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Deep mutational scanning (DMS) can define functional constraints acting
onviral proteomes by quantifying the effects of mutations on viral fitness.
However, DMS analyses do not discern type-specific from species-level

constraints, limiting their utility in understanding how selective pressures
change as viral families diversify. Here we show that comparison of

DMS datasets from related viruses can overcome these limitations. By
contrasting two proteome-wide DMS datasets from prototypical members
of the enterovirus A and B species, we identify evolutionary constraints
atthe specieslevel to occur across core enzymatic machinery and capsid
assembly interfaces. In contrast, type-level constraints are observed across
host-interaction sites in both structural and non-structural proteins.
Furthermore, we find DMS data toreflect both type- and species-level
evolutionary signatures in nature yet diverge at conserved hotspots
subjected to selection pressures that are lacking in vitro. Finally, we
highlight the utility of comparative DMS studies for drug discovery by
identifying a mutationally constrained pocket in the 2C helicase that is
conserved across all major human enterovirus species. Our findings provide
aframework for dissecting evolutionary pressures acting at different
evolutionary scales and for guiding the rational design of broad-spectrum
therapeutics with high barriers to resistance.

Enteroviruses constitute adiverse genus of RNA viruses in the Picornaviri-
daefamily andinclude several species that pose importantandrecurring
publichealth challenges globally. Within the genus Enterovirus are several
speciesthatinfect humans. Theseinclude the humanenterovirus (HEV)
A-Dspecies, therhinoviruses A-Cand several parechoviruses. HEV spe-
cies also exhibit regional patterns of circulation, with Asian countries
experiencing outbreaks of Enterovirus A, the USA affected by Enterovirus
D and Europe commonly affected by Enterovirus B'.

Initially classified by immune cross-reactivity between their cap-
sids, and now classified genetically by capsid sequence, the HEV spe-
ciesare genetically diverse, with similarity in their polyprotein coding
regionsranging from 50% to 60%. This diversity extends to their patho-
genicity and clinical outcomes. HEV infections, which commonly affect
infants, young children and the elderly’, have broad tissue tropism,
infecting the skin, respiratory and gastrointestinal tissues, as well as the
cardiovascular and central nervous systems. Enterovirus A, Enterovirus
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Cand Enterovirus D (for example, EVA71, poliovirus and EVD68) cause
severe central nervous system complications such as acute flaccid
myelitis and brain-stem encephalitis, which canresult in paralysis and
death’. Enterovirus B (for example, coxsackievirus B3 (CVB3)) infection
is linked to myocarditis, which can lead to cardiomyopathy and heart
failure*, and pancreatic cancer development’.

Enteroviruses possess asingle-stranded RNA genome of positive
polarity -7.5 kb long thatis enclosed in a -30-nm icosahedral particle.
Theviral genome s translated as a single polyprotein of 2,150 amino
acids (AAs). The polyprotein is cleaved by the viral 2A protease into a
structural precursor protein (P1) that encodes the capsid proteins and
anon-structural precursor (P2 and P3) that encodes the replication
machinery. The P2-P3 precursor is processed further by the 3C viral
protease into seven proteins (2A-2C and 3A-3D) that perform essential
enzymatic and membrane remodelling activities required for viral
replication®'° and antagonize the innate immune system" . The P1
precursor is cleaved by the 3CD protease to liberate three capsid pro-
teins, VPO, VP1and VP3 (ref. 8). These undergo sequential assembly to
formthevirus particle, starting as aheterotrimer (the ‘protomer’), five
of which assemble to form the pentamer, and 12 pentamers form the
viral capsid". During maturation, VPO undergoes RNA-dependent auto-
catalytic cleavage into VP2 and VP4 to produceinfectious virions. The
capsid proteins of enteroviruses are highly divergentin both sequence
and function, engaging with diverse host attachment and entry fac-
tors®. Evolutionary pressure placed on them by adaptive immunity
has also driven their diversification, primarily through substitutions
insurface-exposed loops'®. Overall, mutations affecting structural and
non-structural proteins both contribute to the diversity of phenotypic
traits observed in enteroviruses, with single non-synonymous changes
having profound effects on pathogenenesis”?°. Understanding how
mutations alter viral fitness and host interaction is thus of key impor-
tance for understanding the biology and pathogenesis of these viruses.

Except for poliovirus and a regionally approved vaccine for
EVA71in Asia, no broadly licensed vaccines exist for enteroviruses,
and vaccine development is hindered by the high type diversity for
each enterovirus species”. Similarly, while potent antivirals have been
developed (for example, Rupintrivir’*?®), the high mutation rates* of
RNA viruses make antiviral resistance a major obstacle to effective
therapy. The severe clinical outcomes of enterovirusinfectionsand the
lack of effective interventions underscore the urgent need for diverse
therapeutic strategies. In this regard, a deeper understanding of the
evolutionary mechanisms governing enterovirus fitness is critical to
informrational vaccine design and the development of antivirals with
high resistance barriers.

Deep mutational scanning (DMS) is a high-throughput experimen-
tal and computational framework that enables the measurement of
mutationalfitness effects (MFEs) for thousands of mutationsin parallel.
Inthe context of virology, DMS has been applied across different viral
families to uncover functional constraints that affect viral fitness, inter-
action with host factors and evasion of antibody neutralization®25,
As the majority of DMS studies have performed DMS on individual
proteins, a direct comparison of MFEs across proteins within a viral
proteomeisnotpossible. Furthermore, the lack of DMS data for related
viruses has also prevented dissecting virus-specific constraints from
evolutionarily conserved pressures on a given viral family.

Here we leverage two full-proteome DMS studies of enterovi-
ruses EVA71 and CVB3 (refs. 29,30) to develop a unified comparative
framework that distinguishes between type-specific evolutionary
pressures and the fundamental constraints shared by enteroviruses.
Our approach identifies regions of convergent and divergent selec-
tion by directly comparing the MFEs of the viral proteomes. We then
integrate these MFEs with structural analysis, showing that convergent
constraintslocalize to core functional regions, including sites of capsid
assembly and enzymatic activity, while divergent constraints map to
distinct host-factor interactions. To contextualize our findings within

areal-world evolutionary framework, we compare DMS data to natural
sequence variation and uncover distinct selective pressures operating
innaturalinfectionsthatarenot capturedinin vitro experimental sys-
tems. Finally, we integrate our results with computational prediction
of druggable pockets to identify a pan-enterovirus-conserved, muta-
tionally constrained pocket in the viral 2C helicase, highlighting it as
ahigh-potential target for broad-spectrum antiviral development. As
more DMS studiesbecome available, the described analysis framework
canbeapplied to additional viral families to uncover general functional
and evolutionary constraints, define sites of interaction with host pro-
teins and guide the rational design of broad-spectrum therapeutics.

Results

Comparative analysis of DMS data from prototypical

members of enterovirus A and B species

To compare mutational tolerance across enterovirus species, we
assessed global sequence similarity and phylogenetic relationships
across the proteomes of the two prototype viruses used in this study:
EVA71 (an Enterovirus A species) and CVB3 (an Enterovirus B species)
(Fig. 1a). These viruses exhibit substantial divergence at the AA level,
with an overall identity of ~55% across the full proteome (Fig. 1b). The
capsid region (P1) is the most divergent, showing only ~43% identity
between EVA71and CVB3, whereas the non-structural region (P2-P3)
shares higher similarity (-63% identity), with particularly high conserva-
tionin the 2A protease and the 3D RNA-dependent RNA polymerase.

This pattern of sequence divergence is recapitulated in phylo-
genetic analyses. Due to the known pervasiveness of recombination
throughout the history of enteroviruses, we constructed trees using
both capsid and 3D polymerase sequences to capture any differencesin
evolutionary relationships between these regions of the genome. Inthe
tree constructed from capsid sequences (n =15), EVA71and CVB3 form
distant branches, consistent with strong antigenic and functional diver-
sification (Fig.1c).In contrast, CVB3 and EVA71 cluster more closelyin
the treebased on3D polymerase sequences (n =15), reflecting stronger
evolutionary conservation of replicative functions (Fig. 1d). This pat-
tern extends beyond EVA71 and CVB3. Across different enterovirus
species, capsid proteins demonstrate greater sequence divergence
than non-structural proteins (Supplementary Fig. 2a), highlighting
the distinct pressures at play on different functional regions of the
proteome across various evolutionary timescales.

To dissect the shared and species-specific constraints shaping
HEV evolution, we compared proteome-wide, site-specific muta-
tional tolerance from the two published enterovirus DMS datasets,
which encompass >80,000 mutations across the 11 proteins of each
virus®**°, containing nearly all possible single AA substitutions in the
EVA71and CVB3 genomes. Single codon deletions were also included
across the full proteome of both viruses, except in the structural pro-
teins of CVB3. These libraries were used to generate viral populations,
which were subsequently subjected to two rounds of infection at low
multiplicities of infection to minimize complementation and enable
fitness-based selection. Mutation frequencies were then quantified
by next-generation sequencing in both the plasmid libraries and the
passaged viral populations, as described in the original studies®**.

To enable direct comparison, we standardized both datasets using
a common analysis workflow (Methods and Supplementary Fig. 1).
Specifically, we quantified the relative enrichment of each mutation
at each site by dividing its frequency by that of the corresponding
wild-type (WT) codon. MFEs were then calculated as the ratio of rela-
tive enrichment after selection (that is, in viral populations) to that
before selection (that is, in plasmid libraries). The resulting values
were log,-transformed and normalized such that the mean MFE of
synonymous mutations was set to neutral (Methods).

Comparison of the standardized datasets revealed striking simi-
larities between the two DMS datasets despite the divergence of EVA
and EVB (Fig. 1e and Supplementary Fig. 2b,c), as evidenced by the
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Fig.1| Overview of viral systems and DMS datasets. a, Schematic of the
enterovirus genome. UTR, untranslated region. b, Per-protein similarity at the AA
level between EVA71and CVB3 (n = 325and n = 49, respectively). c,d, Phylogenetic
trees of allknown enterovirus species, illustrating sequence divergence across
structural coding regions (c) and the 3D polymerase coding region. Nodes are
shaded by bootstrap support levels (BS) showninlegend (d). The tip labels indicate
enterovirus species. e, Heat maps of site MFEs across EVA71and CVB3 proteins
with line plots showing a five-residue sliding window average. f, Correlation of
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mean site MFE between EVA71and CVB3 across proteins. The error bars indicate
the standard error of the mean across all positions of each protein. The dashed
linerepresents a 1:1relationship between both axes. g, Genomic distribution of
tolerated deletions unique to EVA71 or CVB3 or shared between the two viruses
(common). h, Correlation of mean MFE based on the nature of the WT residue
across AA physicochemical categories between the EVA71and CVB3 DMS
datasets. i, Correlation of mean MFE based on the nature of the mutation across
AA physicochemical categories between the EVA71and CVB3 DMS datasets.

strong correlation of the average MFE per site (site MFEs) between the
twoviruses (Pearson’sr=0.66,P<2.2 x10%; see Fig. 1f for per-protein
MFE comparison). Specifically, capsid proteins exhibit significantly
greater mutational tolerance than non-structural proteins across
both viruses. Among the non-structural proteins, 2A and 3A are the
most permissive. We also analysed tolerance to single codon dele-
tions, albeit only for the non-structural region, as deletion data are
unavailable for the CVB3 capsid®’ (Supplementary Fig. 1). Overlap-
ping deletion-tolerant sites between the two viruses in the 2A and 3A
proteins were observed, further supporting the mutational tolerance
of these two proteins (Fig. 1g).

The extensive MFE datasets enabled the examination of trends
in structural and sequence composition that govern global muta-
tional tolerance. Across both viruses, secondary structure context
strongly influences mutational constraint, with a-helices being the

most constrained structural elements, loops exhibiting the greatest
mutational tolerance and 3-strands displaying intermediate tolerance
levels (Supplementary Fig.2d,e). We also observed strong similarities
in mutation tolerance based on the nature of the WT or mutant AA
between the datasets when comparing the average MFEs per WT AA
class (aromatic, acidicand so on) (Pearson’sr=0.9, P=0.0056; Fig.1h).
Glycine and aromatic residues are least tolerant to substitutions,
reflecting their unique structural roles, whereas neutral AAs demon-
strate the greatest mutational flexibility. Similarly, MFEs based on the
nature of the mutant AA are strongly correlated betweenboth viruses
(Pearson’sr= 0.8, P=0.034), withsubstitutionsintroducingaliphatic
and neutral residues being well tolerated, while mutationsintroducing
proline or charged residues are predominantly deleterious (Fig. 1i).
Mutations that maintain physicochemical similarity are consistently
the most tolerated (Supplementary Fig. 2f,g). Interestingly, the impact
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Fig. 2| Structural mapping of enterovirus A and B differential mutational
tolerance. a, Site difference in MFE scores (MFE in CVB3 minus MFE in EVA71)
across the aligned viral proteomes, averaged using a ten-residue sliding window.
Positive values indicate higher mutational tolerance in CVB3, while negative
valuesindicate higher tolerance in EVA71. A horizontal greenlineaty=0
denotes similar tolerance across both viruses. b, Proportion of divergent sites
for each viral protein. Divergent sites are defined as those with an absolute site
MFE difference greater than the median plus two median absolute deviations
(threshold, 0.86). Proportions are calculated relative to the total number of
aligned residues per protein. ¢, Distribution of absolute site MFE difference for
sites located inside versus outside active sites and capsid assembly interfaces.
Ineachbox plot, the lower and upper hinges correspond to the 25th and 75th
percentiles, respectively, with the centre line indicating the median. The
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range (IQR) from the hinges. Observations falling outside this range are treated
asoutliers and are plotted individually. Statistical significance was calculated
using a two-sided Wilcoxon test. d-k, Structural mapping of site MFE difference
onthestructure of the capsid pentamer (Protein Data Bank (PDB): 8E2X) (d), 2A
protease (e), 2B protein (f), 2C helicase (hexameric form) (g), 3A protein (dimeric
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(NA, not available).
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of AA substitutions depends not only on the nature of the change but
alsoonits directionality, reflecting fundamental constraints shaped by
biochemical compatibility across proteins (Supplementary Fig. 2f,g).

A structural map of evolutionary constraints in EVA71

and CVB3

To place the evolutionary constraints between EVA71and CVB3in a
functional context, we calculated the site-wise differences in mean
MFE and defined divergent sites as those exceeding the median plus
two median absolute deviations (Methods and Fig. 2a). This reveals
that VP4,3A and 3B have the greatest proportion of sites with divergent
MFEs between the two viruses. In contrast, the 2A protease shows the
lowest proportion of divergent sites, indicating similar mutational
flexibility in both viruses (Fig. 2b).

To understand the structural basis for these differences, we
mapped site-wise divergence values onto the viral protein structures.
As expected from the high structural and functional conservation
across the two proteomes, sites in enzymatic active sites or those par-
ticipating in capsid assembly are significantly more conserved than
sites outside of theseregions (Fig. 2c and Supplementary Fig.3a,b). This
observation provides animportantinternal validation thatindepend-
ent experimental approaches produced consistent and comparable
MFE measurements. Regions of convergent constraint correspond to
common essential functions, including the interfaces between capsid
pentamersimportant for virion assembly (Fig. 2d, side view), the cata-
lytic sites of the 2A and 3C proteases (Fig. 2e,j), the ATPase domain of
the 2C helicase (Fig. 2g, cytoplasmic view) and the template-binding
channel of the 3D polymerase (Fig. 2k). In contrast, regions mediat-
ing host-factor interactions are dominated by divergent mutational
tolerance. This is most evident on the exterior surface of the viral
capsid, where large patches corresponding to surface-exposed loops
containing virus-specific determinants for receptor binding?®*' are
substantially more tolerant to mutation in one virus thanin the other
(Fig. 2d, outer view). Moreover, the mutational flexibility of surface
loops may also be shaped by type-specific host immune pressures,
as previously described for CVB3 (ref. 16), although this possibility
remainsto be validated in EVA71. A similar pattern of divergence occurs
inthe amino-terminal region of the 3A protein, which harbours aknown
host-factor binding interface** (Fig. 2h).

Divergent mutational tolerance at the receptor-binding
footprints of enterovirus capsids

Given that EVA71 and CVB3 use different host entry factors, Scaven-
ger receptor class Bmember 2 (SCARB2)*** for EVA71and Coxsackie-
and Adenovirus Receptor (CAR) and Decay-Accelerating Factor (DAF;
CD55) for CVB3 (ref. 20), we hypothesized that structural divergence
onthe capsid surface would map to these receptor-binding footprints.
Indeed, our analysis shows that site-wise MFE divergence is signifi-
cantly enriched within these footprints compared with other capsid
regions (Fig. 3a and Supplementary Fig. 3c). Notably, -60% of the most
divergent sites (top 1%) are located within a receptor-binding region,
making a highly divergent site nearly 20 times more likely to be found
in this region (Fig. 3b). This pattern reflects a functional constraintin
whichinteraction interfaces with a cognate receptor limit the mutation
tolerance of an otherwise variable region in viruses employing other
entry factors (Fig. 3c,d).

Tovisualize theseresults, we mapped the site MFE differences onto
astructure of the EVA71 capsid in complex with its receptor, SCARB2
(PDB: 612K). The structure shows SCARB2 binding to the southern rim
of the viral canyon through contacts in the VP1 GH and VP2 EF loops
(Fig.3e). These specific receptor-binding sites are under strong muta-
tional constraintin EVA71but notin CVB3 (Fig.3c,d). Thisdivergenceis
driven by theresidues Gly137-Gly138, Glul42 and Phel58 in the VP2 EF
loop (Fig. 3f,g). In contrast, the capsid assembly interfaces are under
strong convergent constraint (white regions) (Fig. 3f,g).

Inthereciprocal analysis, we mapped the site MFE differences onto
the structure of CVB3in complex with its principal entry receptor, CAR
(PDB: 7VYK).CARbinds withinthe CVB3 canyon at aninterfaceinvolving
the VP1,VP2and VP3 capsid proteins (Fig. 3h). The CVB3 VP2 CAR-binding
region involves an inserted sequence relative to EVA71 that accommo-
dates CAR binding. Consequently, comparing constraints at all sites in
the footprintis not possible. Nonetheless, the canyon region generally
exhibits strong mutational constraint, and we observe clear divergence
atthe CAR contact residues Val150 in VP1 and Asp182 in VP3, which are
under stronger mutational constraintin CVB3 thanin EVA71 (Fig. 3i,j).

Counterintuitively,amore complex patternemerged when we ana-
lysed the interaction sites for the CVB3 attachment factor, DAF (PDB:
7VY5). Some residues interacting with DAF show higher mutational
tolerancein CVB3 thanin EVA71(Fig. 3k-m). This unexpected tolerance
is particularly notable atresidue GIn234 in VP3. Interestingly, this resi-
due has beenidentified as a key molecular switch that modulates the
ability of the virus to shift from DAF-dependent to DAF-independent
entry pathways**>%, providing a potential explanation. Alternatively,
since CAR expression is sufficient to mediate viral entry into HeLa-H1
cells®, DAF dependence may be reduced, alleviating constraints per-
taining to the use of this coreceptor.

Membrane and host-factor interactions drive enterovirus 3A
mutational divergence

The divergent mutational tolerance we observed between the EVA71
and CVB3 3A proteins suggests that they engage host factors through
distinct interfaces (Fig. 4a). The 3A proteins of both viruses bind host
membranes to facilitate the formation of viral replication organelles™.
Additionally, CVB3 3Ablocks protein traffickinginthe cell viainteraction
with GBF1 (ref. 36), while EVA71 does not, despite also interacting with
it”. Hence, we hypothesized that distinct interactions with both the lipid
membrane and the host protein GBF1 could explain these differences.

We used DeepTMHMM?* to predict the topology of the 3A proteins
to investigate the 3A membrane-spanning region. The software pre-
dictsasingle a-helical transmembrane helix for both proteins, but with
different lengths of the transmembrane region, suggesting that CVB3
3Ainserts deeper into the membrane than EVA71 3A. This prediction
aligns with our DMS data, which show that the membrane-embedded
region in CVB3is mutationally constrained, whereas the correspond-
ing region in EVA71 3A is predicted to lie outside the membrane and
is tolerant to substitutions (Fig. 4b,c and Supplementary Fig. 4a,b).
Thissuggests that distinct lipid interactionsimpose unique pressures
on 3Ain each virus. However, further work is needed to interpret the
observed differences in selection.

Next, to examine potential differences in the interaction with
GBF1, we used AlphaFold3 to model the 3A dimer from both viruses
in complex with the complete form of this host factor (Fig. 4d,e and
Supplementary Fig. 4c). Again, our models predict adifference in this
virus-host interaction interface. Although these predictions exhibit
low interface predicted template modeling (ipTM) scores (-0.2), the
predicted interfaces correspond to regions of differential selection
in EVA71 and CVB3. Recent work has shown that virus-host protein
interactions are often associated with similarly low ipTM scores™.
In EVA71, GBF1 makes contact with both the a1 and a2 helices of the
3A dimer. In contrast, the corresponding residues on the CVB3 3A
dimer are oriented away from GBF1 and not involved in the binding
interface. This region also exhibits greater mutational tolerance in
CVB3, consistent with the distinct predicted binding modes in CVB3
and EVA713A (Fig. 4f,g). Moreover, these findings are also congruent
with published biochemical dataand computational work suggesting
theimportance of the N-terminal region in mediating GBF1interaction
and COP-I transport****°, While our predictions explain MFE differ-
ences between EVA71 and CVB3 3A, additional structural studies are
needed to map the distinct interaction surfaces between enterovirus
3A proteins and GBF1.
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surfaceis coloured by the site MFE difference between EVA71and CVB3 according
to thekey: red indicates higher mutational tolerance in CVB3, while blue indicates
higher tolerance in EVA71. White denotes sites of convergent constraint. Grey
denotes positions with missing data due to structural alignment gaps.Ing,jand
m, the receptors are shown as transparent yellow surface representations.

Comparison of laboratory and natural selection pressures

We next assessed how the observed trends in mutational tolerance in
EVA71and CVB3relate to natural sequence variation. We used phydms*
toincorporate experimentally measured MFEs into phylogenetic mod-
elsderived from natural sequence alignments across two evolutionary

scales, type (EVA71 and CVB3) and species (Enterovirus A and Enter-
ovirus B). In all cases, phylogenetic models that incorporate MFE
information outperform standard models (YNGKP/Goldman-Yang)
(Supplementary Table1), suggesting DMS-derived MFEs reflect selec-
tion processes operating in nature across both evolutionary timescales.
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Fig. 4| Mapping of the divergent structural and functional regions in
enterovirus 3A. a, Site difference in MFE scores (MFE in CVB3 minus MFE in EVA71)
across the aligned 3A proteins, averaged using a ten-residue sliding window. b,c,
AlphaFold3-predicted structures of the EVA71 (b) and CVB3 (c) 3A homodimers.
Residues are coloured by site MFE difference according to the colour key.d e,
AlphaFold3-predicted structural models of the EVA71 (d) and CVB3 (e) 3A

dimers in complex with the host factor GBF1. 3A residues are coloured by site

MFE difference according to the colour key, and GBF1is shown as a grey surface,
with its 3A contact residues highlighted in yellow. EVA713A-GBF1 prediction:
pTM=0.60,ipTM = 0.20, ranking score = 0.45; CVB3 3A-GBF1 prediction:

Variant

pTM=0.59,ipTM = 0.19, ranking score = 0.44.f,g, Heat maps displaying MFE
scores for the specific set of residues that are mutationally divergent and that
constitute the EVA713A-GBF1binding interface. Data are shown for EVA71 (f)
and CVB3 (g). Each ‘X" indicates the WT AA position. For all relevant panels, the
predicted protein topology (cytoplasm, membrane, lumen), as determined by
DeepTMHMM, isindicated. For all structural views, acommon colour key is used
for the MFE difference: red indicates higher tolerance in CVB3, blue indicates
higher tolerance in EVA71 and white denotes sites of convergent constraint. Grey
denotes positions with missing data due to structural alignment gaps.

We next analysed the correlation between MFEs and variation in
natural sequence alignments across both evolutionary scales, calcu-
lated as Shannon entropy (H; Fig. 5a). This revealed that DMS-derived
mutational tolerance correlates more strongly with site entropy
at the species level (Pearson’s r=0.52, P=6.84 x10™°; r=0.46,
P=3.99 x10™; for EVA and EVB, respectively) than at the type level
(Pearson’sr=0.24,P=7.49 x1073; r=0.3, P=2.34 x 10™*; for EVA71
and CVB3, respectively; Fig. 5b). This correlation is primarily driven
by differencesin the variability of the structural proteins, which show
strong conservation at the type level but high variability at the species
level (Supplementary Fig.5a,b). Moreover, DMS-derived MFEs correlate
more strongly with site entropy from other enterovirus species than
with variation within their own types (Supplementary Fig. 5e,f), sug-
gesting DMS captures broader patterns of conserved capsid constraints
operating at longer evolutionary timescales.

To further identify differences between selection pressures in
the lab and those in nature, we examined whether the same AAs were

preferred across each site between lab-derived MFEs and natural
sequences atboth the type and specieslevel. For this, we used phydms
to calculate differential preference scores for each site, with larger
valuesindicating greater discordance between AAs preferred in DMS
and those preferred in nature (Fig. 5a). In contrast to the observation
that site-wise mutational tolerance aligns more closely with natural
diversity at the species level (Fig. 5b), greater concordance with natural
variation at the type level was observed for AA preferences for both
viruses (P< 2.2 x107 for type versus species according to Wilcoxon
tests for both EVA71 and CVB3; Fig. 5c). This pattern is again primar-
ily driven by the capsid proteins (Fig. 5c and Supplementary Fig. 5g).
Notably, although overall similar AAs were preferred across the capsid
inboththe DMS results and sequence alignments at the type level, sites
showinglarger differences in preferred AAs were specifically enriched
insurface-exposed residuesinbothviruses (P=4.1x10°and 5.6 x 107
for EVA71and CVB3, respectively, according to Wilcoxon tests; Fig. 5d).
This probably reflects host interactions not capturedinour in vitro DMS
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Fig. 5| Comparison of laboratory and natural selection pressures. a, Workflow
for the comparison of natural diversity and DMS-derived MFEs. Sequence
alignments were used to obtain asite-level diversity measure (Shannon entropy)
and AA preferences. These metrics were compared with site MFEs and AA
preferences derived from the DMS datasets. Site-level analyses were performed
using Pearson correlation tests, and differential AA preferences between

nature and laboratory were obtained using phydms. b, Correlation between

the experimental DMS datasets and natural sequence diversity at the species
and type levels, calculated separately for different functional regions (capsid,
replication or whole proteome). All Pearson correlations shown are two-sided
and statistically significant (P < 0.05). ¢, Differential AA preferences per protein
between the experimental DMS datasets and natural sequence diversity for CVB3
and EVA71at the species and type levels. The error barsindicate the standard

Differential preference Differential preference

Differential preference Differential preference

—_— s
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error of the mean across all positions in each protein. Statistical significance

was calculated using a two-sided Wilcoxon test across all positions in each viral
proteome (species versus type, P< 2.2 x 107 for EVA71and CVB3 proteins). The
dashed line represents a 1:1relationship between both axes. d, Differential AA
preferences between the DMS datasets and natural sequences at the type level in
surface-exposed versus buried capsid residues for EVA71 (n = 618 versus n=1,106)
and CVB3 (n=608 versus n=1,094).In each box plot, the horizontal line indicates
the median, the box shows the IQR and the whiskers extend to values within1.5x
theQR. e f, Structural mapping of differential preferences between the DMS
datasets and natural sequences at the type level onto the 2A (e) and 3A (f) proteins
for EVA71and CVB3. TM, transmembrane. Host-factor interaction regions in 3A
includeresiduesinvolved in ACBD3 and GBF1binding.

experiments. Indeed, for CVB3, where we have previously comprehen-
sively defined neutralizing antibody binding sites in human sera*’, we
found differencesin AA preferencesto be significantly enriched insites
targeted by neutralizing antibodies compared with other surface resi-
dues (P=4.7 x10™*according to a Wilcoxon test; Supplementary Fig. 5i).

In contrast to the structural proteins, AA preferences in the
non-structural proteins are consistent across the different evolu-
tionary timescales, with the proteins 2A and 3A exhibiting the great-
est divergence from natural AA preferences (Fig. Se,f). Differences
in 2A predominantly map to surface-exposed residues (P= 0.3 and
P=0.0012 for EVA71 and CVB3, respectively, according to Wilcoxon
tests; Supplementary Fig. 5j), which are probably involved in inter-
actions with host factors®. Similarly, for 3A, differential selection

clusters in the N-terminal region for both viruses (P=0.0098 and
P=4.4x10"%for EVA71and CVB3, respectively, according to Wilcoxon
tests for the N-terminal domain versus the membrane-binding domain;
SupplementaryFig. 5k), which mediatesinteractions with host factors
to promote membrane remodelling and disruptintracellular traffick-
ing (Fig. 5f)*.

Druggable pocket screen identifies a mutationally

constrained target in the enterovirus 2C helicase

Building on our structural and functional analyses, we next explored
whether our cross-species mutational tolerance data can be used to
identify potential antiviral targets with high barriers to resistance
(Fig. 6a). Specifically, we aimed to identify druggable pockets that
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extend to values within 1.5x the IQR and outliers are plotted individually. Lower
MFE scores indicate higher mutational constraint. d, Surface representation of
the AlphaFold3-predicted EVA712C helicase monomer. The identified pan-

(] Conserved pockets (fraction of shared residues >0.5)
EVAT1 CVB3
VP1and VP3 VP1and VP3

Pocket5- e «I» e oo . Pocket 5

2A 2A
Pocket 7 | I Packet & - f

2C 2C
Pocket 10 - «.—« Pocket 8

3D 3D
Pocket 15 -| + ®e 000 Pocket 10

T T T T T T T

4 -8 -4 0 4
| Site MFE

-6 o

Average pocket
site MFE

Site MFE

Enterovirus 2C helicase

CVB3

Species entropy

(0] 1

enterovirus druggable pocket (green) is shown in relation to the ATPase domain
(pink), which includes the Walker A, B and C motifs. e, Surface representation

of the AlphaFold3-predicted EVA712C helicase in its hexameric form, shown

from the cytoplasmic, membrane and side views. f, Multi-species structural
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are intolerant to mutations such that mutations required to bypass
drug binding would come at a high fitness cost for the virus and thus
reduce its ability to spread in the host. For this, we first performed a
computational screen for druggable pockets in the EVA71and CVB3
proteomes using SiteMap**, whichidentifies and scores protein pockets
onthebasis of size, geometry and physicochemical properties that are
favourable for drugbinding. This screenidentified 16 and 10 candidate
pocketsin EVA71and CVB3, respectively (Fig. 6b). Of these, four pockets
were selected due to their conservation between EVA71and CVB3 (frac-
tion of shared residues relative to the smallest pocket >0.5; Fig. 6¢c and
Supplementary Fig. 6a). We then applied our DMS dataas a functional
filter to prioritize pockets located in regions of high mutational con-
straint—that is, where potential escape mutants are likely to be lethal
or have markedly reduced fitness. This analysis revealed that pocketsin
structural proteins are generally mutationally tolerant, whereas those
in non-structural proteins are highly constrained, particularly those
inthe 2C and 3D proteins, making them ideal candidates for antiviral
targeting (Fig. 6¢).

To assess the potential of these two pockets as pan-enterovirus tar-
gets, we expanded our drug pocket analysis in2C and 3D to representa-
tive species from Enterovirus C (poliovirus 1; PV1) and Enterovirus D
(enterovirus D68; EVD68). To define conserved drug pockets, we calcu-
lated the fraction of shared residuesineach pocket across the viruses,
using the smallest drug pocket as areference (Supplementary Fig. 6b).
The 3D pocket shows significant variation between viruses, sharing
few or no residues across all four viruses (Supplementary Fig. 6b).

In contrast, the 2C pocket shows strong conservation across all four
viruses, withatleast one pocketinthe 2C protein of each virus sharing
>0.8 of its residues with that of CVB3 (Supplementary Fig. 6b). These
pockets in 2C share nine conserved residues, five of which are identi-
calacross all four viruses (Supplementary Fig. 6¢,d). Structurally, the
pocket is situated away from the well-characterized ATPase Walker
motifs (Fig. 6d,e), and the architecture of the pocket is preserved
across all four enterovirus species, with root mean square deviation
values of the shared residues relative to the CVB3 2C pocket ranging
from 0.165 to 0.204 A (Supplementary Fig. 6f). Finally, to validate the
conservation of these nine conserved drug pocket residuesin nature,
we examined their variability compared to the remaining sites in the
proteome across large alignments of natural sequences from each
virus species (n=1,081, 762, 292 and 71 for enteroviruses A, B, C and
D, respectively). Overall, these residues showed lower variability than
the remainder of the proteome across the four enterovirus species
(P<0.05forenteroviruses B-Dand P=0.2for enterovirus Aaccording
to Wilcoxon tests; Fig. 6f and Supplementary Fig. 6g). The high struc-
tural conservation, low natural variability and strong fitness costs in
cell culture of the residues comprising this core drug pocket support
its potential as a promising target for drug development.

Discussion

Understanding the functional consequences of mutations is a funda-
mental goal of evolutionary virology, holdingimportant implications
inmolecularepidemiology and the design of successful therapeutics.
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The systematic derivation of MFEs via DMS has proved to be a power-
ful tool for this purpose, allowing for the comprehensive mapping of
MFEs across viral proteins and the definition of sites affecting inter-
action with host factors, including antiviral proteins, receptors and
neutralizing antibodies'®?****>, DMS studies on related viral species
allow us to assess how evolutionary constraints on viral proteomes
change over longer evolutionary timescales, as viral families diversify
phenotypically. Capitalizing on the recent publication of the first two
proteome-wide DMS studies, we compared genome-wide MFEs for
two species of enteroviruses, EVA71and CVB3. Although these viruses
share only ~50% sequence identity, we found that trends in MFEs are
largely consistent across their proteomes (Figs. 1and 2), highlighting
biophysical and functional constraints shared across species. These
shared constraints map to catalyticsites (thatis, proteases, polymerase
and helicase) and capsid assembly interfaces, probably representing
the conserved functional core for the major HEV group.

Beyond this conserved core, we identified several sites exhibit-
ing divergent mutation tolerance across the two viruses. In the capsid
proteins, distinct constraintsin the two viruses were observed across
sites thatinteract with the cognate receptor of each virus, SCARB2 for
EVA71and CARfor CVB3 (Figs.2 and 3), providing a clear, type-specific
virus-host interactioninterface. Interestingly, we also observed diver-
gence in constraints underlying functions of the non-structural pro-
teins (Figs. 2 and 4). For example, divergence in mutational tolerance
was observed in 3A at residues implicated in binding the host GBF1
protein, suggesting that EVA71and CVB3 have tuned their interaction
with this critical host factor to their specific replication requirements.
This phenomenonis reminiscent of the distinct membrane interactions
and binding modes observed for the host factor ACBD3 by 3A proteins
from distinct genera of picornaviruses: enterovirus and kobuvirus*.
Overall, our results underscore the utility of comparative DMS analyses
inuncovering type-specific host-interactioninterfaces, which can help
uncover the mechanisms underlying the distinct tissue tropism and
pathogenic outcomes of infections with related viruses.

By integrating DMS data with natural sequence variation across
viral types and species, we provide a comprehensive analysis linking
experimentally derived MFEs to evolutionary patterns across multiple
evolutionary scales (Fig. 5). Site-wise MFEs correlate more strongly
with broader species-level mutational flexibility than with within-type
variation, highlighting the ability of DMS to capture broad structural
and functional constraints. In contrast, the preference for specific
AAs ateachsite better correlates with type-specific evolutionary con-
straints, consistent with findings in influenza haemagglutinin, where
DMS profiles correspond better to natural variation within a strain
thanacross strains”.

Although DMS provides a high-resolution map of functional con-
straints under controlled, invitro conditions, natural evolution unfolds
in more complex environments that integrate diverse and dynamic
host-specific pressures, including immune responses, tissue-specific
replication constraints and other selective forces absent from cell
culture. Type-level differences in capsid proteins were concentrated
atsurface-exposedimmune-evasionsites, revealing host-driven selec-
tion thatisincompletely captured by DMS. In contrast, non-structural
proteins show better agreement between experimental and natural
constraints across evolutionary scales, reflecting their conserved roles
inviralreplication and intracellular processes. The non-structural pro-
teins 2A and 3A are exceptions, exhibiting a high mutational tolerance
in the DMS datasets and large discrepancies from natural sequences
in AA preferences. The elevated tolerance of 2A in vitro aligns with
previous findings that this proteinis dispensable for replicationin cell
culture, despite its essential role in antagonizing the host interferon
response*®*’, For 3A, differential AA preferences are concentrated in
the N-terminal region of the protein across both viruses, whichis known
to interact with multiple host factors. Although the precise drivers of
this divergence remain unclear, mutations in these regions have been

shown toimpair the ability of the virus to block hostimmune responses
(antiviral RNA interference responses in EVA71 (ref. 42) and antigen
presentationin CVB3 (ref.50)). These observations support theideathat
keyimmune-related functions of 2A and 3A are not fully capturedin our
experimental system. Although EVA71and CVB3 may encounter distinct
host factors andimmune pressures in their respective natural contexts,
theregions wherein vitro and in vivo constraints are the strongest con-
verge onthe same proteins (the capsid, 2A and 3A), implicating these as
key hotspots ofimmune-driven selection across enteroviruses.

Drug resistance remains a major obstacle to efficacious antiviral
therapy. DMS data can guide the prioritization of drug targets where
mutations conferring reduced drug binding come at a high cost to viral
replication®””’. Here we integrated MFE data of both enteroviruses with
computational druggable pocket prediction to identify such targets
(Fig. 6). In general, druggable pockets in structural regions showed
higher mutational tolerance, in agreement with prior experimental
findings from different capsid-binding antivirals (for example, WIN
compounds®). In the non-structural proteins, we identified a drug
pocketin2Cthatis both mutationally intolerant and structurally con-
servedinbothviruses, and appears tobe conserved across major HEV
species (enterovirus A-D), suggesting that it is a promising candidate
for future development of pan-enterovirus antivirals.

Overall, these findings highlight the power of integrating DMS
data from related viruses with structural and evolutionary analyses
to uncover both general and specific constraints acting on viral pro-
teomes. This analysis framework can be readily extended to addi-
tional viral families and similarly applied to discovering hotspots of
type-specific host interactions, conserved druggable pockets, and
both convergent and divergent selection pressures.

Methods

Cell lines and viruses

Rhabdomyosarcoma (RD, CCL-136), HeLa-H1 (CRL-1958; RRID:
CVCL_3334) and RPE (CRL-4000) cells were obtained from ATCC. All
cell lines were periodically validated to be free of mycoplasma. Viral
libraries were constructed from plasmid molecular clones of EVA71
(4643/TW/1998) and CVB3 (Nancy strain, taxon identifier 103903).
Detailed information on the production of DMS plasmid libraries and
viral populations canbe found in their corresponding publications®**°.
Briefly, mutagenized plasmid libraries encompassing nearly all possible
single AAalterations across the EVA71and CVB3 genomes, as well as all
single codondeletions across all regions except the CVB3 capsid, were
used to generate the corresponding high-diversity viral populations.
These populations were subjected to two sequential passages at low
multiplicity of infection and mutation frequencies in both the input
plasmid libraries, and the passaged viral populations were quantified
by next-generation sequencing.

Calculation of MFEs

For libraries generated using the synthetic biology approach (P2 and
P3forthe CVB3 and EVA71datasets), codon tables were filtered to keep
only codons where engineered mutations were originally introduced.
ForthePllibraries of CVB3, generated via PCR-based mutagenesis, all
single mutations within codons were excluded from the analysis to
increase the signal-to-noise ratio’’. MFEs were calculated following the
general procedure described in dms_tools2 for the ratio method** using
custom scripts (https://github.com/QVEU/EV_DMS_Comparison).
Briefly, for each site, the sum of all codons giving rise to a particular
AAsubstitution was divided by that of the WT AAto obtaintherelative
enrichment of each mutation at eachssite. The relative enrichment for
a given mutation in the viral populations was divided by its relative
enrichmentinthe plasmidlibraries to obtain MFEs. To avoid zerosinthe
numerator, acoverage-scaled pseudocount of 1was added to the count
of each mutation. Additionally, all mutations that were not observed at
least five timesin the mutagenized libraries were omitted from analysis.
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To normalize the MFE scores across regions and between the
two viruses, we normalized each dataset to the MFE score of syn-
onymous mutations, assuming these would have a neutral fitness
score (log2(syn MFE) = 0). For the CVB3 libraries, since synonymous
mutations were present throughout the proteome, the MFEs of each
replicate were standardized to the average of all synonymous MFEs
observed. These normalized MFEs were averaged across replicates
to calculate the average MFE for each mutation, as long as at least
two MFE values were observed among the independent replicates. As
synonymous mutations were not introduced throughout the original
EVA7Z1libraries, a sublibrary containing a synonymous mutation (642
GAA - GAG) and arepresentative mutagenized region from each of
the two original libraries (sites 577-610 and 863-910 of the capsid and
replication libraries, respectively) was used for normalization. MFEs
for this sublibrary were calculated and normalized to synonymous
mutations as performed for the CVB3 libraries. A linear model was
obtained between the synonymous-normalized MFEs of the sublibrary
and the non-normalized MFEs of the corresponding subset of capsid
and non-structural mutations. This model was then applied to the full
dataset, enabling normalization across regions and standardization to
synonymous mutation MFEsinbothviruses. Site MFEs were calculated
as the average mutation MFE per site for each replicate and averaged
across replicates to calculate the average MFE for each site, as long as
at least two site MFE values were observed among the independent
replicates. High reproducibility was observed between experimental
replicates (correlation of mutation-level MFE: Pearson’s r = 0.7-0.95
for CVB3 and r=0.89-0.96 for EVA71).

Protein structure analyses

The EVA71 capsid structure was obtained from the PDB: 8E2X. The
CVB3 capsid structure was based on PDB structure 4GB3 but modified
to match the Nancy sequence as previously reported™. The CVB3 3D
structure used was PDB: 3CDW. Structure prediction for all remaining
CVB3 and EVA71 proteins was performed using the AlphaFold (version
3) server (https://alphafoldserver.com/)*. The structures of 2C and 3D
fromPV1and EVD68 were predicted using AlphaFold3, on the basis of
theindividual proteinsequences extracted fromthe full polyproteinsin
UniProtentries P03300 and Q68T42, respectively. We used AlphaFold3
to model the interactions between the EVA71 and CVB3 3A proteins
and human GBF1 (UniProt entry: Q92538). Secondary structure pre-
dictions were obtained from STRIDE®. Surface residues of the capsid
and 2A were identified using the findSurfaceRes script in PyMOL v3.1
with a cut-off of 2.5 A2, For the capsid, outer surface residues were
defined as those located more than 130 A from the centre of the capsid.
Receptor footprints were obtained using the interfaceResidues script
in PyMOL, with a cut-off of 3 A to detect capsid residues in contact
with the receptor in the PDB structures 612K (EVA71-SCARB2), 7VYK
(CVB3-CAR) and 7VY5 (CVB3-DAF). The locations of the Walker motifs
were extracted using a publication that describes the structure of the
CVB32C protein”. Structures were coloured by the site MFE difference
attribute using the Render by Attribute toolin UCSF ChimeraX***, Cap-
sid assembly interfaces between adjacent protomers and pentamers
were identified using the select contact function in UCSF ChimeraX.
Interacting surfaces were defined by having a buried solvent-accessible
surface area of 15 A% or greater. To determine the transmembrane
topology of the 3A viral proteins from CVB3 and EVA71, we uploaded
their AA sequences to the DeepTMHMM?*® (version 1.0.44) web server
(https://dtu.biolib.com/DeepTMHMMY/). Domains of 3A (N-terminal,
membrane-binding and C-terminal domains) were obtained from
UniProt annotations and published work (EVA71 (ref. 46) and UniProt
entry P03313 for CVB3).

Structural alignments and per-protein comparison
EVA71and CVB3 proteins were structurally aligned in PyMOL using the
align command to perform pairwise alignments based on sequence

andstructural similarities. Gaps in the alignments were excluded from
subsequent analyses. To compare the two datasets, anormalization per
proteinwas performed to account for differences inthe two datasets,
such as differences in sequencing coverage. For this, site MFEs were
standardized using the formula below so that the average corrected
MFE of each protein would be 0, and positive and negative scores
would indicate sites with MFE above or below the average MFE of that
particular protein, respectively.

For eachsiteiofaproteinp:

MFE; — min(MFE,)

corrected MFE; = mean(MFE,) — min(MFE,)

Natural diversity analyses

Toexamine the variability of natural enteroviral sequences, all available
sequences matching the criteria “Enterovirus A”, “Enterovirus B”, “Enter-
ovirus C” or “Enterovirus D” were downloaded from NCBI Virus into
four separate FASTA files on 26 September 2024. Sequences marked
as being lab-passaged or vaccine strains were excluded. Full-length
polyproteinopenreading frames were thenidentified (EVAn =4,034,
EVBn=1,644,EVCn=2,007,EVD n =1,415) and extracted using EMBOSS
(version 6.6.0), before being clustered at 98% similarity with cd-hit
(version 4.8.1)°° (EVA n=1,081, EVB n=762, EVC n=292,EVD n=71).
Vaccine-derived sequences were removed from the Enterovirus C
sequence set. The Enterovirus A and Enterovirus B sequence sets were
combined so they could be aligned against one another. Sequences
were first codon aligned using RevTrans version 2.0 (ref. 61) and then
translated to AA sequences using the transeq function from EMBOSS®?
and re-aligned using MAFFT®* (version 7.505). The AA alignment
was indexed to the EVA71 and CVB3 DMS WT strains using custom R
code. For Shannon entropy and similarity calculations, Enterovirus A,
Enterovirus B, EVA71 (n=325) and CVB3 (n =49) subalignments were
extracted. For phydms* analyses, the 98% clustered Enterovirus A and
Enterovirus Bsequence sets were subclustered at 95% AA similarity by
cd-hittoaccommodate the data-processing limits of the pipeline (EVA
n=39,EVBn=78).

To calculate Shannon entropy, AA counts at each position were
summed using the FreqMat function from the QSutils®* package (ver-
sion1.20.0); then, the formulabelow was used, where pisthe frequency
ofagiven AAatagivensite:

Shannon Entropy = — Zp(x) log(p(x))

To assess how similar EVA71 and CVB3 are to one another and
to other Enterovirus A and Enterovirus B sequences, we used the Dis-
tanceMatrix function from the DECIPHER package® (version 2.30.0).
Pairwise per cent dissimilarities were calculated between all sequences
in the combined Enterovirus A and Enterovirus B alignment; then, the
results were filtered to the desired comparison (that is, EVA71 versus
CVB3 sequences). Per cent similarity is simply one minus per cent
dissimilarity. Per cent similarities at the protein, capsid and replica-
tion protein levels were determined using the same procedure on the
appropriate alignment fragment.

Phylogenetic trees were constructed with RAXML (version 8.2.12)
and visualizedin TreeViewer® (version 2.2.0). The ICTV representative
AAsequence foreach species was used for all species except Enterovirus
Aand Enterovirus B, for whichthe EVA71and CVB3 DMS WT sequences
were used instead. Trees were constructed using the PROTGAMMAWAG
model and bootstrapped 1,000 times.

Phydms analysis

Phydms* was used to evaluate whether the incorporation of MFE into
phylogenetic models could improve model fit compared with standard
models andto calculate differential AA preferences between the DMS
datasets and natural variation. For this, EVA71and CVB3 sequences, or
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EVA and EVB sequences, were aligned and processed as indicated above
forentropy measurements and splitinto the capsid (P1) and replication
(P2and P3) regions. MFE values were transformed into site preferences
by dividing each MFE value by the sum of all MFE values at each site.
Phydms was then runusing the default settings following preparation
ofthe sequence alignment with the phydms_prepalignment function.

Drugpocket prediction

Druggable pockets were identified using Schrodinger (version 13.8).
Proteins were first subjected to the protein preparation workflow
in Maestro using the default settings, and then SiteMap was used to
define druggable pockets using the default settings, with sites hav-
ing a SiteMap score >0.8 considered as druggable according to pre-
viously suggested criteria®®. Homologous pockets were defined as
those sharing more than 50% of their residues, relative to the size of
the smaller pocket.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequencing data are available in the NCBI Sequence Read Archive
under project numbers PRINA1066851, PRINA643896, PRINA779606,
PRJNA1013170 and PRJNA1033421.

Code availability
All code used to analyse and generate the analysis described here is
availablevia GitHub at https://github.com/QVEU/EV_DMS_Comparison.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines g |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging
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Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) American Type Culture Collection (ATCC): RD (CCL-136), Hela-H1 (CRL-1958), HEK293 (CRL-3216)




Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
Mycoplasma contamination Yes all cell lines were regularly tested for mycoplasma

Commonly misidentified lines Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedtres for-each seed stock- tised-or-novel-genotype generated—Describe-any-experiments-tised-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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