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Abstract

Looking under the light pulse: an integrative case study on the mating behaviors of

Caribbean sea fireflies (Crustacea, Ostracoda, Cypridinidae)
by

Nicholai Marcus Hensley

Some of the most extreme and diverse phenotypes in nature are mating behaviors.
Poised to be an engine for biodiversity during the speciation process, and some of the
most rapidly evolving traits, these extreme phenotypes are widely studied at the whole
organism-level, yet intractable at other levels of biological organization due to their in-
herent complexity as an emergent property. Although we have a strong theoretical un-
derstanding of the ecological processes that contribute to the diversification of these be-
haviors, we have few studies able to resolve how evolution acts on the genome to generate
such diversity. Our understanding of the genetic basis of behavior is much more limited
than other phenotypes, and even more so when we wish to understand how behaviors
diverge between species. In this thesis, I present a series of integrative studies dissecting
the contribution of important proteins on the phenotypic evolution of mating behaviors,
focusing on the fantastical displays of Caribbean ostracods (affectionately, ”sea fireflies”).
Males of 100 species use secretions of bioluminescent, mucus-like proteins to attract fe-
males, creating diverse patterns that vary between species and guide females towards
individuals during the mating spree. I present evidence that functional and molecular
divergence of these proteins contributes to changes in their light-producing function. In
theory, this links to mating display structure, as it may influence the visible duration
of individual bioluminescent secretions. By analyzing in vivo and in vitro differences in

protein function, I find that the evolutionary lability of this display duration may be

X



constrained by its underlying mechanisms. Differences in these mechanisms contribute
to the overall form of single pulses within a mating display, and molecular patterns of
evolution point towards both purifying and diversifying selection acting on protein func-
tion. Lastly, using artificial playback experiments, I present further evidence that male
displays influence female behavior, supporting the idea that these signals may be under
sexual selection but not necessarily important in sea firefly speciation. Together, these
data lend credence to the hypothesis that key genes can be hotspots of evolutionary di-
vergence during species radiation but that their effects might be contingent upon other
constraints, showcasing how diverse evolutionary forces are important in the evolution of

behavior.
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Introduction Chapter 1

Complex phenotypes are replete in nature, concomitant with the biodiversity of life. An
enduring question in evolutionary biology is how diversity of form evolves, and if by look-
ing amongst these tangled banks, can we derive rules that predict such riotous evolution.
Of particular interest are the evolution of animal behaviors. As emergent phenotypes
at the intersection of genetics, development, and the environment, animal behaviors are
widely associated with differences in fitness. Behaviors can also alter evolutionary rates
and influence macroevolutionary patterns of diversity. Most prominently, shifts in some
behaviors seem key to many bursts of speciation, and even claimed as causal. Thus
understanding the mechanisms of divergence in behavioral phenotypes can inform us of
behavior’s broader evolutionary consequences, from phenotypic disparity to their role in
structuring ecological interactions and driving species diversity. What genetic factors in-
fluence behavioral form and diversity over time? Are these factors shared across species,
and when (if ever) are they important during speciation? What ecological factors select
on these loci in the genome for behavioral divergence? In my thesis, I investigate how a
single orthologous gene family may play a key role in the diversification of animal behav-
ior using a unique system - the bioluminescent mating displays of cypridinid ostracods
(Arthropoda, Crustacea, Ostracoda, Cypridinidae).

A major goal in dissecting the genetic basis of differences in such complex phenotypes
is to understand if phenotypic evolution is repeatable at the genetic level: are specific
loci always the target of evolutionary change during diversification? Theoretically, genes
in key positions are disproportionately susceptible to produce change as evolutionary
hotspots [122, |201]. This may be due their unique position in development, increased
mutational target size, or other genomic properties that increase local mutation rates
(e.g. Pel fragility in sticklebacks near Pitr1 [238]). Classically, while coding changes are
expected to produce large effects due to changes in gene function, alterations of regulation

can avoid pleiotropic catastrophe with refined expression [202, |79]. Regulatory changes
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Introduction Chapter 1

are known to increase morphological disparity (e.g. Drosophila trichomes [129, 207],
avian skull shape [185] 247]). Such cis-regulatory mutations are more prevalent for cer-
tain phenotypes over others [202]. More recent work suggests that an “omnigenic model”
of phenotypic architecture, invoking genome-wide pleiotropy, is expected for complex
phenotypes. Pleiotropy may constrain the available evolutionary solutions that produce
phenotypic changes. Notably, comparisons for many phenotypes (like behavior) are only
just becoming possible due to the inherent difficulty in generating data to answer these
questions. Like most quantitative phenotypes, animal behaviors generally have a com-
plex genetic architecture [110, [2]. More empirical examples are necessary to clarify how
evolution creates behavioral diversity over time.

Some of the greatest behavioral diversity occurs in mating systems associated with
adaptive radiations, and the interaction between sexes allows for complex patterns of
phenotypic co-evolution [194} [145]. Thus species radiations are excellent systems to ad-
dress mechanisms of behavioral diversification, as done with cichlid [246] and mormyrid
fishes [6], Drosophila flies [63], Heliconius [133] and other butterflies [125], and Laupala
crickets |187]. Sexual selection is invoked in many species radiations, with specific pre-
dictions on its genetic signature (reviewed by [131], |105]). Famously, Fisher [51] and
Lande [109] developed simple population genetic models that predict how the exaggera-
tion of secondary sexual traits should evolve over time. The genetic architecture of these
traits is just as complex as traits under natural selection [2], and they seem to be just
as heritable [165]. In particular systems, loci for sexually selected traits and correspond-
ing preferences segregate together [234] [188], but other systems demonstrate complex
trait-preference architecture [157, [113|. Contrary to some predictions, these areas are
not associated with decreased rates of chromosomal recombination or inversions |16]. In
ruffs [107] and white-throated sparrows [224], large inversions are linked with different

reproductive morphs behaviors within these species, but only simple changes in enzyme
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Introduction Chapter 1

regulation are needed to generate differences in the color of canaries [57].

One of the most successful examples of mechanisms shaping behavioral divergence
are odorant receptors; lying at terminal nodes of genetic pathways in order to integrate
chemical information into a neurosensory context, these gene families have been targets
of selection in many systems, especially for successful species recognition and mate choice
[4, 50|, |21, [183]. These receptors demonstrate both coding and expression changes that
modify sensitivity to environmental cues, ultimately changing behavior (briefly reviewed
in [24]). For example, in moths, differences in male sensitivity to female pheromone
blends has been attributed both to switches in ligand affinity for expressed olfactory
receptors (OR), and to which subsets of ORs are expressed in specific sensory neurons
[69]. This also seems to be true for fly species with host-plant switches between species
[115,|126], or changes in cuticular hydrocarbon profiles involved in insect mating |62} [111}
100]. And OR changes in sensitivity and ligand-binding are implicated in host switches
for human-feeding mosquitoes subspecies [127].

Other genes of varying network position have also played key roles in species’ be-
havioral divergence. Both opsins and other GPCRs seem repeatedly to be hotspots of
evolutionary change between species [12]. Opsins are more terminal genes in a sensory
network, but GPCRs can occupy many levels given their cellular function. Conversely,
Cande et al. [25] did not find an association between the genes fruitless and double-
sex and mating signal production in Drosophila species, despite being characterized as
master regulators of sexual behavior [39]. Likewise, some sexually dimorphic traits have
unique signatures of gene expression, network position, and genomic position [120), [72].
Together, these examples illustrate that certain genes and evolutionary changes may be
poised to create divergent sexual behaviors within and between species, but consensus
from empirical examples continues to defy theoretical expectations and generalization

(but see [244]). Developing examples to test the genomic signatures of sexual selection
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Introduction Chapter 1

and behavioral divergence will be key in marrying these two theories.

Cypridinid ostracods are a promising group to investigate these questions because a
key enzyme (c-luciferase) integral to their mating behaviors has been previously char-
acterized. These small crustaceans inhabit the world’s waters and are 500 m.y. di-
verged from the last common ancestor of other (more delicious) crustaceans. Within the
family Cypridinidae, they have independently evolved bioluminescence to use light for
self-defense [139]. When attacked by a predator, a luminous ostracod exudes a cloud
of mucus outside its body that contains the enzyme c-luciferase and substrate vargulin,
which react with oxygen to form light. This biochemical reaction is ATP independent
[104] and is well described with first-order kinetics (assuming oxygen is freely available
in sea water |192, [193]). In about 100 Caribbean species, defensive bioluminescence has
been co-opted for use in complex mating displays [141]. Male cypridinid ostracods secrete
discrete, species-specific patterns of bioluminescent pulses to attract females, who follow
these trains of signals to intercept the male’s trajectory [170, [171]. Females will even re-
spond positively to artificial displays made of LEDs [171]. Natural courtship trains vary
little within species, but widely between them in a number of ways, like in the duration
of individual pulses in a single train, or the distance and timing between pulses |29, [141].

The genetic basis of light production has been previously characterized by isolating
both the enzyme and the substrate [204] 220, |74 213, |146]. We know that c-luciferases
(enzyme) from different species vary in their ability to oxidize vargulin (substrate), chang-
ing the relative light output |146]. We also know that light emission varies across species
in other ways: the rate of light emission can decay differently [220} 173, 152, |204], and the
color can even appear different to the human eye [74]. However, no study has quantified
this variation broadly or in a comparable manner, leaving our ability to infer the relative
contribution of variation in enzymatic ability to variation in courtship displays without.

Because of its simplicity and high diversity, this system has potential to inform us about
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Introduction Chapter 1

how behaviors, specifically courtship displays, diversify across many species.

In Chapter 2, I set a foundation for understanding the causes and consequences
of variation in bioluminescence amongst cyprindid ostracods. These results support a
hypothesis one aspect in ostracod mating displays - the duration of visible light from
single pulses - may be evolutionarily constrained by the underlying biochemical mech-
anisms that produce light. I gathered light emission data from in vivo bioluminescent
expression of living animals across 16 species, and within a phylogenetic comparative
framework, found that a metric of enzyme function negatively, nonlinearly correlates
with differences in pulse duration. These unexpected results show that variation in bio-
luminescence relates to mating display variation across species, and that enzyme function
does not predict equal change across species in this phenotype. Even during diversifi-
cation across a candidate gene that may be uniquely posed to create diversity, we may
not be able to confidently predict which evolutionary changes may become prevalent to
generate phenotypic outcomes.

In Chapter 3, I use a combination of molecular analyses and techniques, paired with
simple modeling, to characterize the function and evolution of new c-luciferase orthologs
across species. [ discover and validate a handful of these bioluminescent proteins in
three separate expression systems, and demonstrate that protein function has diversified
across species in both kinetics and relative efficiency. By analysing patterns of nucleotide
substitution, I propose candidate sites that demonstrate molecular signatures of purifying
and diversifying selection in relation to enzyme function. Together, I use simple models
to show how these differences impact the development of the phenotype during courtship.
This has important implications for how behavioral signals in this system may co-evolve
with receiver visual physiology, a key prediction in studies of animal communication and
sexual selection.

In Chapter 4, I explore how female behavior responds to variation in male signaling

6



Introduction Chapter 1

across four species of ostracods. As these signals are important during mate choice and
speciation, females preferences for these signals are likely to be a key driver of prezygotic
isolation and evolutionary diversification. Female preferences for mating displays can
also evolve in response to complex environmental shifts, such as secondary contact with
heterospecifics that share their habitat. Sampled with varying ecology in mind, and
tested across different courtship display variations using artificial playback experiments,
these results confirm that female ostracods actively respond to the presence of lights that
simulate the signals of conspecific males. However, this change in behavior (increase in
swimming speeds and directedness of motion) differs among species and is correlated
with the complexity of their natal signaling conditions.

In Appendices A - C, I provide supplemental data and analyses to contextualize the
main findings of each data chapter (2 - 4, respectively).

In Appendix D, I provide initial data that support the hypothesis that behavioral
divergence may precede postzygotic reproductive isolation among closely related ostracod
species. Between two congeners of the Photeros clade, 1 quantify gross morphology,
behavioral and genetic divergence, developmental differences, and perform interspecific
crosses to show they are interfertile. Although the current description of these two
species is informal, these data indicate that prezygotic reproductive barriers, like the
mating displays of bioluminescent cypridinid ostracods, may be contribute to speciation

in this group.

1.1 Permissions and Attributions

e Chapter 2 was previously published as, ”Hensley NM, Ellis EA, Gerrish GA, Torres
E, Frawley JP, Oakley TH, Rivers TJ. 2019 Phenotypic evolution shaped by current

enzyme function in the bioluminescent courtship signals of sea fireflies. Proc. R.
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Soc. B 286: 20182621”. It is reproduced here with the permission of The Royal
Society Publishing; permission conveyed through the Copyright Clearance Center,

Inc. http://dx.doi.org/10.1098/rspb.2018.2621

e Much of Chapter 3 has been submitted to the pre-print service bioRvix as, ”Selec-
tion, drift, and constraint in cypridinid luciferases and the diversification of biolu-
minescent signals in sea fireflies. 2019. Hensley NM, Ellis EA, Leung NY, Coupart
J, Mikhailovsky A, Taketa DA, Tessler M, Gruber DF, De Tomaso AW, Rivers
TJ, Gerrish GA, Torres E, Oakley TH. bioRxiv 2020.01.23.917187”. It is repro-
duced here in-part, and under Creative Commons Attribution License, CC-BY 4.0.
https://doi.org/10.1101/2020.01.23.917187. Other majors aspects of Chap-
ter 3 were undertaken in continued collaboration with Komatsu Mami, Jessica A.

Goodheart, Emily S. Lau, John Lew & Yasuo Mitani.

e Chapter 4 is the result of a collaboration with Gretchen A. Gerrish, Raj Saha,

Trevor J. Rivers & Todd H. Oakley.
e Appendix A is the Supplementary Information for Chapter 2
e Appendix B is the Supplementary Information for Chapter 3
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2.1 Introduction

Disparate courtship behaviours are often a hallmark of species radiations [117, [169,
45], such that learning how differences evolve is critical to understanding the origins of
biodiversity. Like other phenotypes, courtship displays are sensitive to natural selection,
stochasticity, and historical and developmental constraints, with the interaction of these
factors determining overall phenotype [197, 19, 47]. When predicting how such pheno-
types evolve, it can be useful to build a theoretical space relating structure to function
to better understand both realized and potential diversity; such “phenospaces” give us
insight into the evolutionary process. This has been particularly well-used in functional
morphology to describe how the evolution of biomechanical performance (a metric analo-
gous to behavioural output) may be enabled [230] or constrained |162] due to differences
in morphological traits. For example, in the courtship behaviours of woodpeckers, this
approach has shown that morphological constraints in one aspect of the phenotype can
be ameliorated by sexual selection acting to elaborate overall signal design in other ways
[134]. However, behaviours are a non-additive output from many biological levels, not
just morphology, and we might expect that variation in any one level can contribute to
phenotypic evolution. Thus, given sufficient understanding of the relationship between
structure and function, we can extend this approach to any level of biological organi-
zation and begin to understand if and how variation in biological organization leads to
variation in courtship phenotypes.

Unlike morphology, studies on biochemistry are either more difficult to link directly or
less commonly connected with phenotypic evolution. Even though biochemistry may be
studied by measuring biochemical functions, the best assessments for how it affects pheno-
typic evolution generally come from studies of particular proteins, like how haemoglobin

changes relate to shifts in altitudinal home range [206]. But in mating phenotypes
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specifically, linking biochemical variation to behaviour is less well demonstrated. Most
famously, in many insects, changes in the metabolic pathways creating cuticular hydro-
carbon (CHC) profiles led to differences in recognition-semiochemicals, both in kind and
composition (briefly reviewed in [81]). Even outside insects, most work on biochemi-
cal variation connecting to animal communication has focused on pheromones (for some
examples, see Animal Behaviour Volume 97 Special Section: Biochemistry & Animal
Communication). Other studies, like in bioluminescent taxa such as fireflies, have shown
that changes in colouration between species are due to changes in the biochemical binding
of the substrate [158]. And in weakly electric fishes, differences between species in their
communication signals have been linked to differences in the voltage-gated potassium
channels that contribute to the neuronal action potentials and subsequent discharge rate
in their electric organs [209]. These studies provide important initial insights on how bio-
chemical variation can influence the production of mating signal phenotypes, albeit with
a skewed focus on pheromone research. Here, using a phenospace and comparative data
set, we show how variation in biochemical kinetics can lead us to evolutionary inferences
about behavioural diversity broadly.

Generally, phenotypes may change via two mechanisms: first, evolution may alter
the identity of components contributing to the phenotype (“what it is” - like gene or
enzyme sequence and function); and second, evolution may alter the implementation of
those components (“how they are used” - like expression levels, concentration, ratios,
or interactions). Bioluminescent cypridinid ostracods (commonly umihotaru, or “sea
fireflies”) comprise a species-radiation of marine crustaceans that share an enzymatically
well-studied light reaction, allowing us to ask how enzyme identity and implementation
interact during the diversification of luminous courtship signals. Both sexes produce anti-
predator light pulses that cause predators like fish to spit out their potential ostracod

prey, and which can be experimentally induced [173], but only male cypridinids secrete
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species-specific patterns of bioluminescent pulses to attract females [170, 171]. These
courtship trains vary little within species but widely between them, like in the number of
pulses and direction of propagation, duration of each pulse, and timing between pulses |29,
141]. Upon detecting a single display comprised of many individual pulses, females will
alter their swimming trajectories to intercept a male’s predicted position in the water
column [171]. Other receivers like competing males have highly plastic responses and
depending on how close they are to a display, will: (1) sneak onto the display of another
male, (2) begin to produce their own display in loose synchrony with a competitor (called
entrainment), (3) or will choose to make their own independent display [172].

In these single display trains, each pulse is comprised of mucus secreted outside the
body, containing the luciferase enzyme (hereafter ”c-luciferases”) plus a conserved sub-
strate (vargulin or cypridinid luciferin [138]), which react with oxygen to form light (Fig.
A). The reaction is ATP-independent [104] and well-described with first-order kinetics,
meaning that reaction rates depend only on substrate concentration, as oxygen is freely
available in seawater [193, |192]. After secretion, light production over time has phases:
upon addition of the substrate, light production should rise rapidly (“Rise Phase”, Fig.
2.1A, red zone) to a maximum that correlates with the amount of active c-luciferase ex-
creted; as the reaction stabilizes, c-luciferase oxidizes excess vargulin creating a plateau in
the amount of observed light over time (“Plateau Phase”, Fig. , yellow zone); finally,
the substrate becomes limiting and the reaction decays exponentially (“Decay Phase”,
Fig. , blue zone). As this rate of decay in light is determined by c-luciferase becoming
substrate limited, and not the total c-luciferase amount or relative c-luciferase:vargulin
ratio (implementation), decay should reflect the inherent enzyme function (identity).
The sequence of c-luciferase is known [146, 213] and is the only identified enzyme that
oxidizes vargulin to produce light in ostracods |128| 219, 218]. Orthologous c-luciferase

enzymes from two other species differ in their bioluminescent reaction, specifically in their
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affinity for vargulin [146]. These features in particular provide an excellent system for
understanding how biochemical variation contributes to courtship display diversification.

Within ostracods, the relative contributions of identity and implementation to phe-
notypic evolution are unknown. On one hand, changes in the functional kinetics of
c-luciferase enzymes (identity) across species could influence light production and alter
courtship pulses; theoretically, enzymes with faster reactions will consume finite levels of
secreted substrate more quickly, leading to shorter pulse durations. At the same time,
changing the ratio of the reactants (implementation) could explain differences in dura-
tion of courtship pulses, as suggested in [173|: here, less excess substrate relative to
the enzyme amount could also produce shorter pulses (by reducing the length of time
in the plateau phase). Because cypridinid bioluminescence is secreted outside the body
without further input, by mapping the relationship between enzyme performance and
phenotype, we can simultaneously infer aspects about enzyme implementation. In a
theoretical phenospace describing the duration of natural courtship pulses (Fig. ),
c-luciferase identity (measured by the decay activity of the enzyme; from Fig. 2.1]A, blue
zone) and implementation (estimated as a proportion of time in the plateau phase of a
pulse; from Fig. , yellow zone) can combine differentially to produce similar total
pulse durations. From this model we may predict that the power to describe changes in
the pulse duration phenotype varies across enzyme identity as it interacts with enzyme
implementation.

We hypothesize that as species diverged, bioluminescence reactions also diverged,
contributing to variation in courtship signals. We predict different species’ luminous
reactions have different light-production abilities, which relate to variation in the pulse
duration of courtship signals. By measuring the decay of light production (an inherent
aspect of bioluminescent reactions) in many species, and comparing those kinetics to the

durations of courtship pulses in situ, we find that changes in enzyme function are non-
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Courtship pulse duration (s)
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Figure 2.1: Phenotyping of bioluminescent waveforms. (A) Exemplar file depicting the
parsing and model fitting of individual bioluminescent peaks. Single peaks are iden-
tified from a time series of stimulated bioluminescent events (inset, circled). Shaded
zones are: (red) the rise of a pulse as enzyme and substrate are secreted, (yellow) the
plateau as the enzyme is saturated with substrate, and (blue) the pulse decay as the
enzyme is substrate limited. Numbers indicate (1) the background voltage removed;
(2) the minimum voltage to be kept in the analysis; (3) the beginning of the expo-
nential decay; (4) time point at which the reaction reached half its maximum length;
(5) overall decay length. During parsing, waveform axes were rescaled. (B) Different
combinations of the decay equation constant A (x-axis; as blue zone from 1A) and the
plateau phase duration (dashed isoclines where darker = longer phase duration; as
yellow zone from 2.1A) can generate similar total pulse durations (y-axis). Generated
from hypothetical data.

linearly and negatively correlated with changes in pulse duration across species. From

this, we infer that both enzyme identity and implementation must contribute to dispar-

ity in courtship signals between species. As the power of enzyme identity to describe
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pulse duration diminishes, enzyme implementation must take precedence. Our ability
to evaluate identity and implementation simultaneously leads to the inference that the
path of evolutionary diversification may depend on current phenotype: fast pulses may
more often diversify by changing components (implementation), while slow pulses may
evolve by changing enzyme kinetics (identity). These results provide a clear example of
how both identity and implementation influenced diversification of behavioural pheno-
types across species, and the power that illustrating this pattern in a phenospace has on

revealing the role historical constraint may play in phenotypic evolution.

2.2 Results

2.2.1 Decays vary across species

We fit mathematical models to measures of light production over time in stimulated
anti-predator pulses (Fig. ); different species have different decay constants in spite
of significant variation in maximum intensity (A constant Fig. ; Linear mixed effect
model, Species p < 0.001, Max Intensity p < 0.0093; for full model details and other

decay parameters see Appendix [Al).

2.2.2 Differences in decay explain differences in courtship pulse

duration across 16 species

A explains variation in courtship pulse durations (Fig. , Generalized nonlinear least
squares p < 0.0001, Bonferroni corrected p < 0.0001, Table , and its effect is not
equal for all species. We discovered the relationship between courtship pulse duration and
A best fits a negative, nonlinear pattern (Fig. , Table . On average, species with
shorter pulse durations have higher, and therefore faster, decays. However, the strength
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Figure 2.2: Different decay constants (A) between species indicate differences in en-
zyme activity. (A) Body height (H) and length (L) measures (mean +/- SE) for 16
inferred species. Data and best fit trend lines are colored by genera, with different
genera having different L:H slopes: Maristella = red, Photeros = blue, Kornickeria
= green, or Other = grey. Data from Table (B) Density plots with means (blue
dots) are the interpolated distribution of each species’ decay constant. Nind and Npul
indicate the number of individuals and pulses, respectively, sampled. For species with
less than 3 estimates, no density plot could be generated. Decays are mapped onto a
mitochondrial phylogeny and colored by genus as in (A). Bootstrap values from 1000
bootstraps are mapped to the branches preceding their respective nodes. The first two
letters of each ID are country of origin (Bz = Belize, Ja = Jamaica, Pa = Panama, Jp
= Japan, Pr = Puerto Rico, Ro = Roatan), followed by a species-specific identifier.
Most are undescribed, but described species are as follows: PMC = Photeros mcelroyi,
PJA = Photeros jamescasei, PMO = Photeros morini, PAN = Photeros annecohenae,
MSH = Maristella chicoi, and KHC = Kornickeria hastingsi carribowae. Note that
decays below zero are an artifact of the smoothing function in generating the density
plot.
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of this pattern changes as pulse durations shorten and decays increase, generating a
nonlinear effect. The preferred model (smallest residual squared error) was an inverse
relationship between pulse duration and A; generally, inclusion of a phylogeny (based
on AICc values) was not preferred, but in some cases was sensitive to whether certain
species were included Table[A.2] Excluding highly influential species in a reduced dataset
(N = 14) had the same qualitative results as the full model. Analyses with or without
weighting on standard error usually changed the model AICc values and sometimes model

results Table [A.2]

o ©
N 1

Courtship pulse duration (s)

Figure 2.3: Enzyme identity (A) describes some, but not all, differences between
species in courtship duration. Scatterplot of courtship pulse duration and A for 16
species (mean +/- SE in grey). Given the nonlinear relationship between pulse du-
ration and enzyme function, identity has less explanatory power at high A\ values.
Colored by genera (Photeros = blue, Kornickeria = green, Maristella = red), with
best fit regression estimates from an inverse model, including all data, excluding phy-
logeny, and without weights as a solid line and with weights as dashed line (from Table

A3).
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2.3 Discussion

We provide evidence that differences in biochemical reaction rates are associated with
evolutionary divergence in behavioural phenotypes. By analysing variation in biolumi-
nescent pulses of ostracods, we infer that both changes in c-luciferase enzyme function
(identity) and implementation contributed to the diversification of courtship pulse du-
ration in their mating displays. Between species, we found consistent differences in the
decay constants of stimulated luminescence (Fig. explain some variation in the du-
ration of natural courtship pulses (Fig. [2.3). One potential mechanism for increasing
bioluminescent courtship diversity is changing enzyme function. In enzymatics, the pa-
rameters V., and K, describe an enzyme’s ability to proceed through a reaction (see
Supplement [Af for further discussion). By increasing V4, or decreasing K,, (Appendix
, Eqns A.1 and A.2), secreted c-luciferase will deplete the secreted substrate more
quickly, such that decay rates could increase and courtship pulse duration will decrease.
However, changes in the implementation of secretion components must also contribute to
phenotypic differences in courtship pulse duration because residual variation in courtship
pulse duration not due to enzyme function must be due to implementation (Fig. .
There are multiple ways this could occur, including changes in enzyme:substrate ra-
tios or unknown accessory components. Different species likely change the amount of
substrate secreted, which alters the plateau phase of single pulses (yellow zone of Fig.
reffig:label2A A), thereby increasing or decreasing the overall duration of courtship pulses.
Our data remain agnostic as to which particular implementation changes take place.

Changing both identity and implementation within these enzyme reactions could
potentiate a high diversity of phenotypes in courtship pulse duration. Dual mechanisms
underlying the phenotype may allow for evolutionary exploration of phenotype-space

along more than one avenue simultaneously. By relying on more than one mechanism,
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courtship pulse duration could vary either enzyme ability or usage and produce multiple
solutions towards a phenotypic state [230], as predicted by our phenospace. For any
given pulse duration, there are multiple combinations of enzyme function and reactant
implementation that produce the same result (Fig. [2.1B). This many-to-one mapping
would result in a high level of convergence despite unique evolutionary pathways in
functional underpinnings (e.g. as with haemoglobin [149]). Therefore, both a high level
of convergence and high level of disparity are reasonable expectations when increasing
the number of different mechanisms generating a phenotype.

Importantly, the tendency for evolutionary change in courtship pulse duration to be
mediated by changes to enzyme function or implementation depends on the current phe-
notype, suggesting that historical contingency shapes phenotypic patterns. As overall
courtship pulse duration decreases, the changes in the enzymatic reaction rate describe
less of the phenotype, as indicated by the nonlinear trends that best fit our data (Fig.
, Table , Fig. |A.6). Therefore, the residual variation due to implementation in-
creases inversely with phenotypic state. At longer courtship pulse durations, enzyme
function strongly influences the duration, so evolutionary changes in enzyme implemen-
tation (such as enzyme:substrate ratios) may not be used to evolve phenotype very much.
Conversely, at short courtship pulse durations, where changes in function more weakly
influence courtship pulse duration, evolution may change implementation of the reac-
tants to drive phenotypic differences between species. Thus, the ability for evolution to
alter the phenotype may depend on the phenotype’s current reliance on either mecha-
nism. Such dependence implies that courtship pulse duration is sensitive to historical
contingency, as discussed in the literature [245] and implied with unique behavioural
phenotypes [15, (164] but rarely demonstrated (but see [235]). Our data provide a possi-
ble example as to how contingency arises at a mechanistic level, with reliance on either

identity or implementation predicting the evolutionary trajectory of the phenotype.
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Even though examples of both are known, the relative contributions of identity and
implementation to evolution are still debated, not only for behaviour, but also for other
phenotypes [203, 79]. One reason for continued debate is that few studies have taken a
pluralistic approach (but see [41]), leading to a limited ability to conclude how identity
and implementation might jointly affect evolutionary change [223| 25]. To understand
best how different types of change impact evolutionary divergence, both must be eval-
uated to gauge their presence and efficacy for producing diversity. By conceptualizing
our phenotype in a way that captures the relationship between these two mechanisms
(Fig. 2.1B), we have been able to make new inferences on the evolution and disparity of
ostracod courtship signals.

The relationship inferred between identity and implementation has multiple, potential
explanations. First, limitations in c-luciferase function to describe changes in courtship
pulse duration may be due to intrinsic enzyme properties, like maximum performance
rate [1]. Alternatively, identity may be constrained by the inability to optimize all enzyme
properties simultaneously (e.g. trade-offs in function and stability [215] at the protein
level). Changing implementation could compensate for either of these, reminiscent of
hypotheses on minimizing pleiotropic effects from coding changes [203]. Teasing apart a
causal relationship between c-luciferase sequence and courtship pulse duration, as well
as testing the connection between identity and implementation, will be possible in future
molecular work because c-luciferase functions can be quantified in vitro [146] 104].

Conclusions In discovering unappreciated variation in the duration of light pulses
of ostracod bioluminescence, we have generated testable hypotheses about: (1) the rela-
tionship between genotype and phenotype, and (2) mechanisms of its diversification. Our
data support the hypothesis that variation in courtship pulse duration between species
is associated with changes in both c-luciferase function and the behavioural regulation of

the bioluminescent reactants, providing a new example of how variation in biochemistry
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can influence the evolution of behavioural phenotypes. Each of these mechanisms have a
limited, potentially interacting, role in shaping this behavioural phenotype in evolution-
ary time. The influence of either mechanism in shaping phenotypic diversity may depend
on the phenotype’s current reliance on function or implementation, which may explain

why processes like historical contingency arise in phenotypic evolution.

2.4 Materials & Methods

2.4.1 Animal Collection and Identification

We identified and collected different species from Jamaica, Honduras (Roatan), Belize,
Puerto Rico, and Panama based on unique display traits in their bioluminescent signals
(direction of display initiation, courtship pulse timing, and microhabitat [141} [59]). We
swept through a single species’ display with hand-nets of 125um mesh [139]. Animals
were sorted by their relative length:height ratio (characteristic of species and genera [59,
140]; Table S3) measured on a Nikon SMZ-745 or SMZ-460 microscope (Mellville, NY,
USA) with an eyepiece micrometre. During phenotyping, animals were housed in plastic
Ziploc containers (Racine, WI, USA) with new seawater kept at ambient temperatures.
Most species are unknown or only anecdotally recorded (JG Morin & GA Gerrish, un-
published field notes). We report species by their field identifier, with ongoing work to
describe them. As a note, bioluminescence is found in cypridind ostracods worldwide,
but previous [29] and on-going [44] analyses suggest that mate signalling is found only
within Caribbean species. So although bioluminescence is best known from species in

Japan, these lack any mating signal for comparison.
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2.4.2 Induced Bioluminescence Phenotyping and Data Process-
ing

We adapted PMT recording methods from [173]. We induced bioluminescence via
mild electric shock with an Arduino Uno (Fig. .B #4) and captured light output
over time (intensity measured in volts, denoted I) with an RCA 931-A Photomultiplier
tube (PMT; Harrison, NJ, USA; Fig. B #2) in a custom brass housing. Animals
were placed in a scintillation vial within the housing (Fig. .B #3) with enough fresh
seawater (approx. 2 mL) to submerge the tips of two silver wires, creating a cathode and
anode. The PMT was connected to an analog data acquisition device (Dataq Instruments,
Akron, OH, USA; model DI-158U for Jamaica; model DI-155 for other countries; Fig.
.B #5). To visualize and record both stimulus and light output, we split the Arduino
output into an electronic breadboard (Fig. .B #6), with one half on the scintillation
vial nodes and the other half into the data collector. We covered the entire PMT housing
with an opaque box (24-gallon Rubbermaid Action Packer; Atlanta, GA, USA) to block
ambient light. We automatically analysed data using a custom script in RStudio (vers.
1.0.136) with R (vers. 3.3.1). We cut files (Fig. inset) to focus on the decay at the
end of each defensive pulse (Fig. blue zone). For details and code, see Appendix .

Using the program “nlsLM” in the ‘minpack.lm’ package, we fit different exponential
models to the decay of each defensive pulse in order to describe differences in biolumi-
nescent production ability as enzyme identity. First, we used a model previously used to

identify cypridinid decay constants [173]:

I = Ile ™ (2.1)

In Eqn 2.1, I is the voltage observed at time ¢, I, is the initial voltage at ¢ = 0 (to be
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estimated), and the decay constant to be estimated is A\. Other models of biochemical
reactions were fit to these data as well. Please see Appendix [A] for further details. For
all decay parameters estimated from any model, we averaged multiple values for each
individual if possible; species are averages of as many individuals as possible (details in
Tables - in Appendix . We also applied these models to previously published

decays from two other Japanese species for comparison (see Appendix [Al).

2.4.3 Natural Courtship Phenotyping

We used WebPlotDigitizer |[175] to extract average courtship pulse duration data from
the first 3 pulses of measured displays from [141] and [59] for which we had corresponding
species (N = 8). We used the first three courtship pulses because these may represent
the ‘initiation’ phase of the signal [170], and are expected to be the most variable in
duration within and between species. The original data plotted are species’ averages per
pulse with no intrapulse variation reported, and therefore, none to extract. For specifics,
see Appendix [A]

For an additional 10 species, we used video recordings of individual displays from the
field to quantify pulse duration. Using a Sony A7S with attached Atomos Shogun in a
custom underwater housing, individuals were recorded by following their single courtship
displays while on SCUBA. A reference of known length was used to standardize focus,
focal length, and provide a scale while filming. We extracted pulse duration data from
as many individuals as possible manually. These data were extracted along with other
metrics of each courtship display as part of a forthcoming publication (GA Gerrish et al.

in preparation). For data, metadata, and further methods see Appendix .
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2.4.4 Transcriptome Processing and Mitochondrial Phylogeny

Species traits may appear similar simply due shared ancestry, therefore it is necessary
to use a phylogenetic approach when comparing traits across species to make inferences
about their evolution [137]. We generated a mitochondrial phylogeny from transcriptomes
of each species stored in RNALater prepared using [llumina v2 or v3 kits in accordance
with standard procedures (Fig. . We sequenced on platforms including NextSeq
(UC Santa Barbara), HiSeq (UC Davis), and MiSeq (Novogene). We trimmed adapter
sequences and low-quality forward and reverse reads (scores < 20) using TrimGalore
v0.4.1 [8]. Using a blast database of the Vargula hilgendorfii mitochondrial genome
(GenBank #AB114300), we queried trimmed reads against this reference using BLAST
2.5.0+ [23] and removed any read not with ‘Family Cypridinidae’ in the top 5 hits. We
then used Trinity v2.2.0 [66] to assemble decontaminated reads into contigs and calculated
the species tree in IQ-TREE v1.6.1 [153]. ModelFinder [94], implemented in IQ-TREE
to determine the best-fit model (GTR+F+I1+G4) with 20 maximum likelihood best tree

searches and 1000 bootstraps. For further details, see Appendix [A]

2.4.5 Statistical Analyses

We hypothesize that differences in courtship pulse duration are due to differences in
c-luciferase activity, a function of enzyme identity. First, in order to look at c-luciferase
activity differences, we compared estimates of the decay parameters (\) across species
using a linear mixed effect model (“lme” in the ‘nlme’ package of R) with species and
max intensity per induced pulse as fixed effects, and country of origin and individual
as random effects. We included max intensity (Fig. ; height in yellow zone), an
imperfect proxy for the amount of reactants secreted, as a covariate because it may also

influence decay estimates (see Appendix [A| for a discussion on this). Decay parameters
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were log-transformed to meet assumptions of linearity and residual normality.

Secondly, we hypothesized that enzyme identity (as decay from stimulated defensive
pulses) described variation in natural courtship pulse duration. Before phylogenetic cor-
rection, we explored the relationship between decay parameters and natural courtship
duration using different linear and non-linear models (Table , and subsequently with
and without the presence of certain species (see Appendix . After plotting the data
and seeing that the best fit model was nonlinear, we used our phylogeny in phylogenetic
generalized nonlinear least squares (PGNLS) regressions. Using the “gnls” functions in
the ‘nlme’ package, we regressed the decay constant against courtship pulse duration. We
fit the correlation option with a Brownian motion (BM) transformation of the phylogeny
(“corBrownian” in ‘ape’). To account for variation in both our decay estimates and nat-
ural courtship pulse duration, we used the weights option with the standard error of each
measure ([137}|179], for code see Appendix . To compare nonlinear model fits, we used
the maximum likelihood estimate of the residual standard deviation of the error; support
for phylogenetic or non-phylogenetic models was compared using AICc. We report all

comparisons in Table [A.2]
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3.1 Introduction

Evolutionary biology is challenged with describing how diverse processes can gener-
ate vast differences in phenotypes. Darwin himself best described this as, “...from so
simple a beginning endless forms most beautiful and most wonderful have been, and are
being, evolved” [38]. The advent of the Modern Synthesis solved issues of heritability
unbeknownst to Darwin, but a major obstacle to this endeavor still remains in the form
of development. Namely, that mapping heritable, genotypic changes to phenotypic diver-
sity is nontrivial for any given phenotype. Phenotypic diversity is closely associated with
adaptation and speciation, placing questions of development squarely within the realms
of larger evolutionary themes [180, 79]. Despite recent advances in targeting the loci
of an adaptive phenotype or a genomic region associated with speciation, tracking the
causal mechanisms through development can rarely be done across the breadth of such
diversity but offers much in knowledge [54]. The best characterized system is that of but-
terfly color patterns, where the genomic regions and adaptive value of differences in wing
coloration patterns are well researched [91, |11}, 93]. From these studies, we have gained
novel insight into how pleiotropy [10, 231], genomic modularity [177], and hotspots of
evolutionary divergence [91} 9] all may contribute to phenotypic variation. However, for
complex phenotypes like animal behavior, difficulty in mapping genotype to phenotype
only compounds, as such diversity is generated at different levels of biological organiza-
tion and timing ([42]; but see [195, 80] for conceptual advancements). Expanding our
tools and systems will allow us to look broadly for generalities in how evolution tinkers
to create the panoply of biological variety.

For coding regions of the genome, genotypic differences that cause amino acid re-
placements may have large effect functional consequences on phenotypic outcomes |70,

48]. Although the ubiquity of coding versus regulatory changes on phenotypic evolu-
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tion are believed to be heavily biased towards cis-regulatory changes because they may
avoid catastrophic pleitropic consequences [203, 237], coding changes are still powerful
engines of phenotypic change [79]. Traditionally, candidate regions for study have been
identified because changes in coding regions can have large effects, making them prone
to discovery. However, bottom-up approaches like quantitative trait mapping have also
verified that protein-coding regions can be important to evolutionary change (for exam-
ples see Gephebase, [35]). Studies of protein function best demonstrate this, and research
programs espousing such a “functional synthesis” [40] have made headway into under-
standing how mutation |161], epistasis [148], and historical constraint [199] can influence
the phenotypic outcomes, especially those controlled by enzymes proteins. Many of these
key phenotypes are morphological (e.g. pelage color across many vertebrates via MC1R,
[176]) or physiological (e.g. hemoglobin binding to oxygen [147]; ion-channel responsive-
ness [209]), and are one or several steps removed from variation in behavioral phenotypes
(but see opsin color sensitivity in cichlids, [184]; and odorant sensitivity in orchid bees,
[21]. Our work presented here, and further work to connect across levels of biological
organization in diverse systems, can help alleviate this biological and taxonomic limita-
tion.

Mathematical models have been useful for understanding how genetic and molecular
variation map to phenotypic possibilities [22]. Modeling is a powerful approach: models
built from strong theory and compared to empirical data may reveal biologically unique
cases where conceptual frameworks explain (or fail to explain) specific observations. Such
phenospaces, parameterized off real data, have revealed the role stochastic forces can
play in the development of phenotypes [95], and how nonlinear dynamics may be quite
prevalent [101]. Most famously, Alan Turing developed the reaction-diffusion model
to understand how vertebrate coloration patterns might arise from simple molecular

diffusion gradients and local interactions [222]. Since his work, others have developed
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many descendent models with appropriate modifications to explain striping patterns
[119], and even shifts in digits during the evolutionary shift in limb usage [159, [191,
33]. Noticeably, most of these models attempt to explain morphological characteristics
by mapping gene expression data onto morphogenic fields. However, given sufficient
understanding of the molecular processes underlying other phenotypes like behaviors,
such modeling should be equally fruitful to understand the genotype-phenotype map.

Bioluminescent ostracods in the Family Cypridinidae are a unique and charismatic
candidate clade to ask questions about the evolution of behavioral phenotypes. On moon-
less nights in the Caribbean Sea, male ostracods swim into the water by the hundreds
and produce species-specific bioluminescent patterns to attract mates [29]. There are
approximately 100 species of these small crustaceans (mostly undescribed; |140]), and
they share a common enzymatic basis for the production of this behavior [192]. By
secreting a catalytic monooxygenase (“c-luciferase”) with a high-energy substrate (‘“var-
gulin”) into discrete packets of mucus, male ostracods create trails of light that act like
airplane runways [170], allowing females to locate and track their position during mat-
ing swarms [171]. Although these complex mating displays are multivariate, differing
in a variety of attributes like the timing and number of discrete pulses per train [59],
once secreted outside the body, changes in c-luciferase function and reactant concentra-
tion should drive how much light is produced in a single pulse (hereafter pulse duration;
[192]). Thus, by characterizing variation in these two components (enzyme function and
reactant concentrations), we can begin to derive a mechanistic and functional explanation
for diversification in the complex mating displays of sea fireflies.

C-luciferases may be expressed in vitro to test biochemical functions [214]. Despite the
potential value of bioluminescence for genotype-phenotype relationships, including some
work in other organismal groups [49} [229], previous studies characterizing luciferase genes

of cypridinid bioluminescence exist for only two species [146| 213], which show cypridinid
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luciferases evolved independently of other luciferases, have a signal peptide leading to
secretion outside cells, and possess two Von Willebrand Factor-D (VWD) domains [155].
In c-luciferases, a plethora of disulfide bonds between conserved cysteines [146, 84, 88|
as well as post-translational N-linked glycosylation are both thought to be important for
proper folding and function [240, 136]. Previous mutagenesis experiments in ortholog
have identified amino acid sites that affect enzyme function and shift the color of emitted
light [98].

Here, we characterize new c-luciferase genes for phylogenetic analyses in combination
with molecular signatures of diversification and functional assays of bioluminescence.
By incorporating estimates from purified enzymes and mathematical modeling, we bet-
ter map the genotype-phenotype landscape for a single aspect of these complex behav-
ioral displays - pulse duration. In single secretions, the biochemical reaction between c-
luciferase and vargulin follows Michaelis-Menten enzyme kinetics, where the reaction rate
can be determined by c-luciferase and vargulin concentrations. Classic Michaelis-Menten
models can be used to understand product formation given the following parameters: sub-
strate concentration ([S]), enzyme concentration ([E]), catalytic rate of product formation
(keat), and the Michaelis-Menten constant, a measure of substrate affinity (/). In the
bioluminescent displays of ostracods, product formation is equivalent to the amount of
light produced over time. Using these data as parameters for a phenotypic model incor-
porating c-luciferase function and enzyme:substrate ratios, we find that species occupy
different areas of the pulse duration landscape. Changes in any one of these parameters

may reliably predict evolutionary divergence in phenotype across species.
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3.2 Results

3.2.1 Discovery of new, putatively functional c-luciferase genes

& expression

From previously generated transcriptomes, we discovered 20 new putative luciferases
from whole-body transcriptomes of cypridinid ostracods (Fig. . These putative lu-
ciferases bear multiple hallmarks of c-luciferase, including two Von Willebrand Factor-D

(VWD) domains, a signal peptide, and conserved cysteine sites [155] |213] |146].

3.2.2 Validation of exemplar c-luciferase proteins in three ex-

pression systems

Using in vitro expression in mammalian, yeast (Fig. and , respectively),
and silkworms (Fig. , we tested the ability of putative c-luciferases to catalyze light
reactions. We selected five exemplar species representing different genera of biolumi-
nescent Cypridinidae. For each luciferase construct, light levels increased significantly
after the addition of the substrate luciferin or compared to negative controls (Fig. [3.2}
Table . Adding luciferin to biological media often produces light [228] that varies
across biological replicates. We note this variation, yet also report statistically significant
differences in light production after adding substrate (for yeast), or between c-luciferase
secreting-cells and cells or media alone (for HEK293 cells and yeast; Fig. . This is
consistent with the putative c-luciferases across multiple genera of Cypridinidae being

functional c-luciferases.
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Figure 3.1: Protein phylogeny of 20 new putative c-luciferases from cypridinid ostra-
cods. Branch lengths indicate amino-acid changes. Previously published sequences
“Jp_VHI” and “Jp_.CNO” from Vargula hilgendorfii and Cypridina noctiluca, respec-
tively. Tree is rooted at the origin of mate signaling.

3.2.3 C-luciferase homologs differ in their relative light emis-

sion efficiency and Michaelis-Menten enzyme kinetics

Homologs differ from one another in both k. and K,, (Table . Using separate
assays, we also report that the relative emission efficiency (the number of photons pro-

duced per unit substrate per unit enzyme, herein as RLU/uM) differs between orthologs

(Table 3.2).
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Figure 3.2: Exemplar luciferases are functional. (A) Light produced after addition
of luciferin to putative c-luciferase constructs from different species, measured in log
Counts Per Second. Controls include blank cell culture media and HEK cells with
no construct. Constructs are: (1) Photeros morini (P_mor), Maristella sp. SVU
(M_SVU), and Vargula tsujii (V_tsu) (B) Log counts per second normalized by total
protein concentration for four c-luciferase constructs expressed in yeast Pichia. Mea-
sures are before the addition of the substrate luciferin (grey) and after (blue). Control
is Pichia cells alone. Constructs are: (1) the host strain of Pichia without a luciferase
as a negative control, (2) a sequence known from Cypridina noctiluca (C_noc) as a
positive control, (3) a novel sequence from Kornickeria hastingsi carriebowae (K has),
(4) a novel sequence from an undescribed species from Belize, “SVU” (nominal genus
Maristella), and (5) a novel sequence from the California sea firefly Vargula tsujii.
Fach datum is an average of three technical replicates.

3.2.4 Expression of c-luciferase orthologs at the site of biolu-

minescence

From four species, we detected 543 transcripts that are related to previously char-
acterized orthologs at an E-value of 0.0001 or less. Of these, 230 were detected in our
RNA Tag-seq data from at least one biological replicate. Transcripts with an E-value of
0.0 (exact matches to the query) had higher expression levels than imperfect yet highly
matching (low-scoring) transcripts (Fig. [3.4 Wilcoxon Rank Sum Test, p < 0.05). On
average, those most highly expressed in the upper lip of different species have the lowest
E-scores. This pattern suggests that the genes we identified as potential homologs and

closely related to c-luciferase are more highly expressed at the site of bioluminescence
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Figure 3.3: Exemplar progress curves for orthologs expressed and purified from trans-
genic silkworm homogenate (insect cells). Each facet is a different species (left to right:
nominal Maristella sp. “SVU”, Photeros morini, Photeros annecohenae, Maristella
chicoi, Kornickeria hastingsi carriebowae). Grey line in each facet is the same control
sample showing background luminescence. Assays performed with 1.5 x 1074 M
luciferase and 50uM substrate.

than other, more distantly related genes. For total gene expression counts see Table[B.2]

3.2.5 Molecular evolution of c-luciferase function: evidence for

candidate sites

Using mixed effects maximum likelihood in HyPhy [144] on a subset of our discov-
ered c-luciferase genes (N = 13), we found ratios of synonymous to non-synonymous
substitution rates in c-luciferases to indicate six sites consistent with significant episodic
diversifying selection (Table , distributed throughout the gene. “Episodic” diversi-
fying selection refers to sites with elevated dN:dS along a proportion of branches of the
gene tree. According to Fixed Effects Likelihood (FEL) analysis [106], 178 c-luciferase
sites have significantly low rates of dN:dS (p-value < 0.051), consistent with purifying
(negative) selection, and two sites with significantly high dN:dS, consistent with perva-

sive positive selection, or sites with elevated dN:dS for the entire gene tree. Of note,
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Figure 3.4: Relative gene expression from RNA Tag-seq data show that c-luciferase ho-
mologs are more highly expressed in the upper lip than other transcripts. Genes that
perfectly matched the Cypridina noctiluca BLAST query were re-labeled as “high”
scoring, and all other scores were discretized to “low”. See Tables for gene ex-
pression summary.
our alignment with newly discovered c-luciferases shows that only 32 of the 34 cysteine
residues are conserved, and 23 demonstrate significant patterns of purifying selection.
Our analysis using BUSTEDIS] yields very strong statistical support (p < 0.0001) for
episodic positive selection, without specifying which sites or branches are under selec-
tion. However, BUSTED|S]-MH fails to find significant support for episodic diversifying
selection (p = 0.1835), which uses a model aimed to account for non-independent, ad-
jacent nucleotide substitutions. We hypothesize dN:dS tests may be overly conservative
when using models that incorporate multi-hit substitutions because comparative data
may often fail to distinguish simultaneous substitutions versus multiple, single substi-

tutions. Our aBSREL analysis indicated two branches of the c-luciferase phylogeny are

under positive selection, both which are terminal branches (M. chicoi and P. mcelroyi).
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aBSREL failed to support our a priori hypothesis of increased selection on the branch
leading to Photeros, the only genus with very rapid courtship pulses. Multihit indicates
that models incorporating either two, three, or three hit islands substitutions are pre-
ferred to single mutation models or other, less complex models (Likelihood Ratio Tests,
p < 0.001). However, the impact of this varies by site (Fig. and Table . Across
all sites, 25/610 (4.09%) strongly prefer a multinucleotide substitution event (Evidence
ratio greater than 5).

From FEL and MEME, we found two sites and seven sites with dN:dS ratios consistent
with pervasive or episodic diversifying selection (AN > dS; p-value < 0.051), respectively
(see Github repository for full data). Our ANOVA results indicate that one of these sites
in particular, site 160, is correlated significantly with light decay of c-luciferases (Table
3.3), and may be under diversifying (positive) selection (MEME, p < 0.051). Two other
sites (19, 232) were initially identified by our modeling approach as significantly related

to light decay but these relationships dissolved with iterative removal of other sites.

Site Site ANOVA HyPhy HyPhy  Multihit Multihit

(Cypridina) (Aligned) P-valuer MEME FEL - 2 hits - 3 hits
P-value P-value

19 41 0.1384 0.03 0.79 35.1240  6.2700

160 189 0.0032%* 0.05 0.35 0.1690 1.0440

232 261 0.1123* 0.00 0.27 65.5060  0.5830

Table 3.3: Candidate sites associated from ANOVA analyses with phenotypes and
their inferred processes of molecular evolution (diversifying selection) based on es-
timated rates of synonymous to non-synonymous substitution ratios from HyPhy
MEME and FEL tests. Columns from Multihit list the evidence ratio preferring a
model of di- or trinucleotide substitution, respectively, over a model of a single sub-
stitution at that site. *Results from a PGLS model where PGLS and OLS fits were
equivalent. All other ANOVA p-values are reported from models preferring an OLS
fit based on comparison of AIC scores.

40



Molecular evolution of cypridinid-luciferase and diversification of bioluminescent signals in sea
fireflies Chapter 3

3.2.6 Modeling pulse duration phenotypes

Using Eqn. 3.3 and 3.4, we generate an expected phenospace for pulse duration given
the range of parameter values we measure (Tables and and from the literature
[146] for keq, Ky, and the relative emission efficiency. As seen in Fig. , there are
multiple combinations of catalytic rates and enzyme affinities that will produce similar
pulse durations. Notably, the mediating power of enzyme affinity to affect predicted
pulse duration is ablated at high catalytic rates.

We find similar results with the amount of light output at the 10th timestep in a
series (Fig. [3.5B). However, as expected from Michaelis-Menten dynamics, we see that
enzyme affinity best mediates the light output at high catalytic rates; this pattern is

inversely related to the kinetics determining the predicted total duration of single pulses.

Effect of kcat and Km on Pulse Duration Effect of kcat and Km on Timing of Light Production

Figure 3.5: (A; left) Phenotypic predictions for pulse duration from Eqn. 3.4 across
the same orders of magnitude measured in this experiment. From cream to blue is
an increase in pulse duration (longer overall time of visible light) in arbitrary units
(z-axis), as predicted by values of ke (natural log transformed, y-axis) and K,
(x-axis). (B; right). Phenotypic predictions for the amount of light produced at t =
10 from Eqn. 3.3. Given different parameter rates, varying amounts of light would be
visible at time t = 10 (arbitrary units). From green to blue corresponds to an increase
in the amount of visible light (z-axis). X and Y axis as in (A). Note: We did not plot
the results of variation in Relative emission efficiency, as it is a scaling factor in our
models and would affect the range of the z-axis.
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3.2.7 Models based on measured enzyme functions do not pre-

dict pulse duration

In comparing our newly measured enzyme kinetic parameters with observed pulse
durations (data from [76]), we find that our corrected K, values are negatively trend-
ing with pulse duration (Table Fig. although our pattern is not statistically
significant (Pearson’s correlation = -0.861, t = -2.9313, df = 3, p = 0.061). This result
is counterintuitive with predictions from models based on Michaelis-Menten kinetics: as
enzyme affinity increases (which is measured inversely, and therefore whose value goes
down), the reaction rate increases and substrate is consumed more quickly. Rapid con-
sumption of finite substrate should equate to shorter pulse durations. From this theory,
and which we recapitulate mathematically (Fig. ), K,, values should be positively
correlated with pulse duration (high K, equates to a low affinity, resulting in a slower re-
action rate, and therefore a long pulse duration). However, we find the opposite pattern.
Indeed, when using all measured kinetic parameters (ke., K, and relative emission effi-
ciency) to predict the time to decrease to 1 x 107° of the original substrate concentration
(arbitrarily chosen) given the same starting substrate and enzyme conditions across all
five species, we find that Eqn. 3.4 does not recapitulate the biological pattern (Fig. ;
Pearson’s correlation = -0.785, t = -2.1938, df = 3, p = 0.1158).
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Figure 3.6: No correlation between predicted pulse duration (x-axis; arbitrary units)
and the observed natural courtship pulse durations (y-axis, in seconds; as from [76]

3.3 Discussion

Our data demonstrate the c-luciferase orthologs have different enzyme functions,
which should predict differences in the form of mating displays between species. Species
with displays typified by longer pulse durations like K. hastingsi carriebowae and M.
chicoi have high performing enzymes, and vice versa. We also found that rapidly acting
enzymes also release more light per unit substrate, which implies a positive correlation
between enzyme functions (relative emission efficiency & rate of light production, Fig.
. By incorporating these parameters into classic Michaelis-Menten models describing
single pulse durations and brightness, we have developed a theoretical expectation of how
protein function and expression should influence the evolution of mating display diversity
in cypridinid ostracods. Unexpectedly, our measured kinetic parameters seem to trend
opposite of these phenotypic predictions and which we discuss below. Different types of

genomic changes are primed to drive phenotypic evolution at this locus, itself a potential
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hotspot for increasing biodiversity.

C-luciferase may act as an hotspot for evolutionary divergence in the communication
behaviors for Caribbean cypridinid ostracods. This may be because of its unique position
during the development of the phenotype. As best said by Martin and Orgozozo [122],
“specialized genes may drive the evolution of specialized traits.” Confirming that our
homologous proteins are the most highly expressed of related genes in the upper lip (the
site of bioluminescent secretion in ostracods), differences in c-luciferase relative emission
efficiency (Fig. [3.5B) and catalytic rate (Fig. [3.5]A) between species alter the total output
and timing of light production, respectively, during each pulse in a mating display. Evo-
lutionary divergence in these enzyme functions may be driven by coding changes in the
primary structure of each protein. In other non-homologous luciferases from terrestrial
fireflies and marine copepods, both emission efficiency and catalytic rate differ across
homologs [154, [20, 212} 211]. Within species, like in the ctenophore Mnemiopsis leideyi,
different protein isoforms have functional differences [182]. The independently evolved
c-luciferase from ostracods is composed of two VWD-domains [155], which appear to be
the fusion product from an ancient, lineage-specific expansion of these domains (Oakley
et al., unpublished). As such, many related proteins with similar architectures and un-
known functions may be found within cypridinids. Characterization of c-luciferase and
other homologs will help illuminate the functional consequences of coding changes, as
well as the functional evolution of these bioluminescent proteins.

Differences in molecular function could be shaped by natural and/or sexual selection.
Patterns of variation in synonymous and nonsynonymous substitutions in c-luciferase
sequences are consistent with selection and correlated to phenotypic variation of bio-
chemical properties of light production. We found multiple sites (19, 160, and 232) in
c-luciferases potentially evolving under episodic diversifying selection and which may be

correlated with the rate of decay of light (Table . Of particular interest is site 160
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because it is one of only a handful of sites that differs between Photeros annecohenae and
P. morini, which vary greatly in their natural courtship pulse duration. Regardless of
strong similarity in c-luciferases between these two species, their enzymes have dramatic
differences in measures of decay rate that are related to duration of courtship pulses [76].
Although these substitution patterns suggest selection acting at the molecular level, the
selective forces that influence rates of light decay at the organismal level are uncertain
because there are very few experiments on the fitness effects of different ostracod signals
[171]. We hypothesize pulse duration, in part dictated by enzyme kinetics [76], may be
important for fitness via inter-specific anti-predator displays and/or through mate recog-
nition or choice. Consistent with this hypothesis, there is extensive variation among
species, with pulse durations in courtship signals ranging from approximately 0.15 - 9
seconds [76), |30]. Because the relationship between enzyme kinetics and pulse duration
varies across species [76], selection on single sites associated with changes in c-luciferase
function may be more episodic.

In addition to sexual selection, c-luciferase kinetics could also be under selection at the
organismal level due to changes in environmental factors like temperature, pH, or salinity.
Cypridinid luciferase is secreted externally and bioluminescent ostracods are globally dis-
tributed, so environmental factors affecting enzyme function could vary widely. Indeed,
previous in wvitro expression of C. noctiluca luciferase showed temperature-dependent dif-
ferences in activity [240, |146]. Increased sampling of taxa living in different habitats,
including deep-sea cypridinids, could allow testing of varying conditions and the role
that adaptation may play in constraining or facilitating changes in enzyme function.

We believe our results document important functional sites in a single gene - some
verified via previous mutagenesis experiments - that impact phenotypic diversity. Al-
though some methods to detect diversifying selection are sensitive to false positives, we

remain confident that our conservative estimates of function are exciting. Firstly, we
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provide evidence of which sites may or may not be impacted by multinucleotide sub-
stitutions (MNS), one source of false inference (Table [3.3] Fig. [B.1). Some have most
likely been impacted by at least two mutations, but others remain confidently as single
mutations that influence light production. Secondly, we agree with others [144], |242] that
a model of pervasive selection at any single site is not expected a priori in many bio-
logical scenarios, as well as in our system. Numerous forces may act to drive functional
evolution of c-luciferase across species (as we theorize above), and besides purifying se-
lection acting to maintain critical light-production function, none of these regimes are
expected to act towards the same phenotypic optima necessarily. As such, selection may
be more transient on sites than strict models may be able to detect, as has been found
in functionally-verified opsins [144]. And although MNS may increase false positives at
sites assuming single hits, this does not mean that sites with true MNS may not be under
positive selection as well. Lastly, on older genes or across wider scales of phylogenetic
diversity, these models may not be adequate to estimate the substitution process because
of the time for increased numbers of mutations to arise and fix. Without more complex
molecular models, we cannot account for these biological possibilities. Further under-
standing of how site-specific changes alter enzyme function will clarify their roles in the
evolution of signal diversity.

Biochemical constraints like pleiotropy could influence the evolution of bioluminescent
phenotypes. In sea fireflies, we find a natural pattern of replacement from arginine (N)
to aspartic acid (D) residues between non-signaling and signalling cypridinids at site
404. In the luciferase of the non-signaling species C. noctiluca, site 404 is part of a N-
glycosylation site [136], and mutagenesis from N to D residues decreases relative light
production [240]. The magnitude of this decrease is also epistatic with both sites 182 and
184 (both part of the same N-glycosylation site [240]). Although site 404 does not appear

to be part of a putative glycosylation site in c-luciferases of courtship-signaling species,
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these results indicate epistatic effects on protein functions in some species. It is possible
that site-specific epistatic interactions changed during the evolution of c-luciferases, like
in other proteins [160] 243].

Interestingly, we find that transgenically expressed c-luciferases originating from the
genus Photeros do not produce luminescence on the same order of magnitude as other
homologous genes from two other genera (Maristella, Kornickeria) despite being the most
highly expressed (Fig. . Our data indicate that homologs from Photeros are only
weakly able to produce luminescence, either as low levels of light (Fig. , and as found
in Pichia yeast system; Hensley et al. in revision), or only at high concentrations of
substrate (as in HEK cells; Hensley et al. in revision). This may describe the previously
found nonlinear pattern between enzyme function and pulse duration [76], such that
evolutionary changes are biased towards regulatory alterations in enzyme:substrate ratios
as a compensatory mechanism to combat reduced light output among Photeros species.
Conversely, evolution of epistatic interactions along the branch leading to Photeros, as
proposed for other bioluminescence characteristics like color (Hensley et al. in revision),
may make Photeros homologs sensitive to the expression system. Such system-level
sensitivity has been noted with the non-homologous luciferases of copepods [121} 200], as
well as failure to express ostracod luciferase in E. coli [88]. Testing different expression
systems, with particular attention to the Photeros clade and leveraging new techniques,
will help to resolve these contrasting hypotheses and clarify the genotype-phenotype map
in ostracod mating displays.

Many-to-one mapping within the phenospace increases the available evolutionary so-
lutions to predict changes in pulse duration phenotypes (Fig. [3.5). Besides differing in
their catalytic rate, surprisingly, these enzymes also differ dramatically in their ability
to yield photons during the bioluminescent reaction (REE; Table . Paired together,

differences in relative emission efficiency and enzyme kinetics generate a predictable phe-
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notypic space where similar optima (pulse durations) can be achieved by varying the
components of the bioluminescent reaction (enzyme, substrate) as well as the intrinsic
enzyme functions (relative emission efficiency, rate of light production, and substrate
affinity). As species map to different phenotypic points in this space, alternative evolu-
tionary solutions to generating phenotypic change become apparent. Species with poor
substrate affinities can quickly cross isoclines of pulse durations given relatively small
changes in affinity (Fig. [3.7A). Conversely, these same species may be constrained to a
flat surface in the timing of light output (Fig. ), and can most rapidly move across
the phenospace via changes in enzyme:substrate ratios (Eqn 3.3). These conclusions pre-
dict the types of genomic changes that may be most available to evolution to generate
phenotypic diversity: coding changes may alter enzyme functions to an extent, whereas
regulatory mutations are expected to alter the mixture of bioluminescent components
within each pulse, as suggested in |173]. Trade-offs between these functions may con-
strain phenotypic solutions. Further expansion of molecular tools in this group, including
biochemical and comparative population genomics data, can help resolve the influence
of mutations at this locus versus others in patterning phenotypic diversity. Of particular
interest is the relative contributions of regulatory versus coding changes in affecting mat-
ing signal diversity, as understanding the mutational landscape due to coding changes is
now comparably tractable with in vitro expression (Hensley et al. in revision).

Changes in enzyme function may be driven by selection as it influences predicted
pulse duration, constrained by molecular processes like gene-wide epistasis, or most likely
both. The positive relationship between predicted light output and catalytic rate (Fig.
3.7B) suggests that mechanisms acting on the evolution of enzyme function could co-
evolve with visual ability in intended receivers (seeking females and /or competing males).
Many visual systems co-evolve with requisite signals to maximize information transfer

[114, 205, (189]. Spatiotemporal variation in information - such as that proffered in
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Figure 3.7: Placement of measured enzyme kinetic parameters (Table onto phe-
notypic predictions from Eqn 3.4 for (A; left panel) pulse duration, and 3.3 (B; right
panel) timing of light output. Colors as in Fig. with shaded regions indicating
either (A) longer pulse durations or (B) more light output at time-step 10. Each red
datum is a species from Table 1 using the parameters from the corrected models.
the bioluminescent mating displays of Caribbean ostracods - may best be perceived by
tuned visual systems. The variation in spatiotemporal display characteristics due to
enzyme kinetics is well paired for future explorations using paradigmatic visual physiology
techniques. Visual abilities like flicker-fusion rate and luminance sensitivity are prime
candidates, as these metrics directly relate to the differences in pulse duration, timing,
and brightness seen across the displays between species. Classical sexual selection models
like the phenotypic tango (Fisher Lande Kirkpatrick process, [7]) predict that receiver
ability and sender traits should track one another through phenotypic space over time.
Preliminary data (J. Cohen, unpublished) indicate that species do have different visual
capabilities. Future work looking at differences in visual sensitivity, mating display traits,

and enzyme kinetics can test these co-evolutionary predictions at many levels of biological

organization.
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Conclusions Here, we explicitly model a behavioral phenotype in the biolumines-
cent mating displays of Caribbean cypridinid ostracods - also called sea fireflies. By
purifying bioluminescent proteins and quantifying their relative emission efficiency and
enzyme kinetics, we have parameterized a model describing how intrinsic enzyme func-
tion and extrinsic reactant ratios may influence the phenotype. The relative sensitivity
to these different parameters suggests that different genomic changes may have alterna-
tive consequences for shaping evolutionary change, and also support the hypothesis that
the c-luciferase enzyme could act as a genomic hotspot for phenotypic divergence in this
behavior. With tests on molecular evolution, we provide potential candidate sites for
discussion. Despite strong a priori expectations, we find that our parameterized model
fails to predict in vivo behavioral characteristics. In proceeding to study visual physiol-
ogy and by further characterizing the molecular basis for light production in sea fireflies,

this system offers a new opportunity to explore the causes of diversification.

3.4 Materials & Methods

3.4.1 Animal collection

We identified most species by the patterns of male courtship signals, targeting each
particular display type with a single net and later measuring length and height of in-
dividual animals using a dissecting microscope and ocular micrometer. Several of the
species, especially from Panama, are undescribed and we refer to those here by field
codes, consisting of two or three capital letters. We classify species into genera based on
length:height ratio, which is a reliable genus-level characteristic [76, 168]. For transcrip-
tomes, we preserved specimens in RNALater (Invitrogen) and stored at -20°C for later

processing.
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3.4.2 Luciferase discovery and amplification

We designed luciferase-specific primers (Table to amplify from cDNA and obtain
sequences that do not include signal peptides (18 or 19 amino acids from the n-terminus,
as inferred with SignalP) because we later used yeast-specific signal peptides during
protein expression. we used an initial denaturation of 95°C for 2 min. For 30x cycles, we
performed a 95°C denaturation step for 1 min., followed by an annealing phase at varying
temperatures per species (K. hastingsi: 45.5°C, P. morini: 48°C, M. sp. SVU: 41.1°C
, M. sp. SVD: 43.7°C, M chicoi: 41.4°C, V. tsujii: 45.5°C) for 1:45 min., and then by
an extension step at 73°C for 1 min. For V. tsujiz primers designed from the published
transcriptome, we used thermal profile: 40 cycles of 94°C for 35s, 55°C for 30s, 72°C for

Imin) and amplified the native signal peptide.

3.4.3 Ortholog inference and gene tree construction

We generated a gene tree of translated luciferase candidates and closely related genes.
We used a published c-luciferase from V. hilgendorfii as a query in a similarity search using
BLAST (E-value cut off 0.0001). In some cases, we did not obtain full-length luciferase
transcripts in the assembly created by Trinity [71], which we attribute to polymorphism
from pooling individuals. In these cases, we did a second assembly of luciferase fragments
using cap3 [82] and selected the longest orfs as putative c-luciferases. We aligned these
sequences using MAFFT [97]. We used IQ-TREE 1.6.12 [153] to select the best-fit
model of protein evolution and to estimate the maximum likelihood phylogeny. We
rooted this phylogeny using midpoint rooting to identify putative c-luciferases from new

transcriptomes as orthologues to previously published c-luciferases.
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3.4.4 Quantifying synonymous and non-synonymous rates of

substitution

Many models and methods exist to quantify substitution rates of a gene under the
assumption that rates of synonymous substitution represent rates of neutral mutation
[102]. As such, ratios of non-synonymous to synonymous (dN:dS) rates inform evolution-
ary mechanisms, including positive selection [83]. Different approaches address different
questions, such as whether individual sites, individual branches, or entire genes show
signs of selection. For methods focused on individual sites, some methods assume a single
dN:dS ratio at a site for the entire history of that site (‘pervasive’) [106]. Other methods
allow for different ratios at a site along different branches of the gene tree (‘episodic’)
[144]. Accuracy of these statistical methods are impacted by deviations from their as-
sumptions, such as constant rates of synonymous substitutions across the phylogeny or
independent mutations. The sensitivity of these methods means they must be interpreted
with caution. At the same time, interesting patterns of substitutions generate testable
functional hypotheses, especially in systems where enzymatic function can be measured
following mutagenesis and in vitro expression. We believe episodic selection, where dN:dS
is allowed to differ in different lineages, fits the biology of signal diversification better
than pervasive selection because optima of signal phenotypes are expected to change
commonly during evolution, such as to track shifts in mating preferences by courtship
signals (i.e. phenotypic tango of the Fisher-Lande process [7]), and/or as predator be-
haviors co-evolve to combat the efficacy of defensive displays in a Red Queen scenario
[225].

We aligned luciferase DNA by codon, first aligning amino acids in MAFFT [97], then
matching DNA codons using pal2nal [208]. We used HyPhy |163] to compare ratios of syn-

onymous to non-synonymous substitutions using various models. We used BUSTEDIS]
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with a correction for multiple hits to test the hypothesis that positive selection occurred
at some (unspecified) point in the history of the gene [236]. We used FEL to look for ev-
idence of pervasive positive selection on individual sites. FEL also reports sites showing
significantly low dN:dS, consistent with purifying selection [106]. Because some Photeros
species have very rapid courtship pulses, we tested for positive selection along the branch
leading to Photeros using aBSREL [196]. Finally, we tested for episodic diversifying se-
lection using MEME [144]. Both raw evolutionary rates (e.g. site heterogeneity in dS)
and multinucleotide substitutions can increase rates of false positives [236} [226]. FEL,
aBSREL, and MEME incorporate site-level heterogeneity into their models, and we used
Multihit [116] to assess the evidence supporting a double or triple substitution over a
single substitution at every site. Given our number of sequences (N = 15), we expect
our identification of false positive sites to be relatively low (i.e. between 0-1%, [144]).
We report uncorrected p-values in Table 1, but annotate both the uncorrected p-value
cut-off of 0.05 and corrected g-value cut-off of 0.025 in Fig. S3 for ease of interpretation

(correction for two branch-site tests: FEL and MEME).

3.4.5 Genetic correlation with c-luciferase function

We looked for amino acid changes associated with changes in light decay constant
using previously published data [76]. We analyzed candidate mutations with an ANOVA
to test for significant associations between variant amino acid sites and functions of c-
luciferases, similar to methods for opsins and spectral absorbances [241]. To determine
which sites were most highly correlated with each function, we used a model selection
approach in the R package MuMIn [143]. We used the dredge function to test combi-
nations of amino acid sites regressed against enzyme function, which formed different

models. Dredge sorts models by AIC score. We tallied amino acid sites present in the
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highest number of best-fit models, and then performed phylogenetically-informed least
squares regression (PGLS) using a linear model with those sites and incorporating branch
lengths from the gene tree transformed with a Brownian-motion model of evolution as a
correlation structure into the residuals. We compared corrected and uncorrected models
(i.e. with and without the phylogeny) using AICc of the maximum likelihood model fits.
In most comparisons, AICc scores favored uncorrected, OLS fit models (Supplementary
Table S3). In one case, OLS and PGLS fits were equivalent and we default to reporting

results from a phylogenetically-corrected model (annotated in Table S1).

3.4.6 Protein expression and functional assays in mammalian

cells

We expressed three luciferases in mammalian HEK293 cells. To construct a V. tsujii
luciferase (VtL) expression vector, we first amplified VtL using primers with engineered
restriction sites to clone into a pCR4-TOPO vector. We next excised VtL-pCR4 with
Xhol and EcoRI (Promega), and subcloned into a modified pCMV3B mammalian expres-
sion vector with a C-terminal mCherry reporter (mCherry-C). The luciferase genes of P.
morini and M. sp. SVU were synthesized and cloned into the mCherry-C vector by Gen-
script (Piscataway, New Jersey, USA) with flanking restriction enzyme sites. We planned
to use mCherry to quantify the concentration of expressed luciferase, but we found high
autofluorescence of cell media and/or other secreted proteins to preclude this use. We first
transformed cloned constructs into competent E. coli cells using the One Shot Chemical
Transformation Kit (Invitrogen), and cultured for 24 hours in standard lysogeny broth
(LB) with 0.1% kanamycin at 37°C. We verified construct transformation using the engi-
neered restriction enzyme sites in digests and compared them to their expected product

size. We extracted these plasmids using the FastPlasmid Mini kit (Qaigen) and assessed
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concentrations with the Qubit high standard DNA kit (Qubit). For transfection, we
cultured mammalian HEK293 cells in Dulbecco’s modified Eagle’s medium (DMEM),
supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (P/S) at
37°C with 5% CO,. We then plated 5 x 10* cells in each well of a 24-well plate one to three
days before transfection. Cell medium was changed to DMEM without serum and antibi-
otics before transfection. We transfected cells with 0.5 ng of vector using Lipofectamine
2000 (Invitrogen), performed according to the manufacturer’s instructions. After 4 hours
of incubation, we replaced the transfection medium with DMEM+FBS+P/S and allowed
the cells to recover for 24 hours. We collected cells via trypsin digestion and reseeded
them into 10mL of DMEM+FBS+P/S+1% G418 to select against untransfected cells in
90cm cell plates. We cultured the transfected cells for 3 to 5 days before harvesting and

using in light catalysis assays.

3.4.7 Protein expression and functional assays in yeast cells

For expression in Pichia yeast, we cloned sequences into the pPICZ-aC vector at the
Xhol and Notl sites following standard procedures (Invitrogen Easy Select Pichia kit).
First, we analyzed predicted c-luciferases for the presence of a signal peptide at the n-
terminal end using SignalP v4.1 [13]. We then designed primers for cloning and protein
expression to amplify the entire c-luciferase sequence without the native signal peptide,
beginning usually 51-54 bp inside the 5 end from the predicted start codon. 3’ end
primers excluded the native stop codon so that a fusion construct could be generated.
Fusion constructs were made via the EasySelection Pichia expression kit (Invitrogen)
using the pPICZ-aC vector according to the manufacturer’s instructions. Briefly, we
used the 5" Xhol site in order to generate fusion c-luciferases with an alpha secretion

signal from yeast. We reconstructed the Kecx2 cleavage site with one Glycine Alanine
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repeat region via PCR. On the 3’ end, we used Notl; this would result in the addition
of extra amino acids in our expressed proteins on the c-terminal end before inclusion
of the fusion c-myc epitope and histidine tags. We transformed newly-made, linearized
constructs into Pichia using electroporation with a BioRad Micro-Pulser using the Sc2
program (1.5 V).

After electroporation, Pichia were allowed to recover in selective media for an hour
before plating. We initially selected for recombinant Pichia colonies using two concen-
trations of zeocin (100 and 500 mg/mL). After three days of growth, individual colonies
were replica-plated at high zeocin concentrations (1,000 and 2,000 mg/mL) to try and
screen for high copy-number integrants for our gene of interest. After one day, we selected
single colonies that grew best at high zeocin concentrations to induce protein expression
according to the manufacturer’s guidelines.

To stabilize the pH of the media for extended expression, colonies were grown in
25mL buffered media with glycerol in baffled flasks until the ODgg reached 2.0 - 8.0.
For our colonies, this occurred after 72 hrs due to suboptimal shaking conditions. We
then calculated the amount of original growth we would need for an ODgyy of 1.0 in
30mL expression media, spun down the appropriate volume of the original colonies at
3,000 g for 5min., removed the glycerol media, and resuspended the pellet in 30mL of
buffered media with methanol in a 125mL baffled flask. Flasks were shaken in a table-top
incubator at 29.5°C at 300 rpm for 3 days, with media supplemented with 100% methanol

every 24 hrs to maintain a 0.5% volume of methanol in culture.
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3.4.8 Protein expression, purification, and kinetics using silk-

worm

Synthetic constructs of putative c-luciferase candidates from 5 different species were
ordered from Genscript, USA. Codon usage was optimized for insect expression (Gen-
script, USA). Each recombinant protein was expressed using a silkworm expression sys-
tem by an outsourcing company (Sysmex, Japan). The recombinant protein was designed
to possess 6x His-tag at its C-terminus. The crude body fluid containing the recombi-
nant protein was collected and centrifuged at 100,000 x g for 1 h by Sysmex, and the
supernatant (2mL) was delivered for further characterization.

We performed Ni-NTA resin purification of Histidine-rich proteins from this super-
natant according to manufacturer recommendations (Qiagen). After washing 100ul of
Ni-NTA resin with 50ul HoO (3x times), and 50ul equilibration solution (10mM imi-
dazole, 20mM TRIS; 3x times), we combined silkworm supernatant (100 - 200u1) with
equilibration solution to a total of 500u1 and mixed this dilution with the Ni-NTA agarose
at 4°C for 1hr via slow rotation. We used a table-top centrifuge to collect the Ni-NTA
beads and wash them 2x with a wash solution (40mM imidazole, 20mM TRIS) to remove
low-affinity proteins. We then eluted high-affinity proteins using 50ul elution solution
(200mM imidazole, 20 mM TRIS).

The subsequent elution was combined with 20mM TRIS to a volume of 2mL and
desalted using PD10 desalting columns (Sigma Aldritch) with a total wash volume of
10mL of 20mM TRIS. We assayed fractions by adding vargulin substrate, pooled the
most active fractions, and used centrifugal concentration to concentrate proteins above
50,000 NMWL (Amicon Ultra). We confirmed protein purity visually with SDS-PAGE
and Coomassie staining. Protein concentration was measured with a Nanodrop assum-

ing molecular weight and extinction coefficients from the known c-luciferase ortholog
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of Cypridina noctiluca (MW = 62.1 kDA, e = 6.11), but corrected for each sequence

post-hoc.

3.4.9 Light catalysis assay

To assess the ability of expressed genes to catalyze a light reaction, we harvested
cell culture media from mammalian or yeast cells from each transfection (approximately
10 - 25mL per transfection), and concentrated it using 30,000 MWCO centrifugal filters
(Amicon), spun from 30 - 240min. at 4,000 x g. After centrifugation, the protein solution
was immediately collected for the assay. Varying volumes of concentrated protein solution
and luciferin assay mix (Targeting Systems; prepared to manufacturer’s specifications but
with unknown concentration for mammalian cells; and for yeast, we procured vargulin
from NanoLight Technology (Pinetop, AZ) and suspended it in 10mM TRIS to a working
concentration of 0.01 ng/ul) were added together in a plate reader (Wallac). We measured
luminescence in counts per second (CPS) for 10 seconds.

For light catalysis assays using silkworm-expressed proteins, we combined differing
volumes of purified protein (known concentration) and diluted luciferin (starting from
100uM stock suspended in methanol; ATTO) to 100l in 20mM TRIS HCI (pH 8.0).
Assays were measured anywhere from 10 - 1200 seconds, depending on the experiment.
To quantify the enzyme kinetic parameters (see below), we performed initial velocity
experiments. We combined purified enzymes (either at 1.5 x 107 yM or 1.5 x 10~*
uM) with substrate concentrations ranging from 0.78125 to 50uM in a final volume of
100l TRIS to perform light catalysis assays as above. Data were collected at 50 Hz, and

we only retained the first 10 seconds of data for analysis in each experiment.
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3.4.10 Michaelis-Menten kinetics

We used nonlinear regression in RStudio (v.1.2.1335) with the command nlsLM from
the package ‘minpack.lm’ [46] to fit the observed count data to the standard Michaelis-
Menten equation (below):

keat * [E] * [S]

v = TR.x[8] (3.1)

and solving for the parameters k.,; and K,,. In our experiments, the initial rates (v)
are the measured relative light units (RLU) from the microplate photometer, [E] is the
known concentration of protein, and the [S] is the known concentration of substrate at
the start of the experiment. k., is the rate of catalysis of the forward reaction as the
enzyme:substrate complex dissociates and reaction products are formed; in our case, this
is the rate at which light is produced in the bioluminescent reaction (units: 1/s). K,
is the Michaelis constant or enzyme affinity, which is the concentration at which the
reaction reaches half its maximum rate; lower K, values indicate a higher substrate
affinity (units: substrate concentration, uM).

Although traditionally technical replicates at each substrate concentration are per-
formed to account for variation in product formation, limited protein concentration and
timing did not allow us to perform such replication. Instead, to account for relative
error in each measure, we retain the first 500 data points (10 s) of the initial velocity
measures for each concentration assay. Our rapid sampling rate and the separation of
timescales in kinetic experiments [27] allows us to assume that substrate depletion is not
relevant to each datum within this time scale, making them quasi-independent. We then
used weighted nonlinear regression with a correction for the variance in each substrate
assay, as variation across substrate concentration experiments is not typically uniform.
To account for auto-catalysis of the substrate and spontaneous emission of light, we also

performed control experiments (substrate only added to TRIS HCI buffer) at each sub-
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strate concentration. As the origin of measured light counts is impossible to distinguish
between enzymatic and non-enzymatic processes, we present our regression analyses in
two ways: (1) without accounting for this background level of emission, and by only
retaining counts in each substrate concentration assay that exceed 1 standard deviation

above counts from the control experiment at the same substrate concentration (Table

3.1).

3.4.11 Gene Expression

To quantify gene expression at the site of bioluminescence (in the organ called the
“upper lip”), we performed RNA Tag-seq to help capture lowly expressed reads. Light
organs from the upper lips of individual ostracods (N = 2 - 5 males per species) were
dissected and placed immediately into Trizol for subsequent RNA extraction. After
sequencing, raw data were cleaned, filtered, and annotated on the Taq-seq pipeline (eli-
meyer.github.io). Expression files were then generated by comparing Taq-seq read count
files to reference transcriptomes for each species. Reference transcriptomes were assem-
bled via Trinity by using preliminary Vargula tsujii genome long reads as a scaffold for
previously generated RNA short-reads [44]. Of the c-luciferase homologs from different
species of ostracod expressed in vitro, we only had overlapping Tag-seq data from four
species: Vargula hilgendorfii, Photeros annecohenae, Maristella chicoi, and Kornickeria
hastingsii carriebowae. Unlike the other three reference transcriptomes, the P. anneco-
henae reference transcriptome did not possess a fully assembled luciferase (as mentioned
previously). As such, we performed an additional assembly using CAP3; for these mapped
reads, we simply added the transcript abundances together for each partial match if they

were phased by CAP3 into a single contig.
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3.4.12 Quantifying phenotypic space

Cypridinid bioluminescence follows first-order kinetics and may be described by Michaelis-
Menten models [92]. We use two forms of the integrated Michaelis-Menten formula to
mathematically quantify verbal arguments that demonstrate how pulse duration may
be influenced by variation in enzymatic reaction rates. For a more detailed review on
enzyme kinetic theory and the derivation of the Michaelis-Menten formula, please see
Appendix A. First, to quantify the influence of kinetic parameters on the timing of light
production during the secreted reaction (pulse duration), we used the integral of Eqn

3.1, as follows:

=5 _q
K,, = logw(f_gg—_l) + Sy — S = kegt ¥ E % time (3.2)
K'"L

where the parameters are as in Eqn 3.2, but which have now been integrated with respect
to time and are independent of concentration, instead relying on molecular quantities (in
mols) [64]. To adapt this for our models, we solve for time and incorporate a relative
emission efficiency product (REE) as a method of describing variation in light production
that may be due to differences in intramolecular interactions between enzyme and sub-

strate (e.g. photon yield or quantum efficiency). This produces the following equation:

=5 _1
Km*10910(%_1)+50—5 1
time = Km * (3.3)
keat * B REFE

Although this formulation is convenient to solve for the Michaelis-Menten equation in
terms of time (which seems rarely done), the accuracy of this integral is an approximation
to an infinite series. Instead, recent incorporations of the Lambert function (W) and
certain reconfigurations permit Eqn S4 to be in terms of product formation in a finite

reaction. We use the following interpretation to understand the difference in timing in
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product formation:

SO w
A A VL (3.4)

m

Eqn. 3.4 now describes the amount of product (light) that has been produced after a
given amount of time has passed under specific molecular conditions, and again with a

term to capture the dynamics of variation in product production (REE) |108].

3.4.13 Ethics statement

All organisms were collected in accordance with the regulations of the Jamaican Na-
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Chapter 4

Weak differences between female
swimming behaviors in allopatry
and sympatry among species of sea

fireflies
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4.1 Introduction

Reproductive isolation is the key step in speciation, whereby gene flow decreases
between ancestrally mixed populations, allowing them to evolve independently from one
another. Speciation is a temporally-dependent process, and investigating the variation in
the rates and magnitudes of this process drives much of evolutionary research. As such,
speciation biology has focused primarily on determining how extrinsic (i.e. geographic)
and intrinsic (i.e. genetic, behavioral) characteristics contribute to reproductive isolation
and influence speciation [36].

Theory and empirical work confirm that prezygotic reproductive isolation is important
during speciation |37, [166]. In many species radiations, prezygotic isolation can rapidly
evolve due to diverging mating behaviors. In allopatry, as most speciation occurs, there
is little expectation for mate preferences to evolve early in speciation unless coupled with
other processes like ecological selection (i.e. magic traits), assortative mating or divergent
sexual selection (e.g. as in polymorphic populations), and drift (e.g. Kaneshiro processes,
Mutation-order speciation) [169, 55]. In sympatry, divergence in mate preferences are
expected to evolve early during speciation if they are causal in the process [77, [239),
although many models still find it insufficient to cause speciation [5, 43]. Otherwise,
much divergence in mating behaviors when in sympatry are most likely attributed to
reinforcement processes on other reproductive isolating mechanisms (i.e. post-zygotic).
Parsing out the relative contributions of differing processes to speciation, including how
much reproductive isolation is due to divergence in mating behaviors [178], requires
testing species at different levels of divergence, classically espoused by [37] and expanded
in many other systems [132, 133, 142].

Regardless of whether divergence in mating behaviors drive speciation, they are

prominent in intra- and interspecific interactions within ecological communities [68].
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When conflict between shared resources arises during community assembly, evolution
may push populations towards dissimilar optima of resource use to partition the shared
niche [67]. This character displacement is famously recognized in reproductive characters
from allopatric and sympatric species, both in the signals produced and the preferences
for those signals |78} [198]. Increased community diversity may exacerbate reproductive
character displacement and drive populations or species to evolve narrow ranges in their
trait /preference values [210].

Because mating traits mediate the feedback between reproductive isolation, potential
for reproductive interference, and speciation, measuring trait and preference values at
varying ecological scales is critical. However, predicting which traits are important,
especially in multivariate or multimodal mating systems, adds more complexity and
which may have implications on the rate and magnitude of divergence in any of these
processes [181]. For example, the shape of female preferences (open-ended versus closed)
impacts the predicted change in trait distributions [210} (174, [227], which are at the
crux of the interactions between these eco-evolutionary dynamics. We can begin to
understand these complexities more robustly by taking a piecemeal, systematic approach
to examining mating trait diversity.

Ostracods are small marine crustaceans (Cypridinidae) found world-wide that pro-
duce bioluminescence to deter predators. In Caribbean waters, males of about 100 species
[29, 44] have co-opted this trait to generate species-specific mating displays, analogous to
terrestrial fireflies and hence their moniker umihotaru (‘sea firefly’ in Japanese). Males
produce these displays by secreting discrete packets of mucus in spatiotemporally varying
trails (single displays are referred to as trains; [170]). Females use these trains as visual
guides to anticipate and intercept the position of swimming males [171]. Other males can
compete to attract the attention of females by adopting alternative mating tactics, such

as entraining with their own display, inconspicuously sneaking on the display of another
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male, or producing an independent train [172]. Within habitats, males from multiple
species can display sympatrically, with up to nine species displaying at any one time
([59, |141], pers. obs.). This “cacophony” of lights is visually stunning for the casual
human observer, but in theory poses a visual challenge to receptive females trying to lo-
cate conspecific mates among heterospecific distractors. The displays of sympatric males
may have evolved under character displacement processes to partition the signaling niche
([59]; Gerrish et al., in prep.)

We hypothesized that the ability of a female ostracod to discriminately prefer her
conspecific mating display would vary with the ecological context of the male’s signal-
ing environment. If community composition is a strong agent of selection, we predict
that females from species whose males regularly display with other heterospecific males
(Belize: P. morini, Panama: P. sp. “SFM”) will have an increased discrimination abil-
ity against foreign displays. These females should bias their swimming trajectories and
association time towards displays of conspecifics (artificial control) over heterospecifics
(artificial experiments). Conversely, females whose mating arenas are not usually sat-
urated with heterospecific signals (Belize: P. annecohenae, Panama: P. sp. “EGD”)
will be under weaker selection for discriminatory preferences, and therefore demonstrate
swimming trajectories and association times equally between control and experimental

displays.

4.2 Results

4.2.1 Four ostracod species vary in their displays

We recorded single females (N = 52) from four species with variable success. As

with others [59, 141], the four ostracod species we studied have different displays (Fig.
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A). Based on our results from a multiple factor analysis with simulated data based on
real field measures, the experimental programs we used to assay female discriminatory
behavior varied in their multivariate “distance” from the control programs (Fig. ),
the experimental programs we used to assay female discriminatory behavior varied in their
multivariate distance from the control programs. The disparity between artificial control
displays and artificial experimental displays differed for each species, as the Euclidean
distances in multivariate space between artificial experimental display types are not equal.
The first two factors describe approx. 21.54% of the variation between species, with
significant but varying levels of overlap between them. Dimension 1 primarily captures
variation in the display direction and pulse duration, while dimension 2 describes most

of the variance in interpulse interval (Table [4.1)).

Display character Dimension 1 | Dimension 2
Direction 0.59064 0.16984
Number of pulses 0.35355 0.00796
Pulse duration (PD) 0.64626 0.17497
Interpulse Interval (IPI) | 0.14772 0.88836

Table 4.1: Dimension loadings for the first two dimensions from the multiple fac-
tor analysis describing display variation among four species of ostracod in the genus
Photeros, as seen in Fig. [f.1JA. Analysis based on focal characteristics, namely pulse
duration (PD) and interpusle interval (IPI), which should not be interpreted as the
primary axes of variation amongst all species’ displays.

4.2.2 Females are more active during display periods

As a proxy for female activity, the number of trajectories detected before and after

stimulus presentation differed (Npeore = 311, Nager = 7,438; binomial test, p < 0.05).
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Figure 4.1: Species occupy distinct, partially overlapping regions of phenotypic space
in their sexual displays. (A) Time-distance scatterplot (sensu Morin) of the display
characteristics of the four species (uniquely colored) tested in this study. Arrows
indicate the direction of pulse propagation (swimming direction, up or down) during
a single display train. Each pair of data connected by a solid, horizontal line is a single
pulse in the display, with the length of the line indicating the overall duration of the
pulse (x-axis). Distances between pairs of data for a single pulse (y-axis) indicate
the observed vertical distance between subsequent pulses in a display (dashed line).

(B) Multiple factor analysis showing the potential variation in displays for each of
the four species. Data are simulated (n = 1000 per species; white circles) based on

the measured variation (N = 6 - 8 per species; empty circles) and reported ranges
for 7 display variables. Projected into this multivariate space are both the artificial

control (1 per species; as from Fig [£.1]A; filled circles) and artificial experimental
(3 per species; filled triangles) displays used for each species. Species in blue hues

are allopatric with respect to other signaling species, while those in orange hues are
spatiotemporally sympatric with other displaying ostracod species (not depicted).

4.2.3 Females swimming speeds are altered with artificial dis-

plays

Unlike [171], we find that females who are exposed to artificial displays have altered
swimming speeds (Likelihood ratio test, p = 0.0024740; Fig. Table [C.2)). However,

this effect is mediated by ecological history (LRT, p < 2.2 x 107'%) and the interaction

of these two variables (LRT, p = 0.0036389). Sympatric species have faster approach
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trajectories. This pattern seems to be driven by the significantly bigger P. morin: fe-
males, which are ~ 16% larger in body size than their congener P. annecohenae. The
other sympatric species, “SFM” from Panama, actually slows down (on average) after
displays begin in the experimental trials.

The magnitude and direction of this change in speed is also affected by the type of
display presented to females (LRT, p < 0.0008869; Table7 with interactions between
display type and ecology (LRT, p < 2.692 x 10°7). Females from both sympatric and
allopatric ecological histories consistently had increased speeds in the trajectories iden-
tified after displays began if they were presented with artificial displays that differed in
pulse duration. For allopatric species, females exposed to stimuli with differences in the
interpulse intervals have trajectories that are slowed compared to those identified before
the onset of stimuli. Sympatric species generally increase their swimming speeds, but
do so most pronouncedly in experiments presenting artificial experimental displays that

have changes in pulse duration.

4.2.4 The directedness of female patterns is altered with arti-
ficial displays

The sinuosity of a female’s trajectory is affected by the type of display (Likelihood
ratio test, p = 2.251 x 10%), ecological history (LRT, p < 2.2 x 1071%), and their inter-
action (LRT, p = 5.871 x 10°%). Although the sinuosity of female swimming trajectories
is lower after stimuli have begun (upefore = 8.36, fager = 7.98), this is not statistically
significant (p = 0.2737) nor were any of its interactions, and we removed timing from the
subsequent analysis (Fig. 4.3} Table [C.2)).

Sympatric species havfe less direct approach trajectories, and the strength of this

result is conditioned on the type of display in the experiment (Fig. ) In each treat-
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Figure 4.2: Changes in female swimming speed from trajectories identified before
or after the onset of stimuli. (A; left) Females swimming speeds generally increase,
but this depends on the type of stimuli presented. The magnitude of this change is
also conditioned on the ecological history of the species (Blues = allopatric species,
Oranges = sympatric species). Note that we present natural log-transformed speeds
in Panel A simply for ease of interpretation. All models were run with untransformed
speed measures as the response variable. (B; right) Effect size estimates with 95%
confidence intervals for likelihood ratio tests on how subsequent addition and removal
of each variable effects a generalized linear model describing how timing during an
experimental trial (Early = Before stimulus onset, Late = After stimulus onset),
ecological history (Allo = Allopatric, Sym = Sympatric), and display type (Both =
Both TPI and PD altered, IPI = interpulse interval altered, PD = pulse duration
altered) affects the speed of a female ostracod.

ment, sympatric animals exposed to artificial displays that differ in their pulse duration
have less direct approaches than allopatric species. However, we caution the biological
interpretation of this result. Sinuosity is dependent on other variables such as the step-
size between consecutive measures of displacement. Given that these animals are moving
at a faster speed than their allopatric congeners (Fig. [4.2/A), this would also drive their
step-sizes to increase and cause sinuosity to decrease. Indeed, we see a negative cor-
relation between speed and sinuosity across trajectories (Pearson’s product correlation
= -0.4487; t = -44.197, df = 7747, p-value < 0.001). So although this metric incorpo-
rates information on the propensity to turn (cosine of angle of displacement), it may not

accurately capture change in movement.
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Figure 4.3: Changes in female swimming sinuosity. (A; left) Females swimming tra-
jectories generally become less directed, but this depends on the ecological history of
the species (Blues = allopatric species, Oranges = sympatric species). The magni-
tude of this change is also conditioned on the type of stimuli presented. (B; right)
Effect size estimates with 95% confidence intervals for likelihood ratio tests on how
subsequent addition and removal of each variable effects a generalized linear model
describing how ecological history (Allo = Allopatric, Sym = Sympatric), and display
type (Both = Both IPI and PD altered, IPI = interpulse interval altered, PD = pulse
duration altered) affects the directedness of a female ostracod’s path.

4.2.5 Females do not demonstrate strong patterns of choice

We examined the 55 confirmed trajectories to see if females would alter their swim-
ming before and after the exact onset of a stimulus, producing 122 events. We find that
the female swimming direction before or after a display (toward or away from it) is un-
correlated with the type of display observed or the ecology of the species (McNemar’s
tests, df = 1, p > 0.05 for each display type within each ecological condition). However,
parsing our limited data into each category makes their sample sizes limited.

Increasing our power with a logistic regression, we find that females ostracods were
more likely to change direction after seeing a display only if they were from an allopatric
species (Wald Test; p = 0.02048), but not on which type of display they were headed
towards (Wald Test; p = 0.55872) or the interaction of those test conditions (Wald Test;
p = 0.38835). Females from allopatric communities switch their swimming direction
about 33% of the time regardless of the signal observed, whereas females from sympatric

species tend to remain on course 85% of the time regardless of display type (Fig. .
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Figure 4.4: Proportion of individuals that changed (green) their heading or did not
(grey) during a single trajectory after direct intervention of an artificial display. Al-
lopatric species are slightly more likely to change their trajectory heading than sym-
patric species.

4.3 Discussion

Co-existence in complex communities should generate competition for shared re-
sources. We tested the prediction that female receivers of different species that live
in communities of varying heterospecific overlap should demonstrate different abilities to
discriminate amongst proper conspecific mates. When the resource is access to mates,
like in lekking species where command of space and time in common areas determine the
opportunity to garner mating opportunities, selection to partition niches should facilitate
coexistence. For successful communication in signal-receiver dynamics, partitioning of
the signal niche may also be accompanied by receiver division of signal space through
a number of mechanisms, from increased discimination via divergent sensory abilities to
cognitive abilities. Using two species pairs of bioluminescent ostracods, each containing

one species that lives allopatrically and one that lives sympatrically with other het-
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erospecifics, we found that females from neither allopatric nor sympatric species demon-
strate strong discriminatory behavior, although sympatric females are less likely to change
heading after seeing a mate-like display. However, we do show that gross behavioral re-
sponses differ across experimental treatments. Namely, sympatric females increase their
swimming speeds when exposed to artificial displays with differences in pulse duration.
Below, we discuss the results of these analyses and the relevance of these behaviors in
the context of speciation and ecological community dynamics.

Our results indicate that sympatric females are less likely to alter the heading of their
trajectories when viewing a display, regardless of how divergent it may or may not be
from a species-typical display (Fig. . This is counter to predictions under the repro-
ductive character displacement hypothesis. We predicted that sympatric species should
change heading more often and especially when viewing an artificial experimental display.
Instead allopatric species alter their trajectory direction much more often. Although our
sample sizes are low, this could be due to increased reproductive interference amongst
sympatric species. If conspecific male density is reduced, the relative cost of mate search-
ing may be higher in sympatric species. This may lead to sympatric females adopting
different mate searching strategies [90], including being less choosy, than their allopatric
compatriots. This system is primed for more in-depth classical behavioral ecology studies
such as these.

Contrary to the results of our individual trajectory analysis, our bulk analysis of
female behavior before or during the presentation of diverse displays follow the predictions
of the reproductive character displacement hypothesis (Fig. [4.2). Different display traits
may be more helpful to females during mate searching [19], and which may depend
on their ecological history with heterospecifics. In our study, searching females from
sympatric species always increased their swimming speed after displays began, and did so

the most if presented with displays that differed in their pulse duration (or, pulse duration
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and interpulse interval). Conversely, allopatric species only increased their swimming
speeds when at least the pulse duration was different between displays. Responses to
changes in interpulse interval were neither consistent nor as strong across treatments,
suggesting that interpulse interval may have a reduced role in discrimination tasks for
searching females. Variation in response to signal traits supports the hypothesis that
display components may have evolved for a species recognition and/or mate recognition
context.

Pulse duration may generally be important for female mate choice (Fig. [4.2B).
Although different signal components may vary in their relevance to females between
species, females of all species show an increase in speed during trials with stimuli that
differ only in pulse duration. These differences may be adaptive. Pulse duration varies
from milliseconds to tens of seconds across species [141], and for which we have a strong
a priori understanding of its mechanistic basis. Recent molecular work connecting the
enzymatic basis of light production with this signal phenotype has revealed candidate
amino acid sites under diversifying selection (Chapter 3). Pairing molecular tools with
more stringent behavioral assays may clarify what aspects of pulse duration - be it light
intensity or actual duration - are important to receivers in this communication system.

The inconsistencies between our individual and bulk analyses may be explained by a
few mechanisms. First, the display parameters we tested here may not be as important
during individual choices during mate search. Ostracod bioluminescent displays are mul-
tivariate and many parameters differ within and between species [59]. The presence of
signals generally may have increased female activity without necessarily requiring strong
choice dynamics. Second, the differences in display parameters chosen during stimulus
presentation may not have adequately covered differences in female perceptual ability,
which is unknown. Although we cover an order of magnitude in pulse duration differ-

ences between species, how females view these differences remains to be tested. Third,
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as our analysis is inherently noisy, identifying relevant trajectories with high confidence
may obscure finer-scale patterns. Teasing apart which single traits are important, if any,
requires more tests like ours.

Differences in community composition may shape the importance of different display
components. Our results find inconsistent effects and magnitudes of pulse duration, and
especially interpulse intervals, on producing changes in female behavior. Sympatric fe-
males demonstrate consistent increases in speed regardless of the display types presented,
but show the strongest change with pulse duration experiments. Allopatric females show
inconsistent changes in swimming speed, and only demonstrate an increase in speed with
a change in pulse duration. The relative composition of heterospecifics in a community
may shape how important differences in the overall display are to searching females,
either in the magnitude of differences in single parameters or in the aggregate number
of changes amongst different display traits. This may potentiate the number of het-
erospecifics that can coexist in any one lek if selection acts on different signal traits in
different communities.

Multivariate signals may facilitate ecological and species diversity, as signal space
can be partitioned by receivers along many different axes, including many not measured
here. Previous research indicates that somes ostracod species partition the lek by altering
which microhabitat (coral, sand, etc.) or when in the night (early, late, etc.) males, on
average, display [59]. Although that work did not measure the contribution of the same
display aspects we investigated here, regardless, it is possible that factors extrinsic to
the display form itself may be more important during mate choice, and thus more labile
during evolutionary divergence and/or community assembly. Of note is the divergence in
display propagation direction with respect to the benthos (up, down, horizontally, angled,
etc.), which differs widely within and between genera and seems to evolve quickly [167].

Our playback system will allow us to parse apart which characters are important and
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evolving due to female choice, as opposed to randomly diverging or evolving primarily
due to correlations between display characteristics.

The evolution of display disparity may not be as important during speciation, at
least in the characters tested here. Species from the early diverging pair (Panamanian
Photeros) show a much less pronounced difference in response to differences in trait char-
acteristics than those from the distantly diverged pair (Belizean Photeros). If these traits
are important during speciation, we expect that early-diverging lineages should demon-
strate an equally strong magnitude of response. Instead, the variation in the magnitude
of response is more consistent with divergence over time. This is corroborated by recent
work within one of our focal species, P. annecohenae, which shows that behavioral diver-
gence between populations is only very weakly correlated with genetic distance |29, |167].
So although these characteristics (pulse duration and interpulse interval) may play a role
during female mate recognition and choice, it may not be a primary driver of speciation.
This is in general agreement with models of speciation that argue for a more prominent
effect of ecological speciation and secondary effects via sexual selection [169).

Conclusions In complex communities, mating opportunities between signalling males
and searching females may be hindered by the presence of heterospecific signals - termed
reproductive interference. Evolution may ameliorate the negative consequences of sym-
patry through reproductive character displacement, both in male signalling traits and
female preferences for those traits. We find that in the bioluminescent mating displays of
Caribbean ostracods, metrics of females response to male displays are inconsistent with
predictions from reproductive character displacement. While female swimming speeds
increase and respond to differences in male signals based on trait differences, individual
trajectory headings do not. Both measures find ecological history an important determi-
nant of female behavior, but with surprising results. These inconsistencies suggest that

alternative metrics may be needed to accurately assess female choice, and that behavioral
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divergence among this group may be a minor contributor to speciation dynamics.

4.4 Materials & Methods

4.4.1 Animal collection and care

Female P. annecohenae were collected from the grass beds off of Southwater Caye
(16.812653, -88.082619) on either 29 March 2018 or 30 March 2018 using baited conical
traps. A-I juvenile females (the last of five juvenile instars stages before the reproductive
adult lifestage) were then sorted by eye the next day and kept in batch in 12-well cell
culture dishes.. Each day we checked the health of individuals and changed their water;
we fed them fish flakes (Seachem NutriDiet MarinePlus Enhanced Marine Flakes with
Probiotics) everyday or every other day. Once animals molted into adult females, we
separated them into their own individual wells until they were used in experiments.
Experimental trials occurred nightly from 7 April 2018 to 11 April 2018 between 1900
hrs and 0200 hrs.

Female P. morini were collected from 11 April 2018 - 14 April 2018 using hand nets
swept through the displays of male P. morini as described in Morin and Cohen (2010).
We collected individuals from two locations: the patch reef off of South Water Caye
(16.811801, -88.082628) or the patch reef of off Hangman Caye (16.823355, -88.150956).
Because this species does not come to baited traps (Morin pers. communication), A-
I females could not readily be collected; as such, we used any adult females collected
from the water column. These females were caught in the mating spree and we assumed
that this correlates with their receptivity to mating even though we cannot guarantee
that they have not mated previously. Before our experiments, we noted the presence of

developing eggs, brooding of deposited embryos into the marsupium, and/or parasites.
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Experimental trials occurred from 13 April 2018 - 16 April 2018. After individual trials,
individuals were preserved in 95% EtOH and later dissected to check for a spermatophore
as another potential indicator of previous matings.

Off the coast of Bocas del Toro, Panama, we collected both female Photeros sp.
“EGD” (21 September 2018 - 26 September 2018) and female Photeros sp. “SFM” (18
September 2018 - 27 September 2018) using traps. EGD were sampled from the grass
bed of Punto Manglar (9.332464, -82.254105) and SFM were found in the mangrove
roots adjacent to the site. Care for these animals was the same as described above.
Experiments occurred nightly from 04 October 2018 to 13 October 2018 between 1900
hrs and 0400 hrs.

As with female P. morini described above, adult males of all four species were caught
from active displays using hand nets and maintained in cell culture dishes until used in
experiments. Because males frequently will not respond to other displays unless in high
density (Rivers and Morin 2009), in experimental trials we used five males simultane-
ously in each trial. This prevents us from making conclusions about individual response
curves to display differences because individuals are non-independent per trial. Instead,
we present our results as averages generally, but with the understanding that our exper-

imental conditions are more biologically relevant.

4.4.2 Experimental design and data collection

Tanks had two artificial displays, one running a control program that mimicked the
native conspecific signal, and one running an experimental program with one of three
experimental alterations (Fig. [C.I). The experimental displays were as follows: (1)
a program mimicking the conspecific display, like the control, except with the pulse

durations of the heterospecific; (2) a program with only the interpulse interval changed to
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that of the heterospecific; and (3) a program with both the pulse duration and interpulse
interval of the heterospecific display. Before each trial, experimental animals were moved
to a well-lit area to prevent them from experiencing nightfall. During an experimental
trial, individuals were placed in the tank for 10 minutes while under bright illumination
so they could adapt to the tank. I then turned off the light to simulate the onset of
night. After 5 minutes in the dark, I began recording their behavior on camera without
the presence of artificial displays, and gave them another 5 minutes in the dark. After
these 10 minutes of dark adaptation, I began to expose them to artificial display trials.
Every individual was exposed to all three experimental programs consecutively, with
5 minute intervals of darkness separating each condition. The presentation order of
the experimental programs was randomized within trials via random number generator.
During each trial, the artificial displays were each shown 10 times with 20 sec intervals
between displays; because of differences in total display duration, this led to differences
in overall trial duration across species. The tank was washed and dried during the day,
with new sea water added nightly before experiments began.

All artificial displays (control and experimental programs) were written in Arduino
and output to a NeoPixel LED strip. To best mimic the natural displays of each species,
we used a custom fade function based on Gaussian curves. Using pulse width modulation,
we could then calculate the change in light per time step based on the input pulse
duration. Display characteristics like pulse duration, interpulse intervals, and interpulse
distances were calculated from [170] for P. annecohenae and from [59] for P. morini.
Display characteristics for Photeros sp. “EGD” and “SFM” came from video recordings
obtained for Gerrish et al. (in prep), as well as in-field measurements. As a note, we could
not fully measure the distances between pulses (IPD) for either SFM or EGD. For SFM,
we used field measures of total display length and divided it by the number of pulses per

display to calculate IPD; and for EGD, we calculated IPD from stereoscopic recordings
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taken in the field (Oakley et. al, in prep). We adjusted the relative brightness between
pulses in a single display train, as subsequent pulses after the first pulse in a display are
dimmer [170]. These data were pulled from [170] for P. annecohenae or from natural
pulses recorded in the lab for the other three species (P. morini, SFM, and EGD). To
reduce the overall brightness of the LEDs in the artificial displays, we used a maximum
brightness of 12/255 for the LED output and placed 5 layers of 0.3 One-stop Neutral
Density filters (Cinegel) in front of the LED strips, outside the tank.

Videos were recorded on a Sony A7S with a Canon 24mm lens attached via a Metabones
EF-F lens mount. The camera had been debayered to remove the infrared filter, allowing
us to illuminate the tank with an infrared lighting array placed at the top. For videos
filmed in Belize, we used two 150um paint strainers folded in half and suspended 5 cm
beneath the array to disperse the IR light as evenly as possible through the water. We
placed black felt behind the tank to increase contrast. The tank measured 60.96 cm x
15.24 ¢cm x 60.96 cm (Length x Width x Height). After our initial set-up in Belize, we
modified our design for Panama. This tank measured 38.10 cm x 7.62 cm x 60.96 cm
(Length x Width x Height), and to increase contrast, we used adhesive, matte black vinyl
to cover the back, bottom, and two sides of the tank. We also slightly offset the position
of the displays from one another in the Width-axis by 6 cm. In this way, acrylic opposite
the displays could then be covered in vinyl to prevent reflections from being produced
when the artificial displays were on. Two 114-LED IR lights arrays (CM Vision) were
suspended side-by-side, 18.5 cm above the water level to provide sufficient illumination
for trials. See Fig. for a diagram /picture of the experimental set-up.

Because the depth of our experimental tank was 56 cm, and because the length
of both total display train and interpulse distances differ between the species, we were
limited on the number of pulses per display we could show between species. See Fig.

and Table for a summary of the display differences between the four species.
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Despite species differences in the number of pulses per display, displays from respective
congeners in the same country always overlapped in the range of the number of pulses
in one another’s natural displays. As a note, due to minor programming error with the
brightness, the artificial displays of EGD lacked the last pulse as it was too dim for the

LED output, and instead had 5 pulses per display (within the range of natural displays;

Table .

4.4.3 Characterizing Trait Space

In order to better understand how our artificial experimental displays placed within
the potential phenotypic space of natural displays, we used the measured means and
standard deviations for 6 display characteristics to randomly generate 1000 artificial
displays per species. In each display, we sampled from log-normal distributions of the
pulse durations and interpulse intervals separately for the initiation and trill phases of
natural displays. We used this aggregate dataset, along with display direction, to perform
a Multiple Factor Analysis in the package ‘FactoMineR’ [85] on these variables (Fig.
) from the simulated data set only. We then projected our measured, control, and
experimental display data into this MFA space to see how our observed and experimental

displays compared to the potential variation in the simulated data based on real measures.

4.4.4 Animal motion and artificial display tracking during video
analysis

We used the DeepLabCut [150] pipeline to automatically track ostracods in our tanks.
Although originally formulated to track individual postural changes, because our videos
were filmed in environments with heterogeneous lighting environments (both within and

between videos), other approaches were not tractable. Briefly, we annotated clips for the
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position of the ostracod body across a range of behaviors and video qualities, sampling
clips from each species. See Table 1 for details on the number of frames used. We then
trained a 101-layered neural network for 500,000 generations to reliably predict ostracod
position in our videos over time (Pixel error, post-training: 1.45).

Although our data are filmed, we could not precisely record the exact timing of
experimental stimulus projection. We therefore used custom Python scripts written with
OpenCV to find where pixel values spike in brightness over the course of each video. We
limited our analysis to 33% of the tank where the LED strips were localized (first third or
last third, respectively) and did so separately for both sides of the tank because stimuli
were not always presented in sync due to differences in interpulse intervals. Videos vary
in quality due to field conditions, and identification of stimulus onset is noisy. We used
the findpeaks function of the ‘pracma’ package [17] to locate semi-periodic spikes in pixel
brightness and return the time points of the 10 brightest peaks, corresponding to the 10
times each stimulus was presented to an animal during the recording of a single video
(i.e. a single experiment). See Fig. for examples of peak identification using this

method.

4.4.5 Trajectory creation, filtering, and and behavioral analysis

Despite using 1,580 frames to train our model for 500,000 generations, false positive
errors in body identification are possible due to small particulates in the water. Simulta-
neously, false negative calls may be prominent due to low levels of infrared illumination
that reduce reflectivity and positive identification. As such, we used three stages of
post-hoc filtering to reduce the level of misidentified points in each file.

Firstly, we assume that false positives (misidentification of similar sized particulates

with slow moving speeds) accumulate randomly with respect to the true ostracod po-
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sition in the tank. During tracking, because body position is correlated between time
steps and changes with a given speed, both positions and changes in position should have
a finite distribution. Of all identified points, we retain only those in the bottom 75th
percentile of the interquartile range to control for misidentification that leads to erro-
neous and spontaneous “jumps” in position. Although this method can remove extreme
outliers, particulates are evenly distributed across the tank and misidentification may
not lead to large jumps in body position. Change in value with a temporal correlation
can be modeled using autoregression with moving averages. We fit our once-filtered data
with these arimax models (R package ‘forecast’ [87], command auto.arima) and removed
position data that exceeded the 95% confidence interval from models estimated on either
x-position or y-position over time. After twice-filtering, we used the R package ‘trajR’
[130] and its functions to convert ostracod positions (x, y, time data) into movement
trajectories, which includes information on change in relative position re-centered on the
animal and not to external frames of reference. This produced 223,885 individual tracks.
We then filtered these by duration to require total durations greater than 30 frames
(equivalent to 1 second), leaving 10,866 trajectories.

Average trajectory duration was 5.17 seconds and covers 0.516 cm (approximately 3
body lengths of an average ostracod). However, even with extensive filtering, the inclusion
of erroneous body positions can result in wildly inaccurate trajectories. We calculated
summary statistics like average positional speed across a trajectory, directional change,
average turn angle magnitude, and the expected relative displacement (Ep.y) and used
principal components to characterize all 10,866 trajectories in multivariate space. We
then confirmed the accuracy of these metrics in predicting real trajectories by looking
at a subset of 55 known trajectories; these trajectories loaded differently on principle
components 1 and 3, whose eigenvalues we used to further reduce our dataset to a final

count of 7,749 trajectories. We use these to describe general movement patterns (speed
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and sinuosity) before and after the onset of stimuli during an experimental trial. From
our 55 known trajectories, we further characterize specific timing of behavioral changes
to the exact onset of individual stimuli. Using the identified peaks of pixel brightness
from the left and right sides of the tank, we split each of these trajectories into two by
the incident timing of the stimulus onset: 5 frames before and 5 frames after stimulus
presentation. We then looked at whether animals were currently facing a display when

the stimulus was presented, and if their heading had changed after the stimulus turned

off.

4.4.6 Statistical analysis

To describe differences in movement patterns (speed, sinuosity) between species from
different ecologies and/or during different times during different experimental trials, we
used generalized linear models (with the family set to Gamma distribution). Speed
is the linear speed of a detected animal. Sinuosity is a measure of the straightness of a
trajectory based on the mean cosine of turning angles: the larger the value, the straighter
the path [14]. We used McNemar tests to see if individual animals in the course of their
trajectories changed direction towards or away from an artificial display (experimental
or control) randomly or not. However, these tests have low samples sizes and may fail
to detect true patterns. Redescritizing events from headed towards or away from a
display to trajectories that changed or did not change heading after a stimulus, we used
a generalized linear model (family set to binomial) to perform a logistic regression asking
how ecological history and display type influence the probability a female ostracod will

switch her course.
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A.1 Introduction

Here we provide (A.2) sufficient background on Michaelis-Menten kinetics as a review
and context for the interpretation of our results, (A.3) further details on methods used

in the study, and (A.4) results and model exploration.

A.2 Review of Michaelis-Menten enzyme kinetics

To facilitate understanding of our hypotheses and predictions derived from enzymatic
theory within the context of bioluminescence, we reproduce derivations of the Michaelis-
Menten equation below. In enzymology, reactions are dependent on the introduction of
enzyme (E) and substrate (5), which react to form an enzyme-substrate complex (ES)
and then dissociate with the generation of products (P) and the return to the enzyme’s
original state:

E+8 2 ESka g+ p

We assume that the reverse reaction of £+ P forming E'S is negligible, or extremely
unlikely. Different steps in the reaction can take place at different rates (denoted by k):
production of the E'S complex occurs at a forward reaction rate (ky), the reverse reaction
can theoretically occur at a rate k,, and degeneration of the E'S complex occurs at rate

keqt- In terms of cypridinid bioluminescence, this means that:

91



¢ — luciferase + wvargulin + Oy

*)kf
ki

¢ — luci ferase : vargulin

k'cat
—

c —luciferase + light + oxyvargulin + COq

In sea firefly bioluminescence, molecular oxygen is assumed to be freely available in
sea water; this assumption is validated because enzyme kinetic analysis show that the
reaction is first-order (dependent on the concentration of one substrate - vargulin - as
opposed to two substrates). The products oxyvargulin and carbon dioxide are inert with
respect to our measured variable of light. We can further describe the rate of change in
these variables in a system of equations that relate the concentration of each (denoted by
square brackets [ |) to rates k and their contribution to both formation and degradation:

98 — i [E)[S] + k.[ES]

dt

i — k[ E][S] + ki [ES] + kew | ES]

dt

4BS — | [E)[S] = ko[ES] — keat|[ES]

dt

Q - kcat[ES]

dt

Michaelis-Menten dynamics assume a steady-state reaction such that the rate of
change in ES complex formation is equal to zero during substrate saturation. Fur-
ther, we know that the total amount of enzyme is constant in the reaction, making both

E and ES add to some FE,,. So in order to calculate the change in product over time
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(%), we must solve for the concentration of the &S complex. Given these substitutions:

K [E][S) = K, [ES] + keat[ES] = (ke + huat) [BS]
kf([E]tot - [ESD[S] = (kr + kcat)[ES]
kplElitlS] — kf[ES][S] = (kv + kcat)[ES]

(kr + keat) [ES] + kf[ES][S] = ky[Eltor[S]

_ k[ Elor[S] _ [ElalS]
B hw) + S () + ]
dP _ cat[E tot[S]

]
At (k'r‘"!‘k'cat) + [9]

This final equation gives us the relationship between the change in product (light)
over time in terms of a few measurable variables and some composite metrics of the

reaction. Namely the composite metrics are the biochemical parameters V,,,, and K,,,

defined as:

Vmax = kcat[E]tot (A]')
Km _ kr + kcat (AQ)
ky

Which when substituted into d—P gives the Michaelis-Menten equation in terms of
product formation. As shown here, V., relates directly to the amount of enzyme avail-
able to the reaction, whereas K,, relates the different k rates in the reaction to one
another, independent of any concentration. Both these biochemical parameters rely on
keqt- To increase the rate of product formation for any given amount of substrate and
enzyme, you can either raise the maximum reaction rate (V,,4,) or decrease the enzyme

affinity for the substrate (K,).
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A.3 Materials & Methods

A.3.1 Notes on induced bioluminescent phenotyping

We attempted to record from 630 individuals, but not all animals produced biolumi-
nescence of quality for downstream analysis. Of the 376 individuals successfully recorded
from, we identified 837 defensive pulses with our program. See summaries for Tables
- for sampling details.

Animals were subjected to two different stimulation regimes depending on their length
of time within the vial; electrical impulse programs were written via custom Arduino
scripts. We initially stimulated all animals with three 12.5 V bursts for 10 ms, with 5 ms
intervals separating each electrical pulse (low-stim condition). If no bioluminescence was
detected, they were given approximately 10 s to recover before applying another stimulus;
if the animal generated bioluminescence, that pulse was allowed to fade and the animal
was given 10 s before application of another stimulus. If an animal failed to bioluminesce
within the first six stimulations, they were subjected to a single 12.5 V stimulus burst
for 50 ms (high-stim condition). We used experience developed during preliminary trials
to judge when to switch between high and low-stim programs. If an animal reacted to
the stimulus, they were subjected to more stimulation until, at most, 3 clean light pulses
were recorded. We deemed light pulses as adequate and “clean” if they were produced
without multiple peaks and if light output eventually faded back down to undetectable
levels from background. If an animal failed to react within 5 minutes of testing, they
were removed.

To note, using intensity is an inaccurate estimation of product formation as it is
unknown what the quantum yield (i.e. photon release) per substrate oxidized is, or if
this differs by species. Quantum yield can vary due to pH, salinity, or even temperature

[193]. To address this, we attempted to standardize conditions by using location-available
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seawater at ambient temperatures (24 - 26). Variation could also be compounded by the
PMT, which has a biased sensitivity and propagates more voltage to certain wavelengths
(maximum sensitivity: 380 nm; Burle Electronic Tubes). Cypridinid bioluminescence is
primarily blue (around 470 nm; [86]), but there is seemingly some variation in this trait
[74]. At worst, our PMT has a 10% drop in sensitivity for light propagating from 450
to 500 nm, which is most likely a greater difference in peak emission than the differences
we observe. Thus, any error because of a mismatch with peak wavelength emission or
due to quantum yield fluctuations should be minor.

Although decays could vary because of differences in encounter rate between enzyme
and substrate, the stimulated pulses were in a finite volume of seawater and much smaller
than defensive pulses produced during predation. We cannot fully discount this possi-
bility, but our methodological controls and replicates help separate inter-individual noise

from true differences between species.

A.3.2 Notes on induced bioluminescent phenotyping data anal-

ysis and results

Each file, exported from .DAQ to .CSV using the WinDAQ program, was parsed to
remove background values and small fluctuations in measurement due to electrical noise
(Fig. #2). Backgrounds were calculated as the average amount of light from the
first ten time points per file plus the absolute value of the lowest of those ten points. We
required waveforms to have a minimum peak height of 1 V after background normaliza-
tion, and each had to be separated by at least 0.03 s to be considered a separate pulse
(Fig. inset). We cropped each waveform from its highest point until it decayed
back to the minimum level recorded (background; Fig. blue shaded region); the

background value was calculated from the average of first 10 time points of the file (Fig.
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#1) and used to initiate starting conditions in our models (I, and Sp). Waveforms
were normalized after background removal by calculating the difference between 1 - back-
ground and rescaling the y-axis (Fig. #2). In order to find the exponential decay
of the waveform, we then calculated the slope between consecutive time point pairs and
restricted the data to be from the point at which the steepest slope occurred down to
the background (Fig. #3), whose slope value is used to initiate V,,,, estimates.
These decays were required to have a minimum of 20 data points for proper modeling
downstream. After waveform identification, the time was rescaled to be from 0 msec until
the time at which light levels returned to background levels. To initiate values of K,, for
model fitting, we identified the voltage at which the reaction is at half its maximum slope
or the time point at which the reaction has reached half its maximum length, although
these two values are not necessarily the same point (Fig. #4). Decay length was
calculated as the last datum retained above the background (Fig. #5). For species
from Panama, we had to back-calculate time intervals post-sampling due to experimental
error. We used the known sampling rate (120 Hz) and total number of data points to
generate time points every 0.017 s, which approximates the true time points to the 0.0001
S.

When fitting models during data exploration, we actually fit all waveform data to 3
different models. The second model (below) was an exponential decay based on first-order
reaction kinetics that collapses Euler’s number and the A parameter into a single esti-
mated constant that can then be then further partitioned into enzyme kinetic parameters
as in [232]:

I=1(1-a) (A.3)

We provide the results of this model here in the supporting information (Fig. [A.3). All

methods used when calculating lambda from Eqn 2.1 in the main text were also used with
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this model. Decay estimates for the log-transformed a constant were different between
species (Fig. [A.3] Fig. [A.4] Linear mixed effect model, Species p < 0.001, Max Intensity
p = 0.2411).

Both Eqn 2.1 and Eqn A.3 cannot infer the biochemical parameters relevant in steady-
state Michaelis-Menten kinetics (V4. and K, [5], Eqn A.4), which describe the change
in substrate (S) over time by relating substrate concentration with: V4., the maximum
reaction rate; and K, the substrate concentration at half the maximum rate (a metric
of enzyme affinity for a given substrate). To estimate these parameters from decay (not
steady-state), we applied a third model that uses a real-time, integrated solution of

Michaelis-Menten kinetics from [65]:

S = KmXW{ieSO et }

o (A4)

In Eqn A.4, S and S are the concentration of substrate at time t and the initial concen-
tration of substrate at ¢ = 0, respectively. Because the relationship between substrate
and product is the same as substrate oxidation and light production in our case, we
substituted in the amount of light produced (I and Iy as in Eqn 2.1) for S and S
values. In Eqn A.4, W is the Lambert function, and Sy (now Iy), Vi and K, are
estimated parameters. For quality control, we visually inspected all decays and model
fits post-processing.

In order to obtain reasonable starting values to initiate each model, we started I at
the background level of voltage (described above), similar to [7]. In Eqn 2.1, we initially
set A as the natural log of 2 divided by the time point at which the decay had proceeded
to half its total length (Fig. #4). In Eqn A.3, a was set at 1 minus the natural log
of 2 divided by the time point at which the decay had proceeded to half its total length.

In Eqn A .4, we initiated V., at the greatest difference between consecutive time points

97



(i.e. the greatest slope along the length of the curve), and K, at the voltage level at half
the maximum slope. We constrained all parameters between (0, +Inf) during likelihood
searching. During visual model inspection, model fits were drawn graphically onto the
observed decays: A models of Eqn 2.1 are in red, dashed lines, a models of Eqn A.3 are
in blue, and real-time Michaelis-Menten models of Eqn A.4 are in green. After adjusting
for model fit and potential editing errors, each model retained a variable number of
defensive pulses: 322 pulses remained from 180 individuals of 34 species when estimating
when estimating A (Table ; 312 defensive pulses remained from 175 individuals of
34 species « (Table ; and 287 defensive pulses remained from 161 individuals of 38
species when estimating V., and K,, (Table . In most cases, Eqn 2.1 and Eqn A.3
were equivalent in fitting the observed data. When possible to compare between models,
Eqn A.4 was always a better fit than Eqn 2.1 or Eqn A.3.

Methodological sources of variation may be inherent to the model fitting procedure,
as seen when comparing the level of decay variation between A and afor each species (Fig.
1 and Fig. . Estimates of «v for each species have much higher levels of variation than
those for A, despite the models’ relatively equitable fit to the data (AICc comparisons
between these two models are nearly always identical; see Tables and . However,
this should contribute minor levels of variation equally across our sampling, and most
likely does not explain larger patterns of variation across species.

From the literature, we pulled decay data for Vargula hilgendorfii (previously Cyprid-
ina hilgendorfii) from Figures 3C and 4A of [73], and Figure 1B of [204], and for Cypridina
serrata from Figure 2 of [220] using WebPlotDigitizer. As a note, V. hilgendorfii decays
are from mixtures of organismal extracts, not living animals. Because these species were
interpolated from previously published graphs, we did not enforce a minimum number of
data points. We could not ensure that each waveform was from a single individual, and

therefore independent, so we averaged these data to give a single datum for each species.
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Our data further formalize the pattern of variation more broadly across the group,
greatly expanding the taxonomic sampling as well as the amount of variation across
species. Some species appear more variable than others in their decay constants. We
recapitulate the previous findings for V. hilgendorfii, C. serrata and P. annecohenae, but
to varying degrees. For P. annecohenae, our results match well within the range of decays
measured for defensive displays from [173|. For V. hilgendorfii and C. serrata, we do not
recover the same decay constants as [220] but their exponential model is unspecified, and
data fitting procedure predates our computational methods. Generally, these results are
in agreement with previous studies.

A caveat to our estimation of enzyme parameters is that we cannot directly measure
substrate concentrations, and instead used maximum light intensity as a proxy for the
amount of product (i.e. light) generated in the reaction. In this way, we cannot make
comparisons to the known values of V,,,, or K,, for the two species V. hilgendorfii and
C. noctiluca. Also, the correlation between V,,,, and K,, only represents an upper limit
to how much k., influences both biochemical parameters. This is because k., may or
may not be correlated with other rates in the reaction (ky and/or k,), which contribute
to the magnitude of K,, as well. However, we can conclude that k., is non-zero because
of the strong correlation between V,,,, and K, after controlling for maximum intensity
of stimulated defensive pulses.

Maximum intensity does significantly explain patterns of decay variation, but so does
species level identification. From a mechanistic perspective, the decay of our initial model
(Eqn 2.1) is simply a different way to measure the variables from the other equations
(Eqn A.3 and A.4). Thus A from Eqn 2.1 is due to compound action from the variables
in Eqn A.4, namely K,,, V.., and S. Variation in any one of these parameters may
explain variation in our estimates of lambda. Our continued analysis in this supplement

provides evidence that variation in enzyme function (k.q) is real (see below). We include
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maximum intensity as a co-variate in our models to control for noise due to these factors.
Other mechanisms may describe intraspecific variation in decay including interindividual
variation in c-luciferase sequence, or differences in the regulation of other secretion com-
ponents with the c-luciferase/vargulin complex. The latter is most likely the difference
between context-dependent decay rates in defensive versus courtship display pulses in P.

annecohenae [173].

A.3.3 Notes on courtship pulse duration data

In WebPlotDigitizer, each species’ courtship pulse duration data was analyzed sepa-
rately using their respective colours to differentiate them. We extracted each data point
corresponding to the beginning and ending of the first three courtship pulses and exported
the file into Microsoft Excel. To calculate duration for the first pulse, we subtracted the
end time point (x-axis value) for pulse 1 from the beginning time point for pulse 1; this
was repeated for pulses 2 and 3. We averaged the first three courtship pulse durations

per species.

A.3.4 Notes on transcriptome processing and phylogeny

UUsing Magic-BLAST v1.1.0 [151], we queried forward and reverse reads against a
blast database of the V. hilgendorfii mitochondrial genome. The resulting hits were
extracted using SeqTK v1.2 [190] to create new forward and reverse reads containing
potential blast hits of each species’ mitochondrial genes. We used Geneious [99] to
annotate the V. hilgendorfii reference mitochondrial genome into individual genes. We
then used the Smith-Waterman algorithm in BWA v0.5.9 [112] to annotate assembled
contigs. As transcriptomes were prepared from up to 10 individuals, we created consensus

sequences and denoted polymorphic sites with an N. We performed a second search using
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all mitochondrial hits as bait in MagicBlast to recover more mitochondrial sequences,
using the steps described above. We aligned individual gene datasets using MAFFT
v7.305 [96], and used trimAl v1.2 [26] as a site-trimmer with the automatedl function.
We concatenated the genes using Phylocatenator v2.0 implemented in Osiris [156].

In constructing a phylogeny with our taxa for PGNLS, we recovered monophyly of
previously proposed genera: Photeros (P), Kornickeria (K), and an unnamed “H”- group
(H) |141} 59} [140]. As a note on species identity, in previous publications, Bz SVU is also
called MWU and Bz SVD is also called ZZD. Recent work as named the “H”-group as
the genus Maristella and named Bz MSH as Maristella chicoi [16§].

For use in phylogenetic comparative regressions, it is advised to use an ultrametric
tree [56]. To make our tree ultrametric, we used the “chronopl” function in ‘ape’, setting
the maximum age of the tree to 1.0 and using cross validation option as CV=TRUE.
We did this across a range of lambda smoothing values, ultimately choosing a smoothing
value that minimized the cross validation. The tree was then transformed using a lambda

value of 10,000 to make it ultrametric and ready for PGNLS analysis.

A.3.5 Notes on model comparisons, outliers, and model selec-
tion

In our comparisons with other linear and non-linear models, we discovered the species
“Ro GPH” is sometimes but not always a statistical outlier, hinting at its strong influence
in our analyses generally. We also performed our model comparisons without this species,
which did change the residual squared error of the models (Table , Fig. .

For the species “Ja PJA” we could only obtain a single value for its decay. This
prevented us from calculating a standard error, and in turn, from using it in our weighting

scheme. To address this, we performed two types of analyses: (1) as described in [89],
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we used the standard error of lambda from the whole dataset and assumed it to suffice
for the individual standard error of lambda for “Ja PJA”, or (2) we excluded “Ja PJA”
from the analysis. From Table [A.2] any results with a weighting scheme not explicitly

excluding “Ja PJA” uses the former strategy in order to include that species.

A.4 Results

A.4.1 No other estimated model parameter describes courtship

pulse duration

Other metrics of c-luciferase identity (natural log of o, V},144, and K,,,) did not describe
differences in courtship pulse duration between species (Fig. natural log-«, Linear
regression p = 0.3719, Bonferroni corrected p = 1.000; Fig. [A.7B natural log-V},,4.., Linear
regression p = 0.1231, Bonferroni corrected p = 0.4923; Fig. natural log-K,,, Linear
regression p = 0.0806, Bonferroni corrected p = 0.3224). The lack of significance between
other parameters could be due to a few reasons. First, small sample size may limit
our power to detect a pattern. Second, insufficient contributions by either enzymatic
parameter (Vy,q., K,,) separately to the phenotype may not describe overall enzyme
kinetic dynamics sufficiently as they may act synergistically. Third, decay rates from
defensive pulses and courtship pulses have been found to differ [173] and although we
find that the defensive pulse decay constant correlates with courtship pulse duration
generally, noise around these other estimates of defensive pulse decay may decrease our

power to detect a pattern.
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A.4.2 Methodological controls for differences in c-luciferase func-

tion reveal variation in k., between species

Variability in our decay measures may be due to differences in the total concentration
of enzyme available, as well as differences in the enzyme ability (k.. in Eqns A.1 and
A.2), neither of which were directly measurable but both contribute to the maximum
amount of light per pulse. We can infer differences between species in enzyme function
by analyzing the relationship between two different enzyme parameters V., and K,,;
these parameters share an underlying mechanism, the enzyme ability k.., but only V4.
is affected by enzyme amount. We could not measure enzyme amount or k., directly,
but by using variation in the maximum intensity per defensive pulse and then comparing
the relationship between V., and K,,, we can infer differences in k.,;. To see if species
ID contributed to V4., K, and the strength of their correlation (k.. ) after controlling
for the brightness of each pulse, we performed a series of reduced dimension analyses
(“rda” function in the ‘vegan’ package) using natural log-transformed V.., and K,
as the independent variables, and maximum intensity and species ID as explanatory
variables in a full RDA model sensu [18]. We alternated each dependent variable (max
intensity or species ID) as a conditional variable to partition the contribution of each to
the observed levels of variation in the estimates of natural log-transformed V., and K,,.
To see how strongly enzyme amount affected enzyme function estimates, we used ‘atan2’
to compare the strength of correlation between log-transformed V,,,,, and K,, in the full
and conditioned models.

There were statistically different enzyme kinetic parameters between species (natu-
ral log V.., Kruskal-Wallis test p = 0.0005; natural log K,,, Kruskal-Wallis test p =
0.0139). We find that species identity does significantly explain variation in In V,,,, and
In K,,, (Fig. [A.5] Fy9246 = 3.233, p = 0.001). A full RDA model explained 61.6% of the
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variation in In V},., and In K,,; when partitioning variance between different explanatory
variables (using conditioned RDA models), maximum intensity explained 14.55% of the
variation, and species status explained 33.20%. Of these, both species status and bright-
ness shared 4.24% of the explained variance. We detected a correlation between V..
and K, as indicated by angle of their eigenvectors in RDA space (Fig. , 32.14%r
84.67% correlation). Thus, species have different abilities to produce light, reflected in

k..t as a factor of enzyme identity.
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A.5 Supplementary Tables for Chapter 2

For Tables -[A.6] please see Dryad Digital Repositoryl. We provide the captions

below for ease.
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Model Relationship | RSE (all species) | RSE (without | Color in Fig. A6
Ro GPH)

P= Linear 2.1514 1.9915 Red

P =lin(}\) Linear 2.1048 1.7302 Blue

P=¢? Non-linear 2.9294 1.9151 Green

P=X+ ; | Non-lincar 4.2887 4.4372 Purple

P=2 Non-linear 4.1799 4.3126 Orange

P= Non-linear 2.4937 1.6274 Black

P=\ Non-linear 2.8619 1.6472 Grey

Table A.1: Models results and residual standard error (RSE) for different linear and
nonlinear models used to explore the relationship between courtship pulse duration
(P) and enzyme identity (). After initial data plotting determined the relationship
was nonlinear, the best model was chosen using minimized RSE for further PGLS
analysis, highlighted in bold. As indicated in the columns, RSE values correspond to

Fig.
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Table A.3: Species identified and average length, heights, eye, keel, and length:height
measurements used for identification along with sample size (N) and standard errors
for each (SE). Initials of researcher who performed collection or measurements as
in the acknowledgements of the main text. All measures are in millimeters (mm).
Citations for species descriptions are found on the 2nd tab of the file.

Table A.4: Individual model results for all identified pulses for lambda (A) models of
Equation 2.1. Brightness is the maximum intensity (in volts) recorded per identified
peak (peakID) for an individual (ind). Time is the length of decay until return to
background. RSS is the residual squared error, AIC is the model fit, and quality is
a binary assessment (“n” for n) of whether the model fit is acceptable. Only models
deemed acceptable were used for downstream analysis. Estimated parameters are
Lambda (\) and the asymptote of the decay (asymp_L), which corresponds to the
initial intensity (Ip).

Table A.5: Individual model results for all identified pulses for alpha (o) models of
Equation A.3. Brightness is the maximum intensity (in volts) recorded per identified
peak (peakID) for an individual (ind). Time is the length of decay until return to
background. RSS is the residual squared error, AIC is the model fit, and quality
is a binary assessment (“n” for n) of whether the model fit is acceptable. Only
models deemed acceptable were used for downstream analysis. Estimate parameters
are Alpha («) and the asymptote of the decay (asymp_-A), which corresponds to the
initial intensity (/o).

Table A.6: Individual model results for all identified pulses for Michaelis-Menten
models of Equation A.4. Brightness is the maximum intensity (in volts) recorded per
identified peak (peakID) for an individual (ind). Time is the length of decay until
return to background. AIC is the model fit, and quality is a binary assessment (“n”
for n) of whether the model fit is acceptable. Only models deemed acceptable were
used for downstream analysis. Estimated parameters are K,,, Vi, and S (substrate
concentration at time ¢, but measured in intensity). See methods for details.
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A.6 Supplementary Figures for Chapter 2
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Figure A.1: (A) An ostracod secreting bioluminescence in response to attack. The
fish is illuminated with bioluminescence in its gut; its eye is visible as the dark circle.
(B) Experimental setup to record stimulated defensive pulses. Labels are: (1) photo-
multiplier tube (PMT) and housing to collect light output over time, (2) PMT power
supply and data output, (3) scintillation vial for live individuals, (4) Arduino Uno for
stimulation, (5) DATAQ data collector, (6) breadboard to integrate data input and
stimulation output.
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Figure A.2: Different decay constants (\) between species indicate differences in en-
zyme activity. Panels are the same as in Fig. but without phylogeny. (A) Length
and height measures for the remaining 20 species of bioluminescent ostracod; genera
position is inferred from measures in Table (B) Density plots with means (blue
dots) are the interpolated distribution of each species’ decay constant. For species
with less than 3 estimates, no density plot could be generated. Note the x-axis is
scaled to match that of Fig 2.2B in the main text to ease comparisons. The first two
letters of each ID are country of origin (Bz = Belize, Ja = Jamaica, Pa = Panama,
Jp = Japan, Pr = Puerto Rico, Ro = Roatan), followed by a species-specific iden-
tifier. Most are undescribed, but described species are as follows: VHI = Vargula
hilgendorfii, CSE = Cypridina serrata.
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Figure A.3: Different species have different decay constants. The « constant from Eqn
A.3. Density plots with means (blue dots) are the distribution of each species’ decay
constant. For species with less than 3 estimates, no density plot could be generated.
Ordered and colored by genus: Photeros = blue, equivocal between Kornickeria or
Maristella = grey, Kornickeria = green, and Maristella = red). First two letters of
each ID are country of origin (Bz = Belize, Ja = Jamaica, Pa = Panama, Jp = Japan,
Pr = Puerto Rico, Ro = Roatan), followed by a species-specific identifier. Most are
undescribed, but described species are as follows: VHI = Vargula hilgendorfii, CSE =
Cypridina serrata.
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Figure A.4: Linear mixed effect model results describing differences between species
in transformed decay constants (A) A and (B) a. Note that species have drastically
different slopes and intercepts generally. Grey data are individual decay parameter
estimates from Tables [A-4] and respectively.
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Figure A.5: Different biochemical parameters (natural log-V;,q, and natural log-K,,)
between species reveal strength of inherent enzyme ability (k.q.t) as a component of
identity. Results from reduced dimensions analysis with individual data as open cir-
cles. Blue arrows are projections of natural log-V,,,., and natural log-K,, after control-
ling for the maximum intensity per defensive pulse. Centroid values for each species
are coloured by genus: Photeros = blue, equivocal between Kornickeria or Maristella
= grey, Kornickeria = green, Maristella = red, “C”-group = purple, non-signaling
out groups from the literature = gold). Biplot scaled to response variable depicting
correlational structure of the model. As both enzyme ability and enzyme amount con-
tribute to variation in estimates of V,,4:, controlling for maximum intensity accounts
for changes in available enzyme. The power of enzyme ability, k.4, can then be in-
ferred from the strong correlation between V., and K,,. If there were no differences
in enzyme ability between species, V4, and K, would not be correlated (90° from
one another).
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Figure A.6: Model fit between courtship pulse duration and c-luciferase identity ().
Models fits from Table [A.1] Raw data are black dots. Each model is drawn in the
corresponding color from Table Note that in red is a linear model and all other
models are nonlinear.
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Figure A.7: Courtship pulse duration does not relate to other estimates of c-luciferase
identity. (A) « from Eqn A.2, and (B) In Vj4s, and (C) In K, from Eqn A.4.
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Appendix B

Supplement for Chapter 3

B.1 Supplementary Tables for Chapter 3

Please see the Github Repository linked in Chapter 3 for all these data. Statistical

results and summary tables are repeated herein for ease of reference.
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Culture | Comp. Test Value | Std. DF | T P Corr.
Error

Mammal | HEK & P_mor T na na 8.39 | -4.76 | 0.0000 | 0.0000

Mammal | HEK & M_SVU | T na na 11.92 | -14.91 | 0.0000 | 0.0000

Mammal | HEK & V_tsu T na na 11.25 | -15.92 | 0.0000 | 0.0000

Yeast Before & After T na na 8.75 | 5.79 0.0000 | 0.0000
(C-noc)

Yeast Before & After T na na 4.68 | 3.18 0.0300 | 0.1100
(K_has)

Yeast Before & After T na na 11.50 | 2.62 0.0200 | 0.0900
(M_SVU)

Yeast Before & After T na na 4.60 | 4.88 0.0100 | 0.0200
(V_tsu)
Model effects

Yeast Pichia after LMEM | 2.13 0.85 53.00 | 2.50 0.0200

Yeast C_noc LMEM | 3.17 0.98 19.00 | 3.23 0.0000

Yeast K_has LMEM | 0.88 1.04 19.00 | 0.85 0.4100

Yeast M_SVU LMEM | 0.57 0.95 19.00 | 0.60 0.5500

Yeast V_tsu LMEM | 0.49 1.04 19.00 | 0.47 0.6500

Yeast Before LMEM | -0.09 0.28 40.00 | -0.31 | 0.7500

Yeast C_noc * Before LMEM | -2.83 0.36 40.00 | -7.87 | 0.0000

Yeast K_has * Before LMEM | -2 0.39 40.00 | -5.09 | 0.0000

Yeast M_SVU * Before | LMEM | -0.7 0.32 40.00 | -2.19 | 0.0300

Yeast V_tsu * Before LMEM | -1.26 0.39 40.00 | -3.21 | 0.0000

Table B.1: Statistical results for luciferase expression in vitro from key comparisons.
Test is either: T-test (T) or Linear Mixed Effect Model (LMEM). Culture is the cell
culture type compared. Comp. are the groups being compared within each culture
type. Before and/or After refer to the timing of substrate addition to the culture
media in each test. T is the T-value from the respective test. P is the p-value from
the respective test. Corr. is the corrected p-value for multiple comparisons, if needed.

Species # Genes BLAST-p | Proteins Expressed
Vargula hilgendorfii 145 81
Maristella sp. “SVU” 116 61
Photeros annecohenae 99 32
Kornickeria hastingsi carriebowae 183 56

Table B.2: Summarized BLAST search and Tag-seq mapping results.
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Model | AIC or AICc | AIC / AICc | Dataset

OLS AlICc 261.1865 Old mutagenesis, new color, & tx-ome combined
BM AlCc 355.176 Old mutagenesis, new color,; & tx-ome combined
OLS AIC -3.98076 New color & tx-ome only

BM AIC 3.636894 New color & tx-ome only

OLS AlCc -285.7653 Previously published decay & new tx-ome only
BM AlCc -244.4218 Previously published decay & new tx-ome only

Table B.3: Comparison between phylogenetically uncorrected (OLS) or corrected
(BM) models. Models were compared only within datasets by lowest AIC or AICc

score.
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B.2 Supplementary Figures for Chapter 3

1- P-value
2
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site
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Natural log (Evidence Ratio for MNS model)

Figure B.1: Plots of significance tests (top panel) and evidence ratios (bottom panel)
for each codon site. Top panel: 1 - p-values from HyPhy MEME tests (black) or FEL
(gray). Dashed lines are significance level at p 0.05 (grey) or q 0.025 (corrected
for multiple tests). Sites above the dotted lines have signatures of diversifying or
purifying selection. Bottom panel: Natural log of the evidence ratio from HyPhy
Multihit tests comparing the support for a model with a dinucleotide mutation over
a single mutation (gray), or the support for a model with a trinucleotide mutation
over a single hit (black). Opaque data have an evidence ratio greater than 1. Dashed
horizontal lines are evidence ratio levels supporting a model with a multinucleotide
substitution over a model with a single nucleotide substitution by 2x (lower line)
or bx (upper line) greater chance of support. Note that evidence ratio support is
continuous between alternative models with no distinct cut-off; lines are added for
aid in interpretation. Horizontal colored bars correspond to sites with functional
correlates from Table 1. Bar colors represent dn:ds values consistent with diversifying
selection (blue), purifying selection (red), or neutral (yellow).
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Figure B.2: Correlations between pulse duration data from and kinetic parameters
measured in this study. Statistically significant observations (p < 0.05) are marked
with an asterisk in the correlation value.
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Appendix C

Supplement for Chapter 4

C.1 Supplementary Tables for Chapter 4
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Species Individual Eggs Brooding Parasite Dissection Date  Genital morphology
PMO 1 eggs brooding none 240ctober2019 none

PMO 2 eggs none none 280ctober2019 spermatophore
PMO 3 none none none 310ctober2019 none

PMO 4 eggs none none 04November2019 spermatophore
PMO 5 none none none 07November2019 spermatophore
PMO 6 eggs none none 14November2019 spermatophore
PMO 7 eggs none none 18November2019 none

PMO 8 none none none 21November2019 none

PMO 9 eggs none none 25November2019 none

PMO 10 eggs none none 05December2019  ambiguous
PMO 11 none none none 13January2020 none

PMO 12 none none parasite 15January2020 spermatophore
PMO 13 eggs none none 22 January2020 none

PMO 14 none brooding parasite 27January2020 spermatophore
PMO 15 eggs none parasite 29January2020 spermatophore
PMO 16 eggs none none 03February2020  ambiguous
PMO 17 none none none 12Feb2020 none

PMO 18 none brooding none 19February2020  spermatophore
PMO 19 none brooding none 24February2020  spermatophore

Table C.1: Reproductive history as assessed from the absence/ presence of eggs, sper-
matophores, or broods in female P. morini used in the experiments of Chapter 4.
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C.2 Supplementary Figures for Chapter 4
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Figure C.1: Experimental set-up for dichotomous choice assays of female behaviors.
(A; left) tank filled with seawater. On the top of the tank is a large infrared LED
light source, suspended above the water line. In between the water line and the light
are two folded paint strainers to diffuse the directionality of the light. (B; right).
Close-up on the LED light strips used to provide stimuli to single females in the tank.
On both left and right sides were single tracks of LEDs controlled by Arduino and
loaded with custom-written programs to stimulate displays. Black cloth is used to
enhance contrast behind the transparent tank. Set-up as in Belize, but differs slightly
in practice from set-up in Panama for logistical reasons.
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Figure C.2: Exemplar peaks for (A; left two panels) obvious and (B; right two panels)
noisy identification of stimulus presentation. Data in top and bottom panels are the
same: pixel brightness value over time. Identified semi-regular peaks are highlighted
with red dots on the top panels. Bottom panels have top 10 highest values peaks
annotated with a colored line. These data are from the same experiment, each repre-
senting one stimulus on one side of the tank. Note the difference in pixel values even
between a single tank, both pattern of change and absolute level.
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Appendix D

Hybrid offspring and differences in
life-history between two new species
(genus Photeros) from Bocas del

Toro, Panama
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D.1 Introduction

Reducing gene flow between diverging populations is essential to complete the spe-
ciation process [36]. Barriers to gene flow are myriad and best represented in the many
different theoretical models of speciation, including where species diversity is driven by
increasing geographic obstacles, ecological adaptation to different niches, or even sex-
ual radiations based on mate choice and/or competition |61} [123]. Given sufficient gene
flow between populations, speciation can slow or even stop as shared genetic material
homogenizes groups (e.g. de-speciation, [103]). In reality, many of these mechanisms
interact to produce population divergence. Classically, local adaption between allopatric
populations can prevent populations from exchanging genetic material if or when they
come back into contact because locally adapted alleles will reduce hybrid offspring (e.g.
Dobzhansky-Muller incompatibility, [52]). And magic traits, phenotypes that are under
disruptive selection due to both ecological and sexual selection, are theoretically poised
to generate rapid bouts of speciation |186]. Assessing the individual contribution of
these joint processes on reducing gene flow can give us better insight into their necessary
prevalence and strength in generating biodiversity.

Documenting successful hybridization between species not only provides evidence that
post-copulatory mechanisms may be weakly contributing to speciation within a clade (if
at all; [34]), but the hybrids themselves represent valuable biological specimens to better
understand complex trait development. Gene flow between diverging groups is generally
considered to produce malapated hybrids [37], although hybrid vigor is possible (e.g.
[53]). Especially when the opportunity for gene flow is high such as during secondary
contact or sympatric speciation, selection against hybrids can be strong and multiple
mechanisms can evolve to prevent interspecific mating. Most notably, pre-copulatory

mechanisms like mating displays [117] or “lock-and-key” copulatory organs [124] can
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prevent hybrids from ever forming. In animals, detection of hybrids in nature is fairly
rare, perchance due to strong negative selection or ephemeral opportunity, and most
studies on hybrids come from lab crosses. Hybrids represent a unique genomic event to
probe the development of complex phenotypes because recombination shuffles parental
alleles amongst progeny, allowing us to tease apart causal loci given sufficient numbers
and rigorous methodologies [11§].

Hybridization can also be an important driver in phenotypic and species diversity,
like during adaptive introgression [75]. In this study we document the first evidence that
hybridization is possible between two closely related species of bioluminescent ostracod,
both new to science. As millimeter-sized crustaceans, ostracods are mostly benthic meio-
fauna found in waters around the world. In marine habitats of the Caribbean, 75 different
species (mostly undescribed) are bioluminescent, whereby males produce species-specific
luminous patterns to attract mates |141]. Females use these displays to track the male’s
position [171]. Given their species specificity and implication in mate choice, these dis-
plays are thought to be a strong reproductive barrier between species and important in
the widespread diversification of this monophyletic group [217, 45]. Along with wide
behavioral and ecological disparity [29], these species have a number of morphological
features that separate them, including notable reproductive characteristics |[140]. In some
freshwater ostracod species (Family Cyprididae), phylogenetically distinct from biolumi-
nescent cypridinids, hybridization has been linked with increased genetic and phenotypic
diversity. Many of these species consist of unisexual clones, but with large variation in
their ploidy levels and/or clonal diversity. [221] found that increases in clonal genetic
diversity between populations within a species were associated with females mating with
males from other closely related species.

To our knowledge, no one has ever explicitly tested the role that post-copulatory

mechanisms may play in reproductive isolation amongst species of bioluminescent os-
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tracods. Thus it remains to be seen how strongly factors like behavior, morphology, or
even genetic incompatibilities contribute to speciation in sea fireflies. Herein, we describe
two new species of Caribbean ostracod that successfully produced offspring when housed
in lab conditions. Our classical morphological and phylogenetic assessments place these
nominal species in the genus Photeros, and we also provide data on noted life-history phe-
nomenon. We conclude with a discussion on the relative contribution of pre- versus post-

copulatory mechanisms in generating such a speciose group of charismatic crustaceans.

D.2 Results

D.2.1 Species have different displays and are found in different

habitats

Males of Photeros sp. “EGD” produce a downward display, consisting of 3-8 pulses
per display. Displays begin 25 cm above the substrate, with each pulse lasting 4-6 seconds.
The entire display train length is approximately 0.18 m long, usually ending 5-7 cm above
the sea grass. Pulses are about 1-1.5 seconds apart, spaced evenly about 4-5 cm from
one another. A single co-occurring species has been documented signaling in the same
habitat as Photeros sp. “EGD” , but very rarely and no sample has been collected for
identification. Displays are abundant in sea grass, as males heavily entrain off of one
another to produce synchronous interindividual displays.

Males of Photeros sp. “SFM” produce upward displays, consisting of 1-4 pulses per
display. Displays begin 5-7 cm above the substrate, each pulse lasting ~0.5 seconds. The
entire display train length is approximately 0.2 m long, usually ending 0.25 m above the
substrate; for this species, this is most often at the water surface. Pulses are about 1.5-2

seconds apart, spaced evenly about 10-15 ¢cm from one another. A single co-occurring
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species is often found (field designation “MFU” in the nominal genus Maristella) signaling
alongside Photeros sp. “SFM” | but whose displays are visibly distinct in pulse duration
and number. Displays are abundant beneath mangrove prop roots and many are within

visible range, usually less than 0.25 m apart and often within centimeters of one another.

For a summary of species differences, see Fig. and Tables and
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Figure D.1: Measured display characteristics from nominal Photeros species “EGD”
(N = 8, orange), and “SFM” (N = 8, blue). Each pair of data connected by a solid,
horizontal line is a single pulse in the display, with the length of the line indicating
the overall duration of the pulse (x-axis, seconds). Distances between pairs of data for
a single pulse (y-axis, cm) indicate the observed vertical distance between subsequent
pulses in a display (dashed line). Note, “EGD” pulses propagate downwards while
“SFM” pulses propagate upwards over time. For the vertical distance between pulses
(dashed lines), we did not have exact measures that paired with the same individuals
as measured for the pulse durations. Instead, interpulse distances are randomly sam-
pled from a distribution measured from the original 8 individuals. Intensity of the
transparency of horizontal bars are the relative intensity of a pulse compared to the
first pulse in the display. These are measures from up to 3 individuals for each species,
taken with a PMT at a fixed distance while individuals were kept in captivity.
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D.2.2 Morphological measures place nominal species within the
Photeros genus

Measurements taken via ImageJ with known scale to calculate the length:height ratio

(a reliable genus level measure) place species EGD and SFM into the Photeros clade

(Fig. D-2).
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Figure D.2: Length and height measurements across life stages for the two species
described herein. Animals were caught via baited trap. When compared to congener
P. annecohenae, we find similar clusters based on size classes but do not infer devel-
opmental stage from these wild-caught individuals besides adult females (uppermost
group). We did not catch smaller sizes of species “SFM”.

D.2.3 Mitochondrial phylogeny confirms genera assignment

A mitochondrial phylogeny with 8 genes confirms the placement of these two new

species within the genus Photeros (Fig. [D.3). When compared with other species from
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different genera ( Vargula hilgendorfii, Vargula tsujii, Cypridina denata, Kornickeria hast-
ingsi carriebowae) and congeners (Photeros annecohenae, P. morini, P. mcelroyi, P.
jamescasei, and other undescribed Photeros ‘WLU’, ‘NOL’, and ‘GPH’), both ‘EGD’
and ‘SFM’ fall more closely with Photeros and to one another. Although bootstrap val-
ues across the tree are variable, the Photeros clade has 100% bootstrap support across

1,000 trees.
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Figure D.3: Unrooted, maximum-likelihood mitochondrial DNA phylogeny (# of in-
formative sites = 16,859; # of bootstraps = 1000) confirm the placement of these

two nominal species within the genus Photeros (red branches). Focal taxa highlighted
(EGD: orange; Blue: SFM).

D.2.4 Two species differ in life-history timing

EGD spends less time as an A-1 instar, having a shorter developmental time molting
from immature (A-1) to adult (A) (Fig. [D.4, ANOVA p < 0.05). As with congener

P. annecohenae, there is no evidence of sexually dimorphic patterns in developmental
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timing [58], at least during this life stage (Fig. , ANOVA p > 0.05).

EGD SFM
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l‘ s
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Figure D.4: EGD spends less time as a juvenile (A-I) than SFM. Cloud plot depicting
time to molt from the last immature instar to mature adult by species and by sex.
EGD spends an average of 7 days (post captivity) as an A-I, whereas SFM spends an
average of 9 days as a juvenile before molting.

D.2.5 Variable success of interspecific crosses and embryonic

development

Breeding attempts had variable, generally low success rates (Table . Females
varied in the amount of time to ovigery, as well as to subsequent egg deposition and
juvenile hatching. In approx. 30% of cases, no offspring were produced from the crosses,
either conspecific or heterospecific. We note that female ostracods, once observed in a
developmental state (either ovigerous or brooding young in the marsupium), did revert
back to an empty state on subsequent days (Fig. m, Table . Whether this was loss

and ejection of developing progeny, or resorption of the tissue, is unknown.
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Developmental trajectory of breeding crosses
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Figure D.5: Transition probabilities between developmental states across the devel-
opmental trajectory for females ostracods during all breeding attempts (control and
experimental). Development progresses from no apparent signs of reproductive output
(“None”, left) to the presence of live offspring outside the mother (“Juvenile”, right).
States are scaled and color coded by the percent of observations (larger, brighter =
more observations).

D.2.6 Intraspecific and interspecific juveniles

Reciprocal crosses in both directions resulted in living juveniles (Fig. . Note that

of intraspecific mating attempts, only EGD produced juveniles.

Figure D.6: Images of successful crosses between an intraspecific pair, and reciprocal
crosses between males and females of different species. (A; left) A control mating of
male (right; smaller) and female (left; larger) from the same species, “EGD”. Note
both have white bellies, as do their offspring (surrounding; tiny). (B; middle) A mating
between a female “EGD” and a male “SFM”. Note the freckled, darker stomach of
the “SFM” male (right). (C; right) A mating between a female “SFM” (larger with
dark stomach; right) and a male “EGD”.
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Species RNA Yield (ng) # Raw Reads N50 BUSCO Score
Photeros sp. ‘EGD’  0.093 19,072,925 697 62.2 %
Photeros sp. ‘SFM’  0.238 18,330,042 742 69.9 %

Table D.2: RNA yield and summary statistics for transcriptome assemblies for each species.

Observation Control Crosses Experimental Crosses
Successful juveniles 28.6 % (2/7) 33.3 % (4/12)
Eggs/Embryo gone 28.6 % (2/7) 41.7 % (5/12)

Nothing observed 42.9 % (3/7) 25.0 % (3/12)

Table D.3: Summary of breeding attempts between conspecific and heterospecific in-
dividuals, and different states of female/juvenile development during the attempts.
Results of the reciprocal crosses are pooled. Percent observed with number of obser-
vations over attempts in parentheses.
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D.3 Discussion

We document the first morphological, behavioral, and DNA evidence of two new,
closely related species and place them in the genus Photeros |141}[30]. We also show that
these species have diverged in life-history traits, and that broods in gestating females
can show complex developmental trajectories. Despite these differences between species,
they are able to produce living offspring through parturition to their first instat (A-
V). Although we lack explicit pedigree analysis to confirm parental assignment, our
experiments are the first to test the role of post-zygotic barriers in this species radiation
associated with sexual selection.

Pre-zygotic reproductive barriers may be more important in ostracod speciation than
post-zygotic barriers. The successful, although admittedly low, hybridization between
these two closely related species suggests that reproductive barriers between them have
not yet evolved. During speciation, different types of reproductive isolation may be more
important at different times in the process; testing which mechanisms influence initial
lineage furcation is important to understand how microevolutionary processes can lead
to patterns of species diversity at longer timescales. Our data suggest that post-zygotic
mechanisms (e.g. like as mediated by selection against maladaptive hybrids) may not
contribute much isolation to the initial speciation process amongst cypridinid ostracods.

Regardless of post-zygotic mechanisms, many pre-zyogtic mechanisms can contribute
to speciation. Besides wide disparity in sexual signals between species, Caribbean cypri-
dinids also demonstrate extreme differences in reproductive morphology [29]. Thorough
morphological investigations have revealed that ostracods may possess “lock-and-key”-
like reproductive morphologies between females and males. Males are also known to
leave spermatophores on female reproductive organs, seemingly to function as copula-

tory plugs [28]. And in at least one species, females only sire offspring from one male
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(although low-levels of multiple paternity were not reliably detectable in this study, [32]).
These lines of evidence support the role of strong sexual selection acting on both pre-
and post- copulatory mechanisms, potentially which also generate reproductive isolation
during speciation. Thus, multiple types of pre-zygotic reproductive isolation, including
behavioral and morphological divergence, may contribute to speciation in this system.

Allopatric speciation by vicariance may be a large contributor to ostracod speciation,
as assumed for much of metazoan biodiversity [36]. In Caribbean ostracods, isolation by
barrier effects has recently been detected in divergent populations of another Photeros
species [167], despite the surprisingly strong ability for such small-bodied individuals to
disperse (upwards of 400 m; [60]). As benthic meiofauna, is it unsurprising that these
organisms would suffer from strong geographic isolating mechanisms. Across large and
intermediate spatial scales (1000 to 10s of kilometers), different species are quite endemic
(pers. obser.). However, many different species can co-occur in sympatry, dividing up
habitats into characteristic arenas within which they perform species-specific biolumines-
cent mating displays [59]. Understanding which geographical barriers, including habitat
preferences, are important to ostracod divergence will take a much more thorough sam-
pling across closely related species.

All together, it seems that pre-zygotic barriers like geography and sexually selected
pre-copulatory mechanisms are setting the stage for sea firefly speciation. The role of
hybridization in this process is unknown. Recent phylogenetics of the group revealed
historical patterns of both introgression and incomplete lineage sorting may be present
in this family, and even in the past divergence within the Photeros genus [44]. To
our knowledge, we are first to document that hybridization can occur in cypridinids.
Exploring if this process has a role in the diversification or adaptation of these charismatic
crustaceans remains to be seen and will require future tests on F1 hybrid fecundity.

In many species, hybridization has been associated with adaptive increases in genetic
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variation, including in other ostracod families.

Conclusions Through simple reciprocal crosses, we show that recently diverged os-
tracod species can interbreed and produce living offspring. These two new species are
relatively closely related and show wide disparity in behavior, life history, and habitat,
but are similar in gross morphology. This suggests that pre-zygotic barriers to reproduc-
tion may drive speciation amongst sea fireflies, including vicariance and sexual selection.
By recording these two species, we hope to develop them as a model for asking questions
on the evolution and architecture of complex behavioral traits like bioluminescent mating

displays.

D.4 Materials & Methods

D.4.1 Animal collection, husbandry, and breeding design

We collected both Photeros sp. “EGD” (21 September 2018 - 26 September 2018) and
Photeros sp. “SFM” (18 September 2018 - 27 September 2018) using baited conical traps
[31]. EGD were sampled from the grass bed of Punto Manglar (9.332464, -82.254105)
and SFM were found in the mangrove roots adjacent to the site. Besides from traps,
males of each species were caught via handnets [31] to guarantee that males came from
the appropriate species’ displays.

In the lab, individuals were visually inspected and sorted using a dissecting micro-
scope. Animals were photographed in batches with a reference for later measurement.
Individual animals were then housed in a single well of a 12-well culture dish kept at
ambient temperature (25°C). We checked animals daily for molting and a subsequent
water change; individuals were fed every other day on fish flakes (Seachem NutriDiet

MarinePlus Enhanced Marine Flakes with Probiotics) before any water change.
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To create hybrid crosses, adult males of one species and newly molted, adult females
(“virgin”) were housed together in a single well for a minimum of three days, and until

one of them died or until termination of the experiment.

D.4.2 Display characterization

As described in [76]. Briefly, displays were filmed using a Sony A7S with an Atomos
Shogun, all inside a custom underwater housing. Measurements on display timing (pulse
duration, interpulse interval) were then estimated from videos. Because SFM occurs
in shallow, obstructed habitat, we could not film with a reference in frame. Instead,
after filming, we placed a reference of known length (field slate) alongside displays and
estimated by eye the total length of the display (sensu [141]). We then interpolate
interpulse distances as the number of pulses per display divided by the maximum display
length for the species. For EGD, we used stereoscopic recordings from custom underwater
housing (Oakley et al., in prep.) to estimate interpulse distance and display length. For

each species, multiple individuals were filmed.

D.4.3 Morphological description

For the majority of individuals, classical measures (body length and height, eye, and
keel length) were recorded from photographs with a known reference file (FIJI). Most

individuals were photographed in batches, allowing for many measures per image.

D.4.4 Transcriptome processing & phylogeny

Two males of each species caught via handnet were stored in RNALater after fresh
collection in Panama. RNA was isolated with a Qiagen RNeasy mini kit for total RNA
isolation from both individuals together. Although these yielded very low RNA quan-
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tities, samples were sent for subsequent sequencing (Novogene). We assembled de novo
transcriptomes using Trinity (v.2.8.5) |71] and assessed assembly quality with BUSCO
(v.3) [233] and N50 score. We then extracted mitochondrial genes using MitoFinder
(v.1.0.1) [3] with published sequences from other bioluminescent myodocopids (Vargula
tsujii, Vargula hilgendorfii) as the bait sequences.

We aligned mitochondrial sequences for each gene family separately with MAFFT
(v7.429) [97], and settings as —globalpair -maxiterate 1000. Sequences were concatenated
with catfasta2phyml (optional flags as: -c¢ -s -f), generating a partition file and keeping
all genes for all species despite varying levels of maxtrix occupancy. After specifying
protein coding genes as “CODONbS” and ribosomal RNA as “DNA” in the partition, we
used IQTree (v.1.6.6) [135] to implement ModelFinder [94]. Finding that 5 partitions
were best via BIC, we used 1QTree (v.1.6.6) with this partitioning scheme to perform
1000 bootstraps (-bb 1000 -bnni), creating both maximum likelihood and consensus trees

with congruent topologies.
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