Briefings in Bioinformatics, 2025, 26(3), bbaf233

https://doi.org/10.1093/bib/bbaf233
Problem Solving Protocol

OXFORD

Influenza virus reassortment patterns exhibit
preference and continuity while uncovering
cross-species transmission events

Xiao Ding"?#, Yun Ma® 2+, Shicheng Li*+, Jingze Liu®?, Luyao Qin'-?, Aiping Wu®?*

1State Key Laboratory of Common Mechanism Research for Major Diseases, Suzhou Institute of Systems Medicine, Chinese Academy of Medical Sciences & Peking
Union Medical College, 100 Chongwen Road, Industrial Park District, Suzhou 215123, Jiangsu, China

?Key Laboratory of Pathogen Infection Prevention and Control (Peking Union Medical College), Ministry of Education, 16 Tianrong Street, Daxing District, Beijing
102629, China

3Center for Cancer Diagnosis and Treatment, The Second Affiliated Hospital of Soochow University, 1055 Sanxiang Road, Gusu District, Suzhou 215004, Jiangsu,
China

*Corresponding author: Aiping Wu, State Key Laboratory of Common Mechanism Research for Major Diseases, Suzhou Institute of Systems Medicine, Chinese
Academy of Medical Sciences & Peking Union Medical College, 100 Chongwen Road, Industrial Park District, Suzhou 215123, Jiangsu, China.

E-mail: wap@ism.cams.cn

*Xiao Ding, Yun Ma and Shicheng Li contributed equally to this work.

Abstract

Genomic reassortment is a key driver of influenza virus evolution and a major factor in pandemic emergence, as reassorted strains can
exhibit significantly altered antigenicity. However, due to technical and ethical constraints, research on reassortment patterns (RPs)
has been limited, impeding effective surveillance and control strategies. To address this gap, we developed FluRPId, a framework for
identifying RPs based on the genetic diversity of influenza viruses. FIuRPId integrates principles of reassortment diversity maximization,
dominance, and epidemiological likelihood to assess the credibility of detected reassortment events. Applying FIuRPId, we constructed
a comprehensive reassortment landscape of influenza viruses, encompassing widespread reassortment events with high credibility,
which also include most previously reported reassortment events. Our analysis revealed that the NS gene frequently reassorts with PA
and NA, while reassortment involving HA, NA, and NS occurs more frequently than expected. Furthermore, we identified specific loci
combinations that exhibit strong linkage during reassortment, providing insights into segment association preferences. Additionally,
extensive reassortment chains were observed across all subtypes, underscoring the continuity of reassortment in influenza virus
evolution. Notably, we identified significant cross-species reassortment events and characterized host adaptation changes in cross-
species-transmitted viruses. Our study provides the most comprehensive reassortment landscape of influenza viruses to date,
uncovering key patterns, preferences, and evolutionary continuity. These findings bridge a critical gap in macro-scale reassortment
studies and offer insights for future research and control efforts.
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but depend heavily on accurate phylogenies [10-12]. To overcome

Introduction these limitations, nonphylogenetic methods such as CCV-based

Influenza viruses, members of the Orthomyxoviridae family, pos-
sess segmented RNA genomes that enable genetic reassortment
when multiple strains coinfect a host cell [1]. This process drives
influenza virus evolution and has contributed to pandemics such
as the 1957 H2N2, 1968 H3N2, and 2009 H1N1 outbreaks [1-4].
Reassortment also allows viruses to cross species barriers, making
its identification crucial for epidemic control [5-7]. Consequently,
the accurate identification of influenza virus reassortment pat-
terns (RPs) and preferences is crucial for effective epidemic pre-
vention and control.

Traditionally, reassortment detection relies on phylogenetic
methods, which compare segment trees for incongruences but are
labor-intensive and computationally demanding [8]. For instance,
phylogenetic studies were instrumental in elucidating the reas-
sortment origin of the 2009 HIN1 pandemic virus [4, 9]. Auto-
mated tools like FluReF, FluResort, and GiRaF improve efficiency

and HopPER algorithms broaden applicability but struggle with
large genomic datasets, limiting RPs analysis [13, 14].

Recent studies have revealed thatinfluenza virus reassortment
is not entirely random but is influenced by host species, viral
subtypes, and segment combination biases [15-22]. For instance,
reassortment events predominantly occur within wild waterfowl
populations, reflecting host-specific dynamics [15]. Furthermore,
while seasonal human influenza subtypes H1 and H3 co-circulate,
reassortment events between these subtypes are notably rare [18,
19]. Despite these findings, most insights remain observational
and rely heavily on computational analyses, providing only a
partial understanding of reassortment trends. Moreover, ethical
and biosafety concerns associated with viral experiments [23, 24],
coupled with the limitations of current computational methods,
highlight the need for a systematic and comprehensive analysis
of influenza virus RPs.
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Figure 1. Schematic diagram of this study. The FIuRPId framework, built upon the FluTyping tool, comprises three core components: Genotype
identification, RP detection, and credibility assessment. Using FIuRPId, we constructed a comprehensive reassortment landscape of influenza viruses,
providing a systematic approach for advanced studies, including reassortment preference analysis, the investigation of reassortment chains, and the

study of cross-species transmission in influenza viruses.

To address these gaps, we developed FIuRPId, a fully automated
framework leveraging FluTyping-defined phylogenetic diversity
[25]. FIuRPId constructs a macro-scale reassortment landscape,
validated through independent criteria, revealing reassortment
chains and preferences at subtype, gene segment, and phyloge-
netic clade levels. It retrospectively traced H7N9’s cross-species
transmission in 2013 and elucidated H5 reassortment’s role in
host adaptation. These findings provide a robust foundation for
influenza research and epidemic preparedness.

Results
Framework and methodological overview

In this study, we developed FIuRPId (Reassortment Pattern
Identification for Influenza Viruses), an advanced computational
framework built upon FluTyping, a genotyping tool for influenza
viruses (Fig. 1). FIuRPId enhances throughput, efficiency, and
accuracy, addressing a critical gap in reassortment research
through a data-driven, rapid identification strategy.

Using FluRPId, we constructed a macro-scale landscape of
influenza virus reassortment evolution, systematically illustrat-
ing how genotypes emerge and evolve through genomic reassort-
ment. This analysis revealed subtype-, gene-, and clade-specific
reassortment preferences, as well as reassortment chains linking
distinct patterns (Fig. 1). Our findings highlighted significant reas-
sortment preferences and the continuous nature of evolution-
ary reassortment. Additionally, reassortant genotype distributions
across hosts uncovered key cross-species transmission events and
adaptive changes following transmission, shedding light on host-
specific evolutionary dynamics.

As illustrated in Fig. 1, the FIuRPId workflow consists of three
main steps. First, influenza virus genotypes were determined
using FluTyping [25], incorporating comprehensive epidemio-
logical metadata, including collection year, geographic origin,
and host species, forming the foundation of this study. Second,

RPs were identified based on two principles: (i) the reassortant
genotype must be newly identified, and (i) the reassortant
and parental strains must be collected within 1 year. Third,
credibility assessments were performed using three criteria:
maximum reassortment diversity, the dominance principle,
and epidemiological maximum likelihood. Each pattern was
assigned a credibility score, with high credibility defined by
various combinations of these criteria. Details are provided in
the Methods and Materials section.

Validation and robustness assessment of FIuRPId
Credibility score distribution of identified RPs

Using FIuRPId, we identified 12 425 RPs and assigned credibility
scores (Supplementary Table S1). The distribution of scores,
including those from a validation dataset of previously reported
events, is shown in Fig. 2a. Most patterns (44.4%) had scores
between 0.3 and 0.5, while 27.45% met the high-credibility
threshold (>0.6, see Materials and methods section). Among 62
literature-reported reassortment events, 69.35% were classified
as highly credible, with 34% reaching the maximum score of
1. These results indicate that while reassortment is globally
distributed and evolutionarily significant, it remains relatively
rare in influenza virus evolution.

Impact of biased sampling on the performance of RP
identification

Significant sampling bias was observed in subtype, host, location,
and year distributions. To evaluate FIuRPId's robustness under
such bias, we applied two sampling strategies (Methods).

First, we randomly sampled 500-50 000 strains (100 repeats)
without considering epidemiological or genomic data. As shown
in Supplementary Fig. Sla, credibility score distributions sta-
bilized beyond 5000 strains, with Pearson correlations exceed-
ing 0.762. Second, we sampled within specific categories (e.g.
collection year, country, host, subtype), selecting 1~ 20 strains
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Figure 2. Overview of influenza virus RPs identified by FIuRPId and the associated strains. (a) Distribution of credibility scores for all identified RPs (red
bars) and the validation reassortment dataset (light blue bars). (b) Spatiotemporal distribution of strains involved in high-credibility RPs. The x-axis
represents the collection year, and the y-axis denotes the collection continent. Bubble size corresponds to the number of sampled strains, while color
indicates the collection host. (c) Distribution of collection years for the involved strains. (d-f) Distributions of the top 10 strain subtypes, collection

countries, and sampling hosts, ranked by the number of samples.

per category (100 repeats). Supplementary Fig. S1b shows strong
convergence and high correlation with the full dataset, even at
one strain per category (5987 strains, correlation = 0.76). Category-
based sampling also outperformed random sampling of similar
sizes, with two strains per category (10 051 strains) achieving a
higher correlation (0.792) than random sampling (0.762). Overall,
sampling bias has minimal impact on FluRPId beyond 5000 strains
and is further reduced by incorporating diverse epidemiological
and genetic data.

Performance comparisons between FIuRPId and other
reassortment identification methods

To validate FIuRPId, we compared its performance with RDP4 and
GiRaf using real reassortment events and two simulated datasets
(inter- and intra-subtype reassortment; see Methods).

In the real dataset, FlIuRPId, RDP4, and GiRaf detected 52, 143,
and 73 events, respectively, all identifying three known events
with high sensitivity. Among FIuRPId's 49 unique events, only
six had credibility scores above 0.6, ensuring minimal false
positives-134 fewer than RDP4 and 64 fewer than GiRaf. As shown
in Supplementary Fig. S2, FIuRPId achieved superior precision
and F1-score, surpassing RDP4 by 0.312 and 0.459 and GiRaf by
0.292 and 0.421, while all three methods maintained a recall of
1. Accuracy was not used as a primary metric due to dataset
imbalance.

For the inter-subtype simulation, FIuRPId achieved perfect pre-
cision, recall, and F1-score, correctly identifying all 4410 reas-
sortment events. In contrast, RDP4 and GiRaf detected only 11
and 5 events, with recalls of 0.0025 and 0.0011, and F1-scores of
0.005 and 0.0023. Both maintained perfect precision. In the intra-
subtype simulation, FIuRPId again achieved perfect scores, while
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RDP4 detected five events (recall: 0.0011, Fl-score: 0.0023) and
GiRaf failed to detect any events.

These results highlight FIuRPId’s robustness, particularly in
complex cases with mutated parental strains, and demonstrate
its superior performance across both real and simulated datasets,
establishing it as a reliable reassortment analysis tool.

Comprehensive reassortment-driven evolution of
influenza viruses identified by FluRPId

Using high-credibility RPs identified by FIuRPId, we constructed
the most comprehensive evolutionary landscape of influenza
virus reassortment to date. Spanning 1932-2024, the dataset
covers 177 countries, 16 host species, and 66 viral subtypes
(Supplementary Table S2). Reassortment events surged post-2009
due to intensified surveillance following the HIN1 pandemic
but declined after 2019, likely due to the impact of COVID-19
on influenza monitoring. Despite global distribution, distinct
regional clusters persist, reflecting disparities in surveillance and
sequencing capacity. Overall, statistical analyses confirm that
RPs identified by FIuRPId are globally widespread, persist over an
extended evolutionary timescale, and involve diverse hosts and
subtypes (Fig. 2b-f).

To visualize reassortment dynamics, we built a high-credibility
reassortment network (credibility >0.6) under strict epidemio-
logical constraints (Fig. 3a), deriving from the top 20 most fre-
quent RP connections. Nodes represent reassortant genotypes,
while directed edges indicate evolutionary links, with edge colors
denoting reassortant subtype origins. The network is dominated
by five subtypes-H5N1, H3N2, H3N8, H6N1, and H6N2-forming
an interconnected reassortment system, alongside smaller intra-
subtype clusters like H3N2 and H5N6.

A key structural feature of this network is the presence of “hub
nodes,” indicated by small squares in Fig. 3a. These hubs serve
as central points in reassortment evolution: Source hub nodes
(red squares) represent parent genotypes that have contributed
to multiple reassortment events, acting as progenitors in the
evolutionary process. Target hub nodes (blue squares) denote
reassortant genotypes derived from a diverse array of parental
strains, exemplified by an HIN8 genotype in the blue square of
Fig. 3a.

Overall, FIuRPId reconstructs a detailed reassortment land-
scape, offering new insights into reassortment dynamics, cross-
species transmission, and adaptive evolution, providing a robust
foundation for future influenza research.

Analysis of influenza virus reassortment
preferences

The reassortment preferences for high credibility patterns were
analyzed from three perspectives: the subtype-specific level,
genomic segment level, and phylogenetic clade level.

First, as shown in Supplementary Fig. S3a, inter-subtype RPs
(3317 in total) significantly outnumber intra-subtype RPs (94 in
total) across all influenza virus subtypes. Moreover, reassortment
events that did not lead to the emergence of new subtypes were
more common than those that did. A more detailed statistical
analysis of intra-subtype reassortment revealed that H3N8, HON2,
and HIN1 were the three most frequently involved subtypes
(Supplementary Fig. S3b). Notably, the number of H3N8 strains
amounted to 1571, ranking only ninth among all subtype strains.
This suggests that H3N8 viruses exhibit high genetic diversity and
may serve as a crucial gene pool for influenza virus reassortment,
much like HON2 viruses. This observation is further corroborated
by Supplementary Fig. S3c, which presents the distribution of the

top 10 RP combinations among different subtypes. Strikingly, all
these combinations involve H3NS8, either as the reassortant strain
or as a parental strain.

Further analysis of these 10 combinations showed minimal
variation in the number of RPs they involved. The most frequently
observed RPs were between H6N8 and H3N8, leading to the gen-
eration of H3N8 reassortant strains occurring 32 times. Even the
least frequent combination was observed 20 times. Two particular
combinations warrant special attention: H6N2 reassorting with
H3N8 and H3N2, resulting in the emergence of H3N2 and H3N8
subtypes, respectively. Since these events generate new subtype
viruses, they carry the potential risk of triggering pandemics.

Next, an analysis of individual genomic segments was con-
ducted to identify genes that are more prone to reassortment. As
illustrated in Fig. 3b, the neuraminidase (NA) gene was the most
frequently reassorted, appearing in 658 RPs—at least 1.27 times
more than any other gene segment. Additionally, the hemagglu-
tinin (HA), polymerase acidic (PA), and nonstructural (NS) genes
also exhibited high reassortment frequencies, significantly sur-
passing other segments. In contrast, the nucleoprotein (NP) gene
had the lowest reassortment frequency, with only 29 occurrences,
indicating its conserved nature during genomic evolution.

Regarding dual-gene combinations, PA-NS was the most fre-
quent, occurring 198 times-1.22 times more than the second
most common combination, HA-NS. Given the high reassortment
frequencies of NA, HA, PA, and NS, combinations such as NA-
NS, PA-NA, and HA-NA each exhibited reassortment frequen-
cies exceeding 100, significantly higher than other combinations.
In contrast, combinations involving fewer than 10 reassortment
events were predominantly associated with genes such as M and
NP. Notably, despite their individual segments being involved in
frequent reassortments, certain combinations, such as PB1-NS (9
occurrences) and PB1-NA (1 occurrence), displayed low reassort-
ment frequencies.

For three-gene combinations, HA-NA-NS was the most
frequent, occurring 2.84 times more often than the second
most common combination, PA-HA-NA. Apart from PA-HA-NS,
which appeared 12 times, all other three-gene combinations were
observed in fewer than 10 reassortment events. This suggests that
high reassortment frequencies of individual segments contribute
significantly to the prevalence of three-segment combinations.

Finally, reassortment tendencies at the phylogenetic clade level
were examined (Fig. 3c—e). Clade 6 of PA and clades 4 and 3 of NS
exhibited the highest reassortment occurrences, while the N2.2
clade of NA ranked fourth, with 193 reassortment events. Other
NA clades, including N8.2, N1.5, N3.1, N6.1, and N9, each had
fewer than 100 reassortments. These findings, in conjunction with
segment-level analysis, highlight the NA gene’s dominant role in
reassortment, significantly contributing to influenza virus genetic
diversity. For dual-gene reassortments at the phylogenetic clade
level, the most frequent combinations involved PA and NS genes:
PA|3-NS|3, PA|6-NS|4, and PB2|4-NSJ4. These findings align with
the high reassortment frequencies of individual clades such as
PA|6, NS|4, and NS|3. A similar trend was observed for three-gene
combinations, where three out of the top five involved the HA-NA-
NS combination, reinforcing its dominant role in reassortment.

To further investigate the molecular mechanisms underlying
reassortment tendencies at the phylogenetic clade level, we iden-
tified specific sites within different gene clades where reassort-
ment occurred. A site was defined as clade-specific if an amino
acid at that position appeared in over 90% of sequences within
a given clade but in less than 20% of sequences across other
clades.
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Figure 3. Construction of the reassortment network and analysis of reassortment preferences based on high-credibility RPs identified by FluRPId.
(a) Reassortment network constructed using the top 20 most frequently occurring, highly credibility RPs in influenza viruses. This network visually
represents the predominant RPs and their connections among these patterns. (b) Gene-level reassortment preferences analyzed by quantifying the
frequency of reassortment events. The analysis includes the number of genes involved in reassortment and the reassortment tendencies of different gene
types, providing insights into gene-specific reassortment dynamics. (c—e) Reassortment preferences examined from a phylogenetic clade perspective. (c)
Reassortment tendencies of individual genes. (d) Pairwise reassortment preferences between gene segments. (e) RPs involving three-gene combinations.
(f) Distribution of specific gene loci combinations that preferentially co-segregate during reassortment.

As illustrated in Fig. 3f, a total of 11 pairs of co-occurring
clade-specific site combinations were identified, spanning six
gene segments, excluding PB1 (Polymerase Basic Protein 1) and
NP (Nucleoprotein). Most of these site combinations were found
in three-gene reassortment events, with only one appearing
in a two-gene reassortment event. Notably, the specific site

combination PA|6 and NS|4 appeared in both two-gene and three-
gene RPs. Detailed clade-specific site information is provided in
Supplementary Table S3.

In summary, influenza virus reassortment exhibits distinct
preferences at the subtype, genomic segment and phylogenetic
clade levels. However, reassortment tendencies of specific gene
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Figure 4. Analysis of influenza virus reassortment chains based on high-credibility RPs. (a) Statistical analysis of the distribution of reassortment
chains based on the number of RPs they contain. (b) Statistical analysis of the distribution of connections between reassortant strain subtypes
within reassortment chains for different high-credibility RPs (showing only the top 20 most frequently occurring combinations). (c) A representative
reassortment chain in which each reassortment event has been previously documented in the scientific literature. This case serves as a validation,
demonstrating the alignment of identified RPs with existing research findings.

segment combinations do not always align with patterns observed
at the clade level, underscoring the role of reassortment in
expanding the genetic diversity of influenza viruses.

Reassortment chains in influenza viruses

Reassortment chains based on credible RPs were identified across
all influenza virus subtypes. We identified 2 106 889 nonredun-
dant reassortment chains across all influenza virus subtypes,
with the majority consisting of six or seven reassortment events
(49.2%). Chains with fewer events (two or three) were less frequent
(2.66%), as summarized in Fig. 4a. The longest reassortment chain
observed in 2024 involved nine events, but chains with nine events
made up only 6.52%. This suggests that reassortment-driven evo-
lution in influenza viruses favors the inheritance of advantageous
genes. A statistical analysis of the top 20 frequent chains revealed
that the three most frequent chains each contained eight events,
with six events sharing identical genotypes, indicating possible
evolutionary regularities.

We analyzed a reassortment chain involving H5N1, which
included four consecutive events with credibility scores of 1, 0.63,
1,and 0.8 (Fig. 4c). The chain began with an H5N1 strain (genotype
5|2|3|H5.1|3|N1.2|3|4) reassorting with an HON2 strain, producing
a new HS5NT1 strain (genotype 5|2|3|H5.1|3|N1.2|3|3), exemplified
by the strain A/ck/hebei/718/01 [26]. This strain then underwent
additional reassortment within the same year with HON?2 viruses,
producing an H5N1 strain of genotype 5|2|4|H5.1|3|N1.2|3|3, such

as A/ck/shangtou/5738/01 [26]. Two years later, in 2003, this
reassortant genotype interacted with an H6NS5 virus (geno-
type 4/2|3|H6.1|3|N5.2|3|4), yielding an H5N1 virus of genotype
4|2|3|H5.1|3|N1.2|3|3, represented by A/duck/hunan/689/2006
[27]. A decade later, in 2013, this HS5N1 strain reassorted
with an H3N6 virus (genotype 5|2|4|H3.3|3|N6.1|3|3), forming an
HS5N6 strain of genotype 5|2|3|H5.1|3|N6.1|3|3, exemplified by
A/duck/guangzhou/018/2014 [28]. All reassortment events in this
chain involved inter-subtype reassortment.

This analysis highlights the continuity of reassortment in
influenza viruses, with significant variation in the frequency
and complexity of events between human and avian viruses.
It underscores the ability of influenza viruses to retain beneficial
genetic material, particularly through inter-subtype reassort-
ments, which are more common in evolutionary processes.

Analysis of cross-species transmission of
influenza viruses

Genetic reassortment is a key factor in the cross-species
transmission of influenza viruses [29-32]. To understand its
role in host adaptation, we analyzed the annual distribution of
reassortant strains from credible RPs, focusing on cross-species
transmission from avian to human hosts. We identified six RPs
linked to such events, with three of these patterns showing
a clear correlation with cross-species transmission, as shown
in Fig. 5.
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Figure 5. Analysis of cross-species transmission events influenza viruses based on high-credibility RPs. (a)-(c) present distinct reassortant genotypes
that are strongly implicated in cross-species transmission for one H7N9, H5N6, and H5N1 subtype, respectively, which leveraged the alterations in the

collection hosts of reassortant genotypes across different collection years.

Figure 5a shows the annual distribution of sampling hosts for
the genotype of the reassortant strain that led to the H7N9 virus,
generated by the reassortment of H7N3 and H9N9 from 2013 to
2021. This strain, responsible for the 2013 H7N9 outbreak in China,
was capable of cross-species transmission. In 2013, 40.5% of the
virus strains infected humans, and this proportion rose steadily
over time, while avian strains declined. After the fifth outbreak in
2017, the proportion of human strains decreased, and the H7N9
genotype disappeared from the human population by 2019. These
findings suggest the reassortment occurred before 2013, and the
H7N9 virus adapted to humans before its eventual decline due to
evolving immunity.

Figure 5b and ¢ shows RPs for H5N6 and H5N1, respectively,
linked to cross-species transmission events. Unlike H7N9, human
infections for these strains emerged one to two years later, with
cases reported in most subsequent years but without a clear
upward trend. These reassortments likely enabled human infec-
tivity, but the viruses remained primarily avian, limiting large-
scale human infections. However, their gradual adaptation to
humans underscores the need for continued vigilance, as these
genotypes may pose a future pandemic risk similar to H7N9.

Overall, the highly credible RPs identified using FIuRPId pro-
vide valuable insights into significant cross-species transmission
events and the dynamic changes in host adaptation throughout
the evolutionary history of influenza viruses. This information
offers strong support for the prevention and control of potential
pandemics caused by the cross-species transmission of influenza
viruses in the future.

Conclusion and discussion

We developed FIuRPId, a RP identification framework leverag-
ing FluTyping’s genetic classification. Using high-credibility RPs,
we reconstructed the most comprehensive reassortment land-
scape to date, revealing reassortment chains, subtype-specific
preferences, and cross-species transmission events, providing key
insights into influenza virus evolution.

Despite these advancements, FIuRPId has several limitations
and areas for future development. Its accuracy depends on
FluTyping’'s genotyping, making it a coarse-grained approach

that identifies RPs rather than individual events. It also requires
related large datasets (>5000 strains) for reliable analysis. Notably,
as shown in our analysis (Supplementary Fig. S1), when the
number of sampled strains is insufficient, there is a marked
increase in low-credibility RPs, underscoring the method’s
sensitivity to data volume. This highlights the importance
of comprehensive and representative sampling in ensuring
robust reassortment detection and reliable evolutionary insights.
Additionally, the field lacks a standardized reassortment dataset,
currently relying on FluReassort. Future efforts aim to establish a
comprehensive benchmark for reassortment evaluation.

Our findings sometimes diverge from experimental studies.
For instance, while Schulman et al. suggested the NS gene rarely
reassorts, our analysis indicates frequent NS-PA reassortment
[21]. This discrepancy may arise from strain-limited experimental
settings versus our large-scale dataset. Additionally, reassortment
events observed in controlled experimental settings, whether in
vitro or in vivo, may not necessarily reflect natural environments.
For example, the mutations detected in SARS-CoV-2 viral quasis-
pecies were not consistently observed in consensus genomes at
the population level [33, 34].

In addition, our results indicate that NP gene are the least
prone to reassortment, which is likely attributable to their high
level of conservation. The core functions of NP proteins—such as
vRNA binding, viral genome transport, transcription, and repli-
cation—are essential for the survival of the virus. Consequently,
the critical regions of NP genes are highly constrained against
significant mutations, making them less likely to be exchanged
during reassortment events.

Past studies focused on individual reassortment events, but
successive reassortments can drive pandemics [35]. Many reas-
sortment chains we identified include high-credibility events doc-
umented in literature, underscoring their role in influenza evolu-
tion and pandemic prediction.

The recent cross-species transmission events of H5N1 avian
influenza in the United States—particularly the reported case
of human infection likely linked to dairy cows—also drew our
attention. Our constructed reassortment landscape revealed
that the virus involved in this case belongs to genotype
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3|3|3|H5.14|N1.2|3|3, which was first identified in 2022 and
associated with 19 high-credibility RPs. Host distribution trends
for this genotype showed a clear shift: while all detected
viruses in 2022 were isolated from birds, by 2024, 73.7% of
the strains were from dairy cows and only 22.25% from avian
hosts, with a small proportion (0.58%) isolated from humans.
Although direct evidence of cow-to-human transmission remains
inconclusive, this shift strongly suggests an ongoing adaptation of
the virus toward mammalian hosts. These findings highlight the
importance of continuous monitoring of reassortant genotypes
that may pose increasing risks at the animal-human interface.

Future improvements include integrating coinfection dynam-
ics, ecological factors, and host-specific interactions to refine
reassortment predictions. Al-driven multimodal analysis could
further enhance risk assessment, enabling real-time surveillance
and informed public health responses, advancing influenza
research and pandemic preparedness.

Materials and methods
The framework of FluTyping

In the FluTyping framework, a total of 170 119 whole genomes of
influenza A viruses were preprocessed and genotyped using data
collected prior to 1June 2024, from the Global Initiative on Sharing
All Influenza Data (GISAID) database [36]. It organizes genomic
sequences into phylogenetic classes per segment, refining them
for accuracy. Each isolate’s genotype consolidates segment clus-
ters (PB2, PB1, PA, HA, NP, NA, M, NS) into a standardized format
(e.g. 5|2|6|H7.1|3|N7.2|3|1). FluTyping effectively captures genetic
characteristics, facilitating the identification of evolutionary
patterns.

Identification of the RPs

Reassortment events were identified by analyzing genotypes pro-
duced by FluTyping in conjunction with epidemiological meta-
data. A reassortant strain was defined as one possessing a novel
genotype—a unique combination of gene segments not previously
observed. For each such genotype, plausible parental strains were
sought whose gene segments could collectively reconstruct the
reassortant genotype.

To ensure biological feasibility, two constraints were applied:
(i) the reassortant genotype must be novel in the dataset, and (ii)
both the reassortant and each of its inferred parental strains must
have been collected within a one-year time window.

We exhaustively scanned all compatible genotype combina-
tions across strains, leading to the identification of 472 377 reas-
sortment events. To reduce redundancy and identify representa-
tive RPs, we grouped events by year, country, host species, and
subtype. Only one event per group was retained, yielding a final
set of 12 425 unique RPs.

This two-step approach—detection of novel genotype combi-
nations and subsequent deduplication—provides a robust frame-
work for studying the reassortment preferences and continuity of
influenza viruses across different temporal and spatial contexts.

Credibility assessment of the RPs

To rigorously evaluate the reliability of the identified RPs, we
established three rational assessment criteria: the Maximum
Reassortment Diversity Principle, the Dominance Principle, and
the Epidemiological Maximum Likelihood Principle.

Maximum reassortment diversity principle

Previous research suggests that a single reassortment event in
influenza viruses can give rise to multiple reassortant strains

[30, 37]. To quantify the diversity of new reassortant strains pro-
duced by a reassortment event, we employed entropy as a metric.
Higher entropy values indicate greater diversity, thereby suggest-
ing a higher likelihood of the reassortment event occurring. For
each RP, we defined a reassortant strain system comprising all
genotypes generated through reassortment from the parental
genotypes within the past two years (i.e. when the sampling year
interval between the reassortant strain and its parental strains
is less than or equal to one year). The diversity of the RP was
then assessed by calculating the entropy of this system using the
following formula:

Epattem = — ZP (9) logp (i) (1)
i=1

Here, g; represents the genotype generated by the parental
genotypes within the RP,p (gi) denotes the probability of observing
genotype g; in the reassortant strain community, and n is the total
number of distinct reassortant genotype categories produced.

Dominance principle

In general, the more prevalent the circulation of two influenza
virus genotypes, the higher the likelihood of coinfection and,
consequently, the greater probability of reassortment. To evaluate
the reliability of a RP, we defined the Dominance Score (DS) as the
product of the proportions of its two parental genotypes during
the sampling year of the reassortant strain and the preceding
year. This score serves as an indicator of the RP’s reliability. The
calculation formula is as follows:

DSpattem =P (1091) P (pgz) (2)

Here, pg, and pg, represent the two parental genotypes
involved in the RP and P (pg,) and P (pg,) denote their respective
proportions in the specified time frame.

Epidemiological maximum likelihood principle

For a reassortment event involving two parental influenza viruses
sampled in the same year, country, and host, the likelihood of
coinfection increases, thereby elevating the probability of reas-
sortment. An RP may involve multiple combinations of different
epidemiological information for the parental strains. An RP can
encompass various combinations of epidemiological attributes
of the parental strains, which include collection year, country,
and host species. To evaluate the probability of a given RP, we
computed the proportion of parental strain combinations shar-
ing identical epidemiological characteristics among all possible
parental strain combinations. This proportion is defined as the
Epidemiological Score (ES). The calculation is performed using the
following formula:

Ns

Zn—l N;j <3)

Espattern =

where Ng denotes the total number of parental strain combi-
nations with identical epidemiological information and > N;
represents the total number of unique epidemiological parental
strain combinations within the RP.

Overall credibility score based on the three principles

We assessed the performance of each individual credibility
parameter and their various combinations by analyzing the
proportion of high-credibility RPs (defined as those with a
credibility score > 0.6) within the reassortment validation dataset.



As shown in Supplementary Fig. S4, among all evaluated
strategies, the top three in terms of identifying high-credibility
RPs were: (i) using the maximum value across all three evaluation
principles (87.5%), (ii) the maximum of the Dominance Principle
and the EML Principle (81.2%), and (iii) the maximum of the MRD
Principle and the Dominance Principle (78.1%). Notably, selecting
the maximum of all three principles yielded a significantly
higher proportion of high-credibility patterns compared to other
combinations. Based on this comparative analysis, we ultimately
adopted the maximum value of the three principles as the final
credibility score in this study.

Threshold selection of high-credibility RPs

To identify high-credibility RPs, we set the credibility score thresh-
old at 0.6. This selection was guided by the distribution of credibil-
ity scores shown in Fig. 2a. Specifically, although the majority of
RPs are distributed within the lower score intervals (e.g. 0.3-0.5),
the proportion of patterns successfully validated is significantly
higher in the higher score intervals. For example, only 2% of
validated RPs fall into the 0.5-0.6 interval, but this percentage
increases dramatically to 24% in the 0.7-0.8 interval and peaks
at 34% in the 0.9-1.0 interval. This clear enrichment of validated
RPs at higher score intervals indicates that credibility scores are
strongly correlated with biological plausibility.

Choosing a threshold of 0.6 allows us to retain patterns with
moderate to high credibility, excluding the majority of low-score
patterns that are less likely to be reliable, while still preserving
sufficient quantity for downstream analysis. Notably, patterns
with scores above 0.6 account for only a small fraction (27%) of
all RPs, highlighting the relative rarity of reassortment compared
to other mechanisms like mutation. At the same time, these high-
score patterns represent the majority of successfully validated
events, ensuring the specificity of our selection. This threshold
thus achieves a balanced trade-off between sensitivity and speci-
ficity, maximizing the biological relevance of our findings.

Methods for sampling datasets

We evaluated the impact of sampling bias on RP identification
using two sampling methods by comparing the credibility score
distributions.

Random Sampling: Strains were randomly selected from the
full dataset at various sizes (500, 1000, 5000, 10 000, and 50 000),
repeated 100 times. This unbiased method aimed to assess the
impact of random selection on reassortment reliability.

Epidemiological and Genotype-Based Sampling: Strains were
grouped by combinations of collection year, geography, host, sub-
type, and genotype. We then randomly selected strains from
each group, with varying numbers chosen, repeated 100 times, to
evaluate the impact of specific biases.

The selection of reassortment identification
methods for performance comparisons

We first selected RDP4 (Recombination Detection Program), a
widely used recombination detection tool [38]. RDP4 identifies
evolutionary events at the species level based on sequence
similarity, including genomic reassortment. It integrates multiple
recombination detection methods, such as RDP, BootScan,
GENECONV, and MaxChi. Additionally, the software provides
tools for phylogenetic tree construction to support in-depth
analysis of RPs in viral genomes. In addition, several influenza-
specific reassortment algorithms exist, but few provide accessible
code [39]. FIuRPId, a coarse framework for detecting RPs among
different influenza genotypes, is most comparable to FluGenome,
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though this database is no longer available [40]. Among accessible
algorithms with verified functionality, we chose GiRaf [11], which
detects influenza virus reassortment by comparing phylogenetic
trees of different genome segments. It identifies tree topology
inconsistencies, which suggest reassortment events. The method
uses a probabilistic framework to assess the confidence of these
events.

Construction of evaluation datasets and
comparison protocol
Validation dataset with reported reassortment events

Using the FluReassort database [41], we mapped documented
influenza reassortment events with FIuRPId. After excluding
incomplete events or those lacking sequence data, 130 events
remained. Of these, 92 matched patterns identified by FIuRPId,
covering key subtypes like HSN1, HIN2, and H7N9. These 92
events formed the validation dataset for assessing FluRPId’s
reliability.

Dataset for reassortment identification performance
comparison

We created three datasets to compare FIuRPId with existing meth-
ods: one real dataset of influenza reassortment events and two
simulated datasets for inter-subtype and intra-subtype reassort-
ments. The real dataset included 96 strains, combining three high-
credibility reassortment events from 2001, 2002, and 2013 with 87
randomly selected strains from the same years. For the simulated
datasets, we randomly selected 10 high-credibility reassortment
events involving either two HS5N1 parental strains or H5N1 and
H1N1 parental strains. While the reassortant strains in these
events varied, the two parental strains in each event were iden-
tical. To introduce genetic variability, we generated 20 mutated
genomes for each parental strain using a mutation rate of 0.001.
These mutated strains were combined to create two simulated
datasets, each comprising 52 strains (12 original strains and 40
mutated strains). The inclusion of mutated strains allowed us
to assess the robustness of different reassortment identification
methods under varying genetic conditions.

Comparison across reassortment identification methods

To evaluate and compare reassortment identification perfor-
mance, we applied our proposed framework, FIuRPId, alongside
two widely used tools—GiRaF and RDP4—on all constructed
evaluation datasets, including both real and simulated sets.
Each method was used to identify potential reassortment events
within the datasets, and the results were assessed based on their
concordance with known reassortant genotype combinations.

A prediction was classified as a true positive (TP) if the iden-
tified genotype combination exactly matched a documented or
predefined reassortment event. Predictions that did not corre-
spond to any known event were considered false positives (FP).
Known reassortment events that were not detected by the method
were counted as false negatives (FN). Strains correctly identi-
fied as nonreassortant were considered true negatives (TN). For
simulated datasets involving low-mutation strains, all mutated
variants were assumed to belong to the same reassortment event
as their original parental strains, allowing us to evaluate each
method’s robustness to minor genetic divergence.

To quantitatively assess method performance, we calculated
the following four evaluation metrics based on TP, FP, TN, and FN:

.. TP
P = 4
recision TP 1 TD) (4)
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TP
Recall = T (5)
3 (TP + TN)
Accuracy = TP TN+ FN) (6)

2 x (Precision x Recall)

F1 — measure = —
(Precision + Recall)

These metrics were used to generate comparative performance
plots (Supplementary Fig. S2), enabling a comprehensive evalua-
tion of each method’s accuracy and generalization ability under
both real and simulated conditions.

Identification of reassortment chains

We identified reassortment chains for all influenza subtypes
based on high-credibility patterns, applying strict epidemiological
criteria. Reassortant strains from earlier events served as parental
strains in subsequent events, with both parental genotypes orig-
inating from the same country and host species within the same
year. By mapping these linkages, we reconstructed sequential
reassortment pathways and annotated each node with its year
of occurrence, revealing the temporal dynamics and evolutionary
continuity of reassortment.

Construction of reassortment network

We constructed a reassortment network by integrating epidemi-
ologically constrained chains, focusing on the top 20 most fre-
quent RP connections. This network captures key reassortment
continuity in influenza evolution. Using Gephi software, we visu-
alized the network with nodes representing genotypes and edges
indicating evolutionary relationships [42]. Directed edges reflect
reassortment pathways, with colors representing the subtype of
the reassortant strain. For example, if RP A produces an HS5N1
reassortant strain, which subsequently undergoes reassortment
with an N6-containing virus in RP B to generate an H5NG6 strain,
the directed edge would point from A to B. The edge color would
correspond to the HS5N1 subtype, reflecting the origin of the
reassortant strain. This network offers a comprehensive view of
reassortment dynamics, helping to analyze the connectivity and
evolutionary implications of influenza virus reassortment.

Key Points

e We developed FluRPId, a fully automated framework
that leverages FluTyping-defined phylogenetic diversity.

e FIuRPId constructed a comprehensive reassortment
landscape, which was validated through independent
criteria.

e The reassortment landscape revealed reassortment
chains and preferences of influenza viruses at multiple
levels.

e The landscape successfully traced the cross-species
transmission of H7N9 in 2013 retrospectively and clar-
ified the role of H5 reassortment in host adaptation.
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