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Abstract

The antigenic and genomic stability of paramyxoviruses remains a mystery. Here, we evalu-

ate the genetic plasticity of Sendai virus (SeV) and mumps virus (MuV), sialic acid-using

paramyxoviruses that infect mammals from two Paramyxoviridae subfamilies (Orthopara-

myxovirinae and Rubulavirinae). We performed saturating whole-genome transposon inser-

tional mutagenesis, and identified important commonalities: disordered regions in the N and

P genes near the 3’ genomic end were more tolerant to insertional disruptions; but the enve-

lope glycoproteins were not, highlighting structural constraints that contribute to the

restricted antigenic drift in paramyxoviruses. Nonetheless, when we applied our strategy to

a fusion-defective Newcastle disease virus (Avulavirinae subfamily), we could select for F-

revertants and other insertants in the 5’ end of the genome. Our genome-wide interrogation

of representative paramyxovirus genomes from all three Paramyxoviridae subfamilies pro-

vides a family-wide context in which to explore specific variations within and among para-

myxovirus genera and species.

Author summary

RNA viruses are known for their genetic variability. They often exhibit significant genetic

diversity even within members of a given viral species. Paramyxoviruses are notable

exceptions. They show relatively little genomic or antigenic change over time. This is

exemplified by mumps and measles viruses, where vaccine strains have not been changed

in 40 years and still remain effective. Here, we sought to understand the determinants of

this relative stability by probing three different paramyxoviruses: Sendai, mumps, and

Newcastle disease viruses. We used a mutagenesis strategy to create 15-nucleotide inser-

tions that were randomly distributed across the entire genome. The insertions were

designed to identify regions of the viral genome that can or cannot tolerate. After rescuing

each of these libraries, we passaged each virus in cell culture twice, and deep sequenced

viral RNA from each step to monitor the enrichment or depletion of insertions

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008877 October 9, 2020 1 / 26

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Ikegame S, Beaty SM, Stevens C, Won T,

Park A, Sachs D, et al. (2020) Genome-wide

transposon mutagenesis of paramyxoviruses

reveals constraints on genomic plasticity. PLoS

Pathog 16(10): e1008877. https://doi.org/10.1371/

journal.ppat.1008877

Editor: Anice C. Lowen, Emory University School of

Medicine, UNITED STATES

Received: July 27, 2020

Accepted: August 11, 2020

Published: October 9, 2020

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.ppat.1008877

Copyright: © 2020 Ikegame et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data is held on the

GEO respository: https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE125257 https://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

http://orcid.org/0000-0002-8183-3527
http://orcid.org/0000-0002-4821-0854
http://orcid.org/0000-0001-8916-2230
http://orcid.org/0000-0002-3701-1497
http://orcid.org/0000-0003-0760-1709
http://orcid.org/0000-0002-7313-0848
https://doi.org/10.1371/journal.ppat.1008877
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008877&domain=pdf&date_stamp=2020-10-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008877&domain=pdf&date_stamp=2020-10-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008877&domain=pdf&date_stamp=2020-10-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008877&domain=pdf&date_stamp=2020-10-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008877&domain=pdf&date_stamp=2020-10-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008877&domain=pdf&date_stamp=2020-10-21
https://doi.org/10.1371/journal.ppat.1008877
https://doi.org/10.1371/journal.ppat.1008877
https://doi.org/10.1371/journal.ppat.1008877
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125257
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125257
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138366
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138366


throughout the genome. In this way, we found that paramyxoviruses displayed an

increased tolerance for insertions in proteins with disordered regions, and in the un-

translated regions of highly expressed genes. Importantly, we also determined that para-

myxoviral structural proteins, which are the most antigenic proteins, do not tolerate inser-

tions, which provides an explanation for why paramyxoviruses are antigenically stable in

the face of adaptive immune pressure. Thus, we here provide evidence that constraints on

paramyxoviral protein functions contribute to the viruses’ genetic stability.

Introduction

The Paramyxoviridae family encompasses a diverse and ever-expanding range of mammalian

pathogens, including such familiar human viruses as measles (MeV), mumps (MuV), parain-

fluenza, and henipaviruses [1]. Paramyxoviruses (PMVs) are negative-sense, single-stranded

RNA viruses with genes coding for at least six major proteins: nucleocapsid (N), phosphopro-

tein (P), matrix (M), fusion glycoprotein (F), receptor binding protein (RBP, formerly desig-

nated variously as HN, H, or G), and the large protein (L) that possesses RNA-dependent RNA

polymerase (RdRp) activity [2]. In addition, different virus species encode a host of accessory

proteins from the P gene. Others have additional less well-characterized genes (e.g. small-

hydrophobic (SH) proteins in some orthorubulaviruses). Despite persisting in human popula-

tions for centuries, individual PMVs show a remarkable lack of antigenic variability within the

common envelope glycoproteins (F and HN/H/G), and often cross-react to antibodies raised

against closely-related viruses [3–5]. For example, the MeV and MuV strains used in the MMR

vaccines have not changed in the last 40 years, and yet are still protective against current field

isolates [6]. Indeed, a MuV-like virus isolated from bats [7] is cross-neutralized by mumps-

vaccinated human sera [8], and the latest ICTV classification considers this bat mumps virus

as a strain of MuV rather than a new Orthorubulavirus species [2]. This is in contrast to the

well-known propensity for antigenic drift of influenza virus, another negative-sense RNA

virus, in response to various pressures including host populations’ adaptive immune responses

[9].

Our lab previously examined the overall genetic plasticity of a vaccine-strain MeV through

whole-genome transposon insertional mutagenesis [10], and found that unlike influenza virus

[11], MeV did not tolerate insertional changes in its surface glycoproteins, F and H. MeV also

demonstrated a greater overall intolerance for mutagenesis throughout its genome, concomi-

tant with the known increased genetic stability of PMVs [3,12]. However, MeV-H utilizes pro-

tein receptors to mediate virus entry [13], while a wide range of other PMVs use sialic acids

(SAs) to facilitate entry [14], like influenza does. Thus, we sought to learn whether divergent

SA-using PMVs would demonstrate a tolerance in their attachment glycoproteins that corre-

lated with the virus family, or with receptor usage, and whether we would observe other

genetic constraints that were similar to those found in MeV.

We first generated genome-wide transposon insertional mutagenesis libraries of SeV

(genus Respirovirus) and MuV (genus Orthorubulavirus) as representative members from the

two subfamilies of Paramyxoviridae, Orthoparamyxovirinae and Rubulavirinae, that infect

mammals. We then evaluated enrichment of transposon abundance across the genome during

serial passaging to identify genetic plasticity—the ability to tolerate transposon insertions with-

out a loss of replicative fitness—at any given loci. We found that SeV and MuV show similar

trends in genetic plasticity, permitting insertions in the 3’-most N and P genes, and especially

in the non-coding untranslated regions (UTRs). We then rescued representative insertion
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mutants (insertants) among the most-enriched regions to determine the veracity of our trans-

poson mutagenesis library screens. In general, insertants in the N and P genes of both viruses

were viable while those elsewhere in the genome were not. Interestingly, in “multiplex” compe-

tition assays of viable insertants, we found that SeV insertants demonstrated a differential fit-

ness hierarchy from what was observed in the library setting. In contrast, the fitness of MuV

insertants was overall consistent with their enrichment from the original transposon library.

Finally, to determine if our experimental strategy had the power to select for mutants and/or

insertants that are vanishingly unlikely to occur naturally, that is, in an otherwise inaccessible

fitness landscape, we generated a transposon mutagenesis library in a Newcastle disease virus

(NDV) background made fusion-defective by a point mutant in its fusion peptide (NDVFmut).

Serial passaging of NDVFmut enriched for F-insertants in the original NDVFmut background

that restored fusion. Interestingly, we also observed an enrichment for an L-insertant that also

carried the reversion mutation restoring the functionality of the fusion peptide. Together with

our previous studies on MeV, we show that the genetic plasticity of PMVs is broadly consistent

across different genera regardless of whether the PMVs use sialic acid-based or protein-based

receptors. We also show that our experimental strategy can be used to access and interrogate

arbitrarily distant fitness landscapes. Finally, we identify common insertion-tolerant regions

within the PMV genomes that can be exploited for engineering recombinant PMVs.

Results

Sendai virus broadly tolerates insertions in the 3’ end of the genome

In order to identify which regions of the SeV genome can best accommodate insertional muta-

tions, we utilized a Mu-transposon insertional mutagenesis strategy (Fig 1A) to introduce 15

nucleotide (nt) insertions throughout the SeV genome, which is equivalent to 5 amino acid

(aa) insertions if the transposon lands in an open reading frame (ORF). The insertional muta-

genesis library approach is a more disruptive approach to interrogating the PMV genome, in

comparison to single-nucleotide mutagenesis approaches that are more suited to interrogating

single genes. However, insertants induce a severe selective pressure on the virus, which is help-

ful for whole-genome interrogation. Briefly, we first generated a SeV genomic plasmid with an

extra 3-nt stop codon added at the end of the EGFP reporter gene (SeV 6n+3). Since PMV

genomes follow the “rule-of-six”, where the entire genome length must be an exact multiple of

six (6n) in order to replicate well [15], SeV 6n+3 should be rescued inefficiently and replicate

even less so on its own (Fig 1B). The same is true for MuV, whose genome we also interrogated

similarly in this study (Fig 1C). Since our intention was to understand the tolerance of each of

the virus’ native genetic regions for insertions, we then excluded the reporter gene from all

downstream analyses. We subjected this SeV 6n+3 plasmid (‘parental 6n+3’ in Fig 1A) to Mu-

transposon mutagenesis using optimized conditions to achieve saturating mutagenesis, ulti-

mately leaving random 15-nt insertions across the genome. Transposon-mutated genomic

plasmid libraries are therefore 6n+18 (Fig 1A), restoring the “rule-of-six”, and should be more

competent for rescue and replication (Fig 1B and 1C). In addition, any genomes that failed to

receive the transposon remain 6n+3 in length; these genomes cannot be rescued well, and ulti-

mately will not be represented in our sequencing analyses because they lack the transposon

sequence. Importantly, the 15-nt transposon ‘scar’ itself is designed to be translatable in all

three reading frames. The SeV 6n+18 insertional library was rescued in BSRT7 cells with res-

cue events (~3 x 105) equal to approximately 19-fold coverage of the genome (S1 Table). Res-

cued virus from the supernatant was passaged twice in biological triplicates at a low

multiplicity of infection (moi) on Vero cells, which should screen for the replicative fitness of

any given insertion. We chose Vero cells–lacking interferon signaling–as a neutral background
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to remove confounding antiviral selective pressures in our experiments. In particular, the P

gene encodes the phosphoprotein, an essential co-factor for the viral transcriptase and repli-

case, but also encodes accessory proteins to mitigate the host interferon response. In the

absence of interferon signaling, insertants that disrupt accessory proteins are not selected

against and we can better explore the structural and functional plasticity of the phosphoprotein

itself. Thereafter, the original library plasmid pool (input), supernatant from the rescue (P0),

and passages (P1, P2) were deep-sequenced and evaluated for the presence of the 15-nt

insertion.

In the input plasmid pool, insertions were found at 65.9% of nucleotide sites, and ultimately

targeted ~93% of amino acids throughout the genome (S1 Table: Library metrics). Impor-

tantly, insertions were distributed evenly across the genome in the plasmid pool (S1 Fig), dem-

onstrating no bias in the input SeV 6n+18 library.

We mapped insertion coverage from P0, P1, and P2 onto the SeV genome (Fig 2A–2C) and

observed a clear purifying selection upon passaging, as expected. At P2, we observe a clear

enrichment for insertions in the N and P genes, located at the 3’ end of the genome, and a

depletion of insertions elsewhere in the genome. The magnitude and location of insertional

enrichment is relatively reproducible between each of the three replicates seen in Fig 2D. The

consistent preference for insertions in the 3’ end of the genome, and particularly the non-cod-

ing region between N and P, is also clear. To determine if there were other broad patterns to

insertant enrichment, we then analyzed the change in insertional frequency from P0 to P2 in

the 5’ UTR, ORF, and 3’ UTR of each viral gene (Fig 2E). We observed significant enrichment

of the P-5’UTR over its cognate ORF; similar trends can be seen with the other ORFs and their

cognate UTRs when they are well-represented at P2. HN and L genes have much smaller

UTRs and drastically fewer insertants by P2, making interpretation of their relative enrich-

ments difficult. We also specifically observed that the 5’ UTR of the N gene and 3’ UTR of the

L gene both show reduced insertions relative to their neighboring regions, indicative of the

stringency of the additional roles these regions play as the 3’ leader and 5’ trailer sequences of

the virus, required for viral genomic amplification.

Selected SeV insertants have a different fitness hierarchy in focused

competition assays

To evaluate the validity of the results from our pooled rescue and passaging experiments, we

re-generated a subset of the most-highly represented SeV 6n+18 single insertants (see S2

Table). At times, our choices were dictated by cloning successes as some insertants were inex-

plicably refractory to cloning. To begin, we chose two insertants from each of the most-

enriched regions (N-ORF, N-3’UTR, P-5’UTR, and P-ORF); generally, we chose highly-repre-

sented insertants from the original library, but we also chose insertants that are more evenly

distributed across those regions of interest. Since some insertants did not rescue (Fig 3A, dis-

cussed below) we included an additional N-ORF-1405 insertant to our panel to maintain

Fig 1. Insertional mutagenesis strategy. (A) Generation and selection of our transposon mutagenesis library. Schematic of a generic paramyxovirus

genome that conforms to rule-of-six. Wild-type PMV (6n), is shown in deep blue with the additional EGFP reporter between the N and P genes shown in

green. The parental (6n+3) genome used for generating the transposon mutagenesis library is shown below the wild-type PMV (6n) genome. Red elongated

arrowhead indicates the additional stop codon (+3 stop). This 6n+3 genome should be rescued much less efficiently than the wild-type 6n genome. Library (6n

+18) shows examples of the random +15 (nt) Mu-transposon scar (light orange arrowheads) left in the 6n+3 parental genome after library generation. Each

library was generated at a scale to result in>10X coverage (number of individually-rescued insertants), in order to ensure that every nt position has>90%

probability of having at least one transposon insertion, assuming Mu-transposon insertions are random. (B-C) Relative rescue efficiencies of SeV (B) and

MuV (C) constructs. WT (6n), Parental (6n+3), and the transposon mutagenesis Library (6n+18) genomes from SeV and MuV were generated and rescued as

described in Materials and Methods. Relative rescue efficiencies were estimated by FACS analysis and indicated on the y-axis as GFP-positive cells (%) at 48 hpi

as detailed in Materials and Methods.

https://doi.org/10.1371/journal.ppat.1008877.g001

PLOS PATHOGENS Genomic scale interrogation of paramyxoviruses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008877 October 9, 2020 5 / 26

https://doi.org/10.1371/journal.ppat.1008877.g001
https://doi.org/10.1371/journal.ppat.1008877


Fig 2. SeV tolerates insertions in non-coding regions and ORFs of highly-expressed genes. Distribution of insertions in a 100nt sliding window identified at

P0 (A), P1 (B), and P2 (C). To-scale schematic of the SeV genome is included at the bottom of each graph, which corresponds to the numerical labeling of the

genomic nucleotide positions indicated on the x-axis. The y-axis for P0 (A) represents the average number of reads with a transposon scar (insert) (Insertant

reads / nt) within a 100-nt sliding window surrounding the genomic nucleotide position indicated on the x-axis. P1 and P2 (B and C, respectively) y-axes are

insertant reads / nt as defined in (A) averaged over three biological replicates and expressed as percent of P0 insertant reads / nt, ‘Insertant reads / P0 (%)’. This

normalizes the P1 and P2 results for the actual input received from P0. The enrichment or depletion of insertants is therefore a better reflection of the

underlying biology and less confounded by any potential skewing of the input population. (D) Stream graph showing the enrichment and/or depletion of
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representation of highly-enriched regions. Finally, we added the most-enriched insertant for

each of the remaining M, F, HN, and L genes, for a total of thirteen insertants (Fig 3A). We res-

cued each insertant and amplified it separately, monitoring viral replication kinetics (Fig 3B

and 3C) and peak titer (Fig 3A). Two of the insertants (HN-ORF and L-ORF) could not pro-

duce infectious virus upon rescue with our highly-efficient reverse genetics system (Fig 3A, S2

Table), and a further three insertants (N-ORF-1684, M-ORF, and F-ORF) produced peak titers

that were too low for downstream applications (Fig 3A), indicating that these insertants likely

relied on other genomes in the original pool to complement their defects in replication. The

remaining eight insertants grew well relative to wild-type SeV, and produced sufficient virus

for use in our downstream assay.

Next, we sought to evaluate the fitness hierarchy of the insertants. Using a multiplex compe-

tition assay that more closely reflects the selective pressures in the passaging library screen, we

evaluated if the insertants’ relative abundance in this assay would correlate with either their

peak titer or representation in the original library. So, the eight insertants that could be rescued

and replicated well, four each from the N and P genes (Fig 3B and 3C), were pooled at equal

titers and used to infect Vero cells at a total moi of 0.01. We then monitored the fitness of the

selected insertants in this competitive outgrowth assay by measuring their expansion over two

passages, using MinION long-read sequencing (Fig 3D and 3E). To better understand the bio-

logical meaning of our library output (i.e., insert abundance at P2), which assays predicted

each other’s outcomes, and where we ranked our selected insertants relative to each other in

each assay, we found that peak titer was tightly-correlated with performance in the competitive

outgrowth assay (Fig 3F), but that ranking from the library screen did not predict either down-

stream measure of relative fitness (Fig 3G). This suggests that the SeV n+18 screening library

output was predictive of insertant viability–i.e. whether it is replication-competent–but not

necessarily of relative fitness compared to other genomes. Thereafter, to determine if the com-

plex epistatic interactions we observed in in SeV apply to other sialic acid-using paramyxovi-

ruses, we next turned our analysis to the orthorubulavirus MuV.

Mumps virus is less tolerant to insertional mutagenesis

Using the same rule-of-six-based strategy as we did with SeV (Fig 1A and 1C), we generated a

MuV 6n+3 parental genome with which to carry out whole-genome transposon insertional

mutagenesis and produced a MuV 6n+18 saturating library of insertants. This library was res-

cued in BSRT7 cells to ensure a minimum of ten-fold coverage of the genome (>1.6 x 105 res-

cue events), then passaged twice on Vero cells in biological triplicates as was done for the SeV

6n+18 insertional mutagenesis library. Coverage metrics from deep sequencing are found in

S1 Table and S2 Fig. While nucleotide and codon coverage of the MuV 6n+18 library was simi-

lar to that of SeV 6n+18, there was a much larger drop-off in coverage in the viable genomes

upon rescue (loss of coverage at 38% and 16% of nt positions in MuV and SeV, respectively, at

P0), and an unexpectedly low titer of P0 rescued virus (3.2x102 iu/mL vs. 2.2x105 iu/ml for

SeV). These initial results suggest that the MuV genome has a much lower overall tolerance for

insertions.

insertants over serial passaging (P0, P1, P2) in each of the three biological replicates. Each color represents a sequential 100nt section of genome, with relative

abundance at each passage represented by color height. The vertical representation of the SeV genome on the far left and right reflects the distribution of

insertants across the genome at P0 and P2, respectively. (E) This is a bar graph representation of the P2 data in (C), but separated into the protein coding

regions (ORF, black bars) and their respective non-coding regions (5’ and 3’ UTRs, grey and striped bars) as indicated on the x-axis. Data are shown as the

normalized averaged ‘Insertant reads in P2 / /P0 (%)’ (y-axis) in each of the ORFs and UTRs. Error bars indicate standard deviation. � indicates values below

0.1%.

https://doi.org/10.1371/journal.ppat.1008877.g002
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Mumps virus tolerates insertions in the 3’ end of its genome

Due to the low titer from rescue (P0), P1 was carried out at an moi of 0.0001. After two pas-

sages, the MuV 6n+18 library also showed evidence of purifying selection (Fig 4A–4C). We

observed some enrichment for insertions at the 3’ end of the genome (N and V/P genes) as

was seen with SeV, and a surprising secondary peak in the F coding region (Fig 4C). Stream

graphs of each passage replicate (Fig 4D) show that in comparison with SeV, there was more

variability in the regions of the MuV 6n+18 library that were enriched between replicates. This

may be a function of the reduced overall coverage of the library, which may allow for stochastic

rescue and amplification of viruses that pass a certain viability threshold. Finally, in comparing

the specific gene regions that permitted insertions (Fig 4E), we observed a preference for only

certain UTRs over gene coding regions such as the 5’ UTRs of V/P and SH.

Mumps virus competitive outgrowth assay reflects threshold viability of

enriched insertants in library screen

In order to assess the validity of the MuV 6n+18 library results, we chose the most-highly

enriched insertants overall from the library (S3 Table), representing the N and V/P regions of

the genome, as well as the F coding region. Once again, we also included the highest repre-

sented insertant from each of the remaining genes (M, HN, and L) in an attempt to more

evenly evaluate the library, and rescued each of these insertants. As with SeV, we were unable

to rescue the insertants in M, HN, and L (S3 Table, Fig 5A), but we were surprised to find that

the F insertants also could not be rescued to produce infectious virus. It is likely that these

insertants became enriched in the context of the library at P2 by relying on either compensa-

tory mutations or complementation by other genomes. Precedent for the latter is demon-

strated by the G264R MeV-F mutant: in the context of an adversely tagged MeV-H where

neither wild-type nor G264R MeV-F resulted in syncytia, only viruses with diploid genomes

independently bearing the wild-type and G264R MeV-F are able to form syncytia [16].

Once rescued, we evaluated the remaining successful insertants for growth kinetics and

peak titers (Fig 5A–5C), noting that overall these insertants grew well relative to wild-type

MuV. We then pooled six of the insertants at equal titers, and infected Vero cells with a total

moi of 0.01 in a competitive outgrowth assay. Because the sequencing resolution afforded by

the Oxford Nanopore MinION cannot consistently distinguish between insertants P-5’UTR-

1976 and -1977, which are shifted by only a single nucleotide, we selected P-5’UTR-1977 for

use in the competitive outgrowth assay as it was best-represented in the original library

Fig 3. SeV insertant peak titer production predicts fitness in a competitive outgrowth assay. (A) Heat-map

comparison of the abundance of select insertants in P2 from our NGS data (left, library P2), and peak titers of highly-

represented insertants that were selected for individual confirmation as a recombinant parental virus (6n+3) bearing

that particular insertion (+15) (right, Peak titer). Peak titers are indicated from three independent growth curves

(Replicates 1, 2, 3). Black blocks in the heat map indicate insertants that failed to produce detectable virus in rescue and

so could not be used for any further replicates (indicated by following white blocks). The color-intensity scale for the

heat maps comparing the relative abundance of insertants in P2 (avg counts), and the peak titers of selected insertants

described above, are indicated on the left and right sides, respectively. (B and C) Multicycle growth curves of select

insertants in the N and P gene regions on Vero cells inoculated with an moi of 0.01. Data are from three independent

experiments; mean +/- S.D. are shown as infectious units/ml (iu/ml; y-axis) at the indicated dpi (x-axis). (D) Multiplex

competitive outgrowth assays on Vero cells, using the insertants characterized from (B) and (C) at a total moi of 0.01.

Inoculum and passaging is described in Materials and Methods. Data from three independent replicates are shown as

stream graphs: height of color represents the relative abundance (% of total viruses) of the indicated insertants at each

passage. (E) Bar graph of fold enrichment in % abundance of each insertant from input (P0) to P2 of the competitive

outgrowth assay in (D). (F and G) Comparison of fitness by each of the three major assays by average ranking of the

insertants from most fit (1) to least fit (8) in each assay replicate, and their correlation by Spearman non-parametric

analysis. � P< 0.05. Ranking is described in Materials and Methods. See the text and Materials and Methods for

relevant details.

https://doi.org/10.1371/journal.ppat.1008877.g003
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Fig 4. MuV tolerates insertions in non-coding regions and N and F ORFs. Distribution of insertions in a 100nt sliding window identified at P0 (A), P1 (B), and P2

(C). To-scale schematic of the MuV genome is included at the bottom of each graph, which corresponds to the numerical labeling of the genomic nucleotide positions

indicated on the x-axis. The y-axis for (A), Insertant reads/nt, and for (B-C), Insertant reads/P0 (%), are defined as in Fig 2A–2C. (D) Stream graph showing the

enrichment and/or depletion of insertants over serial passaging (P0, P1, P2) in each of the three biological replicates, as described for SeV in Fig 2D. The vertical
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screening (S3 Table). Over two passages, we evaluated the distribution of the insertants (Fig

5D and 5E), and unlike SeV, observed a clear dominance of the N coding region insertants–

particularly, N-ORF-1781 –over all the other insertants. The other insertants were only found

at 4–40 reads out of the ~1,000 reads in each sample. N-ORF-1386 is a distant second, but still

clearly dominant over the other clones. These two insertants also showed the highest peak titer

in Fig 5A–5C, along with the excluded P-5’UTR-1976. Evaluating the three assays for correla-

tion by ranking, we determined that peak titer and competitive outgrowth were best correlated

(Fig 5F), while neither correlated well with the original library (Fig 5G) similarly to what we

observed with SeV. Cumulatively, this indicates that while the library screen was valuable for

identifying viable insertants, it was not predictive of relative fitness in downstream assays,

whereas fitness in one downstream assay predicts relative fitness in another reasonably well.

Fusion-defective Newcastle disease virus allows access to novel fitness

landscapes

In order to (1) test the selective power of our transposon mutagenesis experimental set-up,

and (2) determine if the consistent enrichment of insertants in the 3’ end of the genome is a

technical artifact of our system, we created a fusion-incompetent NDV by changing a naturally

occurring NotI site in the fusion peptide of our NDV genome (see schematic for NDVFmut in

Fig 6A). Recall that our transposon mutagenesis screen requires that the plasmid encoding the

viral genome be free of NotI sites. We hypothesized that the vast majority of insertants in this

fusion-defective (NDVFmut) genomic background would not be viable and could not be res-

cued unless (i) the insertant(s) directly compensated for the fusion-peptide mutation (FA138T),

and/or (ii) the insertants occurred on a fusion-revertant genome.

Our NDVFmut genomic plasmid library had a serendipitous skew in insertions towards the

5’ end of the genome that was not caused by sequencing bias (compare Fig 6B to 6C). We also

observed that this skew was maintained in the P0 rescue population (Fig 6D), which reflects

the likelihood that a wide range of NDV insertants were competent for genome amplification

and budding. This suggests that NDV, like SeV, has a high overall capacity for genetic plastic-

ity. However, the P0 infectious titer was extremely low at 10 iu/mL (S4 Table). This is expected

since the vast majority of rescue events from the NDVFmut genomic library would result in the

production of non-infectious virion particles. To further increase the selection pressure by

genetic “bottlenecking”, NDVFmut (6n+18) P1 was carried out at an extremely low moi

(<10−5). We observed a clear response to the bottleneck selective pressure upon subsequent

passaging (P1 and P2, Fig 6E and 6F), where the capacity for productive entry and fusion is

essential for viral fitness, replication, and eventual amplification under the conditions

examined.

NDVFmut background selects for compensatory insertants in fusion protein

Remarkably, when we analyzed the insertant enrichment over two passages (Fig 6D–6F, S5

Table), we found that a vast majority of insertants were clustered around nts 11867–11877 in

the L gene, with a subset of F insertants clustered around nt 5383 in NDV-F. This unusual dis-

tribution demonstrates that our experimental system is not inherently biased towards selection

of insertants in the 3’ end of paramyxovirus genomes. As we had with our previous libraries,

representation of the MuV genome on the far left and right reflects the distribution of insertants across the genome at P0 and P2, respectively. (E) This is a bar graph

representation of the P2 data in (C) but separated into the protein coding regions (ORF, black bars) and their respective non-coding regions (5’ and 3’ UTRs, grey and

striped bars) as indicated on the x-axis. Bars represent normalized averaged ‘Insertant Mutant reads in P2/P0 (%)’ +/- S.D. in the indicated genomic regions. � indicates

values below 0.1%. # indicates that no insertants were detected in P0 or P2.

https://doi.org/10.1371/journal.ppat.1008877.g004
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we recreated individual selected insertants and attempted rescue (S5 Table), but found that

only the F-insertants were competent for virus spread while still maintaining the original

FA138T fusion-inactivating mutation in the NDVFmut genome (e.g. F-ORF-5367 and F-ORF-

5384, S5 Table). These insertants correspond to the hinge region between domains III and I in

the fusion protein, which has been implicated in fusion regulation [17], Thus, we identified

insertants that specifically compensated for the alteration of the highly conserved A138 residue

in the F-protein fusion peptide.

Input transposon distribution drives selection of L-insertants associated

with Fmut-revertants

In addition to insertants that directly compensated for our fusion-peptide mutation, our

hypothesis predicts that enrichment of other apparently viable insertants should occur on

fusion-revertant genomes. Any such insertants should also follow the frequency distribution of

the original input library. For example, since the transposon coverage of the input library was

skewed towards the 5’ end of the NDVFmut genome by approximately ten-fold relative to the 3’

end of the genome (Fig 6C), then any potential NDV-Fmut-reversion and/or compensatory

point mutations should also be more likely to occur in accordance with the probability distri-

bution associated with 5’-skewed insertants. This is relevant when examining the highly-repre-

sented L-insertants. We noted that these insertants’ genomes were replication competent in

the rescue cells, but did not produce infectious virus particles (S5 Table). When we re-exam-

ined the deep sequencing results in toto from NDV P2, we further identified high-abundance

single nucleotide mutations in the NDV structural genes (M, F, and HN, the latter now for-

mally designated as RBP [2]). Since L-ORF-11872 constituted such a high proportion of inser-

tants in P2 (Fig 6F), we double-plaque-purified NDV clones directly from P2 supernatant, and

fully sequenced a genome containing the L-ORF-11872 insertant. Any such genomes in P2

are, by definition, viable and capable of spreading. Indeed, we found that in this clone, among

other mutations in the structural genes, our original NDVFmut (FA138T) was reverted to the

parental sequence, restoring the NotI sequence (Fig 6G). While the significance of the other

point mutations is unclear, the apparent fitness of L-ORF-11872 in the library pool is likely

due to its co-occurrence on the same genome as the NDVFmut revertant.

While it is also conceivable that the L-insertant reduced the fidelity of the viral polymerase

and permitted accumulation of compensatory mutations in the viral structural genes, several

attempts to rescue this insertant alone (and others genetically nearby; S5 Table) in the

NDVFmut background did not yield infectious virus, despite providing a wild-type L gene in

trans during virus rescue to permit some replication and accumulation of compensatory

Fig 5. The relative abundance of insertants in the N/P gene regions of MuV from the library P2 correlates with the

viability and replicative fitness of those individual insertants. (A) Relative abundance of selected insertants in the

mutagenesis library after P2 (left, Library P2 column), and their peak titers following rescue and amplification as

described in Fig 3A (right, Peak titer columns), are shown as a heat-map for comparison purposes. The color intensity

scale for insertant abundance in Library P2 (avg counts) and the peak titers of the selected insertants are indicated on

the left and right sides, respectively. (B and C) Multicycle growth curves of MuV N-insertants (B) and P-insertants (C)

gene regions were generated on Vero cells as described for SeV in Fig 3B and 3C. Data are shown as mean +/- S.D. (iu/

ml) from three independent experiments at the indicated dpi. (D) Multiplex competitive outgrowth assays on Vero

cells, using the MuV insertants characterized from (B) and (C), and carried out as described in Materials and Methods.

Stream graphs showing the data from three independent replicates are shown: height of each color stream represents

the relative abundance (% of total viruses) of the indicated insertants at each passage. (E) Bar graph of fold enrichment

in % abundance of each insertant from input (P0) to P2 of the competitive outgrowth assay in (D). (F and G)

Comparison of fitness by each of the three major assays by average ranking of the insertants from most fit (1) to least

fit (6) in each assay replicate, and their correlation by Spearman non-parametric analysis. Ranking is described in

Materials and Methods. See the text and Materials and Methods for relevant details.

https://doi.org/10.1371/journal.ppat.1008877.g005
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mutations. In contrast, reversion of the NDV-Fmut to its wild-type counterpart (NDV-Frev) in

the L-ORF-11872 insertant permitted virus rescue, amplification, and syncytia formation (S5

Table). Thus, reversion of the FA138T point mutation was most likely responsible for the L-

insertant’s relative fitness within the NDV library.

Discussion

In order to explore the genetic plasticity of sialic acid-using paramyxoviruses, we generated

saturating transposon insertional mutagenesis libraries of SeV and MuV, and then rescued

and passaged these libraries to select for relatively fit insertants. We found that both SeV (Fig

2) and MuV (Fig 4) tolerated insertions in the N and P genes, and especially in their untrans-

lated regions. When we rescued selected clones of the most highly-enriched insertants, we

Fig 6. Insertional mutagenesis of fusion-defective Newcastle disease virus (NDVFmut) selects for rare insertants in F and L genes stochastically associated with

replicative fitness. (A) Elimination of the NotI restriction site (red sequence) in the NDV (6n+3) plasmid DNA with a single nucleotide change and concomitant

mutation (�) Ala138Thr in the fusion peptide of F to generate NDVFmut (6n+3) for library generation. The vertical black bar in F indicates the location of the fusion

peptide. (B) Total number of reads (y-axis) at each nucleotide position in the NDV genome, regardless of transposon detection, from the input plasmid. (C-F)

Transposon insertion distribution within a 100nt sliding window, identified in (C) the NDVFmut plasmid DNA library input, (D) P0 (E) P1, and (F) P2. A to-scale

schematic of the NDV genome is included under each graph defined as in Figs 2A–2C and 4A–4C. The y-axis in (C) and (D) represents the average number of reads

containing an insertion (insertions per nt) at each nt position within a sliding 100-nt window surrounding the genome nt position on the x-axis. (E) P1 and (F) P2 y-

axes, respectively, are normalized to the average read counts per nucleotide over three replicates expressed as percent of P0 input in (D) as was described for Fig 2B and

2C. Throughout (D-F), $ indicates the insertants surrounding position 5383, and # indicates the insertants surrounding nts 11867–11877. (G) To-scale genome of the

plaque-purified NDV-L-11872 clone. The fusion peptide is indicated by the black bar within F, as in (A) above. Transposon insertion at L-11872 is indicated by an

orange arrow. Adaptive point mutations are indicated below the genome; green bars indicate mutations that do not affect amino acid sequence. T138A reverts the Fmut

back to the wild-type, fusion-competent (Frev) sequence.

https://doi.org/10.1371/journal.ppat.1008877.g006
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found that overall capacity for rescue correlated with their original enrichment in the library

(Figs 3 and 5), indicating that the screening libraries successfully predicted insertant viability

and identified broadly-plastic genetic regions. However, in virus growth and competition

assays, both the SeV and MuV insertants showed differential fitness in comparison to their

representation in the original screening library (Figs 3G and 5G), indicating that abundance

within the screening library only poorly predicts relative fitness of individual genomes. With

these libraries, overall we are able to draw widely-applicable conclusions about the broad

genetic plasticity of paramyxoviruses. In addition, by employing a separate Newcastle disease

virus library where we introduced a selective pressure to bias insertant distribution differently

than what was observed with SeV and MuV, we demonstrate the potential of these libraries for

genome-wide interrogation of paramyxovirus fitness landscape.

Broadly, the data from these libraries correlate well with our earlier work on insertional

mutagenesis of MeV. Our original intent in adding SeV and MuV libraries to our insertional

mutagenesis repertoire was to identify whether usage of sialic acid would permit greater toler-

ance to structural change [11] or whether we would still observe significant constraint on

PMV glycoproteins that could explain their well-known lack of antigenic drift [3] as we saw

with MeV [10]. We found that SeV and MuV do not show increased tolerance for insertions in

their glycoproteins. This is in contrast to the genetic and structural plasticity observed in the

HA (hemagglutinin) glycoproteins of sialic acid-using influenza viruses [11,18], indicating

that receptor usage does not determine tolerance to insertional mutagenesis. Even when we

disabled NDV fusion as a means of forcing change in the virus’ structural region, we observed

a strong selection for reversion mutants, and only a lesser accumulation of compensatory

insertants. When we tested the viability of individual insertants in these regions with SeV and

MuV, we found that these viruses were incompetent for virus amplification. These observa-

tions are consistent with the monoserotypic nature of most PMV species [3–6,8], and with

careful analysis of evolutionary constraints on PMV fusion proteins [19]. Despite using over-

lapping receptors, orthomyxoviruses (including influenza viruses) and paramyxoviruses have

significantly different entry strategies: while the influenza virus HA glycoprotein coordinates

both receptor binding and fusion in a single protein, it requires a separate protein (NA, neur-

aminidase) to release virions from infected cells. Paramyxoviruses, in contrast, contain neur-

aminidase (when needed) and receptor binding activities in a single protein (RBD), while

using a separate protein (F) to initiate membrane fusion, and there is a tightly co-ordinated

series of interactions between the RBD and F proteins during virus entry that likely varies

among different paramyxovirus genera [20]. This co-ordinated interaction process likely

introduces stringent constraints on both proteins to preserve interactions and capacity for

structural rearrangements that are not present in influenza virus glycoproteins. This further

confirms that there are broad structural constraints on PMV glycoproteins that prevent them

from undergoing the antigenic drift observed in orthomyxoviruses like Influenza A virus [9].

Insertant distribution after passaging in the fusion-competent SeV, MuV, and MeV

genomes demonstrate two related patterns of enrichment: firstly, more viable insertants are

located towards the 3’ end of these genomes (Figs 2A–2C and 4A–4C) [10], and secondly, the

viruses are generally more enriched for insertants in the UTRs of the genes than their cognate

ORFs, especially in transcriptional units like N and P, where there is sufficient insertional cov-

erage at P2 to make such comparisons (Figs 2E and 4E). The observation of increased inser-

tional tolerance in UTRs is not surprising; PMV UTRs play a regulatory role in transcription,

mRNA stability, and translation efficiency, in ways that are not thoroughly characterized, but

they are overall only constrained at the nucleotide level. However, even within this, there is

still a clear and overriding 3’ enrichment bias, since HN and L UTRs of SeV, MuV, or MeV do

not demonstrate insertant enrichment. Even the NDVFmut library does not demonstrate an
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enrichment in these UTRs, despite the library’s input bias and ultimate enrichment for inser-

tants in a presumed “neutral” region of the adjacent L-ORF. We therefore hypothesize that

highly-expressed genes like N and P can tolerate some dysregulation without significant nega-

tive effects, whereas the intolerance to dysregulation of less-abundant genes like F, H/HN, and

L may be an indicator of how stringently-regulated they are. Our studies suggest that the regu-

latory functions of these intergenic regions in PMVs [21–24] should be systematically explored

in their appropriate genomic contexts, which is now possible using robust and efficient reverse

genetics systems.

In SeV and MuV, these enriched UTRs near the 3’ end of the genome are co-incidentally

near the EGFP reporter gene, which is between N and P. Nonetheless, this likely reflects an

aspect of virus biology rather than a simple proximity to the reporter gene since we also previ-

ously observed an increased tolerance for insertants in the 3’ end of the MeV genome [10]. In

addition, the EGFP reporter in our NDV reporter genome is located between P and M, but we

do not see enrichment for insertion in those untranslated regions.

We also observed an enrichment for insertions in the coding regions of N and P in our

fusion-competent libraries. Paramyxoviral P proteins code for multiple accessory proteins in

different frames by use of alternative translation start sites (C proteins) and by mRNA editing

(V, W), and these proteins are largely involved in blocking host antiviral sensing and response.

Despite the constraint of coding in multiple frames, we observed enrichment for insertions in

all our fusion-competent libraries at the 5’ (N-terminus) end of the P gene, the region common

to all the ORFs. However, the C, V, and W proteins of PMVs bear unstructured regions and

are highly variable between virus species and genera [1,25,26], while the N-terminus of P is

specifically understood to be intrinsically disordered [27]. Together, this may explain the unex-

pected insertional tolerance in P. N insertions are also found primarily in the unstructured C-

terminus “Ntail” region, which has already been shown to accommodate insertions and dele-

tions with limited negative impact on MeV in tissue culture [28,29]. We thus propose that our

transposon mutagenesis enriches for insertants in such unstructured regions of proteins, since

specific functional elements will remain accessible regardless of upstream and downstream

insertions.

The NDVFmut library P2 insertants indicate that structural order, however, is not the only

determinant of insertion tolerance in coding regions. Dochow et al. produced an analysis of the

propensity for disorder across the MeV L protein as a model for other PMVs, and further tested

select predicted unstructured regions for tolerance to small insertions and epitope tags [30].

Although the majority of the NDV L-ORF was enriched for transposon insertions in the

NDVFmut DNA input library, over passage only a small subset of closely-located L-insertants

were viable when combined with revertant F point mutations. Negative-sense RNA virus poly-

merases contain six major conserved regions (CRs) flanked by variable regions that differ

between and within virus families. The NDVFmut L-insertants are all within a small portion of

CR-IV, the function of which is not understood. Based on Dochow et al’s analysis, this region is

generally ordered, and so it is not obvious why insertants in this region are more viable. Other

nearby portions of L are predicted to be far more disordered, and in fact an unstructured region

near CR-VI has been shown to tolerate both large epitope tags and a complete break of the poly-

merase into two separate ORFs, as long as they are brought back into contact by artificial

domains [30]. While we cannot determine causation within the library setting, follow-up failed

attempts to rescue the L-insertants alone without revertant F mutations does not suggest that

these insertants specifically potentiated acquisition of point mutations; i.e. we can find no evi-

dence that the enriched L-insertants are more error-prone polymerases. Thus, a much more

detailed structural analysis and mutagenesis exploration of NDV-L, as well as other PMV poly-

merases, will be required to understand what determines this region’s specific tolerance to
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insertion. It is interesting to note that since this region was not predicted by structural analyses,

a functional insertional mutagenesis assay does still have information to offer for designing sites

for tagging viral proteins or inserting novel tandem ORFs and fusion proteins.

Within this body of work, we compared fitness in the screening libraries with individual

insertant clonal fitness, and competitive fitness in the more-contained competitive outgrowth

assays. We found that relative clonal fitness (as measured by growth curves and peak titer) cor-

related well with relative fitness in competitive outgrowth assays, particularly for SeV. How-

ever, in the context of the library setting, the number of insertant reads at P2 appears to be

more affected by complex epistatic factors. The ranked frequency of insertant reads at P2 did

not always match their clonal or competitive fitness in more controlled assays. Altogether, the

evidence suggests that the transposon library approach, without the more careful downstream

analyses shown in our studies, is best suited to dissecting viable vs non-viable viral genomes in

our assay setting, rather than predicting the relative fitness of individual insertants.

By placing our NDVFmut library under a unique form of selective pressure, we drove enrich-

ment of insertants in otherwise-intolerant regions of the genome–F, a structural protein, and

L, the viral polymerase. Thus, we have demonstrated the power of our strategy to reveal not

only the genomic plasticity of paramyxovirus genomes, but also the ability to use our methods

to design arbitrarily selective screening campaigns to interrogate paramyxovirus biology. Spe-

cifically, we envision leveraging our efficient and robust reverse genetics systems to design and

execute selection strategies that can be used to interrogate the fitness landscapes of individual

genes that were previously not accessible using conventional paramyxovirus passaging and

selection. Furthermore, we have shown the viability of designing strategies to select for

mutants in fitness landscapes that are otherwise not easily accessible during the normal course

of paramyxovirus evolution.

In toto, we found common regions of tolerance and intolerance for insertions in PMV

genomes, specifically identifying tolerance to dysregulation of highly-expressed genes. We fur-

ther noted that there are structural constraints on changing PMV antigenicity, and that

unstructured regions in the N, P, and accessory proteins permit insertional mutagenesis. We

demonstrated that this highly-disruptive whole-genome insertional mutagenesis library

approach could be informative for paramyxoviruses placed under unique selective pressures:

not only such genetic pressures as we used here, but also perturbations like interferon treat-

ment or amplification in susceptible host animals. Overall, the combined commonalities and

differences in these paramyxovirus mutagenesis libraries provide a broader family-wide con-

text in which to understand specific variations within PMV genera or species.

Materials and methods

Experimental design

Our transposon mutagenesis strategy for whole genome interrogation of paramyxoviruses is

outlined in Fig 1 and the accompanying text. It takes advantage of our efficient and robust

reverse genetics system [31] and leverages the rule-of-six [15], the latter being a unique feature

of paramyxovirus replication. Whole genome insertional mutagenesis libraries were generated

for three paramyxoviruses described below, and these libraries were rescued (P0) and passaged

(P1, P2) in tissue culture to identify genetic regions that were relatively tolerant to insertion for

downstream characterization.

Research Objectives

Through this study we sought (i) to identify genetic regions or determinants of plasticity com-

mon to sialic-using paramyxoviruses, (ii) to explore how determinants of fitness within library
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settings correspond to solo and alternative library selective and competitive pressures, and (iii)

to test the effects of a defined selective pressure on which genetic regions would demonstrate

plasticity.

i. Genome-wide transposon mutagenesis screens have been carried out on other positive and

negative sense RNA viruses, including our own previous study on MeV with similar goals

[10].

ii. Validation of such an approach usually includes only generation of recombinant viruses

bearing select enriched insertants to ensure that they are viable. However, in the context of

non-segmented negative sense RNA viruses such as PMVs, the replicative fitness of individ-

ual insertants derived from a complex pool may not be accurately reflected in their individ-

ual growth kinetics and peak titers. To gain a better understanding how the abundance of

the insertants identified in the library P2 relate to growth kinetics and replicative fitness, we

made recombinant 6n+18 PMVs bearing representative insertants from the relevant geno-

mic regions. We then determined their individual growth kinetics and peak titers, and sub-

jected them to a competitive outgrowth assay. We developed a Nanopore long-read

sequencing protocol and bioinformatic pipeline to monitor the outcome of a focused multi-

plex competitive outgrowth assay. This competitive outgrowth assay revealed substantive

differences between how the abundance of the SeV or MuV insertants detected in library

P2 Illumina reads relate to their solo replicative fitness and competitive fitness in a more

focused assay.

iii. Finally, to determine that our whole genome transposon mutagenesis screens of para-

myxoviruses was not systematically biased towards detecting only 3’ end genomic inser-

tants in the N-P gene regions, we applied our screen to a parental 6n+3 NDV genome that

was made fusion-defective (NDVFmut) by destroying a naturally occurring NotI site in the

genetic region encoding the fusion peptide in NDV-F. To make a Mu-transposon muta-

genesis library, the parental (6n+3) genomic plasmid has to be devoid of NotI sites. Sub-

jecting the NDVFmut transposon mutagenesis genomic library to rescue and passaging

resulted in identification of compensatory F-insertants in an otherwise fusion-defective

background, along with a cluster of L-insertants that occurred on a F-revertant fusion-

competent background. These results show the power of experimental system to design

arbitrarily selective screening campaigns and access distant fitness landscapes to interro-

gate paramyxovirus biology.

Units of investigation

Viruses: We selected SeVFushimi, MuVJL5, and NDVLaSota for use in this study as sialic acid

(SA)-using representative viruses of major paramyxovirus subfamilies Orthoparamyxovirinae,
Rubulavirinae, and Avulavirinae, respectively. The individual strains were selected based on

previous optimization of high-efficiency reverse genetics systems for each virus [31].

Cells: We rescued our original transposon mutagenesis libraries in BSRT7 cells (derived

from BHK21 cells) since we have achieved maximal rescue efficiency with our reverse genetics

systems on these cells [31]. We passaged the rescued output (P0) from SeV and MuV in Vero

cells for two sequential passages (P1 and P2). Our NDV library was both rescued and amplified

in BSRT7 cells since we observed better growth in these cells than in Vero cells. We reasoned

that both BSRT7 and Vero cell lines, which are respectively deficient in interferon signaling

[32] and interferon production [33], should serve as neutral cellular backgrounds for our ini-

tial genome-wide interrogations. Using these cells removes likely confounding selective
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pressures against insertions in the P gene that might disrupt its interferon antagonist function

(and that of P-derived accessory proteins). We did not want to miss insertants in the P gene

that might be structurally tolerated and not affect P’s function as a cofactor of the L-mediated

transcriptase and replicase complex.

Sample size/scale: The rescue efficiency of our reverse genetics system was critical for deter-

mining which paramyxovirus could be interrogated on a genome-wide scale. If transposon

insertions were truly random and not affected by other confounding factors (see footnotes to

S1 Table), Poisson statistics dictate that a 10X coverage in terms of the number of independent

transposon insertants rescued, relative to the size of the cognate PMV genome, is required to

ensure>90% probability that any given nucleotide position in the genome has at least one

insertant, so rescue scale was dictated by each virus’ rescue efficiency as calculated in S2 Table

and S4 Table.

Replicates: Library generation, and library and insertant rescue was carried out in singlicate

as an appropriate use of resources. Insertants whose rescue failed to produce infectious viruses,

two additional rescue attempts were made to verify the insertants’ inviability. All other assays

were carried out in triplicate unless otherwise noted to ensure accurate representation of the

potential diversity of assay outcomes.

Endpoint: In all library scenarios and in the multiplex competitive outgrowth assays, the

endpoint for each passage was defined as when the entire culture was infected, as determined

by visual observation of GFP-positivity. For individual insertant rescue, success or failure was

determined by whether virus demonstrated spread in tissue culture within ten days of transfec-

tion–monitored by GFP-positivity, and confirmed by syncytia formation for MuV and NDV.

Growth curves were carried out until the wild-type (6n) virus titers plateaued and began to

reduce in magnitude.

Inclusion/Exclusion criteria: No samples or replicates were discarded from these experi-

ments. Computational criteria for identifying insertants in deep sequencing results are based

on the sequencing fidelity for the platform used (Illumina and Nanopore), and are otherwise

as inclusive as possible to identify all insertants.

Cell lines

Vero cells (ATCC Cat# CCL-81, RRID:CVCL_0059), and BSR T7/5 cells (RRID:CVCL_RW96;

[34]) were propagated in Dulbecco’s modified Eagle’s medium (ThermoFisher Scientific,

USA) supplemented with 10% fetal bovine serum (Atlanta Biologicals, USA) at 37˚C. Cell lines

were monitored monthly to maintain mycoplasma-negative status using the MycoAlert Myco-

plasma Detection Kit (Lonza, USA).

Plasmids and viruses

Genome coding plasmids for SeV (pSeVFushimi-EGFP; KY295909), MuV (pMuVJL5-EGFP;

KY295913), and NDV (pNDVLaSota-EGFP; KY295917) were modified to have optimized T7

promoter and hammerhead ribozyme as previously reported [31]. Our recombinant SeVFush-

imi-EGFP bears mutations in the M and F genes that enable trypsin independent growth [35].

The MuVJL5-EGFP strain is derived from the JL5 vaccine strain. NDV-EGFP was based on

LaSota strain with mutations in its cleavage site to be cleaved by urokinase-type plasminogen

activator (uPA) [36]. In order to attenuate viral genomes that lack the transposon insertion, we

introduced an extra 3nt stop codon after the reporter gene in each construct, rendering the

viral genome 6n+3 nucleotides; these are indicated as SeV 6n+3, MuV 6n+3, and NDV 6n+3.

We also abolished NotI restriction sites in each virus’ plasmid in order to facilitate transposon

removal. All modification for plasmids were performed using overlap PCR mutagenesis with
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InFusion cloning (Takara Biosciences, USA). Viral genome and support plasmids were main-

tained in chemically-competent Stbl2 E. coli cells (ThermoFisher Scientific, USA) with growth

at 30˚C.

S6 Table contains the primer sequences for generating all recombinant insertant plasmid

genomes. Nucleotide position in the genome is labelled without the EGFP transcriptional unit,

and insertant position refers to the nucleotide after which the transposon sequence began.

Insertants are named by genetic region and nucleotide position.

Transposon-mediated mutagenesis

The Mutation Generation System (ThermoFisher Scientific, USA) was used to randomly insert

transposons in the 6n+3 genomic plasmids using a modified protocol. An in vitro transposon

insertion reaction was performed on approximately 850ng per viral genome plasmid (40ng

DNA per kb of plasmid) of 6n+3 genomic plasmids, which were dialyzed twice for 30 min in

1L ddH2O, and then transformed into ElectroSHOX cells (Bioline USA, discontinued). Fol-

lowing transformation, the cells were plated on 20 x 15cm plates with LB agar containing

ampicillin (MilliporeSigma, USA) and kanamycin (ThermoFisher Scientific, USA) (selecting

for plasmid transformants and transposon insertion respectively) and allowed to grow for ~18

hours at 30˚C. The bacterial colonies were scraped from the agar with PBS, and pelleted, and

DNA was extracted from the pooled colonies using a PureLink HiPure maxiprep kit (Thermo-

Fisher Scientific, USA). 30ug of transposon-containing genomic plasmid was digested with

NotI-HF (New England Biolabs, USA) for 3 hours to remove the transposon body. The

restricted plasmid was then gel purified using the Qiaex II kit (Qiagen, USA), and 500 ng of

the DNA was re-ligated at 25˚C for 30 minutes using T4 DNA Ligase (New England Biolabs,

USA) and heat-inactivated at 65˚C for 10 minutes. The entire ligation mixture was dialyzed

for 20 min in 1L ddH2O, and then transformed into ElectroSHOX cells and plated on 20 x

15cm plates containing ampicillin only. After ~18 hours’ growth at 30˚C, the colonies contain-

ing 6n+3 viral genomes with the transposon scar (6n+18) were again scraped from the plates

into PBS, and the viral 6n+18 genome DNA was again extracted using the HiPure maxiprep

kit.

Rescue of recombinant viruses (P0) from cDNA

For recovery of recombinant viruses, rescue was performed as described in Beaty et al. [31].

4x105 BSR T7/5 cells per well were seeded in 6-well plates. The following day, DNA and Lipo-

fectamine LTX / PLUS reagent (ThermoFisher Scientific, USA) were combined as indicated in

S7 Table in OptiMEM (ThermoFisher Scientific, USA) with gentle mixing by pipetting only.

After incubation at room temperature for 30 minutes, the DNA:lipofectamine mixture was

added dropwise onto cells. Separate transfection reactions were set up for each rescue well.

Transfected cells were incubated at 37˚C for 8–10 days, until the level of infection reached

100% as determined by observation of GFP-positive cells by microscopy. Supernatant was col-

lected from rescue cells, pooled, and clarified by centrifugation. Clarified supernatants were

stored at -80˚C.

Analysis of relative rescue efficiency

SeV-WT, SeV-parental (6n+3), and SeV-library (6n+18) genomes were rescued as described

in detail above. Two days post-rescue, cells were collected with PBS+50mM EDTA, pelleted,

and re-suspended into 2% paraformaldehyde for fixation. After 15 minutes, cells were pelleted

again, and re-suspended into PBS + 2mM EDTA + 2%FBS. Cells were assayed by flow cytome-

try on a BD FACSCantoII with BD FACSDiva v6.0, and evaluated for GFP-positivity in the

PLOS PATHOGENS Genomic scale interrogation of paramyxoviruses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008877 October 9, 2020 20 / 26

https://doi.org/10.1371/journal.ppat.1008877


Blue-1 channel, relative to un-transfected cells. 5x105 events were collected for each sample—

the equivalent of a full 6-well well. The WT, parental (6n+3), and libraries (6n+18) for MuV

were evaluated the same way.

Titering viral supernatants

Titrations of SeV, MuV, and NDV stocks were performed on Vero cells in a 96-well format,

with individual infection events (infectious units, iu/mL) identified by GFP fluorescence at 24

hours post-infection using an Acumen plate reader (TTP Labtech, USA).

Passaging virus for SeV and MuV library screen

5.2x106 Vero cells in a 15cm dish were infected at an MOI of 0.01 for each passage and repli-

cate, with the exception of passage 1 in MuV. We adopted a MOI of 0.0003 (5120 iu/dish) for

passage 1 (P1) of MuV, because P0 titer was very low. Thereafter, infection was monitored by

microscopy and supernatants were collected when the level of infection reached 100% as deter-

mined by observation of GFP-positive infected cells by microscopy, at 8–10 days post-infection

(dpi). Supernatant was collected from rescue cells, pooled, and clarified by centrifugation.

Clarified supernatants were stored at -80˚C. Screening experiments were done in triplicate

independently.

Passaging virus for NDV library screen

BSRT7 cells were infected with NDV using the same strategy and parameters as with SeV and

MuV above. Since infectious titers from P0 (rescue) of NDV were very low, P1 was carried out

at a very low moi (<0.0001) and required several additional days to reach confluence post-

infection.

RT-PCR and Illumina sequencing for library screen

The SeV, MuV, and NDV RNA was extracted from thawed supernatant using QIAamp viral

RNA extraction kit (Qiagen, USA). Genomic RNA was then amplified in six equal-sized seg-

ments using overlapping primers sets (S8 Table) using SuperScript III One-Step RT-PCR kit

(ThermoFisher Scientific, USA) with Platinum Taq. The cDNA segments from each sample

were pooled in equimolar amounts, sheared by Covaris sonication, and prepped for sequenc-

ing using TruSeq DNA LT Sample Prep Kit (Illumina, USA) according to the manufacturer’s

instructions. Barcoded and multiplexed samples were sequenced on a HiSeq2000 using 100-nt

single-end reads in Rapid Run mode. Analysis of the transposon insertions was performed as

previously described [10].

Sequencing analysis of library screen

Identification of the transposon insertions were carried out as in Heaton et al. [11]. Briefly,

reads with the transposon scar sequence of TGCGGCCGCA were extracted from the total

sequencing data. The scar sequence was then deleted, leaving a 5nt duplication at the site of

insertion. These sequences were then aligned to the viral reference sequences by bowtie2, and

processed sam files were used to identify the position of insertion in each read.

Data analysis and insertant selection from library screens

Although transposon coverage was overall >10-fold for both SeV and MuV libraries, individ-

ual nucleotide positions did not always receive an insertion. Thus, all analyses were carried out

using a 100nt sliding window to prevent division by 0. Additionally, raw insertant counts in P1
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and P2 are likely to be biased by varying transposon abundance in the input and rescue (P0)

libraries, so we normalized P1 and P2 reads by the number of insertants in P0, and presented

these passages as triplicate average percent reads over P0 (Figs 2A–2C and 4A–4C).

To identify the most highly-enriched individual insertants in the library, we first identified

40 insertants with the highest overall raw read count at P2 from each library. We then divided

these by normalized P0 reads, and eliminated any insertants whose relative abundance drasti-

cally decreased over passage (average P2/P0 < 30%) in order to account for variability of cov-

erage in P0. From those remaining, we showed the top 20 insertants for SeV (S2 Table), and

the insertants that showed an average of 1 or more reads in MuV (S3 Table). Individual inser-

tants from these lists were selected for downstream characterization as described in Results.

Insertant rescue and growth curves

Individual insertant viruses were rescued in BSR T7/5 cells as described above, were amplified

in Vero cells once, and titered as above. 2x105 Vero cells per well in a 12-well dish were

infected at an MOI of 0.01 for 2h, followed by replacement of fresh medium. Samples were col-

lected daily for titration with complete media exchange.

Competitive outgrowth assay

Because individual insertant viruses demonstrated different growth characteristics that could

render our standard titration assay (described above) inaccurate, we titered the individual

insertants by focus-forming assay prior to combining them for a competition outgrowth assay.

2x105 Vero cells per well in 12-well plates were inoculated with a serial 10-fold dilution of

insertants for 2 hours. Cells were washed with PBS once and then replaced with an overlay

methylcellulose (1% methylcellulose in DMEM plus 2% FBS) to prevent establishment of sec-

ondary foci. At 7 dpi (SeV) or 4 dpi (MuV), the number of eGFP-positive infectious foci were

manually counted using a Nikon Eclipse TE300 inverted fluorescent microscope (Melville,

NY, USA).

Competitive outgrowth assays were carried out in independent biological triplicates: equal

infectious units as defined by the focus-forming assay above of 8 SeV insertants or 6 MuV

insertants were mixed, creating P0 mixture. Then the titer of each of these mixtures was re-

quantified by iu as described above. 2x106Vero cells in a 10 cm dish were infected by the P0

mixture at a final MOI of 0.01. In order to maintain cell viability, media was exchanged daily

until ~100% infection was reached as determined by eGFP-positive cells by fluorescent micros-

copy. The supernatant on the day of eGFP confluency was used as the P1 sample. For P2,

supernatant from P1 was titered (by infectious unit), then inoculated at MOI of 0.01 and pas-

saged until 100% infection as was done for P1.

RT-PCR and Nanopore sequencing for competitive outgrowth assay

RNA was extracted from P0, P1, and P2 viral supernatant and the relevant genetic regions

encompassing all the insertants for a given virus were reverse-transcribed and amplified as

described for Illumina sequencing. These amplicons were prepared for Nanopore sequencing

using the native barcoding expansion kit (EXP-NBD104, Oxford Nanopore Technology,

United Kingdom) and ligation sequencing kit (SQK-LSK109, Oxford Nanopore Technology,

United Kingdom), and then sequenced on a MinION R9.4.1 flow cell (Oxford Nanopore Tech-

nology, United Kingdom) to determine the abundance of insertants in each sample and

passage.

PLOS PATHOGENS Genomic scale interrogation of paramyxoviruses

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008877 October 9, 2020 22 / 26

https://doi.org/10.1371/journal.ppat.1008877


Sequencing analysis of competitive outgrowth assay

Nanopore basecalling was carried out using Albacore, then aligned to reference sequence by

Burrows-Wheeler Aligner. Since MinION DNA sequencing is prone to error, we identified the

insertants by extracting inserts� 10nt in size, and extracted the number of insertions at each

position. Abundance of each insertant was calculated relative to the total insertion count.

Correlation analyses

Insertants represented in all three assays (library screen, peak titer, and competitive out-

growth) were analyzed for their relative fitness across assays. Since each assay used metrics

with different ranges of magnitude, comparison across assays was facilitated by ranking inser-

tants within each assay (see below) resulting in non-parametric distributions. Assays were thus

compared by Speaman’s correlation analysis and r values as measures of correlation are

reported. � P<0.05.

Ranking: (a) Library screen: Insertants were ranked according to their raw abundance at P2

in each replicate, and then the average of the three replicates were used to define the insertants’

rank. (b) Peak titer: Insertants were ranked by peak titer in each growth curve repeat, and the

average of the three repliactes were used to define the insertants’ rank. (c) Competitive out-
growth: Insertants were ranked by magnitude of expansion (input/P2) in each replicate, and

the average of the three replicates were used to define the insertants’ rank.
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