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SUMMARY

Using a phylogenetic framework to characterize natural selection, we investigate the hypothesis that zoo-
notic viruses require adaptation prior to zoonosis to sustain human-to-human transmission. Examining the
zoonotic emergence of Ebola virus, Marburg virus, mpox virus, influenza A virus, and SARS-CoV-2, we
find no evidence of a change in selection intensity immediately prior to outbreaks in humans compared
with typical selection within reservoir hosts. We found a change in selection on SARS-CoV in an intermediate
host. We conclude that extensive pre-zoonotic adaptation is not necessary for human-to-human transmis-
sion of zoonotic viruses. In contrast, the reemergence of HIN1 influenza A virus in 1977 was preceded by
a shift in selection intensity, consistent with the hypothesis of passage in a laboratory setting. Holistic phylo-
genetic analysis of selection regimes can be used to detect evolutionary signals of host switching or labora-

tory passage, providing insight into the circumstances of past and future viral emergence.

INTRODUCTION

Human history has been marked by viral epidemics of zoonotic
origin, viruses transmitted from a vertebrate reservoir to humans.
Recent such epidemics include Ebola virus, Marburg virus,
HIV-1, influenza A virus, SARS-CoV, MERS-CoV, SARS-CoV-2,
and mpox virus.'~® The traditional framework of zoonosis posits
that animal viruses must first undergo adaptation in their original
host reservoir, an intermediate host, or during stuttering human
transmission. Adaptation allows these viruses to evolve the
ability to infect human cells and sustain human-to-human trans-
mission.” % An alternative to this framework proposes that some
viruses circulating in the natural host reservoir already have the
ability to infect and transmit between humans and do not require
additional adaptation to cause zoonotic epidemics.’'"®

Direct evidence to adjudicate these two alternatives, such as
sequenced and characterized isolates from infected proximal
and intermediate hosts, densely sampled viral genomes from
early human outbreaks, and suitably established and measured
correlates of transmission and infectivity, is very rarely, if ever,
available. Indirect evidence, such as informative evolutionary
patterns in viral genomes, is far more common. Guided by this

perspective, we define adaptation as the process by which hu-
man infectiousness and transmissibility evolve via directional
natural selection, which allows us to delineate distinct expecta-
tions for these two frameworks for understanding zoonosis. In
the first scenario, zoonotic viruses that cause epidemics in hu-
mans are the product of adaptive evolution in their host reser-
voirs, and this selection should be detectable prior to zoonosis.
In the latter scenario, the selective sieve for zoonotic viruses oc-
curs at the species barrier, and so-called adaptive mutations
necessary for infection and human-to-human transmission are
not the product of directional natural selection.

Both of these frameworks presume that a zoonotic virus will
continue to adapt to improve human-to-human transmission
post zoonosis. This pattern has been well documented:
improved ACE2 (angiotensin-converting enzyme 2) receptor
binding affinity during the 2002-2004 SARS epidemic,'*'®
increased human cell tropism during the 2013-2016 West Afri-
can Ebola epidemic,’'” and increased transmissibility and ACE2
receptor binding affinity in early lineages and subsequent vari-
ants during the COVID-19 pandemic.'®?° We do not consider
selection on endemic pathogens, because by that stage, adap-
tive imperatives become complex and varied (e.g., population
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Figure 1. Cartoon viral phylogeny during the evolutionary history of
zoonosis

(A) Virus jumps directly from the host reservoir to humans without adaptation
and evolution on the stem leading to the MRCA of the human outbreak, which
is primarily associated with the natural host reservoir.

(B) Zoonotic emergence occurs after a period of adaptation—either during
stuttering transmission between humans, in an intermediate host, and/or in the
host reservoir—and selection on the stem leading to the MRCA of the human
outbreak is distinct from the host reservoir.

(C) Zoonotic emergence is facilitated, briefly, via an intermediate host, but
selection on the stem leading the MRCA of the human outbreak is primarily
associated with the natural host reservoir. The size of the animal silhouettes
reflects the proportion of the evolutionary change on the stem branch that
occurred in that host. Icons created with BioRender.

immunity, drug escape, and lineage competition). To distinguish
between these hypotheses concerning the emergence of zoo-
notic viruses, we need to characterize the evolutionary dynamics
prior to the most recent common ancestor (MRCA) in humans,
along the stem branch in the phylogeny preceding zoonotic
emergence, as compared with evolution in the natural host
reservoir.

Comparative phylogenetic methods, which estimate the rela-
tive rates of non-synonymous (dN) and synonymous (dS) substi-
tution, have found broad use in understanding how viruses
evolve and adapt in changing environments.>'° The ratio of
these rates, dN/dS or o, is an informative statistic describing
the nature of selective forces, whereby w < 1 indicates purifying
selection, ® > 1 indicates positive diversifying selection, and
® ~ 1 indicates neutral evolution. Modern methods account for
the spatial and temporal heterogeneity of selective pressures
and correct for many confounding processes such as recombi-
nation and variation in synonymous substitution rates.*®

We can describe a holistic, selection regime over agenome and
phylogeny by splitting a single o into the relative contribution of
strongly purifying, weakly purifying, and positive selection.””>°
Qualitative changes in the selection regime can be inferred by
determining whether the strength of natural selection has been
relaxed (all ® components shift closer to 1, indicating weaker pos-
itive and purifying selection) or intensified (all ® components shift
away from 1, indicating stronger positive and purifying selection),
as implemented in the RELAX framework.?” Relaxation of natural
selection can be observed when viruses are passaged in cell cul-
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ture, released from both the purifying and positive selection pro-
duced by forces such as host immune responses; viruses have
been passaged in cell culture to create live-attenuated vaccine
viral strains.***! Importantly, there is sufficient signal along a single
evolutionary branch in a phylogeny to detect such changes.?”+2%"

Here, we characterized genome-wide selection regimes of zo-
onotic viruses (1) in their natural animal host reservoirs, (2) on the
stem branch of the phylogenetic tree immediately preceding a
zoonotic emergence, (3) and in the early stages of sustained
outbreaks in humans, in four viral families: Orthomyxoviridae,
Filoviridae, Poxviridae, and Coronaviridae. We use the RELAX?’
modeling framework to conduct a formal statistical comparison
with a test for a change in selection between evolution in the nat-
ural animal host and stem preceding zoonotic epidemics at the
level of the entire coding viral genome. We expanded the
RELAX framework to account for recombination and reassort-
ment that can confound selection inference. By using a phyloge-
netic approach to reconstruct the evolutionary history of viruses,
we can assess selection during time periods prior to the recog-
nition of an outbreak and before the first viral genomes were
sampled. In several “control” scenarios in which viruses were ar-
tificially passaged, we found changes in selection consistent
with prior expectations. For natural evolution scenarios, a sub-
stantial change in evolutionary dynamics prior to zoonosis is
not detectable; thus, adaptation is not a necessary condition
for the outbreak of novel zoonotic viruses.

RESULTS

Framework for detecting changes in selection using
RELAX

We characterized natural selection prior to successful zoonotic
outbreaks to investigate whether adaptation preceded out-
breaks in humans. We considered selection regimes (referred
to as “selection” henceforth) for three phases of each outbreak,
using representative phylogenetic trees and partitioning
branches into sets: (1) branches representing evolution in the an-
imal host reservoir, (2) branches encompassing early evolution
during the outbreak in humans, and (3) the single stem branch
separating the MRCA of the human outbreak and animal host
reservoir viruses which captures evolution prior to and immedi-
ately after the time of zoonosis. The key question addressed
here is whether there is a change on this branch that represents
a change in the dynamics of natural selection prior to establish-
ing an outbreak in humans. If there is no change in selection, the
evolution on the stem branch will be indistinguishable from the
virus in the animal host until the outbreak in humans
(Figure 1A). Alternatively, if detectable adaptation occurs on
this stem branch—either during stuttering transmission between
humans, in an intermediate host, and/or in the host reservoir—
then a change in selection will be apparent (Figure 1B). If the virus
spends a short period adapting in a novel host (Figure 1C), this
evolution is unlikely to result in a detectable change in selection.
Intuitively, for the method to be powered, it is necessary to have
a selection change that is sufficiently large and an evolutionary
time that is sufficiently long to accumulate detectable substitu-
tion patterns. A single or a few substitutions, even if they are
adaptive, will likely be missed.
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We estimated and compared selection regimes using an
extension of the RELAX framework that accounts for recombina-
tion and reassortment.?” This random-effects framework cap-
tures temporal (branch to branch) and spatial (site to site in the
genome) variation in the selection regime using a discrete distri-
bution of 2 or 3 w categories with purifying/negative (o < 1),
or diversifying/positive selection (v > 1), to represent the full se-
lection regime. The reference distribution is estimated using
maximum likelihood (ML) from the “background” branches and
describes evolution in the animal host reservoir. Selection on
another set of branches (test), which can be human outbreak
only, stem only, or combined (stem + human), is modeled as a
power transformation of the reference distribution, o. Kis a se-
lection relaxation/intensification parameter (estimated by ML).
When K < 1, all the o values in the test branches are closer
to 1 (neutrality), implying that selection is overall relaxed, relative
to the reference (animal host reservoir) branches. When K> 1, o
values are further away from one, implying that selection is
further away from neutrality, or is intensified relative to the back-
ground. The scalar parameter K offers a simple genome-wide
measure of how selection prior to or following a zoonosis com-
pares in intensity with selection in natural reservoir hosts.
Branches that are neither test nor background are treated as a
nuisance set, with their own inferred o distribution, which is not
of interest. A hypothesis test in which the null is K = 1 (selection
is identical between the environments) provides a measure of
statistical significance for a change in selection. We complement
it with a cruder single-value genomic estimate of w, representing
an “average” selection regime.

The RELAX test, as described here, is powered by evolu-
tionary changes on the branches of interest, not the number of
viruses sampled at the tips of the phylogeny.?” Therefore, all
the evolutionary dynamics that precede a zoonotic outbreak,
including any genomic changes that influence infectiousness,
replication, or transmissibility, will be captured on the stem
branch. Similarly, the evolutionary dynamics of human viruses
can be inferred by analyzing viruses that capture the genomic
diversity within an outbreak. We assembled datasets to charac-
terize evolution around zoonosis, including the stem branch pre-
ceding the epidemic, by considering closely related viruses in the
host reservoir and in the human outbreak.

We first examined selection dynamics preceding the zoonotic
emergences of the 2009 H1N1 influenza pandemic, the 2013-
2016 West African Ebola virus disease (Ebola) epidemic, and
the 2004-2005 Angolan Marburg epidemic (Figures 2A-2C).

Selection regimes preceding and during the 2009 H1N1
influenza pandemic

The 2009 H1N1 influenza (H1N1pdm09) pandemic arose from a
novel reassortment of influenza genomic segments from swine
viruses.®> The stem branch preceding this pandemic encom-
passes the estimated 9-12 years of evolution separating the
MRCA of H1N1pdmOQ9 influenza A virus in humans and their
closest swine virus relatives.®* We found no evidence for an in-
crease in o (Figure 2D) or for an intensification or relaxation of se-
lection (K = 1.1; p = 0.21; Figure 2E) on the stem branch leading
to the human pandemic viruses (stem branch; Figure 2A)
compared with the branches associated with swine viruses
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(background branches; Figure 2A). Selection on the branch pre-
ceding the emergence of HIN1pdmO9 is not statistically distin-
guishable from that of the typical swine influenza virus.

In contrast, we inferred relaxation of selection for HIN1pdmQ9
in humans within a year following emergence (outbreak
branches; Figure 2A), compared with selection in swine hosts
(K = 0.82; p < 0.01; Figure 2E). During the first year of the
H1N1pdm09 pandemic, the single inferred o of the virus in
humans was greater than the single o in the swine host
(Figure 2D). This increase in  was not driven by an intensification
of positive selection but by a relaxation of purifying selection.
This relaxation of selection is evidence that H1N1 during the hu-
man outbreak is evolving under a different selection regime than
in swine hosts. When we combine the stem with the human virus
branches, conflating the signal pre- and post-zoonosis, the
relaxation of selection at the outset of the pandemic compared
with swine virus selection is still detectable, though less pro-
nounced (K = 0.91, p = 0.01; Figure 2E).

Selection regime preceding and during filovirus
epidemics
The 2013-2016 West African Ebola epidemic was the largest re-
corded outbreak of Ebola virus disease, ' occurring thousands of
kilometers from previously documented human cases of Ebola
virus infection. We tested for a change in the selection regime
along the stem leading to the West African Ebola outbreak rela-
tive to viruses in the reservoir along phylogenetic branches be-
tween human outbreaks (Figure 2B). We found no support for
intensification or relaxation of selection preceding the West Afri-
can epidemic (K = 1.09, p = 0.34; Figure 2E), indicating that se-
lection on the stem branch is consistent with selection in the bat
reservoir up until the MRCA of the human epidemic clade.
There was, however, evidence for a significant change in the
selection regime during the first 18 months of human-to-human
transmission during the West African Ebola epidemic compared
with selection on viruses in the host reservoir (K =0.41, p < 0.01;
Figure 2E). This signal was still detectable when we conflated
the stem and human-outbreak branches (K < 0.01, p < 0.01;
Figure 2E). The o distribution inferred for the reservoir/host
branches included only o < 1, representing purifying and neutral
selection. This o distribution did not include a non-trivial
(weight > 0) component for positive selection (o > 1), indicating
that, for these Ebola virus branches, selection in the animal hosts
is adequately described by purifying and neutral selection alone.
This situation makes it impossible to attribute the inferred
change of selection in the test to a specific direction of change
in the selection regime (i.e., intensification or relaxation of selec-
tion). In the situation of no ® > 1 in the background partition, an
increase in positive selection (v > 1 intensifies beyond o = 1) or
relaxation of purifying selection (» < 1 relaxes to ® = 1) in the
test partition can only be described as a relaxation of the
» < 1. We refer to this behavior, in which we observe a significant
change in the selection regime but cannot distinguish intensifica-
tion from relaxation, as an “unbalanced model.” When we
compared the mean o from the Ebola virus in humans to the
bat reservoir, we found the epidemic clade had a higher estimate
of o than the reservoir (Figure 2D); this behavior is the same as
we observed in HIN1pdm09.
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Figure 2. Quantifying selection regimes of epidemics with zoonotic origin
(A-C) Phylogenetic trees of (A) H1N1 2009 influenza pandemic (H1N1pdm09), (B) 2013-2016 West African Ebola outbreak, and (C) Angolan 2004-2005 Marburg

virus outbreak.

(D) Single o for each branch partition of background and the test sets, including “combined,” which combines the stem and the epidemic clade in test branches.
Points are color-coded according to the branch set: background (brown), stem (green), and outbreak (blue).

(E) Change in selection intensity inferred with RELAX. For the Marburg virus, there was insufficient sequence diversity within human isolates to perform the
corresponding tests. Significance indicated with * p < 0.05; ** p < 0.01; and *** p < 0.001. Whiskers show 95% confidence interval. Numerical values reported in

Table S1. Icons created with BioRender.

Marburg virus is another filovirus associated with hemorrhagic
fever, and fruit bats are known to serve as the natural host reser-
voir.>® One of the largest known Marburg outbreaks in humans
occurred in Angola in 2004-2005. We characterized selection
along the stem preceding the epidemic MRCA and compared
it with selection on branches associated with Marburg virus in
bats (Figure 2C). There was no evidence of intensification or
relaxation on the stem (K = 1.03, p = 0.90; Figure 2E). We were
unable to estimate selection regimes within the human Marburg
outbreak due to insufficient viral genomic diversity among the
human samples.

Selection regime preceding and during the early mpox
epidemic

In 2022, a clade IlIb variant of the zoonotic mpox virus spread
across multiple continents.®* This mpox virus lineage has

4 Cell 189, 1-14, April 30, 2026

been circulating in humans in Nigeria since at least 2014,
though the identity of its zoonotic host reservoir remains un-
known.®* We characterized selection of the initial detected
outbreak in Nigeria, on the stem branches that represent evo-
lution prior to emergence in humans and early undetected hu-
man transmission, and in the host reservoir represented by
branches between human outbreaks (Figure 3A). We found
no difference in the single o inference between the stem and
background reservoir, but we did detect an increase in the
single o within the human outbreak clade (Figure 3B). Addition-
ally, there was no evidence of intensification or relaxation
on the stem compared with selection in the host reservoir
(Figure 3C; K =0.80, p = 0.65). We found evidence for an inten-
sification of selection during the mpox epidemic compared with
selection on viruses in the host reservoir (K = 1.33, p < 0.01).
Intensification of selection was still detectable when we
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conflated the stem and branches within the human outbreak
(K =1.25, p < 0.01).

Selection regimes in Betacoronaviruses prior to
spillovers in humans
Betacoronaviruses are a genus of viruses circulating in bats that
have repeatedly jumped into humans. SARS-CoV and SARS-
CoV-2 are Betacoronaviruses of the subgenus Sarbecovirus.
The 2002-2004 SARS epidemic was traced back to palm civets
(Paguma larvata) and other animals sold for human consumption
in live-animal markets in China.*® The close contact between hu-
mans and these CoV-infected intermediate host animals likely
facilitated repeated spillover.'®

We analyzed SARS-CoV-like sarbecovirus genomes sampled
from bats, human SARS-CoV genomes representing two distinct
zoonotic introductions, and a SARS-CoV genome sampled
from a palm civet intermediate host (Figure 4A). After partitioning
the genome into 31 putatively non-recombinant regions, we
compared selection along the stem leading from bat SARS-CoV-
like viruses with the MRCA of human and palm civet SARS-
CoVs. We found no significant difference in selection between
the stem and animal hosts in the single o (Figure 4B) or RELAX
analysis (K = 0.97, p = 0.91; Figure 4C). The lack of change sug-
gests that the SARS-CoV-like viruses had not experienced exten-
sive evolution in an evolutionary environment different from that of
the bat host prior to introduction into an intermediate host species.

However, when we combine the stem with the clade
comprising palm civet and early human cases—primarily repre-
senting evolution in the intermediate palm civet host preceding
introduction into humans—we find that the SARS-CoV selection
regime was significantly relaxed compared with related bat vi-
ruses (K = 0.65, p < 0.01; Figure 4C). This relaxation is reflected
in an increase in the single o after host-switching (Figure 4B).

The circumstances surrounding the emergence of SARS-
CoV-2 are similar to those of SARS-CoV. In late 2019, SARS-
CoV-2 was epidemiologically linked to a market selling wild ani-

mals in central China,**"? thousands of kilometers away from
closely related bat viruses in southern China and Laos.*° Genetic
and epidemiological evidence support the hypothesis that the vi-
rus preceding SARS-CoV-2 briefly circulated in an intermediate
host sold at the market.*'~** However, it has been suggested
that SARS-CoV-2 was passaged or modified in a laboratory
context, prior to emergence.45

If there was extensive evolution in an intermediate host or pas-
sage in a laboratory context prior to emergence, we would
expect detectable change in selection on the stem preceding
SARS-CoV-2. However, our analysis of selection on the stem
preceding SARS-CoV-2 emergence across 15 putatively non-re-
combinant regions found no evidence of intensification or
relaxation of selection compared with selection of the bat host
reservoir (K= 1.1, p =0.23; Figure 5). Hence, we find no evidence
to suggest SARS-CoV-2 experienced prolonged selective pres-
sure in an environment different from related bat viruses prior
to its emergence in humans. This result does not change if we
use a different approach to identifying non-recombinant regions
(K=1.02, p =0.82; Figure S1C).

We then examined evolution along the SARS-CoV-2 stem in
combination with viral evolution during the first 3 months of the
outbreak in China, to understand the selection environment of
SARS-CoV-2 in humans compared with the bat host reservoir.
We find evidence for a significant change in the selection regime,
consistent with a host switch causing a change in the evolu-
tionary environment (K = 0.69, p < 0.01). The change in selection
regime is also detectable in human viruses during the first
pandemic wave through September 2020, when conflated with
the stem (K = 0.56, p < 0.01; Figure S1). However, we cannot
confidently infer the directionality of this change because the
model is unbalanced, as in the Ebola virus selection regime.

The reemergence of H1N1 in 1977
In 1977, the H1N1 influenza A virus reemerged in humans after
going extinct 20 years prior. The reemergent virus was closely
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(A) Phylogenetic tree of SARS-CoV-like sarbecoviruses across a single non-recombinant region. The SARS outbreak includes 2 human virus genomes and 1 palm

civet virus genome.

(B) Single o for each branch partition of branch sets. Points are color-coded according to the branch set: background (brown), stem (green), or outbreak (blue).
(C) Change in selection intensity inferred with RELAX. Numerical values in Table S1. Significance indicated with * p < 0.05; ** p < 0.01; and *** p < 0.001. Whiskers

show 95% confidence interval. Icons created with BioRender.

related to a strain that had been circulating in the 1950s.%6*"

It has been proposed that H1IN1 reemerged in 1977 without ex-
pected evolution because it was frozen in a laboratory before
it was accidentally allowed to re-establish “wild” human-to-hu-
man transmission, perhaps involving (1) a live-attenuated viral
vaccine or (2) a laboratory-adapted virus used as a challenge vi-
rus during an influenza vaccine trial.*®

We inferred 48 substitutions across the entire coding genome
along the stem preceding the 1977 reemergence. Genomic seg-
ments such as M and PA segments experienced only 2 substitu-
tions each; whereas PB1 experienced 13 substitutions, 12 of
which were synonymous (Table S2). With only 48 substitutions
over 27 years, the 1977 strain is likely too genetically similar to
the 1950s H1N1 virus to support natural reemergence. However,
the provenance of this virus prior to its reemergence remains
poorly understood.

We compared the selection regime of the coding regions across
all HIN1 influenza A virus segments on the stem preceding the
1977 influenza pandemic with evolution post-1977 (Figure 6A); vi-
ruses sampled prior to 1950 were excluded from the comparison
due to concerns about sequence quality or laboratory passaging.
We found evidence for an increase in o (Figure 6B) and a significant
relaxation of selection along the stem (K = 0.71, p = 0.043)
(Figure 6C). This change in selection suggests that, in addition to
being frozen inthe 1950s, the precursortothe 1977 H1N1 influenza
pandemic experienced limited evolution in an environment distinct
from human-to-human transmission (e.g., laboratory passage for
attenuation or under artificial selection). This result remains consis-
tent even if we exclude the phylogenetic tips associated with influ-
enza A virus isolates with a known history of laboratory passaging
(Figure 6C; Figure S2; K=0.70, p = 0.042).

Laboratory passage of HIN1 influenza A viruses

To better contextualize the atypical evolutionary dynamics pre-
ceding the 1977 H1N1 influenza pandemic, we explored whether
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the signature of laboratory passage could be detected as a
change in the selection regime by RELAX. The Wilson Smith
1933 H1N1 (WSN33) isolate is the ancestor of many laboratory
strains used in research.“® We compared the selection regimes
of 3 early laboratory isolates derived from WSN33 with those
associated with human-to-human H1N1 transmission across
all 8 genomic segments (Figure 6). There was evidence of an in-
crease in overall ® and a significant relaxation of selection in the
WSNS33 clade (K= 0.24, p < 0.01; Figures 6B and 6C). This relax-
ation of selection is consistent with the removal of purifying se-
lection due to the lack of host-specific constraints.

Zhang et al.*® claimed that the influenza A virus persisted in
lake ice based on HA gene sequences. However, Worobey®'
noted that these putative lake ice viruses were monophyletic
and descended from the WSNB33-derived positive control
(Figure S3). These observations indicated that these samples
were contaminants derived from this lab strain,®" which had in
fact been used as a positive control by Zhang et al.*° Accord-
ingly, in our current study, we found that selection on putative
lake ice viruses led to an increase in overall  (Figure 7A) and
was significantly relaxed compared with human H1N1 virus
(K=0.1, p < 0.01; Figure 7B), which is consistent with laboratory
passaging in the absence of typical selective constraints.

Selection on attenuated vaccine viruses

We explored whether RELAX could characterize the change in
selection during the passage of the virus for the creation of atten-
uated measles and mumps vaccines. The selection regimes of
the measles and mumps viruses passaged for vaccine attenua-
tion were compared with branches representing transmissions
between humans (Figures S4A and S4B). We confirmed that
the attenuated measles and mumps vaccine virus both had an
increased o relative to the background branches representing
wild circulating viruses (Figure 7A). We also detected significant
relaxation of selection in the vaccine-attenuated viruses relative
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Figure 5. Quantifying selection regimes in SARS-CoV-2

(A) Phylogenetic tree of SARS-CoV-2-like sarbecoviruses in a single non-re-
combinant region.

(B) Single o for each branch partition of background and the test sets;
“combined” includes both the stem and outbreak partitions in the test set
(Figure S1). Points are color-coded according to the branch set: background
(brown), stem (green), or outbreak (black).

(C) Change in selection intensity inferred with RELAX. Numerical values
in Table S1. Significance indicated with *p < 0.05; ** p < 0.01; and *** p < 0.001.
Whiskers show 95% confidence interval. Icons created with BioRender.

See also Figure S1.

to selection in the human host for both measles virus (K = 0.03,
p < 0.01) and mumps virus (K = 0.84, p < 0.01) (Figure 7B).

Serially passaged coronavirus

Murine hepatitis virus (MHV) is a betacoronavirus naturally found
in mice. We compared the selection regime of MHV propagated
in cell culture with the selection regime of naturally transmitting
MHV, using only five MHV genomes for the background based
on our confidence that evolution between these genomes is
associated with circulating MHV (Figure S5), across 11 putatively
non-recombinant regions. We detected an increased o in the
passaged virus relative to the circulating wild MHV (Figure 7A).
Further, we found evidence of a change in selection in the
passaged viruses (K = 0, p < 0.01; Figure 7B); however, we are
unable to identify the direction of change due to an unbalanced
model. The ability to detect a significant change in lab-passaged
MHV demonstrates the power of this framework, even in the
presence of sparsely sampled circulating MHV genomes.

Artificial selection on influenza A viruses

Artificial selection, e.g., passaging of viruses under selective
constraints to produce novel phenotypes, is expected to inten-
sify the selection regime. We compared selection associated
with the H2N2 cold-adapted virus with selection associated
with the H2N2 virus transmitted between humans (Figure S6).
We found evidence of a change in selection of non-surface pro-
teins resulting from artificial selection (K =0, p < 0.01; Figure 7B);
however, the model is unbalanced, and we cannot identify the
direction of selection intensity change. Notably, we also inferred
an order-of-magnitude increase in w in passaged viruses relative
to the virus in humans (Figure 7A), consistent with adaptation due
to laboratory passage.

In an artificial selection experiment, the H5N1 influenza A
virus was passaged between ferrets to gain airborne transmissi-
bility.°> We inferred an increase in the overall o (Figure 7A) and a
significant change in the intensity of selection due to this artificial
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selection in the new host compared with the virus in the host
avian reservoir (Figure 7B; Figure S7; p < 0.01). However, the in-
ferred direction of change in selection intensity was unstable;
relaxation (K = 0.01) and intensification (K = 2.12) did not have
significantly different likelihoods in our model. This instability is
partly due to the relatively low level of genomic divergence pro-
duced during the gain-of-function experiment. Across our ana-
lyses of viruses passaged in a laboratory setting, we consistently
found evidence for a change in the selection regime of passaged
viruses, with and without artificial selection, compared with evo-
lution in the host environment.

Sensitivity for detecting a change in selection post
zoonosis
We explored the sensitivity of our approach to characterizing
changes in selection within human outbreaks after zoonotic
transmission by evaluating how many months of viral evolution
in humans were needed to detect a change in selection intensity.
Our primary analyses of HIN1pdmO09 influenza A virus and the
West African Ebola virus demonstrate that a change in selection
is detectable when considering a full year of viral genomic diver-
sity in humans (Figures 2A and 2B). By progressively shortening
this window of human viral genome sampling within the outbreak
clades, we determined that a change in selection can be de-
tected about 6 months into the HIN1pdm2009 pandemic and
12 months into the West African Ebola virus epidemic (Table S3).
For SARS-CoV-2, our primary analysis (Figure 5C) demon-
strated that a change in selection was detectable after 3 months
of viral evolution in humans. To assess the sensitivity of our
approach, we replaced the first sequenced genome and
outbreak clade with single viral genomes sampled progressively
later in the pandemic. Using this approach, we detected a
change in selection with a single SARS-CoV-2 genome in
2021, when variants emerged (Table S3). These sensitivity ana-
lyses indicate that changes in selection intensity due to hu-
man-to-human transmission within a single viral genome lineage
are relatively weak compared with those induced by laboratory
passage, and a combination of multiple sampled genomes
over many months is needed to reliably detect this change.
SARS-CoV was the sole zoonotic outbreak in which we de-
tected a change in selection prior to sustained transmission in hu-
mans, presumably because of prolonged transmission in the palm
civet intermediate host. We explored the sensitivity of our ability to
detect this change in selection by downsampling viral genomes
from humans, palm civets, and bats. The signal for relaxation could
be detected when only two or three viral genomes from palm civets
and humans were analyzed, but the test failed to detect a signifi-
cant difference when only a single palm civet or human virus was
included (Table S4). This sensitivity indicates the difficulty in de-
tecting relaxation associated with host-switching with limited ge-
netic diversity, such as in the case of a single genome. When
downsampling the bat virus background genomes, we still de-
tected a significant change in selection when excluding 75%,
80%, 85% and 90% of the bat virus genomes (Table S5). Only
when we downsampled the background reservoir by 95% (to
include just 6 background genomes) were we unable to detect a
significant change in selection. Hence, our SARS-CoV inference
is strongly robust to viral sampling in the host reservoir.
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Figure 6. Quantifying the selection regime of H1N1

(A) Phylogenetic tree of HIN1 influenza A virus HA segment. The stem branch connects the 1977 clade and basal ancestors and is foreground for the 1977 flu test.
WSNS33 (blue) branches are clade-associated with laboratory passage. Other branches are excluded from analysis (treated as a nuisance group).

(B) Single » for each branch partition of the background and the test sets. “Full background” compares the selection on the stem to the displayed background.
“Excluded passaged” compares selection on stem to background, excluding tips that have a history of passaging (49/74; Figure S2). “WSN33” compares
selection of WSN33 branches to the full background. Points are color-coded according to the branch set: background (brown), stem of 1977 pandemic (green), or
WSNB33 clade (blue).

(C) Change in selection intensity inferred with RELAX. Significance indicated with * p < 0.05; ** p < 0.01; and *** p < 0.001. Whiskers show 95% confidence interval.

Numerical values in Table S1. Icons created with BioRender.
See also Figure S2.

Robustness of change in selection inference in
laboratory-passaged viruses

Lastly, we explored the impact of genome sampling on our ability
to detect a change in selection in some “control” datasets:
passaged H1N1 lake ice, measles virus vaccine passaging,
and H5N1 artificial selection. In all three cases, our results are
robust to (1) downsampling genomes from the background
reservoir viruses, (2) downsampling the number of passaged
viral genomes, and (3) intentionally misspecifying branches rep-
resenting evolution in the background reservoir (i.e., the stem
branch leading to the passaged viruses) as a passaged virus.

We still found evidence for relaxation in both H1N1 lake ice and
measles vaccine genomes when the number of background vi-
ruses was reduced by 25%, 50%, and 75% (Table S5). For
lab-passaged H5N1, we continued to detect a significant
change in selection when downsampling the background viruses
by 25%, 50%, 75%, 85%, 90%, and 95%.

Similarly, reducing the number of passaged viral genomes did
not influence our findings. When including only a single-
passaged viral genome in the phylogeny, we detected a signifi-
cant change in selection for HIN1 lake ice (K = 0.00, p = 0.002)
and H5N1 influenza A virus (K = 2.6, p = 0.002), results consistent
with the original analysis. When including only a single measles
vaccine strain in the phylogeny at a time, we were able to detect
a significant change in selection for 12 of 13 vaccine strains
(mean K = 0.03, p < 0.05); we then tested 20 combinations of
2 randomly chosen strains, 19 found a change in selection
(mean K = 0.03; p < 0.001); when 3 vaccine strains were
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randomly chosen, we detected relaxation in all 100 combinations
tested (mean K = 0.022, p < 0.001). Hence, our ability to detect
changes in selection is robust to sampling depth for both back-
ground and passaged viral genomes.

Furthermore, our ability to detect a change in selection was
robust to phylogenetic misspecification, which we explored by
removing the virus used at the initial passaging, a modeling error
mimicking the imprecision of inferring the virus that jumps into a
new host context during analysis of zoonosis. Phylogenetic mis-
specification that considered the stem branch, as part of labora-
tory passaging for H5N1 influenza A virus and measles vaccine
strains, still produced evidence for significant change in selec-
tion: H5N1 influenza A virus (K= 1.51, p = 0.04) and measles virus
vaccine (K = 0.24, p < 0.001). H1N1 lake ice was not considered
in this analysis because the ancestral virus used for passaging is
unknown. We note that, as expected, the strength of the signal
for the change in selection was weaker than in the properly spec-
ified analysis.

Discussion

How much adaptation must a zoonotic virus undergo before it
becomes adept at sustained human-to-human transmission,
and where does this adaptation take place? Observed empirical
data from early in outbreaks can be sparse and inconclusive;
however, we can employ a phylogenetic framework that cap-
tures the evolutionary dynamics prior to the recognition of a
new outbreak. We reason that sufficiently extensive adaptation
prior to an outbreak in humans will leave detectable evolutionary
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signals in the viral genome, specifically on the phylogenetic
branch immediately preceding the observed outbreak. Our study
reveals that the intensity of natural selection did not change on
evolutionary branches preceding zoonotic outbreaks. This
finding stands in stark contrast to the shift in evolutionary dy-
namics we observed once these viruses began transmitting be-
tween humans. Additionally, we identified several instances of a
change in the intensity of natural selection during viral passaging
in culture and in intermediate host animals, which serve as “con-
trols” for our statistical framework.

We find that for recent zoonotic epidemics—H1N1pdmO09
influenza A virus, Ebola virus, Marburg virus, mpox virus, and
SARS-CoV-2—these viruses continued to evolve in a manner
indistinguishable from evolution in their host reservoir up until
the time of the MRCA of the epidemic in humans (as outlined in
Figure 1A). These findings challenge the model in which zoonotic
viruses must progressively evolve the ability to sustain human-
to-human transmission.” %% Instead, this evolutionary pattern
is consistent with a process whereby humans are repeatedly
exposed to viruses originating from host reservoirs, but
only viruses that happen to be sufficiently transmissible in hu-
mans to sustain transmission tend to be the seed of zoonotic
epidemics.' "2

This conclusion is supported by previous analysis of SARS-
CoV-2 and its closest relatives, which found no evidence of sig-
nificant adaptation during the evolutionary period immediately
preceding the human outbreak.?” Our results expand on this
finding by establishing a lack of signal for a change in the overall
selection regime on the pre-outbreak stem compared with the
selection in bats. Such a change would be expected if the virus
had been extensively passaged in a laboratory setting or had
been circulating in an intermediate host for a prolonged period.
If, as a large body of evidence indicates, SARS-CoV-2 did circu-
late in an intermediate mammalian host before jumping into hu-
mans,*'™** the duration of this circulation must have been brief,**
and was not sufficient to leave a signal of a change in the selec-
tion regime (Figure 1C).

In contrast, we detected a change in selection for SARS-CoV,
associated with the virus circulating for months or years in palm
civets, prior to its emergence in humans (as shown in Figure 1B).
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As with the other zoonotic outbreaks we investigated, however,
there was no evidence of a change in selection in the bat reservoir
prior to the MRCA of human and palm civet viruses. This lack of
change suggests that if a SARS-like virus were to jump directly
from bats to humans, we would not expect it to be preceded by
a change in selection intensity. The detection of bat sarbecovi-
ruses capable of binding to human cell receptors (such as ACE2)
suggests that a subset of bat sarbecoviruses may be capable of
infecting and transmitting between humans directly, without an in-
termediate host.** Notably, this observed shift in selection in the
palm civet intermediate host did not preclude SARS-CoV from
continuing to evolve mutations associated with improved hu-
man-to-human transmission during the SARS epidemic.'*"'®

Bats are thought to serve as the host reservoir of not just sar-
becoviruses, but also the Ebola virus. The appearance of a Cen-
tral African strain of Ebola virus in humans in West Africa in late
2013 was unexpected,””™’ raising questions about how the vi-
rus traveled so far without being previously detected. However,
serological evidence for the presence of Ebola virus prior to 2013
in people living in West Africa®® is consistent with repeated intro-
ductions of Ebola virus to humans in the region without sustained
transmission in the years prior to the epidemic. These dead-end
introductions cannot exert selective pressure on the virus in the
bat reservoir. Correspondingly, we found no evidence of change
in selection prior to the Ebola virus emergence of the 2013-2016
outbreak, suggesting that this Ebola virus lineage remained in its
natural host until the West African epidemic.

Unlike the previous examples of zoonotic epidemics, we
report evidence of a change in selection preceding the reemer-
gence of HIN1 influenza A virus in 1977, providing a new line
of evidence supporting the theory that its reemergence was
associated with an influenza vaccine challenge trial.*® The
stem branch preceding the reemergence of HIN1 in 1977 has
much less evolution than expected given the temporal length
of the branch, suggesting that the virus had been frozen.*®*" If
the precursor to the 1977 H1N1 influenza pandemic had been
only frozen for over two decades prior to its reemergence, and
not passaged, the selection regime along the phylogenetic
branches leading to the re-emergent virus would be similar to
that of other circulating H1N1 viruses. Instead, we found that
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the virus preceding the 1977 influenza pandemic evolved under a
selection regime markedly different from typical human-to-hu-
man transmission; this change in selection is consistent with
the change in selection of the influenza A virus during laboratory
passage.

H1N1 viral isolates sampled shortly after the 1977 reemer-
gence were temperature sensitive, replicating more efficiently
at temperatures below those of the human body. Remarkably,
in the years following the reemergence, its descendant viruses
reverted away from temperature sensitivity, indicating that this
trait was not optimal for human-to-human transmission.*%°°
Cold adaptation via laboratory passage was a common tech-
nique for producing live-attenuated influenza vaccines.®® We
note that modern techniques for producing live-attenuated vac-
cines via genomic reassortment are not subject to the same ease
of reversion to wild-type transmissibility; additionally, subunit
and mRNA vaccines are incapable of reverting.®'®* Based on
our analysis of cold-adapted H2N2, cold adaptation via labora-
tory passage could produce the change in selection dynamics
we observed for the 1977 influenza H1N1 reemergence. The
missing decades of evolution, temperature sensitivity, and the
evidence of a change in selection intensity indicative of viral
passaging are all consistent with the reemergence of H1N1 in
1977 being due to an escape during an influenza vaccine trial.
Accordingly, the 1977 H1N1 virus and its descendants could
be designated a putative circulating vaccine-derived influenza
A virus (“cVDIAV”), following the convention used when a similar
process occurs with live-attenuated oral poliovirus vaccines (i.e.,
circulating vaccine-derived polioviruses, “cVDPVs”).

Our approach to characterizing selection regimes overcomes
a common shortcoming of similar investigations: the need
to independently analyze non-recombinant or non-reassortant
genomic segments.””:%>%® We extended the RELAX phyloge-
netic framework to account for different evolutionary histories
by applying a single selection-regime model to multiple genomic
segments with distinct phylogenetic histories. We applied this
multi-region analysis to combine regions for viruses in which
recombination or reassortment were likely (e.g., positive-sense
RNA viruses and influenza A virus). Using multiple genomic re-
gions in the same model increased the power to distinguish
changes in the selection regime.

Other analytic methods are also useful for identifying in-
stances in which a pathogen spent time in an intermediate
host or was passaged in a laboratory setting. A shift in the
rate of the molecular clock can point to transmission in a new
host,?® and a slowdown —or cessation—in the rate is indicative
of laboratory isolation,®" or a persistent—possibly latent—
infection.®”"°® Further, changes in nucleotide substitution
bias,®® including APOBEC hypermutation,”® are useful in char-
acterizing host-switching.

In this study, we have distinguished epidemics that are charac-
terized by viruses that evolved primarily under a selection regime in
the natural host reservoir prior to emergence from those that did
not. Humans are constantly exposed to animal viruses.*®”" How-
ever, most of these exposures do not result in ongoing outbreaks
with human-to-human transmission, due to low fitness of the virus
or lack of sufficient transmission opportunities (such as in rural
communities).”® In recent zoonotic epidemics with sustained hu-
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man-to-human transmission, we found no detectable change in
selection preceding the epidemics. Applying multi-region RELAX
to the stem of novel viral outbreaks is a tool that we can apply to
future outbreaks to rapidly assess the possibility of evolution in
an intermediate host or a laboratory setting, compared with
zoonosis directly from the natural host reservoir. Increased sam-
pling of viruses in reservoir species will improve the power of ap-
proaches for investigating future zoonotic outbreaks.

Limitations of the study

Despite these advances, our multi-region RELAX approach still
has limitations. When evolutionary history is complex due to fac-
tors such as extensive recombination, repeated host switching,
or biased sampling, it becomes difficult to assign correct host
species to viral lineages and thus difficult to correctly specify
branches for the RELAX test. For example, assigning host spe-
cies across the reconstructed MERS-CoV phylogeny is compli-
cated by recombination and low statistical confidence.”® There-
fore, we are unable to apply the host-specific RELAX framework
to MERS-CoV. Another limitation in our approach is when
the stem branch preceding an outbreak becomes longer, the
majority of evolution represented on this branch occurs in
the reservoir. In these instances, any signal for change in selec-
tion preceding the outbreak will be diluted by evolution in the
reservoir host species. For example, the stem preceding the var-
iola virus (the Orthopoxvirus causing smallpox) leads back to the
MRCA with camelpox virus and taterapox virus thousands of
years ago.”*”"® Further, this effect is compounded by saturating
effects deeper in the evolutionary history of RNA viruses, for
example, saturation since the evolutionary divergence of mea-
sles virus and rinderpest virus in their ungulate hosts would pre-
clude robust inference.”” Conversely, the power of our approach
can also be limited by exceptionally short evolutionary
branches, as in the 1977 H1N1 virus. Changes in selection
that result in minimal changes to a viral genome (i.e., one or
two nonsynonymous substitutions) can be exceedingly difficult
to detect in any circumstance. In our study, the accuracy of
our inference was limited when the lack of positive selection in
the background lineages resulted in an unbalanced model,
which precluded our ability to distinguish intensified selection
from relaxed selection in the test branches (e.g., Figures 2E
and 7E). Lastly, our approach requires homologous nucleotides
to characterize selection, which prevents the characterization of
adaptation involving insertions or deletions.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Virus genomes NCBI-GenBank, GISAID Listed in Table S6

Software and algorithms

MAFFT (v7.409) Katoh et al.”® https://mafft.cbrc.jp/alignment/software/
HyPhy — GARD (v2.5.42) Kosakovsky Pond et al.”® github.com/veg/hyphy/

IQtree2 (v2.0.4) Minh et al.”® http://www.igtree.org/

HyPhy — RELAX (v2.5.62) Wertheim et al.?’ github.com/veg/hyphy/

TreeTime (v0.8.6) Sagulenko et al.?® https://github.com/neherlab/treetime

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
The sources of bioinformatic data analyzed in this study are available in the key resources table.
METHOD DETAILS

Phylogenetic selection analysis

For all influenza A virus data sets, coding regions were extracted from each genomic segment. Then each region was aligned using
MAFFT (v7.409)""; Alignments were checked manually. For all other data sets, full genomes were aligned to the reference genome
and split into non-recombinant regions. For MHV, a positive-sense RNA virus, putative non-recombinant regions were identified us-
ing GARD (v2.5.42).”® For SARS-CoV and SARS-CoV-2, predefined putative non-recombinant regions were used.***? For all data
sets, coding regions were extracted based on the reference genome annotation. For each region, a maximum likelihood phylogeny
was inferred with |Qtree2 (v2.0.4)"° using the GTR+F+T"; model.

Change in intensity of selection was tested across all genomic regions with the multi-region (joint) RELAX model implemented in
HyPhy (v2.5.62).°” In the RELAX testing framework, we partition branches in a phylogenetic tree into “test” and “reference”, with an
optional “nuisance” set for the remaining (if any) branches. Evolution along each tree branch is described using a continuous time
discrete space Markov model of codon evolution (for a review see Delport et al.?"); the ratio of non-synonymous to synonymous rela-
tive substitution rates (w) is used for model selection. Along each branch, the evolutionary process is modeled as an independent
draw from discrete distributions on o, with one rate allocated to positive selection (o > 1) and one or two rates allocated to negative
selection or neutral evolution (o < 1). Phylogenetic likelihood is computed by integrating over the assignments of o to branches, and
all model parameters, including o distributions, are estimated by maximum likelihood. The selection regimes (o distributions) of the
test and reference branches are related by a selection intensity parameter K, via w(test) = (background)¥. Selection intensity
(K) greater than 1 indicates intensification, where positive and purifying increase in strength (move away from o = 1), and K less
than 1 indicates relaxation, where positive and purifying selection decrease in strength (move closer to o = 1). As described in Wer-
theim (2014)?”, we use the likelihood ratio test, and the asymptotic approximation to the test statistic distribution under the null (chi
squared distribution and 1 degree of freedom), to compare the null model with K = 1 (when the selection regime in test and reference
are equal) to the alternative model of an unrestricted K. This comparison can determine whether the null model model (selection re-
gimes are equal) can be rejected in favor of the alternative model (relaxation or intensification of selection).

The joint RELAX test is an extension of RELAX in which multiple evolutionary histories (i.e., trees) share the inferred selection regime
(w distributions) and selection intensity test parameter (K). We ran joint RELAX for each context with every combination of (i) with and
without multiple hits, which allows instantaneous multi-nucleotide substitutions (MNS), (ii) with and without synonymous rate varia-
tion (SRV), which accommodates site-to-site variation of synonymous substitution rates, and (iii) with 2 or 3 rate partitions, which has
1 or 2 partitions for purifying or neutral selection respectively. From these 8 options, the best model was chosen using small sample
AIC (c-AIC).

Method sensitivity to sampling

Statistical properties of dN/dS estimators in codon models are not analytically tractable, but they have been studied extensively using
simulations and using empirical data analyses.®*** To assess how sensitive our inference of the relative selective strength is to which
sequences are included in the analyses, we performed a series of empirical robustness analyses, by changing the size and compo-
sition of reference background (reservoir) and foreground (stem and/or outbreak) sequences. We then applied RELAX, then
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compared them to the original analyses. Depending on the scenario (explained below), we expected either minimal changes, or spe-
cific, predictable changes. We describe sensitivity analyses within individual dataset descriptions. For RELAX, we used the best
fitting model (number of rates, presence or absence of SRV, support for MNS) chosen during the primary complete dataset analysis.

Data sets

Selection regime preceding and during the H1N1 2009 pandemic (H1N1pdmO09)

To characterize the selection regime preceding H1N1pdm09, we used previously curated virus genomes,®® with up to 58 stains for
each of the 8 influenza genome segments. Additionally, to characterize the selection regime during the initial human outbreak, we
considered 39 stains randomly subset from Influenza Virus Resource search with parameters of pandemic H1N1 virus that are full
length with all segments sampled from a human host in North America from the FLU project collected from 1 April 2009 through
1 March 2010. We used branches associated with transmission between swine viruses, to represent selection associated with
the host reservoir (reference partition). The stem branch leading to the MRCA of H1N1pdmO09 was used as the test branch of interest.
Additionally, selection on the stem branch preceding H1N1pdmQ9 and branches within the outbreak clade were tested against the
selection regime of the same reference partition.

Sensitivity Analysis. We hypothesized that if we used the stem lineage together with the early isolates as the foreground (keeping
swine isolates as the background), the choice of the sampling window for the human lineages would have a predictable effect on the
estimates of K. Specifically, the original analysis noted that stem and outbreak sequences combined were evolving under relaxed
selection (compared with the reservoir), but stem alone was not significantly different. Hence, as we added human sequences
sampled later during the human outbreak to the stem alone, the stem and outbreak selective regime would eventually tip into being
relaxed compared to the reservoir.

We further evaluated robustness by selecting a different set of human isolates compared to the original analysis. We queried NCBI
for all complete (all 8 segments) H1N1 influenza A virus isolates from a human host, with recorded collection dates between April 2009
and April 2010. We ascertained that these were H1N1 swine origin sequences by computing pairwise genetic distances from the
NCBI RefSeq sequence. We then randomly selected up to 10 isolates (not all two month intervals had 10 isolates) for each two-month
sampling window (1 April 2009 through 31 May 2009, 1 June 2009through 31 July 2009/, etc.), and conducting a rolling time-series
analysis comparing stem and human outbreak clade to background.

Selection regime preceding and during Ebolavirus 2013-2016 West Africa Ebola outbreak

We assembled a dataset of 101 full length Ebola virus genomes: 61 genomes were from the West African Ebola epidemic (collected 1
January 2014 through 1 June 2015) and the remaining 40 were representative of all previous known Ebola Zaire outbreaks in humans
during which a viral genome had been sequenced. All coding regions concatenated in a single open-reading frame, excluding the
sections of the glycoprotein gene containing overlapping reading frames.

We identified branches between human Ebola outbreaks, to represent selection associated with the presumed bat natural host
reservoir (reference partition).%'87 Branches that were associated within human outbreak clades were excluded. The long branch
leading to the MRCA of the 2013-2016 West African outbreak was used as the test branch of interest. Additionally, selection on
the stem branch preceding the 2013-2016 outbreak and branches within the outbreak clade, was tested against the selection regime
of the same reference partition.

Sensitivity Analysis. Similar to HIN1pdm2009 above, we ran selected subsets of human EBOV genomes from 2014-2015 with fully
resolved collection dates, occurring at or before a particular date, and ran RELAX using the stem lineage and the branches between
human isolates as the foreground.

Selection regime preceding Marburg virus disease Angolan outbreak

We analyzed all Marburg virus genomes sampled from bats available on NCBI (n = 12) and 14 samples from the 2004-2005 outbreak
in Angola,® which is the largest known human outbreak of Marburg virus disease to date. Marburg virus is a negative-sense single-
stranded RNA virus, and we concatenated all coding regions for a single genome wide analysis. The branches associated with bat
samples were used to represent selection in the natural host reservoir, which is understood to be bats. The stem branch leading to the
human outbreak was used as the test branch of interest.

Selection regime preceding and during mpox virus outbreak

We analyzed the coding regions of 201 mpox virus (MPXV) genomes, including 185 from Clade llb representing the initial mpox
outbreak in Nigeria. We masked all sites associated with APOBECS3 activity (C in the dinucleotide context TC, and the reverse com-
plement of G in the dinucleotide context GA) to prevent this signature from biasing our results. Samples were chosen based on pre-
vious literature.*® MPXV is a double-stranded DNA genome, and recombination was not assessed. The branches between isolated
human cases and outbreaks (excluding outbreak clades) were used as reference branches to characterize selection in the natural
host reservoir. We compared background selection to stem branches of one branch that leads to the outbreak, which is suggested
to include some amount of host reservoir transmission and some human-to-human transmission based on the signature of APOBEC3
activity,®® and the parent branch which represents evolution prior to emergence. Sequences from Clade IIb represent the human
outbreak starting in 2014, identified in 2017, that lead to the 2022-2023 global mpox epidemic.

Selection regimes in SARS-CoV-like virus

In 2002-2004, SARS-CoV spilled over into humans, likely from palm civets (Paguma larvata) sold for human consumption in live-an-
imal markets in China.*® We used a total of 142 sequences, including 3 SARS-CoV sequences (2 from humans associated with recent

e2  Cell 189, 1-14.e1-e4, April 30, 2026



Please cite this article in press as: Havens et al., Dynamics of natural selection preceding human viral epidemics and pandemics, Cell (2026),
https://doi.org/10.1016/j.cell.2026.02.006

Cell ¢ CelPress

OPEN ACCESS

introductions and 1 from a palm civet), using 31 predefined putative non-recombinant regions.'®®> We considered selection preced-
ing the SARS outbreak by comparing the stem branch leading to the MRCA of SARS-CoV civet and human samples to the branches
associated with a bat host. We also compared the early outbreak, using all branches in the SARS-CoV clade and the branch preced-
ing it with selection in the host reservoir, using the same reference partition.

Sensitivity Analysis. We considered the power to detect changes in selective pressure as a function of which branches were
included in the foreground set with the stem. The complete dataset includes a civet isolate (AY304486) and two human isolates
(AY394995, AY394996). We ran RELAX by restricting the foreground to one or two sequences, including all six possible combina-
tions. Additionally, we drastically downsampled the background lineages to determine the impact of background sampling on detec-
tion of a change in selection.

Selection regimes in SARS-CoV-2-like virus

We considered the selection of SARS-CoV-2-like virus preceding COVID-19 pandemic and compared it to selection of SARS-CoV-2-
like sarbecoviruses sampled from the natural bat host reservoir. We analyzed a total 31 genomes, previously used to characterize
zoonotic evolution®® with 15 putatively non-recombinant regions pre-defined from previous literature.’® The robustness of our selec-
tion analysis to changes in defining non-recombinant regions was tested by repeating the RELAX analyses with non-recombinant
regions inferred by 3seq,®® which identified 21 regions. We considered selection preceding the COVID-19 outbreak by comparing
the stem branch leading to SARS-CoV-2, represented by the reference sequence Hu-1 to branches associated with the natural
host reservoir of bats.

We also considered selection early in the COVID-19 pandemic using two different contexts. First, we included a subsample of 50
SARS-CoV-2 genomes representing the early outbreak in China, over 3 months, from a previous dataset.*®> Second, we analyzed a
random sample of 39 sequences from NCBI Virus with complete genomes sampled from 15 September 2020 to 1 October 2020 to
represent early worldwide transmission. For each of these sequence sets representing the early outbreak, we compared selection of
the host reference partition to the outbreak clade and the stem leading to SARS-CoV-2.

Of the non-bat SARS-CoV-2-like sarbecoviruses, all 8 were sampled from pangolins, which form 2 clades.?*"°° The stem leading to
the pangolin clades, and the pangolin clades were excluded from the reservoir host background.

Sensitivity Analysis. We extracted full-length (>29,000nt) SARS-CoV-2 genomes with known collection dates from GenBank,
further requiring fewer than 1% total length and fewer than 10 consecutive ambiguous nucleotides. Next, we randomly selected
one sequence every three months, starting in January 2020 and ending in January 2023. For each “monthly” sample, we segmented
it into 15 non-recombinant segments used for the original analysis by aligning to the corresponding segment consensus sequence
(with the cawlign tool). We then replaced all the human viral genomes in the phylogenetic tree with this sequence, on a per-segment
basis, and ran the RELAX analysis using the monthly sample as foreground, and the same background as was used for the original
analysis. The goal of these analyses is two-fold: assess the sensitivity of inference to the specific sample used, and the effect of sam-
pling delay on inference.

Selection of H1N1 influenza A viruses

In 1957 H1N1 influenza A was replaced by another strain of influenza A virus: H2N2. In 1977, an H1N1 strain nearly identical to that
which circulated in the 1950s reemerged in the human population.*® We used 100 genomes sampled from before and after 1977 to
build a phylogenetic tree and define the branch leading to the 1977 influenza pandemic as the stem. To characterize typical human-
to-human transmission, we considered the branches descended from the 1977 influenza pandemic. Genomes were chosen based
on previous curated analysis.*” We excluded branches associated with samples from before 1977 from the background due to con-
cerns of laboratory passaging, erroneous inclusion of lab strains, and sequence quality. As a robustness check, we performed an
additional analysis excluding 49 tips associated with post-1977 isolates with a documented history of laboratory passaging.

We inferred substitutions on the above tree using TreeTime (v0.8.6)°° ancestral state reconstruction with the default parameters.
We determined synonymous and nonsynonymous substitutions by comparing the inferred mutations in the context of the alignment.

We then tested if laboratory passage of virus isolates changed selection regime by comparing the background with the clade that
includes 3 early laboratory isolates derived from WSN33*°: WSN/33, and two derivatives A/United Kingdom/1/1933 and A/Wilson-
Smith/1933(H1N1), all of which are known to be passaged before sequencing.

Selection of H1N1 influenza A viruses putatively from lake ice

Zhang et al.,*° purportedly isolated H1N1 influenza A virus from Serbian lake ice and suggested these samples were frozen in the ice
from a local outbreak. We considered the 19 HA sequences purportedly isolated from lake ice, 1 positive control,”® and 18 HA genes
from the H1N1 dataset from the 1930s through 1950s, excluding tips associated with sequences that have a history of lab
passaging®’ for a total of 38 sequences. Branches associated with transmission between humans were used for the reference parti-
tion, and branches in the ‘lake ice’ clade were used as the test partition.

Sensitivity Analysis. We removed the positive control and sampled (randomly) a single HA gene from “lake ice” samples to form a
much smaller foreground, to see how well RELAX is able to infer selection intensity change with limited data. Additionally, we
randomly downsampled the reference sequences to 25%, 50%, or 75% of the original size.

Selection on attenuated vaccine measles virus

We analyzed 28 measles virus full genomes that were assembled previously for a molecular clock analysis.”’ This set of genomes is
characteristic of measles virus evolution within humans, and we used branches associated with these samples to characterize back-
ground selection. We then used 13 genomes from vaccine associated strains of measles virus, previously identified,' which were
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passaged in cell culture to produce an attenuated virus intended for use as a vaccine. Branches associated with the vaccine strains
were used as the test branches.

Sensitivity Analysis. We reduced the foreground (vaccine strains) to see how well the method is able to infer selection intensity
change with limited data. Firstly, we tested the foreground composed of a single vaccine strain; then 20 random combinations of
two vaccine strains; and 100 random combinations of three vaccine strains as foreground. Additionally, we randomly downsampled
the reference sequences to 25%, 50%, or 75% of the original size. Finally, we deliberately included an internal branch of natural evo-
lution in the foreground set of passaged strains, thereby creating a model misspecification.

Selection on attenuated vaccine mumps virus

We analyzed 59 mumps virus genomes that were selected by subsetting from Nextstrain (https://nextstrain.org/mumps/na), and col-
lecting the associated full genomes from NCBI. Branches associated with these samples were used to characterize background se-
lection. We characterized mumps virus passaged in the lab for attenuation, with 10 mumps virus genomes associated with vaccine
strains, which were previously identified.®"

Serially passaged coronavirus MHV

MHYV is a betacoronavirus naturally found in mice. Graepel et al. passaged MHV 250 times in cell culture.®” We used the passaging
control that did not include experimental modifications to characterize selection associated with laboratory passaging, using
branches leading to the passaged virus from the input wild type strain. Background selection was characterized with branches be-
tween 5 MHYV lineage defining strains. Eleven non-recombinant regions were inferred using GARD.

Artificial selection on influenza A virus H2N2

An H2N2 influenza A virus (wt A/Leningrad/134/57) was passaged from 34°C down to 25°C to produce the non-surface proteins for a
reassortant live attenuated vaccine that that was cold adapted and had attenuated replication at human body temperature.®® We
characterized the selection regime of passaging with artificial selection as the branches that were descendant from the wildtype lead-
ing to isolates sequenced at passage 17, passage 47, and the input wild type sequence. The branch leading to the input wild type was
excluded from the RELAX paritions. The background context for comparing to cold adaptation of an H2N2 stain was characterized by
a random subsample of 50 full H2N2 genomes from Influenza Virus Resource, with all proteins available, excluding vaccine strains,
sampled from a human host.

Artificial selection on influenza A virus H5N1

Herfst et al., passaged virus derived from A/Indonesia/5/2005 10 times in ferrets, which was then passaged twice more in two parallel
sets of transmission.”> We considered all branches in the clade of all available passaged sequences (n = 6) and the branch leading to
this clade from the genome put into passaging (A/Indonesia/5/2005) as the test partition. The background context was characterized
by a random subsample of 94 whole H5N1 genomes from Influenza Virus Resource, with all proteins available, sampled from avian
sources from 1980 to 2005. We compared selection dynamics along with branches associated with the HSN1 samples from the avian
population (reference partition). The branch leading to the human A/Indonesia/5/2005 from the avian samples was excluded from
main RELAX analysis.

Sensitivity Analysis. We tested the impact of downsampling the foreground by removing all but one serially passaged H5N1 isolate
(CEIRS-CIP047-A_Indonesia_5_2005.F7) from the foreground. Next, we introduced model misspecification, by removing the unpas-
saged reference strain (A/Indonesia/5/2005), and designating all passaged sequences and their MRCA stem as foreground. This par-
titioning conflates natural evolution of Avian H5N1 sequences with passaging. Finally, we randomly downsampled the background
(reservoir) sequences (5%, 10%, 15%, 25%, 50%, and 75% of the original size).

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantification and statistical analyses were performed using procedures described in STAR Methods phylogenetic selection anal-
ysis with details on data inclusion described in “Data sets.”
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Figure S1. Quantifying selection regimes in SARS-CoV-2, related to Figure 5

(A) Phylogenetic tree of SARS-CoV-2-like sarbecoviruses, with the SARS-CoV-2 early worldwide outbreak characterized by 39 sequences sampled up to
October 2020, non-recombinant region 08 branch color indicating partition.

(B) Single » for each branch partition of background and the test sets, including 3seq stem, which compares the stem branch with background based on
alignment of non-recombinant regions inferred with 3seq (no tree displayed), and “combined with worldwide,” which compares stem and worldwide outbreak to
background, color-coded to match the tree. Points are color-coded according to the branch set: background (brown), stem (green), or outbreak (blue).

(C) Change in selection intensity comparing the selection associated with the background with the test set. Filled circles indicate a balanced model where
directionality is identifiable, open circles indicate an unbalanced model, and the direction above or below 1 is not identifiable. Numerical values in Table S1.
Significance indicated with * p < 0.05; ** p < 0.01; and *** p < 0.001. Whiskers show 95% confidence interval. Icons created with BioRender.
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Figure S2. Phylogenetic tree of HIN1 HA segment, related to Figure 6

Branch color indicates a partition. The stem branch connects the 1977 pandemic reemergence and basal ancestors and is foreground for the 1977 flu test.
WSNS33 (blue) branches are clade-associated with that laboratory-passaged positive control. Post-1977 branches associated with human-to-human trans-
mission (brown) used as background. Other branches that are pre-1977 or tips that have a history of passaging (gray) are excluded from analysis. Icons created
with BioRender.
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Figure S3. Phylogenetic tree of HIN1 HA segment with lake ice, related to Figure 7

Branch color indicates a partition. Lake ice clade (green) is the foreground, and branches associated with human-to-human transmission (brown) are the
background of the lake ice test. The study positive control (gray) is excluded. Icons created with BioRender.
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Figure S4. Phylogenetic tree of MeV genome and MuV genome, related to Figure 7
Branch color indicates a partition. Vaccine attenuated by passage (green) is the foreground, and branches associated with human-to-human transmission

(brown) are the background. Icons created with BioRender.
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Figure S5. Phylogenetic tree of MHV non-recombinant region 07, defined by GARD, related to Figure 7
Branch color indicates a partition. Laboratory-passaged virus (green) is the foreground, and branches between murine strains (brown) are the background. The
isolate used at the start of passaging (gray) is excluded.
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Figure S6. Phylogenetic tree of H2N2 PB1 segment, related to Figure 7
Branch color indicates a partition. Cold adaptation passage (green) is the foreground, and branches associated with human-to-human transmission (brown) are
the background. The stem to isolate used at the start of passaging (gray) is excluded. Icons created with BioRender.
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Figure S7. Phylogenetic tree of HSN1 PB1 segment, related to Figure 7
Branch color indicates a partition. Airborne ferret adaptation passage (green) is the foreground, and branches associated with the avian host reservoir (brown) are

the background. The stem to isolate used at the start of passaging (gray) is excluded. Icons created with BioRender.
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