PERSPECTIVE

EVOLUTION

B SSE

SOCIETY for the STUDY of EVOLUTION

doi:10.1111/evo.14432

Evolution in small steps and giant leaps

Noah K. Whiteman'2-3

"Department of Integrative Biology, University of California, Berkeley, California 94720

?Department of Molecular and Cell Biology, University of California, Berkeley, California 94720

3E-mail: whiteman@berkeley.edu

Received October 26, 2021
Accepted January 3, 2022

The first Editor of Evolution was Ernst Mayr. His foreword to the first issue of Evolution published in 1947 framed evolution as
a “problem of interaction” that was just beginning to be studied in this broad context. First, | explore progress and prospects
on understanding the subsidiary interactions identified by Mayr, including interactions between parts of organisms, between
individuals and populations, between species, and between the organism and its abiotic environment. Mayr’s overall “problem
of interaction” framework is examined in the context of coevolution within and among levels of biological organization. This
leads to a comparison in the relative roles of biotic versus abiotic agents of selection and fluctuating versus directional selection,
followed by stabilizing selection in shaping the genomic architecture of adaptation. Oligogenic architectures may be typical for
traits shaped more by fluctuating selection and biotic selection. Conversely, polygenic architectures may be typical for traits shaped
more by directional followed by stabilizing selection and abiotic selection. The distribution of effect sizes and turnover dynamics of
adaptive alleles in these scenarios deserves further study. Second, | review two case studies on the evolution of acquired toxicity in
animals, one involving cardiac glycosides obtained from plants and one involving bacterial virulence factors horizontally transferred
to animals. The approaches used in these studies and the results gained directly flow from Mayr’s vision of an evolutionary biology
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that revolves around the “problem of interaction.”

KEY WORDS: Adaptation, coevolution, evolutionary biology, genomes, oligogenic, omnigenic.

Interaction, Adaptation, and Effect
Size

In his foreword for the first issue of Evolution published on
March 1, 1947, Ernst Mayr, the Editor (then at the American Mu-
seum of Natural History), wrote (Mayr 1947):

Evolution is a problem of interaction: interaction of parts
in the organism; interaction between individuals and popula-
tions; interactions between different species; and interaction of
the genetic world with the inorganic. The study of evolution in
this broad meaning is still in its infancy.

This framing of evolution as a “problem of interaction” still
rings true 75 years later. Mayr echoed the same questions that
Charles Darwin (1859) posed and that continue to inspire us:
“How have all those exquisite adaptations of one part of the or-
ganisation to another part, and to the conditions of life, and of
one distinct organic being to another, been perfected? We see
these beautiful co-adaptations most plainly in the woodpecker
and missletoe; and only a little less plainly in the humblest par-

asite which clings to the hairs of a quadruped or feathers of a
bird...”

With the benefit of hindsight, we might now include as
“parts in the organism” interactions between biomolecules
within and between cells. One “problem of interaction” nested
within this level is epistasis—interaction between proteins, RNA,
and DNA as well as interactions within each. The implications
of pervasive epistasis in evolution are profound (Phillips et al.
2000). Epistasis was central to Wright’s shifting balance theory
(Wright 1931; Provine 1971; Wade and Goodnight 1991, 1998;
Mallet 2010), a baroque model of adaptation that has been crit-
icized (Whitlock et al. 1995; Coyne et al. 1997; Peck et al. 1998;
Coyne et al. 2000). Yet, epistasis is, without question, important
in adaptation in a narrower sense: within supergenes and single
genes through intramolecular epistasis, and between these loci
and the rest of the genome via modifiers (Fisher 1930; Ford
1953; Elena and Lenski 1997a; Kunte et al. 2014; Thompson and
Jiggins 2014; Charlesworth 2016; Starr and Thornton 2016).
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Dominant among the next two types of Mayr’s problems of
interaction are those between individuals of the same or different
species. Biotic interactions were paramount in Charles Darwin’s
“struggle for existence” and are at the heart of Van Valen’s Law
of Constant Extinction and Red Queen Hypothesis (Van Valen
1973). The Red Queen Hypothesis posits that limited resources
set up a zero-sum game within ecological communities. Not only
are co-occurring lineages all improving in fitness over time, each
must also respond to adaptation of the others. Under this model,
constant co-adaptation creates similar risks of extinction across
lineages. Van Valen explicitly addressed one the most important
macroevolutionary problems of all—the persistence of lineages
through time—with not just a microevolutionary process in a
vague sense, but an ecologically explicit one: reciprocal natural
selection.

13

Pimentel’s “genetic feed-back mechanism” (Pimentel 1961),
Maynard Smith’s elaboration and critique of Van Valen’s model
(Smith 1976), and Levin and Udovic’s model of genetic coevolu-
tion (Levin and Udovic 1977) provide a mechanistic foundation
for how coevolution might actually unfold in ecological commu-
nities. Recognition of the links between microevolutionary pro-
cess and macroevolution pattern is one of the great achievements
of the Evolutionary Synthesis (Charlesworth et al. 1982; Futuyma
2015). Niche construction theory and its descendant (Fututyma
2017), eco-evolutionary feedback theory, are also salient because
the abiotic and the biotic are further integrated (Lewontin 1983;
Odling-Smee 1988; Odling-Smee et al. 2003; Levins and Lewon-
tin 1985).

Drilling down to lower levels of organization, a model of co-
evolution could also be applied to independently assorting loci
within or between genomes of a cell (Elena and Lenski 1997a;
Rand et al. 2004; Reik and Lewis 2005; Wade 2007; Haig 2010;
Lynch and Hagner 2015; McLaughlin and Malik 2017; Sloan
et al. 2018; Lund-Hansen et al. 2021). This grand view of epista-
sis, of Mayr’s “interaction between parts of the organism,” grades
into the evolution of conflict and cooperation within and be-
tween genes, chromosomes, cells, colonies or tissues, organs, or-
gan systems, individuals, populations, and species (Queller and
Strassmann 2009).

A central question arising from Mayr’s “problem of interac-
tion” is whether the way evolution unfolds is inherently differ-
ent depending on which type of interaction is at play (Dittmar
et al. 2016). Orr’s model of adaptation (Orr 1998, 2005), which
builds on Fisher’s geometric (Fisher 1930), shows that when the
environment suddenly changes, mutations of larger effect fix ear-
lier on in the adaptive walk than later, as the optimum is ap-
proached. Pleiotropy is the principal driver. The ingenuity of this
model is that it also provides a bridge between the infinites-
imal and macromutationist models (Connallon and Hodgins
2021).
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The ultimate substrate on which natural selection acts, ge-
netic variation, is also a “problem of interaction.” This is evi-
denced by the high level of genetic variation in fitness in nat-
ural populations that may stem in part from balancing selec-
tion (Charlesworth 2015), hybridization and resulting adaptive
introgression (Hedrick 2013; Marques et al. 2019; Edelman and
Mallet 2021; Moran et al. 2021), and a growing appreciation for
the role of horizontal gene transfer (Mi et al. 2000; Koonin et al.
2001; Pace et al. 2008; Husnik and McCutcheon 2018; Rossoni
et al. 2019), including in our own lineage (Mi et al. 2000). Large
phenotypic effects of single alleles cannot easily be dismissed as
being unimportant evolutionarily (Orr and Coyne 1992).

If for the sake of argument we consider them as wholly sep-
arate environments, the biotic environment experienced by a ses-
sile organism may be more dynamic than the abiotic. Constant
ecological and evolutionary change in the local biotic environ-
ment creates fitness optima that are perpetually in flux for a focal
population (Bell 2010). This population finds itself recurrently
climbing the lower flanks of different fitness peaks in a rugged
landscape. A population takes larger leaps when first climbing
the hill and gets part-way up before tumbling back down to the
bottom, only to begin again in a different direction, up a different
hill. The Red Queen must continually begin to climb new hills
to stay in the same place. Perhaps Orr said it best (Orr 2005):
“...it is as though the population is forever taking a first step and
the distribution of factors fixed must collapse to that given by
Kimura (weighted by the distribution of mutational effects), not
an exponential.”

Such a scenario is rather different from directional selection
and subsequent stabilizing selection in canonical models of adap-
tation (Dittmar et al. 2016). Under a fluctuating model, whether
spatially or temporally varying, or both, instead of directional se-
lection leading to fixation of adaptive alleles, selection is tran-
sient (Gillespie 1994). This can drive the maintenance of adap-
tive variants in a population over time or space (Levene 1953;
Gillespie 1978; Gillespie and Turelli 1989; Elena and Lenski
1997b; Gloss et al. 2016; Wittman et al. 2017) even when di-
rectional and stabilizing selection are also occurring (Turelli and
Barton 2004). Of course, a strongly adaptive allele in one en-
vironment, timepoint, or genotype can also be antagonistically
pleiotropic or neutral in others (Anderson et al. 2013).

There are important implications if balancing selection in
the broadest possible sense is more pervasive than we commonly
assume, not simply for the genomic architecture of adaptation
(Gloss and Whiteman 2016). Levels of genetic variation for fit-
ness observed in natural populations are not fully explained by
mutation-selection balance, recombination, or background selec-
tion (Charlesworth 2015). Do our underlying quantitative ge-
netic and adaptive evolutionary models do balancing selection
justice? Distinguishing between recent balancing selection and
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incomplete selective sweeps is challenging, but deep neural net-
works show promise in that regard (Isilda et al. 2021).

What do effect size distributions in nature look like under
fluctuating versus directional followed by stabilizing selection?
It is difficult to know. However, there is some evidence for the
conjecture that substitutions of larger effect size should under-
pin adaptive trait variation under biotic (fluctuating) versus abi-
otic (directional, followed by stabilizing) selection. Across plant
species, including mostly crop or model organisms, quantitative
trait loci (QTL) associated with responses to biotic agents of nat-
ural selection tend to be of larger effect size than those shaped by
abiotic agents (Louthan and Kay 2011). Notwithstanding the con-
founding effects of QTL studies themselves on questions of effect
size (Xu 2003; Beavis 2019), the findings warrant more study and
an analysis comparing effect sizes of traits shaped by abiotic ver-
sus biotic agents of natural selection should be expanded to other
taxa, including microbes and metazoans.

Although I have focused on the dichotomy between biotic
and abiotic, as Lewontin noted (Lewontin 1970) in quoting Dar-
win, “a plant at the edge of a desert is said to struggle for life
against the drought.” Thus, the abiotic environment is subsumed
in the “struggle for existence.” However, Lewontin left out the
end of Darwin’s sentence: ““...more properly it should be said to
be dependent on the moisture.” Still, in any case, Mayr’s “inor-
ganic environment” is a complex milieu to parse.

The abiotic environment includes proximal potential agents
of natural selection like variation in atmospheric gas ratios, hy-
drostatic pressure, humidity, edaphic factors, salinity, sunlight,
precipitation, prevailing wind, and temperature. Yet each of these
is a partial by-product of Earth’s climate control and feedback
systems that arise from the interaction between the biotic and abi-
otic (Lovelock et al. 1972). Just as these environments can fluctu-
ate dramatically over short intervals of space and time, similarly,
individuals and propagules can move through an astonishing ar-
ray of different habitats. For example, a bird can travel hundreds
of kilometers and thousands of meters in elevation in a single day.
It is difficult to disentangle the abiotic from the biotic as proxi-
mate drivers of adaptation in such cases.

As the seasons seesaw back and forth at higher lati-
tudes across the year, “adaptive tracking” is the obvious ex-
pectation, whether for oligogenic traits like seasonal camou-
flage in response to predator pressure (Jones et al. 2018) or
whole-scale physiological adaptation in response to temperature
(Rudman et al. 2021). In the former case, introgression of large-
effect loci through hybridization with jackrabbits is the genetic
basis of this adaptation in snowshoe hares (Jones et al. 2018). The
latter falls under a polygenic model (Rudman et al. 2021), but in-
volves nontrivial effect sizes (>2%) for many loci in Drosophila
melanogaster, although causality of the alleles with respect to
adaptation is unresolved.

More generally, the search for causative mutations under-
lying adaptive phenotypes, “the alleles that matter for evolu-
tion,” and the underlying oligogenic model (Bell 2009) flowing
from Orr (2000) have been criticized (Rockman 2012) for being
fraught with “trait selection and publication bias.” At the heart
of the argument is that the larger, monogenic to oligogenic effect
sizes found in textbook examples of adaptive trait evolution are
exceptional and therefore unimportant for generally understand-
ing how adaptation proceeds. The implication is that although
striking, they are only flashes in the pan at best and products of
typology and ascertainment bias at worst.

In Rockman’s (2012) critique, another incisive one (Trav-
isano and Shaw 2013), and a counterpoint to the first (Lee et al.
2014), the biotic versus abiotic question was not discussed. Yet,
Lee et al. (2014) got close and exerted considerable effort point-
ing to the role for the QTN program in assessing the role of bal-
ancing selection in maintaining functionally important variation.

The dust seemed to settle on the fact that examples of large
and intermediate effect size mutations underlying complex trait
variation within species (oligogenic alleles) are important but
exceptional because polygenic adaptation is the norm. Under-
girding new enthusiasm for a return to the infinitesimal was
the groundbreaking omnigenic model for complex trait variation
(Boyle et al. 2017). This model flowed from the consideration
of complex disease risk in humans and its predictions had im-
mediate and important implications for the study of polygenic
adaptation.

The omnigenic model posits that nearly universal “network
pleiotropy” constrains the genomic architecture of adaptive traits
such that “species adapt by small allele frequency shifts of many
causal variants across the genome” (Boyle et al. 2017). Yes, core
genes with a direct effect turn up in associations, but most are un-
related to the phenotype of interest. Because of pleiotropy, how-
ever, these hits are “real” because peripheral loci still coevolve
with core genes to which they are peripherally connected, yield-
ing a morass of alleles each of tiny effect on phenotype. The om-
nigenic model addresses the heart of Mayr’s problem of “interac-
tion of parts in the organism.”

There was early support for a highly polygenic model in
which adaptation is constrained by network pleiotropy center on
human height (Turchin et al. 2012; Berg and Coop 2014; Robin-
son et al. 2015; Field et al. 2016; Racimo et al. 2018). Yet, the
dataset was bedeviled by subtle effects of population stratifica-
tion, which inflated population-level differences (Novembre and
Barton 2018; Berg et al. 2019; Edge and Coop 2019; Sohail
et al. 2019; Zaidi and Mathieson 2020). However, there may still
be hope for using GWAS to dissect the genomic basis of poly-
genic adaptation: a new full likelihood model may circumvent
many thorny confounding variables embedded in these datasets
(Stern et al. 2021).
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On the other hand, Mathieson (2020) argues that although
we expect polygenic adaptation to be common in theory, it has
been so hard to uncover because it is uncommon in nature. Three
nonmutually exclusive mechanisms are proposed to explain this
paradox (Mathieson 2020). In the first, which turns the omnigenic
model on its head, oligogenic architecture is more pervasive and
emerges from the fact that pleiotropy constrains allele frequency
shifts to handfuls of loci. In the second, polygenic adaptation oc-
curs, but is not easily detectable owing to a preponderance of
phenomena such as fluctuating selection, gene by environment
interaction, overdominance, or epistasis. Finally, variable muta-
tional target sizes (Hermisson and Pennings 2005; Pritchard et al.
2010) and genetic architectures underlying different phenotypic
responses to selection can lead to highly divergent outcomes from
a genetical perspective—f{rom sweeps to modest frequency shifts
in alleles (Hollinger et al. 2019).

An important nuance is that the field has shifted from expect-
ing hard sweeps of de novo mutations of large effect (Voight et al.
2006) to one wherein they are the exception (Hernandez et al.
2011). This shift back to an infinitesimal occurred in roughly the
last 15 years.

I am only an observer to this rich field. Yet, from what I see,
consilience may be near. Just as Orr’s model bridged the infinites-
imal and macromutationist models of adaptation (Connallon and
Hodgins 2021), the fluctuating model and the directional selec-
tion followed by stabilizing selection model of adaptation can be
seen as two sides of the same coin.

Hayward and Sella (2021) used simulations of finite pop-
ulations to study effect size distributions and allele frequency
dynamics during the initial adaptive response to the sudden
change in an environmental variable. They found two distinct
patterns over time. In the first phase of adaptation, large-effect
alleles can play an important role in adaptation, but over long
periods of time, they are instead entirely supplanted by moderate-
effect and then small-effect alleles during an equilibration phase
(Hayward and Sella 2021). The equilibration phase takes a very
long time to complete (~2N.) generations and so whether sup-
plantation occurs at all depends on how stable the environment
is over a very long period of time. Flowing from this, might we
expect fundamentally different genetic architectures of polygenic
adaptation for populations and species with small versus large
N?

The result of the analysis by Hayward and Sella (2021) im-
plies that under fluctuating selection, we expect a different poly-
genic architecture of adaptation than under a directional followed
by stabilizing selection scenario. Fluctuating selection imposes
a perpetual state of the early stages of adaptation and therefore
opens the door to a role for a distribution of effect sizes that has
shifted toward larger effect size mutations. This may well explain
many of the discrepancies between what appear to be cherry-
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picked oligogenes that end up in textbook examples of adaptation
and what we know from the crop and animal science literature—
that most quantitative traits that respond to artificial selection are
highly polygenic.

Such a distinction in the genetic architectures of adaptation
between continually shifting versus rapidly changing and sub-
sequently stable optima may also explain findings like those of
Louthan and Kay (2011) wherein the distribution of QTL skewed
toward larger effect sizes for traits shaped by biotic selection
(more dynamic) compared to those shaped by abiotic selection
(Iess dynamic). Although shifts toward a continually moving op-
timum have been modeled (e.g., Matuszewski et al. 2014), ap-
plying Hayward and Sella’s (2021) simulation approach to more
dynamical selection scenarios in n-dimensional trait space would
be useful. Superficially, the problem is similar to the disparity
in the nature of mutations affecting fitness that segregate within
populations compared to those that fix between them (Stern and
Orgogozo 2008).

Returning to Mayr’s “problem of interaction,” in my view,
the Red Queen helps explain patterns of evolution across the en-
tire expanse of evolutionary time—through hundreds of millions
of years in the fossil record to allele frequencies and their ef-
fect sizes in extant populations. Biotic interactions can generate
rugged fitness landscapes and dynamic evolutionary responses,
to which the adaptive response is more likely to have an oli-
gogenic basis. Such a scenario lends itself to experimental dis-
section, leading to important advances in connecting genotype to
phenotype as well as biases (Rockman 2012). Still, for biotic in-
teractions and populations with large effective population sizes,
oligogenes underpinning adaptive phenotypes are perhaps justifi-
ably the null expectation. The return to the infinitesimal through
the omnigenic is an important advance because of the predictive
framework and explicit modeling it affords.

With all of this in mind, I now share insights from my own
research on adaptation, which focus on two case studies that bear
on several of Mayr’s problems of interaction and interface with
the specific issues raised above.

A Tale of Two Toxins

Over the past decade, research in our laboratory has focused on
the role of toxins of biological origins in mediating interactions
between species and particularly the genetic basis of adaptation
in animals in response to dietary and pathogenic toxins. This re-
search is highly biased toward studying the nature of alleles with
large phenotypic effects on fitness.

In the two cases I will discuss, the toxins have been co-opted
by animals. In the first case, the animal sequesters a dietary toxin
from a plant, resulting in unpalatability to predators. In the sec-
ond case, a gene encoding a toxin was horizontally transferred
from a phage or bacterium to an animal where it may be used
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as an immune effector, but interacted first with animals through
bacterial endosymbionts.

Before I dive into the details, it is useful to observe that
the evolution of toxicity can be transformative for animal pheno-
types. Through it, animal phenotypes evolve from being cryptic
to conspicuous, nocturnal to diurnal, small to large, fast to slow,
solitary to social, local to widespread, neglectful to doting par-
ents, and from short to long lived (Santos and Cannatella 2011).

On the one hand, organisms are more than the sum of their
parts. Evolution somehow elegantly integrates disparate pheno-
typic modules to produce whole organisms (Wagner et al. 2007).
On the other hand, pleiotropy constrains natural selection from si-
multaneously acting on different phenotypic modules (Stern and
Orgogozo 2008). Yet, toxic animals thread this needle as dis-
parate novelties evolve in lockstep, triggered by the invasion of
new adaptive zones that protection from enemies allows (Santos
and Cannatella 2011). The repeated evolution of acquired toxicity
in animals therefore provides opportunity to resolve this impor-
tant paradox in evolution (Giorgianni et al. 2020).

It seems reasonable to assume that adaptations like the evo-
lution of toxicity will tend to have an oligogenic basis, afford-
ing an escape from the pull of omnigenic pleiotropy and miti-
gating the costs that complexity exacts (Orr 2000). A textbook
example of oligogenic adaptation revolves around the use of
cardiac glycoside (CG) heart poisons as chemical defenses and
its study touches on many of Mayr’s problems of interaction.
Miriam Rothschild and collaborators in 1968 found that CGs
are sequestered by larval monarch butterflies (Danaus plexippus)
as they feed on CG-producing milkweed (Apocynaceae) plants
(Reichstein et al. 1968). That same year, Lincoln Brower and col-
laborators discovered that CG levels in the monarchs could pre-
dict their degree of unpalatability to birds (Brower et al. 1968).
The conclusion is that CGs protect monarchs from bird preda-
tion, which can explain the evolution of warning coloration in the
milkweed butterfly lineage.

The intergenerational migration of monarchs from the north-
ern prairies of the eastern United States and Canada to the oyamel
fir forests of Mexico and back again is a wonder of the natural
world. This migration is enabled by protection from predation
afforded by the sequestered CGs. However, nature finds a way,
and mixed flocks of black-backed orioles (Icterus abeillei) and
black-headed grosbeaks (Pheucticus melanocephalus) may con-
sume up to 9% of these butterflies in some of the overwintering
colonies in Mexico, which translates to over 2 million individual
monarchs per year (Fink and Brower 1981; Brower and Calvert
1985).

The foundation for unraveling how monarch butterflies
could resist CGs was laid by William Withering, who in 1785
reported that extracts of foxglove (Digitalis purpurea) could suc-
cessfully treat heart failure, in what would be the first human

clinical trial in the European medical literature (Withering 1785).
In 1960, Jens Skou discovered that the Nat/K*-ATPase (sodium
pump) could be blocked by the CG g-strophanthin or ouabain, de-
rived from waabaayo, Somali for arrow poison (Jez 2021), from
Acokanthera and Strophanthus trees in East Africa. Skou (1960)
suspected that this was “presumably by interfering with the bind-
ing of the cations for the enzyme...”

In 1992, Ferdinand Holzinger and colleagues reported that
the monarch’s sodium pump activity was not altered by the pres-
ence of ouabain, unlike that of the control species, the tobacco
hornworm (Manduca sexta) that did not eat CG-containing plants
(Holzinger et al. 1992). When they sequenced the first extra-
cellular loop of the sodium pump (ATPa), where ouabain was
thought to bind, a histidine (H) had replaced an asparagine (N) at
position 122, in the monarch relative to the other species. They
suspected that this substitution might alter the binding affinity of
ouabain. Then in 1996, Holzinger and Michael Wink addressed
this hypothesis by swapping the asparagine for the histidine
at position 122 using the native D. melanogaster ATPa copy
and then tested for CG-resistance in vitro after transfecting the
mutant construct in human embryonic kidney cells (Holzinger
and Wink 1996). The cells expressing ATPo with the histidine
at 122 were highly resistant to ouabain, unlike those carrying the
asparagine.

In 2012, two research teams identified convergently evolved
amino acid substitutions in the sodium pump across insects that
fed on CG-producing plants (Aardema et al. 2012; Dobler et al.
2012; Zhen et al. 2012). Paralogs were also discovered en-
coding sodium pump copies that were expressed differentially
across tissues, suggesting the potential for subfunctionalization
and performance-resistance trade-offs (Zhen et al. 2012).

Particularly striking were parallel changes at positions 111
and 122 across a diversity of CG-feeding insects. Substitutions
at these and other sites evolved in a stepwise fashion within the
milkweed butterflies, producing sodium pump enzymes that gen-
erally also showed stepwise increases in resistance when isolated
from representative species. Some fed but did not sequester CGs,
others sequestered at lower levels, culminating with the monarch,
which sequestered the most (Petschenka et al. 2013).

Although it was clear that amino acid substitutions at ATPo
positions 111 and 122 were critical to CG-resistance in vitro and
when expressed heterologously in cell lines, it was not clear if
they were sufficient to explain adaptation to the high levels of
CGs present in sequestering species (Petschenka and Agrawal
2015), which exceed the level of digitalin used to treat human
patients, nor was it clear why what appeared to be the most resis-
tant substitution to a histidine at 122 evolved last.

To address these questions, we mapped amino acid ancestral
character states in the sodium pump across the insect phylogeny
and identified which had evolved to derived character states when

EVOLUTION FEBRUARY 2022 71

$20z Asenuep go uo Jasn (jJleH }jeog) MeT Jo |00yoS eluloyijed 1o AusisAlun Aq Z£$8Z/9//9/1S/9/ /0101 ANjoAs/woo dnoolwepeoe//:sdiy Woly pepeojumod



PERSPECTIVE

CG feeding or sequestration arose (Karageorgi et al. 2019). We
found other amino acid sites that coevolved with those that fixed
as CG feeding and sequestration evolved, including position 119.
This opened the door to the possibility that substitutions at 119
(Crambert et al. 2004; Pegueroles et al. 2016; Yang et al. 2019)
were somehow directly or indirectly evolved in the adaptive walk
that in the milkweed butterflies began with changes at 111 and
119 followed by those at 122.

Using two rounds of CRISPR-Cas9-mediated homology-
directed repair, we swapped the derived mutations that fixed in
the monarch lineage because it diverged from a common ances-
tor with the ithiomiine butterflies into the native D. melanogaster
ATPa as the background. We found (Karageorgi et al. 2019) that
substitutions at three amino acid positions (111, 119, and 122)
in ATPa fixed in a predictable fashion in insect species that fed
on CG-bearing plants, which resulted in full resistance to CGs in
vivo in D. melanogaster.

The adaptive walk taken by the monarch butterfly because
its lineage diverged from a common ancestor shared with the
ithiomiines was recapitulated in vivo in an animal with no his-
torical association with CG-bearing plants. Flies carrying the
monarch’s three substitutions at 111, 119, and 122 in native ATP«
copies were nearly completely resistant to dietary ouabain levels
that were as high as 30 mM. Structural variation in CGs other than
ouabain causes marked variability in inhibition of the sodium
pump across CG-adapted insect species, but their effects on D.
melanogaster are not well known (Groen et al. 2017; Petschenka
et al. 2018).

We also went back in evolutionary time (Dean and Thorn-
ton 2007) and engineered single and double D. melanogaster
ATPa mutants that evolved along the way to the monarch lin-
eage, as well as those that never evolved, yet conferred CG resis-
tance. The paradox of why H122 conferred the most resistance
but evolved last can be resolved if this mutation is also costly
pleiotropically. A neurological phenotype (bang-induced seizure
sensitivity [Schubiger et al. 1994]) exacted by H122 may be par-
tially ameliorated through epistasis with S119 (Karageorgi et al.
2019; Taverner et al. 2019). Such intramolecular epistasis may
be common in the evolution of target site insensitivity to toxins
(Tarvin et al. 2017).

Epistasis of another kind is required to explain why the effect
size of L111 and S119 on CG resistance when they occurred to-
gether was far more than that conferred by either mutation alone.
Positive sign epistasis between L111 and S119 may also help to
explain the order of the substitutions in the monarch and the other
CG-resistant insects with parallel changes.

Both additivity and positive epistasis contributed to CG re-
sistance as the milkweed butterflies climbed up the CG-resistance
fitness peak. Our results were complementary to an indepen-
dent study that also used D. melanogaster as an in vivo model
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to test hypotheses of adaptation to CGs in insects (Taverner
et al. 2019).

We recently reported another set of parallel CG-resistance
substitutions at these same sites in natural enemies of CG-feeding
insects (Groen and Whiteman 2021). It was known that the black-
headed grosbeak was physiologically resistant to CGs in the
monarchs on which they feasted, but the mechanism was unclear
(Fink and Brower 1981). The next question was whether there
were also convergently evolved resistance substitutions in this
bird. Frogs and snakes that feed on toads that produce CGs them-
selves have evolved parallel amino acid changing substitutions
(Ujvari et al. 2015; Mohammadi et al. 2021).

In the case of the monarchs, however, the toxins must tra-
verse an additional trophic level: from plant to herbivore and then
to predator. Among >150 birds species with genome sequences
available on GenBank, two of the four ATPa copies in the black-
headed grosbeak carried previously studied CG-resistance amino
acid changing substitutions at 111 and/or 119. This includes
two substitutions (L111 and S119) in one of the black-headed
grosbeak ATPa copies that are also found in the ATPa of Eu-
ploea spp. butterflies that attack CG-bearing Apocynaceae. These
two substitutions confer a large step in CG resistance through
positive sign epistasis when engineered into D. melanogaster
(Karageorgi et al. 2019).

The process of one adaptive substitution building on those
that came before, through both additivity and intramolecular epis-
tasis, was a gradual one in the milkweed butterflies. Turning to
Mayr’s “problem of interaction,” a set of species interactions and
interactions between amino acids in the molecular target all re-
volve around a toxin produced by a plant.

As the CGs flow through the ecosystem (Ferrer and Zimmer
2012), they apparently exert strong enough selective pressure to
recurrently fix CG-resistance mutations across at least two higher
trophic levels. This is in part explained by the extraordinary con-
straint imposed by the sodium pump’s canonical function, which
results in few allowable paths to target site insensitivity and many
forbidden ones (Storz 2016; Ogbunugafor and Eppstein 2019).
Intramolecular interactions between amino acid residues in the
first extracellular loop of the sodium pump as well as interac-
tions between those residues and the hydrogen bonds with the
toxin are required to explain resistance to CGs (Crambert et al.
2004; Ogawa et al. 2009; Dobler et al. 2012; Zhen et al. 2012;
Karageorgi et al. 2019).

An evolutionary cascade in response to an ecological one
is echoed by newts and their snake predators, which have both
adapted to tetrodotoxin found in the skin of newts through sub-
stitutions in toxin’s target, voltage-gated sodium channels. The
sequestered tetrodotoxin may be obtained through symbiotic bac-
teria living in the tissues of the newts (Geffeney et al. 2005; Vaelli
et al. 2020). Interaction is the evolutionary leitmotif across and
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within many levels of biological organization in these dietary-
derived toxin systems.

Another toxin-mediated adaptation we have studied involves
the cytolethal distending toxin subunit B (cdtB) gene. We dis-
covered that this gene, which is widespread in Proteobacteria
and Actinobacteria, was independently horizontally transferred
multiple times into the genomes of insects. Specifically, cdtB
was horizontally transferred ffrom bacteria or lysogenic bacterio-
phages into an ancestor of Scaptomyza and Drosophila primaeva,
an ancestor of the Drosophila ananassae species subgroup, and
an ancestor of Drosophila biarmipes, all in the Drosophilidae
(Verster et al. 2019). This gene was also horizontally transferred
to an ancestor of the black cherry and peach aphids in the genus
Mpyzus and is a pseudogene in the Russian Wheat Aphid, Diu-
raphis noxia, a member of the same tribe as Myzus. Remarkably,
the cdtB copies in the non-Scaptomyza drosophilids and aphids
encode the same intron-exon splice junctions. This gene has also
been found in the genomes of cecidomyiid gall midges and thrips
(Verster et al. 2021).

CDTB is the active subunit of the tripartite Cytolethal Dis-
tending Toxin (CDT) holotoxin. CDT is well-studied because it
has been linked to gastrointestinal illness, including cancers, in
humans (Talley et al. 2019). The cdtB gene was also found in
the genome sequences of the secondary endosymbiotic bacterium
Hamiltonella defensa that infects pea aphids (Acyrthosiphon
pisum) and several other sap-feeding insects (Moran et al. 2005;
Rouil et al. 2020; Boyd et al. 2021).

Previously cdtB was known only from diverse mammalian-
associated Proteobacteria and Actinobacteria, including Es-
cherichia coli. Moran et al. found that cdtB was one of several
cargo genes within a toxin cassette of the associated bacterio-
phage (named APSE-2). Experiments pea aphids infected with
H. defensa strains positive for the toxin cassette containing
cdtB were then found to be resistant to parasitoid wasp attack
(Oliver et al. 2009; Brandt et al. 2017). Given this context,
when we discovered horizontally transferred copies of cdtB in
insect genomes, it was convenient that it was already being used
to address a number of fundamental biological questions that
intersected with evolutionary biology.

CDTB functions as a DNase I and/or phosphatase when im-
ported into eukaryotic cells, resulting in cell cycle arrest and
apoptosis (Nesic¢ et al. 2004). We hypothesized that the horizon-
tally transferred cdtB genes may protect flies and aphids from
parasitoid wasp attack as it likely does when expressed in H. de-
fensa (Verster et al. 2019). Is this a potential case of saltational
evolution in the narrow sense? A bacterial toxin gene is intro-
duced several times independently from prokaryotes, resulting in
the instantaneous evolution of a new enzyme in the animals.

Saltational evolution is a multifarious term that has taken
on many forms over time, but most conceptions of it have been

rightly abandoned (Futuyma 2015). Another way of looking at
cdtB is that this gene evolved gradually in prokaryotes over deep
evolutionary time and was then horizontally transmitted to a di-
verse suite of insects as a macromutation, resulting in a new phys-
iological trait. In this light, although both small steps and giant
leaps describe the nature of this potential adaptation, the entire
picture is wholly consistent with the Evolutionary Synthesis. A
research frontier in this system is in understanding how a new
gene encoding a eukaryotic toxin became integrated into an ani-
mal gene network repeatedly (Husnik and McCutcheon 2018).

Returning to Mayr’s “problem of interaction”—in this case,
the system is one of interactions across many levels of biologi-
cal organization: between the insect host and parasitoid wasp en-
emy; between insect host and bacterial symbiont; between bacte-
rial symbiont and bacteriophage; between cdfB and other genes
in the toxin cassette; between cdtB and other genes in the in-
sect genome after horizontal gene transfer (HGT); between DNA
and DNAase; and between cdtB (and CDTB) and other insect-
encoded gene and their products in the network in which it has
evolved. Top-down pressure from parasitoids or other enemies
may have driven its evolution in insect symbionts, which are now
obviated through HGT of genes carried in toxic “cargo.” The five
independent origins of cdB in insects are probably the tip of the
iceberg. As in the case of the CGs, a toxin that first evolved in
lower trophic levels was harnessed by higher trophic levels that
is potentially repurposed in defense of the organism, and the same
evolutionary path is taken by different lineages.

Anastomoses between vertically descending branches of the
tree of life form through hybridization, horizontal gene transfer
events, and symbioses (Clausen 1951). These mechanisms were
once thought to be of little importance in adaptation, especially
in animals, but this conclusion, in my view, is no longer justified.
The tree of life may be more accurately conceived of as a braided
river of life.

T used Mayr’s “problem of interaction” as a window into un-
derstanding the extent to which evolution is gradual or saltational
in these two case studies of defensive toxicity in insects—one in
which toxins are obtained from plants and the other in which a
gene encoding a toxic enzyme was obtained from prokaryotes.
In the first example, we see that when gradual evolution pro-
ceeds via both smaller and larger steps through additivity and
intramolecular epistasis. Genotype-dependent or “background”
effects such as positive intramolecular epistasis serve as a phe-
notypic rachet, pulling a population up the lower flanks of a
fitness peak—ijust as Euploea spp. butterflies and black-headed
grosbeaks seem to have done with the same amino acid substitu-
tions L111 and S119 in the sodium pump. In the second exam-
ple, HGT is a mechanism through which a macromutation may
confer a new trait in an animal lineage, but at the same time,
the gene first evolved gradually in bacteria and their phages. The
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importance of lateral movement of genes sensu lato in adapta-
tion is now dogma in microbiology (through HGT; Arnold et al.
2021) and botany (through hybridization; Stebbins 1950; Ander-
son and Stebbins 1954), but its importance in animals has been
less appreciated until recently.

Conclusion

The dialectical nature of Mayr’s “problem of interaction” remains
the sine qua non of evolutionary biology. Over deep evolutionary
time, an explicit coevolutionary model arising from a zero-sum
game is a useful heuristic because it can be explained by a mi-
croevolutionary process. Interactions between species produce a
rugged fitness landscape that may produce a genomic architecture
of adaptation distinct from that expected by directional selection
followed by stabilizing selection. A higher proportion of muta-
tions of larger effect may typify responses to selection driven by
fluctuations in optima as a result. Top-down and bottom-up eco-
logical forces as well as intramolecular epistasis shape the evo-
lution of acquired toxicity. Predictable evolutionary cascades are
triggered by ecological ones.

Returning to our 75th anniversary theme, the Evolutionary
Synthesis solidified the dogma that natura non facit saltus (Dar-
win 1859). In other words, evolutionary change is gradual. Ge-
nomics and genome editing have allowed not only the ability to
measure effect sizes of mutations fixed along adaptive walks in
vivo, but the nature of the alleles themselves, both their prove-
nance and phenotypic effects. These new tools have reaffirmed
gradual nature of evolution by natural selection overall (Linnen
et al. 2013), a tenet of the Evolutionary Synthesis (Smocovitis
2009). However, they have also unearthed new insights into old
questions on the Mayr’s synthetic “problem of interaction,” par-
ticularly regarding the roles of pleiotropy, epistasis, laterally ac-
quired genes, and predictability itself in adaptation.
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