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ABSTRACT

Next-generation sequencing technology is now being increasingly applied to study the within- and between-host population dy-
namics of viruses. However, information on avian influenza virus evolution and transmission during a naturally occurring epi-
demic is still limited. Here, we use deep-sequencing data obtained from clinical samples collected from five industrial holdings
and a backyard farm infected during the 2013 highly pathogenic avian influenza (HPAI) H7N7 epidemic in Italy to unravel (i)
the epidemic virus population diversity, (ii) the evolution of virus pathogenicity, and (iii) the pathways of viral transmission be-
tween different holdings and sheds. We show a high level of genetic diversity of the HPAI H7N7 viruses within a single farm as a
consequence of separate bottlenecks and founder effects. In particular, we identified the cocirculation in the index case of two
viral strains showing a different insertion at the hemagglutinin cleavage site, as well as nine nucleotide differences at the consen-
sus level and 92 minority variants. To assess interfarm transmission, we combined epidemiological and genetic data and identi-
fied the index case as the major source of the virus, suggesting the spread of different viral haplotypes from the index farm to the
other industrial holdings, probably at different time points. Our results revealed interfarm transmission dynamics that the epi-
demiological data alone could not unravel and demonstrated that delay in the disease detection and stamping out was the major
cause of the emergence and the spread of the HPAI strain.

IMPORTANCE

The within- and between-host evolutionary dynamics of a highly pathogenic avian influenza (HPAI) strain during a naturally
occurring epidemic is currently poorly understood. Here, we perform for the first time an in-depth sequence analysis of all the
samples collected during a HPAI epidemic and demonstrate the importance to complement outbreak investigations with genetic
data to reconstruct the transmission dynamics of the viruses and to evaluate the within- and between-farm genetic diversity of
the viral population. We show that the evolutionary transition from the low pathogenic form to the highly pathogenic form oc-
curred within the first infected flock, where we identified haplotypes with hemagglutinin cleavage site of different lengths. We
also identify the index case as the major source of virus, indicating that prompt application of depopulation measures is essential
to limit virus spread to other farms.

Today, next-generation sequencing (NGS) techniques allow the
investigation of viral population dynamics at any level (from

within host to the epidemiological scale) with high resolution. In
addition, NGS can be used to identify low-frequency variants,
which may be selected for and transmitted to other hosts. Avian
influenza viruses exist in the host as populations of genetically
related variants (1). The rate at which genetic diversity is gener-
ated within the host, the competitive replication ability of each
variant, and the occurrence of genetic drift and of bottleneck
events are some of the processes that drive virus evolution.

NGS has been applied to avian influenza virus (i) to character-
ize the emergence of mutations in the viral subpopulations asso-
ciated with an increased virulence (2, 3) or with adaptation to new
hosts, (4, 5), (ii) to study genetic bottlenecks upon transmission
events (6, 7), (iii) to investigate the dynamics of virus evolution
during outbreaks in poultry (8), and (iv) to identify coinfection
with different subtypes (9). However, application of high-
throughput sequencing for the exploration of avian influenza vi-
rus evolution and transmission during a naturally occurring epi-
demic is still limited, making the interpretation of genomic data
collected from outbreaks far from straightforward.

Between 13 August and 3 September 2013, 13 years after the

last highly pathogenic avian influenza (HPAI) outbreak, Italy ex-
perienced a new avian influenza epidemic caused by an HPAI
virus of the H7N7 subtype, which infected five industrial poultry
holdings, four of which belonged to a large vertically integrated
layer company, and one backyard flock (10). Detailed information
on these outbreaks has been provided in a previous study (10).
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The epidemiological investigation indicated that the contact be-
tween free-range hens and wild waterfowl in the first affected
holding may have favored the introduction of a low-pathogenicity
avian influenza (LPAI) virus, which rapidly mutated into a highly
pathogenic form within the infected sheds (10) through the acqui-
sition of multiple basic amino acids at the hemagglutinin (HA)
cleavage site, which is considered being the major molecular de-
terminant of an HPAI virus (11).

We used NGS to unravel the virus population diversity and the
evolution of virus pathogenicity within the affected poultry farms.
We also determined the transmission pathways of the H7N7 virus
between different holdings and sheds during the course of the
epidemic by combining deep-sequencing and epidemiological
data.

MATERIALS AND METHODS
Viruses. Fourteen positive clinical samples (organs and swabs) were col-
lected between 13 August and 3 September 2013 from each infected shed
of the five industrial farms and a backyard flock, counting all the sheds
infected during the epidemic (10). The epidemiological data, including
the collection date, the sample type (swabs, organs), the farm and shed of
origin, and the number of birds present at each farm at the time of the
forfeiture and depopulation date, are presented in Table 1. The viral RNA
copy numbers (Table 1) were determined for each sample using a quan-
titative real-time RT-PCR assay with a standard curve targeting the M
gene of influenza A virus, using the published probes and primers from
Spackman et al. (12).

Generation of viral sequence data. Total RNA was purified from 14
infected clinical samples using a Nucleospin RNA kit (Macherey-Nagel,
Duren, Germany). Complete influenza A virus genomes were amplified
with a SuperScript III One-Step RT-PCR system with Platinum Taq High
Fidelity (Invitrogen, Carlsbad, CA) using one pair of primers comple-
mentary to the conserved elements of the influenza A virus promoter as
described previously (13). PCR products were visualized on a 0.7%
agarose gel. Sequencing libraries were obtained using Nextera DNA
XT sample preparation kit (Illumina) according to the manufacturer’s
instructions and quantified using a Qubit dsDNA high-sensitivity kit
(Invitrogen). The average fragment length was determined using an Agi-

lent high-sensitivity bioanalyzer kit. Finally, the indexed libraries were
pooled in equimolar concentrations and sequenced in multiplex for
250-bp paired-end Illumina MiSeq analysis according to the manufactur-
er’s instructions.

Quality trimming, assembly, and single-nucleotide polymorphism
detection. Illumina MiSeq reads were inspected using FASTQC to assess
the quality of data. Fastq files were cleaned with PRINSEQ and Trim
Galore to remove low-quality bases at the 5= and 3= ends of each read and
to exclude reads with a Phred quality score below 30 and shorter than 80
nucleotides. The filtered, trimmed reads were aligned to the eight gene
segments of A/chicken/Italy/13VIR4727-11/2013, for which the consen-
sus genome had been previously obtained using the Sanger method (data
not shown) with BWA-MEM (v.0.7.5a; http://arxiv.org/abs/1303.3997
v2). The BAM alignment files were parsed using the diversiTools program
(http://josephhughes.github.io/btctools/) to determine the average base-
calling error probability and to identify the frequency of polymorphisms
at each site relative to the reference used for the alignment. In order to
minimize artifacts introduced through reverse transcription-PCR and se-
quencing errors for all the analyses conducted here, we considered only
polymorphisms with a frequency of �2% identified in positions with a
minimum coverage of 500. This choice was based on a comparison of data
obtained from two technical replicates of three samples (4541-8, 4541-9,
and 4541-34) sequenced on two different Illumina sequencing machines
(MiSeq), starting from two separate libraries obtained from the same
extracted RNA. This threshold should guarantee the exclusion of 99.6% of
the errors from our deep-sequencing data (Fig. 1). For each replicate, only
the aligned genome with the highest coverage was used in the following
analyses.

For each gene, we calculated the number of synonymous and nonsyn-
onymous polymorphisms present either at a consensus level or as sub-
populations and normalized to the number of synonymous and nonsyn-
onymous sites in the coding regions. Significant differences between the
frequencies of the two types of mutation in the different genes were
calculated using a two-way analysis of variance (ANOVA). A P value
of �0.05 was considered significant.

Genetic distance, entropy, and transmission tree. We computed the
genetic distance between the complete genome of all pairs of individuals
(S1 and S2) using the following formula:

TABLE 1 Epidemiological information for 14 samples collected during HPAI H7N7 outbreak

Site Sample
RNA
copies/�l

Mean
depth of
coverage Sample typea Animal (farm type)

Collection
date Province No. of birds

Depopulation
date

Farm 1, shed 2 4527-11 1.24E�05 19,354 Pool of 10 TS Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013
4527-12 9.22E�07 36,772 Pool of 10 TS Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013
4541-7 1.04E�06 24,696 Organ pool* Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013
4541-32 2.49E�07 53,292 Kidney Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013

Farm 1, shed 4 4541-8 5.24E�05 34,018 Organ pool* Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013
4541-33 4.98E�03 42,661 Kidney Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013

Farm 1, shed 5 4541-9 3.93E�04 23,390 Organ pool* Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013
4541-34 4.32E�04 58,893 Kidney Laying hen (industrial farm) 13 Aug 2013 Ferrara 128,000 27 Aug 2013

Farm 2 4603-1 2.89E�05 43,810 Pool of 10 TS Laying hen (industrial farm) 19 Aug 2013 Bologna 584,900 8 Sept 2013
Farm 3 4678 7.88E�05 19,893 Organ pool* Meat turkey (industrial farm) 21 Aug 2013 Ferrara 19,850 27 Aug 2013
Farm 4 4774 2.30E�08 31,804 Organ pool** Laying hen (industrial farm) 27 Aug 2013 Bologna 121,705 8 Sept 2013
Farm 5 5091 1.21E�07 24,510 Organ pool* Backyard flock 2 Sept 2013 Ferrara 3 5 Sept 2013

Farm 6 5051-1 5.27E�07 46,615 Trachea Pullets (industrial farm) 3 Sept 2013 Bologna 98,200 8 Sept 2013
5051-3 1.02E�08 48,562 Trachea Pullets (industrial farm) 3 Sept 2013 Bologna 98,200 8 Sept 2013

a TS, tracheal swabs; *, pool of organs from two animals; **, pool of organs from three animals.
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d �
1

N �
i � 1

N

��f AiS1 � fAiS2� � �fCiS1 � fCiS2� �

�fTiS1 � fTiS2� � �fGiS1 � fGiS2��2

where fAiS1, fCiS1, fTiS1, and fGiS1 are the frequencies of nucleotide A, C, T,
and G at position i in the two samples, and N is the length of the sequence.
This matrix was used to compute a neighbor-joining phylogenetic tree
using the web server T-REX (14). In addition, we combined the distance
matrix and the collection dates to reconstruct the transmission tree of the
H7N7 during the Italian outbreak, using SeqTrack (15), a graph-based
approach particularly suitable to infer maximum-parsimony genealogies
of viruses in a densely sampled disease outbreak. The adegenet (16) and
igraph packages (17) for the R software were used to perform the analysis
and to draw the network.

To measure the complexity of the viral populations within a sample,
we calculated the Shannon entropy of each sample and each gene using the
following equation:

E � �
1

N �
i � 1

N

�fiA ln fiA � fiG ln fiG � fiT ln fiT � fiC ln fiC�

where fi is the frequency of the nucleotide A, T, G, or C at position i, and
N is the total length of the gene segment (average entropy per gene) or of
the genome (average entropy per sample). Only nucleotides with a fre-
quency above the 2% threshold identified in positions with a minimum
coverage of 500 were included in this calculation. We used one-way
ANOVA to determine significant differences between the entropies of
each gene for each sample. A P value of �0.05 was considered significant.

Phylogenetic analyses. Consensus sequences of the complete genome
of the 14 samples were aligned using MAFFT v.7 (18) and compared to the
most related sequences available in GenBank and in GISAID (accessed on
May 2015). In addition, representative H7 viruses circulating in wild and
domestic birds in Europe and H7 viruses responsible of important
epidemics were included in the alignment. Maximum-likelihood phy-
logenetic trees were obtained for each gene segment using the best-fit

general-time-reversible (GTR) model of nucleotide substitution with
gamma-distributed rate variation among sites (with four rate categories,
�4) available in RAxML-MPI v8.1.7 (19). To assess the robustness of
individual nodes of the phylogeny, 100 bootstrap replicates were per-
formed. Phylogenetic trees were visualized with the program FigTree v1.4
(http://tree.bio.ed.ac.uk/software/figtree/).

The eight gene segments of the influenza virus genome were manually
concatenated, and the alignment was used to construct a phylogenetic
network using the median joining method implemented in the program
NETWORK 4.5 (20). This method uses a parsimony approach to recon-
struct the relationships between highly similar sequences and allows the
creation of “median vectors,” which represent unsampled sequences, that
are used to connect the existing genotypes in the most parsimonious way.
The parameter “epsilon” was set to 10, and the transition/transversion
ratio was set to 3:1. A bootstrap resampling process (1,000 replicates)
using a distance-based method (NeighborNet) implemented in Split-
sTree4 v4.14.2 (21) was used to assess the robustness of the network edges.

Nucleotide sequence accession numbers. MiSeq sequences were
submitted to the NCBI Sequence Read Archive (SRA; http://www.ncbi
.nlm.nih.gov/Traces/sra/) under accession numbers SRR3036850,
SRR3036852, SRR3036854, SRR3036856, SRR3036860, SRR3036864,
SRR3036910, SRR3036911, SRR3036914, SRR3036916, SRR3036917,
SRR3036919, SRR3036920, and SRR3036945. Consensus sequences of the
14 H7N7 viruses were submitted to GISAID under accession numbers
EPI677984 to EPI678095.

RESULTS
Phylogenetic analysis of consensus sequences. To investigate in-
fluenza virus variation during the HPAI H7N7 epidemic, we se-
quenced the eight genomic segments for all the clinical samples
received from each infected farm. The highest number of positive
samples (8) was submitted from the three infected sheds (sheds 2,
4, and 5) of the index case, whereas only one sample per infected
shed was received from the remaining five outbreak sites, for a
total of one or two samples per farm. Farms are labeled from 1 to
6, according to the collection date of the samples. Details of the
location, date of sample collection, farm characteristics, sample
type, and mean depth of coverage are reported in Table 1.

Our maximum-likelihood phylogenetic analyses of the con-
sensus sequences show that the 14 HPAI H7N7 viruses form a
distinct genetic group, defined by high bootstrap values (�96%)
and long branches in all the eight phylogenies, suggesting the oc-
currence of a single viral introduction (Fig. 2). This group includes
also the sequences of the complete genome available for one of the
three poultry workers involved in the depopulation, who devel-
oped conjunctivitis due to HPAI H7N7 infection, suggesting a
direct transmission of the virus from poultry to humans (22). In
the HA and NA phylogenetic trees, the Italian H7N7 HPAI cluster
with H7 viruses collected in Europe between 2009 and 2014. In
particular, the HA gene segment of the Italian samples show the
highest similarity (99.1 to 99.3%) with an LPAI H7N7 virus col-
lected from a wild bird in Italy in 2014, for which only the HA
sequence is available (Fig. 2), whereas the NA gene segment dis-
plays the highest identity (99 to 99.1%) with an H7N7 virus col-
lected from chicken in the Netherlands (phylogenetic tree is avail-
able upon request). In the phylogenies of the internal gene
segments, the Italian samples group with viruses of different sub-
types circulating mainly among wild birds in Eurasian countries
(phylogenetic trees are available upon request).

High genetic variability of the first infected flock. Surpris-
ingly, molecular analysis of the eight viruses collected from the
index case shows the cocirculation of two highly pathogenic

FIG 1 Distribution of nucleotide frequency differences between three techni-
cal replicates. For each genome position with coverage of �500, the frequency
differences between the four bases (A, C, T, and G) were obtained from a
comparison of the replicates of three samples: 4541-8 in yellow, 4541-9 in
violet, and 4541-34 in blue. The y axis represents the percentage of nucleotide
positions where the highest frequency differences fall within the ranges 0 to
0.1%, 0.1 to 0.25%, 0.25 to 0.5%, 0.5 to 1%, 1 to 2% and �2% (x axis).
Frequency differences higher than 2% were observed in only 0.3 to 0.4% of all
the analyzed positions (11,501 to 13,308) for all the replicates. Thus, a 2%
threshold allows the exclusion of 99.6% of the possible errors.
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strains with a different insertion at the HA cleavage site compared
to a H7 LP virus. Specifically, sequences of the two viruses from
shed 5 (4541-9 and 4541-34) show an insertion of 6 nucleotides,
whereas the remaining samples identified in sheds 2 and 4 possess
a longer cleavage site with a 9-nucleotide insertion (Fig. 3).

To better understand the evolution of the pathogenicity of the
H7N7 viruses within the first infected flock, we focused our anal-
ysis on the deep-sequencing data of the HA cleavage site. The
sequencing coverage in this genetic region ranges from 4445 for
sample 4541-7 to 23511 for sample 4541-34. We did not identify
any reads showing the cleavage site typical of a LPAI strain. A total
of 99.9% of the reads of the two samples from shed 5 (named for
clarity V�6) possess a cleavage site with an insertion of 6 nucleo-
tides, with only a few reads containing an insertion of 3, 5, and 9
nucleotides (Table 2). A total of 99.7 to 99.9% of the reads of
viruses from shed 2 (named V�9) had an insertion of 9 nucleo-
tides, with only a few minority variants showing an insertion of 6,
7, or 8 nucleotides (Table 2). On the other hand, in one of the
samples from shed 4 (4541-33) we identified a mixed population

with both types of cleavage sites displaying an insertion of 9
(95.7%) and 6 (4.1%) nucleotides. Similarly to the samples from
shed 2, the majority (from 99.9 to 100%) of the viral population of
the subsequent outbreaks possesses the longer cleavage site, sug-
gesting that this variant (V�9) may have a higher fitness advan-
tage (Fig. 3).

In addition to the cleavage site, sample V�9 collected from
sheds 2 and 4 of the first infected farm can be distinguished from
the two samples from shed 5 by 9-nucleotide signatures (HA
G471A, PB2 A347G, T1891G, PA A347G, T1891G, NP G219A,
C316A, NS1 G353A, and G378A; Fig. 3), which resulted in three
amino acid changes (PA Q116R, PA C631G, and NS1 R118K).
These signatures are maintained in all samples identified in the
subsequent outbreaks, suggesting that only viruses from sheds 2
and 4 of the index case were transmitted to the other five farms
(Fig. 3). In addition, we identified one nonsynonymous mutation
at position 130 of the M2 gene, responsible of the amino acid
substitution D44N, which is shared between the V�6 viruses and
sample 4527-11 from shed 2 of farm 1, sample 4603 from farm 2,

FIG 2 Maximum-likelihood phylogenetic tree of the HA gene segment of 172 H7 avian influenza viruses. HPAI H7N7 viruses collected during Italian epidemic
are colored according to the farm of collection: gray for farm 1, purple for farm 2, light blue for farm 3, yellow for farm 4, green for farm 5, and orange for farm
6. The numbers at the nodes represent bootstrap values (�70%), whereas the branch lengths are scaled according to the numbers of nucleotide substitutions per
site. The tree is midpoint rooted for clarity only.
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sample 4678 from farm 3, and sample 5091 from farm 5 (Fig. 3).
However, whether this mutation emerged by chance in the four
viruses or arose in the shed 2 virus of the index case and was then
transmitted to the other outbreaks or was acquired by the V�9
samples through a reassortment event cannot be assessed.

To determine whether the shed 5 viruses (V�6) were the pro-
genitors of the variant V�9, we examined the presence of the nine
signature mutations (Fig. 3) as minority variants in the analyzed
samples. None of the mutations typical of the V�9 viruses were
already present in shed 5 viruses (V�6) with a frequency higher
than 2% (the frequency threshold used in this study [see Materials
and Methods for details]). Similarly, none of the mutations char-
acteristic of V�6 (Fig. 3) was identified in subpopulations of the
V�9 samples, except for the virus from shed 4 of the index case
(sample 4541-33), which, besides the shorter cleavage site, pos-
sessed subpopulations containing all the mutations distinctive of

V�6 variant, with a frequency ranging from 3 to 9%, confirming
the presence of a mixed population (V�6 and V�9).

Genetic diversity of H7N7 viruses. Overall, we observed mu-
tations at 185 sites (excluding the HA cleavage site) distributed
among the eight gene segments, of which 111 are nonsynonymous
and 74 synonymous. Specifically, a total of 35 consensus-level nu-
cleotide substitutions were recovered along the entire genome,
defining 11 different genomes (named A to K in Fig. 3), 5 of which
were identified within the first infected farm (A to E). The PB2
gene, with a total of 10 nucleotide variants (8 synonymous and 2
nonsynonymous), is the segment showing the highest number of
mutations at the consensus level. The nucleotide distance among
the 14 viruses ranged from 0 to 0.1% for the PA, HA, and NA genes
to 0 to 0.2% for the PB2, PB1, and NP genes and 0 to 0.4% for the
NS gene. Notably, 13 of 35 mutations distributed along 12 pro-
teins (HA, NA, PB2, PB1, PB1-F2, PA, PA-X, NP, M1, M2, NS1,

FIG 3 Consensus level nucleotide and amino acid differences among the complete genome of the 14 Italian H7N7 viruses. Each sample (column) is colored
according to the farm of collection: gray for farm 1, purple for farm 2, light blue for farm 3, yellow for farm 4, green for farm 5, and orange for farm 6. The farm
and shed of belonging (i.e., “1-shed 5” represents “farm 1, shed 5”), and the sample type is indicated above the sample name. The nucleotide (NT) differences
identified between each sample and the viruses from shed 5 of the index case (samples 4541-9 and 4541-34, columns 1 and 2) are reported. Amino acid mutations
(AA) are highlighted in red, while silent mutations are in black. The 11 different genomes identified during this epidemic are indicated in the last row (A to K).

TABLE 2 Number of reads showing a 0- to 9-nucleotide insertiona

Nucleotide insertion size
(no. of nucleotides)

No. of reads

Shed 5 Shed 4 Shed 2

4541-34 4541-9 4541-8 4541-33 4527-11 4527-12 4541-7 4541-32

0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 1 0 0 0 0 0 0
4 0 0 0 1 0 0 0 0
5 0 1 0 0 0 0 0 0
6 23,509 14,861 0 591 11 0 1 4
7 0 0 4 18 5 3 5 27
8 0 0 0 0 1 0 0 5
9 2 1 16,587 13,700 6,660 13,725 4,439 22,929
a Compared to the sequence of an H7 LPAI strain (CCAAAGAGAAGA) at the HA cleavage site of eight samples collected from three different sheds of the index case.
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and NS2) are nonsynonymous, with the PA protein showing the
highest number of amino acid variations (4) (Fig. 3).

In addition to these consensus-level variant sites, our deep-
sequencing analysis identified 209 minority variants in 151 sites
(97 nonsynonymous and 54 synonymous) with a frequency rang-
ing from 2 to 49.8% (Fig. 4). The virus collected from shed 4 of the
index case (sample 4541-33), which displayed a mixed population
of V�6 and V�9, and sample 4603 collected from farm 2, com-
prised the highest number of minority variants (respectively, 40
and 41). In contrast, we did not detect any subpopulations in
samples 4541-34 and 4541-9. No correlation between the number
of variants and the type of samples used for the analysis (pool,
organs, or swab) was observed (Pearson test, P � 0.254; r � 0.33).

We measured the complexity of the viral population of each
sample using Shannon entropy (represented by the size of the
circles in Fig. 5). In the first infected flock, the entropy measures
fluctuate considerably: the lowest values are observed for the two
viruses from the shed 5 (V�6) (Wilcoxon rank-sum test, with P
values ranging from 9.37 � 10	14 to 4.7 � 10	3), suggesting that
these samples (4541-9 and 4541-34) had recently experienced a
narrow bottleneck and had not recovered from the loss of com-
plexity. Conversely, viruses from shed 2 show intermediate values
of entropy, whereas sample 4541-33 from shed 4 of the index case,
sample 4603 from farm 2, and sample 4678 from farm 3 displayed
entropy levels significantly higher than the other samples (Wil-
coxon rank-sum test, with P values ranging from 9.37 � 10	14 to
1.49 � 10	3), an observation consistent with the high genetic
diversity observed across their genomes. There is no significant
Pearson correlation between within-host virus diversity and viral
RNA content (P � 0.487; r � 	0.2; the numbers of RNA copies
are reported in Table 1). Thus, the significantly different entropies
between the analyzed samples may simply be a bias associated with
the time elapsed between infection and sampling or, alternatively,
they may be due to the occurrence of random or selective bottle-
neck events of different intensity within separate sheds or farms.

To evaluate whether a selective-bottleneck or random-founder
effect is the major force driving virus evolution, we compared the
relative diversity changes on a gene-by-gene basis (see Table S1 in
the supplemental material). We would not expect selective bottle-
necks to affect all the genes in the same way, and thus the entropy
and the number of nonsynonymous mutations found in the genes
should vary. To this aim, we calculated the mean entropy and the
number of synonymous and nonsynonymous normalized muta-
tions separately for all of the genes in each sample (see Table S1 in
the supplemental material). There was no significant difference in
the entropy between the genes (one-way ANOVA, P � 0.196) or
between the number of nonsynonymous and synonymous muta-
tions (two-way ANOVA, P � 0.249), suggesting that the reduc-
tion in diversity observed in the analyzed samples was probably
due to founder effects rather than to selective bottlenecks.

Minority variants transmitted between sheds and farms. Fo-
cusing our analysis of the first infected flock, we observed that only
a few mutations were shared at a shed and farm level, whereas the
majority of the minor changes were unique to individual samples.
Specifically, at the shed level we detected 44 minority changes in
viruses from shed 2; of these changes, 22 were found in individual
samples and were not shared with others, and 48 were found in
viruses from shed 4, of which 37 were identified in single samples.
Similarly, at the farm scale we counted 92 mutations, of which 12

were shared between two and four samples, whereas 59 minority
variants were identified in single individuals (Fig. 4).

Interestingly, five of these variants, shared between viruses of
the first infected farm, were fixed in the viral population of at least
one sample (variants highlighted with black arrows in Fig. 4), and
three of them were also transmitted or independently acquired by
viruses collected from the other premises. Four of these were non-
synonymous mutations fixed in the viral population, which cause
changes at the protein level (NS M119T, M2 D44N, PA V100I, and
PB2 K574R) (Fig. 3).

We detected only seven minority variants (HA 1351A, M 942G,
M 955G, PA 1251 G, PA 1748A, PB2 981G, and NA 390A) shared
between two or three farms. Interestingly, five of them resulted in
amino acid mutations (HA D451N, M2 D85G, PA R583Q, PB2
G327G, and NA M130I). These nonsynonymous mutations may
be advantageous variants, associated with changes in viral fitness
or due to adaptive evolution of the virus, or they may be neutral or
deleterious polymorphisms, which occurred because of random
genetic drift or hitchhiking.

Transmission dynamics of the H7N7 virus. To assess the in-
terfarm transmission, a median joining phylogenetic network was
inferred using concatenated consensus sequences of the eight gene
segments of the 14 analyzed viruses (Fig. 6). At the first infected
farm we identified five sequence genotypes (gray circles in Fig. 6):
one within shed 5, two within shed 2, and two in shed 4. Viruses
from sheds 2 and 4 appear to be at the origin of the infection to the
other farms, although one or two median vectors (red circles),
which represent the lost ancestral sequences, separate them from
viruses of the other holdings, except for sample 5051-3 from farm
6, which appears to be a direct descendant of shed 2 viruses (boot-
strap value 85.5). Sequences from farms 2 to 6 grouped within two
main clusters which shared a common ancestor (c1 and c2): c1
includes viruses collected from farms 2 (sample 4603), 3 (sample
4778), and 5 (sample 5091), whereas c2 contains virus sequences
from farms 4 (sample 4774) and 6 (sample 5051-1). Sequences
within these two clusters were separated by 6- to 10-nucleotide
differences, whereas 9- to 13-nucleotide differences were observed
between viruses of the two clusters. Therefore, the high number of
mutations and median vectors identified between the analyzed
samples and the low number of viruses available for the analysis
makes the relationship between sequences hard to determine, and
we cannot exclude that sampling bias may have affected the re-
sults. Our deep-sequencing data may help to elucidate this rela-
tionship. To this aim, we first inferred a neighbor-joining phylo-
genetic tree based on the distance matrix calculated from our NGS
data, which confirmed the clustering identified by our network
analysis (Fig. 4). We then used the distance matrix and the collec-
tion dates to reconstruct a transmission tree using the graph-based
algorithm SeqTrack. This approach, which considers the sampled
viruses as a fraction of the genealogy, is particularly suitable to
infer the transmission pathway during disease outbreaks, where
one strain can be the ancestor of another strain (Fig. 5).

Despite 21 days passing from the first to the last outbreak, the
inferred genealogy suggests that all but one of the outbreaks de-
scend directly from shed 2 (V�9) of the index case. The only
exception is represented by the virus sample 5091, collected from
the backyard farm on September 2 (farm 5), which appears to have
been infected directly by farm 3.

However, based on the number of shared mutations between
the analyzed sequences, we may speculate further scenarios. For
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FIG 4 Heatmap of the nucleotide frequency. The horizontal axis represents the samples, colored according to the farm of collection, while the vertical axis display
only the variable nucleotide positions showing nucleotide differences compared to samples 4541-9 and 4541-34. The color scale represents the nucleotide
frequency according to the scale bar at the top of the figure. White spaces represent positions for which deep-sequencing data were not available (coverage � 500).
Black arrows indicate the variants that are fixed in the viral population of at least one sample of the first infected farm. The dendrogram above the heatmap
represents the neighbor-joining tree obtained from the distance matrix calculated from the deep-sequencing data.

July 2016 Volume 90 Number 14 jvi.asm.org 6407Journal of Virology

http://jvi.asm.org


example, sample 4603 from farm 2 shared two fixed mutations
with sample 4678 (farm 3) and sample 5091 (farm 5) (group c2 of
the network analysis); thus, a transmission event from farm 2 to
farm 3 cannot be excluded. Similarly, virus samples 4774 and
5051-1 share three unique minority variants and one unique fixed
mutation, making a transmission event between these two farms
highly plausible. In addition, samples 4774 and 5051-1 share
one fixed mutations and three minority variants (group c1 of
the network analysis) and, in turn, they share two fixed muta-
tions with sample 5051-3. Although virus samples 5051-1 and
5051-3 were collected from two different sheds of farm 6, we
observed a relatively high nucleotide distance between them.
Specifically, they show 7- and 14-nucleotide differences at the
population and subpopulation levels, respectively, although all
of the consensus-level mutations were present as minority vari-
ants in the other sample (Fig. 4). Thus, the occurrence of two
separate introductions in farm 6 from the index case and/or
farm 4 cannot be excluded.

Overall, these analyses indicate that shed 2 of the index case is
the major source of the virus. An early strain (c1) appears to have
spread from the first infected flock to farm 2 (19 August) and farm
3 (21 August) and then from farm 3 to the backyard farm 5 (2

September). Since farms 2 and 3 belong to different companies
(circle outlines in Fig. 5) and are located 50 km apart (see map in
Fig. 6), it is more plausible that viruses with similar genetic char-
acteristics were transmitted from the index case to both holdings.
A later spread with a slightly different strain (c2) may have oc-
curred from the first infected flock to farm 4 (27 August) and farm
6 (3 September). These two farms are located in the same area, at
a distance of 3 km, and belong to the same layer company as the
first infected holding; thus, an exchange of virus between them
cannot be ruled out.

DISCUSSION

Acquisition of a virulent phenotype by H7 avian influenza viruses
may have devastating consequences to the poultry industry and, in
some instances, can create major human health issues, including
the risk of generating a new pandemic strain (23). Despite the
identification of multiple basic amino acids at the HA cleavage site
as one of the most important molecular markers of virus patho-
genicity, the mechanisms underlying the emergence, spread, and
evolution of HPAI during an epidemic are poorly understood and
limited to a few studies (3, 24). We performed here for the first
time a deep-sequencing analysis of all the samples collected during

FIG 5 Transmission tree obtained from deep-sequencing data. Each circle represents an individual sample, colored according to the farm of collection. The size
of the circles is proportional to the mean entropy value. The vertical axis represents the time of collection of each sample (samples in the same row belong to the
same farm). Circle outlines are assigned according to the owner of the farm as indicated in the inset. Connecting arrows correspond to the results obtained from
SeqTrack, whereas dashed lines are alternative hypotheses of transmission events formulated based on the number of shared mutations. Numbers over the lines
are the genetic distances calculated from the deep-sequencing data between the samples. Colored area represents genetic groups identified based on the number
of shared mutations and the results of both the neighbor-joining phylogenetic tree (Fig. 4) and the network analysis (Fig. 6).
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an HPAI epidemic to evaluate the transmission dynamics and the
within- and between-farm genetic diversity of the viral popula-
tion.

We showed that the 14 H7N7 Italian samples collected from six
different farms form a cluster distinct to other Eurasian sequences
for all the eight gene segments, suggesting the occurrence in the
poultry population of a single viral introduction. The high simi-
larity of the HA gene segment to a virus collected from a wild bird
in Italy and the contact between free-range hens and wild water-
fowl in the first infected farm (10) indicates that the LPAI progen-
itor strain may have been introduced from the wild bird popula-
tion into the first infected holding, where it rapidly mutated into a
highly pathogenic form.

Despite our phylogenies suggesting a single viral introduction,
we observed a high genetic variability of H7N7 between the dif-
ferent sheds of the first infected flock. In particular, at the consen-
sus level, viruses collected from shed 5 possessed a shorter HA
cleavage site and 9-nucleotide differences compared to the viruses
from shed 2. None of the fixed mutations had ever been described
in previous HPAI H7 outbreaks or recognized as associated with a
specific phenotypic effect. Further studies will be necessary to
evaluate their possible impact on virus fitness, host range, and
virulence. This number of nucleotide substitutions (9) is not com-
patible with the occurrence of different introductions, when a
higher number of mutations is usually observed (25). Moreover,
we noticed that the highest genetic distance (means 
 the stan-
dard error) between the two groups of H7N7 viruses (V�6 and
V�9) ranged from 0.1% 
 0.1% for the HA, NA, and PA genes to
0.4% 
 0.2% for the NS gene, whereas the overall mean distance
among the sequences included in our phylogenies ranged from
1.8% 
 0.2% for the M gene to 5.5% 
 0.3% for the NA gene. This
evidence indicates that the Italian H7N7 sequences are signifi-
cantly closer to each other than any other random sequences in

their tree seem to be, which supports the hypothesis that the two
variants V�6 and V�9 had very likely derived from a single in-
troduction. Hence, this high genetic variability can be explained
by (i) a rapid evolution of the virus following some bottleneck
events or a strong selection, (ii) independent evolution of the
same virus within two separate sheds, or (iii) the establishment
of the infection starting from two different seeding variants
from the same progenitor viral population comprising a cloud
of diverse viruses. Nevertheless, our analysis of the mutation
spectra of viral populations suggests that the two variants arose
as a consequence of a founder event or a narrow population
bottleneck. Indeed, the haplotype V�6, circulating in shed 5,
was not identified in the viral subpopulations of shed 2 and
similarly haplotype V�9, identified in shed 2, was not detected
as a minority population in shed 5 animals. In addition, at the
HA cleavage site of viruses from sheds 2 (V�9) and 5 (V�6) we
identified only a total of 16 and 3 reads with insertions, respec-
tively, of 6 and 9 nucleotides.

Entropy values obtained for the two viruses from shed 5 further
supports this hypothesis. Samples founded by few viral particles
should have low entropy, since the strong bottleneck/founder ef-
fect drastically reduce the diversity of the viral population. On the
other hand, samples that experienced relatively loose bottlenecks
should display higher entropy. Therefore, the low entropy values
of the viruses from shed 5 may indicate that they had recently
experienced a narrow bottleneck/founder effect or that they had
been subjected to a strong selection which had reduced the within-
host diversity and fixed adaptive mutations. To distinguish be-
tween selective and random bottlenecks/founder effects, we com-
pared the relative diversity changes on a gene-by-gene basis. We
showed that there were no significant differences between the en-
tropy values and the number of nonsynonymous mutations for
the different genes, suggesting that founder effects caused by the

FIG 6 Median-joining phylogenetic network. (A) The network was constructed from the consensus sequences of the eight concatenated gene segments. Each
unique sequence genotype is represented by a circle sized relatively to its frequency in the data set. Numbers next to the circles correspond to the samples showing
that particular genotype, while the number within the circle represents the shed where the genotype was identified. Genotypes are colored according to farm.
Branches represent the shortest trees, and black circles represent the numbers of nucleotide mutations that separate each node. Median vectors are indicated as
red circles. The violet and yellow shading represent the two identified genetic groups C1 and C2. The numbers at each branch represent bootstrap values. (B) Map
showing the geographic locations of the six infected farms.
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transmission bottlenecks are a major driving force of virus evolu-
tion during this epidemic.

On the other hand, viruses from shed 2 show intermediate
entropy values, suggesting that (i) they were founded by a larger
seeding population, (ii) they experienced a high-level of replica-
tion, or (iii) they had circulated within the shed for a longer period
of time. The latter suggestion is supported by the identification of
H7-specific antibodies in animals from this shed but not in ani-
mals from sheds 4 and 5 (10), whereas the second hypothesis may
be supported by the high number of dead birds found in shed 2
compared to the other sheds, considering the virulence of the two
variants were equal (intravenous pathogenicity index of 3 for both
variants [data not shown]).

However, we cannot exclude that difference in the within-host
genetic diversity between the analyzed samples could be associ-
ated with a different time of sampling since infection. Unfortu-
nately, the lack of information on the exact time of entrance of the
virus in each farm and shed makes it impossible to exclude this
possible bias and to ascertain the process responsible of the reduc-
tion of the genetic variability, which may be caused both by bot-
tlenecks of different sizes that occurred around the same time
since infection or by similar bottlenecks that occurred at different
time points relative to sampling.

Surely, sequences of early viruses might have helped us to pro-
vide a better characterization of the evolution of this strain within
the index case. Indeed, the identification of H7-specific antibodies
in animals from shed 2 and from the outer sheds 1 and 7, where no
viruses were isolated (10), indicates that the virus had been circu-
lating undetected within the farm before its identification, likely
with a low-pathogenicity phenotype.

Moreover, the identification of three human infections during
this epidemic highlights the need for constant monitoring during
avian influenza outbreaks for the emergence in poultry of amino
acid signatures associated with interspecies transmission to pro-
vide early warning of pandemic potential.

Our analysis of the transmission dynamics indicates that only
one of the two variants (V�9), probably the one with the highest
fitness advantage, was transmitted from the index case to the other
farms. Four of the six infected farms (farms 1, 2, 4, and 6) belong
to one large vertically integrated layer company (Fig. 5); therefore,
virus dissemination might have occurred through shared equip-
ment, human-mediated mechanical transport, and also through
infected workers, since H7N7 virus was diagnosed for three hu-
mans involved in the control of the epidemic (22). The low num-
ber of shared mutations between farms (seven) suggests that the
transmission depended on the dissemination of a few viral parti-
cles. However, the high frequency threshold (2%) used in this
study to identify the minority variants and the scarce number of
analyzed samples for each farm need to be taken into consider-
ation.

In the farms for which it was possible to sequence more than
one sample (eight for farm 1 and two for farm 6), we identified the
cocirculation in the same premise of different related variants and
the possible occurrence of multiple introductions in the same
holdings (i.e., farm 6), which can be detected only through the
sequencing of a larger number of samples. Moreover, the high
number of median vectors identified between the analyzed sam-
ples in our phylogenetic network reveals missing ancestral se-
quences from our analyses, which might have been detected with
increased sampling. As a consequence, increasing the number of

viruses sampled from each farm and also from the environment
could increase the resolution of our interfarm transmission dy-
namic.

We identify farm 1 as the major source for the spread of the
virus to the other four industrial holdings, while the rural farm
(farm 5) appears to have received the virus from the turkey farm
(farm 3). Interestingly, this finding allowed the national authori-
ties to demonstrate the occurrence of uncontrolled movements of
birds from the infected turkey flock (farm 3), underlining the
importance of genetic data to complement the outbreak investi-
gation. Despite 21 days elapsing from the index case (August 13)
to the last outbreak (September 3), the late depopulation date of
the first infected flock (August 27) and the ability of the avian virus
to persist in the environment (26) might explain the virus spread
between these two holdings (farms 1 and 6).

In addition, results of our analysis of the transmission dynam-
ics suggests that, though farm 2 is located in close proximity to
farms 4 and 6, transmission links are absent between these two
premises. In contrast, the virus sampled from this farm appears to
be more related to the virus from farms 1 and 3, which are located,
respectively, 38 and 36 km from farm 2.

This finding suggests that multiple introductions of different
viral haplotypes occurred from farm 1 to the other farms, proba-
bly at different time points and with different transmission modes,
i.e., neighborhood spread (i.e., farms 1 and 3), human-mediated
transport among farms of the same company (i.e., farms 1 and 2 or
farms 1 and 4). These different means of viral diffusion have been
observed also during other HPAI epidemics (24, 27), suggesting
that long-distance transmission events may play an important role
in virus dissemination into new areas.

Overall, the present study shows that analysis of deep-sequenc-
ing data can complement epidemiological investigations, provid-
ing important insights and revealing unexpected dynamics on the
interfarm transmission network. Specifically, we demonstrated
that the delay in the disease detection and stamping out in the
index case might have been the major cause of the emergence and
the spread of the HPAI strain. Epidemiological investigations did
not recognize the central role of the first infected flock in the
diffusion of the virus to most of the farms and suggested an epi-
demiological link between farms 2, 5, and 6, which has not been
confirmed by our data. In addition, the epidemiological data alone
were not sufficient to trace back the source of the virus detected in
the rural farm (farm 5), which we demonstrated to be linked to the
turkey farm (farm 3).

Moreover, we show that a farm can harbor a high level of het-
erogeneity, potentially caused either by separate bottlenecks and
founder effects in the different sheds, or by multiple viral intro-
ductions from different sources. Hence, it is important during
control activities to collect and analyze several samples from each
infected farm to provide a complete picture of the evolutionary
process during an avian influenza epidemic.
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