 10 

significantly more likely to contain the amino acid predominant in human strains for a 11 

few persistent host markers when compared to avian H5N1 influenza viruses.  This 12 

sporadic enrichment of amino acids present in human-hosted viruses may indicate that 13 

some H5N1 viruses have made modest adaptations to their new hosts in the recent past.  14 

The markers reported here should be useful in monitoring potential pandemic influenza 15 

viruses. 16 

 17 

INTRODUCTION                                                                                                   18 

The three best defined human influenza pandemics of the twentieth century may be 19 

derived in whole or part from avian influenza viruses (2, 47, 48), although the avian 20 

origin is disputed for the most deadly human pandemic known, the 1918 H1N1  21 

“Spanish flu”(4, 15). This virus resulted in the deaths of millions of people worldwide 22 

(47).   By comparison, avian H5N1 influenza viruses have killed 172 people since 1997 23 

(http://www.who.int/).  Despite containment efforts, H5N1 influenza infections of birds 24 

have spread across Asia to Europe,  so that the potential for an H5N1 influenza 25 
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pandemic in humans still exists (21).    Therefore, insight into the origin and adaptation 26 

of the 1918 H1N1 virus to humans may inform our understanding of the risks posed by 27 

H5N1 influenzas circulating in birds today. 28 

Recently, large scale influenza genome projects have produced sufficient avian (34) and 29 

human (14) sequences to address fundamental questions.  Given these resources, our 30 

aim was to determine precisely which amino acid changes best distinguish an avian 31 

influenza virus from a human influenza virus.  After successfully identifying these 32 

amino acids, we used them to assess the significance of mutations in H5N1 influenza 33 

viruses isolated from humans.  Furthermore, we defined a subset of these key amino 34 

acids which allowed us to track mutations in the H1N1 influenza lineage over time.  35 

 36 

Although these human influenza viruses are independent isolates, they are not 37 

independent of lineage.   The exact number of introductions is unknown, but these three 38 

influenza pandemics account for the overwhelming number of human influenzas and 39 

nearly all of the readily transmissible influenzas.  As a result, a distinct amino acid from 40 

these three founding strains is more likely to have arisen by coincidence than the large 41 

sample size would suggest.   Furthermore, the host and lineage parameters are so highly 42 

correlated that destratification methods based on PCA (39) or other methods (35) will 43 

erase the host effect.   These methods have proven effective in other studies (39). 44 

However, our application of PCA based methods on the influenza sequence data failed 45 

to resolve host from lineage.   The interpretation of host and lineage are therefore 46 

confounded.  Specifically, we are precluded from determining whether host-47 

differentiating amino acids are new adaptations or are due to the original lineages based 48 

on sequence data alone.  49 

ACCEPTED

 on A
ugust 30, 2017 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 

 4 

 50 

However, host markers that arose due to lineage may reasonably be of biological 51 

importance.   As the successful colonization of human beings by influenza required the 52 

viruses to overcome selective pressure, even the original founding viruses of each 53 

lineage may reasonably be expected to contain important adaptations.  Crucially, we can 54 

discern likely biologically significant host markers from those that are trivial by 55 

examining conservation.  Since replication in influenza relies on low fidelity RNA 56 

polymerases (41), a high rate of random mutations is observed.  Thus, given a large 57 

number of strains, we can estimate the expected frequency of amino acid substitution at 58 

a given position and compare that estimate to the observed frequency    These estimates 59 

presume that the frequency of amino acid substitutions of the viruses do not vary 60 

substantially within a host.    Variability in the amino acid substitution frequency 61 

between hosts is accounted for by our method (see Materials and Methods).   Further, 62 

the influence of small violations of this assumption is moderated by the averaging effect 63 

of calculating the frequency of amino acid substitution across all influenzas within host. 64 

 65 

Under this assumption, positions that are significantly more conserved than expected are 66 

likely to be important.  In this context, we define conserved as having a low rate of 67 

amino acid substitution.  Of course, we are not interested in those residues that are 68 

conserved in all influenzas generally.  Rather, we are interested in residues that are 69 

conserved in a host-dependent manner.  Thus, positions that are conserved only within 70 

humans are deemed biologically significant.  Thus, even if these markers arose by 71 

chance or selection through the founding of the human influenza lineages, their high 72 

degree of persistence despite frequent mutation is evidence of biological relevance.  73 

 74 
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MATERIALS AND METHODS 75 

Publicly available DNA and protein sequences were downloaded from the Influenza 76 

Virus Resource at NCBI (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) as of 77 

April 1, 2006.  In addition, 847 newly sequenced avian influenza genes (Genbank 78 

accessions CY014548 - CY015177) were included.  Sequences were retained if they 79 

began with methionine and were full length. Virus names were curated to conform to a 80 

fixed vocabulary.  Ambiguities were manually verified or removed.  Non-structural 81 

protein 2 (NS2), matrix protein 2 (M2) and polymerase basic protein 1 frame 2 product 82 

(PB1-F2)  sequences were derived from NS, M and PB1 nucleotide sequences and 83 

translated for all downloaded sequences.  NS1 sequences of lengths 217, 225, 230 and 84 

237 amino acids were also included in the analysis.  Qualified sequences were aligned 85 

using MUSCLE (12) and classified by serotype, country of origin, host and year.  86 

Bayesian analysis trees were generated to guide the manual editing of the HA and NA 87 

alignments (23).  A total of 9,824 avian and 13,757 human influenza sequences were 88 

retained.  Indonesian H5N1 human isolates (9) were also downloaded 89 

(http://flu.lanl.gov) (29) and included in the H5N1 population tests. 90 

The data were reformatted for statistical testing such that each aligned position was in 91 

its own separate column and each row was from a single strain.  Initial surveys revealed 92 

repeatedly sequenced examples of the same strain or of viruses from the same outbreak.  93 

To reduce this sampling bias, a representative set of genomes was selected.  First, all 94 

sequences were classed by "outbreak", defined here as the set of all viruses with the 95 

same year, host, country and serotype.  Next, the sequence which most closely matched 96 

the consensus of each outbreak was selected as the representative strain.  This was 97 

repeated for each outbreak and for each gene.  The resulting representative data set 98 

contained 6,561 protein sequences (Supplemental Information, data file). 99 
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We reasoned that H5N1, H7N7, and H9N2 isolates, recently introduced into humans, 100 

are not fully adapted, and thus may lack the persistent host markers we were seeking.  101 

Therefore these strains were excluded from defining host-specific residues, but were 102 

used to validate the results.  Next, we identified the most frequent amino acid at each 103 

position in each gene of the avian and human isolates among the representative genes.  104 

Host specificity was tested at residues where the most frequent in avian influenza 105 

isolates differed from that in human influenza isolates.  These positions were 106 

statistically tested (chi squared test using STATA 9.2/SE) for host specificity and the p-107 

values were adjusted for multiple comparisons using the Bonferroni method.  Next, the 108 

Euclidean distance between hosts at each position was calculated based on the 109 

frequency of each observed amino acid.   A vector of amino acid frequencies from avian 110 

hosts was compared to a vector of amino acid frequencies from human hosts at each 111 

site.   The Euclidean distance between these two vectors was then calculated for each 112 

site.  This number was then divided by the square root of two, the maximum Euclidean 113 

distance possible, to create a proportion from zero to one that reflects the percentage of 114 

representative isolates that differ between host classes.  A minimum proportional 115 

Euclidean distance of 0.95 was used as a threshold so that each host marker 116 

differentiated at least 95% of the representative isolates. 117 

 118 

For each aligned position, the conservation of the most frequent amino acid found in 119 

human influenza isolates was calculated for both avian and human influenzas.  120 

Conservation was measured for all human H1N1, H2N2 and H3N2 influenza sequences, 121 

and for all avian sequences, not just the representative strains.   Next, the conservation 122 

frequencies in human influenzas (x) were regressed against the conservation frequencies 123 

in avian influenzas (y) and standardized residuals were calculated.    The regression line 124 

finds the overall difference in variability of influenzas between hosts.  Extreme cases of 125 
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host dependent conservation have extreme standardized residuals of large absolute 126 

value.  In this regression, large negative standardized residuals are those positions where 127 

conservation within human isolates is much larger than observed in birds.  Based on z 128 

tables, the probability of a single marker having a standardized residual of less than  -4 129 

is .000032.  Given 4,728 positions and 61 discoveries, a false discovery rate (7) of 1% 130 

was then calculated for positions which are below -4 standardized residuals.  A position 131 

was deemed of interest if it passed the standardized residual threshold, had a 99% level 132 

of conservation in human influenza viruses and had a proportional Euclidean of 95% or 133 

greater.  These positions were then designated as persistent host markers.   134 

All full-length human influenza virus sequences of the correct serotype in the pandemic 135 

year were classed as pandemic viral sequences.  For comparison purposes, an H5N1 136 

consensus sequence was constructed by surveying all H5N1 viruses.  The most frequent 137 

amino acid at each position in the pandemic strains and the H5N1 strains were then 138 

found.  Pandemic markers are those host-differentiating sites where the most frequent 139 

amino acid is the same in all three pandemics. 140 

  141 

RESULTS                                                                                                           142 

Persistent host markers. We surveyed 9,824 avian influenza sequences including 847 143 

novel avian genes sequenced by this laboratory and 13,757 human influenza sequences.  144 

We reduced sample bias by producing a representative data set of 6,561 sequences, 145 

minimized false positives by selecting markers with significant host-dependent 146 

conservation, and measured the persistence of changes over time (details in Methods 147 

and Supplemental Data).  Using this approach we identified 32 amino acids, from 4,728 148 

aligned positions, that distinguish avian and human influenza virus populations and that 149 

met all standards of host differentiation and host dependent conservation. Given a false 150 

ACCEPTED

 on A
ugust 30, 2017 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 

 8 

discovery rate of 1%, we expect that no more than 1 marker persists in human influenza 151 

viruses by chance.  Given 611 sites that discriminate host to any degree, the median 152 

discriminator of host varies 205 times in 1000 human isolates.  By comparison, each site 153 

we selected varies 10 times or less in 1000 human strains and simultaneously 154 

differentiates avian influenza viruses from human influenza viruses with 95% success.   155 

These host markers are in five of the 11 proteins tested:  RNA polymerase basic protein 156 

2 (PB2), RNA polymerase acidic protein (PA), nucleoprotein (NP), matrix protein 157 

(M1), and the non-structural protein (NS1).  The distribution of these residues among 158 

avian and human virus populations and the H1, H2 and H3 pandemic strains isolated 159 

during the first year of their respective pandemic is shown in Figure 1.  The early 1918 160 

(H1) pandemic isolates contain only 13 markers while the subsequent 1957 (H2) and 161 

1968 (H3) pandemic strains contain all 32.  This is likely due to the fact that these 162 

genes/proteins were derived from pre-existing human strains in the H2 and H3 163 

pandemic viruses.  A fourteenth marker, V100A in the PA protein, is shared by all 164 

pandemic strains but one and is thus not 100% conserved.  H5N1 isolates, as a 165 

population, do not contain any of these markers although isolated cases do exist.  By our 166 

stringent criteria, there are no persistent host markers in the surface glycoproteins, 167 

hemagglutinin (HA) and neuraminidase (NA), or in the RNA polymerase basic protein 168 

1 (PB1).  This may seem surprising since avian derived HA, NA and PB1 genes have 169 

been identified in H2 and H3 pandemic isolates and one might expect to find host 170 

markers associated with these proteins, and particularly those residues in HA and NA 171 

selected to escape immune surveillance mechanisms (2).  However, our methods are 172 

designed to identify strictly conserved residues that persist over time and will not 173 

capture seasonal changes or even changes between pandemic isolates (see Supplemental 174 

text). 175 
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Remarkably, 26 of the 32 markers (81%) are found in three of the four proteins that 176 

form the viral RNA replication complex (NP, PB2, and PA) (24, 44).  Fourteen of these 177 

markers may be directly associated with the formation of the RNA replication complex 178 

as they fall in regions where NP, PB1 and PB2 are known to interact (37, 38)
 
(Figure 2).  179 

Six markers in NP fall within known PB2 binding regions (38) and eight markers in 180 

PB2 are in regions of the molecule known to bind to either NP or PB1 (37).  Two 181 

additional PB2 markers may influence RNA replication indirectly. The residue at 475 in 182 

the polymerase gene PB2 is predominately leucine (L) in avian isolates and methionine 183 

(M) human strains.  This marker, L475M, is in a domain necessary for nuclear 184 

importation (30) and residue D567N is in the RNA cap binding region (20).  The 185 

implication is that nuclear importation and formation of the RNA polymerase complex 186 

is influenced by the host environment.  Less clear is the role PA plays in RNA 187 

replication and, consequently, the functional significance of the 10 markers in PA.  One 188 

host marker, S225C, is located in a region involved in nuclear localization (32).  The 189 

remaining 9 markers in PA are in regions of unknown or ambiguous functional 190 

importance. 191 

The remaining six persistent host markers are found in M1 and NS1 proteins and are 192 

located in regions generally associated with binding to host cell proteins.  All three host 193 

markers in M1 are in the C-terminal half of the molecule known to bind heat shock 194 

protein Hsc70 in host cells (49).  Hsc70 has been shown to enhance viral replication 195 

through interaction with M1 (49).  All three markers in the non-structural protein NS1 196 

are located in regions of the molecule with known host cell binding functions.  The N-197 

terminal domain of NS1 binds to the 30 kDa subunit of the cleavage and 198 

polyadenylation specificity factor (CPSF) and to eukaryotic translation initiation factor 199 

4 gamma 1 (eIF4G1) (5, 8) and contains the host marker I81M.  In the course of 200 

identifying these markers in NS1 we identified a previously unreported SRC-homology 201 

3 (SH3) motif.  One of our host markers, P215T, is in this SH3 recognition motif where 202 
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the PPLPP motif is preserved in avian influenzas and is altered to PPLTP in human 203 

influenzas.  The third persistent host marker in NS1 is at residue R227E in the PDZ 204 

(postsynaptic density, PSD-95; discs large, Dlg; zonula occludens-1, ZO-1) binding 205 

domain we previously identified at the C-terminus of the molecule and demonstrated to 206 

interact with numerous human PDZ domains in vitro (34).  This region is also known to 207 

bind poly-A binding protein II, PABPII (11, 26).  Given the NS1 protein’s role in 208 

suppressing the host cell immune response through binding host proteins and host RNA, 209 

it may be that markers in this molecule point to key mutations needed to improve the 210 

immune suppression function of NS1 and enhance viral replication
 
(25, 27). 211 

Overall, persistent host markers are typically found in RNA replication complex 212 

proteins and are often located in known protein binding domains.  These regions may 213 

directly influence the RNP replication complex or they may enhance replication through 214 

the interaction with host factors. 215 

Persistent host markers in pandemic isolates. We next focused on the early isolates 216 

of pandemic influenza viruses to determine which markers they might have acquired.  217 

We found that 13 of our 32 host markers (Figure 1, arrows) are absolutely conserved 218 

(100%) in the influenza viruses that caused the 1918, 1957 and 1968 pandemics and are 219 

distributed among four viral genes; PB2, PA, NP and M1 (Table S1).  Again the 220 

majority of these markers reside in RNA replication complex proteins.  We should 221 

emphasize that it is unlikely that all 13 pandemic markers must be acquired to gain any 222 

single phenotypic trait of pandemic influenza viruses such as efficient replication, tissue 223 

tropism or transmissibility.  Further, we cannot estimate how long it would take an 224 

avian virus such as H5N1 to acquire these traits. 225 

DISCUSSION                                                                                                       226 
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Pandemic versus seasonal influenza.  Although we cannot determine the rate at which 227 

avian isolates would acquire the 13 “pandemic” host markers, we can look at historical 228 

data to determine whether early pandemic isolates acquired additional markers over 229 

time.  We can do this only for H1N1 isolates as they represent the introduction of all 8 230 

influenza virus genes from an avian precursor, they have circulated in humans for 88 231 

years, and many isolates have been sequenced.  In contrast, subsequent pandemics 232 

involved the introduction of only HA, NA, and PB1 genes from an avian isolate into a 233 

pre-existing human strain, none of which carry host markers as defined by our criteria.  234 

If we plot the proportion of host markers in M1, NP, NS1, PA and PB2 proteins over 235 

time (Figure 3) we see that early H1N1 isolates, already containing 13 of the amino 236 

acids prevalent in human-hosted viruses, acquire the remaining 19 within 10-20 years 237 

depending on the protein.  The stepped progression of PA and PB2 markers suggests 238 

that the H1N1 pandemic influenza adapted to human hosts in stages.  In contrast, NS1 239 

marker acquisition appears to be more abrupt.  However, this is likely a sampling 240 

artefact as there are no H1N1 human influenza sequences available during the years 241 

1919 to 1932.   Further this abruptness may be due to the relatively few number of 242 

markers in NS1 and M1.   Unlike these other genes, the host markers in proteins NP and 243 

M1 do not appear to be stably preserved, despite passing our 99% persistence criteria 244 

(see methods).  The instability of these markers in these genes may be due to the 245 

reintroduction of H1N1 viruses from swine or birds or to seasonal variation in the 246 

human host. 247 

The progressive changes seen in H1N1 human influenza isolates implies that these 248 

viruses gradually acquired mutations that confer the phenotypic traits of seasonal 249 

viruses and that these additional sites are not required for an influenza virus to cause a 250 

pandemic.  Rather it is likely that these additional mutations are associated with the 251 

traits of seasonal influenza viruses such as low mortality.  Over time, through 252 

successive rounds of transmission and selection, we would expect avian influenzas, like 253 
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H5N1, introduced into humans to acquire all 32 persistent host markers seen in seasonal 254 

influenza viruses.   255 

Persistent host markers in H5N1 viruses.  We examined H5N1 influenza sequences 256 

from avian hosts and compared them to H5N1 influenzas isolated from humans, 257 

focusing on the 32 persistent host markers.  We included 7 H5N1 strains recently 258 

reported to transmit within a family in Indonesia (9).  Although the predominant amino 259 

acid found in H5N1 isolates is consistent with avian influenzas at most marker 260 

locations, in a fraction of H5N1 isolates, the amino acid prevalent in human-hosted 261 

viruses has been acquired.  We found four sites that are significantly enriched (p < 262 

0.0001) in human H5N1 isolates (Table 1).  Three of the four host markers that are 263 

enriched in H5N1 are also 100% conserved in human pandemic isolates.  These three 264 

host markers are in PB2, one of which is the well known marker E627K.  This mutation 265 

was seen in all seven of the putatively human-transmissible Indonesian H5N1 viruses 266 

(9) and in the 2003 H7N7 outbreak in the Netherlands (13).  Four of the seven 267 

Indonesian strains also have the PB2 host marker K702R.  This novel marker site is 268 

adjacent to a known high-pathogenicity site in PB2 at residue D701N (27).  The 269 

enrichment of four host markers in H5N1 isolates suggests H5N1 influenza can adapt to 270 

human hosts.  However, no single H5N1 virus sequenced contains more than two of 271 

these four sites. 272 

The polymerase protein PB2 appears critical to adaptation of avian viruses to humans, 273 

based on this and other studies (9, 13).  Significantly, we identify 10 PB2 host markers 274 

here (Table A1).  These are all high quality discriminators of host (95% or greater) and 275 

all of these sites are preserved in 99% of human H1N1, H2N2 and H3N2 sequences 276 

over time.   Not only does PB2, along with PA, have the most persistent host markers, it 277 

also has A199S, E627K, and K702R.  These residues are the only host markers that are 278 

absolutely (100%) conserved in all pandemic influenza isolates we surveyed (Table A1) 279 
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and are also enriched in the population of human H5N1 isolates (Table 1).  We suspect 280 

that acquisition of the amino acids that are prevalent in humans are required for the 281 

evolution of an avian influenza virus like H5N1 into a virus that is capable of causing a 282 

human pandemic.  Here we must note that the sporadic and modest acquisition of 283 

markers in H5N1 human isolates and the stability of the H5N1 avian isolates indicate 284 

that currently circulating H5N1 viruses are no more adapted to human hosts today than 285 

they were in the past.  What has changed is the geographic dispersion of the H5N1 virus 286 

and thus the size of the population at risk.   Therefore the current risk of an H5N1 287 

influenza pandemic in humans is due to an increased frequency of human exposure to 288 

the H5N1 virus from birds, rather than to a human adapted H5N1 virus. 289 

Interestingly, two of these persistent host markers in PB2 occur in a unique set of four 290 

H5N1 human isolates from Indonesia.  These Indonesian influenza isolates are 291 

distinguished from nearly all other human H5N1 isolates in that they may be acquired 292 

by human to human transmission rather than by avian to human transmission (9).  293 

Although the numbers are too small to allow a valid statistical test, these H5N1 isolates 294 

from a single Indonesian family appear more adapted to humans than the other H5N1 295 

human isolates presumably acquired directly from birds.  The residue A199S in PB2 is 296 

the only marker that is absolutely conserved in the seasonal human influenza isolates we 297 

surveyed (Table A1).  298 

In summary, we have examined large collections of both avian and human influenza 299 

protein sequences and identified persistent host markers across the influenza proteome.  300 

By minimizing false positives and by focusing on those sites preserved over time in a 301 

host dependent manner, we have identified a set of 32 amino acids which are persistent 302 

host markers.  These include both well known and novel sites, including a potential SH3 303 

binding motif in NS1.  By tracking the acquisition of these sites over time, we observed 304 

evidence of progressive adaptation of the avian H1N1 virus to human hosts.  We show 305 
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that 13 of the 32 persistent host markers are 100% conserved amino acid changes in 306 

pandemic viruses and suggest these are likely important in the evolution of pandemic 307 

influenza.  Further, we show that a small fraction of the population of H5N1 isolates 308 

from humans have acquired four of these 32 markers, although no single H5N1 isolate 309 

surveyed contains more than two markers and current H5N1 viruses are no more 310 

adapted to humans today than they were in the past (Table 1). 311 

APPENDIX 312 

Details concerning bioinformatic and statistical methods are provided in this 313 

supplement.  The persistence percentages, and proportional Euclidean distances are 314 

given in Table A1.  A summary graphic of the proportional Euclidean distances by 315 

genes is provided in Figure A1 and a frequency table of a key HA amino acid is shown 316 

in Table A2.  Further discussion of the statistical methods and results is provided 317 

including a summary table of sample sizes in the representative set by gene.  A brief 318 

discussion of the protein interaction regions and the appropriate references are also 319 

included here. The supplemental information includes an Excel file  listing the 320 

accession numbers, year, serotype and country of origin for all 6,561 representative 321 

proteins. 322 

 323 

Multiple Sequence Alignments. The protein sequences were aligned using the 324 

MUSCLE (12) program. The MUSCLE program was chosen due to its performance, 325 

flexibility, and the speed with which it aligns a large set of sequences.  The protein 326 

alignments were manually inspected and edited using BioEdit.  Nucleotide sequences 327 

were then aligned based on the protein alignments using the tranalign program in the 328 

EMBOSS package.  We found that protein-guided alignments of nucleotide sequences 329 

produced better alignments than aligning the nucleotides directly.  After generating 330 
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maximum likelihood trees, the sequences in each multiple alignment were re-ordered to 331 

match the ordering in the trees for easy visual comparison.  The clade-guided re-332 

alignment of nucleotide and protein sequences helped further improve the quality of 333 

alignments by manual checking and editing especially for HA and NA genes in the 334 

highly variable regions.  Custom Perl scripts and additional EMBOSS tools were used 335 

to facilitate this process. 336 

Potential for false negatives.  One might expect, a priori, to find host  markers in the 337 

surface glycoproteins HA and NA because of immune pressure and because of the 338 

receptor specificity of the HA receptor binding site (16, 40, 45, 50) or in the polymerase 339 

protein PB1 because of its association with HA/NA in the H2 and H3 pandemic strains.  340 

However, in this study, as a result of stringent criteria designed to eliminate false 341 

positives, authentic host adaptations may have been lost.  As noted in the text, there are 342 

no host markers in the surface glycoproteins HA and NA or in the polymerase protein 343 

PB1.  All amino acid markers from the genes HA, NA, and PB1 as well as the alternate 344 

transcripts NS2, M2 and PB1-F2 were either poor quality host discriminators 345 

(proportional Euclidean distance < 0.95) or were not preserved in human strains over 346 

time (persistence < 99%).  Host specific residues in HA have been reported elsewhere 347 

(40), but HA residues do not differentiate more than 72% of viruses by host in this 348 

broad study (proportional Euclidean distance of 0.72).  Two studies have also reported 349 

host-specific M2 sites (10, 28), however, these sites failed to pass thresholds used in this 350 

study.  The best M2 site V86A (V is the predominant avian residue and A is the 351 

predominant human residue), did pass the Euclidean distance test, but failed the 99% 352 

persistence test.  Thus, by our stringent criteria, this M2 site is a valid host-specific 353 

marker, but was excluded as a persistent host marker because it was not sufficiently 354 

preserved in human influenzas over time. 355 
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In addition, our methods test each residue separately, so that if host specific pressure 356 

can be relieved at any number of sites, then the pressure to conserve a given site is 357 

reduced as is the high degree of differentiation at that site.  Direct evidence indicates 358 

that HA receptor specificity can be altered by mutations at any one of several sites(16, 359 

40, 50).  Furthermore our survey of all HA sequences indicates that the amino acids at 360 

key sites such as 226 in the HA receptor binding site are well preserved among avian 361 

influenza isolates, but are not well preserved among human influenza isolates (Table 362 

A2).     We recognize that accurate alignments of HA and NA are hampered by high 363 

variability and despite the care taken in manual editing, false negative errors may occur 364 

due to alignment errors. While it might be possible to improve these alignments by 365 

adding structural data, this data only exists for portions of each protein and for only a 366 

few serotypes.  Finally, while a lack of markers in HA and NA proteins are a concern, 367 

we note that there is also a lack of markers in PB1, which was trivial to align due to 368 

high conservation.  Thus, it may be that residues in HA, NA, PB1 and PB1-F2 are 369 

simply less host-differentiating than are other genes, as we have observed. 370 

Statistical Tests.  All statistical tests in this paper are performed on categorical data.  371 

For each position we compared the frequency of amino acid categories across host using 372 

a two sided chi-squared test.  This test assumed independence of the categories and is in 373 

common usage.   For each position, the table size varied in accordance with the number 374 

of amino acid types.   For the host test, we decided not to fix the table size at 2 by 20 to 375 

minimize table sparsity and to avoid false discoveries due to excessive degrees of 376 

freedom.  We relied on the strictness of the Bonferroni correction and the application of 377 

absolute quality metrics to minimize false discoveries.   378 

In total there were 4,728 aligned positions.  Of these 611 positions passed the initial 379 

screening.  Including the initial screens as informal hypothesis tests there were 4,728 380 

tests.  The Bonferroni threshold at the 0.05 alpha level was 1.06 e-05.  There were 599 381 
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positions that passed Bonferroni criteria.    As desrcibed in the methods section, 382 

applying the regression standardized residual threshold at -4 reduced this set to 61.  This 383 

list was further reduced by the use of absolute metrics, proportional Euclidean distance 384 

and percent persistence.  These metrics were chosen arbitrarily to guarantee minimum 385 

quality standards.   Sample sizes were dependent on the gene of interest (Table A3). 386 

The 32 remaining positions were then tested in H5N1 isolates for enrichment in human 387 

versus avian hosts.    As this test generated two-by-two tables, Fisher's exact test was 388 

used.  This two tailed test gives the most accurate p-value available under the 389 

independence assumptions and is computationally feasible for small tables.  Again a 390 

Bonferroni threshold at the 0.05 alpha level was applied for these 32 tests.  All results in 391 

Table 1 pass the Bonferroni threshold of 0.0015625.  Sample size for the PB2 tests in 392 

Table 1 was 214 and the sample size for the PA test was 196. 393 

Regions of Protein Interaction.  Known regions of protein interaction in Figure 2 in 394 

the main text were derived from the literature.  The M1 interaction regions are based on 395 

crystal structure (1) and viral assembly studies (3, 6, 18, 19, 31, 46).  M1 interacts with 396 

other influenza viral proteins PA, NP, HA, PB1, and NS2 (18).  M1 Also interacts with 397 

Hsc70 (36)
 
.   NS1 interacts with binds eukaryotic initiation factor

 
4GI at the N terminus 398 

(26), and has several protein binding domains (11, 25, 26), including a SH3 domain 399 

reported here for the first time (33).   NP, PB1 (not pictured in Figure 2) and PB2 bind 400 

each other in RNA polymerase complex formation (37, 38).  PA has casein kinase II 401 

sites (42), and binds to the RNA cap (17) and host proteins (22).  PA also has a large 402 

proteolytic region (43) (from 1-247) that may interact with M1 (18); however, specific 403 

sites in PA are not known so this region was not included in the figure. 404 

Accession Numbers.  For Genbank or Genpept accession numbers of the genes 405 

included in the representative set are available on as a supplement. 406 
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( e d . ) ,  O p t i o n s  f o r  t h e  C o n t r o l  o f  In f l u e n z a  IV .  E l s e v i e r  534 

S c i e n c e ,  A m s t e r d a m .  535 

3 0 .  M u k a i g a w a ,  J . ,  a n d  D .  P .  N a y a k .  1 9 9 1 .  T w o  s i g n a l s  536 

m e d i a t e  n u c l e a r  l o c a l i z a t i o n  o f  i n f l u e n z a  v i r u s  ( A / W S N / 3 3 )  537 

p o l ym e r a s e  b a s i c  p r o t e i n  2 .  J  V i r o l  6 5 : 2 4 5 - 5 3 .  538 

3 1 .  N a y a k ,  D .  P . ,  E .  K .  H u i ,  a n d  S .  B a r m a n .  2 0 0 4 .  A s s e m b l y  539 

a n d  b u d d i n g  o f  i n f l u e n z a  v i r u s .  V i r u s  R e s  1 0 6 : 1 4 7 - 6 5 .  540 

3 2 .  N i e t o ,  A . ,  S .  d e  l a  L u n a ,  J .  B a r c e n a ,  A .  Po r t e l a ,  a n d  J .  541 

O r t i n .  1 9 9 4 .  C o m p l e x  s t r u c t u r e  o f  t h e  n u c l e a r  t r a n s l o c a t i o n  542 

s i gn a l  o f  i n f l u e n z a  v i r u s  p o l ym e r a s e  P A  s u b u n i t .  J  G e n  V i r o l  543 

7 5  (  P t  1 ) : 2 9 - 3 6 .  544 

3 3 .  O b e n a u e r ,  J .  C . ,  L .  C .  C a n t l e y ,  a n d  M .  B .  Y a f f e .  2 0 0 3 .  545 

S c a n s i t e  2 . 0 :  P r o t e o m e - w i d e  p r e d i c t i o n  o f  c e l l  s i g n a l i n g  546 

i n t e r a c t i o n s  u s i n g  s h o r t  s e q u e n c e  m o t i f s .  N u c l e i c  A c i d s  R e s  547 

3 1 : 3 6 3 5 - 4 1 .  548 

3 4 .  O b e n a u e r ,  J .  C . ,  J .  D e n s o n ,  P .  K .  M e h t a ,  X .  S u ,  S .  549 

M u k a t i r a ,  D .  B .  F i n k e l s t e i n ,  X .  X u ,  J .  W a n g ,  J .  M a ,  Y .  550 

F a n ,  K .  M .  R a k e s t r a w ,  R .  G .  W e b s t e r ,  E .  H o f f m a n n ,  S .  551 

K r a u s s ,  J .  Zh e n g ,  Z .  Zh a n g ,  a n d  C .  W .  N a e v e .  2 0 0 6 .  552 
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La r g e - s c a l e  s e q u e n c e  a n a l ys i s  o f  a v i a n  i n f l u e n z a  i s o l a t e s .  553 

S c i e n c e  3 1 1 : 1 5 7 6 - 8 0 .  554 

3 5 .  P a t t e r s o n ,  N . ,  A .  L .  P r i c e ,  a n d  D .  R e i c h .  2 0 0 6 .  P o p u l a t i o n  555 

9 S t r u c t u r e  a n d  E i g e n a n a l ys i s .  P Lo S  G e n e t  2 : e 1 9 0 .  556 

3 6 .  P e r e z - Go n z a l e z ,  A . ,  A .  R o d r i g u e z ,  M .  H u a r t e ,  I .  J .  557 

S a l a n u e v a ,  a n d  A .  N i e t o .  2 0 0 6 .  h C L E / C G I- 9 9 ,  a  h u m a n  558 

p r o t e i n  t h a t  i n t e r a c t s  w i t h  t h e  i n f l u e n z a  v i r u s  p o l ym e r a s e ,  i s  559 

a  m R N A  t r a n s c r i p t i o n  m o d u l a t o r .  J  M o l  B i o l  3 6 2 : 8 8 7 - 9 0 0 .  560 

3 7 .  P o o l e ,  E . ,  D .  E l t o n ,  L .  M e d c a l f ,  a n d  P .  D i g a r d .  2 0 0 4 .  561 

Fu n c t i o n a l  d o m a i n s  o f  t h e  i n f l u e n z a  A  v i r u s  P B2  p r o t e i n :  562 

i d e n t i f i c a t i o n  o f  N P -  a n d  P B1 - b i n d i n g  s i t e s .  V i r o l o g y  563 

3 2 1 : 1 2 0 - 3 3 .  564 

3 8 .  P o r t e l a ,  A . ,  a n d  P .  D i g a r d .  2 0 0 2 .  T h e  i n f l u e n z a  v i r u s  565 

n u c l e o p r o t e i n :  a  m u l t i f u n c t i o n a l  R N A - b i n d i n g  p r o t e i n  566 

p i v o t a l  t o  v i r u s  r e p l i c a t i o n .  J  G e n  V i r o l  8 3 : 7 2 3 - 3 4 .  567 

3 9 .  P r i c e ,  A .  L . ,  N .  J .  Pa t t e r s o n ,  R .  M .  P l e n g e ,  M .  E .  568 

W e i n b l a t t ,  N .  A .  S h a d i c k ,  a n d  D .  R e i c h .  2 0 0 6 .  P r i n c i p a l  569 

c o m p o n e n t s  a n a l ys i s  c o r r e c t s  f o r  s t r a t i f i c a t i o n  i n  g e n o m e -570 

w i d e  a s s o c i a t i o n  s t u d i e s .  N a t  G e n e t  3 8 : 9 0 4 - 9 .  571 

4 0 .  R o g e r s ,  G .  N . ,  J .  C .  P a u l s o n ,  R .  S .  D a n i e l s ,  J .  J .  S k e h e l ,  I .  572 

A .  W i l s o n ,  a n d  D .  C .  W i l e y .  1 9 8 3 .  S i n g l e  a m i n o  a c i d  573 

s u b s t i t u t i o n s  i n  i n f l u e n z a  h a e m a g g l u t i n i n  c h a n g e  r e c e p t o r  574 

b i n d i n g  s p e c i f i c i t y .  N a t u r e  3 0 4 : 7 6 - 8 .  575 

4 1 .  S a l l i e ,  R .  2 0 0 5 .  R e p l i c a t i v e  h o m e o s t a s i s  I I :  i n f l u e n c e  o f  576 

p o l ym e r a s e  f i d e l i t y  o n  R N A  v i r u s  q u a s i s p e c i e s  b i o l o g y:  577 
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i m p l i c a t i o n s  f o r  i m m u n e  r e c o g n i t i o n ,  v i r a l  a u t o i m m u n i t y  a n d  578 

o t h e r  " v i r u s  r e c e p t o r "  d i s e a s e s .  V i r o l  J  2 : 7 0 .  579 

4 2 .  S a n z - E z q u e r r o ,  J .  J . ,  J .  F e r n a n d e z  S a n t a r e n ,  T .  S i e r r a ,  T .  580 

A r a g o n ,  J .  O r t e g a ,  J .  O r t i n ,  G .  L .  S m i t h ,  a n d  A .  N i e t o .  581 

1 9 9 8 .  T h e  P A  i n f l u e n z a  v i r u s  p o l ym e r a s e  s u b u n i t  i s  a  582 

p h o s p h o r yl a t e d  p r o t e i n .  J  G e n  V i r o l  7 9  (  P t  3 ) : 4 7 1 - 8 .  583 

4 3 .  S a n z - E z q u e r r o ,  J .  J . ,  T .  Zu r c h e r ,  S .  d e  l a  L u n a ,  J .  O r t i n ,  584 

a n d  A .  N i e t o .  1 9 9 6 .  T h e  a m i n o - t e r m i n a l  o n e - t h i r d  o f  t h e  585 

i n f l u e n z a  v i r u s  P A  p r o t e i n  i s  r e s p o n s i b l e  f o r  t h e  i n d u c t i o n  586 

o f  p r o t e o l ys i s .  J  V i r o l  7 0 : 1 9 0 5 - 1 1 .  587 

4 4 .  S i d o r e n k o ,  Y . ,  a n d  U .  R e i c h l .  2 0 0 4 .  S t r u c t u r e d  m o d e l  o f  588 

i n f l u e n z a  v i r u s  r e p l i c a t i o n  i n  M D C K  c e l l s .  B i o t e c h n o l  589 

B i o e n g  8 8 : 1 - 1 4 .  590 

4 5 .  S t e v e n s ,  J . ,  O .  B l i x t ,  L .  G l a s e r ,  J .  K .  T a u b e n b e r g e r ,  P .  591 

P a l e s e ,  J .  C .  Pa u l s o n ,  a n d  I .  A .  W i l s o n .  2 0 0 6 .  G l yc a n  592 

m i c r o a r r a y  a n a l ys i s  o f  t h e  h e m a g g l u t i n i n s  f r o m  m o d e r n  a n d  593 

p a n d e m i c  i n f l u e n z a  v i r u s e s  r e v e a l s  d i f f e r e n t  r e c e p t o r  594 

s p e c i f i c i t i e s .  J  M o l  B i o l  3 5 5 : 1 1 4 3 - 5 5 .  595 

4 6 .  T a k e u c h i ,  H . ,  A .  O k a d a ,  a n d  T .  M i u r a .  2 0 0 3 .  R o l e s  o f  t h e  596 

h i s t i d i n e  a n d  t r yp t o p h a n  s i d e  c h a i n s  i n  t h e  M 2  p r o t o n  597 

c h a n n e l  f r o m  i n f l u e n z a  A  v i r u s .  FE B S  Le t t  5 5 2 : 3 5 - 8 .  598 

4 7 .  T a u b e n b e r g e r ,  J .  K . ,  A .  H .  R e i d ,  R .  M .  L o u r e n s ,  R .  W a n g ,  599 

G.  J i n ,  a n d  T .  G .  F a n n i n g .  2 0 0 5 .  C h a r a c t e r i z a t i o n  o f  t h e  600 

1 9 1 8  i n f l u e n z a  v i r u s  p o l ym e r a s e  g e n e s .  N a t u r e  4 3 7 : 8 8 9 - 9 3 .  601 
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4 8 .  T u mp e y ,  T .  M . ,  A .  G a r c i a - S a s t r e ,  J .  K .  T a u b e n b e r g e r ,  P .  602 

P a l e s e ,  D .  E .  S w a y n e ,  M .  J .  P a n t i n - J a c k w o o d ,  S .  S c h u l t z -603 

C h e r r y ,  A .  S o l o r z a n o ,  N .  V a n  R o o i j e n ,  J .  M .  Ka t z ,  a n d  C .  604 

F .  B a s l e r .  2 0 0 5 .  P a t h o g e n i c i t y  o f  i n f l u e n z a  v i r u s e s  w i t h  605 

g e n e s  f r o m  t h e  1 9 1 8  p a n d e m i c  v i r u s :  f u n c t i o n a l  r o l e s  o f  606 

a l v e o l a r  m a c r o p h a g e s  a n d  n e u t r o p h i l s  i n  l i m i t i n g  v i r u s  607 

r e p l i c a t i o n  a n d  m o r t a l i t y  i n  m i c e .  J  V i r o l  7 9 : 1 4 9 3 3 - 4 4 .  608 

4 9 .  W a t a n a b e ,  K . ,  T .  Fu s e ,  I .  A s a n o ,  F .  T s u k a h a r a ,  Y .  M a r u ,  609 

K.  N a g a t a ,  K .  Ki t a z a t o ,  a n d  N .  Ko b a y a s h i .  2 0 0 6 .  610 

Id e n t i f i c a t i o n  o f  H s c 7 0  a s  a n  i n f l u e n z a  v i r u s  m a t r i x  p r o t e i n  611 

( M 1 )  b i n d i n g  f a c t o r  i n v o l v e d  i n  t h e  v i r u s  l i f e  c yc l e .  FE BS  612 

Le t t  5 8 0 : 5 7 8 5 - 9 0 .  613 

5 0 .  Y a m a d a ,  S . ,  Y .  S u z u k i ,  T .  S u z u k i ,  M .  Q .  L e ,  C .  A .  N i d o m,  614 

Y .  S a k a i - T a g a w a ,  Y .  M u r a m o t o ,  M .  I t o ,  M .  K i s o ,  T .  615 

H o r i m o t o ,  K .  S h i n y a ,  T .  S a w a d a ,  M .  K i s o ,  T .  U s u i ,  T .  616 

M u r a t a ,  Y .  L i n ,  A .  H a y ,  L .  F .  H a i r e ,  D .  J .  S t e v e n s ,  R .  J .  617 

R u s s e l l ,  S .  J .  G a m b l i n ,  J .  J .  S k e h e l ,  a n d  Y .  Ka w a o k a .  618 

2 0 0 6 .  H a e m a g g l u t i n i n  m u t a t i o n s  r e s p o n s i b l e  f o r  t h e  b i n d i n g  619 

o f  H 5 N 1  i n f l u e n z a  A  v i r u s e s  t o  h u m a n - t yp e  r e c e p t o r s .  620 

N a t u r e  4 4 4 : 3 7 8 - 8 2 .  621 

 622 

 623 

 624 
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TABLE 1.   Host markers are enriched in human H5N1 influenza viruses. 625 

__________________________________________________________________________________________ 

Gene   Mutation Strains with a Human Adaptation Marker  p-value 
   _____________________________________________ 

   Avian H5N1  Human H5N1 
   frequency %   frequency % 
___________________________________________________________________________________________ 

PB2 A199S  0/177 0%  7/37 19%   2.79E-06 

 E627K  22/177 12%  20/37 54%   1.62E-07 

 K702R  0/177 0%  6/37 16%   1.87E-05 

PA S409N  5/162 3%  11/34 32%   2.20E-06 
__________________________________________________________________________________________ 

P values are from Fisher's exact test.   626 

 627 
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TABLE A1.  The 32 persistent host markers. 628 

______________________________________________________________________ 

Gene Position Distance      Human H1N1 H2N2 H3N2 H5N1 Avian  Persistence 
     1918 1957 1968 
______________________________________________________________________ 
M1 115 0.967  I V I I V V 99.27% 
 121 0.962  A A A A T T 99.92% 
 137 0.958  A T A A T T 99.10% 
NP 16 0.953  D D D D G G 99.41% 
 61 0.973  L I L L I I 99.32% 
 283 0.981  P P P P L L 99.24% 
 305 0.96  K R K K R R 99.07% 
 313 0.973  Y Y Y Y F F 99.32% 
 357 0.964  K K K K Q Q 99.32% 
NS 81 0.958  M I M M    deleted I 99.32% 
 215 0.955  T P T T P P .99.74% 
 227 0.966  R K R R E E 99.40% 
PA 28 0.988  L L L L P P 99.45% 
 55 0.984  N N N N D D 99.73% 
 57 0.958  Q R Q Q R R 99.27% 
 100 0.955  A A A A V V 99.54% 
 225 0.969  C S C C S S 99.36% 
 268 0.951  I L I I L L 99.09% 
 337 0.978  S A S S A A 99.91% 
 404 0.967  S A S S A A 99.27% 
 409 0.959  N S N N S S 99.54% 
 552 0.999  S S S S T T 99.91% 
PB2 44 0.966  S A S S A A 99.11% 
 64 0.954  T M T T I M 99.82% 
 199 0.997  S S S S A A 100.00% 
 271 0.958  A T A A T T 99.38% 
 475 0.994  M M M M L L 99.91% 
 567 0.977  N N N N D D 99.29% 
 588 0.971  I A I I A A 99.38% 
 627 0.977  K K K K E E 99.82% 
 674 0.969  T A T T A A 99.47% 
  702 0.955  R R R R K K 99.38% 
 ______________________________________________________________________ 

Note each column has the most frequently occurring amino acid by class. Position is the 629 

location in the protein sequence. Distance refers to the proportional Euclidean distance 630 

of amino acid frequency between human and avian hosted viruses.  631 
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TABLE A2.  The frequency of residues at position 226 varies by host in influenza A 632 

haemagglutinin.  633 

_____________________________________________________ 
 
 Amino Acid Avian virus Human  virus Row total 
_____________________________________________________ 
 I  2  220  222 

 L  49  125  174 

 M  1  0  1 

 P  1  0  1 

 Q  1007  298  1305 

 R  0  1  1 

 V  2  626  628 

 ambiguity 0  2  2 

 deletion 1  0  1 

____________________________________________________ 
 Column total 1063  1272  2335 
____________________________________________________ 
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TABLE A3.   Sample sizes by gene for statistical testing. 635 

_____________________________________________________ 636 
 Gene  Sample size 
_____________________________________________________ 
       HA  606 

 M1  697 

       M2  690 

        NA  683 

        NP  573 

       NS1  681 

      NS2   699 

        PA  481 

       PB1  490 

     PB1F2  481 

       PB2   480 
____________________________________________________ 
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FIGURE LEGENDS 637 

Fig 1.  Host differentiating sites are compared to pandemic strains.  Each of the 32 638 

host-differentiating sites are displayed and color-coded by host. Avian is in blue, human 639 

in yellow.  The intensity of each position is determined by the proportional Euclidean 640 

distance between hosts.  Positions where the consensus residue of each pandemic strain 641 

agrees with the most frequent human amino acid are boxed.  The 13 positions where all 642 

pandemic isolates surveyed absolutely agree with the most frequent human amino acid 643 

are denoted by a black arrow.  Wherever the most frequently observed amino acid is 644 

neither the avian nor human consensus residue, it appears in gray.  Position numbers for 645 

the markers in each protein are given in the final row. 646 

Fig. 2.  Persistent host markers occur in known protein binding domains.  Blue 647 

squares denote regions where the named protein is known to bind to a specific protein 648 

(Supplemental Information, text) or the novel SH3 domain.  Red lines denote host 649 

markers found in this study.   650 

Fig. 3.  The preservation of host markers increases over time in human H1N1 651 

viruses.  The panels above plot the proportion of host markers acquired over time by 652 

H1N1 influenza isolated from human hosts. All 32 markers are 99% persistent.   653 

Position numbered in red are referred to in the text. 654 
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