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ABSTRACT Resistance following antiviral therapy is commonly observed in human influenza viruses. Although this evolutionary
process is initiated within individual hosts, little is known about the pattern, dynamics, and drivers of antiviral resistance at this
scale, including the role played by reassortment. In addition, the short duration of human influenza virus infections limits the
available time window in which to examine intrahost evolution. Using single-molecule sequencing, we mapped, in detail, the
mutational spectrum of an H3N2 influenza A virus population sampled from an immunocompromised patient who shed virus
over a 21-month period. In this unique natural experiment, we were able to document the complex dynamics underlying the evo-
lution of antiviral resistance. Individual resistance mutations appeared weeks before they became dominant, evolved indepen-
dently on cocirculating lineages, led to a genome-wide reduction in genetic diversity through a selective sweep, and were placed
into new combinations by reassortment. Notably, despite frequent reassortment, phylogenetic analysis also provided evidence
for specific patterns of segment linkage, with a strong association between the hemagglutinin (HA)- and matrix (M)-encoding
segments that matches that previously observed at the epidemiological scale. In sum, we were able to reveal, for the first time, the
complex interaction between multiple evolutionary processes as they occur within an individual host.

IMPORTANCE Understanding the evolutionary forces that shape the genetic diversity of influenza virus is crucial for predicting
the emergence of drug-resistant strains but remains challenging because multiple processes occur concurrently. We character-
ized the evolution of antiviral resistance in a single persistent influenza virus infection, representing the first case in which reas-
sortment and the complex patterns of drug resistance emergence and evolution have been determined within an individual host.
Deep-sequence data from multiple time points revealed that the evolution of antiviral resistance reflects a combination of fre-
quent mutation, natural selection, and a complex pattern of segment linkage and reassortment. In sum, these data show how
immunocompromised hosts may help reveal the drivers of strain emergence.
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Influenza A viruses are characterized by rapidly accumulating
genetic diversity caused by a combination of error-prone repli-

cation (1), frequent reassortment during coinfections (2), and
strong natural selection (3). These processes are also central to the
host adaptation of newly emerging influenza viruses following
cross-species transmission and to the evolution of drug resistance
in human populations. However, despite their obvious impor-
tance, the frequencies, patterns, and consequences of mutation,
reassortment, and natural selection as they occur within individ-
ual hosts are poorly understood. Indeed, most of what is known
about the evolution of influenza A virus comes from population-

level epidemiological studies based on the analysis of viral consen-
sus sequences (reviewed in reference 4). In contrast, studying the
drivers of human influenza virus genetic diversity within an in-
fected host is challenging because the infection period is usually
short: the typical incubation period for influenza A virus averages
2 days, with shedding of virus occurring from a day before the
appearance of symptoms to approximately 7 to 10 days after onset
of illness (5, 6). Hence, longitudinal sampling from influenza A
virus-infected patients usually represents a limited set of time
points for study. However, in severely immunocompromised pa-
tients virus shedding can continue for months (7, 8). Similar long-
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term shedding has been observed in a number of other normally
acute human viral infections, including those by norovirus (9) and
respiratory syncytial virus (10), in which immunosuppressed in-
dividuals appear to serve as a reservoir for the generation and
spread of novel viral variants. In such immunocompromised pa-
tients, antiviral therapy also constitutes a major selection pressure,
with drug resistance a common occurrence (11).

Millions of people worldwide are immunocompromised due
to uncontrolled HIV infections or because of immunosuppressive
chemotherapy to prevent organ transplant rejection, to control
autoimmune diseases, or to treat inflammatory diseases. Patients
with chronic virus shedding may effectively act as superspreaders,
and because the viruses that they harbor can accumulate muta-
tions under minimal immune pressure, in theory they may also
initiate the emergence of novel strains.

Human influenza A viruses have a propensity for the rapid
emergence of resistance following antiviral therapy (7, 8, 12–15).
There are two classes of antiviral drugs approved for the treatment
of influenza virus infections. The adamantanes (amantadine and
rimantadine) block the viral ion channel protein. Resistance to
these agents appears rapidly under treatment, and essentially all
circulating strains of human influenza A viruses are now intrinsi-
cally resistant to these compounds, primarily due to the S31N
substitution in the M2 protein (8, 13). Most therapeutic interven-
tions are based on the use of the neuraminidase (NA) inhibitors
(NAIs) oseltamivir and zanamivir, which are active against all in-
fluenza A virus subtypes and B strains. Neuraminidase mutations
conferring resistance to these agents are subtype and drug specific
(16). Importantly, immunocompromised subjects receiving pro-
longed therapy may develop multidrug-resistant influenza virus
infections (7, 11, 17). However, the pathway of drug resistance
evolution in such patients, as well as the compatibility of viral
mutations, using sensitive detection methods such as deep se-
quencing, has been poorly studied. More generally, understand-
ing the evolutionary forces that shape RNA virus genetic diversity
and promote the emergence of drug resistance within infected
hosts may ultimately assist in the design and deployment of anti-
viral therapies.

To determine the evolutionary processes that lead to the emer-
gence of resistant viruses, we analyzed in detail, and over an ex-
tended 21-month period, influenza A virus genetic diversity by
performing deep sequencing of H3N2 virus populations from a
patient with severe combined immunodeficiency disease (SCID)
who received prolonged antiviral therapy (7). This unique natural
experiment provides a rare view into the patterns, dynamics, and
mechanisms of drug resistance of influenza virus.

RESULTS

We analyzed 10 samples collected over a 21-month period in a rare
case of extreme prolonged virus shedding from a 3-year-old
child with SCID (7) (Fig. 1a). The infection was treated sequen-
tially with two neuraminidase inhibitors— oral oseltamivir
(Hoffman-La Roche) and nebulized zanamivir (Glaxo Well-
come)—as well as amantadine (Fig. 1a). While a number of orig-
inal primary nasopharyngeal specimens were available for se-
quencing, the majority of the specimens had to be cultured in
MDCK cells (maximum of 3 passages). Only a small number of
amino acid differences were observed at the consensus level be-
tween the primary specimens and the isolates (see Table S1 in the
supplemental material) for the two time points (days 196 and 225)

for which we had both types of samples. However, in both in-
stances 15 to 20% of the minor variants present in the primary
specimens appear to be lost in cell culture (see Table S2 in the
supplemental material and also see Materials and Methods).

Genetic diversity is reduced by selective sweeps. To quantify
genetic diversity within the patient at each time point, we identi-
fied alternate nucleotides present in the underlying sequence reads
that had been mapped back to the consensus assemblies. The
number of gene positions containing variant nucleotides was
summed across all segments to capture allele richness (Fig. 1b; see
also Table S2 in the supplemental material). Notably, such allele
richness appeared to increase over time until a drastic loss oc-
curred within an 8-week period between days 225 and 280
(Fig. 1b). This decrease in diversity was not associated with the
type of specimen analyzed (i.e., cell culture or primary swab). It
could be attributed to the establishment of a new infection or
could be the result of a selection event that would have reduced
diversity while favoring a small number of strains, i.e., a selective
sweep. The frequency of individual variants present in the virus
populations captured for each sample shows that there is a mix of
synonymous and nonsynonymous mutations (see Fig. S2 in the
supplemental material).

To determine whether the patient was persistently infected
with the original strain or had acquired a new, secondary infec-
tion, we conducted phylogenetic analyses of the consensus hem-
agglutinin (HA) and NA assemblies using global sequences sam-
pled over the three influenza seasons that bracket the time scale of
infection (January 2004 to December 2007). This revealed that all
patient samples cluster together regardless of the sampling date
(see Fig. S1 in the supplemental material, blue clusters), indicative
of a single-source infection. Thus, the patient appears to have been
persistently infected with the same original virus.

Drug resistance appears at multiple sites and across the virus
population. Four types of drug resistance mutations appear in the
consensus sequences over the course of the infection: (i) that con-
verting serine to asparagine at position 31 (S31N) of the M2 pro-
tein (8, 13); (ii) that converting glutamine to valine at position 119
(E119V) (7, 15) or (iii) isoleucine to valine at position 222 (I222V)
of the NA (7, 15); and (iv) deletion of residues 245 to 248 of the
NA, also associated with resistance to the neuraminidase inhibi-
tors (12, 14). To investigate whether these mutations were present
as minor variants at earlier time points, we determined the fre-
quency of the alternate consensus base call found in the underly-
ing sequence reads. In M2, a minor variant of another drug resis-
tance mutation (V27A) emerges along with the S31N mutation in
response to amantadine treatment (Fig. 2a; see also Table S3 in the
supplemental material). The same scenario is observed for the NA,
where the E119V mutation is seen by day 46 (Fig. 2b), which
corresponds to day 36 of oseltamivir treatment, and becomes
dominant 3 days later (day 49). Because of drug resistance, ther-
apy was switched to zanamivir. While the frequencies of the 119V
mutation fluctuate over the course of the infection, it is main-
tained in the viral population until the latter part of 2006, when it
disappears completely. I222V appears by day 49 (Fig. 2b) and
subsequently varies in frequency and disappears. Also of note was
the deletion of amino acids 245 to 248 in the NA protein, which
briefly became dominant at day 196 and then disappeared
(Fig. 2b) as oseltamivir treatment was stopped.

Based on the mutation frequencies observed here, we sus-
pected that multiple drug resistance mutations could cooccur
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in the same virus genomes. To determine their compatibility,
we examined the presence of drug resistance mutations in sin-
gle Ion Torrent sequence reads and by PacBio single-molecule
sequencing (see Table S3 in the supplemental material). Nota-
bly, the amantadine drug resistance mutations 27A and 31N
were never found on the same M segment (i.e., same reads). For
the NA, 222V is present in many cases as a double mutation
with 119V. The cooccurrence of these mutations is thought to
have a synergistic effect on resistance to oseltamivir (7) and on
conserving sensitivity to zanamivir. Strikingly, at day 225 the
majority of the viruses present carry a triple mutation com-
prised of 31N in the M2 and 119V/222V in the NA. However,

the 119V mutation was rarely found paired with del245–248 in
the same NA segment in the nps samples but was found at a 5%
frequency in 2 of the culture samples (see Table S3 in the sup-
plemental material). Although we observe this double muta-
tion at low frequency in our analysis, there does not appear to
be incompatibility between 119V and del245–248 mutations,
as a recent study reports the double mutant as dominant in
primary samples collected from an immunocompromised pa-
tient (18). The mutations 222V and del245–248, on the other
hand, appeared exclusive of each other, as they were never
found on the same NA segment, and the double mutation has
not been reported in other studies.
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FIG 1 Timeline of sampling, drug treatment, and genetic diversity. (a) Sampling and drug treatment. White circles correspond to dates at which samples were
collected from the patient. Letters correspond to sampling month, starting with April. A, amantadine treatment; O, oseltamivir treatment; Z, zanamivir
treatment. Black lines track the length of time for which the patient was treated with each drug. Days are numbered based on time since first sample. (b) Total
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Natural selection on reassortants breaks patterns of segment
linkage. To determine whether reassortment had occurred in
these sequences and was linked to antiviral resistance, we inferred
phylogenetic trees with the consensus assemblies for each sample
(Fig. 3). Strikingly, there were major topological differences across
the 8 segment trees, in which samples for some of the segments
clearly clustered into three separate groups (represented as black,
blue, and red clades), while others did not, strongly indicative of
reassortment. Critically, however, reassortment did not occur
freely among all segments, with the HA, PA, and M segments
possessing very similar tree topologies, and closely related phylo-
genetic patterns also observed in PB2 and NS. Such phylogenetic
congruence is compatible with physical linkage among segments
such that they are generally inherited together in the absence of

reassortment. In contrast, more complex tree topologies were ob-
served in the other segments, suggestive of multiple reassortment
events.

To characterize reassortment in more detail, we reconstructed
haplotypes for HA, NA, NP, and M using the single-molecule data
(see Table S4 in the supplemental material). We calculated the
relationship between all haplotypes by clustering using their pair-
wise distances and determining cocirculating lineages at each time
point (see Fig. S3 in the supplemental material). For HA, a minor
lineage initially present at day 196 (Fig. 4; see also Fig. S3 in the
supplemental material) became dominant at day 207 and re-
mained dominant at days 225, 280, and 284. The emergence of this
new HA appears to be largely driven by linkage to a drug-resistant
M segment that carries the S31N mutation (Fig. 4), although the
slower fixation of the HA variant may be indicative of more com-
plex epistatic interactions. For NA and NP, a minor lineage at day
196 was dominant at days 207 and 225; this variant carried a dou-
ble NA mutation (E119V and I222V). However, at day 280 a new
lineage took over, which carried only the NA E119V mutation; it
was already present as a minor variant at earlier time points
(Fig. 4). The parallel emergence of a minor lineage in both NA and
NP with a dynamic and phylogenetic pattern different from that
seen in HA/M is indicative of a reassortment event between days
225 and 280 (Fig. 4, gray arrowheads). Based on the drug resis-
tance mutations identified in the NA, reassortment seems to have
led to emergence of the single E119V mutation lineage, replacing
the lineage carrying both 119V and 222V. As this new reassortant
emerged, haplotype diversity was greatly reduced, reflected in
both the total genetic diversity measured in the single nucleotide
polymorphism (SNP) data and the Shannon entropy (19) for all
haplotypes of a given segment (Fig. 1b; see also Fig. S3), and hence
indicative of a major selective sweep. While there were no changes
to patient therapy between days 225 and 280, amantadine and
zanamivir were reinitiated on 1 November of that year (Fig. 1a),
corresponding to day 192. It is unclear whether this was the event
that led to the emergence of the new minor variants.

DISCUSSION

The evolution of antiviral resistance in this persistent influenza
virus infection reveals a complex interplay between resistance mu-
tations at differing frequencies, multiple cocirculating lineages
that have acquired the same resistance mutation in parallel (i.e.,
the NA lineage B [E119V] and lineage E [E119V/I222V] and M
lineages B and D [S31N]) (Fig. 4), selective sweeps that result in
genome-wide reductions in genetic diversity, possible epistasis,
and patterns of intrinsic segment linkage that are broken down by
reassortment. Notably, the patterns of phylogenetic congruence
seen here, particularly that between HA and M, correspond to
those seen in comparisons of H3N2 influenza viruses at the
broader phylogenetic scale (20), suggesting that they reflect a di-
rect physical association between these segments. Another impor-
tant observation in this context was that although the greatest
genetic diversity and most rapid evolution are usually observed in
the viral HA, in this case the selection associated with antiviral
(adamantane) resistance in M is clearly the dominant evolution-
ary process, with their congruent phylogenetic patterns (Fig. 3)
suggesting that the HA is tracking M segment evolution through
linkage. Hence, the selective pressure associated with antiviral re-
sistance is stronger than that due to antibody escape. Whether the
lack of HA-driven evolution noted here is a common phenome-
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non in the case of selection for antiviral resistance at the epidemi-
ological scale or reflects immunosuppression in this particular
host is uncertain and evidently merits further investigation.

One limitation of the study is that not all primary specimens
were available, such that cultured isolates had to be used in the
analysis, leading to some culture-associated variability; this, how-
ever, does not affect the overall observations that (i) there is an
abrupt decrease in genetic diversity between days 225 and 280 and
(ii) there are reassortment events that appear to be linked to the
emergence of drug-resistant strains. These data clearly show that
mutations appeared de novo in minor variants many weeks before
they became dominant and, in response to drug pressure, that
mutations became fixed following reassortment of drug-resistant
segments with other segments that likely conferred better fitness
(21). Reassortment leading to the rise of drug-resistant viral lin-
eages has been reported previously in the context of epidemiolog-
ical surveillance studies to explain the global emergence of
adamantane-resistant H3N2 (22, 23) and oseltamivir-resistant
seasonal H1N1 (24) viruses. However, the data presented here are
the first in which reassortment and the complex patterns of drug
resistance emergence have been mapped within an individual host
and which paradoxically reveal the strength of some segment link-
ages. Hence, although reassortment is evidently a major process of
influenza virus evolution, it may not always be frequent enough to
break all patterns of segment linkage.

While the results from this study and those of others (17, 18)
may help in the design of better antiviral drug therapy regimens
that limit the emergence of drug resistance, they hint at important
evolutionary forces that should be characterized further. Indeed,
exploring the patterns and drivers of segment linkage, reassort-
ment, and epistasis within infected hosts, as well their impact on
viral fitness, could help inform targeted surveillance programs for
the early identification of new emerging strains and hence assist
genomic risk assessment. In particular, a better understanding of
segment linkage and reassortment, and whether they differ be-
tween mammalian and avian influenza viruses, may enable more
accurate predictions of the rapidity with which particular genomic
combinations can be obtained, including those mediating drug
resistance, antigenic escape, and host adaptation.

MATERIALS AND METHODS
Sequence analyses. Total RNA was extracted from primary nasopharyn-
geal swabs (nps) and cell culture isolates (clt). Multisegment reverse
transcription-PCR (M-RTPCR) (25) was used to amplify influenza virus-
specific segments. The M-RTPCR products were sheared according to the
Ion Torrent library preparation manual recommendations for long am-
plicons and using a 200-base insert size. Equimolar amounts of each sam-
ple were mixed to create a final bar-coded sample pool. To prepare the
final pool for sequencing, it was diluted in low-Tris-EDTA (low-TE) buf-
fer and clonally amplified using the automated One Touch system (Invit-
rogen), followed by sequencing on a 314 chip with 200-base chemistry.
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The raw Ion Torrent reads were mapped against A/California/7/
2004(H3N2) using bowtie 2 (26). These were then demultiplexed into
their respective identities based on their bar code signature. Each resulting
BAM file was filtered based on an average Phred quality of 25 and analyzed
using SAMtools (27). The SAMtools rmdup function was used to remove
PCR duplicates, generated during the amplification steps. Consensus se-
quences for each sample were generated by reporting the dominant nu-
cleotide at each position of the mapped sequence reads. Consensus assem-

blies were then inspected manually and curated by visualizing BAM file
alignments using Tablet (28). For the identification of SNPs, SMALT
(http://www.sanger.ac.uk/resources/software/smalt) was used to align
reads to the coding sequences (CDS) of each assembly, with an identity
threshold of 0.9. Using the default parameters, LoFreq (29) was then used
to identify low-frequency variants from these alignments and to further
correct assembly errors due to platform errors. LoFreq flags strand bias
and treats each base as a Bernoulli trial with an associated sequencing
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error probability derived from a Phred-scaled quality value. A Poisson-
binomial distribution is used to identify variant bases in a given column of
n bases, so that each Bernoulli trial has a distinct success probability.

To determine how much variability is introduced by cell culture, we com-
pared the two time points (day 196 and day 225) for which we had both
primary specimen and cell culture isolates (see Table S2 in the supplemental
material). In both instances, 15 to 20% of the variants present in the primary
specimens appear to be lost in cell culture, and conversely, multiple variants
appear in cell culture that were not observed in the primary specimens. How-
ever, the latter is likely to be a function of the low coverage obtained from the
Ion Torrent data such that LoFreq excludes these variant sites. When we
phased the SNPs identified by LoFreq using single-molecule sequencing (see
text below on PacBio), the majority of the variants seen in culture were also
present in the original primary specimens but at a very low frequency that was
not captured by the Ion Torrent sequence data.

We performed single-molecule sequencing using PacBioSMRT cell
sequencing (30) for haplotype reconstruction. The M-RTPCR protocol
was repeated from the extracted RNA using Uni12/13 primer sets contain-
ing 10-base bar codes but without the MBT (MluI-Bcl1-TOPO)
stabilizing bases. DNA library preparation and sequencing were per-
formed according to the manufacturer’s instructions and reflect the
P4-C2 sequencing enzyme and chemistry, respectively. Eight of the
tagged samples (day0_220405_clt, day46_070605_clt, day49_100605_clt,
day196_041105_nps, day196_041105_clt, day207_151105_nps, day225_
031205_clt, and day280_270106_clt) were pooled prior to library prepa-
ration, while 4 of the samples were processed individually without tagging
(day225_031205_nps, day284_310106_nps, day568_281106_clt, and
day606_191206_nps). Primer was annealed to the SMRTbell libraries for
sequencing. The polymerase-template complex was then bound to the P4
enzyme using a ratio of 10:1 (polymerase to SMRTbell) at 0.5 nM for 4 h
at 30°C and then held at 4°C until ready for magbead loading, prior to
sequencing. The magbead-loaded, polymerase-bound, SMRTbell librar-
ies were placed onto the RSII machine at a sequencing concentration of
50 pM and configured for a 180-min continuous sequencing run to allow
for the maximum number of passes for consensus error correction. Se-
quencing was conducted across 2 SMRTcells for the pooled samples, to-
taling ~59,000 reads, and ~22,000 to 32,000 postfiltered reads were gen-
erated from a single SMRTcell for each of the individual samples.
Continuous long-read data with 12 to 28 single-molecule passes on aver-
age were then generated and passed through the RS_ReadsOfInsert.1
pipeline using a 10-pass minimum and 95% accuracy cutoff to achieve
higher consensus QV FASTA and FASTQ files for variant calling pur-
poses. FASTQ format PacBio reads were demultiplexed using FastX_bar-
code_splitter. Reads were aligned against a composite version of the ge-
nome, from the A/California/NHRC0006/2005(H3N2) strain. The
alignment was performed with BWA-SW (31), using the following pa-
rameters: -b5 -q2 -r1 -z1. Reads that mapped against each segment were
retrieved using SAMtools and converted to FASTA format. Resulting
reads were BLAST aligned against their reference segment, and reads pro-
ducing alignments of �1,000 bp, or with more than 40 gap openings, were
removed from the analysis. We examined LoFreq predicted sites in each
read of the multiple alignment and generated matrices of haplotype pre-
dictions with counts for each sample. We applied a conservative approach
of using only PacBio reads that spanned the entirety of the predicted sites
and discarded reads where there were apparent alignment issues sur-
rounding the LoFreq predicted sites.

Phylogenetic analyses. Phylogenetic trees of global H3N2 influenza
virus sequences were inferred for the HA and NA segments downloaded
from the FluDB database available at NCBI (http://www.ncbi.nlm.nih-
.gov/genomes/FLU/FLU.html) for samples dated January 2004 to Decem-
ber 2007 from any geographical region. Only complete, or near-complete,
segments were queried, and identical sequences were collapsed into a
single sequence. This resulted in a total of 1,148 HA and 1,223 NA se-
quences that were aligned using MAFFT (32) and visually inspected using
SeaView (33). Character sets were chosen to exclude the missing data from

the segment ends. These data were then used to infer “panoramic” phy-
logenetic trees using the maximum likelihood (ML) method available in
the RAxML package (34). This analysis was based on 1,701 nucleotides
(nt) for the HA and 1,411 nt for the NA, in both cases employing the
general time-reversible (GTR) model of sequence evolution, with rate
variation among sites modeled using a gamma (�) distribution. Phylog-
enies for the consensus assemblies of all segments at each time point were
inferred using the ML method available in the PhyML (v2.4.5) (35) pro-
gram. Because of the high level of sequence similarity in this case, this
analysis utilized the simpler HKY85 model of nucleotide substitution and
a combination of nearest neighbor interchange (NNI) and subtree prun-
ing and regrafting (SPR) branch-swapping. Bootstrap resampling (1,000
replications) was used to assess the statistical support for each grouping.

Haplotype reconstruction. For a given segment, each sequence was re-
constructed by substituting the haplotype SNPs into the reference founding
sequence (day 0, 220405). Cluster analysis was performed on all major hap-
lotypes as listed in Table S4 in the supplemental material. From these se-
quences, clustergrams were created using the Bioinformatics Software Tool-
box for Matlab, version R2014a. The Euclidean distance between segments
was calculated, and a clustergram was created by calculating the average seg-
ment linkage. At each time point, haplotype diversity and frequency of that
haplotype within the sample were calculated for all segments and represented
as a measure of entropy (19). This value was calculated at a time point, t, and
for a given segment, s, where s may be the HA, NP, NA, or M segments. For a
given segment and time, there are a set of major haplotypes. The proportion
of these haplotypes was normalized to a given haplotype frequency for the ith
haplotype, fi�t,s�. The entropy is then given by

H�t, s� � ��
i�1

n

fi�t, s� log2�fi�t, s��
where n is the total number of haplotypes at time t for segment s. The
entropy gives a measure of the diversity of haplotypes and typically con-
servatively underestimates the true diversity as a consequence of Jensen’s
inequality.

Nucleotide sequence accession numbers. Ion Torrent and PacBio se-
quences were submitted to the sequence read archives at NCBI under
accession number PRJNA253584. Consensus sequences were submitted
to NCBI under accession numbers KM438082 to KM438177.
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