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INTRODUCTION: Highly pathogenic avian influ-
enza (HPAI) viruses have critical consequences
for animal health and the agricultural economy—
and may have pandemic potential. HPAI related
to the goose/Guangdong 2.3.4.4 hemagglutinin
(HA) H5NX phylogenetic clade has spread to
nearly 100 countries, and it is recognized as a
panzootic. HPAI virus circulation is ongoing in
North America, and after a trans-Atlantic incur-
sion in late 2021, the HPAI H5N1 clade 2.3.4.4b
virus caused widespread outbreaks. The out-
breaks resulted in extensive mortality events,
culling of poultry when detected in agricultural
systems, and interspecies transmission events
into mammals. It is critical to determine how
HPAI clade 2.3.4.4b evolves in wild birds and in
nonhumanmammals after spillover to assess the
potential for human infection and transmission.

RATIONALE: In late January 2024, veterinarians
observed dairy cattle displaying decreased feed
intake and changes in milk quality and produc-
tion.On25March2024,HPAIH5N1clade2.3.4.4b

was confirmed in dairy cattle in Texas. Shortly
thereafter, the virus was identified in cattle in
eight other United States (US) states by mem-
bers of the National Animal Health Labora-
tory Network. The goal of this study was to
analyze genetic sequence data collected after
the introduction of HPAIH5N1 in late 2021 into
the Atlantic flyway of North America and its
onward circulation and reassortment with North
American wild bird–origin low-pathogenicity
viruses. These data were combined with whole-
genome sequence data and epidemiological in-
formation from theHPAIH5N1 outbreak among
US dairy cattle to help us understand when the
interspecies transmission event to cattle oc-
curred and the consequences of animal move-
ment for virus spread.

RESULTS: H5N1 clade 2.3.4.4b genotype B3.13
influenza A virus was confirmed in milk with
limited detections in nasal swabs. The initial
outbreak included samples from 26 dairy cat-
tle premises across eight states and six poultry

premises in three states. The sequences iso-
lated from cattle clustered within a single group
in phylogenetic analyses, supporting a single
spillover event in late 2023. A reassortment event
preceded the spillover, and after introduction,
the virus persisted in cattle with evidence for
transmission from cattle into poultry and peri-
domestic animal species. Epidemiological records
and phylodynamicmodeling documented that
the movement of asymptomatic or presymp-
tomatic dairy cattle resulted in the dissemina-
tion of the virus across the US. We identified
low-frequency within-host sequence variants
across the genome that were associated with
changes in virulence, host-range specificity,
and mammalian adaptation.

CONCLUSION: A single wild bird-to-cattle trans-
mission event of HPAI H5N1 clade 2.3.4.4b oc-
curred in late 2023. The spillover was likely
preceded by a reassortment event in wild bird
populations followed by the movement of cat-
tle that spreadHPAI within the US dairy herd.
Molecular markers that may lead to changes
in transmission efficiency and phenotypewere
detected at low frequencies. Continued trans-
mission of H5N1 HPAI within dairy cattle
increases the risk for infection and subsequent
spread of the virus to humans and other host
populations.▪
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The emergence and spread of highly pathogenic avian influenza virus H5N1 clade 2.3.4.4b in dairy cattle in the US. Highly pathogenic avian influenza (HPAI)
H5N1 was detected in North America in late 2021, and epidemiological information and genomic analysis demonstrated a single spillover into dairy cattle by a
reassorted HPAI H5N1 genotype B3.13 virus. The virus disseminated across the US through the movement of asymptomatic or presymptomatic animals and was
subsequently reintroduced from dairy cattle back into other host species.
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Highly pathogenic avian influenza (HPAI) viruses cross species barriers and have the potential to
cause pandemics. In North America, HPAI A(H5N1) viruses related to the goose/Guangdong 2.3.4.4b
hemagglutinin phylogenetic clade have infected wild birds, poultry, and mammals. Our genomic analysis
and epidemiological investigation showed that a reassortment event in wild bird populations preceded a
single wild bird–to-cattle transmission episode. The movement of asymptomatic or presymptomatic
cattle has likely played a role in the spread of HPAI within the United States dairy herd. Some molecular
markers that may lead to changes in transmission efficiency and phenotype were detected at low
frequencies. Continued transmission of H5N1 HPAI within dairy cattle increases the risk
for infection and subsequent spread of the virus to human populations.

H
ighly pathogenic avian influenza (HPAI)
viruses have critical consequences for
animal health and the agricultural econ-
omy and may have pandemic potential.
HPAI related to the goose/Guangdong

2.3.4.4 hemagglutinin (HA) H5NX phyloge-
netic clade has spread to nearly 100 countries
(1), causing infections resulting in mortality
events, and is recognized as a panzootic, cross-
ing multiple species barriers. HPAI virus circu-
lation is ongoing in Europe and North America,
with recent data indicating a shift in biology
and transmission (2). After an initial trans-
Atlantic incursion in late 2021 (3, 4), the HPAI
H5N1 clade 2.3.4.4b virus caused widespread
outbreaks across North America (5). The out-
breaks resulted in extensive mortality events
in wild bird and mammal species (6, 7), mor-
tality and culling of poultry when detected in
agricultural systems, a large number of inter-
species transmission events into wild mam-
mals (8), and human infections (9, 10).
The frequent and recent transmission of

HPAI clade 2.3.4.4 between avian species in
North America has resulted in the emergence
of substantial genetic diversity. Experimental
studies on some viruses from the HPAI clade
2.3.4.4 have shown that they can bind to both
human a2,6-linked and avian a2,3-linked sialic
acid receptors (11, 12). Genomic analyses have
documented that approximately half of the
sequences from mammals globally within the
HPAI H5N1 clade 2.3.4.4b have amino acid sig-
natures in the polymerase basic 2 (PB2) pro-
tein that have been associated withmammalian

adaptation through enhanced viral replication,
host-specific polymerase activity, and temper-
ature sensitivity [E627K (E627→K), D701N,
and/or T271A)] (5, 13). Additionally, the intro-
duction of HPAI H5N1 into farmed mink in
Europe in 2022 provided evidence that trans-
mission to, and within, a population of mam-
malian hosts could result in mutations in the
HA associated with human receptor recogni-
tion and in the neuraminidase (NA) protein
that affected sialic acid binding in a manner
similar to human influenza A viruses (14–16).
These results are particularly important be-
cause from January 2022 to 1 April 2024, there
were 13 reported human cases of H5N1 from
the HPAI clade 2.3.4.4b worldwide, with some
having severe consequences, including mor-
tality. Consequently, it is critical to determine
how evolution of the HPAI clade 2.3.4.4b in
wild birds and the associated spillovers and
transmission in mammals impacts genomic
and phenotype features that alter the potential
for human infection and transmission (17, 18).
On 25March 2024, HPAIH5N1 clade 2.3.4.4b

was confirmed in dairy cattle in Texas after re-
ports of decreased milk yields in Texas, Kansas,
and New Mexico (19). Shortly thereafter, the
viruswas identified in cattle in eight otherUnited
States (US) states by members of the National
Animal Health Laboratory Network (NAHLN)
(19–21). The virus was found in mammary tis-
sue and milk; these samples were collected to
determine whether bacterial or viral patho-
gens were driving milk yield changes (19). It
was also detected in cats and peridomestic

animals on affected premises. Overall, the de-
tection of influenza A virus (IAV) in cattle has
been rarely documented (22, 23), but there is
prior evidence for its replication within the
mammary gland (22, 23), as well as associa-
tion with a reduction in milk yield (24), and
experimental studies have shown that bovine
calves are susceptible to infection and may
asymptomatically shed virus (25). The goal of
this study was to analyze genetic sequence
data collected after the introduction of HPAI
H5N1 in late 2021 into the Atlantic flyway of
North America and its onward circulation
and reassortment with North American wild
bird–origin, low-pathogenicity viruses that
resulted in more than 100 distinct genotypes
in theUS (26). These datawere combinedwith
newly generatedwhole-genome sequence data
and epidemiological information from the out-
break among US dairy cattle to help us un-
derstand when the interspecies transmission
event occurred and the consequences of animal
movement for the persistence of the virus. We
performed phylodynamic analysis of the US
HPAI H5N1 viruses detected in dairy cattle
alongside epidemiologically linked wild bird,
poultry, and peridomestic animal data. We also
developed a within-host evolutionary assess-
ment of the virus to determine how transmis-
sion in dairy cattle affects genomic diversity and
whether this increases the potential for this
host to serve as a reservoir for zoonotic IAV.

H5 clade 2.3.4.4b introduction into the US

The H5N1 clade 2.3.4.4b genotype A1 (26) was
first identified in American wigeon (Mareca
americana) and blue-winged teal (Spatula
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discors) collected in December 2021 (3). More
than 100 genotypes representing different gene
constellations have been characterized within
the US, but 70% of all viruses fall into only seven
genotypes (7). Despite genetic differences, spill-
over events have been associated with the pre-
dominance of a genotype rather than any specific
link between genotype and host specificity.
The introduction of genotype A3 was identi-
fied in April 2022 likely via the Pacific flyway
and was followed by genotype A4. Another
two introductions were identified to have en-
tered the US via the Atlantic flyway, including
an A6 Eurasian virus that had a reassorted
Eurasian NA (H5N5). Widespread detections
inwild bird populations (27) continue to result
in point source spillovers to poultry (28), but
there is limited evidence for lateral transmis-
sion among poultry flocks. Viruses of multiple
genotypes have also been detected in ~20mam-
mal species in the US, often related to mortality
or severe neurologic signs, but these appear to
be dead end hosts (8, 29). In earlyMarch 2024,
HPAI H5N1 was identified in neurologic goat
kids on a farm where poultry had recently been
depopulated for HPAI control measures (30);
this event was unrelated to the dairy event and
involved a different virus genotype.

Detection of HPAI H5N1 in dairy cattle

In the US, nearly 10 million dairy cattle are
raised in farms across all 50 states (31, 32).

Dairy production is concentrated in California,
Wisconsin, New York, Idaho, and Pennsylvania
(32), but these locations are within a network
of cow-calf operations that aremost frequently
located inTexas, Oklahoma,Missouri, Nebraska,
South Dakota, and Kansas (31). Of the more
than 60,000 dairy premises, ~30%housemore
than 2000 animals (32, 33). Farming is char-
acterized by extensive animalmovement with-
in and between farms to facilitate production;
for example, nonlactating young stock may
move off-farm for rearing with the heifers,
returning to the operation by calving or before
(33). Nearly all dairy operations report animal
replacement in the herd, with 40% of replace-
ments raised off-site (32).
In late January 2024, production veterinar-

ians observed dairy cattle displaying reductions
in milk production, decreased feed intake, and
changes inmilk quality (19). On 20March 2024,
members of the NAHLN identified IAV in milk
and in a few nasal swabs from a Texas dairy and
forwarded samples to the National Veterinary
Services Laboratories (NVSL) for confirmatory
testing on 25March 2024. Testing revealed the
presence of H5N1 clade 2.3.4.4b genotype B3.13.
Shortly after the identification of HPAI H5N1
genotype B3.13 in Texas, it was confirmed in
additional Texas herds and herds in other states
(21). Samples collected in the initial outbreak
between 7 March 2024 and 8 April 2024 have
virus characterized as genotype B3.13 that in-

cluded 26 dairy cattle premises across eight
states and six poultry premises in three states
(data S1). The NVSL conducted whole-genome
sequencing and analysis, using a custom soft-
ware program that identified transmission
chains on the basis of genomic similarity (34)
to provide rapid feedback in support of epi-
demiologic investigations (data S2 and fig. S1).
The phylogenetic and available epidemiologic
data derived from questionnaires with dairy
producers indicated that the genotype B3.13
virus was moved between dairy cattle premises,
as well as poultry premises, via multiple trans-
mission routes (Fig. 1 and fig. S1) (35, 36). De-
tection of the B3.13 genotype in cattle locations
that have no known epidemiologic links to con-
firmed premises indicates there are affected
herds that have not yet been identified.

A single interspecies transmission event

To determine when the HPAI H5 clade 2.3.4.4b
virus was introduced into cattle in the US, we
conducted a phylogenetic analysis using whole-
genome sequence data collected from poultry,
wild birds, and mammals (Fig. 2 and fig. S2).
From 2022 to the present, clade 2.3.4.4b viruses
have been reported in more than 9000 wild
birds in at least 163 species across 49 states
and Washington, DC, in more than 200 mam-
mals in at least 20 species across 29 states and
Washington, DC, and more than 1120 poul-
try flocks across 48 states. In the time-scaled

MI 001
NM 006

NM 002

?

MI 002

Ionia 01

Ionia 02

TX 007

TX 010

KS 001

TX 004

TX 010

Moore
01

TX 008 ?

SD 001KS 003

TX 008

KS 003

NC 001

TX 012

?

KS 002

? MI 
Dairy

TX 007

Grant 
01

Human
A/Texas/37

TX 001

Parmer 
01

NM 004

NM 006

NM 005

NM 007

TX 001

?

?

?

Wild Bird 
Introduction

BA

B C D

Dairy
Genomic
Cluster

Affected
Dairy

Legend
Affected
Poultry Unsampled

Reassortment 
in late 2023

Spillover Oct. 2023 
through Feb. 2024

March 2024 - May 2024

HPAI H5N1 2.3.4.4b 
North American 
genotype B3.6 strain

LPAI North 
American strain

HPAI H5N1 
Clade 2.3.4.4b 

Genotype B3.13 

South 
Dakota

Michigan

North 
Carolina

Ohio

New MexicoIdaho

Kansas

Mammals and poultryUnpasteurized milkWild waterfowl Unsampled

Wild bird hosts

Texas 
March 2024

Virus transmission Animal movement
Late 2021 

through 2023

PB1, PA, HA,
NA, MP, NS

PB2, NP

Fig. 1. Putative transmission pathways of HPAI H5N1 clade 2.3.4.4b genotype
B3.13 supported by epidemiological links, animal movements, and genomic
analysis. Transmission routes were derived from interviews with producers
and analyses of genetic sequence data to support a single interspecies transmission
event followed by lateral spread within dairy cattle with onward transmission to poultry.
(A) The gray box represents an unsampled wild bird–origin common ancestor. The white
box is the B3.13 genotype human detection distinct from the sampled cattle and poultry
clusters. Two major groups emerged from an unsampled common ancestor: one
containing dairy premises in Texas and New Mexico along with Parmer 01 poultry, and
another containing TX 001 and three clusters labeled B, C, and D, respectively. Links
were determined through phylogenetic inference and through epidemiological interviews

to identify animal movements and nonanimal connections between premises. Locations
that appear more than once indicate the presence of genetically distinct viruses
sequenced from independent samples on those premises. Unsampled common sources
are indicated by question marks within dark blue diamonds. A visualization of all
epidemiological links between dairy and poultry locations, including the transmission
within the B, C, and D groups, is presented in the supplemental figures. (B) A
conceptual overview of the emergence and interstate spread of the B3.13 genotype;
these data demonstrate reassortment to acquire new polymerase basic 2 (PB2)
protein and nucleoprotein (NP) within a wild bird host, the subsequent dissemination
of the virus across the US through asymptomatic or presymptomatic dairy, and the
introduction of HPAI H5N1 from dairy cattle back into other host species.
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Bayesian HA gene phylogeny, the H5N1 2.3.4.4b
sequences isolated from cattle clustered within
a single monophyletic clade, which supports a
single spillover event followed by lateral trans-
mission. Introduction ofHPAI fromunsampled
poultry populations represents an alternate hy-
pothesis, but a single spillover event was also
supported by the maximum likelihood phylog-
eny reconstructed from concatenated whole-

genome sequences of B3.13 genotype strains
(Fig. 2B), and this pattern was evident in the
gene segment maximum likelihood phyloge-
nies: polymerase basic 2 (PB2) protein, poly-
merase acidic (PA) protein, nucleoprotein (NP),
NA, matrix protein (MP), and nonstructural (NS)
protein (figs. S3 to S6). For the polymerase
basic 1 (PB1) gene segment, >97% of sequences
from cattle isolates formed a single mono-

phyletic clade; the remaining sequences were
placed in a parental clade owing to the high
genetic similarity (fig. S6). The single-introduction
hypothesis was further supported by an
analysis of single-nucleotide polymorphisms
(SNPs) (data S2 and fig. S1). A subsequent max-
imum likelihood phylogenetic analysis on n =
1156 genomes of B3.13 genotype strains further
supported the proposition of a single origin

Fig. 2. Evolutionary history
of H5N1 2.3.4.4b in North
America before and during
the introduction and emer-
gence in US cattle. (A) A
Bayesian time-scaled phylog-
eny of the HA gene between
December 2021 and April
2024, demonstrating the
single introduction of the virus
from wild birds to dairy cattle
with an estimated date of
November 2023 (95% credible
interval: October 2023 to
January 2024). B3.13 strains
inherited PB1, PA, HA, NA, MP,
and NS genes from a B3.6
ancestor and acquired differ-
ent PB2 and NP genes from
North American LPAI viruses.
The Bayesian phylogeny of the
hemagglutinin (HA) gene was
paraphyletically subsampled to
maintain tree topology and
demonstrate the 16 subse-
quent spillovers from cattle to
domestic cats, poultry, and
peridomestic animals and is
presented in the supplemental
figures. (B) A simplified visu-
alization of a hypothesis on the
evolutionary history of the
H5N1 2.3.4.4b B3.13 genotype
that emerged in cattle and a
range of other mammalian and
avian hosts. This time-scaled
phylogeny was inferred with
maximum likelihood methods
from concatenated genomes:
Inferred dates are presented
at nodes for the most recent
common ancestor, and these
are congruent with those
estimated using Bayesian
methods on the HA gene tree
presented in (A). The mono-
phyletic clade of B3.13 geno-
type viruses was collapsed,
and the group was presented
as a single orange triangle.

2022.5 2023 2023.5 2024

B
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from an avian reservoir host (figs. S7 and S10).
The inferred evolutionary rate for theHA gene
tree was 6.19 × 10−3 substitutions per site/year
[95% highest posterior density (HPD), 5.21 ×
10−3 to 7.19 × 10−3]; the estimated evolutionary
rate for the cattle cladewas not plausible (3.96 ×
10−2, 95% HPD, 2.13 × 10−2 to 6.05 × 10−2) and
likely requires a different dataset or analytical
technique. The time to the most recent com-
mon ancestor (TMRCA) for the HA segment
estimated with Bayesian methods for the cat-
tle clade was estimated as 10 November 2023
(95%HPD, 4 October 2023 to 22 January 2024).
A clade 2.3.4.4b genotype B3.13 infection in a
dairyworkerwas diagnosed at the end ofMarch
2024 andwas similar to theHPAIV from cattle
(10). The TMRCA estimated with Bayesian
methods for the cattle group and the human
virus was estimated as 27 September 2023 (95%
HPD, 18 August 2023 to 9 December 2023).
These two groups shared a TMRCA that was
estimated as 14 August 2023 (95% HPD, 23
July 2023 to 19 October 2023). These are broad
TMRCA estimates and suggest that after the

B3.13 introduction into cattle, there was limited
local circulation for >4 months. The Bayesian
estimates were congruentwith TMRCA inferred
by using maximum likelihood methods (Fig.
2B); the TMRCA for each of the gene segments
[the TMRCA ranged from4October 2023 to 13
February 13 2024 (37)] is feasible given epi-
demiological information (Fig. 1) and is con-
sistent with independent estimations (38).

Cattle transmission to peridomestic species

The phylogenetic tree topology indicated that
after introduction, the virus persisted in cat-
tle populations, with subsequent evidence for
transmission from cattle into poultry and pe-
ridomestic animal species (Figs. 1 and 2 and
figs. S2 and S7). There were as many as nine
cattle to poultry, one cattle to raccoon, two cattle
to cats, and three cattle towildbird transmission
events. The wild bird transmission events were
restricted to the common grackle (Quiscalus
quiscula), blackbirds, and pigeons. These ani-
mals were collected from premises with cattle
where genotype B3.13 HPAIV was identified.

Our Bayesian discrete state analysis (Fig. 3)
that quantified the movement of HPAIV be-
tween six different host categories (poultry,
wild bird, cattle, wild mammals, cat, and hu-
mans) provided sufficient evidence to verify
that HPAI in cattle resulted in infections in
other hosts. We cannot exclude the possibility
that this genotype is circulating in unsampled
locations and unknown hosts, because the ex-
isting analysis suggests that data are missing
and because incomplete surveillance may ob-
scure transmission inferred with phylogenetic
methods (39). The gap in data is highlighted
by the human infection with genotype B3.13
HPAIV, in which the HA gene sequence did
not nest within the virus HA gene sequences
from cattle. This could indicate that HPAIV in
unsampled cowswas the source of infection or
thatwithin-host evolution resulted indivergence
sufficient to result in a different phylogenet-
ic grouping. It is most likely, however, that
asymptomatic transmission and lack of surveil-
lance in epidemiologically important populations
drove this pattern. Our analysis of transmission

A B

March 13, 2024 March 27, 2024 April 10, 2024

C

Fig. 3. Bayes factors for inferred movement between different discrete
traits of H5N1 clade 2.3.4.4b viruses, demonstrating the frequency of
movement. Bayes factors and posterior probabilities were plotted to demon-
strate the frequency and support for the movement of the clade 2.3.4.4b B3.13
HA gene between different host species (A) or US locations with documented
detections of 2.3.4.4b (B), with the source host species or US state plotted
on the y axis and the recipient host species or US state plotted on the x axis. This
analysis was conducted on the subsampled and aligned HA dataset (A) and
an extracted subset of the data that covered the monophyletic clade of cattle
HA clade 2.3.4.4b genes (B). When imposing a Bayes factor >3 with an

associated posterior probability >75%, there were supported transitions from
Texas to Kansas, New Mexico, and Michigan, and from Michigan to North
Carolina. (C) Transitions between locations were inferred with a discrete trait
model across time and by using 14-day time points of the spatial spread
corresponding to the beginning, middle, and end of our dataset. The centroid
of each state was used: For Texas, we located the point in the panhandle
where dairy cattle are commonly farmed. The circular polygon reflects the
number of lineages within a location, and eastward movements are depicted by
lines with a concave curve, whereas westward movements are depicted by
lines with a convex curve.
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chains within the cattle B3.13 clade using a
phylogenomic maximum likelihood approach
suggested unsampled transmission in late
2023 and early 2024 (fig. S8), and the TMRCA
indicates that there was >4 months of circula-
tion before confirmation. However, given the
decline in milk production in monitored dairy
herds, it is unlikely that the spillover occurred
outside of the described TMRCA ranges.

Reassortment in migratory bird populations

From January 2022 to April 2024, more than
482 commercial and 645 backyard flocks tested
positive for HPAI (40). A major component in
the dissemination of the 2.3.4.4b viruses is
movement across four migratory flyways and
the infection of nearly 200 wild avian species
(4, 41). Extensive genetic reassortment with
existing North American wild bird LPAIVs is a
consequence of the host breadth and the ge-
ographic breadth. In our analysis, reassortment
generated a spectrum of different genotypes,
but the HA, NA, and M genes had preferential
pairings in a manner that also occurs in mam-
malian adapted IAVs (3, 42). Therewas transient
detection of reassorted viruses with different
combinations of PB2, PB1, PA,NP, andNS genes
(5, 28). We detected 243 putative reassortment
events across the HA phylogeny (fig. S9). These
events were associated with PB2 (137/243),
PB1 (78/243), PA (36/243), NP (126/243), and
NS (52/243) gene segments. With current sur-
veillance data, there was no evidence that most
of these events persisted. However, there were
24 reassortment events that resulted in new
genotypes with more than 20 downstream de-
tections. The spillover into cattle was preceded
by a reassortment event(s) involving different
PB2 and NP genes, likely derived from wild
bird LPAI in late 2023. This reassortment re-
sulted in the B3.13 genotype, which is main-
tained across the clade of epidemiologically
linked cattle samples and shows no evidence
for further reassortment after the spillover.
The NP gene acquired by the reassortment
event may have resulted in a phenotype change
that mediated the emergence of this virus geno-
type in cattle. There are no comparative pheno-
typic data to support this assertion, but the NP
gene is associated with multiple processes in
the virus life cycle (43) and was implicated in
increasing the transmission efficiency of IAV
in the swine host (44). An alternate explana-
tion is that the new reassorted virus was a
passenger on an overlapping set of ecological
parameters (e.g., environmental contamina-
tion from infected wild birds) that resulted in
the HPAI H5N1 spillover.

HPAI H5N1 dispersal with cattle movements

Epidemiological records documented dairy cat-
tle movement from a Texas herd (at shipment,
HPAI status unknown) to North Carolina and
Idaho (Fig. 1 and fig. S1). Records also indicated

that asymptomatic or presymptomatic dairy
cattle—some thatwere subsequently diagnosed
as HPAIV positive—were moved from a Texas
herd to Michigan and to Ohio and that a Kansas
herd was moved to South Dakota. We also ap-
plied an asymmetric discrete-trait model with
Bayesian stochastic search variable selection
to reconstruct how clade 2.3.4.4b HPAIV H5
isolated in cattle moved among the eight US
states (Idaho, Texas, Kansas, Michigan, New
Mexico,NorthCarolina,Ohio, andSouthDakota).
The interstate HPAIV movement, which is in-
ferred by these phylodynamic techniques (Fig.
3), showed that after the first confirmed case
in Texas, HPAIV moved rapidly across the US.
The phylogenetic signal within the HA gene of
B3.13 genes in cattle was relatively low, andwe
conservatively identified when a state tran-
sition occurred, i.e., a Bayes factor >3 with an
associated posterior probability >75%. Using
these thresholds, there was phylogenetic evi-
dence for the movement of the B3.13 genotype
from Texas to Kansas, Michigan, and New
Mexico. Evidence in the phylodynamic analy-
ses indicated that after its introduction into
Michigan, B3.13wasmoved intoNorth Carolina.
However, it was more likely that a confirmed
Texas-to-North Carolina animal movement
moved the virus, because we were unable to
confirm a link between Michigan and North
Carolina dairy herds (Fig. 1 and fig. S1). In a
phylogenomic analysis (fig. S10), there were
cohesive groups of sequences isolated from
each US state; this suggested that after mix-
ing and movement of animals in March and
April 2024, a spatially structured host and virus
population emerged. These data support the
proposition that a single genotype was in-
troduced and that direct movement of cattle—
based upon production practices—created op-
portunities for virusdissemination thathave since
been reduced. Themovement of viruses fromone
region to another will provide opportunities
for reassortment and subsequent changes in
genomic diversity. Areas that received large
shipments of cattle and their viruses will pro-
vide additional opportunities for reassortment
and the emergence of IAV strains with pheno-
types thatmay have increased zoonotic potential.

Low-frequency genomic variants
and within-host evolution

We analyzed 227 cattle viral whole genomes
collected during the first phase of the outbreak
between 7 March and 3 April 2024, and we
include data from an additional 1250 viral ge-
nomes collected from cattle between 4 April
and 29October 2024.We identifiedwithin-host
sequence variants across the genome that were
present in >0.5% of whole-genome sequencing
reads,matching to the Influenza ResearchData-
base Sequence Feature Variant Tool (45) and a
literature search (table S1). If a sequence variant
were to arise that provided a selective advan-

tage, it could increase in frequency through
transmission and potentially alter the virus
phenotype. Our analyses were restricted to field-
collected specimens, with no ability to assess
whether single-nucleotide variants (SNVs) af-
fected virus attributes. In addition, most SNVs
were present only at low frequencies (data S5).
In the cattle sequence data, there were 822
amino acid sites with nonsynonymous amino
acid changes; of the variable amino acid sites,
406 nonsynonymous mutations occurred at
sites associated with functional changes (mean
44.32 ± 5.06 potential functional changes per
sample; range: 24 to 64). An additional 605
synonymous mutations were detected in the
dataset. Variants were associatedwith changes
in virulence in HA, MP, NP, and PB2 (e.g., in
Table 1: Q134K, Q154R, Q234K, and P337L in
HA; S207G inMP; D701N in PB2; see tables S2
to S5 for other animal groups). We also de-
tected SNVs previously associated with host-
range specificity (e.g., E229K in NS). In the
PB2, variants were associated with mamma-
lian adaptation (an increase in E627K, D701N,
and V495I), in which the frequency was 33%
in a single animal for E627K. We did not de-
tect the mammalian adaptation PB2 271A in
cattle, even at low frequencies; however, one
mammalian sample contained the mutation in
the consensus gene, and we detected mutations
on HA that affected receptor binding affinity
(Table 1). Within the PB2, there was the detec-
tion of 631L (one strain had 631P), an amino acid
position that has been associated with mam-
malian transmission (46). When analyzing an
additional 1250 cattle samples collected between
4 April and 29 October 2024, 10 low-frequency
SNVs increased to higher frequencies; these
included virulence markers in HA (position
336) and NS (position 229) and a mammalian
adaptation marker in NA (position 430). We
observed 12 other nonsynonymous SNVs with
unknown functions that increased in frequency,
with 21 SNVs increasing to >5% of the total
cattle samples: These may reflect a founder
effect or evolution associated with phenotypic
change (data S6). Determining the biological
relevance of these sequence variants requires
additional experimental study and should be
monitored because some have been associated
with transmission efficiency and mammalian
adaptation. We also calculated synonymous
(pS) and nonsynonymous (pN) site ratio to
assess natural selection; pN/pS <1 is sugges-
tive of purifying selection, and pN/pS >1 is
suggestive of positive selection. When we
combined the diversity estimates across genes,
all cattle strains exhibited pN/pS <1; the gene
pN/pS estimates varied, with none having >1
(HA, pN/pS = 0.042; MP, pN/pS = 0.566; NA,
pN/pS = 0.188; NP, pN/pS = 0.032; NS, pN/pS =
0.355; PA, pN/pS = 0.160; PB1, pN/pS = 0.048;
PB2, pN/pS = 0.039), suggesting that the
within-host virus populations tended to exhibit
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weak purifying selection when compared with
an ancestral reference.

Discussion

The HPAI H5N1 genotype B3.13 viruses cir-
culating in cattle represent a pandemic threat,
given the evidence of cattle-to-human trans-
mission events and persistence across the US
(10). On the basis of current information, once
infected, a cowmay shed virus for 2 to 3 weeks,
increasing the window in which zoonotic trans-
mission may occur (47, 48). Additionally, in
our field data, we detected some amino acid
mutations at sites associatedwithmammalian
adaptation that had already become fixed in
the virus population. This result likely reflects
the ~4 months of evolution in dairy cattle. No-
tably, low-frequency sequence variants within
cattle were also detected, even within the lim-
ited time after the first spillover. The majority
of these sequence variants have not increased
in detection frequency; however, some changes
increased in prevalence over time (data S6).
The potential remains for these viruses to ac-
quire other genetic markers that mediate the
probability of transmission in mammalian
hosts. Experimental studies have demonstrated

limited airborne transmission efficiency in cat-
tle, the B3.13 genotype has rarely been detected
inmigratory birds, and themajority of cases are
restricted to affected dairy or poultry premises
(47, 48). These findings suggest that this re-
mains a distinctive spillover with potential for
control (49). However, turkeys and pigs may be
colocated on dairy premises, each species may
be infected with IAV, and coinfection could re-
sult in reassortment and the emergence of new
strains with elevated zoonotic potential (50, 51).
Monitoring of cattle and other agricultural ani-
mals will inform future risk assessments (52)
and provide an early warning for whether this
interspecies transmission event and dissemina-
tion of the viruses represents a future threat to
human health.
In countries with endemic HPAI H5N1 in

poultry, there may be low levels of immunity
against H5N1 viruses (53–55), but there is no
evidence for this in the US. This is concerning
because the immunological landscape in hu-
mans affects disease severity (56), and clade
2.3.4.4b B3.13 virus have demonstrated the
capacity to cross the species barrier (10). The
existing prepandemic candidate vaccine vi-
ruses (CVVs) do retain cross-reactivity with

currently circulating clade 2.3.4.4b HPAI H5N1
(57). These CVVs are coordinated and shared
among the WHO Global Influenza Surveillance
and Response Network for use by academic,
government, and industry partners for R&D
(53–55, 58, 59). However, recent viruses col-
lected in the US had reduced reactivity with
the A/Astrakhan/3212/2020 CVV, and on the
basis of these data and other genetic and
epidemiologic measures, a new clade 2.3.4.4b
CVV has been proposed (57). An outbreak of
HPAI H5N1 B3.13 genotype in humansmay be
detected—given passive (60) and active sur-
veillance at human-animal interfaces (9)—and
minimized through deployable medical coun-
termeasures (9). However, preemptive control
of animal IAV in wild and domestic popula-
tions before zoonoses is ideal. Testing of cattle
before movement between states will reduce
HPAI H5N1 dissemination (61). In addition,
control strategies may be refined through pas-
sive IAV surveillance of cattle, swine, and
wild birds, alongside a National Milk Testing
Strategy to identify IAV transmission hotspots
(62, 63). AfterHPAI detection, poultry locations
are depopulated and other farm locations can
implement enhanced biosecurity efforts to con-
trol wild birds on premises, reduce shared per-
sonnel and equipment between locations, apply
vaccine interventions to target circulating diver-
sity (64), anddecreasemixed-species farming (35).
In this study, we suggest that the B3.13

genotype had limited local circulation for >4
months. This suggests a lack of surveillance for
IAV in nontarget hosts and wildlife species,
reducing the potential to detect and subse-
quently control new viruses before zoonotic
transmission. This problem may be rectified
through surveillance strategies derived from
alternate sample types (e.g., wastewater, bulk
milk) alongside better support for passive sur-
veillance of wild mammals and birds. This
information will enable detection and iden-
tification of outbreak sources and provide
the data necessary to monitor virus spread
and evolution. Additionally, although genomic
surveillance has increased (65), there has not
been a concomitant increase in the number
of phenotypically characterized animal IAV or
ecological studies that systematically describe
features associated with IAV interspecies trans-
mission. This deficiency is highlighted by our
detection of hundreds of reassorted IAVs, yet we
are unable to determine whether these viruses
possess altered attributes. Ideally, we can share
and link genomic surveillance data with phe-
notypic data to facilitate the identification of
IAV for characterization and risk assessment
(59). More generally, our study demonstrates
that IAV is a transboundary pathogen that re-
quires coordination across regulatory agencies
and between animal and public health organ-
izations to improve the health of hosts and re-
duce pandemic risk.

Table 1. Sequence variants detected in sites within H5N1 2.3.4.4b strains isolated in cattle
that have been associated with host adaptation and virulence. Raw read data from cattle
samples were processed, and high- and low-frequency single-nucleotide variants (SNVs) were
identified relative to the most recent common ancestor of the phylogenetic group in this study. The
SNVs that induced a coding region change were screened against a database of positions associated
with functional change, with a relevant selection shown here. The number of cattle samples with the
SNVs were enumerated: The first number represents data from March and April 2024, and the number
in parentheses represents data from April to October 2024. The mean allele frequency was calculated,
the presence of the mutation within the consensus gene sequence was determined, and the variants
detected at low frequencies were counted. Single-letter abbreviations for the amino acid residues are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. adapt., adaptation; resist., resistance.

Gene
Coding-region

change
Functional

type
Cattle with
variant (no.)

Mean allele
frequency

Consensus
sequence

Low-frequency
variants

HA E91K Mammal adapt. 1 (1) 0.05 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA S137F Mammal adapt. 1 (1) 0.376 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA Q154R Pathogenicity 5 (9) 0.013 0 6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA N209T Mammal adapt. 1 (3) 0.012 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA Q234K/R Virulence 8 (32) 0.039 0 9
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA G240R Mammal adapt. 1 (1) 0.025 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA S336N Virulence 18 (245) 0.892 15 2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

HA P337L Virulence 8 (21) 0.715 5 2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

MP R77K Virulence 1 (7) 0.006 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

NA T438A/I Antiviral resist. 3 (9) 0.627 2 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

NA R430K Mammal adapt. 1 (82) 0.130 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

NS D125N/G Virulence 27 (20) 0.873 24 3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

NS E229K Virulence 21 (85) 0.999 18 0
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PB2 R389K/G Mammal adapt. 2 (5) 0.012 0 2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PB2 E627K Virulence/adapt. 1 (12) 0.329 0 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

PB2 D701N Virulence 2 (3) 0.015 0 2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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Materials and methods
Sample isolation, whole genome sequencing
and assembly
IAV extraction and reverse transcription real-
time PCR (RT-rtPCR) were performed at the
NAHLN member labs and the US Department
of Agriculture (USDA), NVSL, according to the
standard operating procedures (3). Influenza
A virus RNA from samples was amplified (66)
and after amplification was completed, we gen-
erated cDNA libraries for iSeq by using the
Illumina DNA Sample Preparation Kit, (M)
Tagmentation (Illumina, https://www.illumina.
com) and the 300-cycle iSeq Reagent Kit v2
(Illumina) according to manufacturer instruc-
tions. We performed reference guided assem-
bly of genome sequences using IRMA v1.1.4
(67). We generated 237 whole genomes col-
lected between 7March 2024 and 3 April 2024
(10 samples did not have sufficient depth for
the SNV analysis). We subsequently analyzed
public data from4April 2024 to29October 2024
to confirm initial patterns; this information en-
compass an additional 1250 whole genomes.
All raw read data are provided within the NCBI
Sequence Read Archive with consensus genomes
assembled and submitted to NCBI GenBank.
Data and code used in this manuscript are ar-
chived at a GitHub repository (37).

Field epidemiological investigations

Dairy herds were identified following reporting
of clinically sick cattle to local animal health
officials and confirmatory testing at theUSDA,
NVSL. Following confirmation of a positive
detection of HPAI H5N1, information was
collected by the administration of the USDA
Dairy Cattle Emerging Health Event: Epide-
miological Questionnaire (35, 36). Completion
of this document was voluntary and reliant
upon the operation and the willingness of the
producer. Information included details on ani-
mal movements, status and source of animals
on the farm, handling of waste milk, manure
disposition, the presence of other animal spe-
cies on the premise, whether locations shared
personnel and equipment, the number of visi-
tors to an operation, and whether the location
had observed wild bird mortality. The focus of
these investigations was to identify potential
transmission routes for pathogen spread be-
tween affected dairy premises and affected
poultry premises (35, 36). We also determined
putative transmission routes through an anal-
ysis of SNPs in the clade 2.3.4.4b consensus
sequences that were collected from each cattle
or poultry location. SNPs were annotated and
compared using a pipeline called vSNP (68).
The pipeline infers phylogenetic trees using
RAxML (69) and generates tables of SNPs re-
lative to a reference composed of two North
American wild bird origin segments (PB2, NP)
and six segments from a H5N1 clade 2.3.4.4b
clade virus. Epidemiological data from the

questionnaires were paired with the genomic
data to determine viral genome sequence sim-
ilarity and to identify links between premises.
Linkswere grouped as animal links, non-animal
links that included movement distinct from
cattle or poultry (e.g., shared farm personnel),
and genomic epidemiological links derived from
the vSNP analysis (Fig. 1, fig. S1, and data S2).

Data sources and curation for Bayesian
phylodynamic analyses

To generate a reference dataset of relevant HPAI
H5N1 strains, we queried Global Initiative on
Sharing All Influenza Data (GISAID) (67) for
all H5 genomes with eight complete gene seg-
ments available collected between the dates of
1 January 2020 and 29 March 2024 in the US.
This query provided 23,322 sequences from
2915 genomes: we extracted the HA gene se-
quence and aligned the data using MAFFT
v7.526 (70) with default parameters. We subs-
equently inferred a maximum likelihood phy-
logenetic tree with IQ-Tree v2.2.2 (71) following
automatic model selection (72). Based on this
tree, we classified all data using a custom py-
thon clade identifier called GenoFLU (https://
github.com/USDA-VS/GenoFLU) and filtered
the data to only those strains from the HPAI
clade 2.3.4.4b. We then removed identical HA
sequences, ensuring that we retained the cat-
tle strains that had been published in GISAID
and the associated human case (A/Texas/37/
2024, GISAID accession EPI_ISL_19027114).
This process resulted in a reference gene data-
set of 1393 strains. For computational effici-
ency, these were subsampled using smot v.1.0.0
(73) maintaining representation by sampling
20% of the tips within each monophyletic clade
based on anHAgene phylogeny inferred using
FastTree v2.1.11 (74). To complement and pro-
vide support for Bayesian phylogenetic analy-
ses, we used the resultant dataset of n = 964
strains in maximum likelihood phylogenetic
analyses. For these, we inferred the ancestral
sequences of North American 2.3.4.4b strains
for each gene segment by using a maximum
likelihood tree inferred using IQ-Tree v.2.2.2
for each gene segment as input for TreeTime
v0.9.4 ancestral reconstruction functionality.
The ancestral sequences were reconstructed at
the deepest nodes on each gene tree that com-
prised at least 99% of all strains in the sub-
sampled dataset.

Bayesian evolutionary inference
and discrete phylogeography

We estimated when HPAI H5N1 clade 2.3.4.4b
were introduced into dairy cattle under a Bayes-
ian framework in BEAST v.1.10.4 (75) with the
BEAGLE library (76). For this analysis, we
began with the representative dataset of n =
964 strains, maintained all sequences asso-
ciated with the dairy cattle clade, and randomly
sampled taxa outside of thismonophyletic group,

resulting in an alignedHAdataset ofn= 587HA
genes. We implemented a generalized time re-
versible (GTR) nucleotide substitution model
(77) with gamma-distributed site heterogene-
ity (78), an uncorrelated relaxed clock with
lognormal distribution (79), and a Gaussian
Markov random field (GMRF) Bayesian skyride
with time aware-smoothing for the coalescent
model (80). We conducted 10 independent
Markov chain Monte Carlo (MCMC) sampling
runs with 50 million iterations with sampling
every 5000 iterations. A similar process was
conducted on the remaining seven IAV gene
segments: we began with the representative
dataset of n = 964 strains, maintained all
sequences associated with the dairy cattle
clade, and randomly sampled taxa outside of
this monophyletic group with a goal to have
aligned datasets of n ~750 for each gene. For
these seven genes, we implemented a GTR nu-
cleotide substitution model (77) with gamma-
distributed site heterogeneity (78), a strict
molecular clock, and a GMRF Bayesian skyride
with time aware-smoothing for the coalescent
model. For these seven genes, we ran five
MCMC chains for 50 million iterations each,
sampling parameters and trees every 5000
iterations. The results were analyzed using the
GMRF skyride reconstruction in Tracer v1.7.2
(81), convergence and mixing was assessed, and
runs were combined to ensure an effective
sample size of more than 200. A time-scaled
maximum clade credibility (MCC) tree was
generated using TreeAnnotator v1.8.4 using
median node heights and ~20% burn-in (75).
Dates of time to the most recent common
ancestor (TMRCA) were inferred from the
nodes between clades, using the 95% HPD as
the range of uncertainty. The TMRCA dates
inferred from the Bayesian analyses in BEAST
were supported through a phylogenomic an-
alysis on concatenated gene segments and gene
segment analyses using the TreeTime suite (82).
To reconstruct the spatial diffusion of the

H5N1 virus across states within the US and dif-
ferent hosts (poultry, wild bird, cattle, mammal,
domestic mammal, and humans), we applied
an asymmetric discrete-trait phylogeographic
analyses with Bayesian stochastic search var-
iable selection, a strict molecular clock, and an
exponential growth model in BEAST v.1.10.4
(75). We conducted this analysis on the sub-
sampled and aligned HA dataset and the ex-
tracted monophyletic clade of cattle HA clade
2.3.4.4b genes with any host category (host) or
cattle only (location). In this approach, each
HA gene had a US state and host group desig-
nated as a trait, and transitions from one cat-
egory to another (e.g. fromTexas toNewMexico)
were inferred along the internal branches rep-
resenting the evolutionary history of the vi-
rus. These transitions are termed Markov
jumps and state change counts for the HA
clade trait were reconstructed in BEAST v1.10.4.
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We conducted 5 independent MCMC chains
with 50million iterations with sampling every
5000 iterations. Convergence and mixing was
assessed in Tracer v1.7.2, as described above,
and runswere combined to ensure an effective
sampling size of more than 200. We used the
resulting posterior trees to provide estimates
of the ancestral region and host for each in-
ternal node. We then used SpreaD3 v.0.9.6 (83)
to estimate the Bayes Factor (BF) from the es-
timated state transition rates and used these
as statistical support for spatial movements: we
imposed thresholds used in previously pub-
lished studies, i.e., a definitive spatial move-
ment had a BF > 100, sufficient evidence was
assessed as 100 > BF > 3 (1, 84).

Reassortment analyses

We assembled a separate dataset for reassort-
ment analysis that comprehensively included all
H5N1 whole genomes collected from January
2020 to 19 April 2024 through downloading n =
27,177 HPAI H5N1 gene sequences fromGISAID
[accessed 19 April 2024] (85). This search in-
cluded all data from North America, and we
maintained only those strains with complete
sequences for each of the eight gene segments,
resulting inn=2893whole genomes.Wemerged
these data with the assembled whole genomes
from our study and generated alignments for
each gene usingMAFFT v7.526 (70) with default
parameters. We subsequently inferred phyloge-
netic trees for each gene segment using IQ-Tree
v2.2.2 (86) under the GTR model of nucleotide
substitutions with the stationary probabilities
estimated from the empirical base frequencies
and five free-rate categories (87). To identify
reassortment events on the HA phylogeny, we
applied TreeSort v.0.1.1 (42) with a maximum
molecular clock deviation parameter of 2.5.
TreeSort uses TreeTime (82) to estimate the
substitution rates for each gene segment and
identifies branches on a tree with a high sig-
nal of reassortment. We then removed n = 35
strains that were molecular clock outliers in the
HAgene andwere not related to the outbreak in
dairy cattle and repeated the TreeSort analysis.

Phylogenomic analyses over concatenated
B3.13 genomes

We concatenated the coding regions of all gene
segments into whole genome sequences for all
reassortment-free B3.13 strains from the reas-
sortment analysis above. This resulted inn=256
aligned whole genome sequences, including
n = 220 cattle strains. We inferred a phyloge-
netic tree from these sequences using an edge-
linked partition model in IQ-Tree v.2.2.2 (88),
where every partition corresponded to an in-
dividual gene segment and was associated with
a different GTR model with empirical base
frequencies and five free-rate categories. IQ-
Tree was run with ultrafast bootstrap with
1000 replicates (89). We then used the result-

ing tree topology as input to TreeTime v.0.9.4
(82) to infer a time-scaled tree of the B3.13
genomes. TreeTime was executed with an op-
tion to account for covariation in tip dates due
to shared ancestry. To validate the initial phy-
logenomic analysis, we repeated this procedure
on 29 October 2024 with an updated compre-
hensive dataset of B3.13 genomes collected up
to 29 October 2024. The updated analysis was
conducted over n = 1156 whole genomes, n =
1113 of which were cattle.

Within-host genetic diversity analysis

We developed a bioinformatics pipeline for pro-
cessing, calling SNVs, and analyzing Illumina
short read data for influenza A virus called
“Flumina” (https://github.com/flu-crew/Flumina).
The pipeline uses Python v3.10, R v4.4 (90), and
SnakeMake (68) to organize programs and script
execution. A custom Python script organizes
raw reads for SnakeMake that subsequently
executes other programs for variant calling.
The pipeline cleans the raw reads of adapter
contamination, low complexity sequences, and
other sequencing artifacts using the program
FASTP (91). IRMA v1.1.4 (67) was used on the
processed reads to generate consensus contigs
that were used for phylogenetic and phylody-
namic analyses and other summary statistics
and graphs. Following these steps, the pipeline
maps reads to an ancestral reference strain (34),
by indexing using BWA [bwa index -a bwtsw
function; (92)]. Then it uses SAMtools (71) to
create an fai index with the faidx function
and generate a sequence dictionary for GATK
v4.4 (93) using the CreateSequenceDictionary
function.
For calling of high frequency SNVs, we used

GATK v4.4 (93) following best practices for
discovering and calling SNVs (94). The pipe-
line processes the cleaned reads through the
GATK4 functions FastqToSam, RevertSam, and
AddorReplaceReadGroups. Next, the BAM of the
reads are converted back to Fastq andmapped
with BWA using the function bwa mem -M.
The mapped reads BAM file are merged with
the unmapped reads BAM, and duplicate
reads are marked after sorting the BAM file
by coordinate with the functions SortSam and
MarkDuplicates. Finally, HaplotypeCaller is
used (parameters: -ERCGVCF -ploidy 1) to call
haplotypes, and GenotypeGVCFs is used to geno-
type the sample. Specific variants were selected
using the SelectVariants function for the SNP
type of variant. Using VariantFiltration, a fil-
tered set of variants were created by applying
the following filters: Qual < 30 (Quality), QD < 2
(Quality by Depth), SOR < 3 (StrandOddsRatio),
FS < 60 (FisherStrand), MQ < 40 (MapQuality),
MQRankSum<12.5 (MapQualityRankSumTest),
andReadPosRankSum<8(ReadPosRankSumTest).
To call low frequency SNVs, the programLoFreq
(95) was applied, with the similar preprocessing
steps where the same BAM was used as input

from HaplotypeCaller. A database was gener-
ated using the Sequence Feature Variant Types
tool from the Influenza Research Database (45)
for all eight genes, and SNVs associated with
nonsynonymous changes in each gene were
screened to determine whether these had pre-
viously been associatedwith phenotypic change.
The numbering in this database uses the full
coding region for each gene segment and H5
numbering for the HA gene (96). In the NA
gene, amino acid changes in the stalk region
were excluded due to uncertainty on pheno-
type impact. To estimate genome-wide esti-
mates of natural selection, we used the program
SNPGenie on the VCF files (97).

Inference of B3.13 transmission chains
in dairy cattle

Inference of transmission chains between hosts,
sampled diversity, sampling time, and genera-
tion time were estimated from the temporally
scaled genome tree using the TransPhylo R
package (98, 99). As input, we used the B3.13
tree generated in the phylogenomic analysis.
Multifurcations in the tree were suppressed to
bifurcations and all edge weights were rounded
to at least 1 × 10−9. The prior generation time
and sampling density were gamma-distributed
parameters extracted from published studies
(75, 76) resulting in a mean of 5 days (100, 101)
and a variance of 2 days. We adapted protocol
3 (99) ensuring an Effective Sample Size (ESS)
>200 at the end of the simulations. TheMCMC
simulations were run for 1 × 107 iterations,
discarding the first 5% as burn-in. After the
simulations converged, the medoid tree from
the posterior set of inferred trees was used as
the final inferred transmission tree. Transmis-
sions of HPAIV from host to host (e.g., wild bird
to cattle) were inferred by TransPhylo (75, 76)
and the distribution of incident cases (sam-
pled and unsampled) was generated by adapt-
ing protocol 4 (fig. S8) (99).
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