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Abstract 
Reassortment among influenza A viruses (IAV) facilitates evolution and has been associated with interspecies transmission and pandemics. We 
introduce a novel tool called TreeSort that accurately identifies recent and ancestral reassortment events on datasets with thousands of IAV whole 
genomes. TreeSort uses the phylogeny of a selected IAV segment as a reference and finds the branches on the phylogeny where reassortment has 
occurred with high probability. The tool reports the particular gene segments that were involved in reassortment and how different they are from 
prior gene pairings. Using TreeSort, we studied reassortment patterns of different IAV subtypes isolated in avian, swine, and human hosts. Avian 
IAV demonstrated more reassortment than human and swine IAV, with the avian H7 subtype displaying the most frequent reassortment. 
Reassortment in the swine and human H3 subtypes was more frequent than in the swine and human H1 subtypes, respectively. The highly 
pathogenic avian influenza H5N1 clade 2.3.4.4b had elevated reassortment rates in the 2020 to 2023 period; however, the surface protein-encoding 
genes (HA, NA, and MP) co-evolved together with almost no reassortment among these genes. We observed similar co-evolutionary patterns with 
very low rates of reassortment among the surface proteins for the human H1 and H3 lineages, suggesting that strong co-evolution and preferential 
pairings among surface proteins are a consequence of high viral fitness. Our algorithm enables real-time tracking of IAV reassortment within and 
across different hosts and can identify novel viruses for pandemic risk assessment. TreeSort is available at https://github.com/flu-crew/TreeSort.
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Introduction
Reassortment is an evolutionary mechanism of segmented vi
ruses, such as influenza A virus (IAV), that generates new gene 
combinations with the potential to exhibit novel phenotypes 
(Steel and Lowen 2014; Lowen 2017). A successful reassort
ment event produces viral progeny with mixed gene combina
tions from two or more parental viruses (McDonald et al. 
2016). In IAV, there are 16 hemagglutinin (HA) subtypes 
and 11 neuraminidase (NA) subtypes detected in a range of 
wild bird hosts (Wille and Holmes 2020). Though there are 
fewer subtypes detected in other hosts, e.g. human and swine 
IAV are currently restricted to H1N1, H1N2, and H3N2 sub
types, reassortment between and within subtypes constantly 
creates new genotypes that can affect evolutionary trajectories 
and phenotypes (Villa and Lässig 2017; Hufnagel et al. 2023; 
Thomas et al. 2024). More broadly, the process of reassort
ment is critical to quantify: pandemic IAV emerged in 1957 
with H2N2, 1968 with H3N2, and 2009 with H1N1pdm09 
(Lindstrom et al. 2004; Smith et al. 2009; Mena et al. 2016) 
as the result of reassortment in non-human hosts.

Advances in genomic surveillance have resulted in more 
than 210,000 IAV whole-genome sequences available in the 
public domain from human, swine, and avian hosts, with ap
proximately 20, 000 new genomic sequences each year (Shu 
and McCauley 2017). These data provide a unique opportun
ity to trace the genomic evolution of IAV, identify major reas
sortment events, and determine how reassortment may impact 
the propensity for IAV to cross host species boundaries. 
However, despite many previous attempts to tackle reassort
ment inference (Macken et al. 2006; Rabadan et al. 2008; 

Yurovsky and Moret 2010; Nagarajan and Kingsford 2011; 
Müller et al. 2020; Barrat-Charlaix et al. 2022; Markin 
et al. 2022), there are no existing approaches that can accur
ately infer reassortment on datasets with thousands or tens 
of thousands of whole-genome sequences.

To overcome this, we introduce TreeSort, a fast and accurate 
method that uses a rigorous statistical framework to identify 
both recent and ancestral reassortment events. TreeSort lever
ages the molecular clock signal in the evolution of individual 
IAV segments to accurately identify reassortment along the 
branches of a user-selected segment phylogeny (see Fig. 1a–b). 
For example, by selecting the evolution of the HA gene as the 
backbone, TreeSort can identify putative reassortment events be
tween the HA and all other gene segments. Additionally, 
TreeSort estimates the underlying reassortment rate for a given 
IAV dataset. The reassortment rate is the expected number of re
assortment events per year as we trace back the ancestral lineage 
of a single sampled virus strain. In simulation studies, we demon
strated that the accuracy of TreeSort is higher than 90% on aver
age, and it increased with an increase in the sampling density 
(Fig. 1c). We compared TreeSort against other popular reassort
ment detection methods, CoalRe (Müller et al. 2020) and 
TreeKnit (Barrat-Charlaix et al. 2022). We demonstrated that 
TreeSort outperformed the other methods in both the accuracy 
of reassortment detection and runtime on larger datasets with 
high sampling density (Fig. 2).

Using TreeSort’s ability to accurately estimate reassortment 
rates on different datasets, we compared reassortment rates 
across the major avian, swine, and human IAV HA subtypes. 
We found that avian IAV generally displayed higher 
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(a) (b)

(c) (d)

FIG. 1. TreeSort overview and accuracy in reassortment history reconstruction and reassortment rate estimation. a) TreeSort uses a statistical hypothesis 
test to infer reassortment events along the branches of a fixed gene phylogeny. b) An example of output provided by TreeSort: the red circles indicate the 
tips of branches where reassortment has occurred, and the annotations indicate the new gene segments that the virus acquired on that branch. For 
example, PB2(136) indicates that a new PB2 segment was acquired and was at least 136 nucleotides different from the ancestral PB2 prior to 
reassortment. c) The precision and recall of TreeSort increases with the increase in the sampling density in the data. Precision indicates whether the 
reassortment events reported by TreeSort were accurate, and recall indicates how many of the reassortment events detected by TreeSort were true. 
d) The accuracy of reassortment rate estimation by TreeSort relative to the true rate. The average and median estimated reassortment rates converged 
within 10% of the true rate for higher-density datasets with over 1,500 strains. Partailly created with BioRender.com.

(a) (b) (c)

FIG. 2. The accuracy of three reassortment detection tools, TreeSort, TreeKnit, and CoalRe, on simulated data with varying underlying reassortment rates 
and sampling regimes. The accuracy was measured using the F1 score that combines precision and recall metrics. a) The accuracy of all three methods for 
n = 1,000 strains across variable reassortment rates. b)–c) The accuracy of the two methods (TreeSort and TreeKnit) that are applicable on larger datasets 
with increasing sampling density and reassortment rates of 0.1 and 0.5 on panels b and c, respectively.
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reassortment rates than swine and human IAV, with the 
H7Nx and H5Nx avian lineages undergoing more reassort
ment than any other lineage from our analysis. We also con
ducted an analysis of reassortment in the highly pathogenic 
avian influenza (HPAI) H5Nx clade 2.3.4.4b viruses. This 
clade has recently undergone global dissemination and is asso
ciated with numerous spillovers into mammals (Puryear et al. 
2023; Agüero et al. 2023; Domańska-Blicharz et al. 2023; 
Leguia et al. 2023; Nguyen et al. 2025). We demonstrate 
that this clade underwent very high rates of reassortment, ap
proximately three reassortment events over 4 years for each in
dividual strain, between 2020 and 2023. Most of the 
reassortment events involved the PB2 and/or the NP gene seg
ments, and there was almost no reassortment between the HA 
and the NA or MP segments, suggesting that there were strong 
evolutionary pressures for the surface proteins to co-evolve to
gether throughout this global outbreak.

Results
TreeSort Demonstrated High Accuracy in 
Reassortment Inference
First, we briefly describe TreeSort and demonstrate its accur
acy and efficiency in simulated IAV data. The formal descrip
tion of the tool is presented within the Materials and Methods 
section.

Given the genetic sequences for each genomic segment of the 
virus, TreeSort requires one of the segments to be designated as 
a reference. TreeSort uses the phylogenetic tree estimated for 
the reference segment as the evolutionary hypothesis for the oth
er genomic segments. The tool tests whether the observed genetic 
distance between two strains or two clades matches the expected 
genetic distance under the null hypothesis of no reassortment 
(Fig. 1a). When the null hypothesis is rejected, TreeSort infers a 
reassortment event and then refines the exact location of the re
assortment using neighboring clades and strains.

TreeSort showed high accuracy in simulation studies with a 
credible model of IAV evolution (Fig. 1c). Accuracy increased 
with an increase in the sampling density of the genomic data 
with precision close to or exceeding 95% on datasets with 
2,000 or more strains (median branch length below two sub
stitutions per branch) and a fixed reassortment rate ρ = 0.1. 
Note that the median branch length reflects the sampling 
density, i.e. lower branch lengths indicate higher sampling 
density (supplementary fig. S1, Supplementary Material on
line). TreeSort’s recall, i.e. the percentage of true reassort
ment events recovered by the tool, increased from 
approximately 80% on datasets with 500 strains to 95% on 
datasets with 5,000 strains.

Additionally, we studied the ability of TreeSort to estimate the 
reassortment rate: specifically, the tool quantifies the frequency 
of reassortment in the dataset per ancestral lineage per year 
(see Methods for the formal definition). Note that here and 
throughout the Results section, we refer to the ρ̂2 estimate of 
the reassortment rate (see Materials and Methods). TreeSort re
covered the true reassortment rate within the 10% error margin 
on datasets with 1,500 or more strains and within the 5% error 
margin on datasets with 3,500 or more strains (Fig. 1d). The 
average reassortment rate estimated across multiple replicates 
by TreeSort was within 20% of the true rate under all sampling 
density regimes. In practice, we recommend estimating the reas
sortment rate multiple times and taking the average across rep
licates for a more robust rate estimation.

We compared the performance of TreeSort with two other 
reassortment detection methods: CoalRe and TreeKnit. 
CoalRe is a Bayesian reassortment network inference ap
proach implemented in BEAST 2 (Müller et al. 2020), and 
TreeKnit is a topology-based network inference approach 
that implements the concept of maximally compatible clades 
(Barrat-Charlaix et al. 2022). TreeSort was the most accurate 
method on datasets with at least 1,000 strains across a range 
of simulation conditions (Fig. 2). All three methods decreased 
in accuracy as the reassortment rate (ρ) increased, but TreeSort 
decreased the least from the median accuracy of 90% for ρ = 
0.1 to 80% for ρ = 0.5 (Fig. 2a). The accuracy of TreeSort 
and TreeKnit improved as the number of strains and the sam
pling density increased (Fig. 2b–c). TreeSort displayed 90% ac
curacy on datasets with 5,000 strains, even for simulations 
under the high reassortment rate of ρ = 0.5. CoalRe was mar
ginally more accurate than TreeSort on smaller datasets with 
up to 400 strains (supplementary fig. S2, Supplementary 
Material online), but its accuracy quickly decreased on larger 
datasets due to the lack of convergence of the Bayesian 
estimation.

TreeSort was the fastest of the three methods 
(supplementary fig. S3, Supplementary Material online). 
TreeSort’s runtime scaled linearly as the number of strains in
creased, rendering our method applicable to very large data
sets with hundreds of thousands of strains. CoalRe was the 
slowest of the three methods taking approximately 20 h for 
a 5,000,000 Markov chain length estimation on datasets 
with 1,000 strains.

Avian IAV Had a Higher Reassortment Rate Relative 
to Human and Swine IAVs
We applied TreeSort to estimate reassortment rates in differ
ent HA subtypes endemic to avian, swine, and human hosts 
using public whole-genome data collected between 2010 and 
2023. Avian IAV generally had more reassortment than hu
man and swine lineages, with the avian H7 subtype displaying 
the highest reassortment rates among the compared HA sub
types (Fig. 3a). The avian H7 subtype had around 0.6 reassort
ment events per ancestral lineage per year, almost 2-fold 
higher than any other HA subtype analyzed in our study. 
Avian H5 displayed the next highest reassortment rate of 0.3 
events per ancestral lineage per year. The reassortment rates 
in the swine subtypes were higher than those in the human 
subtypes—0.1 average rate across the swine H1 and H3 and 
0.07 across the human H1 and H3. Notably, reassortment 
in the swine H3 subtype was more frequent than in the swine 
H1 subtype. Similarly, there was more reassortment in the hu
man H3 subtype when compared to human H1s, consistent 
with previous studies (Müller et al. 2020). However, the dif
ference between the human H3 and H1 lineages was not sig
nificant: a reassortment rate of 0.08 for H3 compared to 
0.07 for the H1. Note that a reassortment rate of, e.g. 0.5 cor
responds to one reassortment event every 2 years for each in
dividual strain (on average).

To address whether variation in reassortment rate within an 
IAV subtype was associated with host or virus factors, we 
quantified the genetic diversity of each gene segment and gen
erated a measure of host breadth (supplementary fig. S4, 
Supplementary Material online). This analysis demonstrated 
a limited association between host and genetic factors and in
ferred reassortment rate. While there was a small positive cor
relation between the number of infected host species and the 
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reassortment rate across the avian subtypes, this may be an 
artifact associated with a limited number of observations. 
For example, this association did not hold for H5 and H7 
IAVs. While H5 IAVs had a broader host range than H7 
IAVs, the reassortment rate was significantly higher for H7 vi
ruses than for H5 viruses. Similarly, swine H1 IAVs displayed 
the highest genomic diversity across all compared subtypes, 
but these viruses had a relatively low reassortment rate. 
These observations do demonstrate variation across diversity 
measures and suggest that a more systematic study could re
veal whether genetic and host factors affect reassortment 
rate and, subsequently, virus persistence and fitness (Villa 
and Lässig 2017).

Reassortment Patterns and Preferential Gene 
Pairings Varied Between Hosts and Subtypes
Linkage between different gene segments can affect how fre
quently reassortment occurs between those segments. Here, 
we studied the reassortment patterns relative to the HA gene 
across the avian, swine, and human HA subtypes (Fig. 3b). 
For most of the subtypes, the MP segments reassorted least rela
tive to the HA, suggesting evolutionary constraints on these two 
genes to co-evolve. For avian-H5, swine-H3, human-H1, and 

human-H3, we also demonstrate relatively low reassortment 
rates of NA relative to the HA, suggesting that HA–NA balance 
plays an important role in the evolution of these surface pro
teins as previously reported (Gaymard et al. 2016; de Vries 
et al. 2020). The HA–NA reassortment rates were particularly 
low in the human IAV subtypes. In contrast, the avian-H3 
and avian-H6 lineages had very high rates of HA–NA reassort
ment, suggesting that the HA–NA balance may not be as im
portant to the fitness and evolution of IAV in those subtypes. 
Generally, the HA–PB2 pair was the most permissive for reas
sortment, and the reassortment of PB2 relative to a fixed HA 
was particularly frequent in the avian-H5 and human IAVs.

Changes in Reassortment Patterns of the H5 Clade 
2.3.4.4b Avian IAV After 2020
The H5 2.3.4.4b avian HPAI clade was first detected around 
2010 and circulated in Eurasia primarily paired with N6 or 
N8 neuraminidase. In late 2020, a novel H5N1 2.3.4.4b virus 
emerged and disseminated globally in a panzootic outbreak 
(Lewis et al. 2021; Youk et al. 2023). This shift to N1 in 2020 
and a subsequent panzootic have occurred in conjunction with 
an increased reassortment rate—0.72 reassortment events per 
ancestral lineage per year after 2020 and 0.44 prior to 2020 

(a)

(b)

FIG. 3. IAV reassortment patterns by host and HA subtype. a) Reassortment rates were expressed as the expected number of reassortment events per 
ancestral lineage per year and estimated by TreeSort on whole-genome data for each host and HA subtype. Here, e.g. “H5” implies analysis over the 
H5Nx genomes. A reassortment rate of 0.5 suggests that a single virus has roughly a 50% probability of reassortment, on average, over the course of a 
year. b) Relative reassortment rates between the HA and the other gene segments for each lineage. The rates were normalized to be between 0 and 1, 
with 1 indicating the highest reassortment rate across the seven gene segments.
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(Fig. 4). Additionally, there were differences in the number of 
nucleotide changes induced by the reassortment events. During 
the 2020 to 2023 period, the genetic divergence between reas
sorting PB2, PB1, PA, and NP segments and the segments that 
they replaced was greater than the genetic divergence of those re
assorting in the prior period (2010 to 2020) (see supplementary 
fig. S5, Supplementary Material online). This shift is likely due to 
the spread of the virus to the Americas in 2021 (Caliendo et al. 
2022; Jimenez-Bluhm et al. 2023) and extensive reassortment 
with the local low pathogenic avian influenza viruses (Youk 
et al. 2023). Additionally, the post-2020 period was associated 
with increased substitution rates across all eight segments 
(supplementary table S1, Supplementary Material online).

Further, we observed a significant shift in the segment-wise 
reassortment frequency between the pre-2020 and the 
post-2020 periods (Fig. 4b). The reassortment patterns for 
the H5N1 2020 to 2023 period were similar to the human 
H1 and H3 patterns seen in Fig. 3b. In all three cases, the high
est reassortment frequency occurred between HA and PB2, 
with almost no reassortment between HA and NA or between 
HA and MP. The major difference between the H5N1 and hu
man IAVs was a high HA–NP reassortment frequency for the 
H5N1 IAVs during the period of 2020 to 2023. We hypothe
size that low reassortment rates and strong preferential pair
ings among the surface protein-encoding genes, HA, NA, 
and MP, are indicators of high virus fitness.

Discussion
Tracking and assessment of IAV evolution in real time is crit
ical for animal and human health, and reassortment is a key 

contributor to IAV evolution. Although many reassortment 
events in IAV may have deleterious or neutral effects (Villa 
and Lässig 2017), others can modify transmission efficiency 
(Thomas et al. 2024) or increase virus fitness through enabling 
escape from immune recognition (McDonald et al. 2016; Villa 
and Lässig 2017; Li et al. 2021). Consequently, algorithms 
that can efficiently identify novel reassortant viruses are neces
sary to inform the prioritization of viral strains for phenotypic 
characterization. TreeSort is well suited to these analyses. It 
can track the evolution of IAV on the whole-genome level 
with accuracy and efficiency (Fig. 1). Additionally, it can iden
tify lineages with unusually high or low rates of reassortment 
and detect evidence of preferential gene pairings. Novel reas
sortant strains and genotypes identified by TreeSort can be se
lected for experimental investigations of the impact of 
reassortment on virus phenotype.

We capitalized on the computational efficiency and accur
acy of TreeSort to analyze reassortment in whole-genome da
tasets from large-scale surveillance systems of IAV in human, 
swine, and avian host species, and across the major endemic 
subtypes for each host group. Prior research has demonstrated 
reassortment rates that were associated with host type 
(wild vs. domestic) (Lu et al. 2014). Our analyses indicate a 
clear host effect on the overall reassortment rate (Fig. 3). 
Reassortment rates in human hosts were lower than in swine 
hosts, which were, in turn, lower than in avian hosts. Avian 
hosts of IAV are highly heterogeneous, including, for example, 
aquatic, passerine, predatory, and poultry species. IAV from 
this wide range of host species provides a highly diverse sub
strate for reassortment; similar to a force of infection calcula
tion, more genomic diversity leads to more reassortment. 

(a)

(b)

FIG. 4. The HA phylogeny split into two parts a) and a comparison of the reassortment rates and reassortment patterns b) in the HPAI H5Nx clade 2.3.4.4b 
before the N1 reassortment in late 2020 and global dissemination (blue) and after this major reassortment event (red). The nodes on the phylogeny 
highlighted with blue circles represent the inferred reassortment events. The reassortment rate is expressed as the number of reassortment events per 
ancestral lineage per year.
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Estimates of avian IAV reassortment rates range from 0.18 to 
0.61 events per ancestral lineage per year (Fig. 3a). 
Interestingly, the two subtypes that harbor highly pathogenic 
avian IAV, H5 and H7, displayed the highest reassortment 
rates. In an early study of reassortment of the replication com
plex (PB2, PB1, PA, and NP) among mixed subtypes of avian 
IAV, a conservative estimate of the probability that a segment 
would not reassort in 1 year was 0.95 (Macken et al. 2006), 
which equates to a probability 0.26 that at least one segment 
reassorts in a year assuming that six segments are available to 
reassort (omitting the possibility of MP reassorting, which is 
quite low in all subtypes studied here except H9). This prob
ability is comparable to the rate of reassortment calculated 
here for all except H7 viruses, which exhibited the highest re
assortment rate in our study.

Rates of segment-specific reassortment during the HA evo
lution vary across host-subtype groups (Fig. 3). Within swine 
hosts, these rates were comparable for all segments and con
sistent across H1 and H3 lineages. Within human hosts, H1 
and H3 lineages of IAV had the same pattern of significantly 
restricted reassortment. Interestingly, although the overall re
assortment rate for swine hosts is not greatly different from the 
reassortment rate for human hosts (Fig. 3a), the reassortment 
pattern by segment differed markedly between these two hosts 
(Fig. 3b). Human H1N1 viruses (2010 to 2023) originated 
from a 2009 introduction of swine H1N1 viruses. Low relative 
rates of reassortment of NA and MP with HA in the human 
H1 lineage suggest co-evolution among the surface proteins 
in human but not swine hosts. The step change in dynamics 
may reflect the constraints on IAV evolution in the human 
host. Previous work has also studied the level of co-evolution 
among the IAV segments for human IAV (Jones et al. 2021) 
and swine IAV (Zeller et al. 2021; Hufnagel et al. 2023), but 
on significantly smaller datasets.

Further, segment-specific reassortment rates varied substan
tially within and among avian lineages (Fig. 3). MP reassorted 
infrequently, indicating co-evolution with HA for all subtypes 
except H9 (Fig. 3b). Further investigation of the H5 lineage re
vealed a step change in the reassortment process during the 
evolution of the HPAI H5 clade 2.3.4.4b viruses. The first 
phase (2010 to 2020) featured relatively unrestrained reas
sortment of the PB2, PB1, PA, and NP segments. In the second 
phase (2020 to 2023), the PA and PB1 segments showed a re
duced rate of reassortment, while the PB2 and NP segments re
tained high rates of reassortment. An earlier study of avian 
H5N1 IAV during a period of rapid evolution (2000 to 
2008) identified 47 reassortment events in a much smaller da
taset (Neumann et al. 2010). Of these 47 events, MP, NS, and 
PB1 reassorted the least (4/5 times each), followed by PB2 and 
PA (9/10 times each) and NP (15 times). This pattern shows 
similarities to that from our TreeSort analysis for the second 
phase of the H5Nx clade 2.3.4.4b evolution and together sug
gest co-adaptation pathways to achieve high fitness. The con
temporary H5N1 clade 2.3.4.4b viruses caused a panzootic 
outbreak with frequent spillovers into mammalian hosts, in
cluding the widespread infection of dairy cattle in the United 
States in 2024 (Lewis et al. 2021; Youk et al. 2023; Nguyen 
et al. 2025), a highly unusual phenotype in the history of avian 
H5 IAV infections. Though the acquisition of new PB2 and NP 
segments has an unknown impact on virus phenotype, it is 
notable that the H5N1 2.3.4.4b virus genotype that emerged 
in 2024 in dairy cattle in the United States was a reassorted 
virus with new PB2 and NP genes—the B3.13 genotype that 

emerged in wild birds a few months before the spillover into 
cattle (Nguyen et al. 2025).

Strategies for surveillance of emerging variants of concern 
have been successfully employed based on a knowledge base 
of mapping from molecular change to phenotype for 
SARS-CoV-2 and influenza viruses (Hadfield et al. 2018; 
Rambaut et al. 2020). In contrast, to the best of our knowl
edge, no strategies for surveillance of novel reassortments of 
concern have yet been developed. Little is known about the re
lationship between reassortment and phenotype. The relation
ship is likely to be complex, as it involves multiple segments 
reassorting in multiple combinations. However, by analyzing 
large datasets, TreeSort precisely identifies many reassortment 
events in the process of evolution of the HA (or any other IAV 
segment) across host species and subtypes. This generates a 
rich repertoire from which to select strains for in vitro and/ 
or in vivo experimental studies to assess how the reassorted 
genotype impacts phenotype (e.g. Lubeck et al. 1979; 
Maines et al. 2006; Li et al. 2008).

Our studies also indicated two instances in which qualita
tive changes in the dynamics of reassortment were associated 
with the emergence of a dominant lineage (human 
H1N1pdm09 and avian HPAI H5N1). We hypothesize that 
the restrictions on reassortment observed in these instances 
of the emergence of dominant phenotypes may be indicative 
of the evolution of superior fitness and could provide targets 
for surveillance of new reassortants of concern. In both cases, 
the reduction in reassortment frequency of the surface 
protein-encoding segments (HA, NA, and MP) was of particu
lar note. These observations provide a target for early-warning 
systems, where clades of viruses with the lack of HA–NA–MP 
reassortment can be flagged and studied for potentially en
hanced transmission phenotype.

TreeSort lays the foundation for reassortment inference on 
very large genomic datasets. However, future studies are ne
cessary to better understand how robust TreeSort is to vari
ation in substitution rates across segments and possible 
co-evolution among segments during reassortment events. 
Future iterations of TreeSort will incorporate more nuanced 
models of evolution, such as the uncorrelated lognormal re
laxed molecular clock model (Drummond et al. 2006), to im
prove the robustness of the method to significant swings in 
substitution rates across the segments. Integration of such 
models presents a computational challenge, and novel algo
rithms need to be developed to make such integration efficient.

Materials and Methods
Preliminaries
Consider two virus strains A and B with two gene segments de
noted A1, A2 and B1, B2, respectively. Let e1 denote the phylo
genetic distance between A1 and B1; i.e. e1 is the expected 
number of substitutions per site in segment 1 between A and 
B. Under the Jukes-Cantor (JC69) (Jukes and Cantor 1969) 
substitution model, the probability of a substitution occurring 
over “time” e1 is

p =
3
4

(1 − e−4e1/3). (1) 

Next, let h2 denote the number of differences (the Hamming 
distance) between sequences A2 and B2. If there was no reas
sortment between A and B, h2 differences must have occurred 
over time e1. Then, under the null hypothesis of no 

6                                                                                                                                     Markin et al. · https://doi.org/10.1093/molbev/msaf133
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/8/m

saf133/8227448 by U
SD

A/APH
IS/N

W
R

C
 user on 17 N

ovem
ber 2025



reassortment, h2 ∼ Binomial(p, n), where n is the number of 
sites in segment 2.

A reassortment event is an acquisition of 1 or more novel 
segments (up to 7 for IAV) relative to a fixed reference seg
ment. An ancestral lineage is the path from a leaf of a phyl
ogeny (a sampled virus) to the root (most recent common 
ancestor), and the reassortment rate is measured in terms of 
the number of reassortment events per ancestral lineage per 
year, as defined below.

The TreeSort Algorithm
TreeSort takes as an input the multiple-sequence alignments 
and inferred phylogenetic trees for each of the gene segments 
involved in the reassortment analysis. One of the segments, 
e.g. the HA gene, must be used as a reference phylogeny, 
and the reassortment events will be mapped on the branches 
of that phylogeny. Note that the reference phylogeny needs 
to be rooted, which may be achieved through software such 
as TempEst (Rambaut et al. 2016) or TreeTime (Sagulenko 
et al. 2018): other trees may be unrooted.

Estimating Substitution Rates
TreeSort estimates the substitution rates (number of substitu
tions per site per year) for each input gene segment using the 
TreeTime Python package (Sagulenko et al. 2018). We use 
TreeTime’s functions of finding an optimal root under the au
tocorrelated molecular clock model and JC69 nucleotide sub
stitution model. TreeTime detects and ignores molecular clock 
outliers. For large datasets with over 1,000 taxa, we reduced 
computational time for evolutionary rate estimation by ran
domly subsampling 1,000 taxa for each segment independent
ly and performing the TreeTime analyses on the subsampled 
data.

We denote an inferred evolutionary rate for segment S by rS.

Dynamic Algorithm for Reassortment Inference
Consider two gene segments R and Q, where R is the reference 
segment and Q is the query segment. Our goal is to map reas
sortment events between these two segments on a phylogeny 
of the reference segment R.

Let 〈R〉 = R1, . . . , Rn and 〈Q〉 = Q1, . . . , Qn denote 
(aligned) sequences for segments R and Q for n different 
strains, and TR denote a rooted maximum-likelihood phyl
ogeny for segment R. We solve the small parsimony problem 
on a tree TR relative to the alignment 〈Q〉 using Fitch’s 
algorithm (Fitch 1971) as implemented in DendroPy 4 
(Sukumaran and Holder 2010). That is, for every pair of sib
ling nodes u, v in TR, we determine the smallest number of 
substitutions that are required to explain the differences be
tween sequences in the subtrees rooted at u and v in TR, assum
ing that 〈Q〉 evolved according to tree TR in those subtrees. 
Additionally, if u and v have an aunt node x (Fig. 5a), we com
pute the parsimony distance between u and x and between v 
and x. That is, we obtain a parsimony distance for each pair 
of sibling nodes (u, v) and for each node-aunt pair (u, x). 
We denote the parsimony distance over segment Q between 
two nodes as dQ(u, v) and the original maximum likelihood 
distance in tree TR by dR(u, v).

We perform a clock-based hypothesis test to determine 
whether reassortment has occurred on the path between u 
and v. Note that if there is no reassortment on the path con
necting these two nodes, then segments R and Q have evolved 

over the same period of time, and the expected number of sub
stitutions per site for segment Q is dR(u, v) · rQ

rR
, where rQ

rR 
is the 

ratio of substitution rates between these segments.

Reassortment Test Between Nodes u and v of TR

The following hypothesis test allows us to check for reassort
ment between two nodes.

H0(u, v): no reassortment on the path between u and v. That 
is,

dQ(u, v) ∼ B(u, v) = Binomial
3
4

1 − e
−4dR(u,v)rQ

3rR

􏼒 􏼓

, q
􏼒 􏼓

, 

where q is the length of the alignment 〈Q〉.
HA(u, v): there was a reassortment event on the path be

tween nodes u and v involving an acquisition of a new segment 
Q.

We reject the null hypothesis when dQ(u, v) is in the right 
tail of the B(u, v) distribution with a P-value cutoff of 
α = 0.001. Note that this is a default cutoff value that the 
user can adjust. For simplicity, we say that u − v is reassorted 
if H0(u, v) is rejected.

The algorithm proceeds bottom-up on the reference tree TR 

to examine each pair of sibling nodes u, v and uses the above 
hypothesis test to identify reassortment events as illustrated in 
Fig. 5b. For every pair of sibling nodes u, v, and the respective 
aunt node x (if exists), the algorithm checks if u − v reassorted, 
and in that case, checks if u − x and/or v − x reassorted. Note 
that the algorithm determines either a certain reassortment 
placement or an uncertain placement as denoted by question 
marks in Fig. 5b. In case of a certain placement, the inferred 
edge gets the “query(dQ(u, v))” annotation, e.g. 
“PB2(120),” where the number in the parentheses denotes 
the lower bound on the number of substitutions between the 
old and the new query gene segments post-reassortment. In 
the case of uncertain placement, both sibling edges get the “? 
query(dQ(u, v))” annotation, e.g. “?NP(50).” TreeSort proc
esses each query segment independently and then combines 
the inferred reassortment annotations for each of the edges 
of the reference phylogeny.

Note that for a dataset with n genomes, TreeSort imple
ments the decision tree in Fig. 5b n − 1 times for each query 
segment. Therefore, to control the false-positive rate for reas
sortment detection of a segment, α0, one can set the P-value in 
TreeSort to be α0/n. e.g. for α0 = 0.01 (1%) and n = 1,000, 
P-value cutoff should be set to 0.00001.

Resolving Multifurcations for Most Parsimonious 
Reassortment Inference
TreeSort will help resolve multifurcations in the reference tree 
TR using the information from the other gene segments. This 
procedure ensures that TreeSort does not treat related reas
sortment events as independent events and results in more con
sistent reassortment rate estimates. To achieve this, prior to 
the gene-by-gene reassortment inference procedure outlined 
above, TreeSort concatenates all the query (non-reference) 
gene segments into a single alignment Qall and computes the 
averaged substitution rate rall over those segments taking 
into account the length of the query gene segments. TreeSort 
then solves the small parsimony problem on TR using the con
catenated alignment. For every node v with more than two 
children in TR, TreeSort performs the following procedure: 
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1. Randomly order the children of v.
2. Bin the child nodes into non-reassorted subtrees using the 

above reassortment test and rall as the query substitution 
rate. In particular, those non-reassorted subtrees are con
structed progressively over the ordered child nodes, with 
new children being placed on top of the appropriate sub
tree and the Fitch parsimony inference propagating to the 
new root of that subtree.

3. Merge the formed non-reassorted subtrees into a single 
caterpillar-tree structure and attach back to v.

In practice, this procedure eliminates duplicate reassortment 
events that could appear if large multifurcations are resolved 
randomly. We tested the effectiveness of the algorithm on 
the HPAI H5N1 2.3.4.4b (2020 to 2023) dataset that contains 
large multifurcations on the HA tree. In this empirical dataset, 
the HA tree contained 191 multifurcations, the largest of 
which had 257 children. Running TreeSort on a randomly re
solved HA tree by organizing the children of a multifurcated 
node into a randomly ordered caterpillar tree resulted in the 
identification of 362 reassorted segments. In contrast, the ap
proach implemented in TreeSort to resolve multifurcations re
duced the number of inferred reassorted segments to 218, and 
it achieved this by eliminating duplicate events. We validated 
this by manually inspecting the inferred reassortment events 
to confirm that there were no duplicate events due to improper 
tree resolution.

Accounting for the Deviation from the Strict Molecular Clock
As IAV segment evolution does not always adhere to a strict 
molecular clock (e.g. Worobey et al. 2014), we extend our hy
pothesis test from above to relax the clock constraints. We 
introduce a clock-deviation parameter λ ≥ 1, such that the 
substitution rate of a segment S on a particular tree branch e 

can vary in the [ 1
λ · rS, λ · rS] interval, where rS is the base 

rate estimated above. Then, in the extreme case for the 
H0(u, v) hypothesis testing, the substitution rate along the 
(u, v) path in segment R may be 1

λ rR and in segment Q, λrQ. 
That is, the maximum substitution rate for segment Q is 
dR(u, v) · rQ

rS
· λ2. Then,

B(u, v)λ = Binomial
3
4

1 − e
−4dR (u,v)rQ

3rR
λ2

􏼒 􏼓

, q
􏼒 􏼓

, 

and we adjust our hypothesis test accordingly.

Runtime Analysis
Let n be the number of strains (genomes), k be the number of 
genomic segments, and l be the average segment length in 
terms of the number of nucleotides. TreeSort first performs k 
Fitch’s parsimony runs, each requiring O(nl) operations 
(Fitch 1971). Then, the algorithm performs a constant number 
of hypothesis tests at each tree node per query segment (Fig. 5), 
where a single hypothesis test requires O(l) time. Therefore, 
the overall runtime of the algorithm is O(nkl). Given that 
k and l are constants, TreeSort’s runtime scales linearly 
with the number of strains in the input dataset (see 
supplementary fig. S3, Supplementary Material online for 
an experimental validation).

Estimating the Clock-deviation Parameter λ
We used the avian influenza A substitution rate analysis for 
H3N8 and H7N7 subtypes by Worobey et al. (2014) to esti
mate the parameter λ. We analyzed the maximum clade 
credibility (MCC) trees for the PB2, PB1, PA, H3, H7, NP, 
N7, N8, MP, and NS gene segments constructed by 
Worobey et al. using the uncorrelated lognormal distribution 
relaxed clock model (Drummond et al. 2006) that allows for 

(a) (b)

FIG. 5. a) Example of two sibling nodes u and v and their “aunt” node x on tree TR . b) TreeSort uses an aunt node/clade (node x) to determine the branch of 
the tree where the reassortment event has happened between u and v. The red circles indicate the inferred reassortment placement and question marks 
indicate insufficient resolution to confidently place the reassortment event onto one of the two branches. That is, the immediate neighbors on the 
phylogenetic tree may be too distant or have undergone reassortment as well. Recall that, e.g. u − x reassorted is a shortcut for “there is a reassortment 
event on the path between u and x.” Created with BioRender.com.
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an uncorrelated branch-specific substitution rate. For each 
tree, we computed the median, 5th percentile, and 95th per
centile substitution rates among the tree branches. For simpli
city, we refer to the 5th percentile rate as the min rate and the 
95th percentile rate as the max rate. Table 1 summarizes the 
deviation of the substitution rates from the median rate to
ward the min and the max for each gene segment. For 6 of 
10 segments, the deviation ratio did not exceed 2, and the 
maximum overall deviation was 2.45. Therefore, by default, 
TreeSort uses λ = 2 for reassortment inference, but this param
eter can be adjusted depending on the molecular clock signal 
in the dataset.

Estimating the Reassortment Rate
TreeSort processes all non-reference segments and collates the 
reassortment annotations onto the branches of the reference 
tree. These data are used to estimate the rate of reassortment.

We model reassortment as a Poisson point process, starting 
at the root of the reference phylogeny TR, assumed to be bi
furcating, and going to the leaves of TR, duplicating at every 
branching point (node). This is similar to the modeling 
of gene duplications and gene losses in phylogenomics 
(Arvestad et al. 2003; Rasmussen and Kellis 2012). Here, 
we interpret reassortment to mean the exchange, at a single 
point in time, of 1 or more segments in a genome constella
tion. We define ρ to be the rate, in events/year, of this reas
sortment process.

Note that TreeSort cannot identify the donor of reassorting 
segments. Hence, when multiple annotations such as 
“PB2(120),NP(105)” are assigned to a single branch of TR, 
it is not possible to know if PB2 and NP reassorted as a single 
event or as multiple consecutive events. In densely sampled 
surveillance studies, when branch lengths of the phylogenies 
are short, we believe that multiple consecutive events on a sin
gle branch are unlikely and that branches with more than one 
annotation reflect a single reassortment event. With decreas
ing density of sampling, the likelihood that multiple annota
tions arise from consecutive events increases. We provide a 
numerical estimator of the rate of reassortment applicable to 
all datasets, ρ̂1, and a simple formula for an approximation 
to the rate that is accurate in the case of high-density sampling, 
ρ̂2.

To derive ρ̂1, we score branches in the reference tree accord
ing to whether or not the branch is annotated. For branch e of 
TR, let Be = 1 if it is annotated and 0 otherwise. Under the 
Poisson model, the probability of no reassortment events 
along a branch of length le, measured in years, is e−ρle , and 

the probability of at least one reassortment event is 1 − e−ρle . 
Then the likelihood function is

􏽙

e

(1 · Be + ( − 1)Be · e−ρle ), 

and we can use numerical optimization to maximize this func
tion with respect to ρ to obtain ρ̂1. In practice, the estimator 
needs to be modified to account for uncertain annotations, 
e.g. “?PA(56).” Branches with at least one certain annotation 
are assigned Be = 1. For a branch e with only uncertain anno
tations, we identify its sister branch e′, and include the prob
ability that at least one event occurred over time le + le′ into 
the likelihood function above (1 − e−ρ(le+le′ )). Note that we in
clude this probability at most once per each pair of sister 
branches e and e′.

The second estimator applies to large, densely sampled da
tasets for which branch lengths are typically short. It assumes 
that multiple annotations on a single branch result from a sin
gle reassortment event. Then the expected number of reassort
ment events across the reference tree is ρ · l(TR), where 
l(TR) =

􏽐
e le. For Be = 1 if branch e is annotated and 0 other

wise, 
􏽐

e Be is the number of branches with at least one anno
tation from TreeSort. Then

ρ̂2 =
􏽐

e Be

l(TR)
.

To account for uncertain annotations in the estimator ρ̂2, we 
set Be = 1 if at least one annotation assigned to an edge is cer
tain, and Be = 0.5 if all annotations assigned to an edge are un
certain. In practice, datasets with high sampling density often 
have a few long branches that can represent historic periods 
with low sampling or errors in the data. To make sure that 
the ρ̂2 estimator does not get biased by such long branches, 
we remove the longest 1% of branches when computing 
l(TR) and 

􏽐
e Be.

In simulations, we showed that ρ̂2 consistently falls within 
10% of the true rate and converges to ρ as the sampling density 
increases (Fig. 1d).

We implemented both estimators of ρ in TreeSort. To find 
ρ̂1, we use the Sequential Least Squares Programming 
constrained optimization method implemented in SciPy 
(Virtanen et al. 2020) with the constraint ρ̂1 ≥ 0. We use ρ̂2 
as the starting value for optimization of ρ̂1.

Figures in this report use the ρ̂2 estimator, which is suitable 
for the high-density datasets that we analyze. For smaller and/ 
or lower-density datasets, we recommend the ρ̂1 estimate. 
Supplementary fig. S6, Supplementary Material online com
plements Fig. 3a and shows the ρ̂1 estimates for the reassort
ment rates across the avian, swine, and human IAV subtypes.

Simulating Influenza A Evolution with Reassortment
We simulated the evolution of two IAV segments using the 
Coalescent with Reassortment model introduced by Müller 
et al. (2020) and implemented in BEAST 2 (Bouckaert et al. 
2014, 2019). We used the model’s reassortment rates varying 
from 0.2 to 1.0 with a step of 0.2, which translates to a 0.1 to 
0.5 effective reassortment rate that is presented since 50% of 
the time, the two segments end up in the same ancestral lineage 
per model definition. We sample the effective population size 
(EPS) parameter from a normal distribution N (20, 0.52) and 
the substitution rate from N (0.005, 0.0012). The mean EPS cor
responds to IAV in swine estimates from Zeller et al. (2021), 

Table 1. Substitution rates deviation from the median rate for each gene 
segment of avian influenza A subtypes H3N8 and H7N7 estimated from 
MCC trees in Worobey et al. (2014).

Segment Median-min ratio Max-median ratio

PB2 1.76 1.95
PB1 1.59 1.64
PA 1.65 1.72
H3 1.84 2.07
H7 2.08 1.87
NP 1.71 1.88
N7 1.31 1.35
N8 1.83 2.17
MP 1.57 2.13
NS 1.88 2.45
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and the mean substitution rate corresponds to typical substitu
tion rates of HA and NA genes of IAV in human and swine 
hosts. The sampling dates were drawn from a uniform distri
bution over a 20-year period, and the number of samples/ 
strains (n) varied between 200 and 1,000 with a step of 200 
and between 500 and 5,000 with a step of 500. The sequences 
were simulated according to the GTR+Γ substitution model 
(Tavaré 1986; Yang 1994) with model parameters drawn 
from the distribution previously estimated for swine IAV in 
Markin et al. (2022), and all sequences had a length of 
1,500 nucleotides—roughly corresponding to the average 
IAV gene length. For each sampling regime (each n), we simu
lated 25 replicates, each containing a pair of gene trees and 
corresponding tip sequences. The reassortment events were 
projected onto one of the gene trees using custom Java code 
that parsed the simulated phylogenetic network. As a result, 
for each replicate, we obtained a list of clades that appeared 
as a result of reassortment between the two genes.

Then, TreeSort was executed on each replicate using the simu
lated gene trees and sequences as the input, the P-value cutoff 
of 0.001, the deviation parameter of 1.1, and the option to out
put the list of reassorted clusters. We compared TreeSort 
with two other reassortment detection methods: CoalRe 
(Müller et al. 2020) and TreeKnit (Barrat-Charlaix et al. 
2022). We ran CoalRe v1.0.4 on datasets with n = 
200, 400, 600, 800, 1,000, 5,000 with standard priors and set
ting the mean of the prior for the reassortment rate to the true val
ue of the reassortment rate used for simulations. We set the 
Markov Chain Monte Carlo chain length to 5,000,000 samples, 
and the summary MCC network was obtained with a 10% 
burn-in rate. TreeKnit v.0.5.8 was run with default parameters 
using the true simulated gene trees as input. TreeKnit was eval
uated for n = 1,000, 2,000, 3,000, 4,000, 5,000, and all 5 reas
sortment rates.

The inferred reassortment events were compared to the true 
reassortment events, and the Precision, Recall, and F1 metrics 
were computed for all three methods. To minimize the influ
ence of smaller reassortment events with insufficient evolu
tionary signal for inference, we only considered the 
“productive” reassortment events with at least 2 years of di
vergence between the two parental lineages when evaluating 
the precision of TreeSort, CoalRe, and TreeKnit.

Reassortment Analysis over the Most Prevalent 
Avian, Swine, and Human Subtypes
We downloaded all IAV gene sequences from the NCBI Virus 
database (Hatcher et al. 2017) with at most 20 ambiguous 
characters; n = 971,784 (accessed on 2023 November 12). 
We kept those strains that (i) were collected after 2010, (ii) 
had whole-genomes sequenced, and (iii) were associated 
with the avian H3, H5, H6, H7, or H9, swine H1 or H3, 
and human H1 or H3 subtypes. If the resulting dataset for a 
given subtype contained more than 10,000 strains, we ran
domly sampled 10,000 strains from it. We split our analysis 
into the HA subtypes, aligned sequences for each segment us
ing MAFFT v7.475 (Katoh and Standley 2013), trimmed 
alignments to the coding region, and inferred phylogenetic 
trees with FastTree v2.1.11 (Price et al. 2010) for each gene 
segment using the GTR+Γ substitution model. For each lin
eage, we randomly sampled 80% of the strains in the dataset 
and applied TreeSort to the sampled data (10 replicates). We 
estimated the overall reassortment rates as outlined above, 
as well as the reassortment frequency between HA and each 

other gene segment. TreeSort was applied with a P-value 
threshold of 0.0001 and a deviation parameter of 2.5. These 
conservative parameters were chosen to minimize the poten
tial influence of false-positive reassortment events on the 
analysis that may appear due to sequencing errors or inconsist
encies in substitution rates of genes.

Similarly, we performed the reassortment analysis on the 
H5Nx clade 2.3.4.4b strains. We determined the clade mem
bership using the Nextclade H5Nx classifier (Aksamentov 
et al. 2021) and split out a major monophyletic clade of 
H5N1 strains that appeared in 2020. That way, we analyzed 
the background H5Nx 2.3.4.4b reassortment rates and pat
terns separately from the 2020 to 2023 H5N1 2.3.4.4b clade.

For every subtype, we computed Faith’s phylogenetic diver
sity index (Faith 1992) for each segment, i.e. the sum of branch 
lengths derived from the phylogenetic tree for each gene seg
ment. We used the average phylogenetic diversity index across 
all eight segments as the estimate of the genetic diversity within 
each lineage. For avian lineages, we also estimated the host 
range by counting the number of unique host names across 
the strain identifiers. We estimated the Pearson correlation be
tween these indices and the inferred reassortment rates 
(supplementary fig. S4, Supplementary Material online).

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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Data Availability
TreeSort code with a user tutorial is available at https://github. 
com/flu-crew/TreeSort. The data and scripts to replicate the ex
perimental studies are available through Ag Data Commons at 
https://doi.org/10.15482/USDA.ADC/28039040.v1.
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Tarasiuk K, Wyrostek K, Styś-Fijoł N, Giza A, Pietruk M, et al. 
Outbreak of highly pathogenic avian influenza A (H5N1) clade 
2.3. 4.4 b virus in cats, Poland, June to July 2023. Euro Surveill. 
2023:28(31):2300366. https://doi.org/10.2807/1560-7917.ES.202 
3.28.31.2300366.

Drummond AJ, Ho SYW, Phillips MJ, Rambaut A. Relaxed phyloge
netics and dating with confidence. PLoS Biol. 2006:4(5):e88. 
https://doi.org/10.1371/journal.pbio.0040088.

Faith DP. Conservation evaluation and phylogenetic diversity. Biol 
Conserv. 1992:61(1):1–10. https://doi.org/10.1016/0006-3207(92) 
91201-3.

Fitch WM. Toward defining the course of evolution: minimum change 
for a specific tree topology. Syst Biol. 1971:20(4):406–416. https:// 
doi.org/10.1093/sysbio/20.4.406.

Gaymard A, Le Briand N, Frobert E, Lina B, Escuret V. Functional bal
ance between neuraminidase and haemagglutinin in influenza vi
ruses. Clin Microbiol Infect. 2016:22(12):975–983. https://doi.org/ 
10.1016/j.cmi.2016.07.007.

Hadfield J, Megill C, Bell SM, Huddleston J, Potter B, Callender C, 
Sagulenko P, Bedford T, Neher RA. Nextstrain: real-time tracking 
of pathogen evolution. Bioinformatics. 2018:34(23):4121–4123. 
https://doi.org/10.1093/bioinformatics/bty407.

Hatcher EL, Zhdanov SA, Bao Y, Blinkova O, Nawrocki EP, 
Ostapchuck Y, Schäffer AA, Brister JR. Virus variation resource – 
improved response to emergent viral outbreaks. Nucleic Acids Res. 
2017:45(D1):D482–D490. https://doi.org/10.1093/nar/gkw1065.

Hufnagel DE, Young KM, Arendsee ZW, Gay LC, Caceres CJ, Rajão 
DS, Perez DR, Vincent Baker AL, Anderson TK. Characterizing a 
century of genetic diversity and contemporary antigenic diversity 
of N1 neuraminidase in influenza A virus from North American 
swine. Virus Evol. 2023:9(1):vead015. https://doi.org/10.1093/ve/ 
vead015.

Jimenez-Bluhm P, Siegers JY, Tan S, Sharp B, Freiden P, Johow M, 
Orozco K, Ruiz S, Baumberger C, Galdames P, et al. Detection 
and phylogenetic analysis of highly pathogenic A/H5N1 avian influ
enza clade 2.3. 4.4 b virus in Chile, 2022. Emerg Microbes Infect. 
2023:12(2):2220569. https://doi.org/10.1080/22221751.2023.222 
0569.

Jones JE, Le Sage V, Padovani GH, Calderon M, Wright ES, Lakdawala 
SS. Parallel evolution between genomic segments of seasonal human 
influenza viruses reveals RNA-RNA relationships. Elife. 2021:10: 
e66525. https://doi.org/10.7554/eLife.66525.

Jukes TH, Cantor CR. Evolution of protein molecules. In: Mammalian 
Protein Metabolism. Cambridge (MA): Academic Press. Vol. 3(24); 
1969. p. 21–132.

Katoh K, Standley DM. MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol Biol 
Evol. 2013:30(4):772–780. https://doi.org/10.1093/molbev/mst010.

Leguia M, Garcia-Glaessner A, Muñoz-Saavedra B, Juarez D, Barrera P, 
Calvo-Mac C, Jara J, Silva W, Ploog K, Amaro L, et al. Highly patho
genic avian influenza A (H5N1) in marine mammals and seabirds in 
Peru. Nat Commun. 2023:14(1):5489. https://doi.org/10.1038/ 
s41467-023-41182-0.

Lewis NS, Banyard AC, Whittard E, Karibayev T, Kafagi TA, Chvala I, 
Byrne A, Meruyert S, King J, Harder T, et al. Emergence and spread 
of novel H5N8, H5N5 and H5N1 clade 2.3.4.4 highly pathogenic 
avian influenza in 2020. Emerg Microbes Infect. 2021:10(1): 
148–151. https://doi.org/10.1080/22221751.2021.1872355.

Li C, Hatta M, Watanabe S, Neumann G, Kawaoka Y. Compatibility 
among polymerase subunit proteins is a restricting factor in reassort
ment between equine H7N7 and human H3N2 influenza viruses. J 
Virol. 2008:82(23):11880–11888. https://doi.org/10.1128/JVI.014 
45-08.

Li Y-T, Su YCF, Smith GJD. H5Nx viruses emerged during the suppres
sion of H5N1 virus populations in poultry. Microbiol Spectr. 
2021:9(2):e01309–21. https://doi.org/10.1128/Spectrum.01309-21.

Lindstrom SE, Cox NJ, Klimov A. Genetic analysis of human H2N2 and 
early H3N2 influenza viruses, 1957–1972: evidence for genetic di
vergence and multiple reassortment events. Virology. 2004:328(1): 
101–119. https://doi.org/10.1016/j.virol.2004.06.009.

Lowen AC. Constraints, drivers, and implications of influenza A virus 
reassortment. Annu Rev Virol. 2017:4(1):105–121. https://doi.org/ 
10.1146/virology.2017.4.issue-1.

Lu L, Lycett SJ, Leigh Brown AJ. Reassortment patterns of avian influ
enza virus internal segments among different subtypes. BMC Evol 
Biol. 2014:14(1):1–15. https://doi.org/10.1186/1471-2148-14-1.

Lubeck MD, Palese P, Schulman JL. Nonranom association of parental 
genes in influenza a virus recombinants. Virology. 1979:95(1): 
269–274. https://doi.org/10.1016/0042-6822(79)90430-6.

Macken CA, Webby RJ, Bruno WJ. Genotype turnover by reassortment 
of replication complex genes from avian influenza a virus. J Gen 
Virol. 2006:87(10):2803–2815. https://doi.org/10.1099/vir.0.81 
454-0.

Maines TR, Chen L-M, Matsuoka Y, Chen H, Rowe T, Ortin J, Falcon 
A, Hien NT, Mai LQ, Sedyaningsih ER, et al. Lack of transmission 
of H5N1 avian–human reassortant influenza viruses in a ferret mod
el. Proc Natl Acad Sci U S A. 2006:103(32):12121–12126. https:// 
doi.org/10.1073/pnas.0605134103.

Markin A, Wagle S, Anderson TK, Eulenstein O. RF-Net 2: fast infer
ence of virus reassortment and hybridization networks. 
Bioinformatics. 2022:38(8):2144–2152. https://doi.org/10.1093/ 
bioinformatics/btac075.

McDonald SM, Nelson MI, Turner PE, Patton JT. Reassortment in seg
mented RNA viruses: mechanisms and outcomes. Nat Rev 
Microbiol. 2016:14(7):448–460. https://doi.org/10.1038/nrmicro. 
2016.46.

Revealing Reassortment in Influenza A Viruses with TreeSort · https://doi.org/10.1093/molbev/msaf133                                                 11
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/8/m

saf133/8227448 by U
SD

A/APH
IS/N

W
R

C
 user on 17 N

ovem
ber 2025

https://github.com/flu-crew/TreeSort
https://github.com/flu-crew/TreeSort
https://doi.org/10.15482/USDA.ADC/28039040.v1
https://doi.org/10.2807/1560-7917.ES.2023.28.3.2300001
https://doi.org/10.21105/joss
https://doi.org/10.1093/bioinformatics/btg1000
https://doi.org/10.1093/bioinformatics/btg1000
https://doi.org/10.1371/journal.pcbi.1010394
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1371/journal.pcbi.1006650
https://doi.org/10.1038/s41598-022-13447-z
https://doi.org/10.1016/j.tim.2019.08.010
https://doi.org/10.1016/j.tim.2019.08.010
https://doi.org/10.2807/1560-7917.ES.2023.28.31.2300366
https://doi.org/10.2807/1560-7917.ES.2023.28.31.2300366
https://doi.org/10.1371/journal.pbio.0040088
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1093/sysbio/20.4.406
https://doi.org/10.1093/sysbio/20.4.406
https://doi.org/10.1016/j.cmi.2016.07.007
https://doi.org/10.1016/j.cmi.2016.07.007
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.1093/nar/gkw1065
https://doi.org/10.1093/ve/vead015
https://doi.org/10.1093/ve/vead015
https://doi.org/10.1080/22221751.2023.2220569
https://doi.org/10.1080/22221751.2023.2220569
https://doi.org/10.7554/eLife.66525
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/s41467-023-41182-0
https://doi.org/10.1038/s41467-023-41182-0
https://doi.org/10.1080/22221751.2021.1872355
https://doi.org/10.1128/JVI.01445-08
https://doi.org/10.1128/JVI.01445-08
https://doi.org/10.1128/Spectrum.01309-21
https://doi.org/10.1016/j.virol.2004.06.009
https://doi.org/10.1146/virology.2017.4.issue-1
https://doi.org/10.1146/virology.2017.4.issue-1
https://doi.org/10.1186/1471-2148-14-1
https://doi.org/10.1016/0042-6822(79)90430-6
https://doi.org/10.1099/vir.0.81454-0
https://doi.org/10.1099/vir.0.81454-0
https://doi.org/10.1073/pnas.0605134103
https://doi.org/10.1073/pnas.0605134103
https://doi.org/10.1093/bioinformatics/btac075
https://doi.org/10.1093/bioinformatics/btac075
https://doi.org/10.1038/nrmicro.2016.46
https://doi.org/10.1038/nrmicro.2016.46


Mena I, Nelson MI, Quezada-Monroy F, Dutta J, Cortes-Fernández R, 
Lara-Puente JH, Castro-Peralta F, Cunha LF, Trovão NS, 
Lozano-Dubernard B, et al. Origins of the 2009 H1N1 influenza 
pandemic in swine in Mexico. Elife. 2016:5:e16777. https://doi. 
org/10.7554/eLife.16777.
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