N

N

High-throughput droplet-based analysis of influenza A
virus genetic reassortment by single-virus RNA
sequencing
Kuang-Yu Chen, Jayaprakash Karuppusamy, Mary O’neill, Vaitea Opuu,
Mathieu Bahin, Sophie Foulon, Pablo Ibanez, Lluis Quintana-Murci,
Tatsuhiko Ozawa, Sylvie van der Werf, et al.

» To cite this version:

Kuang-Yu Chen, Jayaprakash Karuppusamy, Mary O’neill, Vaitea Opuu, Mathieu Bahin, et al.. High-
throughput droplet-based analysis of influenza A virus genetic reassortment by single-virus RNA
sequencing. Proceedings of the National Academy of Sciences of the United States of America, 2023,
120 (6), pp.e2211098120. 10.1073/pnas.2211098120 . pasteur-04097895

HAL Id: pasteur-04097895
https://pasteur.hal.science/pasteur-04097895
Submitted on 15 May 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://pasteur.hal.science/pasteur-04097895
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Downloaded from https://www.pnas.org by INSTITUT PASTEUR MEDIATHEQUE SCIENTIFIC on May 16, 2023 from IP address 157.99.10.136.

PNAS

RESEARCH ARTICLE APPLIED PHYSICAL SCIENCES

L)

Check for
updates

High-throughput droplet-based analysis of influenza A virus
genetic reassortment by single-virus RNA sequencing

Kuang-Yu Chen®'?, Jayaprakash Karuppusamy”'~?

Lluis Quintana-Murci“"@, Tatsuhiko Ozawaé {2, Sylvie van der Werf™

, Mary B. O'Neill®“"# Vaitea Opuu®, Mathieu Bahin®, Sophie Foulon®, Pablo Ibanez® (),
, Philippe Nghe!, Nadia Naffakh®®, Andrew Griffiths™®

|a,5

,and Catherine Ise

Edited by David Weitz, Harvard University, Cambridge, MA; received June 28, 2022; accepted December 11, 2022

The segmented RNA genome of influenza A viruses (IAVs) enables viral evolution
through genetic reassortment after multiple IAVs coinfect the same cell, leading to
viruses harboring combinations of eight genomic segments from distinct parental
viruses. Existing data indicate that reassortant genotypes are not equiprobable; how-
ever, the low throughput of available virology techniques does not allow quantitative
analysis. Here, we have developed a high-throughput single-cell droplet microfluidic
system allowing encapsulation of IAV-infected cells, each cell being infected by a single
progeny virion resulting from a coinfection process. Customized barcoded primers for
targeted viral RNA sequencing enabled the analysis of 18,422 viral genotypes resulting
from coinfection with two circulating human HIN1pdm09 and H3N2 TAVs. Results
were highly reproducible, confirmed that genetic reassortment is far from random,
and allowed accurate quantification of reassortants including rare events. In total, 159
out of the 254 possible reassortant genotypes were observed but with widely varied
prevalence (from 0.038 to 8.45%). In cells where eight segments were detected, all 112
possible pairwise combinations of segments were observed. The inclusion of data from
single cells where less than eight segments were detected allowed analysis of pairwise
cosegregation between segments with very high confidence. Direct coupling analysis
accurately predicted the fraction of pairwise segments and full genotypes. Overall, our
results indicate that a large proportion of reassortant genotypes can emerge upon coin-
fection and be detected over a wide range of frequencies, highlighting the power of our
tool for systematic and exhaustive monitoring of the reassortment potential of IAVs.

droplet microfluidics | single-cell RNA-seq | influenza | genetic reassortment | direct coupling analysis

Influenza A viruses (IAVs) are human and animal respiratory pathogens that represent a
worldwide major public health threat. In humans, they recur every year as “seasonal
influenza”, due to antigenic variation as a result of polymerase errors. In addition, the
segmented nature of their genome, made up of eight negative-sense single-stranded viral
RNAs (vVRNAs), provides IAVs with further evolutionary potential: upon coinfection of
a single cell by distinct viruses, progenies that harbor combinations of genomic segments
derived from the different parental viruses can emerge from a process termed genetic
reassortment.

Aquatic birds, poultry, swine, bats, and other mammals are hosts to a dynamic pool of
IAVs (1) which pose ever-changing threats as a source of zoonotic infections, especially
as pigs can act as a “mixing vessel” for swine, avian, and human IAVs to undergo genetic
reassortment (2, 3). Genetic reassortment between cocirculating human IAVs increases
genetic diversity during the evolution of seasonal viruses, and reassortment between highly
divergent animal and human IAVs can lead to novel and potentially deadly viruses.
Reassortment between human and avian IAVs led to the emergence of the 1957 and 1968
pandemic strains (4). The importance of IAV reassortment as a public health concern was
highlighted in 2009 by the emergence of the HIN1pdmO09 virus in humans, a complex
reassortant swine virus combining segments derived from avian, swine, and human IAVs
(5, 6) and more recently by the increased prevalence of avian H7N9 (7) and swine HIN1
multireassortant IAVs with increased human infectivity (8).

Genetic reassortment is intimately linked to the copackaging of the eight different IAV
genomic segments via cis-acting packaging signals present on each vRNA. These signals,
accountable for direct VRNA—vRNA interactions, display segment and subtype specificity
and have been mapped throughout the entire length of the vRNAs (9-19). Hence, the
current model for VRNA packaging, which also relies on structural (20) and genetic data
(21-25), is that vRNA—vRNA interactions between adjacent packaging signals control
the bundling of the eight viral segments and their copackaging into virions with a con-
served “7 + 17 pattern, with one central segment surrounded by seven others (16, 26, 27).
Direct contacts between segments have been observed by electron tomography (10, 28).
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Influenza A viruses (IAVs)
represent a major worldwide
health threat. Wild aquatic birds
are the natural reservoir of |AVs,
which also infect other species
including domestic poultry and
mammals. Pigs are “mixing
vessels” where IAVs from different
strains can reassort, posing a
continuous threat of zoonotic
infections, and animal-human
reassortant IAVs episodically
generate severe pandemics. We
demonstrate large-scale
quantitative assessment of
reassortment between two
circulating human IAVs using
high-throughput droplet
microfluidics. Our method will
enable i) a better understanding of
the rules underlying reassortment
and ii) scrutinization of
reassortment between zoonotic
animal viruses and human
seasonal viruses, to identify those
representing a threat to human
health. This provides an additional
predictive parameter to
complement existing Pandemic
Influenza Risk Assessment Tools.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS. This
article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).

'K.-Y.C.,J.K.,, and M.B.O. contributed equally to this work.

2Present address: Sir William Dunn School of Pathology,
University of Oxford, OX1 3RE Oxford, UK.

Present address: Department of Mechanical
Engineering, Birla Institute of Technology and Science
Pilani, Hyderabad, Telangana 500078, India.

“Present address: Brotman Baty Institute for Precision
Medicine, Seattle, WA 98195.

5To whom correspondence may be addressed. Email:
Nadia.naffakh@pasteur.fr, Andrew.griffiths@espci.fr, or
Catherine.isel-griffiths@pasteur.fr.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2211098120/-/DCSupplemental.

Published February 2, 2023.

10f 12


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Nadia.naffakh@pasteur.fr
mailto:Andrew.griffiths@espci.fr
mailto:Catherine.isel-griffiths@pasteur.fr
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2211098120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2211098120/-/DCSupplemental
https://orcid.org/0000-0002-0162-3299
https://orcid.org/0000-0002-0976-2269
https://orcid.org/0000-0003-2429-6320
http://orcid.org/0000-0002-3112-452X
http://orcid.org/0000-0002-1148-4456
mailto:
mailto:
http://orcid.org/0000-0002-0808-3539
mailto:
https://orcid.org/0000-0002-8014-7525
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2211098120&domain=pdf&date_stamp=2023-2-2

Downloaded from https://www.pnas.org by INSTITUT PASTEUR MEDIATHEQUE SCIENTIFIC on May 16, 2023 from IP address 157.99.10.136.

In addition, the amino acid sequence of the viral nucleoprotein
(NP) may control selective packaging jointly with packaging sig-
nals on the vRNAs (29).

It has previously been reported that IAV reassortment can occur
at high frequency in vivo between phenotypically identical paren-
tal viruses in the absence of constraints imposed by segment mis-
matches, although frequencies vary between virus strains and host
species (30-35). Even though the theoretical number of genotypes
that can emerge from reassortment between two strains is 256
(2%, the full panel has never been observed and certain genes tend
to cosegregate (11, 36, 37), suggesting that genetic reassortment
is biased (reviewed in refs. 12 and 38). Incompatibilities among
heterologous vVRNAs due to sequence differences in the packaging
signals and/or incompatibilities among heterologous proteins can
both strongly impact the outcome of mixed IAV infection
(reviewed in refs. 12 and 38-40). Progress in characterizing
cross-species incompatibilities has been made in recent years (38).
However, the rules underlying reassortment remain largely
unknown, primarily because characterization of reassortant viruses
has required genotyping via RT-PCR followed by sequencing or,
alternatively, by high-resolution melt analysis (30, 39, 41) of clonal
isolates obtained upon plaque purification or limiting dilution.
With these procedures, reassortment cannot be studied compre-
hensively; so far, a maximum of ~400 (35, 42) to ~700 (43) reas-
sortant genomes have been analyzed at a time, and not all were
performed under uniform experimental settings.

Droplet microfluidics systems (44), in which aqueous pL to nL
droplets in inert fluorinated carrier oil are used as independent
microreactors containing single cells (45), combined with droplet
barcoding and next generation sequencing (NGS) technologies
have enabled single-cell RNA sequencing (scRNA-seq) transcrip-
tomic analysis on thousands of individual cells (46, 47).
Commercial droplet microfluidic systems have been applied for
virus and host transcriptomic analysis of IAV-infected cells
(48-51). More recently, it was also shown that IAV can propagate
within drops containing single cells, enabling analysis of viral
populations produced from individual infected cells (52).

Here, we report a droplet microfluidics approach to systemat-
ically study IAV genetic reassortment on a large scale. Our
approach adapts a proven droplet microfluidics systems for scR-
NA-seq (46) to perform high-throughput targeted sequencing of
vRNAs. The experimental and bioinformatic pipelines allowed
the analysis of 18,422 individual viral genomes resulting from
coinfection of cultured cells with two distinct IAVs, among which
9,438 displayed reassortant genotypes. Results were highly repro-
ducible across technical and biological replicates, confirmed that
genetic reassortment is far from random, recalled some previously
identified reassortant gene combinations and allowed quantifica-
tion of reassortant genotypes including rare events.

Results

A High-Throughput Droplet-Based Single-Virus RNA Sequencing
System Workflow to Study IAV Genetic Reassortment. We have
developed a procedure, termed pFlu, that combines molecular
virology, droplet microfluidics, NGS, and bioinformatics to
systematically study IAV genetic reassortment at an unprecedented
scale (Fig. 1). The pFlu procedure was applied to two human
seasonal strains of IAV, HIN1pdm09 (A/Bretagne/7608/2009)
(termed H1N1p) and H3N2 (A/Centre/1003/2012) (termed
H3N2). Coinfection of Madin-Darby Canine Kidney (MDCK)-
SIAT (sialyltransferase) (53) “producer” cells with HINIp
(m.o.i = 10 pfu/cell) and H3N2 (m.o.i = 5 pfu/cell) was performed
in triplicate (Co-INF1, Co-INF2, and Co-INF3). Flow cytometry
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of MDCK-SIAT cells separately infected with HINI1p and
H3N2 and stained with anti-HIN1p-HA and anti-H3N2-M2
antibodies revealed that 30 to 38% of cells exposed to both strains
were coinfected (87 Appendix, Fig. S1A and Table S1). The viral
progeny from coinfections (SI Appendix, Table S1) were next
used to infect fresh MDCK-SIAT “indicator” cells (m.o.i = 0.01
pfu/cell). For every viral stock, two independent low m.o.i.
infections were performed generating six replicates, R1.1, R1.2,
R1.3, R2.1, R2.2, and R2.3 (SI Appendix, Fig. S1E). Following
infection, cells were fixed and fluorescently labeled with anti-HA
and anti-M2 antibodies, and single infected cells (1.16 to 3.03%
of total cells) were collected/enriched by fluorescence-activated cell
sorting (FACS), using forward scatter and side scatter to remove
cell debris and cell aggregates (87 Appendix, Fig. S1 B and C).
As a control, cells were separately infected, in duplicate, at high
m.o.i. with either parental virus, sorted by FACS, and mixed 1:1
generating “Premix” controls 1 and 2 (87 Appendix, Fig. S1 D
and E). Additional controls were also performed, where cells were
separately infected at high m.o.i. with the HIN1p and H3N2
viruses and either treated separately until the end of the pFlu
procedure (No-MixCtrl) or encapsulated and reverse transcribed
separately prior to mixing for the rest of the library preparation
steps (Library-MixCrrl) (S Appendix, Fig. S1E). Under such
conditions, reassortment cannot occur since coencapsulation of
cells infected by HIN1p and cells infected by H3N2 viruses is
not possible.

A microfluidic system, adapted from refs. 46 and 54, was used
to achieve encapsulation of 0.5 x 10° to 1 x 10 low m.o.i. infected
“indicator” cells from each experiment in 120 pL droplets,
together with lysis buffer, reverse transcription (RT) reagents, Bcll
restriction endonuclease, and a single hydrogel bead (HgB)
(Fig. 1A4). Each bead carried ~10° barcoded single-stranded DNA
gene-specific primers (GSPs) for cDNA synthesis on vRNAs
(Fig. 1B). The primers on each bead carried the same barcode
(BC), while primers on different beads carried different BCs (46).
The BCs were produced by split-and-pool ligation (55). After
in-drop RT, emulsions were broken, and all subsequent steps of
library preparation were performed in bulk (Fig. 1B). A linear
amplification step using in vitro transcription by T7 RNA poly-
merase was used (46, 54) to reduce the imbalance between seg-
ments. Illumina libraries were prepared and sequenced on a
NovaSeq 6000 S1 (300 cycles paired-end). All the cDNAs from
a single cell, and hence a single virus, in principle carry the same
droplet-specific BC allowing the individual viral genomes to be
characterized by NGS. “Premix” controls were processed in the
same way. Two NGS runs were performed: NGS1 to analyze R1.1,
R1.2, and R1.3 together with the No-MixCtrl, the Library-
MixCtrl and the Premix 1 controls, and NGS2 to analyze R2.1,
R2.2, and R2.3 and Premix 2 (S/ Appendix, Fig. S1E).

Bioinfomatic Analysis and Reproducibility of pFlu Reassortment
Datasets. We developed a bioinformatic pipeline to accurately
identify the viral progeny captured in the scRNA-seq data
resulting from the pFlu experimental workflow (Fig. 2 A-C and
SI Appendix, Fig. S2). Our results were robust to a variety of
parameter choices (S/ Appendix, Figs. S3 and S4), and we present
herein those based on one such set (SI Appendix, Supplementary
Methods and Supplementary Results). After removal of data from
BCs with <125 unique molecular identifier (UMI) counts, we
analyzed 54,918 BCs (corresponding to cell-containing droplets)
across all experiments (S/ Appendix, Tables S3 and S4 and Dataset
S1). As we were interested in analyzing reassortant patterns, we
wanted to be sure to exclude any droplets containing more than
one infected cell (i.e., “doublets”). As such, we conservatively
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Fig. 1. Single-cell targeted RNA-seq using barcoded hydrogel beads to study genetic reassortment of IAVs. (A) MDCK-SIAT “producer” cells are coinfected at high
m.o.i. with human seasonal H3N2 and H1N1p viruses and the progeny, which contains reassortant and parental viruses, is used to infect MDCK-SIAT “indicator”
cells at low m.o.i. to achieve single virus infections. At 14 h post-infection, cells expressing viral antigens are sorted by FACS and then loaded onto a microfluidic
device for coencapsulation of single cells together with single barcoded hydrogel beads (HgBs), lysis buffer, and RT reagents (S/ Appendix, Fig. S18 and Movies
S1.and S2). (B) In the droplets, primers are released from the beads by digestion with Bcll restriction endonuclease prior to RT. After in-drop RT, the emulsion is
broken and subsequent steps (second-strand synthesis, in vitro transcription by T7 RNA polymerase, a second RT reaction using GSP-Read2 primers and library
PCR for Illumina sequencing) are performed in bulk. The design of barcoded RT primers linked to HgBs is schematized. UMI: Unique Molecular Identifier; GSP:

Gene Specific Primer. P5 and P7: lllumina P5 and P7 primer sites.

excluded any BCs harboring 21 vRNA from both HIN1p and
H3N?2 strains from further analysis (57 Appendix, Table S4 and
Dataset S2). Doublet rates were high among experiments where
coencapsulation of cells infected with differing viral strains was
possible (combined six replicates of reassortment experiments:
37.70%; Premix] + Premix2: 23.12%), while doublet rates
were low in experiments where cells infected with the different
strains were never encapsulated together (No-MixCtrl 2.39%,
Library-MixCtrl 0.66%) (SI Appendix, Figs. SIE and S5A).
This suggests that artifactual doublets associated with molecular
biology steps (e.g., stray BCs and template switching) are relatively
infrequent in this setting and that the high doublet rates in
Premix and coinfection experiments are more likely attributable
to coencapsulation of cell aggregates that form after FACS and/
or changes in cell density due to sedimentation during injection.
Across all replicates, following the exclusion of potential doublets,
data from 37,492 single-cell-containing droplets remained.
Focusing on 4,952 single cells across all replicates for which we
had evidence for all eight viral segments (S7 Appendix, Table S4
and Dataset S2), we found that the average rate of reassortment
across coinfection experiments was 51.08% =+ 8.42% SD (Fig. 2D,
yellow bars), while the false-positive reassortment rate was <1%,
based on the control experiments (Fig. 2D and SI Appendix,
Fig. S5B). Thus, less than 2% of observed reassortants are artifacts.
The false-positive reassortants can be attributed to events

PNAS 2023 Vol.120 No.6 e2211098120

happening after breaking the emulsion (e.g., stray BCs and tem-
plate switching) as the false-positive reassortment rate was similar
in Premix1 + Premix2 (where coencapsulation of cells infected by
HI1N1p and cells infected by H3N2 viruses in drops is possible)
and in No-MixCtrl and Library-MixCtrl (where there is no coen-
capsulation of cells infected by HIN1p and cells infected by
H3N2 viruses) (SI Appendix, Fig. S5B). Barnard’s test of inde-
pendence (56) was performed by constructing a 2 x 2 table with
the frequency counts of reassortant genomes and parental genomes
between the Premix control experiments and individual replicates
of NGS1 and NGSZ as categorical values. In all cases, the cate-
gorical values are “not independent” (P < 10~ %), indicating that
the reassortment rates in all six replicate experiments are different
from the false-positive reassortment rates in the Premix control
experiments (S Appendix, Table S5). We observed similar patterns
of reassortment across all replicates (S Appendix, Fig. S6 A—Cand
E-G and Dataset S2), as demonstrated by the high Pearson cor-
relation (57) for reassortant genotype frequencies (7= 0.77 to 0. 88

P<107%), single segment frequencies (7= 0.64 t0 0.92, P < 10 %)
and palrw1se segment combinations frequencies (7 = 0.72-0.94,

P < 107"®) between pairs of replicates (SI Appendix, Table S6). This
justifies that data from R1.1, R1.2, and R1.3 can be merged
(SI Appendix, Fig. S6D), as can data from R2.1, R2.2, and R2.3
(SI Appendix, Fig. S6H). Furthermore, the high Pearson correla—
tion of reassortant genotype frequencies (r = 0.919, P < 10 )
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Fig. 2. Processing of scRNA-seq data. (A) Overview of the bioinformatic pipeline. FASTQs were aligned with STARsolo to a reference containing both the HIN1p
and H3N2 segmented IAV genomes. (B) Histogram of the percentage of BCs as a function of the percentage of UMIs aligning to the HIN1p and H3N2 genomes
for the NGS1—Premix (Top) and NGS1—R1.1 (Bottom) experiments; see S/ Appendix, Fig. S3 for histograms of all experiments. Dashed lines distinguish BCs
harboring >80% of their UMIs from a single strain that were used in the first iteration of the global contamination fraction (rho) estimation with SoupX, using
UMis from the minor strain as presumed contamination. Black bars represent BCs used in the second iteration of rho estimation, the empirically estimated
rho, again using UMIs from the minor strain as presumed contamination (gray bars represent BCs that were not used). See S/ Appendix, Supplementary Methods
for details. (C) Segment expression and calling rules. We then used a statistical framework implemented in SoupX to test whether the UMI counts for each
segment and BC were expressed at a level significantly higher than expected when accounting for potential contamination from the ambient pool. A schematic
representation of the rules is shown in the "Expression" panel. FDR-adjusted P values for HI1N1p (x-axis) and H3N2 (y-axis) segment expression are plotted for
five representative BCs from NGS1-R1.1, corresponding to a pure H1N1p, pure H3N2, a doublet, and two reassortants. A FDR threshold of 1% (dotted lines) was
used to define whether there was evidence of segment expression for each gene and strain. (D) Percentage of reassortants (R) and pure strains (HIN1p and
H3N2) among single-cell-containing droplets with evidence for expression of all eight segments for the two premix controls and all six reassortment experiments.

single-segment frequencies (r = 0.957, P < 10™°), and pairwise
segment frequencies (7= 0.955, P < 10™) between these two merged
data sets (SI Appendix, Table S6) justifies the creation of a “merged
dataset” with data from R1.1, R1.2, R1.3, R2.1, R2.2, and R2.3,
which contains 2,592 reassortant eight-segment genomes, and
which is used from hereon (Dataset S2).

Reassortment between Two Circulating Seasonal HIN1 and
H3N2 Strains Generates >60% of All Possible Gene Combinations,
with a Limited Number of High-Frequency Gene Combinations.
The frequencies of genotypes, single segments, and pairs of
cosegregating segments, were analyzed among the 2,592 reassortant
eight-segment genomes (Fig. 3). Barnard’s test of independence
(56) was performed by constructing a 2 x 2 table with the mean
intrastrain and interstrain pair-wise segment frequency counts
between the experimental dataset and theoretical values of random
reassortment. For random reassortment, intrastrain and interstrain
pair-wise segment frequency would each be equal to 0.5. For the
merged dataset (and all replicates), the categorical values are
“not independent,” i.e., P < 107 (SI Appendix, Table S7), clearly
indicating that reassortment is nonrandom. The cumulative counts
of each segment found in a nonhomologous HIN1p or H3N2
genetic background (i.e., in genomes containing 25 segments from
the opposite strain) are shown in Fig. 34. In reassortant genomes
where > 5 segments were derived from HIN1p (top), the most
frequent H3N2 segments were PB2, PB1, HA, and NA, while
PA, NB M, and NS segments were rarely present. Noticeably,
this distribution was nonsymmetrical, as in genomes where =5
segments derived from H3N2 (bottom), the HIN1p segments
PB1, NP, M, and NS were the most frequently incorporated,
while the HIN1p segments PB2 and PA were rarely detected.
A rtotal of 159 different reassortant genotypes were observed
out of the 254 theoretical possibilities (Dataset S2) but at very
different frequencies, approximating to a negative exponential
distribution (Fig. 3B): The 21 most frequent genotypes (Fig. 3C)
represent only 13% of detected genotypes but make up 66% of

40f12 https://doi.org/10.1073/pnas.2211098120

all reassortant genomes (Dataset S2). Among reassortants with
an H1N1p genetic background (red bars in Fig. 3C), the most
frequent genotypes were 7:1 reassortants containing H3N2-NA
or -PB1 or 6:2 reassortants containing H3N2-NA and -PB1, in
agreement with previously published studies (13, 36). Conversely,
the incorporation of single HIN1p-M, -NS, -NP, and -PB1
segments dominated in the H3N2 genetic background. Genomes
wherein the number of segments from HIN1p and H3N2 are
more imbalanced are more frequent, indicating a more frequent
cosegregation of segments from the same strain (S Appendix,
Fig. §7).

To investigate this, the frequencies of the pairwise combinations
of segments within reassortant genomes were analyzed. For any
pair of segments # and b, there are four possible combinations,
#HIN1p-sHIN1p, aH3N2-6H3N2, sHIN1p-6H3N2, and
aH3N2-6H1N1p, and across all segment pairs, the average fre-
quency of these combinations among reassortant genomes was
32.5%, 30.2%, 18.7%, and 18.7%, respectively, confirming the
tendency of segments from the same strain to cosegregate. In the
reassortant viruses, certain segments are more likely to derive from
one strain than the other: NB M, and NS are more frequently
from HIN1p (66%, 67%, and 67%, respectively), PB2, PB1, and
NA are more frequently from H3N2 (61%, 63%, and 65%,
respectively), while PA and HA derive roughly equally from both
strains (52% and 47% from HINI1, respectively) (Fig. 3D and
SI Appendix, Figs. S8 and S9 A-Cand S10). Focusing on pairwise
interstrain segment combinations only (Fig. 3£ and S/ Appendix,
Figs. S9 A-Cand S11), all possible pairwise interstrain combina-
tions of segments were observed, with a wide range of frequencies
from 0.5% (HINI1p-PB2:H3N2-PA) to >40% (40.7% for
HINI1p-NP:H3N2-PB1 and 41% for HIN1p-M:H3N2-PB1)
of all reassortant genotypes.

We sought to increase the statistical power of our analysis by
including data from “dropout genomes,” with one to six missing
(and nonidentified) segments, termed “dropout segments’
(SI Appendix, Table S4). Missing segments can result from

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2211098120#supplementary-materials

Downloaded from https://www.pnas.org by INSTITUT PASTEUR MEDIATHEQUE SCIENTIFIC on May 16, 2023 from |P address 157.99.10.136.

A B

100%
75%

50% 6+
25%
0%
100%
75%

50% 27
25%
0%

0

PB2 PB1 PA HA NP NA M NS

°
c
5
<
!

=y
S
@

a

Qi

z

[

T

y =8.91e12
R?=0.96

Percent of 8-segment Reassortants
Frequency (%)

1N1 background

L FTFLE e

o

e
20 40 60 80 100 120 140 160
[ IR Number of genotype Genotype 6 1 2 3 4 5 6 7 8
| | EE Frequency (%)

8-segment dataset

D The 35 most frequent pair-wise E The 35 most frequent inter-strain pair-wise |- Correlation between pairwise frequencies
combinations combinations of 8-segment and all reassortants

60
— r=0.8996
54 g p<2.27e-41
>;\3 y=0.621x + 1.794
45 55 40
C
36 é’g
E ﬁ 20
7 os9
5
18 o
0
9 0 20 40 60
Pairwise frequency of 8-segment
reassortants (%)
Normalized 4 to 8-segment dataset
G The 35 most frequent pair-wise H The 35 most frequent inter-strain pair-wise | Correlation between pairwise frequencies
combinations combinations of 8-segment and normalized dataset
60
— r=0.95728
[ 2
4B = p <4.24e-61 ’
Of  |y=0862x+3445
< 2540
N ) 5) I ’ 36 N
<X L £
XN/ v =
\\‘," l’ 27 g g 20
©
18 O
ol
9 0 20 40 60

Pairwise frequency of 8-segment
reassortants (%)

Fig. 3. Reassortant genotypes detected using the pFlu system. (A) Frequency of each segment in a nonhomologous H1N1p or H3N2 genetic background, i.e., in
eight-segment genomes including =5 segments from the opposite strain (N = 1,260 and 1,123, respectively). Blue: H3N2 origin. Red: H1N1p origin. (B) Distribution
of frequency (%) of all observed eight-segment reassortant genotypes (N = 159). The black line is a fit to a negative exponential curve. (C) Frequency of the 21
reassortant genotypes each representing >1% of all observed eight-segment reassortant genomes. (D and E) Chord plots of the 35 most frequent inter- and
intrastrain pairwise segment combinations (D) and the 35 most frequent pairwise interstrain segment combinations (E) for the eight-segment reassortant genomes
(N =2,592). (F) Comparison between observed pairwise segment frequency of all reassortants (nonnormalized 2- to 8-segment dataset) and observed pairwise
segment frequency of eight-segment reassortants. The Pearson’s correlation is r = 0.8996 (P < 10™*°). (G and H) Chord plots of the 35 most frequent inter- and
intra-strain pairwise segment combinations (G) and the 35 most frequent pairwise interstrain segment combinations (H) for 4- to 8-segment reassortant genomes
(N =9,324) after dropout normalization. Line thickness is proportional to the pairwise segment frequency (in percent), line color represents the pairwise segment
frequency (in percent), and the size of the bar for each segment represents the single segment frequency (percent value mentioned in brackets). In all cases,
the merged data set (combining NGS1 and NGS2) was used. (/) Comparison between pairwise segment frequency of the normalized 4- to 8-segment dataset
and observed pairwise frequency of eight-segment reassortants. The Pearson’s correlation is r = 0.95728 (P < 10™%°).

incomplete capture during RT. Primers were optimized to maxi- Next-generation sequencing results obtained with the final set of
mize the efficient and uniform amplification of all segments using ~ primers used in this study are shown in S/ Appendix, Fig. S12A.
all 16 HINlp and H3N2 invitro transcribed vRNAs. Cellular expression levels of all 16 vRNAs, in the combined
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control experiments (No-MixCttl, Library-MixCtrl, Premix1, and
Premix2) (S/ Appendix, Fig. S12B), all free of reassortment, glob-
ally reflect RT primer efficiency as measured on vRNA transcripts
(SI Appendix, Fig. S12A). The dropout segment frequency varied
depending on the segment nature and HIN1p/H3N2 background
(SI Appendix, Fig. S12 C-E and Supplementary Methods), which
may be due to differences in vVRNA levels and/or differences in
the efficiency of cDNA synthesis. Using data from the 9,438 reas-
sortant genomes containing 2 to 8 segments (2,592 from the
eight-segment dataset plus 6,846 from 2- to 7-segment dataset)
slightly biased the data, although frequencies of cosegregated pairs
of segments remained similar to data from eight-segment genomes
(81 Appendix, Fig. S9 A—C compared to SI Appendix, Figs. S9 D—F
and S10 and S11 compared to S/ Appendix, Figs. S13 and S14).
To correct for this bias, the data were normalized using the pair-
wise frequencies of the eight-segment reassortant genomes to take
into account the different dropout frequencies for the different
segments (S Appendix, Supplementary Methods and Figs. S8 and
S15). The normalized data from the 9,324 reassortant genomes
(2,592 from the eight-segment dataset plus 6,732 from 4- to
7-segment dataset) is shown in Fig. 3 G and A (intra- plus inter-
strain or interstrain combinations only) and closely match those
obtained analyzing the eight-segment data (Fig. 3 D and E). For
pairwise segment frequencies, the best fit by linear regression of
the 2- to 8-segment nonnormalized reassortant dataset to data
from eight-segment reassortants is y = 0.621x + 1.794 (r = 0.8996,
P<107") (Fig. 3F), whereas for the normalized 4- to 8-segment
dataset, the best fitis y = 0.862x + 3.445 (r= 0.95728, P< 107%%)
(Fig. 31), indicating that normalization corrects for underestima-
tion of pairwise reassortments and increases the correlation with
the eight-segment data. Importantly, although we observed differ-
ences in the overall mean frequencies of the HIN1p and H3N2
single segments and of the HIN1p-HIN1p and H3N2-H3N2
pairwise segments between experiments, both in the eight-segment
and dropout normalized datasets (S Appendix, Fig. S12 Fand G),
the HIN1p-H3N2 mean pairwise frequencies did not appear to
be sensitive to the background (87 Appendix, Fig. S12 H and 1).

Modeling and Prediction of Reassortment. To better understand
and predict reassortment statistics, we applied direct coupling
analysis (DCA) to our datasets. DCA isa machine learning technique
that trains a probabilistic model of high-order distributions from
pairwise frequencies (58). It has been shown to predict sequence-
to-activity relationships in enzymes (59) and is applicable to any
relationships given measured pairwise frequencies. We applied a
DCA model to learn parameters associated with single segments
and segment pairs by maximizing the likelihood of the observed
distribution of all segment combinations (Fig. 44). This way, DCA
can generate eight-segment combination frequencies learning
from the observed occurrences of lower-order combinations down
to pairs. As we show below, this allows us to exploit incomplete
but numerous data from dropout measurements and increases the
prediction quality for genotype frequencies, including those not
present in the experimental data on which the model is trained.
To extract the statistical signal from dropouts, we considered a
three-state DCA model (each segment can be HIN1p, H3N2, or
missing) in which the probability to observe dropout segments is
explicitly taken into account. Such a model has 240 free param-
eters, whereas a two-state model that only considers HIN1p and
H3N2 segment probabilities has 90 free parameters. These addi-
tional parameters allow the dropout biases to be absorbed without
requiring preliminary normalizations. We compared a two-state
DCA model trained on the nonnormalized dataset comprising
eight-segment reassortants (2,592 droplets) and a three-state DCA
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model trained on the nonnormalized dataset comprising 2- to
8-segment reassortants (9,438 droplets). We assessed the quality
of the models by bootstrapping, where 30% of the genotypes
among all observed eight-segment combinations were reserved for
later validation (in practice, a random subset of 48 genotypes
among the 159 observed ones). The two-state model was first
trained on the frequencies measured for the 70% of genotypes
distinct from the 48 genotypes of the validation set, while the
three-state model was trained on 70% of the 2- to 8-segment
dataset after the removal of the validation set.

Validation was then performed by computing the correlation
between the genotype frequencies predicted by the model and
those measured for the validation set (S Appendix, Supplementary
Methods). We found that the three-state DCA model trained on
the dropout data is more predictive, as the correlation between
the model and the validation set improved significantly, from
Pearson’s correlation of 0.74 (P < 107°) without dropout genomes
to 0.83 (P< 107) including dropout genomes (Fig. 4 B, Lefi).
This process was repeated on 30 random training and validation
sets for each model, showing on average an increase from 0.69 to
0.79 of the correlation coefficient (Fig. 4 B, Right). Taking into
account dropout genomes, genotypes were predicted with better
confidence than without dropout genomes for frequencies lower
than 2.7 x 107 (Student’s £ test, P< 107, ST Appendix, Fig. S16A).
For both two-state and three-state models, the correlation con-
verged when varying the size of the training dataset including
dropout genomes, but the correlation was less noisy and higher
with the three-state model (S7 Appendix, Fig. S16 B and C). The
model did not overfit as fitting on 58% of the dataset with 2- to
8-segments (4,532 reassortant genomes) was sufficient to predict
the 36% ecight-segment reassortants (921 reassortant genomes)
left for validation with Pearson’s correlation of > 0.80 and P< 107
(81 Appendix, Fig. S16C).

A three-state model trained on the complete 2- to 8-segment
dataset that only considers independent single-segment frequen-
cies poorly reproduces reassortant genome frequencies observed
in the merged dataset containing 2,592 reassortant genomes with
all eight-segments (Fig. 4 C, Leff), consistent with the existence
of physical interactions between them, as previously reported for
certain segments (11, 13, 19, 37). In contrast, taking into account
pairwise terms in the DCA model leads to a Pearson’s correlation
0f 0.87 with P< 107 between predicted and measured reassortant
genome frequencies, as good as the correlation between experi-
mental replicates (ranging from correlation of 0.72 to 0.94 with
P<10” (Fig. 4 C, Right and SI Appendix, Table S6).

The pairwise segment cosegregation frequencies generated by
the DCA model trained on 9,438 reassortants with 2- to 8-seg-
ments closely resembled the data from eight-segment genomes
(Fig. 4D, r=10.969, P < 10_68, compare to Fig. 3D), measured
pairwise segment frequencies in the 2- to 8-segment reassortants
(81 Appendix, Fig. S16D, r = 0.997 with P < 10%*® and normal-
ized data from reassortant genomes with >4 segments (S Appendix,
Fig. S16E,7=0.972, P < 1079, Furthermore, it allowed the pre-
diction of reassortant genotype frequencies, which match quite
closely the frequency of experimentally observed eight-segment
genotypes (Fig. 4F and S/ Appendix, Fig. S17). However, the
model also predicts the frequency of genotypes that were not
observed in the eight-segment data (Fig. 4E). Indeed, all genotypes
are predicted to occur with nonzero frequencies, the lowest being
2.95 x 107, The missing reassortant genotypes in the experimental
data from the eight-segment genome appear to be an effect of the
sample size. To test this, we subsampled 2,592 genomes from the
254 possible reassortant genotypes using the probabilities given
by the DCA model: 95% of the reassortant genotypes not observed
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Fig.4. Modeling and prediction of reassortment. (A) The probabilistic DCA model trained using the frequencies of H1N1p/H3N2 at single or pairs of segments.
The probability of observing HIN1p, H3N2, or a dropout at segment /i depends on what is observed at the other seven segmentsj. The interactions with the other
segments are modeled by the J; terms. (B) Model generalization using dropouts. Forty-eight random genotypes among the 159 of the eight-segment genotypes
observed were reserved as the validation set. The Left panel shows the comparison of two models: a two-state model trained on the 70% remaining genotypes
of the eight-segment dataset (111 genotypes, gray dots) and a three-state model trained on 70% of the 2- to 8-segment dataset (1,208 among the 1,726 2- to
8-segment genotypes remaining after the removal of the validation set, orange dots). The predicted (log) genotype frequencies are plotted against the measured
(Observed) (log)frequencies of the remaining 30% reassortant genotypes [48] of the eight-segment dataset used as validation set. Pearson's correlation, r,
is indicated. The box plots in the Right panel show the distribution of Pearson’s correlation for the model trained on the eight-segment dataset (no-DO) and
trained on the 2- to 8-segment dataset (DO), each obtained for 30 randomly drawn training and validation sets. The median values are indicated as a line at the
center of the boxes. All correlations obtained have P < 107, The average gain (green dot) of predicted power resulting from using the 2- to 8-segment dataset is
significant by t test (two-sample and one-tailed) on the two samples (****p < 107%. (C) Prediction quality of the three-state pairwise model. For the model trained
on the complete 2- to 8-segment (i.e., including dropout genomes) dataset (no training/validation split), the interaction terms J; (Right) improved the Pearson’s
correlation, r, for predicted (log)frequencies vs. observed frequencies of the validation set compared to the model without terms J; (Left). (D) Prediction of pairwise
segment frequencies by the three-state DCA model trained on the complete 2- to 8-segment dataset. Left: correlation between pairwise segment frequencies
predicted by the DCA model (for eight-segment genomes) and observed frequencies in the eight-segment dataset (r = 0.969, P <107°). Right: chord plot showing
the pairwise segment frequencies predicted by the DCA model. (E) Histogram of observed genotype frequencies from the eight-segment dataset vs. predicted
frequencies of reassortant genotypes (N = 254) in the merged 2- to 8-segment dataset. The genotypes are shown as colored lines (red: H1N1p-derived segment,
blue: H3N2-derived segment) and are ordered according to the number of H1N1p-derived segments. Observed and predicted frequencies are represented with
black bars on the left and gray bars on the right, respectively. Red lines indicate the 25 to 75% confidence intervals obtained from the bootstrap experiment.
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in the subsamples had frequencies of <0.07% in the model.
Accordingly, 95% of the reassortant genotypes not observed in
the eight-segment dataset had frequencies of <0.0038% in the
model, which is below the threshold obtained by subsampling.

Discussion

We developed the pFlu system to analyze reassortment events
occurring between different strains of TAV in a high-throughput
manner (Fig. 1). We applied this system to sequence single cells
infected with single progeny virions derived from coinfections of
cultured cells with two human seasonal IAVs of HIN1p and
H3N2 subtypes. Viral particles obtained from “producer” cells
coinfected at high m.o.i. with the two IAV strains were used to
infect “indicator” cells at low m.o.i. (so that cells are unlikely to
be infected by more than one virus). The latter cells were then
analyzed by adapting a droplet microfluidic system (46) to use
custom cDNA primers specifically targeting vRNAs and to rapidly
analyze larger numbers of cells. The beads carried 85 million dif-
ferent BCs (vs. 150,000 (46)) potentially permitting analysis of
up to 1.7 million cells (vs. 3,000 (46)) with 99% unique labeling,.
Use of smaller hydrogel beads and droplets (120 pLvs. 1 to 5 nL)
and a dual nozzle device for cell encapsulation at ~240 st (vs. 1
to 10 cells s71) allowed 0.5 x 10° to 1 x 10° low m.o.i. infected
cells (vs. ~1,000 cells (46)) to be coencapsulated with beads in
<10 min for each experiment. Finally, data analysis required the
development of a robust, tailored bioinformatics pipeline. Single-
cell RNA-seq is most often based on poly(A) capture of messenger
RNAs (mRNAs). However, IAV vRNAs are not poly-adenylated
and although the nature of vRNAs can be inferred from their
corresponding mRNAs, traditional poly(A)-RNAseq could, in our
case, be disadvantageous in several respects: i) Depending on the
strain, viral mRNA reads within an infected cell represent 10 to
50% of the total reads and the concomitant cellular mRNA reads
would result in a substantial loss of sequencing depth; ii) recently
published data (60), based on strand-specific RT-qPCR amplifi-
cation of viral mRNAs and vRNAs, reveal more heterogeneity
among all eight mRNAs compared to the eight vVRNAs (this obser-
vation holds true until 12 h post-infection, close to the time-point
we chose for the analysis of the “indicator” cells (14 h), with
mRNA levels generally lower than vRNA levels); and iii) incom-
plete viral gene expression observed during infection (61, 62)
could be due to defects at the mRNA level. Of note, targeted
scRNA-seq using custom-made and commercial droplet micro-
fluidic systems is becoming more common, for example, for tar-
geted antibody and T cell receptor sequencing ((63); 10X
Genomics Single Cell Immune Profiling system (64)). Targeted
scRNA-seq is also being achieved through transcript enrichment
prior to poly(A) capture and sequencing (65-67). Our experimen-
tal design demonstrated high technical and biological reproduci-
bility of the procedure (S7 Appendix, Table S6) and permitted the
analysis of 2,592 complete (with eight segments) reassortant
genomes (Dataset S2), vastly exceeding the number of genotypes
analyzed by standard methods (<72) (35, 42, 43). With the micro-
fluidic device being able to encapsulate 0.5 x 10° to 1 x 10° “indi-
cator” cells in < 10 min, there is virtually no limit to the number
of reassortant genomes that can be analyzed—it is simply a tradeoff
with cost, which is largely driven by sequencing.

Focusing on single cells where all eight segments were iden-
tified, our data demonstrate that reassortment of segments
between IAV strains is far from random (S7 Appendix, Table S7).
In this dataset, 159 of 254 possible reassortant genotypes were
observed as a result of reassortment between the HIN1p and
H3N2 strains (Dataset S1 and Fig. 3B). Their distribution
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approximates a negative exponential, with very few genotypes
present at high frequencies (maximum 8.45%) and a large num-
ber at very low frequencies (minimum 0.039%) (Fig. 3B). Based
on pairwise combination statistics, all 112 possible pairs of
segments were detected, albeit at very different frequencies rang-
ing from 0.5 to 41% (S Appendix, Fig. S9). Based on control
experiments in which reassortment is impossible (S7 Appendix,
Fig. S5B), the frequency of false reassortants is below 1%
(0.93% for No-MixCtrl, 0.14% for Lib-MixCtrl, and 0.68%
for Premix 1 + Premix2). The most frequent false reassortant
genotype identified (an eight-segment genotype identified four
times among the 9,546 ecight-segment containing BCs of
Premix2) represents 0.042% of total BCs (cells) identified
(Dataset S2 and SI Appendix, Table S4), which constitutes a
practical lower limit for the detection of rare genotypes. Hence,
only the genotypes resulting from coinfection that were detected
once or twice (41 genotypes, 0.020 and 0.040%, respectively,
of all 4,952 eight-segment genotypes) fall below this limit.
Inclusion of an additional 6,846 incomplete reassortant
genomes (“dropout genomes”) that, due to imperfect vRNA
capture, contained missing (and nonidentified) segments
(“dropout segments”), increased the power to determine coseg-
regation frequencies (S/ Appendix, Fig. S10 compared to
SI Appendix, Fig. S13) but also introduced a minor bias in the
data. Normalized frequencies of pairwise combinations of seg-
ments from the 9,324 reassortant genomes containing 4 to 8
segments (Fig. 3 G and H) closely matched those found in the
2,592 reassortant genomes of the eight-segment dataset (Fig. 3
D and E), as exemplified by the high Pearson correlation coef-
ficient (r = 0.95728, P < 4.24 x 107 (Fig. 31), justifying the
use of dropout genomes. Of note, pFlu only detects viruses that
are able to efficiently infect the “indicator” cells, efliciently rep-
licate their vRNAs inside the newly infected cells, and efficiently
express, at the cell-surface, the HA and M2 proteins used to
sort the indicator cells by FACS. Such viruses must possess an
active polymerase complex, i.e., PB2, PB1, PA, and NP proteins
encoded by full-length PB2, PB1, PA, and NP segments and
able to cooperate for transcription and replication. Among the
6,846 dropout genomes, 4,313 (63%) are missing at least one
of the PB2, PB1, PA, or NP genes. We therefore assume that
most dropout genomes arise from technical issues rather than
from a large proportion of incomplete virions (61). This assump-
tion is supported by scanning transmission electron microscopy
tomography analysis of viral stocks, which revealed that at most
20% of virions among 50 virions of laboratory strains and 10%
of virions of clinically isolated strains package less than eight
viral RiboNucleoParticles (VRNDPs), with no virions containing
less than five vRNDPs (65). Incomplete patterns of viral protein
expression in infected cells, the observation of which led to the
concept that a large proportion of virions might carry less than
eight VRNA segments (61), may result from defects in, e.g.,
uncoating and nuclear transport of vVRNPs, vRNA transcription,
and/or viral protein synthesis, instead of the absence of one or
several vVRNAs in the viral particle. Finally, predictions from a
DCA model, trained on data from reassortant genomes with >2
segments, showed that pairwise segment cosegregation frequen-
cies could be reproduced, and full reassortant genotype frequen-
cies could be inferred (Fig. 4). As, based on control experiments
in which reassortment is impossible (87 Appendix, Fig. S5B),
the frequency of false reassortants in the training set is below
1%, predicted frequencies are little influenced by false reassor-
tants and it is expected that the DCA model should be able to
reliably predict the frequency of even very rare reassortant
genomes. Indeed, the DCA model suggested that analysis of
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~1x10° genomes (SI Appendix, Supplementary Methods) would
be needed to detect the rarest reassortant genotypes (P = 0.95).

Mechanistically, reassortment between genetically distant
viruses is thought to be limited by incompatibilities between viral
proteins and incompatibilities at the genomic level between pack-
aging signals on vRNAs (38, 40). Packaging signals, close to the
extremities of the vRNAs, have mainly been investigated for the
lab-adapted A/WSN/33 and A/Puerto Rico/8/34 (PR8) strains
(16, 27). In the case of the HIN1p strain, the importance of the
3" and 5’ extremities of the HA and NA segments for packaging
has been established (66). Concerning H3N2 strains, an in vit-
ro-established VRNA—vRNA network, mostly involving terminal
packaging signals and bringing together all eight vRNAs of the
seasonal A/Moscow/10/99 (H3N2) strain, was identified (9). In
addition, copackaging of the NA and PB1 segments of H3N2
strains (seasonal and A/Udorn/72) with six heterologous segments
from the egg-adapted HINT1 virus PR8 was observed during vac-
cine seed production (36). Cosegregation between H3N2-NA and
-PB1 in an engineered recombinant virus was found to be driven
by an RNA-RNA interaction that was mapped at the nucleotide
level on both segments (13). The latter study also confirmed the
existence of numerous, potentially functionally redundant
intersegmental VRNA—vRNA interactions which differ from one
strain to another, making the prediction of RNA-RNA interac-
tions that drive genome packaging and in turn genetic reassort-
ment, a challenge. Our study reveals that 159 out of 254 of all
possible genotypes were observed upon coinfection, and DCA
modeling further predicts that all possible genotypes can occur,
even if some will occur only at very low frequencies. The frequently
observed incorporations of H3N2-NA, H3N2-PB1, or H3N2-
(NA+PB1) into the HIN1p-background are consistent with the
above-mentioned data (13, 36). Entry of H3N2-NA, H3N2-PB1,
and H3N2-(NA+PB1) into an H1NIp-background was also
observed after single- and multicycle replication on MDCK cells
(42), but numbers were low and replicates only poorly correlated.
Notably, most segments of the circulating seasonal H3N2 strains
are inherited from an HIN1 (“PR8-like”) ancestor except for the
NA segment that was acquired by reassortment in 1957 and the
HA and PB1 segments that were acquired by reassortment in
1968. Thus, from an evolutionary point-of-view, the H3N2-HA,
-NA and -PB1 segments already have a history of successful intro-
duction into a “PR8-like” background. After several decades of
circulation/evolution in the human population, they are still prone
to introduction into a PR8 variant background (egg-adapted PR8
background) (36) but also into a quite genetically distinct HIN1p
background (our experiments and ref. 42), possibly suggesting
some intrinsic capacity to be incorporated in a heterologous back-
ground. Accordingly, the PB1 catalytic core subunit of the influ-
enza polymerase sustains efficient activity in a heterologous
background, as measured in a minireplicon assay (42).

In the human population, H3N2 viruses have cocirculated with
HINI viruses from 1977 to 2009 and with HIN1p viruses since
2009. Although reassortment readily occurs between H3N2,
HINTI, and HIN1p subtypes (67-69), only a few cases of H3N2-
gene introduction, i.e., incorporation of the H3N2-NA segment
into the HIN1p-background, have been reported (70-72), whilst
reassortants harboring the H3N2-(PB1+NA) gene combination
in an HIN1p background have not been detected in natural infec-
tions. In the H3N2-background, individual incorporations of
HINIp-segments, namely M, NS, NP, and PB1, are the most
frequent in our experimental setting, in agreement with data from
Phipps etal. (42). In nature, reassortant strains harboring the
HIN1-HA in an H3N2 background emerged in 1989 in China
(73) and worldwide in 2000 (74-76). After 2009, two cases of
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introduction of HIN1p-HA and HINI1p-(HA+NS) into the
H3N2-bakground were reported, in India in 2009 (77) and in
the Netherlands in 2018 (78), respectively. Coinfections in
humans have been reported, with frequencies varying from 1 to
3% (79-85), with one exception of mixed infections reaching
15% (86). Coinfection frequencies are in the same range in the
swine population (87), while frequencies of ~25% have been
reported among poultry or wild bird populations (88, 89). While
the minimum infectious dose of an H2N2 virus administered by
aerosol to seronegative subjects was estimated to be around 3
TCID50 (90), the estimated range of in vivo burst ranges from
10 to 300 TCID50/producer cell, presumably resulting in a high
amount of virus in the vicinity of neighboring cells and conse-
quently, a high m.o.i. (91). Viral titers measured in nasopharyngeal
washes at the peak of infection can reach >10° TCID50/mL (92).
Other factors such as the thick layer of mucus in the respiratory
tract that facilitates aggregation of viral particles and collective
transfer might also promote high m.o.i. infection (93). Hence,
experimental systems such as ours, with cultured cells coinfected
at high m.o.i., are, at least in part, biologically relevant.
Interestingly, even though IAVs do not necessarily rely on coin-
fection for productive viral replication, a recent study shows that
infection at high m.o.i. is advantageous for an avian IAV to over-
come the host barrier and efficiently replicate in mammalian hosts
in the absence of genetic adaptation and leads to high levels of
reassortment, which in turn can also facilitate adaptation to a new
host (34). Limited or no detection in nature of reassortants that
were detected in our experiments could be due to insufficient or
biased sampling of natural reassortants or due to different selection
pressures in MDCK cells vs. the human airway.

Cosegregation of vVRNAs due to optimal compatibilities
between encoded viral proteins is expected to be most promi-
nent within the polymerase complex, encoded by PB1, PB2,
and PA, together with the nucleoprotein (NP), which are col-
lectively required for vRNA replication, and between the HA
and NA proteins, responsible for a regulated balance between
cellular attachment and release, respectively. In our eight-seg-
ment dataset, we find that 19.29% of all reassortant genomes
(8.8% of all reassortant genotypes) carry the homologous
H3N2-(PB1-PB2-PA-NP) gene combination, while 14.35% of
all reassortants (7.5% of all reassortant genotypes) harbor the
equivalent HIN1p combination, suggesting some compatibil-
ities between nonhomologous polymerase subunits. Interestingly,
86% of all reassortant genomes (66.7% of all reassortant gen-
otypes) carry a homologous (PB2-PA) combination, indicating
strong coevolution between these two segments for optimal
function. Overall, these results are consistent with previously
published data regarding the effectiveness of polymerase activity
of PB2-PA, PB2-NDP, and NP-PA pairs in a minigenome assay
(42). In a novel phylogenetic approach, assessing parallel evo-
lution between vRNA segments of H3N2 and HIN1 (pre- and
post-pandemic), that proposes to untangle coevolving viral
protein—protein relationships from vRNA—vRNA relationships
(94), the authors highlight an anticipated parallel evolution of
the H3N2-PB1 and -PA segments. The H3N2-PB1 and -NA
relationship that we and others (13, 36, 37) observed is also
made apparent using this tool. Surprisingly, a strong relation-
ship between PB2 and NA, which are not expected to cooperate
in the viral replication cycle, was detected and supported by
colocalization of the PB2 and NA vRNA:s, inferring putative
vRNA-vRNA interaction (94). Accordingly, we also observed
significant cosegregation of the H3N2-PB2 and -NA segments
in an otherwise HIN1p-background. The highest degree of
parallel evolution at the protein level, coupled with the lowest
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parallel evolution at the vRNA level, was found between the
H3N2-NA and -HA proteins (94). In our eight-segment data-
set, the H3N2-(HA+NA) combination represents 71.9% of all
reassortant genomes in an H3N2 background whilst the
HINI1p-(HA+NA) represents 34.2% of the reassortant genomes
in the HIN1p background. In the case of the HIN1p strain,
the strongest RNA-RNA coevolutions (94) did not correspond
to the most frequently cosegregated genes that we observed in
a heterologous H3N2-background.

To conclude, we used state-of-the-art droplet microfluidics
techniques to achieve high-throughput sequencing of individual
reassortant influenza viral genomes at an unprecedented scale,
enabling systematic and exhaustive monitoring of the reassortment
potential of IAVs. Higher performance might be achieved in the
future by reducing the frequency of droplets containing more than
one infected cell (“doublets”), for example, by reducing formation
of cell aggregates after FACS using “indicator” cells that are less
prone to aggregation, by addition of nonionic surfactants that
reduce cellular adherence, and/or reducing changes in cell density
due to sedimentation during injection by better density matching
between cells and medium. The pFlu system opens up a world of
possibilities to explore questions related to the reassortment
between IAV strains. Different combinations of strains can be
examined, including those with pandemic potential to aid vaccine
development. It will also allow scrutinization of reassortment
between zoonotic animal viruses and human seasonal viruses, to
identify those that represent a threat to human health providing
an additional predictive parameter to complement existing
Pandemic Influenza Risk Assessment Tools. In parallel, the choice
of host cell (e.g., different species, different genetic backgrounds)
could be modified to study how host background influences pat-
terns of reassortment. Finally, additional passaging steps can be
added to measure fitness levels of reassortant viral progeny: viruses
that meet the sorting threshold during FACS in the pFlu proce-
dure may vary in their capacity to replicate and produce infectious
progeny virions. As a direct extension of this work and any future
reassortment analysis, characterization and comparison of the
replication capacity of frequently vs. rarely observed reassortants
will be of interest.

To date, the database of genomic sequences compiles over
300,000 influenza virus strains. In recent years, efforts have been
made to develop automated methods to identify reassortant strains
(95-99), allowing the documentation of previously unrecognized
reassortment events. Experimental data generated with the pFlu
system combined with predictive methods such as DCA and with
data mining using new algorithms (95-99) should enable a better
understanding of the rules underlying IAV reassortment and pre-
diction of the outcome of genetic reassortment. Finally, our work
demonstrates that droplet microfluidics techniques originally
developed for single-cell RNA-seq can be adapted to become a
powerful tool to study viral evolution, with many applications
beyond the field of influenza viruses

Methods

Cells and Viruses. Madin-Darby Canine Kidney (MDCK) SIAT cells, kindly pro-
vided by M. Matrosovich (Philipps Universitdt, Marburg, Germany) (53), were
propagated at 37 °Cwith 5% (v/v) CO, in Modified Eagle's medium (MEM, Gibco)
supplemented with 5% (v/v) heat-inactivated fetal bovine serum and 1% peni-
cillin-streptomycin. The human seasonal viruses HIN1 A/Bretagne/7608/2009
(HTN1p) and A/Centre/1003/2012(H3N2) were isolated by the Centre National
de Référence at Institut Pasteur and kindly provided to us. Viruses were amplified
on MDCK cells (m.o.i.0.001 pfu/cell) and titrated on MDCK-SIAT cells as described
in Matrosovich et al. (53).
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Production of Reassortant Viruses. Reassortant viral stocks were prepared by
coinfecting “producer” MDCK-SIAT cells. The percentage of infected and coinfected
cells were evaluated by flow cytometry. The supernatants were titrated by plaque
assay on MDCK-SIAT cells. For details, see S/ Appendix, Supplementary Methods.

Low m.o.i. Infection. MDCK SIAT “indicator” cells were infected at a m.o.i. of
0.01 pfu/cell, as detailed in the S/ Appendix, Supplementary Methods.

Cell Fixation, Antibody Staining, and Cell Sorting. Cells were fixed, labeled
with anti H1-HAand anti M2 antibodies and sorted using a FACSArial™ cell sorter
(BD biosciences). For details, see S/ Appendix, Supplementary Methods.

Microfluidic Device Fabrication and Microfluidics Operations. Microfluidic
devices (SI Appendix, Fig. $18) were microfabricated in poly(dimethyl siloxane)
(PDMS) using soft lithography (100) as described (101). Fluids were driven using
syringe pumps (Nemesys low pressure, CETONI). The continuous phase for all
droplet microfluidics experiments was Novec HFE-7500 fluorinated oil (3M) con-
taining 2% or 3% w/w 008-FluoroSurfactant (RAN Biotechnologies). For details,
see S| Appendix, Supplementary Methods.

Preparation of Hydrogel Beads and Addition of Barcoded Primers to
Hydrogel Beads by Split-and-Pool Ligation. Polyacrylamide hydrogel beads
were produced essentially asin ref. 54. For details, see S/ Appendix, Supplementary
Methods. Barcoded primers were constructed on the hydrogel beads by split-
and-pool ligation essentially as in ref. 5. For details and quality control, see
Sl Appendix, Supplementary Methods.

Encapsulation. Single cells were encapsulated with single hydrogel beads
carrying barcoded primers and RT/cell lysis reagents essentially as in ref. 54. A
single encapsulator device (S/ Appendix, Fig. S18B) was used for the Premix con-
trol experiment and a double encapsulator device (S/ Appendix, Fig. S18C) was
used for all other experiments. The flow rate for beads, enzyme mix, cells, and
oil were setas 3, 6, 6, and 35 pl/min, respectively, and resulted in an average,
A, 0f 0.7 cells per droplet. Droplets of ~120 pLvolume were generated at a rate
of 2,400 Hz. The use of this two-nozzle device allowed the encapsulation at a
rate of ~ 4.3 x 10° to 8.6 x 10° cells/h, and ~ 50,000 to 100,000 cells were
encapsulated in <10 min for each reassortment experiment.

RT and Library Preparation. RTin droplets orin bulk, emulsion breaking, cDONA
purification, second-strand synthesis, in vitro transcription, secondary RT reaction,
and library preparation were performed essentially as described (54). For details,
see S| Appendix, Supplementary Methods.

Processing of scRNA-seq Data. Sequencing reads were mapped to the
combined H1N1p-H3N2 reference genomes. For each cell-containing droplet,
expression of each viral segment were determined using a statistical framework.
Potential doublets (i.e., cells containing evidence for expression of one or more
segments from both viral strains) and low-quality cells were excluded from down-
stream analyses. For details, see S/ Appendix, Supplementary Methods. Scripts
can be found at http://github.com/ONeillMB1/uFlu.

Dropout Normalization. The data on pairwise segment cosegregation frequen-
cies from single-cell genomes, termed "dropout genomes," that contained one
or more missing (and nonidentified) segments, termed "dropout segments,"
were normalized using the pairwise frequencies of the eight-segment reassortant
genomes of individual experimental replicates (R1.1,R1.2,R1.3,R2.1,R2.2, and
R2.3) For details, see SI Appendix, Supplementary Methods.

Data Modeling. DCA was used to model the probability of genotypes
P(s1,55,....5Sg) where s; is the segment identity in {HIN1, H3N2} at posi-
tion i in {PB1...NA}. The probabilistic model is parameterized by two types
of terms: the hy(s;) that controls the propensity of segment type s; at i and
Jifs, s;) that controls the propensity of the pair of segments. For details, see
Sl Appendix, Supplementary Methods. Scripts can be found at: http://github.
com/ONeillMB1/uFlu.

Data, Materials, and Software Availability. Next generation sequencing data

araavailable at https://www.ncbi.nIm.nih.gov/bioproject/923733. All other study
data are included in the article and/or S/ Appendix.
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