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13

14 Abstract

15 In standard models of molecular evolution, DNA sequences evolve through asynchronous sub-
16 stitutions according to Poisson processes with a constant rate (called the molecular clock) or a
17 time-varying rate (relaxed clock). However, DNA sequences can also undergo episodes of fast di-
18 vergence that will appear as synchronous substitutions affecting several sites simultaneously at the
19 macroevolutionary time scale. Here, we develop a model combining basal, clock-like molecular evo-
20 lution with episodes of fast divergence called spikes arising at speciation events. Given a multiple
21 sequence alignment and its time-calibrated species phylogeny, our model is able to detect speciation
22 events (including hidden ones) co-occurring with spike events and to estimate the probability and
23 amplitude of these spikes on the phylogeny. We identify the conditions under which spikes can be
24 distinguished from the natural variance of the clock-like component of molecular evolution and from
25 temporal variations of the clock. We apply the method to genes underlying snake venom proteins
26 and identify several spikes at gene-specific locations in the phylogeny. This work should pave the
27 way for analyses relying on whole genomes to inform on modes of species diversification.
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s+ 1 INTRODUCTION

2 Phenotypic variation among organisms is the result of millions of years of genetic evolution (Ho and
s Zhang, 2018). The evolution of organismal traits is thought to be largely adaptive, even if additional
s factors such as constraints and historical contingencies (Gould and Lewontin, 1979) or drift for molec-
s Ular traits (concentrations and molecular functions of non-DNA molecules such as RNAs, proteins,
s and metabolites) are also recognized (Zhang, 2018). However, whether phenotypic evolution takes
a7 place gradually over time or quickly upon speciation is still unclear.

a8 First proposed by paleontologists Eldredge and Gould (1972), the theory of punctuated equilibrium
s has been widely studied and discussed for the evolution of morphological traits. The punctuated equi-
« librium theory proposes periods of stasis interspersed by large effect transformations, preferentially
4 occurring at speciation events (cladogenetic changes). This theory aimed to explain the dramatic
« morphological changes observed in the fossil record, i.e., the sporadic appearance of new species
« with substantially different quantitative characters, arising suddenly and remaining nearly unchanged
« for long periods of time (Stanley 1998), in the light of the allopatric model of speciation of Mayr et al.
s (1954). Under this model of speciation, evolutionary novelties arise in small peripheral isolated pop-
s« ulations and are rapidly fixed because of the small population size, explaining the gaps in the fossil
« record (see Barton and Charlesworth 1984, for a critique of this hypothesis). Conversely, the theory
s Of phyletic gradualism supposes that traits evolve in a more continuous manner through small effect
« mutations arising throughout the lifetime of a species (anagenetic changes). This view, inherited
so from Darwin’s work, postulates that populations gradually differentiate morphologically until they are
st recognized as separate species (Mayr, 1982).

52 While gradualism has been the dominant idea in the very beginning of continuous trait evolution

s modeling (Felsenstein, 1973; Hansen, 1997; Butler and King, 2004), punctualism has recently been
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s« considered in modern comparative tools focusing on continuous traits (Bokma, 2002, 2008; Landis
ss et al.,, 2013; Pennell et al., 2014; Landis and Schraiber, 2017). On the one hand, gradualism is
ss the underlying idea justifying the use of diffusion processes like Brownian motion (BM) or Ornstein-
sz Uhlenbeck (OU) processes to model continuous trait evolution (Pennell et al., 2014). On the other
ss hand, punctualism may be implemented through the use of stochastic processes with jumps, for
s example Lévy processes (Landis et al., 2013; Landis and Schraiber, 2017).

60 The opposition between gradualism and punctualism, i.e., whether morphological changes occur
et gradually at the same overall pace or in pulses co-occurring with speciation, can be transposed to
&= molecular evolution. Currently, gradualism seems well anchored as the dominant idea in molecular
s evolution. The modern literature commonly considers that sequences evolve through the accumu-
e« lation of isolated substitutions arising as a Poisson process through time, with a rate known as the
es molecular clock, which is supposed to be either constant (a hypothesis called strict clock hypothesis
e by Zuckerkandl and Pauling, 1962), or to vary through time and across lineages (see the review on
&7 relaxed molecular clocks by Lepage et al., 2007). This family of models relies on an underlying grad-
s ualistic view, considering only gradual anagenetic changes, i.e., isolated mutations occurring along
s gene lineages.

70 Punctualism has previously been considered as a plausible alternative model of molecular evo-
7 lution (Webster et al., 2003; Pagel et al., 2006). Starting from the observation that, in trees recon-
72 structed by maximum parsimony, there is often a correlation between the number of substitutions
7 inferred between the root of the tree and a tip and the number of nodes on this path (a phenomenon
7 sometimes called the node-density artefact, see Fitch and Beintema, 1990), Webster et al. (2003)
75 and Pagel et al. (2006) hypothesized that this correlation was due to frequent cladogenetic mutation
76 events. They designed a statistical test aimed at establishing whether this correlation was indeed due
77 1o such punctual events or to an artifact in the phylogenetic reconstruction. Unfortunately these first
7s  attempts to evaluate the idea of punctuated molecular evolution suffered from methodological artifacts
7 and internal inconsistencies (Brower, 2004; Witt and Brumfield, 2004). Since then, we are not aware

s Of any attempts at detecting or modeling punctual modes of molecular evolution.
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8t
sz Despite the widespread use of models with gradual and anagenetic molecular evolution, punctual evo-
s lution occurring at cladogenetic events is expected under two important modes of speciation. (i) Under
s« an ecological mode of speciation, i.e., speciation driven by divergent selection and/or by ecologically-
ss mediated sexual selection, suppressed recombination within genomic islands can enhance the fast
s fixation of de novo mutations, or (ii) under a combinatorial mode of speciation, i.e. speciation driven
&7 by the novel assembly of old genetic variants through the introgression of possibly advantageous
s genetic variation during hybridization with a distant lineage (Box 1 and Fig. 1). In both cases, the
g0 burst of substitutions at speciation will appear as an instantaneous spike of molecular evolution at the
% macro-evolutionary scale. Given increasing empirical evidence for such modes of evolution (Wolf and
o1 Ellegren, 2017; Marques et al., 2019), it seems necessary to develop models that account for spikes
e« of molecular evolution at speciation events. In addition, if we are able to detect at which speciation
« events and on which genes such spikes occur, this will inform us on both modes of speciation and the
« genes involved, an important goal in the field of speciation genomics (Seehausen et al., 2014).

95

Box 1: Evolutionary events causing spikes.

1.1 Ecological speciation with gene flow

Distinct populations of the same species are under strong divergent selection when they are
specializing to a distinct habitat, to a distinct resource use, or to a different conspecific recog-
nition mechanism, possibly leading to so-called ecological speciation (Rundle and Nosil, 2005;
Peichel and Marques, 2017).

Before the acquisition of de novo mutations, preexisting adaptive variation in quantitative trait
loci (QTL) under strong divergent selection can be sorted out through the action of gene flow
and selection (Fig. 1a). This mechanism of storing the right alleles in the right habitat requires
intermediate levels of gene flow with respect to selection: large enough to perturb local allele
frequencies and low enough to avoid homogenization of allele frequencies despite selection

acting locally in opposite directions.
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Additionally, reduced effective migration close to QTL of larger effect, due to reduced hybrid
fithess, will allow close loci of smaller effect to diverge also (divergence hitch-hiking, see Feder
and Nosil, 2010). Next, selection can favor factors suppressing recombination between phys-
ically distant loci carrying divergently selected alleles. More specifically, QTL can be moved
into close genetic linkage through translocations (Yeaman, 2013) and inversions can capture
several QTL (Navarro and Barton, 2003; Kirkpatrick and Barton, 2006) (Fig. 1a). In both cases,
recombination will be reduced or suppressed in these regions, known as genomic islands of
speciation, promoting the spread of de novo mutations within them.

This rapid formation of highly differentiated genomic islands during ecological speciation
(Wolf and Ellegren, 2017) results in an apparent jump of molecular changes localized in the
islands (Fig. 1a), i.e., a spike of substitutions. Moreover, genomic divergence will result in
the accumulation of between-locus incompatibilities and thus promote hybrid sterility and
inviability (Orr, 1997). Therefore, the passive role of differentiation in reproductive isolation

guarantees its persistence after speciation is completed.

1.2 Introgression from distant lineages

Long neglected, gene flow (hybridization, horizontal transfer) is now widely recognized be-
tween closely related species, and even between distantly related species (Mallet et al., 2016).
Gene flow between populations or incipient species, tends to homogenize their allele frequen-
cies, slowing down or preventing speciation. However hybridization between divergent lineages
can instead facilitate rapid speciation of few or many (adaptive radiation) lineages (Marques
et al., 2019). This process, called combinatorial mechanism of diversification, describes the
re-assembly of old genetic variants, that have never before been combined together in one
population, through adaptive introgression (Fig. 1b). Evidence is accumulating that alleles con-
tributing to reproductive isolation are often much older than actual speciation events, i.e., when

populations started to develop reproductive isolation, particularly in cases of rapid speciation
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and rapid species radiations. Among many other examples (reviewed in Marques et al., 2019),
the genomic variation underlying the host switches and associated reproductive isolation of
the 200 year-old apple maggot fly Rhagoletis pomonella species complex evolved 1.6 million
years earlier (Feder et al., 2003; Xie et al., 2008). Similarly, the LWS haplotype polymorphism
(in relation to light conditions at different water depths and female mate choice), underlying
the cichlid fish radiation in Lake Victoria 100 - 200,000 years ago, emerged by hybridization
between two cichlid lineages that diverged about 1.5 million years before (Seehausen et al.,
2008; Meier et al., 2017a). Under this scenario of hybridization between two distant lineages,
if no descendant of the donor lineage is sampled at present time (introgression from ‘ghost’ lin-
eage), or if gene flow is not taken into account, the introgression event will result in an apparent

sudden jump in the molecular evolution of the receiver lineage, i.e., a spike of substitutions.

98

9 Here we develop a model of molecular evolution with both gradual mutations and spikes at spe-
w0 Ciation. In addition, we design a statistical inference protocol in order to infer the parameters of the
i1 model and spiking events from molecular sequences associated to a known dated tree. We iden-
w2 tify conditions on the values of the model parameters under which spikes can be distinguished from
103 gradual mutations, both in the absence and in the presence of fluctuations of the clock. We evaluate
14 the performance of our inference method on simulated data. Finally, we apply this method to snake
15 venom protein evolution. Venoms, composed of several proteins able to attack biological pathways,
106 are a key adaptation for many snakes that facilitates the capture and the predigestion of prey. Recent
w7 evidence suggests that venom composition among snakes evolved in three distinct envenomation
18 strategies, two of them being associated with two distinct families (Barua and Mikheyev, 2019). We

19 test if these two envenomation strategies have left different spiking patterns in associated genes.
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1m0 2 NEW APPROACHES

m 2.1 Model of molecular evolution with spikes

12 Under the idea of punctuated molecular evolution, we develop here a new relaxed clock model built
13 on the joint action of cladogenetic punctuated evolution and anagetic gradual changes, instead of
14 only anagenetic gradual changes along the tree. We model these episodes of fast accumulation
ns  of substitutions as punctual events called spikes, which co-occur with speciation events. They are
1e  superimposed to standard, strict-clock molecular evolution.

117 More specifically, we model the diversification of a clade according to a birth-death process with a
1s constant per lineage speciation rate A, constant extinction rate d (Fig. 2a) and sampling probability f
ng  Of each extant species. Next, we model the evolution of sequences on the resulting phylogenetic tree
120 for this clade. Sequences are made of N homologous nucleotide sites, which evolve both gradually
21 along phylogenetic branches, and punctually at speciation events. Gradually: Along the branches of
122 the phylogeny, the base at each site undergoes a substitution at rate . Punctually: At each speciation
123 event and for each daughter species, a spike occurs with probability v (Fig. 2a). When a spike occurs,
12+ €ach site experiences a substitution with probability . Whether gradual or punctual, each substitution
125 IS a transition with probability a and either of two possible transversions with probability b = (1 — a)/2.
126 Since each node in a phylogenetic tree represents a speciation event, our model assumes that
12z a node is associated with a spike when the speciation event has been driven by one of the two pro-
128 cesses described in Box 1. This model consists in seeing the genome as a multidimensional trait that
120 may jump at speciation, exactly as in models of quantitative character evolution undergoing ‘shifts’
130 Or jJumps’ at speciation (e.g. see Bokma, 2008). Seven parameters, described in Box 2, were used
131 10 design this relaxed clock model combining a basal molecular evolution with fast accumulation of
132 substitutions (spikes).

133
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Box 2: Model parameters. The model of molecular evolution with spikes has seven param-
eters. They govern the diversification process (), d, f), basal molecular evolution (x and a),

the spiking events () and substitutions at spikes (x).

e Speciation rate ()\). Each species independently gives rise to a new species at rate \.

o Extinction rate (d). Each species independently becomes extinct at rate d.

e Sampling probability (/). Each species extant at present time is independently sampled

with probability f.

e Molecular clock (). Each base independently undergoes a substitution at rate .

e Spike probability (»). At a speciation event, each of the two daughter lineages under-

goes a spike independently with probability v.

e Substitution probability at a spike (x). At a spike, each base in the DNA sequence

has a probability x to undergo a substitution.

o Transition and transversion probabilities (a« and b). Any substitution, gradual or punc-
tual, can be the unique possible transition with probability a or either of the two possible

transversions with probability b = (1 — a)/2.

In the remainder of the paper, it will be convenient to reparameterize the model by setting

a = ap the rate of transitions and 3 = bu the rate of each given transversion, so that

and b

o B
p=at20 a="mms a+t 28

134 - J

15 2.2 Distribution of spikes on a reconstructed tree

13s  We call the phylogeny of present-day sampled species 7 (i.e., the reconstructed phylogeny, Fig.
17 2b). Some spikes can occur along the branches of this reconstructed phylogeny because of hidden

138 Speciation events — a speciation event is hidden when it is not seen in the reconstructed phylogeny
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139 because one of its two descending clades is extinct or unsampled at present time.
140 Let S denote the number of spikes on each branch of the reconstructed phylogeny 7, including
11 the visible mother node of the branch. We now characterize the law of S for a fixed realization of 7.
Time is oriented from the tips (present time ¢ = 0) to the root of the tree (time T'). We call u(t) the
probability that the descent of a species living at time ¢ is not sampled at present. This probability is

derived in Kendall (1948),

1— 4 (A=d)t
u(t) = d=2TAS
_ R
L VA

Along any branch of the reconstructed tree, spikes can arise due to hidden speciation events:

P( there is a spike on [¢,t + dt]) = P ( there is a speciation event on [t,t + dt],
a spike on a surviving lineage, and extinction of the second lineage
| survival of one lineage )
= 2 vu(t)dt .
We can thus simulate hidden spikes along a branch of 7 as a Poisson process with rate 2 vu(t).

On a branch originating at time ¢, and ending at time ; (with ¢; being closer to the tips than ¢,

t1 < tp), the number of spikes is Poisson distributed with parameter

to 1— A (=d)to
¢ = 2 vu(s)ds = 2 v(to —t1) —2vin LAY
" _ A (a=dity
1 d—ATAS

(1)

142 The law of the total number S of spikes on each branch of 7 is thus the convolution of a Bernoulli
13 distribution with parameter v (corresponding to the potential spike happening at the visible mother
144+ node of the branch) and of a Poisson distribution with parameter ¢ (corresponding to the spikes
15 Occurring at hidden speciation events).

146 We now need to describe the second ingredient of our model, i.e., the evolution of molecular

147 sequences on a reconstructed spiked tree (T, S).

1us 2.3 Molecular evolution on a reconstructed spiked tree

Conditional on (7, S), all N sites of the sequence evolve independently and identically in distribution.

We model basal molecular evolution using the K80 model (Kimura, 1980) unfolding along the tree.
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This model is a Markov process with discrete state space {A, T, C, G} and rate matrix

—(a+2p) B B «
B —(a+28) a B
Q= (gi5) = ;
B a —(a+28B) B
o B B —(a+2p)

1w where a = au and 5 = bu. The matrix of transition probabilities between any two nucleotide states
w0 separated by time ¢ is denoted P(t) and given by P(t) = (P(X; = j|X; = 1)) ; = €'.

When a spike occurs, each base mutates with probability « according to the same model of molec-

ular evolution. More precisely, the matrix of the transition probabilities Pg for a nucleotide state just

before and just after the spike is defined by

Vi,j, (Ps)“ = (1 — Ii)

qij
—dii

(Ps)ij =&

Because Ps and P(t) commute, the transition probability P(n,t) of nucleotide states at the extremities

of a branch with length ¢ and n spikes verifies

P(n,t) = P2P(t).

11 This description of molecular evolution allows us to simulate the evolution of nucleotides along a fixed
152 reconstructed spike tree (7, S). It also allows us to compute the likelihood of sequences at the leaves,

13 conditional on (7, S), using a popular pruning algorithm (Felsenstein, 1981).

1« 2.4 Statistical inference in a Bayesian framework

155 We consider our model in a Bayesian framework and expose below our strategy to sample from the
16 posterior density. For simplicity, we denote by p all probability densities to sketch a Markov Chain
157 Monte Carlo (MCMC) procedure aimed at inferring the joint posterior distribution of parameters and
158 Spike positions.

159 Suppose we fixed the tree realization 7, i.e., we know the tree topology and the times at which

10 branching events occur. We call A the alignment of all N nucleotides among our n extant species.

10
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11 Furthermore, suppose parameters \,d, v, k, «, 5 are not fixed anymore, but are instead drawn from
12 a prior. We fix the following independent uniform priors for these parameters, reflecting the a priori
13 knowledge of their range: (i) A and d are distributed uniformly on (0, 5), (ii) v, x are distributed uniformly
14 on (0,1), (iii) «, 8 are distributed uniformly on (0,0.1).

The sampling fraction f is assumed to be known. We aim at sampling from the posterior distribu-

tion

p(S; N d, v k0, 8| AT) o p(A|T,S,k,a,8) p(T [ A d, ) p(S | T,v) p(A) p(d) p(v) p(k) p(a) p(B).

s This type of question is classically resolved using a MCMC algorithm to sample the desired dis-
s tribution. Because we already presented how to compute p(S | 7,v) and p(A | T, S, k,«, 3), and
e p(T | A\ d, f) is known (Nee et al., 1994), we need only describe two additional components: (i) the
s initialization of the chain, which provides the first values of the parameters and spike positions, and
10 (i) the movement proposal, which provides the transitions between two steps of the chain. These are
1o described in Supplementary material (Section A).

171 We assess visually the convergence of the chain towards its stationary distribution and delete the
172 beginning of the chain (the so-called burn-in phase). We use the remainder as an estimate of the
s target distribution and assess for each parameter the Effective Sample Size (ESS). We implemented
w74 the simulation and inference tools in Python, and made this code available in a GitLab repository

s (https://gitlab.com/MMarc/spike-based-clock/).

s 2.5 Theoretical expectations

w77 Our method aims primarily at distinguishing substitutions arising at spikes from substitutions gradually
s accumulating between speciation events. Spikes can be statistically indistinguishable from gradual
79 evolution due to two main sources of stochasticity in the process of gradual evolution: variance of the
10 Poisson number of strict clock-like substitutions and heterotachy, that is, temporal variations of the
1s1 - molecular clock itself. These two sources of stochasticity can produce both false negatives and false
182 positives.

183 The fraction of substitutions associated with spike events (parameter «) has to exceed a certain

11
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1« threshold k( to stay immune from false negatives. If we assume that the clock is relaxed, that is, varies
15 in each branch by a factor e which is drawn uniformly in [—e, €], then the amplitude of heterotachy e
18s has to remain below a certain threshold ¢, to stay immune from false positives.

In Supplementary material (Section B) we propose a generic way of computing the threshold

values kg and ¢, for any given parameter set. Namely, Equation (9) yields

L
Ko = 1.96 \/%, (2)

where L is the branch length in the phylogeny where a spike occurs, p is the molecular clock and

N is the sequence length. As a rule of thumb, taking the standard value of ;. = 10~2 per My for the

| L
Ko ~ 0.2 N

17 where L is measured in My. Conversely, to be able to detect spikes of amplitude 1%, the ratio L/N

molecular clock, the typical value of kg is

e must be smaller than 2.5 10~3, for example N = 1 kb and L = 2.5 My, or N = 400 bp and L = 1 My.

Similarly, Equation (10) in Supplementary material yields for any given «,

K
=0.88 —. 3
€0 L 3)
Taking i« = 1072, the typical value of ¢ is
K
€0~ 90 Z,

18s  Where L is measured in My. Conversely, to be able to detect spikes of amplitude 1% in spite of the

10 clock varying by a factor € in a branch of length L, the product eL must be smaller than 0.9, for example
1w e=03and L=3Myore=0.1and L =9 My.

Instead of artificially letting the molecular clock vary by a fraction ¢ on each branch, the standard

model-based approach of relaxed clock consists of assuming that the clock varies through time like

a geometric Brownian motion with infinitesimal variance 2. Calculations done in Supplementary

material (Section B) yield the following criterion for distinguishing the effect of spikes from that of

Brownian-like fluctuating clocks (Equation (12))

2

% > 0.26 120>, (4)

12
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12 The theoretical predictions displayed in Equations (2), (3) and (4) will be confronted to empirical

193 findings in Section 4.1.

1w« 3 RESULTS

s 3.1 Performance of the inference method

s We checked the ability of the inference method to retrieve parameters under which we simulated
17 artificial datasets (Material & Methods). Parameters of the substitution process (x, a, 3) are retrieved
198 quite precisely on each of these simulated datasets (Fig. 3). Parameters (), d) corresponding to
199 the birth-death process and parameter (v) corresponding to the spike process, have broad posterior
200 distribution, which is expected since each dataset corresponds to only one simulated tree with few
201 branching events (iree size ranged from 12 to 66, with a median of 31.5, Fig. 3). Importantly, the
202 number of spikes, which is our parameter of interest, can be rather well recovered.

203 Our method aims at distinguishing spikes from clock effects. However if the spike amplitude is too
200 low relatively to the stochasticity of the molecular clock, we should not be able to detect spike events
205 (see Section 2.5). We varied « while holding basal substitution rates (o = 0.02, 8 = 0.03) constant
206 (Material & Methods). When x < 0.05, most spikes were not detected (Fig. 4a). Conversely, when
207 K > 0.05, all four spikes were correctly inferred (Fig. 4a). For all values of « tested (x > 0.03), no false

208 Spike was inferred (Fig. 4b).

20 3.2 Robustness to model misspecification

20 Spike amplitude has to exceed some threshold for spike substitutions to be distinguished from clock-
211 like substitutions. This threshold is expected to be larger if the clock itself varies among branches.
212 We tested the sensitivity of the method to a clock varying by a fraction e in each branch (Material &
213 Methods). For small departures from a constant molecular clock (e < 0.2) and specifically for high
212 substitution probability « at spikes, spikes were correctly inferred (Fig. 4a) with very few false positives
a5 (Fig. 4b and ¢). However, for a large departure from the molecular clock (e > 0.3), not all simulated

216 Spikes are detected and many false spikes are erroneously inferred (Fig. 4c).
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27 3.3 Snake venom proteins evolution

218 Venom composition among snakes evolved in three distinct envenomation strategies, involving ei-
219 ther TFTx (three-finger toxin), SVMP (snake venom mellanoprotease), or the combination of SVSP
220 (snake venom serine protease) and PLA2 (phospholipase A2) (Barua and Mikheyev, 2019). These
221 proteins are not exclusive to snakes. They evolved throughout the Toxicofera clade (Fry et al., 2012)
222 that in addition to snakes includes Anguimorpha (e.g., monitor lizards) and Iguania (e.g., iguanas
222 and chameleons). To test whether these strategies have left differential molecular signatures (spikes)
22« among the Toxicofera, we evaluated the spiking pattern of two proteins: SVSP and CRISP (cystein-
225 rich secretory protein) which like TFTx is a neurotoxin (Yamazaki and Morita, 2004). We selected
226 these two proteins because, unlike SVMP and TFTx, alignments of a substantial number of homol-
227 0ogous genes coding for SVSP and CRISP were available that covered a fair part of the Toxicofera
228 Clade (Perry et al.,, 2018). Additionally we analyzed the gene R35 (Orphan G protein-coupled recep-
220 tor), which is commonly used to reconstruct timetrees as its molecular evolution is near clock-like
20 (Vidal et al., 2007), and so served as a test for false positives.

231 Within snakes, we found many spikes for CRISP almost exclusively in Elapids and NFFC (non-front
22 fanged colubrids), whereas SVSP spikes were exclusively found in Viperids (see Fig. 5). Interestingly
2 the same pattern was found within Varanids, that is, CRISP spikes are clustered in the clade gathering
2a  Varanus acanthurus, V. gilleni and V. scalaris, and SVSP spikes mainly in the clade gathering V.
25 gouldii, V. panoptes, V. mertensi and V. komodoensis. Conversely, we did not detect any spike for
=6 R35 (supplementary Fig. S1), as expected with this clock-like gene. For virtually each branch, the
237 number of spikes inferred remains very close to an integer after averaging over samples of the MCMC,
258 indicating that the chain does not often switch between equivalent spike configurations but sticks to
20 One optimal configuration throughout the search.

240 We found higher substitution rates at the third codon position (parameters «, $ and ) for SVSP

21 and R35. For CRISP, substitution rates were similar among the three codon positions (see Table 1).
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22 4 DISCUSSION

2 4.1 Validity and range of application of the method

24 The model of molecular evolution presented here combines two processes: standard, gradual accu-

s mulation of substitutions and spikes occurring at speciation. It is characterized by:

2

&

246 e The basal rate of gradual molecular evolution p, called molecular clock,

247 e The probability v that a speciation event results in a spike on the sequence under scrutiny,

248 e The mean amplitude « of spikes, which is the probability for each site to undergo a substitution
249 during a given spike.

250 e Additionally, to test the robustness of the method in the face of model misspecification, we have
251 simulated the evolution of sequences under a model where the clock is relaxed, that is, varies
252 in each branch by a factor e which is drawn uniformly in [—e, €].

2ss We have proposed one possible inference method to check in which circumstances the signal coming
25 from spikes could be distinguished from the signal coming from gradual molecular evolution, when
=5 the clock is strict and also when it is relaxed.

256 The results of the inference on simulated datasets show that the method is able to perfectly identify
257 Spikes as soon as « is above a certain threshold &g and e is below a certain threshold é,. Decreasing
28 K below its threshold makes the effect of spikes indistinguishable from the inherent noise of the (even
250 strict) clock, which results in false negatives (true spikes not detected). Increasing e above its thresh-
20 0ld makes the variations of the clock indistinguishable from spikes, which results in a number of false
21 positives increasing with e (false spikes inferred).

262 Specifically, for a fixed value 0.08 (per bp per My) of the substitution rate p, the spikes in a 2 kb
2s long sequence on a phylogeny with 32 tips and crown age 8.78 My are perfectly inferred (no false
24 Negative, no false positive) as soon as « > #g, for a clearcut threshold &y ~ 0.05 when the clock is
265 Strict (e = 0). The results also show that for x of the order of 0.03 — 0.05, no false negative is expected

26 When e is below the threshold ¢ =~ 0.25, that is 25% variation of the molecular clock in each branch.
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The empirical values %q and ¢, of thresholds are not informative per se since they depend on the
tree and on the values of other parameters, including molecular clock and sequence length, but can
be compared to the theoretical threshold values «, and ¢, predicted in Section 2.5, Equations (2) and
(3). Using the parameter values used for the simulations N = 2,000 bp, u = 0.08 per bp per My and
L = 3 My (average depth of spikes in the simulations) predicts the following threshold values (taking

k = 0.04 in the computation of ¢;)

ko = 0.02 and g = 0.15,

27 Which have the same order of magnitude as the empirical values &y = 0.05 (actual inference is a little
268 Worse than predicted) and ¢, = 0.25 (actual inference is a little better than predicted).

269

270 In the snake dataset studied, the sequence length and the substitution rate estimated are equal to
or N =477 and p = 2.73 10~3 per My for CRISP and N = 348 and p = 2.04 10~3 per My for SVSP. For a
222 typical branch length of this phylogeny, say L = 10 My, these values correspond to the same detection
2 threshold of spike amplitudes for the two loci equal to xo = 7.6 10~3. The values of x estimated from
a7 the alignment are well above this threshold, ranging from 0.035 to 0.065, indicating that the signal of
275 Spikes was strong enough to be contrasted from clock-like evolution.

276

o77 Furthermore, it should be useful to check whether the range of parameter values for which spikes
278 are detectable is in agreement with typical empirical values of the molecular clock and of its temporal
279 variance. One difficulty is that the variance of the molecular clock measured in empirical studies is
20 potentially altered by the actual presence of spikes. One exception is the study by Lartillot et al. (2016)

251 0n mixed clocks, where clocks are modelled by a stochastic process combining:

282 ¢ A correlated part embodied by a geometric Brownian motion with infinitesimal variance o2 and
283 e A non-autocorrelated part, where the clock is accelerated or decelerated by an independent,
284 random factor on some edges of the phylogeny.

Interestingly, the latter process is formally similar to the effect of spikes so that the measure of o2
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(temporal variance of the molecular clock in the former process) made by this method should be
immune to the presence of spikes. The typical value of o2 estimated by Lartillot et al. (2016) on a
phylogeny of 105 placental mammals is 1.5 per 100 My (exact average value provided by personal
communication of N. Lartillot). In Section 2.5, Equation (4) gives a criterion for distinguishing the
effect of spikes from that of a Brownian-like clock. If we replace by their standard values the two
parameters in the right-hand-side of this inequality, namely x = 10~2 per My and as seen previously
0% = 1.5 102 per My, it becomes

2

% > 0.39 10, (5)

2ss  Where L is measured in My. The inequality (5) constrains the amplitude x of spikes that can be
256 distinguished from clock uncertainty given the branch length L. The smaller L and the more easily
27 spikes can be detected on that edge. For L = 1 My, the minimal  is 6 10~* and for L = 10 My, the
2.s  Minimal « is 0.02.

289 Sticking to these values of i and L, and for a sequence of N = 1 kb, the minimal amplitude x, of
20 Spikes that can be distinguished from the strict clock-like molecular evolution is kg = 6 1073 for L = 1
201 My and ¢ = 0.02 for L = 10 My. These figures show that for sequences at least 1 kb long, whenever
202 Spikes can be distinguished from strict clock-like evolution (k > kg), they can also be distinguished

2s  from the effects of temporal variations of the clock.

2« 4.2 Distribution of spikes along the genome: Insight into speciation modes

205 Since the seminal work of Zuckerkandl and Pauling (1962), standard models of molecular evolution
206 posit that substitutions accumulate through time at a constant rate known as the molecular clock. To
207 account for empirically observed departures from strict clock-like molecular evolution, it is common to
20s assume that the clock itself can vary through time (relaxed clock).

299 In this paper, we have drawn inspiration from the punctuated equilibrium theory of trait evolution to
a0 propose an alternative way of accounting for non-clock-like molecular evolution. We have considered

a1 two unconventional hypotheses:

a0 1. Sporadically across the phylogeny, periods of fast accumulation of substitutions can occur, seen
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303 as instantaneous events at the macro-evolutionary scale called spikes;

304 2. Spikes co-occur with the speciation process.

a0 In contrast with relaxed clock models which rely on ad hoc assumptions agnostic to evolutionary
ss  processes, the spike model of molecular evolution is based on two bottom-up descriptions of molec-
a7 Ular evolution in relation to speciation: (i) ecological speciation with gene flow can result in the rapid
ws formation of genomic islands of differentiation; (ii) hybridization with a distant lineage can result in the
ss adaptive introgression of ancient genetic variation into the focal lineage.

310 Additionally, a subsequent distinctive feature of the spike model is that it draws information not
s only from the sequence alignment but also from the diversification process itself. Because spikes
sz Occur at speciation, clades which are more speciose are expected to be more prone to spikes.

a13 The two evolutionary processes putatively causing spikes can hypothetically be identified via two
aia  distinctive genome-wide signatures. In the case of ecological speciation, substitutions due to the
a5 Spike are localized in specific genomic regions (genomic islands) which can be detected for example
sis by scanning the genome in search for Fy; outliers (Seehausen et al., 2014). In the case of distant
a1z hybridization, the amplitude of the spike is expected to be approximately uniform among introgressed
ais  loci, equivalent to the effect of the gradual accumulation of substitutions during twice the divergence
ais  time between the donor and receiver lineages, which can also be assessed by genome scans (Osada
a0 and Wu, 2005). In the application of our method to venom proteins given here, only a couple of loci
s21 have been analyzed, preventing us from diagnosing the specific causes of the spikes inferred via
22 genome-wide signatures.

a2 In future work, the search for empirical evidence of spikes will include: (i) measuring the rate of
w2s  differentiation in typical genomic islands of speciation and (ii) measuring genetic distance between a
as typical allele introgressed from a distant lineage and the removed allele. These studies would give

w2s empirical estimates for the value of «.
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27 4.3 Evolution of snake venom proteins

s Venom is a key adaptation for many snakes that facilitates the capture and the predigestion of prey.
as  While the majority of the well-known venomous snakes are part of the Viperidae and Elapidae families,
o venoms seem to have originated earlier in squamate evolution, around 170 million years ago (Fry
st etal, 2012). Thus, snakes together with Anguimorpha (i.e., monitor lizards and alligator lizards) and
s lguania (i.e., iguanas, chameleons and agamid lizards) constitute the venom clade (Toxicofera) (Fig.
ws  5). According to this hypothesis, all members of this clade may be venomous to a certain degree.
sas  Non-venomous snakes still possess venom proteins, but lack a delivery method or harmful venom
ws  (Fry et al., 2012). Venom proteins evolved throughout the Toxicofera with a lot of evidence supporting
xs  positive selection (Zupunski and Kordi§, 2016), accelerated evolution (Siigur et al., 2001), shifts in the
a7 splicing site or in the reading frame due to small deletion or insertion (Doley et al., 2009) and large
ws effect mutations (Vaiyapuri et al., 2011).

339 Venoms are composed of several proteins able to attack biological pathways. A very recent study
ao  investigated the evolution of toxin combinations among snakes (Barua and Mikheyev, 2019). Despite
a1 some evidence supporting the convergent evolution of envenomation strategies that suggests the
a2 influence of ecological filtering, the variation in toxin component (transcriptome) was clustered into
as  three distinct adaptive optima and showed a clear association with phylogeny. These adaptive op-
aa  tima represent three distinct envenomation strategies. The Elapids’ venoms were dominated by TFTx
us  (three-finger toxin) proteins which damage the nervous system (Kini and Doley, 2010). Vipers’ ven-
aus  0ms were mainly dominated by either SVMP (snake venom mellanoprotease) proteins which cause
a7 hemorrhage and ischemia (Urs et al., 2014) or the combination of SVSP (snake venom serine pro-
us tease) and PLA2 (phospholipase A2) proteins which disrupt the haemostasis and promote cell lysis
as  respectively (Meier and Stocker, 1991; Nicolas et al., 1997). Colubrids’ venoms appeared to be the
a0 Most diverse in composition, employing all of the three different strategies.

ast While showing no spike for R35 (supplementary Fig. S1), suggesting a clock-like evolution of
w2 this gene used in molecular reconstruction, our model of evolution with spikes highlights previously

s described envenomation strategies by showing differential spiking patterns on toxin evolution among
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ssa  the Toxicofera (Fig. 5) reflecting differential selective pressures. The inferred spiking patterns suggest
ws  stronger selective pressure on the neurotoxin (CRISP) among Elapids and NFFC (non-front fanged
sss  colubrids) and on the hemotoxin (SVSP) among Viperids. These results are in line with the study

a7 described above which examined venom transcriptomes (Barua and Mikheyev, 2019).

s 4.4 Development opportunities

s The current implementation of the MCMC is only efficient enough to perform the exploratory tests
w0 Of the method that we presented in this paper. In its current state, it already takes about 1 or 2
st days to complete a 10%-step chain on a 50-leaf tree displaying a 2 kb alignment. This performance
w2 IS not compatible with genome-wide analyses that one should like to do in the future. First, spiking
ss  Signal from multiple loci would help locate spikes on the genome with more confidence. Second,
sss  variation of spike density across the genome and spike amplitudes across loci could help disentangle
ws the possible evolutionary causes of spikes (see section 4.2). The performance could be improved at
ws least in three ways. First, there is still room for more carefully designing the MCMC proposal in order
s7 to speed up the mixing of the chain. Second, one could use a compiled programming language and
ws rely on already available efficient implementations of likelihood computation for models of molecular
so  evolution (in popular softwares such as BEAST or RevBayes). Third, a genome-wide analysis can be
s done in two steps. A first step would consist in rapidly locating spikes affecting multiple loci thanks
st 10 a distance-based method, similarly as done by Tamura et al. (2012). The second step would be

a2 locus-specific and use an improved version of the MCMC presented here.

sz 4.5 Conclusion

aza  In recent years, a popular approach for uncovering the process of species diversification has relied
a5 0On lineage-based models where species are seen as particles that can give birth (speciation) or die
ars  (extinction) at rates possibly depending on time (Morlon et al., 2011; Stadler, 2011), species age
sz (Lambert and Stadler, 2013; Alexander et al., 2015), speciation stage (Etienne et al., 2014; Lambert
ars et al., 2015), clade and number of co-occurring species within clade (Etienne et al., 2011; Rabosky

as et al., 2014), a known (Maddison et al., 2007) or unknown (Beaulieu and O’Meara, 2016) trait. The
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s Mmethods associated with these models have been widely applied to large scale phylogenies to infer
a1 past diversification, to estimate diversification rates and to characterize how these rates depend on
sz the aforementioned variables.

a8 On the other hand, the novel field of speciation genomics has made progresses on our under-
sse  Standing of the trace left by the speciation process on genomes and conversely on the inference of
ss modes of speciation from genomic data (Feder et al., 2013; Seehausen et al., 2014; Roux et al., 2016;
ss  Meier et al., 2017b).

ag7 These two classes of methods have specific benefits and shortcomings. The first class of methods
s can handle the information on phylogenetic relationships between many species but relies on the
s knowledge of a single phylogeny, which can result in problems of identifiability and false positive
a0 associations between traits and rates (Rabosky and Goldberg, 2015; Moore et al., 2016; Louca and
a1 Pennell, 2019). The second class of methods can handle the information coming from whole-genome
sz Sequences but usually only restricted to a handful of species. We believe that modern approaches will
sss  combine these two classes of methods thanks to models coupling the processes of diversification and
aa  Of molecular evolution and to methods drawing on both large-scale phylogenies and on the rich signal
ass contained in their genomes. We hope that the present work will pave the way for such approaches
wes (see also Tank et al., 2015; Marin et al., 2019).

ag7 We have argued here that two specific modes of speciation should leave a characteristic signature
ass  ON genomes: ecological speciation with gene flow (localized spikes with varying amplitudes) and
ao  hybridization with a distant lineage (sparsely distributed spikes of uniform amplitude). To use directly
w0 Sequences as witnesses of the diversification process, we will need in the future additional general

w01 hypotheses of this sort and scalable inference methods capable of testing them.

w2 5 MATERIAL & METHODS

sz 5.1 Inference on simulated data

«¢«  We performed tests of the inference method on simulated datasets under known parameter values,

ws and assessed our ability to retrieve those parameters using our inference protocol. Because the pa-
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ws rameter space is huge and each run of the MCMC takes time, we restricted ourselves to manually
w7 Chosen parameter values, and varied one parameter at a time (Table 1). For each parameter combi-
w8 nation, (A, d,v, a, 8, k), we used our code to simulate one dataset (a reconstructed spiked tree, and
w9 an alignment evolving on it), and estimated the marginal posterior distribution of the parameter under
a0 scrutiny. We fixed f = 1 in all these analyses. We fixed the time of origin 10 units of time in the past,
a1 and simulated sequences of length 2 kb. On each dataset, the MCMC is run for 10° generations, and
«2 a burn-in of 3 10° generations is discarded to estimate the posterior probability. Results are reported
s in Fig. 3.

a1 We performed another set of analyses in order to assess when the amplitude « of spikes is large
a5 enough for the spikes to be detected. For these analyses we varied « while holding other parameters
as  constant. These analyses are described below, corresponding to the case when e = 0, and the results

s7  are reported in Fig. 3.

sz 5.2 Robustness to model misspecification

s We tested how heterotachy, i.e., variation in lineage substitution rates across lineages, affects our
w20 inference method. We model this variation with a one-parameter relaxed clock, where each branch
w1 length L of the reconstructed tree is replaced by L(1 + ¢) where ¢ is sampled independently in each
«22 branch from the uniform distribution on [—e, +€].

423 The robustness to model misspecification is expected to depend both on the level of heterotachy
w24 (value of €) but also on other model parameters. For simplicity, we only varied the parameter ¢ €
w5 {0.0,0.1,0.2,0.3,0.4} and the amplitude of spikes « € {0.03,0.04,...,0.13}. We first simulated a
w2 Spiked tree with A =1,d =0.8, f =1 and v = 0.1. We fixed this reference tree, harboring 32 tips and
w27 4 spikes. For each parameter combination (e, ), we simulated corresponding alignments of 2 kb with
w2 a=0.02and 8 = 0.03.

429 Next, we tested the ability of the MCMC algorithm to sample from the posterior distribution, know-
w0 ing the alignment at the tips of the tree and the tree for each parameter combination. We checked for

w1 convergence (ESS scores), and averaged and rounded the number of spikes at each node over the
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w2 whole distribution after a burn-in of 1,000 generations (out of 50,000 generations).

s 5.3 Snake venom proteins evolution

ws  We evaluated the spiking pattern of two proteins, SVSP (snake venom serine protease) and CRISP
w5 (cystein-rich secretory protein), involved in different envenomation strategies among the Toxicofera
ws  (Barua and Mikheyev, 2019). We retrieved the alignments of SVSP and CRISP for 46 and 53 species
w7 Of snakes respectively from Perry et al. (2018). These two genes were available in a single copy
ws  (orthologous sequences) for most of the species (80%) (see Perry et al., 2018). When there were
wo  several copies, we selected orthologous sequences using a phylogenetic criterion. Sequences cor-
w0 rectly located in their family clade according to a maximum likelihood analysis (Perry et al., 2018) were
w1 kept and phylogenetically misplaced sequences were discarded. We thus obtained a single copy of
w2 each gene for each species.

443 Gaps and codons containing undefined bases were removed from the alignments. After correcting
«s  for synonyms (supplementary table S1), calibrated trees were downloaded from the timetree database
ws  (http://www.timetree.org/) (Kumar et al., 2017). We assessed the sampling fraction of each family,
s Using taxonomic information from the Reptile Database (Uetz et al., 2019), from which we deduced
«7 the global sampling fraction used in our analyses (parameter f). The final data set (alignments and
ws  corresponding timetrees) comprised 46 sequences of 348 bp (of which 286 sites were variable) for
«s  SVSP and 53 sequences of 477 bp (of which 347 sites were variable) for CRISP. Additionally, we
w0 downloaded 37 R35 (Orphan G protein-coupled receptor R35) sequences of 519 bp (of which 281
w1 sites were variable) from GenBank (supplementary table S3). The R35 sequence alignment was
2 performed with ClustalW2 (Larkin et al., 2007) implemented in BioEdit (Hall et al., 2011) and then
i3 manually refined.

454 We used our model of molecular evolution with spikes to infer the spiking pattern of each gene
5 (CRISP, SVSP and R35). Because we studied coding sequences, we added the possibility to infer
s the molecular evolution parameters («, 8 and «) independently at each codon position in our code

7 (Supplementary material). To reach convergence we performed and combined 4 runs of 10,000,000
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s generations of the MCMC algorithm (ESS scores > 200, burn-in = 10,000).

459 ACKNOWLEDGMENTS

w0 The authors are grateful to Todd A. Castoe for providing them with the venom gene alignments. They
w1 thank Nicolas Lartillot, Tanja Stadler, Guillaume Achaz, Marie Manceau, Grégory Nuel, Ana C. Afonso
w2 Silva, Leandro Aristide, Laure Ségurel, Richard Durbin and Nicolas Vidal for fruitful discussions on the
w3 topic of the paper. AL, MM and JM thank the Center for Interdisciplinary Research in Biology (CIRB,
ws College de France) for funding. AL, HM and JM thank the LabEx MemoLife for funding (project

w5 “Genomics of species diversification”).

24


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

w6 REFERENCES

w7 Alexander, H. K., Lambert, A., and Stadler, T. 2015. Quantifying age-dependent extinction from

468 species phylogenies. Syst. Biol., 65(1): 35-50.

w9 Barton, N. H. and Charlesworth, B. 1984. Genetic revolutions, founder effects, and speciation. Annu.

470 Rev. Ecol. Syst., 15(1): 133-164.

a1 Barua, A. and Mikheyev, A. S. 2019. Many options, few solutions: over 60 million years snakes

472 converged on a few optimal venom formulations. Mol. Biol. Evol., 36(9): 1964—1974.

s Beaulieu, J. M. and O’Meara, B. C. 2016. Detecting hidden diversification shifts in models of trait-

a7 dependent speciation and extinction. Syst. Biol., 65(4): 583—601.

a5 Bokma, F. 2002. Detection of punctuated equilibrium from molecular phylogenies. J. Evolution. Biol.,

@ 15(8): 1048-1056.

7 Bokma, F. 2008. Detection of "punctuated equilibrium" by Bayesian estimation of speciation and
478 extinction rates, ancestral character states, and rates of anagenetic and cladogenetic evolution on

479 a molecular phylogeny. Evolution, 62(11): 2718-2726.

w0 Brower, A. V. Z. 2004. Comment on "molecular phylogenies link rates of evolution and speciation” (l1).

ast Science, 303(5655): 173-173.

w2 Butler, M. A. and King, A. A. 2004. Phylogenetic comparative analysis: a modeling approach for

483 adaptive evolution. Am. Nat., 164(6): 683-695.

s Doley, R., Mackessy, S. P,, and Kini, R. M. 2009. Role of accelerated segment switch in exons to alter

485 targeting (ASSET) in the molecular evolution of snake venom proteins. BMC Evol. Biol., 9(1): 146.

w6 Eldredge, N. and Gould, S. J. 1972. Models in Paleobiology, chapter Punctuated equilibria: an
487 alternative to phyletic gradualism, pages 82—-115. Schopf, Thomas J.M, san francisco: freeman

488 cooper edition.

25


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

wo Etienne, R. S., Haegeman, B., Stadler, T., Aze, T., Pearson, P. N., Purvis, A., and Phillimore, A. B.
490 2011. Diversity-dependence brings molecular phylogenies closer to agreement with the fossil

a9t record. Proc. R. Soc. B, 279(1732): 1300—1309.

w2 Etienne, R. S., Morlon, H., and Lambert, A. 2014. Estimating the duration of speciation from phylo-

493 genies. Evolution, 68(8): 2430—-2440.

wa Feder, J. L. and Nosil, P. 2010. The efficacy of divergence hitchhiking in generating genomic islands

as5 during ecological speciation. Evolution, 64(6): 1729—-1747.

ws Feder, J. L., Berlocher, S. H., Roethele, J. B., Dambroski, H., Smith, J. J., Perry, W. L., Gavrilovic, V.,
497 Filchak, K. E., Rull, J., and Aluja, M. 2003. Allopatric genetic origins for sympatric host-plant shifts

408 and race formation in Rhagoletis. Proc. Natl. Acad. Sci. USA., 100(18): 10314-10319.

w Feder, J. L., Flaxman, S. M., Egan, S. P,, Comeault, A. A., and Nosil, P. 2013. Geographic mode of

500 speciation and genomic divergence. Annu. Rev. Ecol. Evol. Syst., 44: 73-97.

so1  Felsenstein, J. 1973. Maximum-likelihood estimation of evolutionary trees from continuous characters.

502 Am. J. Hum. Genet., 25(5): 471-492.

sis Felsenstein, J. 1981. Evolutionary trees from DNA sequences: a maximum likelihood approach. J.

s« Mol. Evol., 17(6): 368-376.

ss Fitch, W. M. and Beintema, J. J. 1990. Correcting parsimonious trees for unseen nucleotide substitu-

506 tions: the effect of dense branching as exemplified by ribonuclease. Mol. Biol. Evol., 7(5): 438—443.

sz Fry, B. G., Casewell, N. R., Wister, W., Vidal, N., Young, B., and Jackson, T. N. W. 2012. The structural

508 and functional diversification of the Toxicofera reptile venom system. Toxicon, 60(4): 434—448.

ss  Gould, S. J. and Lewontin, R. C. 1979. The spandrels of San Marco and the Panglossian paradigm:

510 a critique of the adaptationist programme. Proc. R. Soc. Lond. B, 205(1161): 581-598.

st Hall, T., Biosciences, I., and Carlsbad, C. 2011. BioEdit: an important software for molecular biology.

512 GERF Bull. Biosci., 2(1): 60—-61.

26


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

under aCC-BY 4.0 International license.

Hansen, T. F. 1997. Stabilizing selection and the comparative analysis of adaptation. Evolution, 51(5):

1341-1351.

Ho, W.-C. and Zhang, J. 2018. Evolutionary adaptations to new environments generally reverse plastic

phenotypic changes. Nature Commun., 9(1): 350.

Kendall, D. G. 1948. On the generalized "birth-and-death" process. Ann. Math. Stat., 19(1): 1-15.

Kimura, M. 1980. A simple method for estimating evolutionary rates of base substitutions through

comparative studies of nucleotide sequences. J. Mol. Evol., 16(2): 111-120.

Kini, R. M. and Doley, R. 2010. Structure, function and evolution of three-finger toxins: Mini proteins

with multiple targets. Toxicon, 56(6): 855-867.

Kirkpatrick, M. and Barton, N. 2006. Chromosome inversions, local adaptation and speciation. Ge-

netics, 173(1): 419-434.

Kumar, S., Stecher, G., Suleski, M., and Hedges, S. B. 2017. TimeTree: a resource for timelines,

timetrees, and divergence times. Mol. Biol. Evol., 34(7): 1812—-1819.

Lambert, A. and Stadler, T. 2013. Birth—death models and coalescent point processes: The shape

and probability of reconstructed phylogenies. Theor. Popul. Biol., 90: 113—-128.

Lambert, A., Morlon, H., and Etienne, R. S. 2015. The reconstructed tree in the lineage-based model

of protracted speciation. J. Math. Biol., 70(1-2): 367-397.

Landis, M. J. and Schraiber, J. G. 2017. Pulsed evolution shaped modern vertebrate body sizes.

Proc. Natl. Acad. Sci. USA., 114(50): 13224—13229.

Landis, M. J., Schraiber, J. G., and Liang, M. 2013. Phylogenetic analysis using Lévy processes:

finding jumps in the evolution of continuous traits. Syst. Biol., 62(2): 193—204.

Larkin, M. A., Blackshields, G., Brown, N. P, Chenna, R., McGettigan, P. A., McWilliam, H., Valentin,
F., Wallace, I. M., Wilm, A., and Lopez, R. 2007. Clustal W and Clustal X version 2.0. Bioinformatics,

23(21): 2947-2948.

27


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

s Lartillot, N., Phillips, M. J., and Ronquist, F. 2016. A mixed relaxed clock model. Phil. Trans. R. Soc.

538 B, 371(1699): 20150132.

s Lepage, T., Bryant, D., Philippe, H., and Lartillot, N. 2007. A general comparison of relaxed molecular

540 clock models. Mol. Biol. Evol., 24(12): 2669—-2680.

s« Louca, S. and Pennell, M. W. 2019. Phylogenies of extant species are consistent with an infinite array

542 of diversification histories. BioRxiv, page 719435.

ss  Maddison, W. P., Midford, P. E., and Otto, S. P. 2007. Estimating a binary character’s effect on

544 speciation and extinction. Syst. Biol., 56(5): 701-710.

ss  Mallet, J., Besansky, N., and Hahn, M. W. 2016. How reticulated are species? BioEssays, 38(2):

546 140-149.

s« Marin, J., Achaz, G., Crombach, A., and Lambert, A. 2019. The genomic view of diversification.

548 bioRxiv, page 413427.

s0  Marques, D. A., Meier, J. I., and Seehausen, O. 2019. A combinatorial view on speciation and adaptive

550 radiation. Trends Ecol. Evol., 34(6): 531-544.

ssi  Mayr, E. 1982. Processes of speciation in animals. Mechanisms of Speciation, pages 1-19.

sz Mayr, E., Huxley, J., Hardy, A. C., and Ford, E. B. 1954. Evolution as a process. Allen and Unwin,

553 London, page 105.

ssa  Meier, J. and Stocker, K. 1991. Effects of snake venoms on hemostasis. Cr. Rev. Toxicol., 21(3):

555 171-182.

s Meier, J. ., Marques, D. A., Mwaiko, S., Wagner, C. E., Excoffier, L., and Seehausen, O. 2017a.

557 Ancient hybridization fuels rapid cichlid fish adaptive radiations. Nature Commun., 8: 14363.

s Meier, J. |, Sousa, V. C., Marques, D. A., Selz, O. M., Wagner, C. E., Excoffier, L., and Seehausen,
559 0. 2017b. Demographic modelling with whole-genome data reveals parallel origin of similar Pun-

560 damilia cichlid species after hybridization. Mol. Ecol., 26(1): 123-141.

28


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

ss1  Moore, B. R., H6hna, S., May, M. R., Rannala, B., and Huelsenbeck, J. P. 2016. Critically evaluating
562 the theory and performance of Bayesian analysis of macroevolutionary mixtures. Proc. Natl. Acad.

563 Sci. USA., 113(34): 9569-9574.

s« Morlon, H., Parsons, T. L., and Plotkin, J. B. 2011. Reconciling molecular phylogenies with the fossil

565 record. Proc. Natl. Acad. Sci. USA., 108(39): 16327—16332.

ses  Navarro, A. and Barton, N. H. 2003. Chromosomal speciation and molecular divergence—accelerated

567 evolution in rearranged chromosomes. Science, 300(5617): 321-324.

s Nee, S., May, R. M., and Harvey, P. H. 1994. The reconstructed evolutionary process. Philos. T. Roy.

569 Soc. B., 344(1 309): 305-311.

so  Nicolas, J.-P, Lin, Y., Lambeau, G., Ghomashchi, F., Lazdunski, M., and Gelb, M. H. 1997. Localiza-
571 tion of structural elements of bee venom phospholipase A2 involved in N-type receptor binding and

572 neurotoxicity. J. Biol. Chem., 272(11): 7173-7181.

s Orr, H. A. 1997. Haldane’s rule. Annu. Rev. Ecol. Syst., 28(1): 195-218.

s Osada, N. and Wu, C.-I. 2005. Inferring the mode of speciation from genomic data: a study of the

575 great apes. Genetics, 169(1): 259-264.

s Pagel, M., Venditti, C., and Meade, A. 2006. Large punctuational contribution of speciation to evolu-

577 tionary divergence at the molecular level. Science, 314(5796): 119-121.

s Peichel, C. L. and Marques, D. A. 2017. The genetic and molecular architecture of phenotypic diversity

579 in sticklebacks. Phil. Trans. R. Soc. B, 372(1713): 20150486.

sso  Pennell, M. W., Harmon, L. J., and Uyeda, J. C. 2014. Is there room for punctuated equilibrium in

581 macroevolution? Trends Ecol. Evol., 29(1): 23-32.

s2  Perry, B. W., Card, D. C., McGilothlin, J. W., Pasquesi, G. . M., Adams, R. H., Schield, D. R., Hales,
583 N. R., Corbin, A. B., Demuth, J. P, Hoffmann, F. G., Vandewege, M. W., Schott, R. K., Bhat-

584 tacharyya, N., Chang, B. S. W., Casewell, N. R., Whiteley, G., Reyes-Velasco, J., Mackessy, S. P,,

29


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

585 Gamble, T., Storey, K. B., Biggar, K. K., Passow, C. N., Kuo, C.-H., McGaugh, S. E., Bronikowski,
586 A. M., Koning, D., Jason, A. P., Edwards, S. V., Pfrender, M. E., Minx, P., Brodie, E. D., Brodie,
587 E. D., Warren, W. C., Castoe, T. A., and O’Connell, M. 2018. Molecular adaptations for sensing and
588 securing prey and insight into amniote genome diversity from the garter snake genome. Genome

s Biol. Evol., 10(8): 2110—2129.

so Rabosky, D. L. and Goldberg, E. E. 2015. Model inadequacy and mistaken inferences of trait-

591 dependent speciation. Syst. Biol., 64(2): 340-355.

s2 Rabosky, D. L., Grundler, M., Anderson, C., Title, P., Shi, J. J., Brown, J. W., Huang, H., and Larson,
593 J. G. 2014. BAMM tools: an R package for the analysis of evolutionary dynamics on phylogenetic

594 trees. Methods Ecol. Evol., 5(7): 701-707.

ss Roux, C., Fraisse, C., Romiguier, J., Anciaux, Y., Galtier, N., and Bierne, N. 2016. Shedding light
59 on the grey zone of speciation along a continuum of genomic divergence. PL0oS Biol., 14(12):

597 e2000234.

s¢ Rundle, H. D. and Nosil, P. 2005. Ecological speciation. Ecol. Lett., 8(3): 336—352.

s Seehausen, O., Terai, Y., Magalhaes, I. S., Carleton, K. L., Mrosso, H. D., Miyagi, R., Van Der Sluijs,
600 I, Schneider, M. V., Maan, M. E., and Tachida, H. 2008. Speciation through sensory drive in cichlid

601 fish. Nature, 455(7213): 620.

sz  Seehausen, O., Butlin, R. K., Keller, I., Wagner, C. E., Boughman, J. W., Hohenlohe, P. A., Peichel,
603 C. L., Saetre, G. P, Bank, C., and Brannstrém, A. 2014. Genomics and the origin of species. Nature

604 reviews. Genetics, 15(3): 176—192.

s Siigur, E., Aaspdllu, A., and Siigur, J. 2001. Sequence diversity of Vipera lebetina snake venom gland
606 serine proteinase homologs—result of alternative-splicing or genome alteration. Gene, 263(1-2):

607 199-203.

wes Stadler, T. 2011. Mammalian phylogeny reveals recent diversification rate shifts. Proc. Natl. Acad.

608 Sci. USA., 108(15): 6187-6192.

30


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

e0 Tamura, K., Battistuzzi, F. U., Billing-Ross, P., Murillo, O., Filipski, A., and Kumar, S. 2012. Estimating
611 divergence times in large molecular phylogenies. Proc. Natl. Acad. Sci. USA., 109(47): 19333-

612 19338.

e Tank, D. C., Eastman, J. M., Pennell, M. W., Soltis, P. S., Soltis, D. E., Hinchliff, C. E., Brown, J. W.,
614 Sessa, E. B., and Harmon, L. J. 2015. Nested radiations and the pulse of angiosperm diversifica-
615 tion: increased diversification rates often follow whole genome duplications. New Phytol., 207(2):

616 454-467.

ez Uetz, P, HoSek, J., and Freed, P. 2019. The Reptile Database [http.//www. reptile-database. org].

ets  Urs, N. A. N., Yariswamy, M., Joshi, V., Nataraju, A., Gowda, T. V., and Vishwanath, B. S. 2014.
619 Implications of phytochemicals in snakebite management: present status and future prospective.

620 Toxin Rev., 33(3): 60-83.

e Vaiyapuri, S., Wagstaff, S. C., Harrison, R. A., Gibbins, J. M., and Hutchinson, E. G. 2011. Evo-
622 lutionary analysis of novel serine proteases in the venom gland transcriptome of Bitis gabonica

623 rhinoceros. PLoS one, 6(6): e21532.

e Vidal, N., Delmas, A.-S., David, P, Cruaud, C., Couloux, A., and Hedges, S. B. 2007. The phylogeny
625 and classification of caenophidian snakes inferred from seven nuclear protein-coding genes. CR.

626 Biol., 330(2): 182—-187.

ez  Webster, A. J., Payne, R. J. H., and Pagel, M. 2003. Molecular phylogenie link rates of evolution and

628 speciation. Science, 301(5632): 478—-478.

e Witt, C. C. and Brumfield, R. T. 2004. Comment on "molecular phylogenies link rates of evolution and

630 speciation” (l). Science, 303(5655): 173—173.

sr Wolf, J. B. and Ellegren, H. 2017. Making sense of genomic islands of differentiation in light of

632 speciation. Nat. Rev. Genet., 18(2): 87.

s Xie, X., Michel, A. P, Schwarz, D., Rull, J., Velez, S., Forbes, A. A., Aluja, M., and Feder, J. L.

31


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

634

635

636

637

638

639

640

641

642

643

under aCC-BY 4.0 International license.

2008. Radiation and divergence in the Rhagoletis pomonella species complex: inferences from

DNA sequence data. J. Evolution. Biol., 21(3): 900-913.

Yamazaki, Y. and Morita, T. 2004. Structure and function of snake venom cysteine-rich secretory

proteins. Toxicon, 44(3): 227-231.

Yeaman, S. 2013. Genomic rearrangements and the evolution of clusters of locally adaptive loci.

Proc. Natl. Acad. Sci. USA., 110(19): 1743-1751.
Zhang, J. 2018. Neutral theory and phenotypic evolution. Mol. Biol. Evol., 35(6): 1327—1331.

Zuckerkandl, E. and Pauling, L. 1962. Horizons in Biochemistry, chapter Molecular disease, evolution

and genetic heterogeneity. Academic Press, New York.

Zupunski, V. and Kordi§, D. 2016. Strong and widespread action of site-specific positive selection in

the snake venom Kunitz/BPTI protein family. Sci. Rep., 6: 37054.

32


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

645 Figure 1: Evolutionary processes causing spikes. (a) Genomic islands formation during ecological
e Speciation with gene flow. Gray sticks represent chromosomes within a population, harboring differ-
ez ent alleles (different colors). The dashed ellipses represent two ecologically divergent niches and the
s arrows indicate gene flow. Genomics islands are delimited by the black rectangles. (b) Introgression
so from distant lineages. New combinations of alleles between distant lineages lead to rapid speciation
es0 and adaptive radiation. Gray tubes represent the species tree, and black lines the gene tree for one
st sampled gene. Each circle represents an individual from each lineage, and the sticks their genome
ez With a different combination of alleles (different colors). Arrows represent introgression from a lineage
ess  With extant and sampled descent (orange) or no sampled descent (red).

654

655 Figure 2: Punctuated model of molecular evolution. Spikes of mutations (green dots) happen
e at speciation events during the evolution of a clade represented by a phylogenetic tree (A); On the
es7 reconstructed phylogeny (B) these spikes occur at nodes, or along branches when one of the two
e daughter lineages did not leave any sampled descendant.

659

660 Figure 3: Parameter estimation on a unique dataset simulated under known parameter values.
et The red dot is the median of the posterior, and the black line represents the 95% envelope of the
sz posterior. Simulated trees in these datasets displayed between 12 and 66 tips and the alignments
ess  Were 2 kb long.

664

665 Figure 4: Spike detection accuracy. For a simulated tree with 32 tips and 4 spikes we report (a)
es the number of these spikes that are detected by the method (true positives) and (b) the number of
ez Spikes that are inferred although they did not occur in the simulation (false positives). In (c), the re-
ess constructed tree with spikes for k = 0.06 and € = 0.1 (with « the substitution probability at a spike and
eo € the amplitude of heterotachy). In (d), the reconstructed tree with spikes for x = 0.06 and € = 0.4.

670

671 Figure 5: Mutational spikes of snake venom proteins. Spikes were inferred on the venom clade,

33


https://doi.org/10.1101/852343
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/852343; this version posted November 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available

672

673

674

675

676

677

under aCC-BY 4.0 International license.

encompassing among others Iguanidae, Varanidae, and Serpentes, for the CRISP (A) and SVSP (B)
proteins. Black dots represent spikes, always placed on their mother node even if they occur along
a branch. Numbers indicate the total number of spikes either occurring at the corresponding node
or along its descending branch, averaged over the MC chain. NFFC: Non front-franged colubrids, P:

Pythonidae, A: Anguidae, H: Helodermatidae, |: lguanidae.
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Parameters A d v o B8 K

Values 09 05 0.1 0.010 0.020 0.04

1.0 0.6 0.2 0.015 0.025 0.06

1.2 08 04 0.025 0.085 0.10

1.3 09 05 0.030 0.040 0.12

Table 1: Parameter values tested. Underlined values correspond to the ones that are fixed when
varying the values of another column. For example, we simulated 5 trees and associated alignments

with lambda ranging from 0.9 to 1.3 and d, v, «, 8 and « fixed to the underlined values.

Gene o1 s o3 b1 B2 B3 K1 K2 K3

CRISP 0.00048 0.00044 0.00047 0.00023 0.00021  0.00023 0.05026 0.03503 0.05042
SVSP  0.00039 0.00019 0.00043 0.00020 9.473e-05 0.00022 0.06512 0.05911 0.05309

R35  0.00029 0.00019 0.00074 6.529e-05 4.158e-05 0.00016 / / /

Table 2: Basal substitution rates per codon position (a1, as, as, 51, B2 and B3) and substitution
probability per codon position at a spike (<1, k2 and k3). We did not report substitution probabilities

at a spike for R35 because no spike was detected for this gene.
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Figure 1
A) Ecological speciation B) Introgression from distant lineages
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A) Spikes correctly inferred

Figure 4

C) Example of a posterior distribution of spikes (low €)
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Figure 5

A) CRISP (cysteine-rich secretory protein)
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78 SUPPLEMENTARY MATERIAL

oo A MCMC IMPLEMENTATION

eo  We describe here the design of the initialization of the chain, and the movement proposal, in the

et MCMC aimed at sampling our posterior probability.

ez A.1 Initialization of the chain

sss  Without prior knowledge on parameter values, we initialize them by drawing from their prior distribu-
es tions. The initialization of the spike configuration is done more carefully, by annotating branches on
ess Which there are more substitutions than expected in order to tune an appropriate initial distribution g.
686 We call D, .,, the random variable counting the number of sites that are in a different state at two

ee7  extremities wy and wo of a branch. More precisely, we wish to compare
688 1. The expected number of differences on the branch, E(D,,, ., )-
689 2. The expected number of differences conditional on present-day data, E(D.,, «, | A).

69 The first quantity is derived analytically from the knowledge of the substitution model, while the
et Second one is numerically computed through two depth-first traversals of the tree, as outlined in
ez Friedman et al. (2002). In a first postorder traversal, we compute the probability of nucleotide states
es at the two ends of each branch, conditioned on the states of the tips subtended by that branch.
e« INn a second preorder traversal, we compute the probability of nucleotide states at the two ends of
es each branch, conditioned on the states of all the tips of the tree. Summing over the sequence the
s probabilities that nucleotides are different at the two ends of a branch gives E(D,,, ., | A).

We measure the difference between the two quantities, informing us on the departure from what

we would expect in the absence of spike

E(Dw17w2 | A) _ E(leywz)
Var(Duy, w,)

T =

When z is large, we want to place a spike with higher probability along the branch. We chose to
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place a spike on a branch with a probability I(x), where [ is the logistic function

1
@) =15

We further chose ¢ such that, as soon as z is large enough (e.g., we took = > 1.96, but any value

of the same magnitude could be chosen), there is a probability I(z) > v to place a spike. This gives

us,

1—v
v

l(v)=v <= c=¢"

697 Because in the model spikes can occur at a node of the reconstructed phylogeny and also inside
es branches (at ‘hidden’ nodes), we would like g to have the same behavior. We assume that g is the
s convolution of a Bernoulli distribution with parameter () and a Poisson distribution with parameter ¢

70 defined in main text, Equation (1).

o1 A.2 Movement proposal

72 We now describe the movement proposal, aimed at drawing a new state (S, N, d’, v/, /', o/, 8’) from
73 @ previous state (S, A\, d, v, k, a, §) at each step of the chain.

704 First, we chose not to change the full state at each step. We rather change only the following
75 subsets with probabilities 1/8: (A, d), (v, k), (o, B), (N, d,v, k), (A, d,a, B), (v, k, e, B), (\,d,v, K, a, ),
706 OF S.

707 When they are changed, each of the 6 real parameters X', d’, v/, ', o/, 8’ will be drawn in a Gaus-
78 sian distribution centered respectively on A, d, v, , a, 3, with a specific variance and conditioned on

79 Staying in a specific interval.

710 e Parameters )\, d are conditioned on staying in (0, 5) and their Gaussian has variance 0.5.

m e Parameters v, x are conditioned on staying in (0, 1) and their Gaussian has variance 0.1.

712 e Parameters «, 8 are conditioned on staying in (0, 0.1) and their Gaussian has variance 0.01.

713 Last, the following law governs the transition from the spike configuration S to another configura-
ne tion &',
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1. If S has ns > 0 spikes, then:
(a) With probability 0.05, a number U of spikes are deleted chosen uniformly among all spikes,
where U is uniform in (1, n,).
(b) With probability 0.95 a number 1 + P of spikes is added to the tree, uniformly among all
nodes, where P is a Poisson random variable with parameter 1.

2. Otherwise, only the previously described addition of spikes is performed.

This ends the description of the movement proposal, which determines the mixing efficiency of
the MCMC. Note that our operator depends on parameters that can be chosen by hand so as to
achieve a faster convergence: (i) the probabilities to change each parameter can be adjusted so as
to ensure that each parameter on average moves as often as others, (ii) variances of the Gaussian
distributions adjust the size of the steps for the new parameter set, and (iii) the parameter of the

Poisson distribution as well as the propensity to add or remove spikes can also be tuned.

A.3 Structure of the code

The code used in this study is freely available in the GitLab repository https://gitlab.com/MMarc/spike-
based-clock/. It is written in Python and organized in the following core / accessory / test files.

Core files are:

nt.py contains all functions handling nucleotides, sequences, and alignments.

evolmol.py contains the description of the model of molecular evolution used here, namely, K80.

evoltree.py contains all necessary functions to simulate molecular evolution along a tree, or compute

the probability density of an alignment having evolved along a tree.

tree.py contains functions simulating birth-death trees and computing the probability density of birth-

death trees.

spike.py contains functions for simulating spikes along a tree, as well as moving spikes according to

different schemes during the MCMC implementation.
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mcmece.py is probably the most important file, or at least the one that people might be the most
interested in modifying. It contains two MCMC implementations: the first one considering that
all nucleotides along the sequence evolve identically, and the second one considering that the
first, second and third position of a codon evolve with different parameters. The initialization,

moves, and priors could be changed according to the problem under study.

Accessory files are:

graphics.py contains a few graphic functions to display spikes along trees, and to graphically analyze

the MCMC outputs.

export.py which allows one to average spikes at each node, over the posterior.

Test files are:

try_inferencesOnSimulations.py to run a MCMC on a simulated dataset.

CRISP_ordered.fasta the alignment of CRISP sequences.

try_CRISP_3pos.py to run a MCMC on the CRISP dataset.
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72 B QUANTIFYING THE ABILITY TO DETECT SPIKES

73 In this section we aim to give a rule of thumb on the model parameters to indicate when the effect
7 Of spikes can be distinguished from the stochasticity of clock-like substitutions and from temporal
75  variations of the molecular clock.

Let us focus on a single branch of length L and assume as in the main text that the molecular
clock M on this branch is equal to © = « + 24 plus some random variation eu, where e is uniformly
distributed in [—¢, +¢€] (which is equivalent to assuming uncertainty on branch length, as done in
Material & Methods). If we assume the presence of one single spike on this branch (either at the
mother node or inside the branch), then the number of mutations accumulated on the branch is the
sum of S and C, where S is the number of mutations due to the spike and C the number of mutations
due to the clock. If NV denotes the total number of target sites, then S is binomial with parameters
N and k and C' is Poisson with parameters M N L (conditional on M, which is itself random). The
stochastic effects of S and C can be discriminated if S + C is statistically different of C, that is, if the
mean «N of S is large compared to both the standard deviations of S and C, hereafter denoted o¢
and o¢ respectively. More specifically, since S and C are Binomial and Poisson variables respectively,
a CLT (central limit theorem) approximation applies and our criteria for identifiability of spike vs clock
effects read

kN >1.96 o5 (6)

and
KN > 1.96 oc. 7)

Standard computations yield

ot = E(C?) — p’L*N?
and because conditional on M, C' is Poisson with parameter M LN,

E(C?) = E(E(C?*|M)) = E(MLN + M*L*N?).
Now E(M) = pand E(M?) = u? + €214%/3, so we get
2
0% = uLN + %u2L2N2.
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On the other hand,

0% = Nk(1 — k) = Nk.

So Criterion (6) is equivalent to having kN > 1.96 o5, wWhich is equivalent to kN > (1.96)2, that is

kN > 3.84. On the other hand, Criterion (7) reads

2
KN > 1.96 \/MLN + %;BL?N?. (8)

In effect, one must at least have kN > 1.96\/uLN to enforce statistical inference of spikes when the

clock is strict (e = 0). This last inequality reads « > g, where

Ko = 1.96 A/ %, (9)

When ¢ # 0, (8) implies to have at least kN > 1.96,/ %;RL?N?, which reads ¢ < ¢, where

K
€0=088 . (10)

In a geometric Brownian motion model of relaxed clock, the substitution rate varies through time like
u(t) = ue®Bt, where B is a standard Brownian motion. Then for small L, writing (L) ~ u(1 + o Bp),
the variance of C becomes

0% = uLN + p?c*L3N2.
The same reasoning as previously leads to the following criterion for o required for variations of the
molecular clock to not blurr the spike signal:

K

<1.
0_196ML3/2,

or equivalently

K2 2 2
ﬁZO.ZG,uU . (12)
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