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Background: Understanding drivers of animal biodiversity has been a longstanding aim in evolutionary biology.
Insects and fishes represent the largest lineages of invertebrates and vertebrates respectively, and consequently many
ideas have been proposed to explain this diversity. Natural enemy interactions are often important in diversification
dynamics, and key traits that mediate such interactions may therefore have an important role in explaining organis-
mal diversity. Venom is one such trait which is intricately bound in antagonistic coevolution and has recently been
shown to be associated with increased diversification rates in tetrapods. Despite ~ 10% of fish families and ~ 16% of
insect families containing venomous species, the role that venom may play in these two superradiations remains

Results: In this paper we take a broad family-level phylogenetic perspective and show that variation in diversifica-
tion rates are the main cause of variations in species richness in both insects and fishes, and that venomous families
have diversification rates twice as high as non-venomous families. Furthermore, we estimate that venom was present
in~10% and ~ 14% of the evolutionary history of fishes and insects respectively.

Conclusions: Consequently, we provide evidence that venom has played a role in generating the remarkable diver-
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Background

Biodiversity is unevenly spread across the tree of life,
with some groups being far more diverse than others [1,
2]. Understanding why some taxa have particularly high
species richness is an important step in revealing the
underlying patterns and processes governing the origin
and maintenance of biodiversity. At a broad level, the
accumulation of species richness in a lineage is a result
of two factors: (net) diversification rate (speciation rate
minus extinction rate) and age [3]. Both of these are
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inevitably going to play a role because, for a given diver-
sification rate, older taxa have had more time to accumu-
late species, whereas for a given age a clade with a higher
diversification rate will be producing more species in that
timeframe. Nevertheless, the relative influence of diversi-
fication rates and age on observed patterns of variation in
species richness appears to vary between clades and per-
haps with phylogenetic scale (e.g. [3-6]).

Although clade age is an independent factor in species
richness, diversification rates can in principle be influ-
enced by a range of organismal traits. Such traits can
influence diversification rates in a multitude of ways, but
two important forms are commonly discussed: dead end
traits [7, 80, 81], which evolve due to short term gains but
lead to increased extinction rates, and key innovations [7,
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82, 83]. The term ‘key innovation” has been inconsistently
defined, leading to some confusion, but most commonly
refers to a trait which increases the diversification rate of
the lineages which possess it [8]. Key innovations are typ-
ically expected to operate by increasing ecological oppor-
tunity, allowing further exploration of niche space and
inducing a greater probability of speciation, or in some
cases act as direct triggers of speciation [7].

Traits which are involved in natural enemy interac-
tions are prime candidates for key innovations [9, 10].
This is due in part to Ehrlich and Raven’s [11] idea that
natural enemies act as strong ecological constraints on
diversification. The ability of each party to ‘break’ those
constraints (e.g. by a novel defence mechanism or an
adaptation to dealing with formidable prey that is diffi-
cult to subdue) should therefore be associated with niche
expansion into an adaptive zone of ‘enemy-free space!
This concept has subsequently been called ‘escape-and-
radiate’ coevolution [12] and is the primary explanation
for why antagonistic coevolutionary arms races may pro-
mote speciation, and consequently diversification.

Animal venoms are emerging as a potential key adap-
tation across a wide range of taxa. Under the idea of
escape-and-radiate dynamics this is perhaps not surpris-
ing since antagonistic coevolution is a unifying feature
of all venoms [13]. Moreover, previous empirical studies
have found that venom is associated with increased diver-
sification in tetrapods [14] and that a venomous genus of
blenny (fang blennies, Meiacanthus) experienced a rapid
upshift in diversification rate [15]. Nevertheless, Blan-
chard and Moreau [16] found that venomous stings in
ants were associated with reduced diversification rates,
likely as a result of trade-offs with other defensive traits
which increased diversification. Furthermore, although
dealing with poison rather than venom, we previously
demonstrated decreased diversification rates despite
increased speciation rates (via increased extinction rates)
in poisonous amphibians [17]. Hence, it is important to
evaluate the generality of the predicted relationship of
increased diversification in venomous animals, since
escape-and-radiate dynamics leading to increased specia-
tion rates may not be realised in net diversification rates
due to trade-offs or altered extinction rates.

Insects and fishes represent the most species-rich
lineages of invertebrates and vertebrates respectively,
containing~1 million (~75%) described species of
invertebrates and 31,269 (48%) described species of ver-
tebrates [2]. We note that we have considered ‘fishes’
to be a distinct lineage for the purposes of this paper
despite tetrapods being nested within this group. How-
ever, although fishes are not a clade, but rather a grade
of non-tetrapod vertebrates, they are highly ecologi-
cally distinct from tetrapods and as such it is common

Page 2 of 12

for macroevolutionary studies to consider such groups
separately from their nested (but highly ecologically
divergent) clades [e.g. 73-75]. Moreover, some of the
questions we test here have already been examined in
tetrapods and we wish to understand how general the
answers are beyond this group. Notably, compared to the
tetrapods and other groups which have previously been
studied in the context of venom-associated diversification
rates (as discussed above), the large phylogenetic scale of
both insects and fishes has the potential to uncover older
origins of venom. This could be important because the
molecular evolution of the toxins within animal venoms
has been shown to follow a ‘two-speed’ model [76]. In
this model, relatively rapid adaptive evolution of venom
toxins occurs soon after the origin of venom which diver-
sifies the venom composition, followed by slower rates
of toxin evolution which maintains the molecular com-
position of venom. Hence, it is possible that arms races
and related coevolutionary explanations for venom-asso-
ciated diversification become less effective at promoting
diversification in older lineages where rates of molecular
evolution are slower.

Due to the remarkable species diversity of fishes and
insects, researchers have proposed several factors that
may have increased diversification rates in these groups
(but note that since fishes have a similar species richness
to tetrapods, yet are older, they may not necessarily have
increased diversification rates compared to tetrapods).
For insects, most explanations have revolved around the
role of herbivory [18], metamorphosis [19, 20], wings/
flight [19], and the general insect body plan [19]. Of those
the clearest support has been found for a role of her-
bivory and metamorphosis, with a more complex role for
wings that involve effects on both speciation and extinc-
tion rates [19]. In contrast, proposed factors increasing
diversification rates of fishes have been related to habi-
tat, finding faster diversification rates in freshwater fish
[21] (but see [22]), reef fish [21], and pelagic (cf. benthic)
freshwater habitats [23].

Notwithstanding the proposed influences on diversi-
fication rate above, the potential role of venom in con-
tributing to the great diversity of fishes and insects has
not yet been investigated. This is despite many fishes
and insects being venomous and in both groups venom
is thought to have arisen multiple times independently
[13, 24-26]. Fish venoms have evolved, with few excep-
tions, in a defensive role and their venoms typically cause
extreme pain resulting from both direct and indirect (via
cytolytic effects) toxic actions [26, 27]. Insect venoms are
also commonly defensive, including the painful enveno-
mations from clinically important groups such as social
hymenopterans and lepidopterans [28, 29], but in many
groups function primarily in feeding [13, 25]. As with
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all venoms, fish and insect venoms are tightly linked to
coevolutionary interactions such as predator—prey rela-
tionships. Following the discussion above, this may lead
to impacts on diversification rates that could contribute
towards explaining the high species richness of fishes and
insects. Note that we neither claim nor expect venom to
provide the predominant explanation for the diversity
of these large groups. Diversification dynamics are the
result of many influences and we would only rarely (if
ever) expect a single factor to explain most of the varia-
tion in species richness of any large clade. Nevertheless,
as a role for venom in generating the diversity of insects
and fishes has not been tested, despite reasons to believe
it could have an influence, we aim to evaluate whether it
may have contributed to the observed species-richness.
In this paper, we take a broad, family-level, phyloge-
netic perspective to test whether venom has contributed
to the biodiversity of insects and fishes via increasing
diversification rate. Specifically, we first test whether
diversification rate (rather than clade age) is the main
determinant of species richness in these groups. Sec-
ond, we test whether the presence of venom is associated
with higher diversification rates. Third, we evaluate how
important any relationships may have been across the
evolutionary history of the lineages by testing how many
times venom has evolved in each group and how much
of their evolutionary history venom has been present for.

Methods

Data collection

We obtained family-level time-calibrated phylogenies
of insects and fishes from the TimeTree database [30].
Because fishes are not a monophyletic clade we first
downloaded a family-level phylogeny of Gnathosto-
mata and then pruned tetrapod families from the tree
in the R package ‘ape’ [31], resulting in a phylogeny of
chondrichthyan and (non-tetrapod) osteichthyan fish
families. These two phylogenies were used for all compar-
ative analyses herein. The phylogenies obtained from the
TimeTree database provided wide coverage of families
in both groups, but have the limitation that they include
some polytomies. We follow recent studies (e.g. [77]) in
addressing this by adding a small value to branch lengths
(0.5my) and then adjusting the branch lengths to ensure
the tree remains ultrametric using the force.ultrametric
function in the R package ‘phytools’ [57]. The impact of
polytomies in most comparative methods is still poorly
understood, but arbitrarily resolving them tends to lead
to inflation of rates of phenotypic evolution [78]. Never-
theless, such issues are likely of limited concern for diver-
sification analyses [78] and other studies have found that
small degrees of tree misspecification, including poly-
tomies, has limited impact on phylogenetic regression
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approaches [79]. Hence, although we acknowledge the
inherent limitations of polytomies herein, we believe that
our study should be reasonably robust to this problem,
especially with the combination of methods employed
that should be affected in different ways.

For each insect and fish family we collected data on
total species diversity from existing literature and bio-
diversity databases [21, 24, 32-36]. We also recorded
whether each family contained venomous species (as a
binary presence/absence variable) based on existing lit-
erature [24, 37-44]. The literature reviewed is typically
consistent in its consideration of which organisms are
venomous, and typically follows accepted definitions, e.g.
possessing “a secretion, produced in a specialised gland
in a target animal through the infliction of a wound...
which contains molecules that disrupt normal physiolog-
ical or biochemical processes so as to facilitate feeding or
defense by the producing animal” [45].

We note that our family-level data coding of venom
intrinsically assumes that all species of a family are either
venomous or non-venomous (but not a mixture of both).
We acknowledge that this is a limitation, as in previous
studies of fish venom such as [24] which stated that “if
the distribution of venom within a small clade that lacks
diagnosed subgroups (e.g., surgeonfishes in the genus
Acanthurus) was unclear because both venomous and
non-venomous forms have been noted, a range is given
(Supplementary Information)” We examine the robust-
ness to this potential issue by re-running all our models
on a reduced dataset excluding families with intrafamily
variation in venom presence. We report the results of
those analyses in Additional file 1: Table S3, and note
that they were consistent with the analyses we present
herein, perhaps unsurprising given that 96.1% (441/459)
of fish families and 99.7% (883/886) of insect families in
our data show no uncertainty in the sense that all mem-
bers of a given family are considered either venomous or
not. Hence, we acknowledge that this can be an issue in
principle, but believe our results are robust to the minor
deviations from our approach that appear to be present
in nature and reflects the standard classifications of ven-
omous groups in the literature. In essence, venom seems
to be more-or-less a family-level trait in the taxonomic
groups studied here (with a small proportion of excep-
tions) and so our coding approach is reasonable.

Finally, we extracted the stem ages of each family from
the TimeTree database to allow us to estimate diversifica-
tion rates for each family using the method-of-moments
estimator [46] implemented in ‘geiger’ v2.0.6.2 [47].
We provided the estimator function with the total spe-
cies richness of each family as the diversity of the clade.
We preferred stem ages to crown ages for two reasons:
(1) stem ages were available for all families but crown
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ages cannot be estimated for monotypic families and
are more susceptible to inaccuracies when basal lineages
within the family are poorly sampled; and (2) perhaps
in part for reasons related to point 1, simulation stud-
ies have found that diversification rates estimated from
stem ages are generally more accurate than those esti-
mated from crown ages [48]. The method-of-moments
estimator requires specification of relative extinction
rates (g), which are typically unknown. Consequently, fol-
lowing previous guidelines and usage (e.g. [46, 48]), we
estimated diversification rates assuming no extinction
(e=0), medium (e=0.5), and extremely high (¢ =0.9) rel-
ative extinction rates. Where we refer to ‘diversification
rates’ in descriptions of analyses we ran three sets (one
for each of our relative extinction rates), but in almost all
cases the results were qualitatively the same regardless of
which version we used, so we report only results based on
€=0.5 in the main paper and highlight when any results
differed from this. Model outputs from analyses using
assumptions of no and extremely high levels of extinction
are included in Additional file 1: Tables S1 and S2.

Analyses

To test whether clade age or diversification rate is more
important in generating the extant species richness of
insects and fishes we used phylogenetic linear regres-
sion as implemented in the R package ‘phylolm’ v2.6
[49]. We modelled log(species richness) as a function of
diversification rate, age (as a quadratic term to account
for non-linear effects of age on species richness [50]),
and venom. We included venom in these models to test
whether venom was more likely to evolve in bigger clades
after accounting for diversification rate and age. This
would indicate that venom may simply be associated
with species richness due to more species giving more
opportunities for venom to arise. For these models, and
all other phylogenetic linear regressions in this paper,
we first tested which of the trait evolution models avail-
able in ‘phylolm’ (plus a non-phylogenetic general linear
model) provided the best regression fit based on Akaike’s
information criterion (AIC), and used this model for fur-
ther inference. The available trait evolution models tested
were Brownian motion, Ornstein—Uhlenbeck (OU) with
a random or fixed root (we arbitrarily preferred random
roots when fit models were identical), lambda, kappa,
delta, early burst, or trend. For models of species rich-
ness, OU with a random root best fit the insect dataset
and lambda best fit the fishes dataset.

To test whether the presence of venom predicts diver-
sification rates (controlling for clade age) we again used
phylogenetic linear regressions in ‘phylolm’ For these
we modelled diversification rate as a function of venom
and age (as a quadratic term to account for the expected
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non-linear effects of age [50]), based on the best fitting
trait evolution models of OU with a random root for
fishes and kappa for insects. As an independent test for
a relationship between diversification rate and venom
we also used a sister group approach, specifically the
richness Yule test developed by Paradis [51] as a more
powerful alternative to other sister group methods. We
implemented the sister group analyses in the R pack-
age ‘ape’ v5.3 [31] and used the total species richness in
each pair of sister clades, not simply number of descend-
ent tips in the phylogeny (which only represents number
of taxonomic families, not species richness). The rich-
ness Yule test considers differences in species richness
between two sister clades which differ in the binary trait
of interest (in this case the presence of venom), as with all
sister group methods, and compares the difference in the
two sister lineages to the expectation under a Yule model.

As one more test for an association between venom
and diversification rates we also fit a series of BiSSE
[52] models to the two datasets using diversitree v0.9.11
[53] and broadly following the approach in [17]. BiSSE
attempts to test for different speciation (\) and/or extinc-
tion () rates in relation to a binary trait (in our case the
presence of venom) while accounting for unequal transi-
tion rates (gq). Briefly, to each of the fish and insect data-
sets we fit five BiSSE models: an unconstrained model, a
fully constrained model (equal diversification and tran-
sition rates), a diversification constrained model (equal
diversification rates but transition rates are free to dif-
fer), a speciation constrained model (equal speciation
rates but extinction and transition rates can vary), and
an extinction constrained model (equal extinction rates
but speciation and transition rates can vary). To account
for the tendency of BiSSE models to favour trait-depend-
ent models due to diversification rate heterogeneity not
associated with the trait [84], we also fit a hidden rates
(HiSSE) model in hisse v1.9.1 [85] similar to the full
BiSSE model but including a hidden state to allow for
rate variation. The best model was chosen based on the
lowest AIC and parameters of this model were inspected
to enable inference. We then simulated 1000 trees plus
traits based on our best model for each tree and evalu-
ated the fit of this model by comparing 1) the proportion
of venomous species and 2) the number of tips in each
state from our simulations to the observed values. We
note that we treat the results of our BiSSE analyses only
as confirmatory analyses in combination with our other
sets, partly because such an analysis is essentially treating
the families as the tips and hence families with vastly dif-
ferent species richness are treated equally in this analysis.
Consequently, this method is addressing a slightly differ-
ent question by asking whether venom may be associated
with diversification at higher phylogenetic scales (family



Arbuckle and Harris BMC Ecol Evo (2021) 21:150

diversity rather than species diversity). However, using
a method with another different set of assumptions and
looking at a different scale may help support other analy-
ses by confirming the generality of the results. We note
that methods for trait-based diversification analyses are
currently a highly debated issue in comparative biology
with different authors favouring different approaches.
However, we suggest that our three independent meth-
ods, which have very different assumptions and limita-
tions, give concordant results (see below) and hence
collectively provide a body of evidence supporting our
conclusions. We further highlight that despite some
previous claims, the method-of-moments estimator for
diversification rates as used herein does not require con-
stant rates of diversification within clades [48], and we
control for time-dependent rate variation between clades
by including clade age in our models.

Finally, we used ancestral state estimation to infer the
number of origins of venom in insects and fishes and how
much of their evolutionary history venom was present.
We note that because we used family-level phylogenies,
the number of origins estimated here represents a mini-
mum, since it is possible that in some cases venom has
evolved multiple times within a given family. We used
stochastic mapping [54—56], implemented in the R pack-
age ‘phytools’ [57], to estimate ancestral states based on
1000 simulations and a general (ARD; all rates different)
model of trait evolution to allow rates of gain and loss of
venom to differ. As we were interested in the number of
origins of venom rather than the states at each node, and
also due to practical difficulties of plotting estimates at
all nodes on large phylogenies, we plot our results as the
inferred gains on branches where this transition was esti-
mated to occur.

Results and discussion

We found that 46 of 459 (10%) fish families and 145 of
886 (16%) insect families were venomous. The median
species richness for venomous insect families was 277
species compared to 107 for non-venomous families.
For fishes, venomous families had a median of 40 spe-
cies compared to 18 species in non-venomous families.
Similarly, median net diversification rate for venomous
insect families was 0.040 compared to 0.029 for non-ven-
omous families, and for venomous fish families median
net diversification rate was 0.041 compared to 0.033 for
non-venomous families (all calculated from method-of-
moments estimators).

Unsurprisingly, both diversification rate and age sig-
nificantly predicted species richness for insect and fish
families, but importantly we found a substantially larger
effect of diversification rate (Table 1). This demonstrates
that the variation in diversification rates (rather than
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Table 1 Model output predicting species richness showing that
all included explanatory variables were significant predictors of
diversity, though diversification rate dominated

Coefficient SE t P
Fishes
Intercept —10392 07996 —12996 0.1944
Venom 0.5201 02242 23202 00208
Diversification rate 29.6560 13786 215108 <22x107°
Clade age 0.0436 00048 91523  <22x107¢
Clade age (quadratic) ~ —0.0001 000002 —69864 1.0x 107"
Insects
Intercept —1.1889 03980 —29869 0.0029
Venom 05777 0.1694 34094  0.0007
Diversification rate 39.5480 17124 230944 <22x107°
Clade age 00515 00046 111436 <22x107'°
Clade age (quadratic) ~ —0.0001 000001 —90802 <22x107°

Lambda parameter for fish model was estimated to be 0.784, the estimated
parameters from the OU model for insects were a=0.016 (phylogenetic half-life
of 43.7my) and o? =0.098. Results shown for diversification rate based on e =0.5,
see Additional file 1: Table S1 for equivalent model outputs for e=0and e=0.9

clade age) is the main driver of variation in species rich-
ness of fishes and insects. Previous studies have varied
in support for diversification rates vs clade age as a main
predictor of species richness [3-5], though these stud-
ies vary in taxonomic breadth and the particular clades
analysed which is likely an important moderating factor.
Notably, a review of predictors of species richness which
included consideration of various groups of insect fami-
lies, and hence being among the best comparisons for our
study, found results consistent with our findings [6].

We also found that the ages of venomous and non-
venomous families were similar for both fishes and
insects (Additional file 1: Fig. S1), suggesting that clade
age is not a potential mediating factor of any relationship
between venom and diversity. Venomous families tended
to be associated with more species rich families even
after accounting for diversification rate and age (Table 1).
However, this independent effect of venom is small
(Additional file 1: Fig. S2) and so more opportunity for
venom to evolve in larger families cannot readily account
for any effects of venom on diversification rates.

Our phylogenetic linear regression analyses provided
evidence that venomous families have higher diversifica-
tion rates than non-venomous families in both fishes and
insects (Table 2, Fig. 1). We note that the only exception
to this result is for insects assuming high relative extinc-
tion rates (e=0.9), in which case venom is a non-signif-
icant predictor of diversification rates (Additional file 1:
Table S2). This is perhaps reason for caution as this is our
only result that is sensitive to relative extinction rate, but
previous estimates of relative extinction rates for insects
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Table 2 Model output predicting diversification rate showing
that venom is associated with faster diversification

Coefficient SE t P
Fishes
Intercept 0.0973 0.0057 169783  <22x107¢
Venom 00135 00058 23092 00214
Clade age —00010  0.0001 —96325 <22x107°
Clade age (quadratic) 24x10° 39x 107 6.1143 2.1x107°
Insects
Intercept 0.1357 00216 62873 51x1071°
Venom 0.0207 00058 35674 0.0004
Clade age —00012  0.0001 —107577 <22x107'°
Clade age (quadratic) 27x10°  32x107 83214 33x1071°

The estimated parameters from the OU model for fishes were a=0.050
(phylogenetic half-life of 13.8 my) and 62=0.0001, whereas kappa was
estimated to be 3.5 x 1078 in the insect model. Results shown for diversification
rate based on €=0.5, see Additional file 1: Table S2 for equivalent model outputs
fore=0and e=0.9

have been very low and near zero [33], far from reach-
ing 0.9. Our sister group analyses further support our
findings of an increased diversification rate in venomous
families of both fishes (y*=15.91, df=1, P=6.6 x 107°)
and insects (y*=12.65, df=1, P=0.0004). Although not
controlling for age of sister clades, venomous fish families
had a mean species richness ~ 5.3 times that of their non-
venomous sister groups while venomous insect families
were a mean of ~4.0 times more species rich than their
non-venomous sister group. Our BiSSE analyses found
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strong support for the extinction constrained model
being the best in our sets for both fishes and insects
(AAIC between this and the next best model in fishes is
37.10 and in insects is 426.15, except the HiSSE model
for insects, which is very similar at AAIC=0.42, but as
a more complex model we prefer the simpler constrained
BiSSE model). This suggests that venom is associated
with speciation, but not extinction rates, and the magni-
tudes of the effects are similar in both groups (Table 3).
Our parameter estimates suggest that venomous lineages
have a speciation rate two orders of magnitude larger
than non-venomous lineages when accounting for tran-
sitions rates (which are estimated as an order of magni-
tude higher for loss than gain of venom). However, note
that model adequacy tests aiming to assess the absolute
fit of these models to the data found that the family-level
diversity of insects was greatly underestimated by these
models, with fish diversity being slightly underestimated
and broadly appropriate proportions of venomous spe-
cies were estimated (Additional file 1: Figure S5). While
our general comparison may still hold (showing that ven-
omous lineages diversify more rapidly), parameter val-
ues from those models should be interpreted with great
caution.

Our results supporting higher diversification rates in
venomous fishes and insects are consistent with simi-
lar findings in tetrapods [14] and in one study of fishes
that focussed on a single genus (Meiacanthus [15]).
However, such a relationship has not been found in all
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Table 3 Parameter estimates for the best BiSSE model in our
model set for each taxonomic group

Taxa )‘venom }‘novenom H qgain Gioss
Fishes 0.052 981 x10™ 193x 107 0.007 0.076
Insects 0.022 2.15x 107 145x 107 0.004 0.030

For both fishes and insects the best model contain unequal speciation rates
(higher for venomous lineages), equal extinction rates, and unequal transition
rates (higher rates of loss than gain of venom). A .., = speciation rate of
venomous lineages, A ,,,enom = SPeCiation rate of non-venomous lineages,
u=extinction rate, qg,, = rate of gain of venom, g,,,; =rate of loss of venom

cases; for instance Blanchard and Moreau [16] found no
evidence for venomous stingers being associated with
faster diversification in a family of insects (Formicidae).
Despite suggestions in the literature that venom may be
important in the diversification patterns of fishes over-
all [26], our study is the first to investigate the question
across the whole lineage (and that of insects). Since work
on individual genera or families have yielded conflicting
results, the broad-scale approach we use here represents
a key advance in determining general patterns concern-
ing the diversification of these large lineages. The link
between chemical weaponry and diversification has
typically revolved around chemical defences (e.g. [17]).
In the case of defensive venoms we expect escape-and-
radiate dynamics to provide the mechanism [9, 11], and
this would therefore apply to fishes in general and some
major groups of insects (e.g. social hymenopterans).
However, many venomous insects primarily use their
venom for prey capture/subjugation [13]. In these groups
we suggest that venom may have allowed a broader range
of prey to be consumed, such as bigger or more danger-
ous prey [58, 59], and this niche expansion may have led
to increased diversification rates, perhaps by providing
additional opportunities for specialism on an increased
variety of prey options [60, 61].

Interestingly, not only was the best fitting trait evolu-
tion model for our phylogenetic linear regressions of
insect diversification rates found to be kappa, but the
estimated parameter value was extremely low, in fact
almost zero (Tables 2 and Additional file 1: Table S2).
This is consistent with diversification rates of insects
evolving under a punctuated equilibrium scenario [62],
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wherein rates can change in bursts at the origination of
new lineages but not continuously along branches of the
phylogenetic tree. To our knowledge this has not been
previously reported in the literature. Such a pattern of
punctuated evolution of diversification rates may pose
substantial problems for robustly testing for key inno-
vations. Many suggested key innovations of insects are
unique traits in the sense of having a single origin at
the base of a large clade and have been retained almost
throughout the descendent lineage [19]. If diversifica-
tion rate shifts coincide with origins of new lineages then
every new lineage has an equal chance of an upshift or
downshift, some of which will be of relatively high mag-
nitude. In this case, any prominent synapomorphy of that
lineage may appear to be linked to a diversification shift
by sporadic association.

Ancestral state reconstructions showed frequent ori-
gins of venom in both fishes and insects (Fig. 2). Spe-
cifically, we estimated a minimum of 19-20 origins of
venom in fishes (17 of which are strongly supported on a
particular branch and are plotted in Fig. 2), which is con-
sistent with previous estimates for fishes [24, 26], and a
minimum of 28 origins in insects. In contrast to the situ-
ation in tetrapods [14] we find that gains of venom are
more frequent than losses in both fishes (19-20 gains
cf. 11 losses) and insects (28 gains cf. 2 losses). This may
be related to a more prominent role in defence in both
groups compared to most venomous tetrapods since
chemically defended amphibians are also more likely
to gain than lose their poison [17]. However, additional
research investigating which factors drive the gains and
losses of venom in different taxonomic groups is required
to provide a strong explanation for these patterns. Finally,
our ancestral state estimates reveal that a substantial pro-
portion of the evolutionary history of both fishes (~ 10%)
and insects (~14%) has been spent in a venomous state,
providing ample opportunity for effects on diversification
rates to contribute markedly to the extant species rich-
ness of both groups.

The temporal pattern of venom origins appears to differ
between the two groups considered here: in insects gains
of venom are spread across the history of the clade, but
in fishes the majority of origins are concentrated into two

(see figure on next page)

Fig. 2 Gains of venom in fishes (a) and insects (b) based on ancestral state estimation. Pie charts represent the probability of a gain of venom
where there is a minimum of P=0.2 that the gain happened on that branch. Although the scale of the phylogenies prevents showing the tip
labels we have included separate pdf versions of these plots as Additional file 2: Fig. S3, Additional file 3: Fig. S4, which contain visible Family names
when enlarged. Representative fish species depicted at the right of the phylogeny are, from top to bottom, Plotosus lineatus (Plotosidae), Siganus
fuscescens (Siganidae), Synanceia horrida (Synanceiidae), Echiichthys vipera (Trachinidae), Paracentropogon rubripinnis (Tetrarogidae), Meiacanthus
grammistes (Blenniidae), Neotrygon kuhlii (Dasyatidae), and Heterodontus francisci (Heterodontidae). Representative insect species shown are, from
top to bottom, Pristhesancus plagipennis (Reduviidae), Acharia stimulea (Limacodidae), Dysmachus trigonus (Asilidae), Aedes albopictus (Culicidae),

Vespula vulgaris (Vespidae), and Solenopsis invicta (Formicidae)
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narrow bands (Fig. 2). These time periods correspond
to the Late Cretaceous and the Eocene. Intriguingly, an
Eocene burst of independent gains in venom would cor-
respond to the origin and a diversity peak of cetaceans
[63, 64], whilst Late Cretaceous origins coincide with the
origin and diversification of mosasaurs and a decline of
other large Mesozoic marine predators [65, 66]. Moreo-
ver, like cetaceans, mosasaurs are thought to have been
active and endothermic predators [67], and locomo-
tor styles between these two predatory groups are also
thought to be similar [68]. Although we do so cautiously
due to the limitations of our family-level resolution and
lack of direct evidence, we speculate that most origins of
fish venom were linked to similar predation pressures by
mosasaurs in the Late Cretaceous and cetaceans in the
Eocene.

Finally, we note that recent studies of diversification
patterns have uncovered a biogeographic signal of time-
for-speciation due to different times of colonisation of
different geographic areas, as well as diversity gradients
[69, 70]. Given the many origins of venom in both fishes
and insects, and the very wide distributions of many fam-
ilies (global or hemisphere-wide in many cases) which
are venomous, there is no clear indication that geo-
graphic patterns would confound our results here. How-
ever, because of the family-level scale of our analyses and
the wide distribution of many families, robustly estimat-
ing the biogeographical origin for each of those families
to obtain a strong basis for proper testing of geographi-
cal effects would likely require species-level analyses and
is beyond the scope of the current study. Nevertheless,
more generally the biogeography of venom evolution,
particularly in the context of distributions of natural
enemies [71, 72], and interactions with diversification is
likely to be a fruitful area for future studies.

We provide the first broad-scale family-level test of
whether venom has contributed to the enormous diver-
sity contained within the superradiations of insects and
fishes. We first showed that diversification rate variation
is an important determinant of species richness in both
of these groups, and then demonstrated that venom is
associated with higher diversification rates. We highlight
that venom has evolved many times in both insects and
fishes, and that a substantial proportion of their evolu-
tionary history has been spent in possession of venom.
Consequently, our results provide evidence that venom
has played a part in generating the diversity in the largest
vertebrate and invertebrate animal radiations.

Page 10 of 12

Abbreviations

AIC: Akaike's information criterion.; ARD: All rates different.; AAIC: Differ-
ence between AIC of a given model and the best model in the dataset.; OU:
Ornstein—Uhlenbeck.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-021-01880-z.

Additional file 1. Additional figures and tables.
Additional file 2: Figure S3. Estimate of gains of fish venom - tip labels.

Additional file 3: Figure S4. Estimate of gains of insect venom - tip labels.

Acknowledgements
The authors thank all reviewers of this manuscript for their helpful insights
which helped improve the paper.

Authors’ contributions

Data collection was carried out by RJH; Data analysis and writing of the first
draft of the manuscript was conducted by KA; both authors contributed to
the conceptualization of the idea and revision of drafts of the manuscript.
Both authors read and approved the final manuscript.

Funding
No funding was received to support this manuscript.

Availability of data and materials

The datasets generated and analysed during the current study, as well as the
R code used, are available in the FigShare repository, https://figshare.com/s/
37be6229b8d29fd7e06¢.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1Departmen‘[ of Biosciences, College of Science, Swansea University,
Swansea SA2 8PP, UK. 2Venom Evolution Lab, School of Biological Sciences,
University of Queensland, Saint Lucia, QLD 4072, Australia.

Received: 24 September 2020 Accepted: 9 July 2021
Published online: 03 August 2021

References

1. Lecointre G, Le Guyader H.The tree of life: a phylogenetic classification.
Cambridge, MA: Harvard University Press; 2006.

2. Scheffers BR, Joppa LN, Pimm SL, Laurance WF. What we don't know
about Earth’s missing biodiversity. Trends Ecol Evol. 2012;27:501-10.

3. McPeek MA, Brown JM. Clade age and not diversification rate explains
species richness among animal taxa. Am Nat. 2007;169:E97-106.


https://doi.org/10.1186/s12862-021-01880-z
https://doi.org/10.1186/s12862-021-01880-z
https://figshare.com/s/37be6229b8d29fd7e06c
https://figshare.com/s/37be6229b8d29fd7e06c

Arbuckle and Harris BMIC Ecol Evo

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

(2021) 21:150

Marin J, Hedges SB. Time best explains global variation in species richness
of amphibians, birds and mammals. J Biogeogr. 2016;43:1069-79.

Scholl JP, Wiens JJ. Diversification rates and species richness across the
tree of life. Proc R Soc B. 2016;283:20161334.

Wiens JJ. What explains patterns of biodiversity across the tree of life?
BioEssays. 2017;39:1600128.

Ng J, Smith SD. How traits shape trees: new approaches for detect-

ing character state-dependent lineage diversification. J Evol Biol.
2014,27:2035-45.

Hunter JP. Key innovations and the ecology of macroevolution. Trends
Ecol Evol. 1998;13:31-6.

Vamosi SM. On the role of natural enemies in divergence and diversifica-
tion of prey: a review and synthesis. Can J Zool. 2005;83:894-910.
Ruxton GD, Allen WL, Sherratt TN, Speed MP. Avoiding attack: the evolu-
tionary ecology of crypsis, aposematism, and mimicry. 2nd ed. Oxford,
UK: Oxford University Press; 2018.

. Ehrlich PR, Raven PH. Butterflies and plants: a study in coevolution. Evolu-

tion. 1964;18:586-608.

Thompson JN. Concepts of coevolution. Trends Ecol Evol. 1989;4:179-83.
Arbuckle K. Evolutionary context of venom in animals. In: Gopalakrishna-
kone P, Malhotra A, editors. Evolution of venomous animals and their
toxins. Dordrecht, The Netherlands: Springer Nature; 2017. p. 3-31.

Harris RJ, Arbuckle K. Tempo and mode of the evolution of venom and
poison in tetrapods. Toxins. 2016;8:193.

Liu S-YV, Frédérich B, Lavoué S, Chang J, Erdmann MV, Mahardika GN, Bar-
ber PH. Buccal venom gland associates with increased of [sic] diversifica-
tion rate in the fang blenny fish Meiacanthus (Blenniidae Teleostei). Mol
Phylogenet Evol. 2018;125:138-46.

Blanchard BD, Moreau CS. Defensive traits exhibit an evolutionary trade-
off and drive diversification in ants. Evolution. 2017;71:315-28.

Arbuckle K, Speed MP. Antipredator defenses predict diversification rates.
Proc Natl Acad Sci USA. 2015;112:13597-602.

Wiens JJ, Lapoint RT, Whiteman NK. Herbivory increases diversification
across insect clades. Nat Commun. 2015;6:8370.

Nicholson DB, Ross AJ, Mayhew PJ. Fossil evidence for key innovations in
the evolution of insect diversity. Proc R Soc B. 2014,281:20141823.
Rainford JL, Hofreiter M, Nicholson DB, Mayhew PJ. Phylogenetic distribu-
tion of extant richness suggests metamorphosis is a key innovation
driving diversification in insects. PLoS ONE. 2014;9:e109085.

Tedesco PA, Paradis E, Lévéque C, Hugueny B. Explaining global-

scale diversification patterns in actinopterygian fishes. J Biogeogr.
2017;44:773-83.

Bloom DD, Weir JT, Piller KR, Lovejoy NR. Do freshwater fishes diversify
faster than marine fishes? A test using state-dependent diversifica-

tion analyses and molecular phylogenetics of New World silversides
(Atherinopsidae). Evolution. 2013;67:2040-57.

Hollingsworth PR, Simons AM, Fordyce JA, Hulsey CD. Explosive diversifi-
cation following a benthic to pelagic shift in freshwater fishes. BMC Evol
Biol. 2013;13:272.

Smith WL, Stern JH, Girard MG, Davis MP. Evolution of venomous cartilagi-
nous and ray-finned fishes. Integr Comp Biol. 2016;56:950-61.

Laxme RRS, Suranse V, Sunagar K. Arthropod venoms: biochemistry, ecol-
ogy and evolution. Toxicon. 2019;158:84-103.

Harris RJ, Jenner RA. Evolutionary ecology of fish venom: adaptations and
consequences of evolving a venom system. Toxins. 2019;11:11.

Wright JJ. 2017. Evolutionary history of venom glands in the Siluriformes.
In: Gopalakrishnakone P, Malhotra A, eds. Evolution of venomous animals
and their toxins. Dordrecht: Springer Nature; 2017. p. 279-301.

Bettini S. Arthropod venoms. Berlin, Germany: Springer-Verlag; 1978.
Villas-Boas IM, Bonfa G, Tambourgi DV. Venomous caterpillars: from inocu-
lation apparatus to venom composition and envenomation. Toxicon.
2018;153:39-52.

Kumar S, Stecher G, Suleski M, Hedges SB. TimeTree: a resource for time-
lines, timetrees, and divergence times. Mol Biol Evol. 2017,34:1812-9.
Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and evolu-
tion in R language. Bioinformatics. 2004;20:289-90.

Parr CS, Wilson N, Leary P, Schulz KS, Lans K, Walley L, Hammock JA, Godd-
ard A, Rice J, Studer M, Holmes JTG, Corrigan RJ. The Encyclopedia of Life
v2: providing global access to knowledge about life on Earth. Biodivers
Data J. 2014;2:21079. Online version Accessed 22 Feb 2017 at http://eol.
org.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 11 of 12

Condamine FL, Clapham ME, Kergoat GJ. Global patterns of insect diver-
sification: towards a reconciliation of fossil and molecular evidence? Sci
Rep. 2016;6:19208.

Betancur-R R, Wiley EO, Arratia G, Acero A, Bailly N, Miya M, Lecointre G.
Phylogenetic classification of bony fishes. BMC Evol Biol. 2017;17:162.
Fricke R, Eschmeyer WN, Fong JD. Eschmeyer’s catalog of fishes. 2017.
Accessed 22 Feb 2017 http://researcharchive.calacademy.org/research/
ichthyology/catalog/SpeciesByFamily.asp.

Myers P, Espinosa R, Parr CS, Jones T, Hammond GS, Dewey TA. The animal
diversity web (online). 2017. Accessed 22 Feb 2017 at https://animaldive
rsity.org.

Edwards FW, Oldroyd H, Smart J. British blood-sucking flies. London, UK:
Trustees of the British Museum; 1939.

Lehane M, Billingsley P. Biology of the insect midgut. London, UK: Chap-
man and Hall; 1996.

Diaz JH. The evolving global epidemiology, syndromic classification, man-
agement, and prevention of caterpillar envenoming. Am J Trop Med Hyg.
2005;72:347-57.

Wright JJ. Diversity, phylogenetic distribution, and origins of venomous
catfishes. BMC Evol Biol. 2009;9:282.

von Reumont B, Campbell L, Jenner R. Quo vadis venomics? A roadmap
to neglected venomous invertebrates. Toxins. 2014;6:3488-551.

Schmidt JO. The sting of the wild. Baltimore, Maryland: John Hopkins
University Press; 2016.

Walker AA, Weirauch C, Fry BG, King GF. Venoms of heteropteran insects: a
treasure trove of diverse pharmacological toolkits. Toxins. 2016;8:43.
Jenner R, Undheim E.Venom: the secrets of nature’s deadliest weapon.
London, UK: Natural History Museum; 2017.

Casewell NR, Wiister W, Vonk FJ, Harrison RA, Fry BG. Complex cocktails:
the evolutionary novelty of venoms. Trends Ecol Evol. 2013;28:219-29.
Magallon S, Sanderson MJ. Absolute diversification rates in angiosperm
clades. Evolution. 2001;55:1762-80.

Pennell MW, Eastman JM, Slater GJ, Brown JW, Uyeda JC, FitzJohn RG,
Alfaro ME, Harmon LJ. Geiger v2.0: an expanded suite of methods for
fitting macroevolutionary models to phylogenetic trees. Bioinformatics.
2014;30:2216-8.

Meyer AL, Romén-Palacios C, Wiens JJ. BAMM gives misleading rate esti-
mates in simulated and empirical datasets. Evolution. 2018;72:2257-66.
Ho LST, Ané C. A linear-time algorithm for Gaussian and non-Gaussian
trait evolution models. Syst Biol. 2014;63:397-408.

Henao Diaz LF, Harmon LJ, Sugawara MTC, Miller ET, Pennell MW. Macro-
evolutionary diversification rates show time dependency. Proc Natl Acad
Sci USA. 2019;116:7403-8.

Paradis E. Shift in diversification in sister-clade comparisons: a more
powerful test. Evolution. 2011;66:288-95.

Maddison WP, Midford PE, Otto SP. Estimating a binary character’s effect
on speciation and extinction. Syst Biol. 2007;56:701-10.

FitzJohn RG. diversitree: comparative phylogenetic analyses of diversifica-
tion in R. Methods Ecol Evol. 2012;3:1084-92.

Nielsen R. Mapping mutations on phylogenies. Syst Biol. 2002;51:729-39.
Huelsenbeck JP, Nielsen R, Bollback JP. Stochastic mapping of morpho-
logical characters. Syst Biol. 2003;52:131-58.

Bollback JP. SIMMAP: stochastic character mapping of discrete traits on
phylogenies. BMC Bioinformatics. 2006;7:88.

Revell LJ. phytools: an R package for phylogenetic comparative biology
(and other things). Methods Ecol Evol. 2012;3:217-23.

Mukherjee S, Heithaus MR. Dangerous prey and daring predators: a
review. Biol Rev. 2013;88:550-63.

Kowalski K, Rychlik L. The role of venom in the hunting and hoarding of
prey differing in body size by the Eurasian water shrew, Neomys fodiens. J
Mammal. 2018;99:35.

Sexton JP, Montiel J, Shay JE, Stephens MR, Slatyer RA. Evolution of eco-
logical niche breadth. Annu Rev Ecol Evol Syst. 2017,;48:183-206.

Rojas D, Pereira MJR, Fonseca C, Davalos LM. Eating down the food chain:
generalism is not an evolutionary dead end for herbivores. Ecol Lett.
2018;21:402-10.

Pagel M. Detecting correlated evolution on phylogenies: a general
method for the comparative analysis of discrete characters. Proc R Soc B.
1994;255:37-45.

Uhen MD. The origin(s) of whales. Annu Rev Earth Planet Sci.
2010;38:189-219.


http://eol.org
http://eol.org
http://researcharchive.calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp
http://researcharchive.calacademy.org/research/ichthyology/catalog/SpeciesByFamily.asp
https://animaldiversity.org
https://animaldiversity.org

Arbuckle and Harris BMC Ecol Evo

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

(2021) 21:150

Zurano JP, Magalhaes FM, Asato AE, Silva G, Bidau CJ, Mesquita DO, Costa
GC. Cetartiodactyla: updating a time-calibrated molecular phylogeny.
Mol Phylogenet Evol. 2019;133:256-62.

Bardet N, Falconnet J, Fischer V, Houssaye A, Jouve S, Suberbiola XP, Pérez-
Garcia A, Rage J-C, Vincent P. Mesozoic marine reptile palaeobiogeogra-
phy in response to drifting plates. Gondwana Res. 2014;26:869-87.
Stubbs TL, Benton MJ. Ecomorphological diversifications of Mesozoic
marine reptiles: the roles of ecological opportunity and extinction. Paleo-
biology. 2016;42:547-73.

Harrell TL, Pérez-Huerta A, Suarez CA. Endothermic mosasaurs? Possible
thermoregulation of Late Cretaceous mosasaurs (Reptilia, Squamata)
indicated by stable oxygen isotopes in fossil bicapatite in com-

parison with coeval marine fish and pelagic seabirds. Palaeontology.
2016;59:351-63.

Mulder EWA. Co-ossified vertebrae of mosasaurs and cetaceans: implica-
tions for the mode of locomotion of extinct marine reptiles. Paleobiology.
2001;27:724-34.

Mittelbach GG, Schemske DW, Cornell HV, Allen AP, Brown JM, Bush MB,
Harrison SP, Hurlbert AH, Knowlton N, Lessios HA, McCain CM, McCune
AR, McDade LA, McPeek MA, Near TJ, Price TD, Ricklefs RE, Roy K, Sax DF,
Schluter D, Sobel JM, Turelli M. Evolution and the latitudinal diversity gra-
dient: speciation, extinction and biogeography. Ecol Lett. 2007;10:315-31.
Miller EC, Hayashi KT, Song D, Wiens JJ. Explaining the ocean’s richest
biodiversity hotspot and global patterns of fish diversity. Proc R Soc B.
2018,285:20181314.

Schemske DW, Mittelbach GG, Cornell HY, Sobel JM, Roy K. Is there a
latitudinal gradient in the importance of biotic interactions? Annu Rev
Ecol Evol Syst. 2009;40:245-69.

Roslin T, Hardwicj B, Novotny V, Petry WK, Andrew NR, Asmus A, Barrio IC,
Basset Y, Boesing AL, Bonebrake TC, Cameron EK, Déttilo W, Donoso DA,
Drozd P, Gray CL, Hik DS, Hill SJ, Hopkins T, Huang S, Koane B, Laird-Hop-
kins B, Laukkanen L, Lewis OT, Milne S, Mwesige |, Nakamura A, Nell CS,
Nichols E, Prokurat A, Sam K, Schmidt NM, Slade A, Slade V, Suchankova
A, Teder T, van Nouhuys S, Vandvik V, Weissflog A, Zhukovich V, Slade EM.
Higher predation risk for insect prey at low latitudes and elevations. Sci-
ence. 2017;356:742-4.

Murali G, Merilaita S, Kodandaramaiah U. Grab my tail: evolution of dazzle
stripes and colourful tails in lizards. J Evol Biol. 2018;31:1675-88.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 12 of 12

Feldman A, Sabath N, Pyron RA, Mayrose |, Meiri S. Body sizes and diver-
sification rates of lizards, snakes, amphisbaenians and the tuatara. Global
Ecol Biogeogr. 2016;25:187-97.

Albert JS, Johnson DM. Diversity and evolution of body size in fishes. Evol
Biol. 2012;39:324-40.

Sunagar K, Moran Y. The rise and fall of an evolutionary innovation:
contrasting strategies of venom evolution in ancient and young animals.
PLoS Genet. 2015;11:21005596.

Todorov OS, Blomberg SP, Goswami A, Sears K, Drhlik P, Peters J, Weis-
becker V. Testing hypotheses of marsupial brain size variation using phy-
logenetic multiple imputations and a Bayesian comparative framework.
Proc R Soc B. 2021;288:20210394.

Rabosky DL. No substitute for real data: a cautionary note on the use

of phylogenies from birth-death polytomy resolvers for downstream
comparative analyses. Evolution. 2015;69:3207-16.

Stone EA. Why the phylogenetic regression appears robust to tree mis-
specification. Syst Biol. 2011;60:245-60.

Wright SI, Kalisz S, Slotte T. Evolutionary consequences of self-fertilization
in plants. Proc R Soc Lond B. 2013;2013(280):20130133.

Cyriac VP, Kodandaramaiah U. Digging their own macroevolutionary
grave: fossoriality as an evolutionary dead end in snakes. J Evol Biol.
2018;31:587-98.

Schluter D.The ecology of adaptive radiation. Oxford, UK: Oxford Univer-
sity Press; 2000.

Lynch VJ. Live-birth in vipers (Viperidae) is a key innovation and adapta-
tion to global cooling during the Cenozoic. Evolution. 2009;63:2457-65.
Rabosky DL, Golberg EE. Model inadequacy and mistaken inferences of
trait-dependent speciation. Syst Biol. 2015;64:340-55.

Beaulieu JM, O'Meara BC. Detecting hidden diversification shifts

in models of trait-dependent speciation and extinction. Syst Biol.
2016;65:583-601.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Radiating pain: venom has contributed to the diversification of the largest radiations of vertebrate and invertebrate animals
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Data collection
	Analyses

	Results and discussion
	Acknowledgements
	References


