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ABSTRACT

Fireflies (Lampyridae) and certain other families of beetles including the American railroad worms
(Phengodidae), Asian starworms (Rhagophthalmidae), and American click-beetles (Elateridae), produce light
in a process known as bioluminescence. The bioluminescent systems of beetles, natively used for the purposes
of mating communication and/or an aposematic warning signal, are now well understood and have been widely
applied in biotechnology and biomedical research. There have been considerable advancements in the
engineering of the luciferin substrate, and the luciferase enzyme, for beneficial characteristics such as altered
emission wavelength, improved thermostability, and improved catalytic parameters, but despite this substantial
effort focused on the biotechnological applications of beetle bioluminescence, major questions remain
regarding its natural biochemistry and evolutionary origins. Four major questions that were unanswered at the
beginning of this PhD study were: (1) Do fireflies possess a storage form of their luciferin? (2) What is the
evolutionary relationship of bioluminescence amongst the bioluminescent beetles families, and has this trait
independently evolved multiple times? (3) How is firefly luciferin biosynthesized? And (4) Are there
accessory genes from the bioluminescent beetles which act in bioluminescent metabolism, and might these
genes be useful for biotechnological applications? Here [ describe the discovery and characterization of the
presumed storage form of luciferin in fireflies, sulfoluciferin, and the enzyme which produces it,
luciferin-sulfotransferase. Furthermore, 1 describe the sequencing, assembly, and characterization of the
genome of the North American “Big Dipper” firefly Photinus pyralis, along with the Japanese “heike” firefly
Aquatica lateralis genome, and the genome of the Puerto Rican bioluminescent click beetle or “cucubano”
Ignelater luminosus. Genomic comparisons amongst these three species support the hypothesis that firefly and
click beetle luciferase evolved independently, suggesting an independent evolutionary origin of the
bioluminescent systems between these fireflies and click beetles. I also describe stable isotope tracing
experiments in live fireflies, establishing that adult and larval fireflies likely do not de novo biosynthesize
firefly luciferin, and may instead rely on a “recycling” pathway to re-synthesize luciferin from the
luminescence product oxyluciferin. Lastly, I discuss the future directions resulting from this thesis, and the yet
unanswered questions.

Thesis supervisor: Jing-Ke Weng
Title: Assistant Professor of Biology
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Bioluminescence

As darkness falls in the forests, grasslands, and oceans of the world, a striking display of
evolution’s ingenuity can be observed. Ranging from kaleidoscope flashes of light as quick as the blink of
an eye, to near-imperceptible glows, bioluminescence, the production of light by living organisms, is an
unique adaptation of a diverse set of species. While fireflies (Order Coleoptera; Family Lampyridae), an
entirely bioluminescent family comprised of over 2000 species, and found on every continent except
Antarctica (Stanger-Hall et al., 2007), are likely the most commonly experienced example of
bioluminescence, these charismatic beetles represent only a fraction of the bioluminescent diversity
present in nature. The majority of bioluminescent diversity is found in the ocean (Herring, 1987), but
beetles are especially well represented amongst the more rare examples of terrestrial bioluminescence.
There are four families of bioluminescent beetles including the fireflies, bioluminescent click beetles
(Elateridae), American railroad worms (Phengodidae) and Asian starworms (Rhagophthalmidae) (Martin
et al., 2017). Across the diverse bioluminescence lineages the function of the emitted light varies.

Intraspecific functions of bioluminescence include its use as a mating signal, such as it is with adult



fireflies (Lloyd, 1966). Interspecific functions include defensive functions such as an aposematic warning
sign of toxic chemical defenses, as firefly larvae are thought to advertise (De Cock and Matthysen, 1999),
as well as offensive functions, such as a lure to entice prey, as seen in the luminescent barb of an
anglerfish (Haddock et al., 2010). Diverse in its taxonomic distribution, emitted color and fundamental
biochemical mechanisms, the ability to produce light has independently evolved several times across the
tree of life.

Through over a century of research, most notably starting with the pioneering experiments of
French physiologist Raphael Dubois (1849-1929) establishing the enzymatic basis of bioluminescence in
bioluminescent click beetles (Dubois, 1886, 1885a, 1885b), an international group of biologists, chemists,
and physicists has elucidated much of the biochemistry of bioluminescence. Their research revealed that
the stereotypical bioluminescent reaction follows a relatively simple scheme: oxidation of a small
molecule, dubbed luciferin, by a specialized enzyme, dubbed luciferase, using molecular oxygen,
producing an oxidized product oxyluciferin, along with a photon of light (Shimomura, 2012). This
general scheme has some minor variations, such as systems that utilize H,0O, instead of O,, or systems
which utilize addition co-substrates in addition to luciferin such as ATP, but the general statement that
bioluminescence consists of an enzymatic oxidation of a small molecule substrate holds for all known
systems. Many of the diverse luciferin molecules have been structurally characterized, often in sustained
efforts requiring extensive field collection of bioluminescent organisms and specialized purification
techniques to combat the often notable air instability of luciferins. The chemical diversity revealed by
these experiments was substantial. There are currently 10 different structurally characterized luciferin
molecules (Figure 1) (Hirata et al., 1959; Inoue et al., 1976a; Nakamura et al., 1989; Ohtsuka et al., 1976;
Purtov et al., 2015; Strehler and Cormier, 1953; Watkins et al., 2018; White et al., 1963), and there remain

some systems with undescribed systems that are known not to use any existing luciferin, such as the



bioluminescent systems of springtails (Collembola) (Oba et al.,

(Orfelia fultoni) (Viviani et al., 2002).
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Common names are given underneath the chemical structure, while the taxonomic range these luciferins

are used in given in parentheses. Citation of the description of the chemical structure is given below.

Some luciferins are used by evolutionarily distant lineages,

over six phyla of marine organisms including cnidarians (Hori et al.,

copepods (Herring, 1988), decapods (shrimp) (Inoue et al.,

vertebrates (fish) (Inoue et al.,

1976b), molluscs (Inoue et al.,

such as the luciferin coelenterazine in
1977), ctenophores (comb jellies),

1976a), and

1977). It is hypothesized that presence of luciferins in food-webs has

enabled evolution of luciferases without prerequisite of luciferin biosynthesis (Haddock et al., 2010), and



several of these unrelated and independently evolved luciferase enzymes are now cloned and structurally
characterized. These challenging research projects produced tools that are now ubiquitous in biological
laboratories, including the luciferase reporters from fireflies (de Wet et al., 1985) and other organisms
such as the soft-coral Renilla (Lorenz et al., 1991). The study of bioluminescence was also responsible for
the discovery of two major biotechnological tools, the calcium sensitive light producing protein aequorin
from the North Pacific medusan jellyfish Aequorea victoria (Shimomura et al., 1962), and the
“bioluminescence resonance energy transfer” (BRET) acceptor for aequorin in A. victoria, the green
fluorescent protein GFP (Chalfie et al., 1994; Prasher et al., 1992; Shimomura et al., 1962). Directed
evolution and engineering of these natural tools have been extensive, with many dozen of fluorescent
proteins variants (Lambert, 2019), luciferase variants (Pozzo et al., 2018)(Halliwell et al., 2018), and
luciferin analogs (Reddy et al., 2010)(Kuchimaru et al., 2016) reported in the literature. Amongst the

cloned bioluminescent systems, the systems of the bioluminescent beetles have received the most study.

Phylogeny and biochemistry of beetle bioluminescence

Each of the bioluminescent beetle families contains hundreds to thousands of bioluminescent
species, with families like the Lampyridae (fireflies), Phengodidae (American railroad worms) and
Rhagophthalmidae (Asian starworms) thought to be comprised of only bioluminescent species (Lloyd,
1983), while in contrast the bioluminescent Elateridae only make up a small proportion of the species-rich
and generally non-luminous Elateridae family (Martin et al., 2017). Within the Lampyridae, the major
subdivision are the subfamilies Lampyrinae, found in the Americas and Europe, and the Luciolinae,
generally found in Africa, Asia, and Australasia. The Luciolinae and Lampyrinae are ancient lineages,
and are estimated to have diverged 100 million years ago (Fallon et al., 2018). In the Elateridae, the vast
majority of the bioluminescent species are found in the tribe Pyrophorini, of the subfamily Agrypinae
(Rosa, 2007). All bioluminescent Elateridae are found in the Americas and Caribbean, excepting a few

species found on Pacific islands such as Fiji (Mitani et al., 2013). For the few species outside Pyrophorini
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that are bioluminescent such as Campyloxenus pyrothorax (of the monotypic subfamily Campyloxeninae),
and Alampoides alychnus (Agrypninae; Euplinthini) (Rosa et al., 2015; Rosa and Costa, 2013), although
the current taxonomic structure suggests otherwivse, they are probably relatively closely related to the
Pyrophorini (Costa, 1975a), suggesting a single origin of bioluminescence in the Elateridae (Fallon et al.,
2018).

The biochemical basis for firefly bioluminescence was established through decades of study of
the American firefly Photinus pyralis by the laboratory of William D. McElroy at Johns Hopkins
University. Just six years after the first hypotheses that ATP was a biological energy carrier (Lipmann
1941), ATP was determined to be an essential reactant in the firefly bioluminescence reaction (McElroy
1947). Nine years later, luciferase was successfully crystallized (Green and McElroy 1956), although its
structural determination by X-ray crystallography was not completed for some decades (Conti et al.,
1996). Firefly luciferin was crystallized and its chemical formula determined a year after the first report
of luciferase crystallization, from an extraction of over 15,000 fireflies (Bitler and McElroy 1957). It then
took several years for a full synthesis and structural elucidation of luciferin (White et al. 1961; White et
al. 1963). Luciferin was found to be an unusual bicyclic nitrogen-sulfur heterocycle, consisting of
benzothiazole and thiazoline moieties. Due to the difficulty of chemically synthesizing the reaction
product oxyluciferin, there was some some confusion regarding its structure, however a revised synthesis
protocol did ultimately reveal the true structure of oxyluciferin (Suzuki and Goto, 1972). At that point the
scheme of firefly bioluminescence was fully described as the enzymatic monooxygenation of a
specialized substrate, firefly D-luciferin, using Mg>, ATP and O, as co-substrates, producing

oxyluciferin, CO,, and a photon of lightas products (Scheme 1).
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Firefly D-luciferin is adenylated then monooxygenated producing the oxidized product oxyluciferin, CO,,
and a photon of light.

HO'

Cross-reactivity tests demonstrated that synthesized firefly luciferin could produce light with the
luciferase extracts of click beetles (Mcelroy et al., 1965), railroad worms (Viviani and Becham, 1993),
and starworms (Ohmiya et al., 2000). With the cloning of luciferases from the these four families, it is
now known that these beetle luciferases are specialized, monomeric, soluble, and (based on the presence
of the C-terminal -SKL PTS]1 targeting signal) peroxisome-targeted enzymes (Hanna et al., 1976). The
two-step reaction catalyzed by firefly luciferase: adenylation, followed by monooxygenation is roughly
analogous to the two-step adenylation, followed by coenzyme A ligation catalyzed by the ATP-dependent
CoA synthetase super family enzymes (McElroy et al., 1967), and indeed, it is now known that beetle
luciferase are homologous members of this enzyme superfamily, and retain CoA synthetic activity on

certain substrates (Oba et al., 2003).

Life history, physiology, and function of beetle bioluminescence

The bioluminescent beetles are luminous in multiple life stages. In the case of fireflies, the full
life-cycle including eggs, larvae, pupae, and adults, have all been reported to be bioluminescent (Harvey,
1952; Oba et al., 2013a). Fireflies typically produce a yellow to green luminescence, although some
species (e.g. Photinus scintillans) produce a orange light (Branchini et al., 2017). There are two types of
light production in fireflies. The first is neuronally controlled light production from specialized organs
known as the lantern, light organ, or photophore. These organs are present in larvae, pupae, and adults.

The second type of light production found in fireflies is a diffuse, continuous glow found in all life stages.
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Firefly eggs and pupae (Oba et al., 2013a) glow at an intensity that is either just perceptible to the naked
eye (e.g. in the subfamily Luciolinae) (Harvey, 1952), or imperceptible and only detectable with
specialized cameras (e.g. P. pyralis eggs) (Fallon et al., 2018). The function of this diffuse egg and pupal
glowing is not known, but given that many fireflies are chemically defended, it may be an aposematic
(warning) signal advertising their chemical defenses.

The adult and larval light organs are thought to be developmentally derived from the insect fat
body (Hess, 1922), a metabolically active tissue that might be considered analogous to both mammalian
fat and liver. Firefly larvae typically possess two, but sometimes more, relatively small disc-shaped light
organs on the lateral edges of the abdomen (Buck, 1948). Control of luminescence in the larval light
organs is slow and relatively crude, with the typical kinetics of light intensity consisting of sporadic
slow-rising (~1 second), then relatively constant (~10 seconds) and slow-falling glow. The luminescence
of the larval light organs appear to be associated with a defensive, aposematic role, as larvae are often
stimulated to luminescence in response to physical stimulation (De Cock and Matthysen, 1999). The
larval light organ is made up of two tissues, the ventral layer of light-producing, or photocyte, cells and
the dorsal layer of opaque cells thought to serve as a reflective layer (Oertel et al., 1975). Respiratory
structures (trachea and tracheoles) and nerves branch profusely in the larval light organ, but do not appear
to have a well-ordered structure. The neurons within the larval light organ terminate directly on the
photocytes (Oertel et al., 1975), but do not appear to form tight synapses (Peterson, 1970). The effector
ncurotransmitter of the larval light organ is the monoamine octopamine (Carlson and Jalenak, 1986). The
physiological mechanism regulating light production in the larval light organ is not fully understood, but
it involves cyclic AMP production in response to octopamine (Nathanson and Hunnicutt, 1979).

The adult light organs of fireflies are relatively thin organs found on the ventral surface of the last
few abdominal segments, typically on abdominal segments six and seven (Buck, 1948; Harvey, 1952).

The function of the adult light organs is clear: adult fireflies use their light production to find mates (Buck



and Case, 2002). In Luciolinae fireflies, the mating communication is simple, with relatively
uncoordinated flashing of both males and females leading to a mutual attraction (Ohba, 1983). In
Lampyrinae fireflies, notably the North American genera Photinus, Photuris, and Pyractomena, males
and females have stereotyped flash patterns, where females respond only if they observe a male flash with
precisely timed parameters, such as number of flashes, and delay between flashes (Buck and Case, 2002;
Lloyd, 1966).

The adult light organ, especially in the males of many species, often spreads across the entire
ventral surface of the abdominal segment (Buck, 1948). The capability of adult fireflies to control their
light-emission kinetics is significantly greater than that of the larvae. While some adult fireflies produce
simple glows from their light organs, the so called “lightning-bug” fireflies, common in North America
can have as short as 70 millisecond rise and fall times of their light emission intensity, allowing for
complex flash patterns (Ghiradella and Schmidt, 2004). The photocyte cells of the adult light organ
comprise a tissue-layer of ~4-20 cells deep lying underneath a non-cellular cuticle and single layer of the
hypodermal cells (Buck, 1948). Akin to the larval light organ, a layer of opaque presumed-reflective cells
lies behind the photocyte layer. In flashing fireflies, such as the North American fireflies in genus
Photinus, the respiratory structure of the adult light organ is extensive and highly organized, with the
photocytes forming a regular cylindrical structure around the oxygen-carrying tracheoles and trachea
which permeate the photocyte layer. Mitochondria in the photocytes are almost exclusively clustered
along the edges of the photocytes that face the respiratory structures. The rest of the photocyte cell is
filled with luciferase-containing peroxisomes. Neuronal innervation in the adult light organ does not
terminate directly on the photocytes, but instead terminates on the tracheal system (Ghiradella and
Schmidt, 2004; Smith, 1963). Like the larval light organ, the effector neurotransmitter of these neurons is
the neurotransmitter octopamine (Copeland and Robertson, 1982). The control of luminescence in the

adult light organ is not fully understood, but clearly oxygen is the limiting factor which controls light
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production. The current major model of physiological O, control in the adult firefly lantern is the
gatekeeper hypothesis. The gatekeeper hypothesis stipulates that the respiratory activity of the abundant
mitochondria on the periphery of the photocytes actively prevents oxygen diffusion to the
luciferase-containing peroxisomes in the interior of the photocytes (Ghiradella and Schmidt, 2004), and
that transient octopamine-stimulated nitric oxide (NO) production directly inhibits mitochondrial
respiration and allows for O, diffusion into the photocyte interior (Trimmer et al., 2001).

Bioluminescent click beetles are luminescent in their egg, larval, pupal, and adult stage
(Colepicolo-Neto et al., 1986; Dubois, 1886; Harvey, 1952; Seaman, 1891). Similar to the firefly,
bioluminescent click beetle eggs and pupae have a diffuse glow, whereas larvae and adults have organs
under neuronal control. In adult bioluminescent click beetles, there is some evidence for a role in mating
communication, but this has not been well studied (Kretsch, 2000). In the larvae, luminescence appears
to play a defensive role, as larvae will not typically luminescence unless extensively disturbed, at which
point a transition to an aggressive defensive behavior takes place with active biting and bright
luminescence (Colepicolo-Neto et al., 1986). Larval light organs are found in the head of the larvae, and
along the lateral sides of the abdominal segments. The cellular anatomy of the larval or adult light organs
is little described, and Dubois’s 1886 thesis remains the most comprehensive source (Dubois, 1886). The
adult light organs are found as two paired spots on the dorsal surface of the prothorax, with an additional
single ventral light organ on the anterior edge of the first abdominal segment. The typical color of elaterid
luminescence is green, but some in some species the color of the dorsal and ventral light organ varies
(Colepicolo-Neto et al., 1986; Stolz et al., 2003). There is no mechanistic understanding of how
luminescence is controlled in click beetles, and to my knowledge there is no evidence on the identity of

the effector neurotransmitters of their light organs.
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Evolution of beetle bioluminescence

In the chapter “Difficulties of the Theory” in the Origin of Species (Charles Darwin, 1872),
Darwin highlights examples of biological complexity which his theory of natural selection seemed
ill-equipped to explain. His discussion of the evolution of the vertebrate camera eye is often cited by those
who believe or want to mislead that the theory of natural selection was unable to account for the evolution
of complex traits, but in the following sections Darwin does in fact describe a stepwise evolutionary path
for the eye (Charles Darwin, 1872; Fishman, 2008). But in the next section, however, the “Special
Difficulties of the Theory of Natural Selection”, Darwin highlights some difficult cases of evolution
where complex analogous traits arose in parallel lineages, but in contrast to situations like the eye, these
were situations for which he had no explanation of their evolutionary path. As Darwin notes: “The
luminous organs which occur in a few insects, belonging to widely different families, and which are
situated in different parts of the body, under our present state of ignorance, a [serious case of difficulty] ...
there is no reason to suppose that they have been inherited from a common progenitor”. In Darwin’s
time, the four families of bioluminescent beetles had been described, while the other families of
bioluminescent insects, such as the flies Arachnocampa and Orfelia, and the bioluminescent Springtails
(Collembola), had either not yet described or were barely known (Harvey, 1952). Furthermore, during the
voyage of the Beagle, while at Bahia Brazil, Darwin directly observed and described abundant
bioluminescent click beetles which he identified as “Pyrophorus luminosus” (now Ignelater luminosus)
(Darwin, 1898). Although the geographic distribution of Ignelater luminosus is not known to extend to
Brazil (Fallon et al., 2018), Darwin’s description of “Pyrophorus luminosus” unambiguously identifies it
as a bioluminescent click beetle. It can then be clearly inferred that the “luminous organs” that Darwin
considered in the Origin of Species, were the luminous organs of the bioluminescent beetles.

Darwin clearly indicated that he believed the light organs on bioluminescent beetles had evolved

independently, however as he said in his “present state of ignorance”, he was unable to describe the
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mechanistic basis for the independent evolution of beetle bioluminescence. How have modern studies
amended Darwin’s hypothesis? In the modern literature, the discovery that bioluminescent beetles used
identical luciferins, and had homologous luciferases, combined with the long confused phylogenetic
relationships of these families, led to the belief that the beetle bioluminescent systems had a single origin,
rather than multiple origins as Darwin had hypothesized (Day et al., 2004; Wood, 1995). Although several
more recent papers supported Darwin’s claim of independent evolution (Bocakova et al., 2007; Branham
and Wenzel, 2003; Charles Darwin, 1872; Costa, 1975b; Day, 2013; Oba, 2009; Sagegami-Oba et al.,
2007), each of them were based on ancestral state inference from species phylogenetic analyses, which
given the constant flux of the early species phylogenies, did not lead to a strong conclusion in the field as
to the nature of the origins of bioluminescence. Although the luciferases of all bioluminescent beetles are
homologous in the sense that they arose from the same peroxisomal acyl-CoA synthetase superfamily,
luciferase activity is now thought to have independently evolved at least twice. In particular, genomic
evidence has indicated that the luciferases of the click beetles and fireflies are evolutionarily independent
(Fallon et al., 2018). The most recent species phylogenies have confirmed the relatively distant
relationship of the bioluminescent Elateridae with the fireflies, supporting the conclusion of independent
origins (Kusy et al., 2018). On the other hand, these recent phylogenies have also supported the sister
relationship of the Lampyridae with the Phengodidaect+Rhagophthalmidae, suggesting there may be a
single origin of Lampyridae+Phengodidae+Rhagophthalmidae luminescence. Arguing against a single
origin, Phengodidae light organs have a theorized ectodermal secretory “oenocyte™ origin (Bassot, 1974;
Makki et al., 2014), as compared to the theorized mesodermal origin of firefly light organs from the fat
body (Hess, 1922; Li et al., 2019). But genomic evidence supporting or rejecting the independent origins
of luciferase amongst the Phengodidae, Rhagophthalmidae, and Lampyridae, is not yet available.

But even unambiguous evidence supporting the independent evolution of luciferase amongst

these families does not necessarily require the entire bioluminescent systems to be independent. A
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complex trait like bioluminescence is made up of multiple subtraits, such as a neofunctionalized
luciferase, the presence or biosynthesis of luciferin, specialized cells to produce light, and the organ
and/or neuronal architecture to mediate control of light production. Each of these subtraits has its own
evolutionary history proceeding in a stepwise fashion and intersecting with the evolution of the other
subtraits. While independent evolution of luciferase implies independent evolution of subtraits which
were dependent on an already specialized luciferase, traits which luciferase neofunctionalization
depended on, such as the presence of luciferin, presumably preceed luciferase neofunctionalization.
Firefly luciferin itself does not have a clear evolutionary path, as none of the biosynthetic enzymes have
been definitively identified. Luciferin is known to be naturally found only in the luminous beetles families
(Oba et al., 2008), although there is a preliminary report of firefly luciferin in the unrelated Australasian
bioluminescent fly Arachnocampa (Trowell et al., 2016). The recent report that luciferin can be produced
by the non-enzymatic reaction of cysteine and benzoquinone (Kanie et al., 2016), makes it possible that
firefly luciferin exists at a low level in many lineages of insects. So while we now understand enough to
mechanistically describe how luciferase arose between some of the bioluminescent beetle lineages,
supporting the independent evolution Darwin first hypothesized, the full story, including the origin of
luciferin, and the confirmation or rejection of shared luciferase evolution amongst all the bioluminescent

beetle families, has not yet been written.

Applications of beetle bioluminescence

The chemical synthesis of firefly luciferin is straightforward (Santaniello et al., 2009; White et
al., 1963), and with the cloning of over 50 beetle luciferase genes to date (Oba and Hoffmann, 2014), light
production via recombinant beetle luciferases and chemically synthesized luciferin is now commonly
used in biomedical research and biotechnology (Paley, 2014; Stanley, 1989). The luciferase of the
common North American firefly Photinus pyralis was the first cloned luciferase (de Wet et al., 1985), and

P pyralis luciferase plus its engineered or evolved variants (Branchini et al., 2014; Groskreutz et al.,
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1995) are the most widely used beetle luciferases. The requirement for ATP in the beetle bioluminescence
reaction has led to several specialized applications, including a highly sensitive and rapidly applied in
vitro test for ATP, commonly used as a measure of sterility in industrial or medical applications (Hastings
and Johnson, 2003). This luciferase-mediated sterility test became the recommended sterility
determination method during the assembly of the Mars Rover “Curiosity” (Benardini and Venkateswaran,
2016). Firefly luciferases are also used in vivo as reporter genes in heterologous hosts. One especially
useful application is mammalian live-imaging, where disease progression in cancer xenograft or
microorganism infection models can be monitored non-invasively by injection of luciferase-expressing
cells and imaging of these cells through the skin of the infected animal with sensitive cameras
(Mezzanotte et al., 2017; Welsh and Noguchi, 2012). More specialized applications have also been
described, such as the measurement of protein-protein interactions through luciferase complementation
experiments (Kato and Jones, 2010), or through the short-distance transfer of the oxyluciferin excited
state energy to a fluorescent acceptor molecule through a mechanism analogous to Forster resonance
energy transfer (FRET) (Arai et al., 2002).

Perhaps due to this widespread use, firefly luciferases have been very well studied from an
enzymological, and biotechnological perspective. There are multiple literature descriptions of luciferase
kinetics and detailed reaction mechanisms (Branchini et al., 2015; da Silva and da Silva, 2011; DeLuca
and McElroy, 1974; Niwa et al., 2010; Ribeiro and Esteves da Silva, 2008), the mechanism and
modulation of the color of light emission via site directed mutagenesis (Branchini et al., 2004; Nakatsu et
al., 2006), and mutagenesis of luciferases with advantageous properties such as enhanced thermostability
or kinetics (Halliwell et al., 2018; Pozzo et al., 2018). Furthermore, synthetic analogs of luciferin, with
enhanced solubility, transmembrane transport characteristics, or modified light emission colors have been
developed (Kaskova et al., 2016; Reddy et al., 2010). These engineering efforts are perhaps exemplified

by the recently described AkaLumine-HCI luciferin analog (Kuchimaru et al., 2016), that, when combined
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with a directed evolution variant of Photinus pyralis luciferase variant known as Akaluc, produces a 677
nm near-infrared emission well suited to deep tissue imaging, which even allows for the detection of

luminescence from single cells in freely moving animals (Iwano et al., 2018; Nasu and Campbell, 2018).

The metabolism of firefly bioluminescence

Although there have been substantial advances in the application of firefly luciferase itself, there
has been almost no description of other enzymes from the firefly bioluminescent system which might act
in luciferin metabolism. Uncovering these enzymes could potentially enhance biotechnological uses of
firefly bioluminescence, and would help untangle the evolution of beetle bioluminescence. One such
enzyme, the so-called firefly luciferin-regenerating-enzyme (LRE) (Gomi and Kajiyama, 2001), was
reported to catalyze the degradation of oxyluciferin into the nitrile compound
2-cyano-6-hydroxybenzothiazole (CHBT), which, in the presence of D-cysteine would regenerate
D-luciferin (Figure 3). This luciferin recycling activity would be highly valuable to biotechnology, but to
date, there has not been a convincing confirmation of LRE’s activity (Hosseinkhani et al., 2017), and LRE
does not appear to be highly or specifically expressed in the firefly light organ (Fallon et al., 2018; Gomi
et al., 2002). Oxyluciferin has been described as a weak competitive inhibitor of luciferin (Ribeiro and
Esteves da Silva, 2008), and therefore in the absence of an LRE, oxyluciferin must presumably be either
recycled into luciferin, catabolized, or transported outside the light organ to allow light production to
continue efficiently. Early radioactive tracing experiments demonstrated radiolabeled oxyluciferin could
be converted back into luciferin (Okada et al., 1974), but this may be due to oxyluciferin’s tendency to
non-enzymatically slowly degrade to CHBT, which can the non-enzymatically couple with cysteine to
produce luciferin.

The de novo biosynthesis of luciferin is hypothesized to arise from cysteine and benzoquinone
(McCapra and Razavi, 1975; Oba et al., 2013b; Okada et al., 1976), but to date no enzymes have been

described (Figure 3).
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The recently described firefly luciferin-sulfotransferase (LST) (Figure 3) (Fallon et al., 2016),
which catalyzes the interconversion of luciferin to the putative storage form sulfoluciferin, is to date the
only non-luciferase enzyme with an unambiguous activity in luciferin metabolism. LST is highly and
differentially expressed in the adult male light organ of fireflies from both of the major subfamilies
(Lampyrinae and Luciolinae), supporting a role relevant to bioluminescence (Fallon et al., 2018). Some
LST orthologs (e.g., that of P. pyralis) appear to have a peroxisomal targeting signal, but there is not yet
direct confirmation that LST is localized to the peroxisome along with luciferase and luciferin (Fallon et

al., 2018; Smalley et al., 1980).
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Figure 3: Known and hypothesized transformations in firefly bioluminescence

Firefly luciferin is monooxygenated to oxyluciferin, producing light in the process. A recycling pathway
from oxyluciferin to D-luciferin is hypothesized (Okada et al., 1974). Luciferin sulfotransferase (LST)
catalyzes the transformation of D-luciferin and its sulfonated form sulfoluciferin (Fallon et al., 2016).
Dehydroluciferin is produced in a low-level side reaction of luciferase (Fontes et al., 1997). As both
oxyluciferin and dehydroluciferin are inhibitors of luciferase, it seems likely that oxyluciferin and/or
dehydroluciferin are either recycled into luciferin, or are catabolized or removed from the light organ via

transport.
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Another described activity in firefly bioluminescence, but one still without known enzymes,
involves the chiral biosynthesis of D-luciferin. The stereocenter of luciferin -- where its “D” name is
derived from -- lies on the thiazoline ring of luciferin. This thiazoline ring is structurally analogous to a
cysteine that cyclized after a nucleophilic substitution onto a carboxylic acid. This structural similarity led
to the early hypotheses that cysteine was the biosynthetic precursor of the luciferin thiazoline (McCapra
and Razavi, 1975). However, the natural stereochemistry of all amino acids is “L”, corresponding to a (S)
configuration of the stereocenter, so, if luciferin is biosynthesized from L-cysteine, at some point the
L-stereocenter must be epimerized to “D”. Niwa and colleagues demonstrated in the Japanese firefly
Aquatica lateralis that cysteine extracted from firefly lanterns was almost entirely the “L” epimer, and
furthermore, demonstrated a robust ATP, CoA, and Mg*" dependent activity which could rapidly convert
L-luciferin directly to D-luciferin (Niwa et al., 2006). They hypothesized that luciferase, which can
catalyze the formation of L-luciferyl-CoA, but not of D-luciferyl-CoA, combined with the propensity of
CoA thioesters to non-enzymatically epimerize, followed by hydrolysis of the resulting D-luciferyl-CoA
with a thioesterase, was performing this activity in the firefly lantern. More recent results have been able
to reconstitute a D-luciferin epimerization pathway from luciferase, the E. coli thioesterase TESB, and a
bacterial fatty-acyl CoA a-methyl-acyl-CoA-racemase (Maeda et al., 2017), but the enzymes which
perform the epimerization activity in vivo in the firefly remain unknown.

Beyond these described activities, one other activity which seems biochemically plausible and
likely necessary for efficient light production is the reduction or catabolism of dehydrolucierin.
Dehydroluciferin (DHL) is the result of oxidation on the luciferin thiazoline ring, and can be easily
produced by air oxidation of luciferin, or as a low-level side product of luciferase-mediated luciferin
oxygenation (Fraga et al., 2006) (Figure 3). Dehydrolucifierin, specifically dehydroluciferyl-adenylate
which luciferase can synthesize, is a strong competitive inhibitor of firefly luminescence (da Silva and da

Silva, 2011). Given the ease that DHL is likely produced in the native in vivo context, it seems reasonable
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to assume that it would be either catabolised or reduced back to luciferin, to prevent its competitive
inhibition of the luminescence reaction. No such activity has been described to date. Alternatively,
dehydroluciferin could be exported from the photocytes, and excreted as waste or sequestered elsewhere

in the body.

Conclusions

Fireflies and other bioluminescent beetles have been well studied, however there are still major
questions. The work in this dissertation contributes to a fundamental advance in four questions: (1) Do
fireflies possess a storage form of their luciferin? (2) What is the evolutionary relationship of
bioluminescence amongst the bioluminescent beetles, and has this trait independently evolved multiple
times? (3) How is firefly luciferin biosynthesized? And (4) Are there accessory genes from the
bioluminescent beetles which act in bioluminescent metabolism, and might these genes be useful for
biotechnological applications? First, in Chapter 2 | attempt to answer the question of whether fireflies
possess a storage form for luciferin, by characterizing the newly discovery firefly metabolite
sulfoluciferin, and the enzyme which produces it, luciferin sulfotransferase. In Chapter 3, I explore the
question of the origins of bioluminescence, by sequencing and comparing the genomes of two fireflies
representing the major subfamilies Lampyrinae and Luciolinae, with the genome of an also
bioluminescent but otherwise unrelated click-beetle. In Chapter 4, I characterize if fireflies actively de
novo biosynthesize luciferin in their light organs using stable isotope tracing of the presumed biosynthetic
precursors of firefly luciferin. Finally in Chapter 5 I discuss the conclusions and interpretations of my

work, and whether it could be useful for biotechnology.
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ABSTRACT

Firefly luciferin is a specialized metabolite restricted to fireflies (family Lampyridae) and other select
families of beetles (order Coleoptera). Firefly luciferin undergoes luciferase-catalyzed oxidation to
produce light, thereby enabling the luminous mating signals essential for reproductive success in most
bioluminescent beetles. Although firefly luciferin and luciferase have become widely used
biotechnological tools, questions remain regarding the physiology and biochemistry of firefly
bioluminescence. Here we report sulfoluciferin to be an in vivo derivative of firefly luciferin in fireflies
and report the cloning of luciferin sulfotransferase (LST) from the North American firefly Photinus
pvralis. LST catalyzes the production of sulfoluciferin from firefly luciferin and the sulfo-donor PAPS.
Sulfoluciferin is abundant in several surveyed firefly genera as well as in the bioluminescent elaterid
beetle Ignelater luminosus at a low level. We propose that sulfoluciferin could serve as a luciferin storage
molecule in fireflies and that LST may find use as a new tool to modulate existing biotechnological

applications of the firefly bioluminescent system.



INTRODUCTION

Bioluminescence is the production of light by a chemical reaction in a biological context. In
well-described cases, such as fireflies (White et al., 1963), luminous ostracods (Kishi et al., 1966), and
dinoflagellates (Nakamura et al., 1989), the reaction consists of the oxidation of a small molecule, known
as luciferin, by an enzyme, known as luciferase, with molecular oxygen. Despite the shared nomenclature
of luciferin and luciferase, known bioluminescence consists of at least seven independently evolved
systems with structurally unique luciferins and nonhomologous luciferases (Shimomura, 2012). Firefly
luciferin (hereinafter luciferin) was the first luciferin to be structurally characterized (White et al., 1963),
and firefly luciferase (hereinafter luciferase) was the first luciferase gene to be cloned (de Wet et al.,
1985). As luciferase has no prosthetic groups and requires only D-luciferin, ATP, Mg*, and O, to produce
light, the enzyme has been readily adapted to in vivo and in vitro applications, such as usage as a reporter
gene (Ow et al., 1986), and quantification of ATP by luminometry (Lundin, 2000). Although extensive
research exists on the biotechnological usage of firefly bioluminescence, key questions remain on the
metabolic biochemistry of the firefly bioluminescent system. For example, it is unknown how luciferin is
biosynthesized from primary metabolic precursors (Oba et al., 2013), and it is unclear how accessory
enzymes function to store excess luciferin or to recycle the luminescent reaction product oxyluciferin

(Gomi and Kajiyama, 2001; Niwa et al., 2006).

RESULTS

In an effort to elucidate firefly luciferin metabolism, we analyzed methanolic extracts of the posterior
abdominal tissue containing the bioluminescent lantern (hereinafter referred to as “lantern” tissue) from
the firefly Photinus pyralis by liquid-chromatography-high-resolution accurate-mass mass-spectrometry

(LC-HRAM-MS). Under positive ion mode, this analysis detected luciferin as one of the most dominant
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mass features in the total ion chromatogram (TIC) (Figure S1). We also noted an identical ion to the
luciferin [M+H]" ion with a well resolved retention time 2 min earlier than that of luciferin (Figure S2).
In-depth analysis of the MS' and MS? scans revealed that the luciferin-matching ion was likely an
in-source fragment ion from a [M+H]" precursor ion with a mass-to-charge ratio (m/z) of 360.9614. The
360.9614 precursor ion also had a highly similar fragmentation pattern to luciferin (Figure S3). Given the
constraint of the luciferin chemical formula (C, HgN,0O,S,) and the high mass accuracy (<5 ppm) of the
Q-Exactive mass spectrometer used in our study, the predicted chemical formula of the precursor ion was
limited to that of luciferin with addition of a sulfo group (C,,H,N,O,S, — expected [M+H]" m/z 360.9622).
The same conclusion was also drawn from LC-HRAM-MS analysis under negative ion mode (Figure S4).
Analysis of the MS? of the [M-H] ion of the sulfo-modified luciferin peak revealed the loss of a carboxyl
group (—43.99 Da) without the loss of a sulfo group (=79.96 Da), indicating that the sulfo group was
bound to the hydroxyl group of luciferin (Figure 1). We dub this compound,
2-(6-sulfooxy-1,3-benzothiazol-2-yl)-4,5-dihydro-1,3-thiazole-4-carboxylic acid, firefly sulfoluciferin.
The identity of putative sulfoluciferin found in the P. pyralis lantern extract was confirmed by comparing
the retention time, exact mass, MS' isotopic pattern, and MS? spectra to an chemically synthesized
authentic sulfoluciferin standard (Figures S3 and S5). The authentic sulfoluciferin standard was
synthesized from commercial D-luciferin and sulfur trioxide pyridine complex essentially according to
published protocols (Miska and Geiger, 1987; Nakamura et al., 2014), and structurally verified by 'H

NMR (Figure S6).
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Figure 1: MS’ fragmentation spectra of firefly sulfoluciferin under negative ion mode indicates that the
sulfo-group is bound to the luciferin hydroxyl.

To assess whether the occurrence of sulfoluciferin is widespread among bioluminescent beetles,
we analyzed methanolic extracts prepared from adult firefly specimens under the genera Photinus,
Pyractomena, Photuris, Ellychnia, and the bioluminescent click beetle Ignelater [uminosus by
LC-HRAM-MS (Figure 2). We found comparable quantities of luciferin, and sulfoluciferin respectively in
adult nocturnal fireflies of the genera Photinus, Photuris, and Pyractomena (Figures 2 and S7).
Interestingly, Ellychnia corrusca, a diurnal firefly species that does not develop an adult lantern (Figure
2A), contained decreased levels of luciferin but a comparable ratio of luciferin to sulfoluciferin (Figure
S7). Ignelater luminosus, an elaterid beetle that develops two dorsal lanterns on the adult prothorax as
well as a ventral lantern on the anterior abdomen (Figure 2A), contains luciferin at a level comparable to
those of the surveyed nocturnal fireflies, but relatively little sulfoluciferin (Figures 2b and S7).

Measurement of the sulfoluciferin to luciferin molar ratio in the Photinus pyralis lantern indicated that
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sulfoluciferin is typically at least four times more abundant than luciferin (Table S1, Supporting

Information 1).

1y e - & -y

Photinds Pyractoména Photuris Ellychnia Ignélater

pyralis sp. sp. corrusca  luminosus
B . .
367 sulfoluciferin / luciferin
3e8- 6e8 1= & — Photinus pyralis
Yy o= — Pyractomena sp.
o N 3 — Photuris s
c X ; P
=) O — Ellycnia corrusca
O ® W o — Ignelater luminosus
TS o o
TR =E
= i >
20“‘6 =\t ="
y = v 7
10 11 12 13 14

Retention time (mins)

Figure 2: (A) Bioluminescent beetle species of genera Photinus, Pyractomena, Photuris, Ellychnia, and
Ignelater, used in this study. Arrows denote the lack of the abdominal lantern in the diurnal firefly
Ellychnia corrusca, and the presence of dorsal prothorax lanterns on the prothorax of Ignelater luminosus.
(B) Relative quantities of sulfoluciferin, and luciferin in select bioluminescent beetle species as measured

by LCHRAM- MS.

Given that sulfotransferases (STs) are a well-known class of enzymes that catalyze the transfer a

sulfo group from the universal sulfo-donor 3'-phosphoadenosine-5'-phosphosulfate (PAPS) to an acceptor
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alcohol or amine (James, 2014), we hypothesized that the formation of sulfoluciferin could be catalyzed
by a specialized luciferin sulfotransferase (LST) present in fireflies (Scheme 1). To identify candidate
genes encoding LST from P. pyralis, we performed an RNA-Seq experiment using total RNA extracted
from P. pyralis lantern tissue and assembled a de novo transcriptome with the Trinity assembler (Grabherr
et al.,, 2011). A BLASTP search against the in silico translated P. pyralis lantern transcriptome using Mus
musculus Sultlal as the query identified three full-length firefly ST candidates. We dub these candidate
sulfotransferases ST1, ST2, and ST3. Maximum-likelihood phylogenetic analysis of these three genes
together with ST homologues from select insect species highlighted a clade structure suggesting
specialization of ST1 and ST2 within fireflies (Figures 3 and S12). Expression analysis of the ST

transcripts from the de novo transcriptome indicated that ST1 was markedly more highly expressed

(Figure S8).
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Scheme 1. DL-Luciferin Is Enzymatically Interconverted to Sulfoluciferin by Luciferin Sulfotransferase
(LST)Scheme 1. DL-Luciferin Is Enzymatically Interconverted to Sulfoluciferin by Luciferin
Sulfotransferase (LST)
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To test the biochemical function of P pyralis ST1, ST2, and ST3, we cloned their corresponding
open reading frame (ORF) from P. pyralis ¢cDNA and produced purified recombinant STs from
Escherichia coli. In vitro enzyme assays using the three recombinant STs revealed that only one, P
pyralis ST1, could catalyze the formation of sulfoluciferin from luciferin and PAPS (Figure 4). This
enzyme indeed corresponds to the most highly expressed ST candidate gene in the P. pyralis lantern
transcriptome, and one of the two candidates highlighted as possibly neofunctionalized by the
phylogenetic analysis (Figures 3 and S12). We therefore dub this enzyme firefly luciferin sulfotransferase
(LST). Further experiments demonstrated that ST2 and ST3 were able to convert the model ST substrate
p-nitrophenol-sulfate to p-nitrophenol in the presence of 3'-phosphoadenosine-5"-phosphate (PAP),
whereas LST did not have this activity (Figure S9). LST was able to catalyze the formation of luciferin
from sulfoluciferin in the presence of PAP (Figure S10). The k_, of sulfoluciferin formation by LST was
characterized to be at least 3 s™' (Supporting Information 1). Attempts to precisely determine the K, of
LST for luciferin were confounded by PAP product inhibition at higher substrate conditions. Product
inhibition by PAP was previously reported for several other STs with K, values in the sub-micromolar
range (Sekura and Jakoby, 1979). As our k_, value is comparable to reported (Hattori et al., 2008) k_,
values of other STs, and we did not observe a change in the catalytic rate at substrate concentrations down
to 1 uM, we propose that the K,, of LST is in the low micromolar range or below. Analysis of the
stereochemical preference of LST for D- or L-luciferin indicated the enzyme had no preference for either
luciferin stereoisomer (Figure S11). Analysis of published transcriptome data for other firefly species

(Sander and Hall, 2015) indicated a LST ortholog likely exists in all Lampyrids (Figure S12).
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Figure 3: Maximum likelihood inference of sulfotransferase phylogeny from select insect species rooted
on two mammalian STs as an outgroup. Node labels indicate bootstrap support (5000 replicates). Branch
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Figure 4: Enzyme activity assay of candidate firefly STs. Only LST showed detectable conversion of
luciferin to sulfoluciferin by liquid chromatography-selected reaction monitoring-mass spectrometry
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DISCUSSION

Taken together, our results demonstrate that sulfoluciferin is biosynthesized by a specialized
sulfotransferase in P. pyralis and likely in other Lampyrids. Sulfonation of luciferins have been reported
in several bioluminescent systems of marine origin, e.g., vargulin enol-sulfate found in the bioluminescent
ostracod Vargula hilgendorfii (Nakamura et al., 2014), coelenterazine disulfate found in the firefly squid
Watasenia scintillans (Inoue et al., 1976), and coelenterazine enolsulfate found in the soft coral Renilla
reniformis (Cormier et al., 1970). It has been proposed that sulfonated luciferins may serve as a luciferase
inaccessible storage form in certain bioluminescent organisms (Shimomura, 2012). Previous enzymatic
characterization of synthetic firefly sulfoluciferin with Photinus pyralis luciferase (Miska and Geiger,
1987) and our own characterization (Figure S13) demonstrate that sulfoluciferin is not utilized by
Photinus pyralis luciferase, and hence would be suitable as a storage form. Luciferin may be released
from sulfoluciferin in vivo by LST in the presence of excess PAP, or by yet uncharacterized sulfatases.
The occurrence of sulfoluciferin in fireflies likely evolved from the promiscuous action of some
progenitor STs. Indeed, the low levels of sulfoluciferin relative to luciferin observed in the bioluminescent
click beetle Ignelater luminous may represent such an ancestral state, where the production of
sulfoluciferin does not require a dedicated ST. In fireflies, however, our data suggest that a specialized
LST has emerged, arguing that sulfoluciferin has sufficient functional relevance to drive enzyme
specialization. From the perspective of biotechnology, LST represents a unique tool to sequester luciferin

into a luciferase inactive but readily available form in vivo and in vitro.
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Supporting Information 1
Materials and Methods

Specimen collection

Live Photinus pyralis were collected from private land in Allentown, PA by Dr. Adam South
(Harvard School of Public Health) in July of 2015 on the basis of flash patterns. Dried adult firefly
specimens were purchased commercially (P/N: FFW-5G, Sigma-Aldrich). In both cases specimens were
individually verified to be P. pyralis before experimentation on the basis of size, pronotal pigmentation
pattern, and the margin of unpigmented tissue on the anterior segment to the lantern carrying segments.

Pyractomena sp. and Photuris sp. specimens were collected as larvae and reared to adults from a
collection in October 2014, from the Rock Meadow Conservation Area in Belmont, MA (42° 24' 6.65" N,
71° 11' 50.40" W). Firefly collections from Rock Meadow were approved by the Belmont Conservation
Commission. Firefly larvae were collected from ~6-inch tall grass in the Rock Meadow at night by hand
on the basis of sporadic glowing behavior. Identifications of firefly genera, both as larvae and adult, were
assisted by Dr. Sara Lewis (Tufts University), and through comparisons to firefly photographs on
BugGuide.net. Firefly larvae were kept in continual darkness in plastic containers with airholes &
moistened kimwipes. Larvae were fed on a weekly diet of moistened cat food (Friskies), as well as
occasional live Bladder snails (Physella sp.). Food was provided to the larvae overnight, and was
removed the next day. Under these conditions firefly larvae survived for multiple months, although a
minority of larvae did die during rearing. Larvae were resistant to starvation for at least 1 month. No
specific manipulation was made to induce pupation of the larvae. Pupation occurred stochastically after
months in captivity and not at all in some specimens. Live adult firefly specimens were maintained in the
laboratory for less than 2 weeks in petri-dishes with regularly moistened kimwipes (Kimtech) and slices

of apple (replaced when browned).

43



Ignelater luminosus specimens were collected from private land in Mayagiiez, Puerto Rico (18°
13" 12.1974" N, 67° 6' 31.6866" W) with permission of the landowner by Dr. David Jenkins
(USDA-ARS). I luminosus specimens were captured at night on April 20th and April 28th 2015 during
flight on the basis of flashing. The I /uminosus specimens were frozen in a -80°C freezer, lyophilized,
shipped to our laboratory on dry ice, and stored at -80°C.

Ellychnia corrusca specimens were collected on April 15th 2015 by Dr. Sara Lewis from the
Massachusetts Aubdobon Habitat in Belmont MA (42° 24' 8.7912" N, 71° 11' 1.7082" W) with
permission of the Massachusetts Audubon Society. E. corrusca specimens were collected by hand from
tree trunks in the morning. Live E. corrusca specimens were provided to our laboratory by Dr. Lewis.

All live fireflies were anesthetized by transient exposure to CO,, sacrificed by flash freezing in

liquid nitrogen, and either stored lyophilized at -80°C, or used directly for experimentation.

Liquid chromatography high-resolution accurate-mass mass spectrometry (LC-HRAM-MS)

All specimens used for Figure 2 and Table S1 were collected as live specimens by the authors or
their collaborators. The lantern-carrying abdominal segments of single fireflies (posterior 2 lantern
segments) were removed with a razor blade at 4 °C. The lantern-carrying tissue was then transferred to
50% methanol (150 pL). In the case of Ignelater luminosus, the prothorax tissue containing the prothorax
lanterns was separated from the thorax, and transferred to 50% methanol (0.5 mL). In both cases, the
tissue was macerated in the solvent, and intermittently sonicated in a water bath sonicator for 30 minutes,
not letting the temperature rise above 40 “C. These extraction conditions are intentionally mild, given that
luciferin and its derivatives are prone to air oxidation, and measurements of stereochemistry are less
reliable when compounds have been exposed to high temperatures. Post sonication, the extract was
centrifuged in a benchtop centrifuge at 14,000 g @ 4°C for 10 min to pellet tissue debris and other

particulates. The clarified extract was filtered through a 0.2 pum PFTE filter (Filter Vial, P/No. 15530-100,
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Thomson Instrument Company). 20 uL of the filtered extract was separated on an UltiMate 3000 liquid
chromatography system (Dionex) equipped with a 150 mm C18 Column (Kinetex 2.6 pum silica core shell
C18 100A pore, P/No. 00F-4462-Y0, Phenomenex) coupled to a Q-Exactive mass spectrometer (Thermo
Scientific). Compounds were separated by reversed-phase chromatography on the C18 column by a
gradient of Solvent A (0.1% formic acid in H20) and Solvent B (0.1% formic acid in acetonitrile); 5% B
for 2 min, 5-80% B over 40 min, 95% B for 4 min, and 5% B for 5 min; flow rate 0.8 mL/min. Under
these conditions, the retention time of luciferin was ~12.5 min while the retention time of sulfoluciferin
was ~10.6 min. As samples were run over multiple months, a retention time drift (<0.3 min) was noted as
the C18 column aged.

The mass spectrometer was configured to perform 1 MS' scan from m/z 120-1250 followed by
1-3 data-dependent MS? scans using HCD fragmentation with a stepped collision energy of 10, 15, 25
normalized collision energy (NCE). Data was collected as profile data. The instrument was always used
within 7 days of the last mass accuracy calibration. The ion source parameters were as follows: spray
voltage (+) at 3000 V, spray voltage (-) at 2000 V, capillary temperature at 275 °C, sheath gas at 40 arb
units, aux gas at 15 arb units, spare gas at 1 arb unit, max spray current at 100 (pA), probe heater temp at
350 °C, ion source: HESI-II. The raw data in Thermo format was converted to mzML format using
ProteoWizard MSConvert (Chambers et al., 2012). Data analysis was performed with Xcalibur (Thermo

Scientific) and MZmine2 (Pluskal et al., 2010).

Chemical synthesis, purification, and characterization of firefly sulfoluciferin

2-(6-sulfooxy-1,3-benzothiazol-2-y1)-4,5-dihydro-1,3-thiazole-4-carboxylic acid
(InChI=1S/C11H8N206S3/c14-11(15)7-4-20-9(13-7)10-12-6-2-1-5(3-8(6)21-10)19-22(16,17)18/h1-3,7
H,4H2,(H,14,15)(H,16,17,18), InChi Key LPKFAQWRYNIJJIRB-UHFFFAOYSA-N), which we dub
firefly sulfoluciferin, was synthesized according to protocols described previously, with some

modifications (Miska and Geiger, 1987; Nakamura et al., 2014). Dry pyridine (6 mL, P/N: 270970,
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Sigma-Aldrich) was transferred to a 25 mL round bottom flask using anhydrous technique. Anhydrous
conditions and reagents are absolutely essential for high-yield synthesis of sulfoluciferin. A gentle stream
of N, was used throughout the synthesis to displace air from the headspace of the flask. Free acid firefly
luciferin (150 mg, 0.53 mmol, P/N: L-123, Gold Biotechnology) was added to the flask and dissolved
with stirring. Sulfur trioxide pyridine complex (160 mg, 1 mmol, P/N: S7556, Sigma-Aldrich) was then
added and dissolved with stirring. The flask was covered to protect from light and incubated at room
temperature for 2 hours. The yield of sulfoluciferin from this reaction was ~60% as gauged by UV-HPLC
at 210 nm. The volume of the crude reaction mixture was reduced by rotary evaporation to a viscous
residue. The residue was diluted with 20 mL of H,O supplemented with ammonia (120 pL, 0.5 M) before
storage at -80 °C. Sulfoluciferin was purified from the crude reaction mixture by reversed-phase
UV-HPLC on a preparative PFP column (Kinetex, 5 um silica core shell PFP with TMS endcapping,
100A pore, P/No. 00F-4602-P0-AX, Phenomenex). We observed that sulfoluciferin degrades under acidic
conditions; therefore no acid additive was added to the solvents used for the chromatographic purification
process. Compounds were eluted from the PFP column by a gradient consisting of Solvent A (H20) and
Solvent B (acetonitrile); 5% B for 5 min, 5-95% B over 20 min, 95%B for 5 min, 95-5% B over 1 min,
5% B, 5% B for 4 min; flow rate 15 mL/min. Under these conditions the retention time of luciferin was
~6.5 min while the retention time of sulfoluciferin was ~4 min. The fractions containing sulfoluciferin
were collected and lyophilized, which yielded 3.5 mg of firefly sulfoluciferin as a white solid.
Sulfoluciferin was the only peak in this sample by UV-HPLC at 210 nm and LC-MS scanning from n/z
100-900.

MS? fragmentation spectra (Figure S3), 'H NMR spectra (Figure S6), and UV-Vis absorbance
spectra (Figure S14) were obtained. All spectra matched expectations from theory. We found that

sulfoluciferin was prone to oxidation when stored in DMSO, with nearly complete oxidation, largely to
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sulfodehydrodroluciferin (Figure S14), at 4 "C within 4 weeks. Sulfoluciferin also showed substantial

degradation when stored at -20°C in PBS after 6 months.

'H NMR spectroscopy
10 mg of free acid luciferin (P/N: L-123, Gold Biotechnology) and 3.5 mg purified sulfoluciferin

were dissolved in 0.75 mL DMSO-d6. '"H NMR spectra were acquired for both compounds on a Bruker
Avance 111 400 MHz NMR spectrometer (MIT Department of Chemistry Instrumentation Facility), using
the default pulse sequence while locked, tuned, and spinning. Spectra were analyzed with and plotted with
MestReNova 10.0.2 (Mestrelab Research), and are presented in Figure S6. Measured peaks were as
follows:

Luciferin: ,

'H NMR (400 MHz, DMSO-d6) &: 13.15 (1H, s, OH), 10.22 (1H, s, COOH), 7.95 (1H. d, J= 8.8,
1-H), 7.45 (1H, d, J = 2.4, 4-H), 7.06 (1H, dd, J = 8.8, 2.4, 2-H), 5.40 (1H, dd, J = 9.6, 8.0, 9-H), 3.71
(2H, m, 10-H).

Sulfoluciferin:
'H NMR (400 MHz, DMSO-d6) &: 8.02 (1H, d, J = 8.8, 1-H), 7.95 (IH, d, J = 2.0, 4-H), 7.36
(1H, dd, J= 8.8, 2.0, 2-H), 5.12 (1H, t, /= 9.6, 8.4, 9-H), 3.67 (2H, m, 10-H).

UV-Vis spectroscopy

UV-Vis spectra for luciferin, dehydroluciferin, sulfoluciferin, and dehydrosulfoluciferin (Figure
S14) were obtained on an UltiMate 3000 liquid chromagtography system coupled to an UltiMate3000

in-line diode-array-detector (Dionex).

Preparation of P. pyralis total lantern RNA

Total lantern RNA was extracted from dried single adult male P pyralis specimens
(Sigma-Aldrich) by the acidic phenol-chloroform method. P pyralis abdominal tissue containing the

lantern (posterior 2 abdominal segments) was separated from the remainder of the body using a razor
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blade at 4°C, and placed directly into QIAzol reagent (Qiagen). Total RNA was extracted from the tissue
by phenol-chloroform extraction using the RNeasy Lipid Tissue Mini Kit (Qiagen), following the
manufacturer's instructions. RNA preps from two separate male P. pyralis individuals were used for

[llumina sequencing & cDNA synthesis respectively.

Preparation of P. pyralis cDNA
Single-strand ¢cDNA was prepared from P. pyralis total RNA extracted from the lantern by poly-T

primed reverse transcriptase using the SuperScript Il First-Strand Synthesis System for RT-PCR

(Invitrogen), following the manufacturer's instructions.

High-throughput Illumina RNA-Seq and transcriptome assembly.

P. pyralis total RNA was submitted to Novus Genomics for strand-specific Illumina sequencing
library preparation and Illumina sequencing. A single Illumina sequencing library was prepared from the
total RNA by Novus Genomics using the TruSeq Stranded Total RNA with Ribo-Zero Gold kit
(Illumina). The resulting Illumina sequencing library was multiplexed with unspecified libraries and
sequenced on a single lane with 125x125 paired-end sequencing on a HiSeq2500 sequencer (Illumina) to
a depth of 20,140,685 forward reads and 12,922,768 reverse reads passing the quality filter.

Resulting reads in FASTQ format were checked with the FastQC software package
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), ~ and  Illumina  TruSeq2  adaptor
contamination and low quality reads were removed by the Trimmomatic software package
(http://www.usadellab.org/cms/?page=trimmomatic (Bolger et al., 2014), with the following parameters
“ILLUMINACLIP:TruSeq3-PE.fa:2:30:10  SLIDINGWINDOW:4:5  LEADING:5  TRAILING:5
MINLEN:25”. 10,915,359 paired reads remained post quality filtering. A de novo transcriptome was
assembled from the filtered paired reads with Trinity 2.0.6 (Grabherr et al., 2011) using default

parameters with “--SS lib_type RF” for strand specific assembly, on a single high-memory server
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(Whitehead Institute). Candidate ORFs were translated in silico from the de novo transcriptome using
Transdecoder 2.0.1 (Haas et al., 2013), with the minimum protein length set to 20 amino acids.

Unfiltered RNA-Seq reads have been uploaded to NCBI SRA with accession number
(SRR3521424). The de novo assembled transcriptome produced in this study has been uploaded to NCBI
TSA with accession number (GEOW00000000). We highlight that this is an unreplicated low-coverage
RNA-Seq dataset without filtering of low-confidence transcripts. The dataset should be used with

appropriate caution and appreciation of the caveats of RNA-Seq and de novo transcriptome assembly.

De novo transcriptome expression analysis

Expression analysis was performed using Trinity by the included
“align_and_estimate_abundance.pl” script, which utilizes Bowtie (Langmead et al., 2009) and RSEM (Li
and Dewey, 2011) to map reads to assembled transcripts and perform transcript quantification with
expectation maximization respectively. Default parameters were used with the exception of

“--SS_lib_type RF” for strand specific expression analysis.

Selection of Ppyralis sulfotransferase candidates from the de novo transcriptome

Protein sequences in FASTA format were provided to SequenceServer, an open-source standalone
BLAST server (Camacho et al., 2009; Priyam et al., 2015), for interactive BLAST analysis. Candidate
sulfotransferases were selected from the Transdecoder-produced P. pyralis protein database by a BLASTP
similarity search using the protein sequence of Mus musculus cytosolic sulfotransferase Sultlal as the
query sequence. Unless otherwise stated, an e-value cutoff of 1e-20 was used for all BLAST queries.
Only complete protein sequences containing a putative start codon and stop codon (TransDecoder
description:”type:complete”) were kept in the results. Unusually short proteins for the sulfotransferase
family (<250 amino acids) and duplicate sequences were manually removed. Three full-length

sulfotransferase candidates, LST, ST2, and ST3 remained after this filtering.
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Phylogenetic analysis

LST, ST2, and ST3 were used as a BLASTP query against the model beetle Tribolium castenum
Uniprot.org reference proteome (downloaded 2015-01-16), which yielded 5 proteins after filtering
unusually large proteins (>450 amino acids) and filtering for duplicate hits. The 5 7T castenum
sulfotransferases were then used as a query against the fruit fly Drosophila melanogaster Uniprot
reference proteome (downloaded 2015-12-08), which yielded 5 sulfotransferase sequences after duplicate
removal.

The amino acid sequences of the 3 P. pyralis sulfotransferase candidates, the 5 putative sulfotransferases
from the T castenum proteome, the 5 putative sulfotransferases from D. melanogaster, Mus musculus
Sultlal, and Homo sapiens ST1C4 were then concatenated and utilized for phylogenetic analysis.
Multiple  sequence  alignment was  performed using the online MAFFT  server
(http://mafft.cbrc.jp/alignment/software/) with parameters “MAFFT - L-INS-i - mafft --reorder
--maxiterate 1000 --retree 1 --localpair input”. Phylogenetic analyses in Figure 3 and Figure S12 were
conducted in MEGA6 (Tamura et al., 2013). The evolutionary history was inferred by using the
Maximum Likelihood method based on the JTT matrix-based model (Jones et al., 1992). The percentage
of trees (5000 bootstrap replicates) in which the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join
and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting
the topology with superior log likelihood value. For Figure 3, the analysis involved 14 amino acid
sequences. There were a total of 432 positions in the final dataset, and the tree with the highest log
likelihood (-9967.3035) is shown in figure 6. For Figure S12, the analysis involved 17 amino acid
sequences, there were a total of 432 positions in the final dataset, and the tree with the highest log

likelihood (-10700.8028) is shown.
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Cloning of candidate genes

CDS sequences encoding candidate sulfotransferases were PCR amplified from the 2. pyralis
cDNA with their respective primers (Table S2) using Phusion polymerase (New England BioLabs).
Amplified bands were purified by agarose gel extraction, and cloned into Ncol linearized pHis8-4 plasmid
by Gibson assembly (Gibson Assembly Master Mix, NEB). pHis8-4 is an E. coli T7 expression plasmid
descended from pHIS8-3 (Weng and Noel, 2012), that harbors an N-terminal 8xHis tag followed by a
TEV protease cleavage site for His-tag removal. The Gibson assembly mix was directly transformed into
DH5-a E. coli for propagation. Plasmid clones were sequence confirmed by dual ended fluorescent
Sanger sequencing (Genewiz), and stored at -80 °C in a 25% glycerol stock. Some differences, such as
synonymous SNPs and an in-frame triplet deletion in the case of ST2, were noted between the de novo
transcriptome sequence and the cDNA-cloned sequence. These polymorphisms are to be expected as P.
pyralis represent a heterozygous population, and separate P. pyralis individuals were sampled for cDNA
synthesis and Illumina sequencing. The confirmed clones were designated pJKW 0643(LST), pJKW
0633(ST2), and pJKW 0690(ST3), and are available from Addgene.org with the following accession

numbers LST (74121) ST2 (74122) and ST3 (74123).

Recombinant protein expression in E. coli

BL21(DE3) E. coli carrying the respective expression plasmids were seeded from glycerol stocks
at -80 °C, grown at 37 °C in TB media to an optical density at 600 nm of 1.0, induced with 1 mM
isopropyl-p-D-thiogalactoside (IPTG), and allowed to grow for an additional 16 h at 18 °C. Bacterial cells
were harvested by centrifugation, resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 0.5 M NaCl, 20
mM imidazole, 1% [v/v] Tween 20, 10% [v/v] glycerol, and 20 mM 2-mercaptoethanol), and incubated
with ~0.05 mg/mL lysozyme and ~0.05 mg/mL DNase I with stirring for 30 min at 4°C. The cell
homogenate was then lysed by shearing (Microfluidics, Microfludizer Corporation) to produce a crude

protein lysate. After clarification of the crude protein lysate by centrifugation at 30,000xg at 4 °C for 1
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hour, the expressed protein was isolated from the lysate by affinity chromatography with nickel
nitrilotriacetic acid (Ni-NTA) coupled agarose (Bio-Rad Laboratories). Ni-NTA bound protein was eluted
from the column with lysis buffer containing 0.25 M imidazole. The partially purified protein was
dialyzed overnight in dialysis buffer (50 mM Tris-HCI pH 8, 500 mM NaCl, 5 mM DTT), and treated
with 1 mg recombinant TEV (lab-made) for His-tag cleavage. A second Ni-NTA chromatography step
was used to remove the remaining His-tagged proteins, including TEV, uncleaved target proteins, and
background Ni-NTA binders. The flowthrough containing the protein of interest was concentrated using
an Ultra centrifugal filter (P/N UFC901024, 10,000 Da MWCO, Amicon) to ~1 mg/mL. Protein
concentration was gauged by absorbance at 280 nm on a NanoDrop 2000 UV-Vis spectrophotometer
(Thermo-Scientific). The molar absorptivity coefficient at 280 nm for a given enzyme was predicted from
the primary protein sequence using the ProtParam online tool (http://web.expasy.org/protparam/). The
protein was further purified by size exclusion chromatography (Superdex-200, GE Healthcare), with
storage buffer (10mM Tris-HCI pH 8, 300mM NaCl, 5mM DTT). Protein post gel-filtration was again
concentrated by ultrafiltration to the highest possible concentration before substantial precipitation, in this
case ~1 mg/mL, flash-frozen in liquid nitrogen, and stored frozen at -80 °C. Proteins post-storage were
assayed for purity and identity by SDS-PAGE and LC/MS intact proteomics on a Xevo Q-TOF MS
electrospray-ionization time-of-flight mass spectrometer (Waters Corporation). LST, ST2, and ST3 all
expressed robustly in E. coli and were obtained at >95% purity as gauged by SDS-PAGE and intact

proteomics.

Liquid-chromatography-triple quadrupole-mass spectrometry (LC-QqQ-MS)

5-10 pL of a given sample was injected onto an Ultimate 3000 liquid chromatography system
(Dionex), equipped with a 150 mm C18 Column (Kinetex 2.6 um silica core shell C18 100A pore, P/No.
00F-4462-Y0, Phenomenex), coupled to UltiMate 3000 diode-array-detector (DAD) in-line UV-Vis

spectrophotometer (Dionex) and a TSQ Quantum Access MAX triple-quadrupole mass spectrometer
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(Thermo-Scientific). Compounds were separated by reversed-phase chromatography on the C18 column
by a gradient of Solvent A (0.1% formic acid in H20) and Solvent B (0.1% formic acid in acetonitrile);
5% B for 2 min, 5-29.6% B over 15 min, 29.6-95% B over 1 min, and 95% B for 5 min, 5%B for 2
minutes; flow rate 0.8 mL/min.

The diode-array detector was configured to scan at 5 Hz at 210 nm, 254 nm, 280 nm, 312 nm, and a
wavelength scan from 200 nm to 800 nm.

The mass spectrometer was configured to either full scan (LC-MS) from m/z 100-500 (Figure S10), or
perform two selected-reaction-monitoring (LC-SRM-MS) scans (Figure 4, S9, S11, Table S1). Each SRM
scan was 0.25 seconds, for luciferin and sulfoluciferin individually. The luciferin SRM was as follows:
precursor ion selection at 280.880 m/z on positive ion mode, fragment at 20V, and product ion selection at
234.920 m/z. The sulfoluciferin SRM was as follows: precursor ion selection on negative ion mode at
358.912 m/z, fragment at 21V, and product ion selection at 234.920 m/z. As both SRMs select the same
product ion at 234.920 (decarboxylation of luciferin), there was minor cross-talk between SRM scans for
luciferin and sulfoluciferin. The m/z resolution of Q1 was set to 0.7 FWHM, the argon collision gas

pressure of Q2 was set to 1.5 mTorr, and the Q3 scan width was set to 0.100 m/z for both SRM scans.

Enzymatic assays

Unless otherwise stated, all enzymatic assays utilized single-use enzyme aliquots which had been
stored at -80 °C post flash-freezing. LST, ST2, and ST3 were frozen at a stock concentration of 0.2
mg/mL, 0.6 mg/mL, and 1.8 mg/mL respectively. Enzyme aliquots were diluted in fresh enzymology
buffer (PBS buffer pH 7.4, 1 mM DTT) as a working stock for experiments. A 2 mM working stock of
3'-phosphoadenosine-5'-phosphosulfate (PAPS) in PBS was prepared from the PAPS lithium salt (P/N:
sc-210759, Santa Cruz Biotechnology), and stored at -80°C. A 2 mM working stock of
3'-Phosphoadenosine-5'-phosphate (PAP) in PBS was prepared from the PAPS disodium salt (P/N AS5763,

Sigma-Aldrich), and stored at -20°C. A 100 mM stock of firefly D-luciferin was prepared from its sodium
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salt (P/N LUCK, Gold Biotechnology) in water, and stored at -80°C. Working stocks of firefly luciferin
were prepared from the 100 mM stock by serial dilution and stored at -80°C. A 2 mM stock of
p-nitrophenol sulfate in PBS was prepared from the p-nitrophenol sulfate potassium salt (P/N N3877,
Sigma-Aldrich), and stored at -20 °C. An estimated | mM stock of sulfoluciferin was prepared from
~90% pure lyophilized solid (purity estimate by UV-HPLC, major contaminant luciferin) in PBS, and
stored at -20 °C.

For luciferin sulfonation enzyme assays (Figure 4), a reaction mix was prepared from PAPS (50
uL, 2 mM), D-luciferin (10 pL, 250 pM), and fresh enzymology buffer (30 uL. PBS, 1 mM DTT). The
reaction mix and 1:100 dilution of enzyme (LST, ST2, and ST3) were equilibrated to 25 °C, and 10 pL of
a single enzyme was added to the reaction mix to start the reaction. The final reaction volume was 100
uL, with an assay concentration of 1 mM PAPS and 25 pM luciferin. The final enzyme concentration was
0.2 pg/mL, 0.6 pg/mL and 1.8 pg/mL, for LST, ST2, and ST3 respectively. Enzymes were added with a
30 second interval between samples to ensure accurate timing, and were incubated at 25 °C in the dark. 20
uL aliquots were removed at 15 minutes, 6 hours, and 24 hours, and quenched 1:1 with 100% methanol.
10 pL of the quenched sample was analyzed by LC-SRM-MS.

For the p-nitrophenol sulfate desulfonation enzyme assays (Figure S9), a reaction mix was
prepared from PAP (25 pL, 2 mM), p-nitrophenol sulfate (2.5 pL, 2 mM), and fresh enzymology buffer
(17.5 uL PBS, 1 mM DTT). The reaction mix and a 1:100 dilution of enzyme (LST, ST2, and ST3) were
equilibrated to 25 °C, and 5 pL of a single enzyme was added to the reaction mix to start the reaction. The
final reaction volume was 50 pl, with an assay concentration of 1 mM PAP, and 100 pM p-nitrophenol
sulfate. The final enzyme concentration was 0.2 pug/mL, 0.6 pg/mL and 1.8 pg/mL, for LST, ST2, and
ST3 respectively. Enzymes were added with a 30 second interval between samples to ensure accurate

timing, and were incubated at 25 °C in the dark. 10 pL aliquots were removed at 15 minutes, 6 hours, and
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24 hours, measured from the start time of that particular sample, and quenched 1:1 with 100% MeOH. 10
uL of the quenched sample was analyzed by LC-MS.

For the sulfoluciferin desulfonation enzyme assays (Figure S10), a reaction mix was prepared
from PAP (25 pL, 2 mM), sulfoluciferin (5 pL, ~1 mM), and fresh enzymology buffer (60 pL, PBS, I mM
DTT). The reaction mix and 1:100 dilution of enzyme (LST, ST2, and ST3) were equilibrated to 25 °C,
and 10 pL of a single enzyme was added to the reaction mix to start the reaction. The final reaction
volume was 100 pl, with an assay concentration of I mM PAP, ~100 uM sulfoluciferin. The final enzyme
concentration was 0.2 ug/mL, 0.6 pg/mL and 1.8 pg/mL, for LST, ST2, and ST3 respectively. Enzymes
were added with a 30 second interval between samples to ensure accurate timing, and were incubated at
25 °C in the dark. 20 pL aliquots were removed at 15 minutes, and 16 hours, measured from the start time
of that particular sample, and quenched 1:1 with 100% MeOH. 10 pL of the quenched sample was

analyzed by LC-MS.

Estimate of molar ratio of sulfoluciferin relative to luciferin

The relative response factor of sulfoluciferin to luciferin was estimated by the relative peak
change method, where an enzymatic conversion is sampled at two timepoints and the relative response
factor is derived from the difference in the signal of the two compounds. By this method we determined
the relative response factor by LC-SRM-MS for sulfoluciferin relative to luciferin to be 1.7 (higher
sulfoluciferin response factor). In order to determine the molar ratio of sulfoluciferin to luciferin in vivo,
we analyzed the luciferin and sulfoluciferin content in five individual Photinus pyralis males by
LC-SRM-MS. Correcting for the relative response factor of luciferin and sulfoluciferin, we found the
absolute molar ratio of sulfoluciferin to luciferin to be 4.8, 16, 25, 17, and 8 in these specimens
respectively (Table S1). The high variability of the sulfoluciferin to luciferin molar ratio is likely due to

the diverse life histories of the wild fireflies used for this analysis, as the size, feeding history, and flash
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history of the sampled fireflies was not controlled. Nonetheless, these results indicate sulfoluciferin is

more abundant than luciferin in the firefly lantern, supporting its role as a luciferin storage compound.

Kinetic parameter estimation for LST

A value of k_, for the sulfonation of luciferin by LST was derived from the 15 min LST timepoint
of Figure 4. The assumption is made that the assay concentration of 25 uM for the luciferin substrate is
>2x over the K, of LST, based on reported K,, values for other sulfotransferases (Brenda Enzyme
Database). The quantity of enzyme in this assay was 0.459 pmol (10 pL of a 2 pg/mL working stock,
enzyme M.W. 43539 g/mol). In the case of substrate, the integrated peak area for unconverted luciferin
was 6080759 (arb units), whereas the integrated peak area for luciferin at 15 min was 3042290 (arb units),
corresponding to a ~50% conversion of the 25 pM luciferin assay concentration. The quantity of substrate
converted in 15 min in the assay was 1249 pmol (50% 25 uM substrate concentration in assay, assay
volume of 100 pL). Substrate converted per second is then 1.4 pmol/sec. The substrate molecules

converted per second per molecule enzyme is then the reported value 3s™.

Supporting Tables
Specimen ID | Lantern | Extraction | Luciferin Sulfoluciferin | Relative response factor
dry solvent SRM area SRM area corrected molar ratio
weight (arb) (arb) (sulfoluciferin / luciferin)
(mg)
Ppyr 1 N.M. 50% 799331 6599540 4.8
MeOH
Ppyr 2 2.1 50% ACN | 1177492 32785341 16
Ppyr 3 2.1 50% ACN | 988742 42682144 25
Ppyr 4 29 50% 1085283 32348061 17
MeOH
Ppyr_5 22 50% 316514 4530908 8
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MeOH

Table S1: Molar ratio estimate of sulfoluciferin to luciferin from LC-SRM-MS analysis of posterior
abdominal (lantern) extracts of five live collected, flash frozen, lyophilized, and -80°C stored P. pyralis
male individuals. A relative response factor of 1.7 (sulfoluciferin/luciferin) is used. N.M. = not measured.

Gene | Primer direction Primer sequence

LST Forward 5’-(’&AAA.-’\("I"1(}'l‘A("I"I‘(‘(‘/\(_i(i(‘(‘(,‘A’I'(i(i(‘
atgtttgcatctatcctaggeaa-3’

ST Reverse 5’-CTCGAATTCGGATCCGCCATGG
ttacatttttggaacagatttttga-3°

ST2 Forward 5’-GAAAACTTGTACTTCCAGGCCCATGGC
atggaagaaaataactatctcect-3°

ST2 Reverse 5’-CTCGAATTCGGATCCGCCATGG
ttataatttataatcagaatgtttaag-3’

ST3 Forward 5’-GAAAACTTGTACTTCCAGGCCCATGGC
ATGCCACATAACATTCAAATTGGGG-3"

ST3 Reverse 5’-CTCGAATTCGGATCCGCCATGG
TTACATTCGTTCAAACGGTATATTCG-3’

Table S2: PCR cloning primers for candidate firefly sulfotransferases. Red text represents pHis8-4
overlapping sequence for Gibson assembly.

Supporting Figures
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Figure S1. Positive ion-mode total-ion-chromatogram (TIC) from reversed phase C18 chromatography of

a P. pyralis posterior abdominal (lantern) methanolic extract.
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Figure S2. Positive mode extracted-ion-chromatogram (EIC) for the luciferin [M+H]" exact mass
demonstrates the early eluting luciferin-matching ion is likely derived from the m/z 360.9614 precursor
ion. The difference 79.9565 is equivalent to the loss of a sulfo (SO,) group.
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mode. Note the degree of similarity between the spectra.
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Figure S7. Relative integrated peak area of luciferin to sulfoluciferin from Figure 2B.
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Figure S11. LST does not have a stereochemical preference for sulfonation of either D or L-luciferin.
Two reaction mixes were prepared from PAPS (50 pL, 2 mM), D-luciferin (10 pL, 500 uM) or L-luciferin
(10 pL, 500 pM), and fresh enzymology buffer (30 uL. PBS, | mM DTT). The reaction mixes and a 1:250
dilution of LST were equilibrated to 25 °C, and 10 pL of the 1:250 LST stock was added to the reaction
mix to start the reaction. The final reaction volume was 100 pL, with an assay concentration of 1 mM
PAPS and 50 pM D/L-luciferin. The final enzyme concentration was 0.08 pg/mL, 0.15 pg/mL and 0.45
pug/mL, for LST, ST2, and ST3 respectively. Enzymes were added with a 30 second interval between
samples to ensure accurate timing, and were incubated at 25 °C in the dark. 40 pL aliquots were removed
at 15 minutes, and quenched 1:1 with 100% methanol. A low concentration of LST and relatively high
concentrations of luciferin are used in the experiment to ensure the reaction was under initial rate
conditions at 15 minutes. 10 pL of the quenched samples were analyzed by LC-SRM-MS on a C18
column. 10 pL of the quenched samples were also run on a 250 mm Cellulose-4 column (P/N:
00G-4490-E0 - Lux 3 pm silica - Cellulose-4, Phenomenex), with equivalent gradient chromatography
and MS conditions to the reported C18 LC-SRM-MS procedure to confirm luciferin stereochemistry.
Sulfoluciferin was not detected under the chiral chromatography conditions.
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Figure S12. Extended maximum likelihood inferred sulfotransferase phylogeny including putative LST
ortholog sequences from published firefly lantern transcriptomes (Sander and Hall, 2015), rooted on two
mammalian STs as an outgroup. Node labels indicate bootstrap support (5000 replicates). Branch length
measures substitutions per site.
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Figure S13. Comparative luminometry of luciferin and sulfoluciferin with P.pyralis luciferase indicates
sulfoluciferin is not an efficient luminescent substrate for luciferase. Given the difficulty of synthesizing
and purifying enantiomerically pure D/L-sulfoluciferin, we utilized LST to synthesize D/L-sulfoluciferin
from commercial D/L-luciferin. D-sulfoluciferin and L-sulfoluciferin were synthesized by incubating
LST (20 pg/mL), PAPS (500 pM), and D or L-luciferin (100 uM) in luciferase buffer (80 mM HEPES pH
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7.3, 150 mM NaCl) for 4 hours. LC-SRM-MS of the sulfoluciferin synthesis reaction after 4 hours
indicated near complete conversion of luciferin to sulfoluciferin. D/L-luciferin incubated without LST
was included as a control. The reaction mixes were heated to 65°C for 10 minutes, and filtered through a 4
kDa MWCO ultrafilter to remove LST activity. The reaction mixes were cooled to 25 °C, and mixed with
a 1:1 injection of luciferase reaction mix consisting of luciferase (50 pg/mL, P/N: SRE0045,
Sigma-Aldrich), ATP (2 mM), MgCl,(20 mM), coenzyme A (2 mM, P/N:C4282, Sigma-Aldrich), and
pyrophosphatase (0.1 units/pL, P/N: M0361S, NEB) in luciferase buffer. Light output was measured
using a Cytation 3 96-well format luminometer with dual reagent injector (BioTek). D-luciferin (Figure
S13a), showed approximately 100x the luminescent signal when compared to equimolar D-sulfoluciferin
(Figure S13a, S13b). The observed luminescent signal in the presence of D-sulfoluciferin is likely due to
residual D-luciferin from the enzymatic synthesis. Oxyluciferin could be detected as a product from these
reactions by UV and LC/MS, however an additional peak matching the putative oxidative reaction
product sulfooxyluciferin was not detected by either method. Published crystal structures of a
luciferyl-AMP analog bound luciferase support our proposal that sulfoluciferin is not a luciferase
substrate (Sundlov et al., 2012). In these crystal structures, the hydroxyl group of luciferin is observed to
be oriented into the core of luciferase, suggesting the comparatively bulky and charged sulfo group of
sulfoluciferin prevents productive enzyme binding. We conclude that sulfoluciferin is not a substrate of
P.pyralis luciferase.
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Figure S14. UV-Vis absorption spectra from 200-800 nm for luciferin, dehydroluciferin, sulfoluciferin,
and sulfodehydroluciferin.
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ABSTRACT

Fireflies and their luminous courtships have inspired centuries of scientific study. Today

firefly luciferase is widely used in biotechnology, but the evolutionary origin of bioluminescence

within beetles remains unclear. To shed light on this long-standing question, we sequenced the

genomes of two firefly species that diverged over 100 million-years-ago: the North American Photinus
pyralis and Japanese Aquatica lateralis. To compare bioluminescent origins, we also sequenced the
genome of a related click beetle, the Caribbean Ignelater luminosus, with bioluminescent biochemistry
near-identical to fireflies, but anatomically unique light organs, suggesting the intriguing hypothesis of
parallel gains of bioluminescence. Our analyses support independent gains of bioluminescence in fireflies
and click beetles, and provide new insights into the genes, chemical defenses, and symbionts that evolved

alongside their luminous lifestyle.
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INTRODUCTION

Fireflies (Coleoptera: Lampyridae) represent the best-studied case of bioluminescence. The coded
language of their luminous courtship displays (Figure 1A) has been long studied for its role in mate
recognition (Lewis and Cratsley, 2008; Lloyd, 1966; Stanger-Hall and Lloyd, 2015), while non-adult
bioluminescence is likely a warning signal of their unpalatable chemical defenses (De Cock and
Matthysen, 1999), such as the cardiotoxic lucibufagins of Photinus fireflies (Meinwald et al., 1979). The
biochemical understanding of firefly luminescence: an ATP, Mg*', and O,-dependent luciferase-mediated
oxidation of the substrate luciferin (Shimomura, 2012), along with the cloning of the luciferase gene (de
Wet et al., 1985; Ow et al., 1986), led to the widespread use of luciferase as a reporter with unique
applications in biomedical research and industry (Fraga, 2008). With >2000 species globally, fireflies are
undoubtedly the most culturally appreciated bioluminescent group, yet there are at least three other beetle
families with bioluminescent species: click beetles (Elateridae), American railroad worms (Phengodidae)
and Asian starworms (Rhagophthalmidae) (Martin et al., 2017). These four closely related families
(superfamily Elateroidea) have homologous luciferases and structurally identical luciferins (Shimomura,
2012), implying a single origin of beetle bioluminescence. However, as Darwin recognized in his
‘Difficulties on Theory’ (Charles Darwin, 1872), the light organs amongst the luminous beetle families
are clearly distinct (Figure 1B), implying independent origins. Thus, whether beetle bioluminescence is

derived from a single or multiple origin(s) remains unresolved.
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Figure 1: Geographic and phylogenetic context of the Big Dipper firefly, Photinus pyralis.

(A) P. pyralis males emitting their characteristic swooping °J* patrol flashes over a field in Homer Lake,
Illinois. Females cue in on these species-specific flash patterns and respond with their own
species-specific flash (Lloyd, 1966). Photo credit: Alex Wild. Inset: male and female P. pyralis in early
stages of mating. Photo credit: Terry Priest. (B) Cladogram depicting the hypothetical phylogenetic
relationship between P. pyralis and related bioluminescent and non-bioluminescent taxa with Tribolium
castaneum and Drosophila melanogaster as outgroups. Numbers at nodes give approximate dates of
divergence in millions of years ago (mya) (McKenna et al., 2015; Misof et al., 2014). Right: Dorsal and
ventral photos of adult male specimens. Note the well-developed ventral light organs on the true
abdominal segments 6 and 7 of P. pyralis and A. lateralis. In contrast, the luminescent click beetle, /.
luminosus, has paired dorsal light organs at the base of its prothorax (arrowhead) and a lantern on the
anterior surface of the ventral abdomen (not visible). (C) Empirical range of P. pyralis in North America,
extrapolated from 541 reported sightings (Supporting Information 1.2). Collection sites of individuals
used for genome assembly are denoted with circles and location codes. Cross hatches represent areas
which likely have P. pyralis, but were not sampled. Diagonal hashes represent Ontario, Canada.

To address this long-standing question, we sequenced and analyzed the genomes of three
bioluminescent beetle species. To represent the fireflies, we sequenced the widespread North American
‘Big Dipper Firefly’, P. pyralis (Figure 1A,C) and the Japanese ‘Heike-botaru’ firefly Aquatica lateralis

(Figure 1B). P. pyralis was used in classic studies of firefly bioluminescent biochemistry (Bitler and
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McElroy, 1957), and the cloning of luciferase (de Wet et al., 1985), while 4. lateralis, a species with
specialized aquatic larvae, is one of the few fireflies that can be reliably cultured in the laboratory (Oba et
al., 2013a). These two fireflies represent the two major firefly subfamilies, Lampyrinae and Luciolinae,
which diverged from a common ancestor over 100 Mya (Figure 1B) (McKenna et al., 2015; Misof et al,,
2014). To facilitate evolutionary comparisons, we also sequenced the ‘Cucubano’, Ignelater luminosus
(Figure 1B), a Caribbean bioluminescent click beetle, and member of the ‘Pyrophorus’ used by Raphaél
Dubois (1849-1929) to first establish the enzymatic basis of bioluminescence in the late 1800s (Dubois,
1886, 1885). Comparative analyses of the genomes of these three species allowed us to reconstruct the

origin(s) and evolution of beetle bioluminescence.

RESULTS

Sequencing and assembly of firefly and click-beetle genomes

Photinus pyralis adult males were collected from the Great Smoky Mountains National Park,
USA (GSMNP) and Mercer Meadows New Jersey, USA (MMNJ) (Figure 1C), and sequenced using
short-insert, mate-pair, Hi-C, and long-read Pacific Biosciences (PacBio) approaches (Supporting
Information 4—table 1). These datasets were combined in a MaSuRCA (Zimin et al., 2013) hybrid
genome assembly (Supporting Information 1.5). The Aquatica lateralis genome was derived from an
ALL-PATHs (Butler et al., 2008) assembly of short insert and mate-pair reads from a single adult female
from a laboratory-reared population, whose lineage, dubbed ‘Ikeya-Y90’, was first collected 25 years ago
from a now extinct population in Yokohama, Japan (Supporting Information 2.5). A single Ignelater
luminosus adult male, collected in Mayagiiez Puerto Rico, USA, was used to produce a high-coverage
Supernova (Weisenfeld et al., 2017) linked-read draft genome (Supporting Information 3.5), which was
further manually scaffolded using low-coverage long-read Oxford Nanopore MinlON sequencing

(Supporting Information 3.5.4).
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The gene completeness and contiguity statistics of our P. pyralis (Ppyrl.3) and A4. lateralis
(Alatl.3) genome assemblies are comparable to the genome of the model beetle Tribolium castaneum
(Figure 2F; Supporting Information 4.1). The I luminosus genome assembly (Ilumil.2) is less complete,
but is comparable to other published insect genomes (Figure 2F; Supporting Information 4.1).
Protein-coding genesets for our study species were produced via an E\‘/idenceModeler-mediated
combination of homology alignments, ab initio predictions, and de novo and reference-guided RNA-seq
assemblies followed by manual gene curation for gene families of interest (Supporting Information 1.10;
2.8, 3.8). These coding gene annotation sets for P. pyralis, A. lateralis, and 1. luminosus are comprised of
15,773, 14,285, and 27,557 genes containing 94.2%, 90.0%, and 91.8% of the Endopterygota
Benchmarking Universal Single-Copy Orthologs (BUSCOs) (Simao et al., 2015), respectively. Protein
clustering via predicted orthology indicated 77% of genes were found in orthogroups with at least one
other species (Figure 2E; Supporting Information 4—figure 1). We found the greatest orthogroup overlap
between the P. pyralis and A. lateralis genesets, as expected given the more recent phylogenetic
divergence of these species. Remaining redundancy in the P pyralis assembly and annotation, as
indicated by duplicates of the BUSCOs and the assembly size (Figure 2F; Supporting Information
4—table 2) is likely due to the heterozygosity of the outbred input libraries (Supporting Information 1).
The higher BUSCO completeness of the assemblies as compared to the genesets (Supporting Information

4—table 3), suggests that future manual curation efforts will lead to improved annotation completeness.
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Figure 2: Photinus pyralis genome assembly and analysis.

(A) Assembled Ppyrl.3 linkage groups with annotation of the location of known luminescence-related
genes, combined with Hi-C linkage density maps. Linkage group 3a (box with black arrow) corresponds
to the X chromosome (Supporting Information 1.6.4.1). (B) Fluorescence in situ hybridization (FISH) on
mitotic chromosomes of a P. pyralis larvae. The telomeric repeats TTAGG (green) localize to the ends of
chromosomes stained with DAPI (blue). 20 paired chromosomes indicates that this individual was an XX
female (Supporting Information 1.13). (C) Genome schematic of P. pyralis mitochondrial genome
(mtDNA). Like other firefly mtDNAs, it has a tandem repetitive unit (TRU) (Supporting Information 1.8).
(D) mCG is enriched across gene bodies of P. pyralis and shows methylation levels that are at least two
times higher than other holometabolous insects (Supporting Information 1.12). (E) Orthogroup (OGs)
clustering analysis of genes with Orthofinder (Emms and Kelly, 2015) shows a high degree of overlap of
the P. pyralis, A. lateralis, and I. luminosus genesets with the geneset of Tribolium castaneum. Numbers
within curved brackets (colored by species) represent gene count from specific species within the shared
orthogroups. Numbers with square brackets (black color) represent total gene count amongst shared
orthogroups. OGs = orthogroups, *=Not fully filtered to single isoform per gene. See Supporting
Information 4.2.1 for more detail. (F) Assembly statistics for presented genomes. *=Tribolium castaneum
model beetle genome assembly (Tribolium Genome Sequencing Consortium et al., 2008) **=Genome
size estimated by FC: flow cytometry. P. pyralis n = 5 females (SEM) I luminosus n = 5 males (SEM), 4.
lateralis n = 3 technical-replicates of one female (SD). ***=Complete (C), and Duplicated (D),
percentages for the Endopterygota BUSCO (Siméo et al., 2015) profile (Supporting Information 1.4, 2.4,
3.4,4.1).
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To enable the characterization of long-range genetic structure, we super-scaffolded the P. pyralis
genome assembly into |1 pseudo-chromosomal linkage groups using a Hi-C proximity-ligation linkage
approach (Figure 2A; Supporting Information 1.5.3). These linkage groups contain 95% of the assembly
(448.8 Mbp). Linkage group LG3a corresponds to the X-chromosome based on expected adult XO male
read coverage and gene content (Supporting Information 1.6.4.1) and its size (22.2 Mbp) is comparable to
the expected X-chromosome size based on sex-specific genome size estimates using flow cytometry (~26
Mbp) (Lower et al., 2017). Homologs to T castaneum X-chromosome genes were enriched on LG3a over
every other linkage group, suggesting that the X-chromosomes of these distantly related beetles are
homologous, and that their content has been reasonably conserved for >200 MY (Supporting Information
1.6.4.1) (McKenna et al., 2015). We hypothesized that the P. pyralis orthologs of known bioluminescence
genes, including the canonical luciferase Lucl (de Wet et al., 1985) and the specialized luciferin
sulfotransferase LST (Fallon et al., 2016), would be located on the same linkage group to facilitate
chromosomal looping and enhancer assisted co-expression within the light organ. We, however, found
these genes on separate linkage groups (Figure 2A).

In addition to nuclear genome assembly and coding gene annotation, we also assembled the
complete mitochondrial genomes (mtDNA) of P. pyralis (Figure 2C; Supporting Information 1.8) and 7
luminosus (Supporting Information 3.10), while the mtDNA sequence of 4. lateralis was recently
published (Maeda et al., 2017). These mtDNA assemblies show high conservation of gene content and
synteny, with the exception of the variable ~1 Kbp tandem repeat unit (TRU) found in the firefly
mtDNAs.

As repetitive elements are common participants and drivers of genome evolution (Feschotte and
Pritham, 2007), we next sought to characterize the repeat content of our genome assemblies. Overall,
42.6%, 19.8%, and 34.1% of the P. pyralis, A. lateralis, and I luminosus assemblies were found to be

repetitive, respectively (Supporting Information 1.11; 2.9; 3.9). Of these repeats 66.7%, 39.4%, and 55%
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could not be classified as any known repetitive sequence, respectively. Helitrons, DNA transposons that
transpose through rolling circle replication (Kapitonov and Jurka, 2001), are among the most abundant
individual repeat elements in the P. pyralis assembly. Via in situ hybridization, we identified that P.
pyralis chromosomes have canonical telomeres with telomeric repeats (TTAGG) (Figure 2B; Supporting
Information 1.13).

DNA methylation is common in eukaryotes, but varies in degree across insects, especially within
Coleoptera (Bewick et al., 2017). Furthermore, the functions of DNA methylation across insects remain
obscure (Bewick et al., 2017; Glastad et al., 2017). To examine firefly cytosine methylation, we
characterized the methylation status of P. pyralis DNA with whole genome bisulfite sequencing (WGBS).
Methylation at CpGs (mCG) was unambiguously detected at ~20% within the genic regions of P. pyralis
and its methylation levels were at least twice those reported from other holometabolous insects (Figure
2D; Supporting Information 1.12). Molecular evolution analyses of the DNA methyltransferases
(DNMTs) show that direct orthologs of both DNMT1 and DNMT3 were conserved in P. pyralis, A.
lateralis, and I luminosus (Supporting Information 4—figure 2; Supporting Information 4.2.3), implying
that our three study species, and inferentially likely most firefly lineages, possess mCG. Corroborating
this claim, CpG[O/E] analysis of methylation indicated our three study species had DNA methylation

(Supporting Information 4—figure 3).

The genomic context of firefly luciferase evolution

Two luciferase paralogs have been previously described in fireflies (Bessho-Uehara et al., 2017,
Oba et al., 2013a). P. pyralis Lucl was the first firefly luciferase cloned (de Wet et al., 1985), and its
direct orthologs have been widely identified from other fireflies (Oba and Hoffmann, 2014). The
luciferase paralog Luc2 was previously known only from a handful of Asian taxa, including 4. lateralis

(Bessho-Uehara et al., 2017; Oba et al., 2013a). Previous investigations of these Asian taxa have shown
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that Lucl is responsible for light production from the lanterns of adults, larvae, prepupae and pupae,
whereas Luc?2 is responsible for the dim glow of eggs, ovaries, prepupae and the whole pupal body
(Bessho-Uehara et al., 2017). From our curated genesets (Supporting Information 1.10; 2.8), we
unequivocally identified two firefly luciferases, Lucl and Luc2, in both the P. pyralis and A. lateralis
genomes. Our RNA-Seq data further show that in both P. pyralis and A. lateralis, Lucl and Luc2 display
expression patterns consistent with previous reports. While Luc! is the sole luciferase expressed in the
lanterns of both larvae énd adults, regardless of sex, Luc2 is expressed in other tissues and stages, such as
eggs (Figure 3C). Notably, Luc2 expression is detected in RNA libraries derived from adult female bodies
(without head or lantern), suggesting detection of ovary expression as described in previous studies
(Bessho-Uehara et al., 2017). Together, these results support that since their divergence via gene
duplication prior to the divergence of Lampyrinae and Luciolinae, Lucl and Luc2 have established

different, but conserved roles in bioluminescence throughout the firefly life cycle.
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Figure 3: A genomic view of luciferase evolution.

(A) The reaction scheme of firefly luciferase is related to that of fatty acyl-CoA synthetases. (B) Model
for genomic evolution of firefly luciferases. Ranging from genome structures of luciferase loci in extant
fireflies (top), to inferred genomic structures in ancestral species (bottom). Arrow (left) represents
ascending time. Not all adjacent genes within the same clade are shown. (C) Maximum likelihood tree of
luciferase homologs. Grey circles above gene names indicate the presence of peroxisomal targeting signal
1 (PTSI1). Color gradients indicate the transcript per million (TPM) values of whole body in each
sex/stage (grey to blue) and in the prothorax or abdominal lantern (grey to orange to green). Tree and
annotation visualized using iTOL (Letunic and Bork, 2016). Prothorax and abdominal lantern expression
values for I luminosus are from whole prothorax plus head, and metathorax plus the two most anterior
abdominal segments. Fluc = firefly luciferases, Eluc = elaterid luciferases, R/PLuc =
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rhagophthalmid/phengodid luciferases. (Supporting Information 4.3.2) (D) Synteny analysis of beetle
luciferase homologs. Nine of the 14 A. lateralis PACS/ACS genes closely flank AlatLucl on scaffold 228,
while 4 of the 13 P. pyralis PACS/ACS genes are close neighbors of PpyrLucl on LG1, with a further
seven genes 2.4 Mbp and 39.1 Mbp away on the same linkage-group. Although the Luc/ loci in P. pyralis
and A. lateralis are evidently derived from a common ancestor, the relative positions of the most closely
related flanking PACS/ACS genes have diverged between the two species. llumLuc was captured on a
separate scaffold (Ilumil.2_Scaffold13255) from its most most closely related PACSs (llumPACSS,
HumPACS9) on llumil.2 Scaffold9864, although three more distantly related PACS genes (/lumiPACS]I,
HlumiPACS2, HumiPACS4) are co-localized with JllumLuc. In contrast, a different scaffold
(Ilumil.2_Scaffold9654) shows orthology to the firefly Luc/ locus. The full [lumil.2_Scaffold13255 was
produced by a manual evidence-supported merge of two scaffolds (Supporting Information 3.5.4). Genes
with a PTS1 are indicated by a dark outline, except for the genes with white interiors, which instead
represent non-PACS/ACS genes without an identified homolog in the other scaffolds. Co-orthologous
genes are labeled in the same color in the phylogenetic tree and are connected with corresponding color
bands in synteny diagram. Genes and genomic regions are to scale (Scale bar = 25 Kbp). Gaps excluded
from the figure are shown with dotted lines and are annotated with their length in square brackets.
Scaffold ends are shown with rough black bars. MGST = Microsomal glutathione S-transferase, IMP =
Inositol monophosphatase, PRNT = Polyribonucleotide nucleotidyltransferase. Figure produced with
GenomeTools ‘sketch’ (v1.5.9) (Gremme et al., 2013).

Firefly luciferase is hypothesized to be derived from an ancestral peroxisomal fatty acyl-CoA
synthetase (PACS) (Figure 3A) (Oba et al., 2006, 2003). We found that, in both firefly species, Lucl is
genomically clustered with its closely related homologs, including PACSs and non-peroxisomal acyl-CoA
synthetases (ACSs), enzymes which can be distinguished by the presence/absence of a C-terminal
peroxisomal-targeting-signal-1 (PTS1). We also found nearby microsomal glutathione S-transferase
(MGST) family genes (Figure 3D) that are directly orthologous between both species, Genome-wide
phylogenetic analysis of the luciferases, PACSs and ACSs genes indicates that Luc/ and Luc2 form two
orthologous groups, and that the neighboring PACS and ACS genes near Lucl form three major clades
(Figure 3C): Clade A, whose common ancestor and most extant members are ACSs, and Clades B and C
whose common ancestors and most extant members are PACSs. Lucl and Luc2 are highly conserved at
the level of gene structure—both are composed of seven exons with completely conserved exon/intron
boundaries (Supporting Information 4—figure 4; Supporting Information 4—figure 5), and most

members of Clades A, B, and C also have seven exons. The exact syntenic and orthology relationships of
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the ACS and PACS genes adjacent to the Luc/ locus remains unclear, likely due to subsequent gene
divergence and shuffling (Figure 3C,D).

Luc? is located on a different linkage-group from Lucl in P. pyralis and on a different scaffold
from Lucl in A. lateralis, consistent with the interpretation that Luc! and Luc2 lie on different
chromosomes in both firefly species. No PACS or ACS genes were found in the vicinity of Luc2 in either
species. These data support that tandem gene duplication in a firefly ancestor gave rise to several ancestral
PACS paralogs, one of which neofunctionalized in place to become the ancestral luciferase (AncLuc)
(Figure 3B). Prior to the divergence of the firefly subfamilies Lampyrinae and Luciolinae around 100
Mya (Supporting Information 4.3), this AncLuc duplicated, possibly via a long-range gene duplication
event (e.g. transposon mobilization), and then subfunctionalized in its transcript expression pattern to give
rise to Luc2, while the original AncLuc subfunctionalized in place to give rise to Lucl (Figure 3B). From
the shared Luc gene clustering in both fireflies, we infer the structure of the pre Luc1/Luc2 duplication
AncLuc locus contained one or more ACS genes (Clade A), one or more PACS genes (Clade B/C), and

one or more MGST family genes (Figure 3B).

Independent origins of firefly and click beetle luciferase
To resolve the number of origins of luciferase activity, and therefore bioluminescence, between

fireflies and click beetles, we first identified the luciferase of I luminosus luciferase (IlumLuc), and
compared its genomic context to the luciferases of P. pyralis and A. lateralis (Figure 3D). Unlike some
other described bioluminescent Elateridae, which have separate luciferases expressed in the dorsal
prothorax and ventral abdominal lanterns (Oba et al., 2010a), we identified only a single luciferase in the
I luminosus genome which was highly expressed in both of the lanterns (Figure 3C; Supporting
Information 3.8). The exon number and exon-intron splice junctions of llumLuc are identical to those of
firefly luciferases, but unlike the firefly luciferases which have short introns less than <100 bp long,

HlumLuc has two long introns (Supporting Information 4—figure 4). We found several PACS genes in the
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I luminosus genome which were related to /lumLuc and formed a clade (Clade D) specific to the
Elateridae (Figure 3C,D). llumLuc lies on a 366 Kbp scaffold containing 18 other genes, including three
related Clade D PACS genes (Scaffold 13255; Figure 3D; Figure 4); however, the Clade D genes that are
most closely related to fumLuc are found on a separate 650 Kbp scaffold (Scaffold 9864; Figure 3D). We
infer that the ZlumLuc locus is not orthologous to the extant firefly Luc/locus, as IlumLuc is not physically
clustered with Clade A, B or C ACS or PACS genes (Figure 3C,D). We instead identified a different
scaffold in I luminosus that is likely orthologous to the firefly Lucl locus (Scaffold 9654; Figure 3D).
This assessment is based on the presence of adjacent Clade A and B ACS and PACS genes, as well as
orthologous exoribonuclease family (PRNT) and inositol monophosphatase family (IMP) genes, both of
which were found adjacent to the 4. lateralis Lucl locus, but not the P. pyralis Lucl locus (Figure 3D).
Interestingly, /lumPACSII, the most early-diverging member of Clade D, was also found on Scaffold
9654 (Figure 3D). This finding is consistent with an expansion of Clade D following duplication of the
HlumPACS11 syntenic ancestor to a distant site. Overall, these genomic structures are consistent with

independent origins of firefly and click beetle luciferases.
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Figure 4: Parallel evolution of elaterid and firefly luciferase.

(A) Ancestral state reconstruction recovers at least two gains of luciferase activity in bioluminescent
beetles. Luciferase activity (top right figure key; black: luciferase activity, white: no luciferase activity,
shaded: undetermined) was annotated on extant firefly luciferase homologs via literature review or
inference via direct orthology. The ancestral states of luciferase activity within the putative ancestral
nodes were then reconstructed with an unordered parsimony framework and a maximum likelihood (ML)
framework (bottom left figure key; Supporting Information 4.3.3). Two gains (‘G’) of luciferase activity,
annotated with black arrows and yellow stars, are hypothesized. These hypothesized gains occurred once
in a gene within the common ancestor of fireflies, rhagophthalmid, and phengodid beetles, and once in a
gene within the common ancestor of bioluminescent elaterid beetles. Scale bar is substitutions per site.
Numbers adjacent to nodes represents node support. (B) Molecular adaptation analysis supports
independent neofunctionalization of click beetle luciferase. We tested the molecular adaptation of elaterid
luciferase using the adaptive branch-site REL test for episodic diversification (aBSREL) method (Smith et
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al., 2015) (Supporting Information 4.3.4). The branch leading to the common ancestor of elaterid
luciferases (red star) was one of three branches (red and blue stars) recovered with significant (p<0.01)
evidence of positive selection, with 35% of sites showing strong directional selection (® or max dN/dS =
3.98), which we interpret as signal of the initial neofunctionalization of elaterid ancestral luciferase
(EAncLuc) from an ancestor without luciferase activity. As the selected branches with blue stars are
red-shifted elaterid luciferases (Oba et al., 2010a; Stolz et al., 2003), they may represent the
post-neofunctionalization selection of a few key sites via sexual selection of emission colors. Specific
sites identified as under selection using Mixed Effect Model of Evolution (MEME) and Phylogenetic
Analysis by Maximum Likelihood (PAML) methods are described in Supporting Information 4.3.4. The
tree and results from the full adaptive model are shown. Branch length, with the exception of the
PpyrLucl branch which was shortened, reflects the number of substitutions per site. Numbers adjacent to
nodes represents node support. Figure was produced with iTOL (Letunic and Bork, 2016).

We then carried out targeted molecular evolution analyses including the known beetle luciferases
and their closely related homologs. Ancestral state reconstruction of luminescent activity on the gene tree
using Mesquite (Maddison and Maddison, 2017) recovered two independent gains of luminescence as the
most parsimonious and likely scenario: once in click beetles, and once in the common ancestor of firefly,
phengodid, and rhagophthalmid beetles (Figure 4A; Supporting Information 4.3.3). In an independent
molecular adaptation analysis utilizing the coding nucleotide sequence of the elaterid luciferases and their
close homologs within Elateridae, 35% of the sites of the branch leading to the ancestral click beetle
luciferase showed a statistically significant signal of episodic positive selection with dN/dS > 1 (o or max
dN/dS = 3.98) as compared to the evolution of its paralogs using the aBSREL branch-site selection test
(Smith et al., 2015) (Figure 4B; Supporting Information 4.3.4). This implies that the common ancestor of
the click beetle luciferases (E4ncLuc) underwent a period of accelerated directional evolution. As the
branch under selection in the molecular adaptation analysis (Figure 4B) is the same branch of luciferase
activity gain via ancestral reconstruction (Figure 4A), we conclude that the identified selection signal
represents the relatively recent neofunctionalization of click beetle luciferase from a non-luminous
ancestral Clade D PACS gene, distinct from the more ancient neofunctionalization of firefly luciferase.
Based on the constraints from our tree, we determine that this neofunctionalization of E4AncLuc occured

after the divergence of the elaterid subfamily Agrypninae. In contrast, we cannot determine if the original

neofunctionalization of AncLuc occurred in the ancestral firefly, or at some point during the evolution of
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‘cantharoid’ beetles, an unofficial group of beetles including the Iluminous Rhagophthalmidae,
Phengodidae and Lampyridae among other non-luminous groups, but not the Elateridae (Branham and
Wenzel, 2003). There is evidence for a subsequent luciferase duplication event in phengodids, but not in
rhagophthalmids, that is independent of the duplication event that gave rise to Luc/ and Luc2 in fireflies
(Figures 3C and 4). Altogether, our results strongly support the independent neofunctionalization of
luciferase activity in click beetles and fireflies, and therefore at least two independent gains of

luciferin-utilizing luminescence in beetles.

Metabolic adaptation of the firefly lantern
Beyond luciferase, we sought to characterize other metabolic traits which might have co-evolved

in fireflies to support bioluminescence. Of particular importance, the enzymes of the de novo biosynthetic
pathway for firefly luciferin remain unknown (Oba et al., 2013b). We hypothesized that bioluminescent
accessory enzymes, either specialized enzymes with unique functions in luciferin metabolism or enzymes
with primary metabolic functions relevant to bioluminescence, would be highly expressed (HE: 90th
percentile; Supporting Information 4.2.2) in the adult lantern, and would be differentially expressed (DE;
Supporting Information 4.2.2) between luminescent and non-luminescent tissues. To determine this, we
performed RNA-Seq and expression analysis of the dissected P. pyralis and A. lateralis adult male lantern
tissue compared with a non-luminescent tissue (Supporting Information 4.2.2). We identified a set of
predicted orthologous enzyme-encoding genes conserved in both P. pyralis and A. lateralis that met our
HE and DE criteria (Figure 5). Both luciferase and luciferin sulfotransferase (LST), a specialized enzyme
recently implicated in luciferin storage in P. pyralis (Fallon et al., 2016), were recovered as candidate
genes using these four criteria (HE, DE, enzymes, direct orthology across species), confirming the
validity of our approach. While a direct ortholog of LST is present in 4. lateralis, it is absent from 1.
luminosus, suggesting that LST, and the presumed luciferin storage it mediates, is an exclusive ancestral

firefly or cantharoid trait. This finding is consistent with previous hypotheses of the absence of LST in
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Figure 5: Comparative analyses of firefly lantern expression highlight likely metabolic adaptations
to bioluminescence.

Enzymes which are highly expressed (HE), differentially expressed (DE), and annotated as enzymes via
InterProScan are shown in the Venn diagrams for their respective species. Those genes in the intersection
of the two sets which are within the same orthogroup (OGs) as determined by OrthoFinder are shown in
the table. Many-to-one orthology relationships are represented by bold orthogroups and blank cells. See
Supporting Information 4.2.2 for more detail. *=genes of previously described function. Underlying
expression quantification and Venn analysis available on FigShare: (DOI: 10.6084/m9.figshare.5715151)

Moreover, we identified several additional enzyme-encoding HE and DE lantern genes that are
likely important in firefly lantern physiology (Figure 5). For instance, adenylate kinase likely plays a
critical role in efficient recycling of AMP post-luminescence, and cystathionine gamma-lyase supports a
key role of cysteine in luciferin biosynthesis (Oba et al., 2013b) and recycling (Okada et al., 1974). We
also detected a combined adenylyl-sulfate kinase and sulfate adenylyltransferase enzyme (4SKS4) among
the lantern-enriched gene list (Supporting Information 4—figure 8), implicating active biosynthesis of
3'-phosphoadenosine-5'-phosphosulfate (PAPS), the cofactor of LST, in the lantern. This finding
highlights the importance of LST-catalyzed luciferin sulfonation for bioluminescence. These firefly
orthologs of ASKSA are the only members amongst their paralogs to contain a PTSI (Supporting
Information 4—figure 8), suggesting specialized localization to the peroxisome, the location of the
luminescence reaction. This suggests that the levels of sulfoluciferin and luciferin may be actively

regulated within the peroxisome of lantern cells in response to luminescence. Overall, our findings of
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several directly orthologous enzymes that share expression patterns in the light organs of both P. pyralis
and A. lateralis suggests that the enzymatic physiology and/or the gene expression patterns of the
photocytes were already fixed in the Luciolinae-Lampyrinae ancestor.

We also performed a similar expression analysis for genes not annotated as enzymes, yielding
several genes with predicted lysosomal function (Supporting Information 4—table 6; Supporting
Information 4.4). This suggests that the abundant but as yet unidentified ‘differentiated zone granule’
organelles of the firefly light organ (Ghiradella and Schmidt, 2004) could be lysosomes. Interestingly, we
found a HE (TPM value ~300) and DE opsin, RA7, in the light organ of A. lateralis, but not P. pyralis
(Supporting Information 4—figure 9; Supporting Information 4.5), suggesting a potential light perception
role for Rh7 in the A. lateralis lantern, akin to the light perception role described for Drosophila Rh7 (Ni
etal., 2017).

Genomic insights into firefly chemical defense
Firefly bioluminescence is postulated to have first evolved as an aposematic warning of larval

chemical defenses (Branham and Wenzel, 2003). Lucibufagins are abundant unpalatable defense steroids
described from certain North American firefly species, most notably in the genera Photinus (Meinwald et
al., 1979), Lucidota (Gronquist et al., 2005), and Ellychnia (Smedley et al., 2017), and hence are
candidates for ancestral firefly defense compounds. To test whether lucibufagins are widespread among
bioluminescent beetles, we assessed the presence of lucibufagins in P pyralis, A. lateralis, and I
luminosus by liquid-chromatography high-resolution accurate-mass mass-spectrometry (LC-HRAM-MS).
While lucibufagins were found in high abundance in P. pyralis adult hemolymph, they were not observed
in A. lateralis adult hemolymph, nor in I Iluminosus metathorax extract (Figure 6B; Supporting
Information 4.6). Since chemical defense is presumably most critical in the long-lived larval stage, we
next tested whether lucibufagins are present in all firefly larvae even if they are not present in the adults
of certain species. We found lucibufagins in P. pyralis larval extracts; however, they were not observed in
A. lateralis larval extracts (Figure 6B; Supporting Information 4.6). Together, these results suggest that
the lucibufagin biosynthetic pathway is either a derived trait only found in particular firefly taxa (e.g.
subfamily: Lampyrinae), or that lucibufagin biosynthesis was an ancestral trait that was lost in A.
lateralis. Consistent with the former hypothesis, the presence of lucibufagins in non-North-American
Lampyrinae has been previously reported (Tyler et al., 2008), but to date there are no reports of

lucibufagins in the Luciolinae.
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Figure 6: An expansion in the CYP303-P450 family correlates with lucibufagin content.

(A) Hypothesized lucibufagin biosynthetic pathway, starting from cholesterol. (B) LC-HRAM-MS
multi-ion-chromatograms (MIC) showing the summation of exact mass traces for the [M + H]" of 11
lucibufagin chemical formulas = 5 ppm, calibrated for run-specific systematic m/z error (Supporting
Information 4—table 9). Y-axis upper limit for P. pyralis adult hemolymph and larval body extract is
1000x larger than other traces. Arrows (blue/teal) indicate features with high MS2 spectral similarity to
known lucibufagins. Sporadic peaks in 4. lateralis body, and 1. luminosus thorax traces are not abundant,
preventing MS2 spectral acquisition and comparison, but do not match the m/z and RT of P. pyralis
lucibufagins (Supporting Information 4.6). (C) Maximum likelihood tree of CYP303 family cytochrome
P450 enzymes from P. pyralis, A. lateralis, T castaneum, and D. melanogaster. P. pyralis shows a unique
CYP303 family expansion, whereas the other species only have a single CYP303. Circles represent node
bootstrap support >60%. Branch length measures substitutions per site. Pseudogenes are annotated with
the greek letter V' (Supporting Information 1.10.1; 4.2.4). (D) Genomic loci for £ pyralis CYP303 family
genes. These genes are found in multiple gene clusters on LG9, supporting origin via tandem duplication.
Introns >4 kbp are shown.

The lucibufagin biosynthetic pathway is currently unknown. However, their chemical structure
suggests a biosynthetic origin from cholesterol followed by a series of hydroxylations, -OH acetylations,
and the side-chain oxidative pyrone formation (Figure 6A) (Meinwald et al., 1979). We hypothesized that
cytochrome P450s, an enzyme family widely involved in metabolic diversification of organic substrates
(Hamberger Bjorn and Bak Seren, 2013), could underlie several oxidative reactions in the proposed

lucibufagin biosynthetic pathway. We therefore inferred the P450 phylogeny among our three
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bioluminescent beetle genomes to identify any lineage-specific genes correlated with lucibufagin
presence. Our analysis revealed a unique expansion of one P450 family, the CYP303 family, in P. pyralis.
While 94/97 of currently sequenced winged-insect genomes on OrthoDB (Zdobnov et al., 2017), as well
as the A. lateralis and I luminosus genomes, contain only a single CYP303 family gene, the P. pyralis
genome contains 11 CYP303 genes and two pseudogenes (Figure 6C), which expanded via tandem
duplication on the same linkage group (Figure 6D). The CYP303 ortholog of D. melanogaster,
CYP303A1, has been shown to play a role in mechanosensory bristle development (Willingham and Keil,
2004). Although the exact biochemical function and substrate of D. melanogaster CYP303Al is
unknown, its closely related P450 families operate on an insect steroid hormone ecdysone (Willingham
and Keil, 2004). As ecdysone and lucibufagins are structurally similar, CYP303 may operate on
steroid-like compounds. Therefore, the lineage-specific expansion of the CYP303 family in P. pyralis is a
compelling candidate in the metabolic evolution of lucibufagins as chemical defenses associated with the
aposematic role of bioluminescence. Alternatively, this CYP303 expansion in P. pyralis may be associated

with other lineage-specific chemical traits, such as pheromone production.

Symbionts of bioluminescent beetles
Given the increasingly recognized contributions of symbionts to host metabolism (Newman and

Cragg, 2015), we characterized the hologenome of all three beetles as potential contributors to metabolic
processes related to bioluminescence. Whole genome sequencing of our wild-caught and laboratory
reared fireflies revealed a rich microbiome. Amongst our firefly genomes, we found various bacterial
genomes, viral genomes, and the complete mtDNA for a phorid parasitoid fly, Apocephalus antennatus,
the first mtDNA reported for genus Apocephalus. This mtDNA was inadvertently included in the P.
pyralis PacBio library via undetected parasitization of the initial specimens, and was assembled via a
metagenomic approach (Supporting Information 5.2). Independent collection of A. antennatus which

emerged from field-collected P. pyralis adults and targeted COI sequencing later confirmed the taxonomic
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origin of this mtDNA (Supporting Information 5.3). We also sequenced and metagenomically assembled
the complete circular genome (1.29 Mbp, GC: 29.7%; ~50x coverage) for a P. pyralis-associated
mollicute (Phylum: Tenericutes), Entomoplasma luminosum subsp. pyralis (Supporting Information 5.1).
Entomoplasma spp. were first isolated from the guts of North American fireflies (Hackett et al., 1992) and
our assembly provides the first complete genomic assembly of any Entomoplasma species. Broad read
coverage for the E. luminosus subsp. pyralis genome was detected in 5/6 of our P. pyralis DNA libraries,
suggesting that Entomplasma is a highly prevalent, possibly vertically inherited, P. pyralis symbiont. It
has been hypothesized that these Entomoplasma mollicutes could play a role in firefly metabolism,
specifically via contributing to cholesterol metabolism and lucibufagin biosynthesis (Smedley et al.,
2017).

Within our unfiltered A. lateralis genomic assembly (Alatl.2), we also found 43 scaffolds (2.3
Mbp; GC:29.8%, ~64x coverage), whose taxonomic annotation corresponded to the Tenericutes
(Supporting Information 2.5.2), suggesting that A. lateralis may also harbor a mollicute symbiont. Alatl.2
also contains 2119 scaffolds (13.0 Mbp, GC:63.7%, ~25x coverage) annotated as of Proteobacterial
origin. Limited Proteobacterial symbionts were detected in the I [uminosus assembly (0.4 Mbp;
GC:30-65% ~10x coverage) (Supporting Information 3.5.2), suggesting no stable symbiont is present in
adult 1. luminosus. Lastly, we detected two species of novel orthomyxoviridae-like ssRNA viruses, which
we dub Photinus pyralis orthomyxo-like virus 1 and 2 (PpyrOMLV 1/2), that were highly prevalent across
our P pyralis RNA-Seq datasets, and showed multi-generational transovarial transmission in the
laboratory (Supporting Information 5.4). We also found several endogenous viral elements (EVEs) for
PpyrOMLV 172 in P. pyralis (Supporting Information 5.5). These viruses are the first reported in any
firefly species, and represent only the second report of transgenerational transfer of any Orthomyxoviridae

virus (Marshall et al., 2014), and the second report of Orthomyxoviridae derived EVEs (Katzourakis and
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Gifford, 2010). Together, these genomes from the firefly holobiont provide valuable resources for the

continued inquiry of the symbiotic associates of fireflies and their biological and ecological significance.

DISCUSSION

Here, we generated genome assemblies, diverse tissue and life-stage RNA-Seq data, and LC/MS
data for three evolutionarily informative and historically well-studied bioluminescent beetles, and used a
series of comparative analyses to illuminate long-standing questions on the origins and evolution of beetle
bioluminescence. By analyzing the genomic synteny and molecular evolution of the beetle luciferases and
their extant and inferred-ancestral homologs, we found strong support for the independent origins of
luciferase, and therefore bioluminescence, between fireflies and click beetles. Our approaches and
analyses lend molecular evidence to the previous morphology-phylogeny based hypotheses of parallel
gain proposed by Darwin and others (Bocakova et al., 2007; Branham and Wenzel, 2003; Charles Darwin,
1872; Costa, 1975; Day, 2013; Oba, 2009; Sagegami-Oba et al., 2007). While our elaterid luciferase
selection analysis strongly supports an independent gain, we did not perform an analogous selection
analysis of luciferase homologs across all bioluminescent beetles, due to the lack of genomic data from
key related beetle families. Additional genomic information from early-diverged firefly lineages, other
luminous beetle taxa (e.g. Phengodidae and Rhagophthalmidae), and non-luminous elateroid taxa (e.g.
Cantharidae and Lycidae), will be useful to further develop and test models of luciferase evolution,
including the hypothesis that bioluminescence also originated independently in the Phengodidae and/or
Rhagophthalmidae. As some phylogenetic relationships of fireflies and other lineages of superfamily
Elateroidea remain uncertain, continued efforts to produce reference phylogeny for these taxa are required

(Bocak et al., 2018; Martin et al., 2017). Toward this goal, the recently published Pyrocoelia pectoralis
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Lampyrinae firefly genome is an important advance which will contribute to future phylogenetic and
evolutionary studies (Fu et al., 2017).

The independent origins of the firefly and click beetle luciferases provide an exemplary natural
model system to understand enzyme evolution through parallel mutational trajectories and the evolution
of complex metabolic traits generally. The abundance of gene duplication events of PACSs and ACSs at
the ancestral luciferase locus in both fireflies and I Juminosus suggests that ancestral promiscuous
enzymatic activities served as raw materials for the selection of new adaptive catalytic functions (Weng,
2014). But while parallel evolution of luciferase implies evolutionary independence of bioluminescence
overall, the reality may be more complex, and the other subtraits of bioluminescence amongst the
bioluminescent beetles likely possess different evolutionary histories from luciferase. While subtraits
presumably dependent on an efficient luciferase, such as specialized tissues and neural control, almost
certainly arose well after luciferase specialization, and thus can be inferred to also have independent
origins between fireflies and click beetles, luciferin, which was presumably a prerequisite to luciferase
neofunctionalization, may have been present in their common ancestor. Microbial endosymbionts, such as
the tenericutes detected in our P. pyralis and A. lateralis datasets, are intriguing candidate contributors to
luciferin metabolism and biosynthesis. Alternatively, recent reports have shown that firefly luciferin is
readily produced non-enzymatically by mixing benzoquinone and cysteine (Kanie et al., 2016), and that a
compound resulting from the spontaneous coupling of benzoquinone and cysteine acts as a luciferin
biosynthetic intermediate in 4. lateralis (Kanie et al., 2018). Benzoquinone is known to be a defense
compound of distantly related beetles (Dettner, 1987) and other arthropods (e.g. millipedes) (Shear, 2015).
Therefore, the evolutionary role of sporadic low-level luciferin synthesis through spontaneous chemical
reactions, either in the ancestral bioluminescent taxa themselves, or in non-bioluminescent taxa, and
dietary acquisition of luciferin by either the ancestral or modern bioluminescent taxa, should be

considered. To decipher between these alternative evolutionary possibilities, the discovery of genes



involved in luciferin metabolism in fireflies and other bioluminescent beetles will be essential. Here, as a
first step toward that goal, we identified conserved, enriched and highly expressed enzymes of the firefly
lantern that are strong candidates in luciferin metabolism and the elusive luciferin de novo biosynthetic
pathway. Ultimately focused experimentation will be needed to decipher the biochemical function of
these enzymes.

The early evolution of firefly bioluminescence was likely associated with an aposematic role. The
adaptive light production of the primordial firefly (or alternatively, a primordial bioluminescent
cantharoid beetle) that enabled the selection and neofunctionalization of luciferase was perhaps linked to
a response to predators by a primitive whole-body oxygen-gated luminescence, where a startle-response
mediated increase in hemolymph oxygenation through spiracle opening and escape locomotion caused a
concomitant increase in luminescence (Buck and Case, 2002; Case, 2004). Alternatively, an early role for
firefly luminescence in mate attraction has not been ruled out (Buck and Case, 2002). The presence of
particular unpalatable defense compounds in all extant fireflies would be consistent with an ancestral role
and the former hypothesis, and the chemical analysis of tissues across species and life stages presented in
this work provides new insights into the evolutionary occurrence of lucibufagins, the most well-studied
defense compounds associated with fireflies. Our results reject lucibufagins as ancestral defense
compounds of fireflies, but rather suggest them as a derived metabolic trait associated with Lampyrinae.
Additional chemical analyses across more lineages of fireflies are needed, however, to further support or
falsify this hypothesis. Toward this goal, the high sensitivity of our LC-HRAM-MS and MS? molecular
networking-based lucibufagin identification approach is particularly well suited to broadened sampling in
the future, including those of rare taxa and possibly museum specimens. Combined with genomic data
showing a concomitant expansion of the CYP303 gene family in P. pyralis, we present a promising path

toward elucidating the biosynthetic mechanism underlying these potent firefly toxins.
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Overall, the resources and analyses generated in this study shed valuable light on the evolutionary
questions Darwin first pondered, and will enable future studies of the ecology, behavior, and evolution of
bioluminescent beetles. These resources will also accelerate the discovery of new enzymes from
bioluminescent beetles that could enhance biotechnological applications of bioluminescence. Finally, we
hope that the genomic resources shared here will facilitate the development of effective population
genomic tools to monitor and protect wild bioluminescent beetle populations in the face of changing

climate and habitats.
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MATERIALS AND METHODS

Detailed materials and methods are available in the Supporting Information sections. Methods relating to
P. pyralis are given in Supporting Information 1, while methods relating to 4. lateralis and 1. luminosus
are given in Supporting Information 2 and Supporting Information 3, respectively. Methods for
comparative genomic analyses are given in Supporting Information 4, while methods for microbiome
characterization are given in Supporting Information 5. References to relevant sections of the Supporting

Information are placed in-line throughout the maintext.

DATA AND MATERIALS AVAILABILITY
Genomic assemblies (Ppyrl.3, Alatl.3, and Humil.2), associated official geneset data, a SequenceServer

(Priyam et al., 2015) BLAST server, and a JBrowse (Skinner et al., 2009) genome browser are available at
www.fireflybase.org. Raw genomic and RNA-Seq reads for P. pyralis, A. lateralis, and 1. luminosus, are
available under the NCBI/EBI/DDBJ BioProjects PRINA378805, PRJDB6460, and PRINA418169
respectively. Raw WGBS reads can be found on the NCBI Gene Expression Omnibus (GSE107177).
Mitochondrial genomes for P. pyralis and I luminosus and A. antennatus are available on NCBI GenBank
with accessions KY778696, MG242621, and MG546669. The complete genome of Entomoplasma
luminosum subsp. pyralis is available on NCBI GenBank with accession CP027019. The viral genomes
for Photinus pyralis orthomyxo-like virus 1 and 2 are available on NCBI Genbank with accessions
MG972985-MG972994. LC-MS data is available on Metabolights (Accession MTBLS698). Other

supporting datasets are available on FigShare (Supporting Information 6.1).
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Supporting Information 1

Photinus pyralis additional information
1.1 Taxonomy, biology, and life history
Photinus pyralis (Linnaeus, 1767) is amongst the most widespread and abundant of all U.S.

fireflies (Lloyd, 2008, 1966). It inspired extensive work on the biochemistry and physiology of firefly
bioluminescence in the early 20th century, and the first luciferase gene was cloned from this species (de
Wet et al., 1985). A habitat generalist, . pyralis occurs in fields, meadows, suburban lawns, forests, and
woodland edges, and even urban environments. For example, the authors have observed P. pyralis
flashing in urban New York City and Washington D.C. Adults rest on vegetation during the day and
signaling begins as early as 20 min before sunset (I.loyd, 1966). Male flashing is cued by ambient light
levels, thus shaded or unshaded habitats can show up to a 30 min difference in the initiation of male
flashing (Lloyd, 1966). Males can be cued to flash outside of true twilight if exposed to light intensities
simulating twilight (Case, 2004). P. pyralis were also reported to flash during totality of the total solar
eclipse of 2017 (Personal communication: L.F. Faust, M.A. Branham). Courtship activity lasts for 30-45
min and both sexes participate in a bioluminescent flash dialog, as is typical for Photinus fireflies.

Males initiate courtship by flying low above the ground while repeating a single ~300 ms patrol
flash at ~5-10 s intervals (Case, 2004). Males emit their patrol flash while dipping down and then
ascending vertically, creating a distinctive J-shaped flash gesture (Case, 2004; Lloyd, 1966) (Figure 1A).
During courtship, females perch on vegetation and respond to a male patrol flash by twisting their
abdomen toward the source of the flash and giving a single response flash given after a 2-3 s delay.
Receptive females will readily respond to simulated male flashes, such as those produced by an
investigator’s penlight. Females have fully developed wings and are capable of flight. Both sexes are
capable of mating several times during their adult lives. During mating, males transfer to females a
fitness-enhancing nuptial gift consisting of a spermatophore manufactured by multiple accessory glands

(Reijden et al., 1997); the molecular composition of this nuptial gift has recently been elucidated for P
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pyralis (Al-Wathiqui et al., 2016). In other Photinus species, male gift size decreases across sequential
matings (Cratsley et al., 2003), and multiple matings are associated with increased female fecundity
(Rooney and Lewis, 2002).

Adult P. pyralis live 2-3 weeks, and although these adults are typically considered non-feeding,
both sexes have been reported drinking nectar from the flowers of the milkweed Asclepias syriaca (Faust
and Faust, 2014). Mated females store sperm and lay ~30-50 eggs over the course of a few days on moss
or in moist soil. The eggs take 2—3 weeks to hatch. Larval bioluminescence is thought to be universal for
the Lampyridae, where it appears to function as an aposematic warning signal. Like other Photinus, P.
pyralis larvae are predatory, live on and beneath the soil, and appear to be earthworm specialists (Hess,
1920). In the northern parts of its range, slower development likely requires P. pyralis to overwinter at
least twice, most likely as larvae. Farther south, P pyralis may complete development within several
months, achieving two generations per year (Faust, 2017), which may be possibly be observed in the
South as a ‘second wave’ of signalling P. pyralis in September-October.

Anti-predator chemical defenses of male P. pyralis include several bufadienolides, known as
lucibufagins, that circulate in the hemolymph (Meinwald et al., 1979). Pterins have also been reported to
be abundant in P. pyralis (Goetz et al., 1981); however, the potential defense role of these compounds has
never been tested (Personal communication: J. Meinwald). When attacked, P. pyralis males release
copious amounts of rapidly coagulating hemolymph and such ‘reflex-bleeding’ may also provide physical
protection against small predators (Blum and Sannasi, 1974; Faust et al., 2012).

1.2 Species distribution
Although Photinus pyralis is widely distributed in the Eastern United States, published

descriptions of its range are limited, with the notable exception of Lloyd’s 1966 monograph (Lloyd, 1966)
which addresses the range of many Photinus species. We therefore sought to characterize the current
distribution of P. pyralis in order to produce an updated map to inform our experimental design and

enable future population genetic studies. Four sources of data were used to produce the presented range
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map of P. pyralis: (i) Field surveys by the authors (ii) Published (Lloyd, 1966; Luk et al., 2011) and
unpublished sightings of P pyralis at county level resolution, provided by Dr. J. Lloyd (University of
Florida), (iii) coordinates and dates of P. pyralis sightings, obtained by targeted e-mail surveys to firefly
field biologists, (iv) citizen scientist reports of P pyralis through the iNaturalist platform
(https://www.inaturalist.org/). iNaturalist sightings were manually curated to only include reports which
could be unambiguously identified as P. pyralis from the photos, and also that also included GPS
geotagging to <100 m accuracy. A spreadsheet of these sightings is available on FigShare (DOI:
10.6084/m9.figshare.5688826).

QGIS (v2.18.9, https://www.qgis.org) was used for data viewing and figure creation. A custom
Python script (https://github.com/elifesciences-publications/2017_misc_scripts) within QGIS was used to
link P pyralis sightings to counties from the us census shapefile
(https://www.census.gov/geo/maps-data/data/cbf/cbf _counties.html). Outlying points that were located in
Desert Ecoregions of the World Wildlife Fund (WWF) Terrestrial Ecoregions shapefile (Olson et al.,
2001; World Wildlife Fund, 2017) or the westernmost edge of the range were manually removed, as they
are likely isolated populations not representative of the contiguous range. For Figure 1B, these points
were converted to a polygonal range map using the ‘Concave hull” QGIS plugin (‘nearest neighbors =
19°) followed by smoothing with the Generalizer QGIS plugin with Chaiken’s algorithm (Level = 10, and
Weight = 3.00). Below (Supporting Information 1—figure 1), red circles indicate county-centroided

presence records.
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Supporting Information 1—figure 1. Detailed geographic distribution map for P. pyralis.

P. pyralis sightings (red circles show county centroided reports) in the United States and Ontario, Canada (diagonal
hashes). The World Wildlife Fund Terrestrial Ecoregions (Olson et al., 2001; World Wildlife Fund, 2017) are also
shown (colored shapes). The . pyralis sighting dataset shown is identical to that used to prepare Figure 1B.

In our field surveys. we found that the range of P. pyralis was notably extended from the range reported
by Lloyd, specifically we found P. pyralis in abundance to the west of the Mill river in Connecticut. .
pyralis is found with confidence roughly from Connecticut to Texas, and possibly as far south as
Guatemala (Personal communication: A. Catalan). These possible southern populations require further

study.

1.3 Specimen collection and identification
Adult male P pyralis specimens for Illumina short-insert and mate-pair sequencing were

collected at sunset on June 13th, 2011 near the Visitor’s Center at Great Smoky Mountains National Park

(permit to Dr. Kathrin Stanger-Hall). Specimens were identified to species and sex via morpholog
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(Green, 1956), flash pattern and behavior (Lloyd, 1966), and cvtochrome-oxidase [ (CO[) similarity
(partial sequence: primers HCO, LCO (Stanger-Hall and Lloyd, 2015)) when blasted against an in-house
database of firefly COI nucleotide sequences. Collected fireflies were stored in 95% ethanol at —80°C
until DNA extraction.

Adult male P pyralis specimens for Pacific Biosciences (PacBio) RSII sequencing were captured
during flight at sunset on June 9th, 2016, from Mercer Meadows in Lawrenceville, NJ (40.3065 N
74.74831 W), on the basis of the characteristic ‘rising J* flash pattern of P. pyralis (permit to TRF via
Mercer County Parks Commission). Collected fireflies were sorted, briefly checked to be likely P. pyralis
by the presence of the margin of ventral unpigmented abdominal tissue anterior to the lanterns, flash
frozen with liquid N2, lyophilized. and stored at —80°C until DNA extraction. A single aedeagus (male
genitalia) was dissected from the stored specimens and confirmed to match the P. pyralis taxonomic key
(Green, 1956) (Supporting Information 1—figure 2).

A B

Supporting Information 1—figure 2. P. pyralis aedeagus (male genitalia).

(A) Ventral and (B) side view of a P pyralis aecdeagus dissected from specimens collected on the same date and
locality as those used for PacBio sequencing. Note the strongly sclerotized paired ventro-basal processes (*mickey
mouse ears’) emerging from the median process, characteristic of P pyralis (Green, 1956).




1.3.2 Collection and rearing of P. pyralis larvae
We intended to survey the lucibufagin content of P. pyralis larvae (Figure 6B; Supporting

Information 4.6), and as well as the transovarial transmission of Photinus pyralis orthomyxo-like viruses
from parent to larvae (Supporting Information 5.4), but as P. pyralislarvae are subterranean and extremely
difficult to collect from the wild, we reared P. pyralis larvae from eggs laid from mated pairs. It is
important to note that these P. pyralis larval rearing experiments were unexpectedly successful. Although
there has been some success in laboratory rearing and domestication of Asian Aquatica spp. (Ho et al.,
2010), including the A. lateralis lkeya-Y90 strain described in this manuscript, rearing of North American
fireflies is considered extremely difficult with numerous unpublished failures for unclear reasons (Lloyd,
1996), and limited reports of successful rearing of mostly non-Photinus genera, including Photuris sp.
(McLean et al., 1972), Pyractomena angulata (Buschman, 1988), and Pyractomena borealis (Personal
communication: Scott Smedley). The below protocol for P pyralis larval rearing is presented in the
context of disclosure of the methods of this manuscript, and should be considered a preliminary,
unoptimized rearing protocol. A full description of the P. pyralis larvae and it’s life history and behavior
will be presented in a separate manuscript.

Four adult female P. pyralis were collected from the Bluemont Junction Trail in Arlington, VA
from June 12th through June 18th 2017 (collection permission obtained by TRF from Arlington County
Parks and Recreation department). The females were mated to P. pyralis males collected either from the
same locality and date, or to males collected from Kansas in late June. Mating was performed by housing
one to two males and one female in small plastic containers for ~1-3 days with a wet kimwipe to maintain
humidity. Mating pairs were periodically checked for active mating, which in Photinus fireflies takes
several hours. Successfully mated females were transferred to Magenta GA-7 plastic boxes
(Sigma-Aldrich, USA), and provided a ~4 cm x 4 cm piece of locally collected moss (species diverse and
unknown) as egg deposition substrate, and allowed to deposit eggs until their death in ~1—4 days.

Deceased females were removed, artificial freshwater (AFW; 1:1000 diluted 32 PSU artificial seawater)
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was sprayed into the box to maintain high humidity, and eggs were kept for 2-3 weeks at room
temperature and periodically checked until hatching. Like other firefly eggs, the eggs of P. pyraliswere
observed to be faintly luminescent imaging using a cooled CCD camera (Supporting Information
I—figure 3); however, this luminescence was not visible to the dark-adapted eye, indicating that this
luminescence is less intense than other firefly species such as Luciola cruciata (Harvey, 1952).

Upon hatching, first instar larvae were mainly fed ~1 cm cut pieces of Canadian Nightcrawler
earthworms (Lumbricus terrestris; Windsor Wholesale Bait, Ontario, Canada), and occasional live White
Worms (Enchytraeus albidus;, Angels Plus, Olean, NY). Although P. pyralis first instar larvae were
observed to attack live Enchytraeus albidus, an experiment to determine if this would be suitable as a
single food source was not performed. Uneaten and putrefying earthworm pieces were removed after |
day, and the container cleaned. Once the larvae had been manually fed for ~2 weeks and deemed
sufficiently strong, they were transferred to plastic shoeboxes (P/N: S-15402, ULINE, USA) which were
intended to mimic a soil ecosystem. In personal discussions of unpublished firefly rearing attempts by
various firefly researchers, we noted that a common theme was the difficulty of preventing the uneaten
prey of these predatory larvae from putrifying. Therefore, we sought to create ecologically inspired
‘eco-shoeboxes’, where fireflies would prey on live organisms, and other organisms would assist in
cleanup of uneaten or partially eaten prey that had been fed to the firefly larvae, to prevent the growth of
pathogenic microorganisms on uneaten prey.

First, these shoeboxes were filled with 1L of mixed 50% (v/v) potting soil, and 50% coarse sand
(Quikrete, USA) that had been washed several times with distilled water to remove silt and dust. The
soil-sand mix was wet well with AFW, and live Enchytraeus albidus (50+), temperate springtails (50+;
Folsomia candida; Ready Reptile Feeders, USA), and dwarf isopods (50+; Trichorhina tomentosa; Ready
Reptile Feeders, USA) were added to the box, and several types of moss, coconut husk, and decaying

leaves were sparingly added to the corners of the box. The non-firefly organisms were included to mimic
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a primitive detritivore (Enchytraeus albidus and Trichorhina tomentosa) and fungivore (Folsomia
candida) system. About 50 firefly larvae were included per box. No interactions between the P. pyralis
larvae and the additional organisms were observed. Predation on Enchytraeus albidus seems likely, but
careful observations were not made. Distilled water was sprayed into the box every ~2 days to maintain a
high humidity. Throughout this period, live Lumbricus terrestris (~10~15 cm) were added to the box
every 2-3 days as food. These earthworms were first prepared by washing with distilled water several
times to remove attached soil, weakened and stimulated to secrete coelomic fluid and gut contents by
spraying with 95% ethanol, washed several times in distilled watef, and left overnight in ~2 cm depth
distilled water at 4°C. Anecdotally this pre-cleaning and preparation process reduced the rate and degree
that dead earthworms putrefied. Young P. pyralis larvae were observed to successfully kill and
gregariously feed on these live earthworms (Supporting Information 1—figure 4). The possibility that
firefly larvae possess a paralytic venom used to stun or kill prey has been noted by other researchers
(Hess, 1920; Williams, 1917). In our observations, an earthworm would immediately react to the bite
from a single P. pyralis larvae, thrashing about for several minutes, but would then become seemingly
paralyzed over time, supporting the role of a potent, possibly neurotoxic, firefly venom. The P. pyralis
larvae would then begin extra-oral digestion and gregarious feeding on the liquified earthworm. Once the
earthworm had been killed and broken apart by firefly larvae, Enchytraeus albidus would enter through
gaps in the cuticle and begin to feed in large numbers throughout the interior of the earthworm. The other
detritivores were observed at later stages of feeding. Between the combined action of the P. pyralis larvae,
and the other detritivores, the live earthworm was completely consumed within 1-2 days, and no manual
cleanup was required.

Compared to the initial manual feeding and cleaning protocol for P. pyralis 1st instar larvae, the
‘eco-shoebox’ rearing method was low-input and convenient for large numbers of larvae. The feeding and

cleanup process was efficient for ~2 months (July through September), leading to a large number of
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healthy 3-4th instar larvae (Supporting Information 1—figure 5). However, after that point, P. pyralis
larvae, possibly in preparation for a winter hibernation, seemingly became quiescent, and were less
frequently seen patrolling throughout the box. At the same time, the Enchytraeus albidus earthworms
were observed to become less abundant, either due to continual predation by P. pyralis, or due to
population collapse from insufficient fulfillment of nutritional requirements from feeding of Enchytraeus
albidus on Lumbricus terrestris alone.

At this point, earthworms were not consumed within 1-2 days, and became putrid, and P. pyralis
which had been feeding on these earthworms were frequently found dead nearby, and themselves quickly
putrefied. Generally after this point P. pyralis larvae were more frequently found dead and partially
decayed, indicating the possibility of pathogenesis from microorganisms from putrefying earthworms. At
this stage, it was observed that mites (Acari), probably from the soil contained in the guts of the fed
earthworms, became abundant, and were observed to act as ectoparasitic on P. pyralis larvae. An attempt
to simulate hibernation of P. pyralis larvae was made by storing them at 4°C for ~3 weeks, however a
large proportion (~30%) of larvae died during this hibernation to a seeming fungal infection. Other larvae
revived quickly when returned to room temperature, but all Trichorhina tomentosa were killed by even
transient exposure to 4°C. To date, a smaller number of fifth and sixth instar P. /arvae have been obtained,
but pupation in the laboratory has not occured. The lack of pupation is unsurprising as it is likely occurs
in the wild after 1-2 years of growth, is likely under temperature and photoperiodic control, and may
require a licensing stage of cold temperature hibernation for several weeks. Overall, manual feeding of
first] st instar larvae followed by the ‘eco-shoebox” method was unexpectedly successful approach for the

maintenance and growth of P. pyralis larvae.
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Supporting Information 1—figure 3. Luminescence of P. pyralis eggs.

(A) Photograph under ambient light of ~1 day post-deposition P. pyralis eggs. (B) Photograph of self-luminescence
of ~1 day post-deposition P. pyralis eggs. Both photographs taken with a NightOwl LB98 cooled CCD luminescence
imager (Berthold Technologies, USA). Luminescence was not visible to the dark-adapted eye.

Supporting Information 1—figure 4. Gregarious predation of young P. pyralis larvae on a live
Lumbricus terrestris.

Both P pyralis larvae (red arrows), and Enchytraeus albidus (yellow arrows), were observed to feed on the
paralyzed earthworms.
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Supporting Information 1—figure 5. Gregarious predation of 3rd-4th instar F. pyralis larvae on a
live Lumbricus terrestris.

1.4 Karyotype and genome size
The karyotype of P pyralis was previously reported to be 2n = 20 with XO sex determination

(male, 18A + XO: female, 18A + XX) (Wasserman and Ehrman, 1986). The genome sizes of four P
pyvralis adult males were previously determined to be 422 £ 9 Mbp (SEM, n = 4). whereas the genome
sizes of five P. pyralis adult females were determined to be 448 + 7 (SEM, n = 5) by nuclear flow
cytometry analysis (Lower et al., 2017). From these analyses, the size of the X-chromosome is inferred to

be ~26 Mbp. Genome size inference via kmer spectral analysis of the P. pyralis short-insert [llumina data
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from a single adult P pyralis male estimated a genome size of 343 Mbp (Supporting Information
1—figure 6).

1.5 Library preparation and sequencing
See Supporting Information 4—table 1 for a overview of all sequence libraries. Library specific

construction methods are detailed below.

L5.1 Hlumina
DNA was extracted from sterile-water-washed thorax of Great Smoky Mountains National Park

collected specimens using phenol-chloroform extraction with RNAse digestion, checked for quality via
gel electrophoresis, and quantified by Nanodrop or Qubit (Thermo Scientific, USA). To obtain sufficient
DNA for both short insert and mate-pair library construction, libraries were constructed separately from
DNA from each of two individual males and pooled DNA of three males, all from the same population.
Males were selected for sequencing as they are more easily found in the field than females. In addition, as
P. pyralis males are XO (Dias et al., 2007), differences in sequencing coverage could inform localization
of scaffolds to the X chromosome. Illumina TruSeq short insert (average insert size: 300 bp) and Nextera
mate-pair libraries (insert size: 3 Kbp, 6 Kbp) were constructed at the Georgia Genomics Facility (Athens,
GA) and subsequently sequenced on two lanes of [llumina HiSeq 2000 100 x 100 bp PE réads (University

of Texas; Supporting Information 4—table 1).
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Supporting Information 1—figure 6. Genome scope kmer analysis of the P. pyralis short read
library.

(A) Linear and (B) log plot of a kmer spectral genome composition analysis of the ‘8369" P pyralis lllumina
short-read library from a single P pyralis XO adult male (Supporting Information 1.5.1; Supporting Information
4—table 1) with jellyfish (v2.2.9: parameters: -C -k 35) (Margais and Kingsford, 2011) and GenomeScope (v1.0;
parameters: Kmer length = 35, Read length = 100, Max kmer coverage = 1000) (Vurture et al., 2017). len = inferred
haploid genome length, uniq = percentage non-repetitive sequence, het = overall rate of genome heterozygosity,
kcov = mean kmer coverage for heterozygous bases, err = error rate of the reads, dup: average rate of read
duplications. These results are consistent with the genome size of a XO male, when possible systematic error of
kmer spectral analysis and flow cytometry genome size estimates is considered. The heterozygosity is somewhat low
when compared to some other arthropods.

1.5.2 PacBio
High-molecular-weight DNA (HMW DNA) was extracted from four pooled lyophilized adult

male P. pyralis (dry mass 90.8 mg) from the MMNIJ field site. These specimens were first externally
washed using 95% ethanol, after which DNA extraction proceeded with a 100/G Genomic Tip plus
Genomic Buffers kit (Qiagen, USA). DNA extraction followed the manufacturer's protocol, with the
exception of the final precipitation step, where HMW DNA was pelleted with 40 pg RNA grade glycogen
(Thermo Scientific, USA) and centrifugation (3000 x g, 30 min, 4 “C) instead of spooling on a glass rod.
Although increased genomic heterozygosity from four pooled males and a resulting more complicated

genome assembly was a concern for a wild population like P pyralis, four males were used in order to
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extract enough DNA for workable coverage using 15 Kbp+ size selected PacBio RSII sequencing. All
extracted DNA was used for library preparation, and all of the final library was used for sequencing.
Adult males, being XO, were chosen over the preferable XX females, as adult males are much more
easily captured because they signal during flight, whereas females are typically found in the brush below
and generally only flash in response to authentic male signals.

Precipitated HMW DNA was redissolved in 80 pL. Qiagen QLE buffer (10 mM Tris-Cl, 0.1 mM
EDTA, pH 8.5) yielding 17.1 pg of DNA (214 ng/ulL) and glycogen (500 ng/puL). Final DNA
concentration was measured with a Qubit fluorometer (Thermo Scientific) using the Qubit Broad Range
kit. Manipulations hereafter, including HMW DNA size QC, fragmentation, size selection, library
construction, and PacBio RSII sequencing, were performed by the Broad Technology Labs of the Broad
Institute (Cambridge, MA).

First, the size distribution of the HMW DNA was confirmed by pulsed-field-gel-electrophoresis
(PFGE). In brief, 100 ng of HMW DNA was run on a 1% agarose gel (in 0.5x TBE) with the Bio-Rad
CHEF-DR I1I system. The sample was run out for 16 hr at six volts/cm with an angle of 120 degrees with
a running temperature of 14 °C. The gel was stained with SYBR Green dye (Thermo Scientific - Part No.
S75683). 1 pg of 5 Kbp ladder (Bio-Rad, part no 170-3624) was used as a standard. These results
demonstrated the HMW DNA had a mean size of >48 Kbp (Supporting Information 1—figure 7). This
pool of HMW DNA is designated 1611 _PpyrPB1 (NCBI BioSample SAMNO08132578).

Next, HMW DNA (17.1 pg) was sheared to a targeted average size of 20-30 Kbp by
centrifugation in a Covaris g-Tube (part no. 520079) at 2500 x g for 2 min. SMRTbell libraries for
sequencing on the PacBio platform were constructed according to the manufacturer’s recommended
protocol for 20 Kbp inserts, which includes size selection of library constructs larger than 15 Kbp using
the BluePippin system (Sage Science, Beverly, MA). Two separate cassettes were run. In each cassette,

two lanes were used in which there was 1362 ng/lane (PAC20kb kit). Constructs 15 Kbp and above were
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eluted over a period of 4 hr. An additional damage repair step was carried out post size-selection. Insert
size range for the final library was determined using the Fragment Analyzer System (Advanced
Analytical. Ankeney, 1A). The size-selected SMRTbell library was then sequenced over 61 SMRT cells on
a PacBio RSII instrument of the Broad Technology Labs (Cambridge, MA), using the P6 v.2 polymerase
and the v.4 DNA Sequencing Reagent (P6-C4 chemistry: part numbers 100-372-700, 100-612-400).

PacBio sequencing data is available on the NCBI Sequence Read Archive (Bioproject PRINA378805).

L1 Lambda

-100kb

Supporting Information 1—figure 7. PFGE of P. pyralis HMW DNA used for PacBio sequencing.
Lane | was used for further library prep and sequencing, Lanes 2-5 represent separate batches of P pyralis HMW
DNA that was not used for PacBio sequencing. Lane | was used as it had the highest DNA yield, and an equivalent
DNA size distribution to the other samples.
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Supporting Information 1—figure 8. Subread length distribution for P. pyralis PacBio RSII
sequencing.
Figure produced with SMRTPortal (v2.3.0.140936, Pacific Biosciences) by aligning all PacBio reads from data from

the 61 SMRT cells against Ppyrl.3 using the RS Resequencing.1 protocol with default parameters. Subread length
unit is basepair (bp).

1.5.3 Hi-C library preparation
Two adult P pyralis MMNIJ males were flash frozen in liquid nitrogen, stored at —80°C, and

shipped on dry-ice to Phase Genomics (Seattle, WA). Manipulations hereafter occurred at Phase
Genomics, following previously published protocols (Bickhart et al., 2017; Burton et al., 2013;
Lieberman-Aiden et al., 2009). Briefly, a streamlined version of the standard Hi-C protocol
(Lieberman-Aiden et al., 2009) was used to perform a series of steps resulting in proximity-ligated DNA
fragments, in which physically proximate sequence fragments are joined into linear chimeric molecules.

First, in vivo chromatin was cross-linked with formaldehyde, fixing physically proximate loci to each
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other. Chromatin was then extracted from cellular material and digested with the Sau3Al restriction
enzyme, which cuts at the GATC motif. The resulting fragments were proximity ligated with biotinylated
nucleotides and pulled down with streptavidin beads. These chimeric sequences were then sequenced with
80 bp PE sequencing on the Illumina NextSeq platform, resulting in Hi-C read pairs.

1.6 Genome assembly
The P. pyralis genome assembly followed three stages: (1) a hybrid assembly using Illumina and

PacBio reads, producing assembly Ppyrl.1 (Supporting Information 1.6.2), (2) Ppyrl.1 scaffolded using
Hi-C data, producing assembly Ppyrl.2 (Supporting Information 1.6.3), and (3) Ppyrl.2 manually
curation for proper X-chromosome assembly and removal of putative non-firefly sequences, producing
Ppyrl.3 (1.6.4).

1.6.2 Ppyrl.1: MaSuRCA hybrid assembly

Several genome assembly approaches were evaluated with the general goal of maximizing
conserved gene content and contiguity. The highest quality P. pyralis assembly was generated by a hybrid
assembly approach using a customized MaSuRCA (v3.2.1_01032017) (Zimin et al., 2017, 2013) pipeline
that combined both Illumina-corrected PacBio reads (Mega-reads) and synthetic long reads constructed
from short-insert reads alone (Super-reads) using a custom small overlap length (59 bp).

We first applied MaSuRCA (v3.2.1 _01032017) (Zimin et al., 2017, 2013) to correct our long
reads (38x coverage; Library ID 1611 PpyrPB1; Supporting Information 4—table 1) using our
short-insert and mate-pair reads (Libraries: 8369, 375 3K, 8375 6K, 83 3K, 83_6K; Supporting
Information 4—table 1). No pre-filtering of reads was performed, as Illumina adaptors are automatically
removed within the MaSuRCA pipeline. We modified the pipeline to assemble the genome using both
corrected long reads (Mega-reads) and synthetic long reads (Super-reads) with a custom smaller overlap
length (59 bp). All reads (short-insert, mate-pair and PacBio) were then used within the MaSuRCA

pipeline to call a genomic consensus.
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To scaffold the contigs, we first filtered Illumina short-reads from the mate-pair libraries
(Libraries 8375 3K, 8375 6K, 83 3K, 83 6K) with Nxtrim (v0.4.1) (O’Connell et al., 2015) with
parameters ‘--separate --rf --justmp’. We then manually integrated the MaSuRCA assembly by replacing
the incomplete mitochondrial contigs with complete mitochondrial assemblies from P. pyralis and
Apocephalus antennatus (Supporting Information 5.2). We scaffolded and gap-filled the assembly using
the Illumina short-insert and filtered mate-pair reads (Libraries: 8369, 8375 3K, 8375 6K, 83 3K,
83_6K) via Redundans (v0.13a) (Pryszcz and Gabaldon, 2016) with default settings. After scaffolding
with our Illumina data, redundant sequences were removed by the MaSuRCA ‘deduplicate contigs.sh’
script. We then applied PBjelly (v15.8.24) (English et al., 2012) and PacBio reads to scaffold and gap-fill
the assembly, and redundancy reduction with ‘deduplicate_contigs.sh’ script was run again. Finally, we
replaced mitochondrial sequences which had been artificially extended by the scaffolding, gap-filling and
sequence extension process with the proper sequences. The resultant assembly was dubbed Ppyrl.1.

1.6.3 Ppyrl.2: Scaffolding with Hi-C

The Hi-C read pairs were applied in a manner similar to that originally described here (Burton et
al., 2013) and later expanded upon (Bickhart et al., 2017). Briefly, Hi-C reads were mapped to Ppyrl.1
with BWA (v1.7.13) (Li and Durbin, 2009), requiring perfect, unique mapping locations for a read pair to
be considered usable. The number of read pairs joining a given pair of contigs is referred to as the ‘link
frequency’ between those contigs, and when normalized by the number of restriction sites in the pair of
contigs, is referred to as the ‘link density’ between those contigs.

A three-stage scaffolding process was used to create the final scaffolds, with each stage based
upon previously described analysis of link density (Bickhart et al., 2017; Burton et al., 2013). First,
contigs were placed into chromosomal groups. Second, contigs within each chromosomal group were
placed into a linear order. Third, the orientation of each contig is determined. Each scaffolding stage was

performed many times in order to optimize the scaffolds relative to expected Hi-C linkage characteristics.
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In keeping with previously described methods (Bickhart et al., 2017; Burton et al., 2013), the
number of chromosomal scaffolds to create—10-was an a priori input to the scaffolding process derived
from the previously published chromosome count of P. pyralis (Wasserman and Ehrman, 1986). However,
to verify the correctness of this assumption, scaffolds were created for haploid chromosome numbers
ranging from 5 to 15. A scaffold number of 10 was found to be optimal for containing the largest
proportion of Hi-C linkages within scaffolds, which is an expected characteristic of actual Hi-C data.

1.6.4 Ppyrl.3: Manual curation and taxonomic annotation filtering

1.6.4.1 Defining the X chromosome

Hi-C data was mapped and converted to the 'hic' file format with the juicer pipeline (v1.5.6)
(Durand et al., 2016b), and then visualized using juicebox (v1.5.2) (Durand et al., 2016a). This
visualization revealed a clear breakpoint in Hi-C linkage density on LG3 at ~22,220,000 bp. Mapping of
Illumina short-insert and PacBio reads with Bowtie2 (v2.3.1) (Langmead and Salzberg, 2012) and
SMRTPortal (v2.3.0.140893) with the ‘RS _Resequencing.1’ protocol, followed by visualization with
Qualimap (v2.2.1) (Okonechnikov et al., 2016), revealed that the first section of LG3 (1-22,220,000 bp),
here termed LG3a, was present at roughly half the coverage of LG3b (22,220,001-50,884,892 bp) in both
the Illumina and PacBio libraries. Mapping of Tribolium castaneum X chromosome proteins (NCBI Tcas
5.2) to the Ppyrl.2 assembly using both tblastn (v2.6.0) (Camacho et al., 2009) and Exonerate (v2.2.0)
(Slater and Birney, 2005) based ‘protein2genome’ alignment through the MAKER pipeline revealed a
relative enrichment on LG3a only. Taken together, this data suggested that the half-coverage section of
LG3 (LG3a) corresponded to the X-chromosome of P. pyralis, and that it was misassembled onto an
autosome. Therefore, we manually split LG3 into LG3a and LG3b in the final assembly.

1.6.4.2 Taxonomic annotation filtering

Given the recognized importance of filtering genome assemblies to avoid misinterpretation of the
data (Koutsovoulos et al., 2016), we sought to systematically remove assembled non-firefly contaminant

sequence from Ppyrl.2. Using the blobtools toolset (v1.0.1) (Laetsch and Blaxter, 2017), we
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taxonomically annotated our scaffolds by performing a blastn (v2.6.0+) nucleotide sequence similarity
search against the NCBI nt database, and a diamond (v0.9.10.111) (Buchfink et al., 2015) translated
nucleotide sequence similarity search against the of Uniprot reference proteomes (July 2017). Using this
similarity information, we taxonomically annotated the scaffolds with blobtools using parameters ‘-x
bestsumorder --rank phylum’. A tab delimited text file containing the results of this blobtools annotation
are available on FigShare (DOI: 10.6084/m9.figshare.5688982). We then generated the final genome
assembly by retaining scaffolds that either contained annotated features (genes or
non-simple/low-complexity repeats), had coverage >10.0 in both the Illumina (Supporting Information
1—figure 9) and PacBio libraries (Supporting Information 1—figure 10), and if the taxonomic phylum
was annotated as ‘Arthropod’ or ‘no-hit’ by the blobtools pipeline (Supporting Information 1—figure 11).
This approach removed 374 scaffolds (2.1 Mbp), representing 15% of the scaffold number and 0.4% of
the nucleotides of Ppyrl.2. Notably, four tenericute scaffolds, likely corresponding to a partially
assembled Entomoplasma sp. genome, distinct from the Entomoplasma luminosus var. pyralis assembled
from the PacBio library (Supporting Information 5) were removed. Furthermore, we removed two contigs

representing the mitochondrial genome of P pyralis (complete mtDNA available via Genbank:

KY778696). The final filtered assembly, Ppyr1.3, is available at www.fireflybase.org.
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Supporting Information 1—figure 9. BlobPlot of Illumina short-insert reads aligned against the
Ppyrl.2 reference.

Coverage shown represents mean coverage of reads from the Illumina short-insert library (Sample name 8369;
Supporting Information 4—table 1), aligned against Ppyrl.2 using Bowtie2 with parameters (--local). Scaffolds
were taxonomically annotated as described in Supporting Information 1.6.4.2.
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Supporting Information 1—figure 10. BlobPlot of P. pyralis PacBio reads aligned against Ppyrl.2.
Coverage shows represents mean coverage of reads from the PacBio library (Sample name 1611; Supporting
Information 4—table 1). The reads were aligned using SMRTPortal v2.3.0.140893 with the ‘RS_Resequencing.1’
protocol with default parameters. Scaffolds were taxonomically annotated as described in Supporting Information
1.6.4.2.
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Supporting Information 1—figure 11. Venn diagram representation of blobtools taxonomic
annotation filtering approach for Ppyrl.2 scaffolds.

(A) The blue set represents scaffolds which have >10.0 coverage in both Illumina and PacBio libraries. (B) The red
set represents scaffolds which had either genes on repeats (non simple or low-complexity) annotated. (C) The green
set represents scaffolds with suspicious taxonomic assignment (Non ‘Arthropod’ or ‘no-hit’). Outside A, B, and C,
represents low-coverage, unannotated scaffolds. Ppyrl.3 consists of the intersection of A and B, minus the
intersection of C. All linkage groups (LG1-LG10) were annotated as ‘Arthropod’ by blobtools, and captured in the
intersection between A and B but not set C.

1.7 Ppyr0.1-PB: PacBio only genome assembly
In addition to our finalized genome assembly (Ppyrl.3). we sought to better understand the symbiont

composition that varied between our P. pyralis PacBio and Illumina libraries. Therefore, we produced a
long-read only assembly of our PacBio data to assemble the sequence that might be unique to this library.
To achieve this, we first filtered the HDF5 data from the 61 sequence SMRT cells to. FASTQ format
subreads using the SMRTPortal data processing software package (v2.3.0.140893)
(http://www.pacb.com/products-and-services/analytical-software/smrt-analysis/) with the
‘RS Subreads.1’ protocol with default parameters. These subreads were then input into Canu (Github
commit 28ecea5/v1.6) (Koren et al., 2017) with parameters ‘genomeSize = 450 m corOutCoverage = 200
ovlErrorRate = 0.15 obtErrorRate = 0.15 -pacbio-raw’. The unpolished contigs from this produced

genome assembly are dubbed Ppyr0.1-PB.
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1.8 Mitochondrial genome assembly and annotation
To achieve a full length mitochondrial genome (mtDNA) assembly of P. pyralis, sequences were

assembled separately from the nuclear genome. Short insert Illumina reads from a single GSMNP
individual (Sample 8369; Supporting Information 4—table 1) were mapped to the known mtDNA of the
closest available relative, Pyrocoelia rufa (NC_003970.1 (Bae et al.,, 2004)) using bowtie2 v2.3.1
(parameters: --very-sensitive-local). All concordant read pairs were input to SPAdes (v3.8.0) (Nurk et al.,
2013) (parameters: --plasmid --only-assembler -k35,55,77,90) for assembly. The resulting contigs were
then combined with the P. rufa mitochondrial reference genome for a second round of read mapping and
assembly. The longest resulting contig aligned well to the P. rufa mitochondrial genome; however, it was
~1 Kbp shorter than expected, with the unresolved region appearing to be the tandem repetitive region
(TRU) (Bae et al., 2004), previously described in the P. rufa mitochondrial genome. To resolve this, all
PacBio reads were mapped to the draft mitochondrial genome, and a single high-quality PacBio
circular-consensus-sequencing (CCS) read that spanned the unresolved region was selected using manual
inspection and manually assembled with the contiguous sequence from the Illumina sequencing to
produce a complete circular assembly. The full assembly was confirmed by re-mapping the Illumina
short-read data using bowtie2 followed by consensus calling with Pilon v1.21 (Walker et al., 2014).
Re-mapped PacBio long-read data also confirmed the structure of the mtDNA, and indicated variability in
the repeat unit copy number of the TRU amongst the four sequenced P. pyralis individuals (Sample
1611_PpyrPB1; Supporting Information 4—table 1). The P. pyralis mtDNA was then ‘restarted’ using
segkit (Shen et al., 2016), such that the FASTA record break occurred in the AT-rich region, and annotated
using the MITOS2 annotation server (http://mitos2.bioinf.uni-leipzig.de/). Low confidence and duplicate
gene predictions were manually removed from the MITOS2 annotation. The final P. pyralis mtDNA with

annotations is available on GenBank (KY778696).
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Supporting Information 1—figure 12. Mitochondrial genome of P. pyralis.
The mitochondrial genome of P. pyralis was assembled and annotated as described. Note the firefly specific

tandem-repeat-unit (TRU) region. Figure produced with Circos (Krzywinski et al., 2009).

1.9 Transcriptome analysis

1.9.1 RNA-extraction, library preparation and sequencing
In order to capture expression from diverse life stages, stranded RNA-Seq libraries were prepared

from whole bodies of four life stages/sexes (eggs, 1 st instar larvae, adult male, and adult female;

Supporting Information 1—table 1). Eggs and larvae were derived from a laboratory mating of P. pyralis

123



(Collected MMNUJ, July 2016). Briefly, live adult P. pyralis were transported to the lab and allowed to
mate in a plastic container over several days. The female, later sequenced, was observed mating with two
independent males on two separate nights. The female was then transferred to a plastic container with
moss, and allowed to oviposit over several days. Once no more oviposition was observed, the female was
removed, flash frozen with liquid N2, and stored at —80°C for RNA extraction. Resulting eggs were
washed 3x with dilute bleach/ H20 and reared in aggregate in plastic containers on moist Whatman paper.
~13 days after the start of egg oviposition, a subset of eggs were flash frozen for RNA extraction. The
remaining eggs were allowed to hatch and larvae were flash frozen the day after emergence (first instar).
Total RNA was extracted from a single stored adult male (non-paternal to eggs/larvae), the adult female
(maternal to eggs/larvae), seven pooled eggs, and four pooled larvae using the RNeasy Lipid Tissue Mini
Kit (QIAGEN) with the optional on-column DNase treatment. Illumina sequencing libraries were
prepared by the Whitehead Genome Technology Core (WI-GTC) using the TruSeq Stranded mRNA
library prep kit (Illumina) and following the manufacturer's instructions with modification to select for
larger insert sizes (~300-350 bp). These samples were multiplexed with unrelated plant RNA-Seq
samples and sequenced 150 x 150 nt on one rapid mode flowcell (two lanes) of a HiSeq2500 (WI-GTC),
to a depth of ~30M paired reads per library.

To examine gene expression in adult light organs, we generated non-strand specific sequencing of
polyA pulldown enriched mRNA from dissected photophore tissue (Supporting Information |—table 1).
Photophores were dissected from the abdomens of adult P. pyralis males (Collected MMNJ, July 2015) by
Dr. Adam South (Harvard School of Public Health), using three individuals per biological replicate. These
tissues and libraries were co-prepared and sequenced with other previously published libraries (full library
preparation and sequencing details available in (Al-Wathiqui et al., 2016)) at a depth of ~10M paired

reads per library.
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To examine gene expression in larval light organs, we performed RNA-seq on dissected larval

light organs. We first extracted total RNA from a pool of six dissected larval photophores from three
individuals using the RNeasy Lipid Tissue Mini Kit (QIAGEN) with the optional on-column DNase
treatment. The larvae were the same larvae described in Supporting Information 1.3.2. The total RNA was
enriched to mRNA via polyA pulldown and prepared into a paired unstranded Illumina sequencing using
the Kapa HyperPrep kit (Kapa Biosystems, USA), and sequenced to a depth of 43M 100 x 100 paired
reads on a HiSeq2500 sequencer (Illumina, USA).
All these data were combined with previously published tissue, sex, and stage-specific libraries
(Supporting Information 1—table 1) for reference-guided transcriptome assembly (Supporting
Information 1.9.3). Strand-specific data was used for de novo transcriptome assembly (Supporting
Information 1.9.2).

Supporting Information 1—table 1. P. pyralis RNA sequencing libraries.

N: number of individuals pooled for sequencing; Sex/stage: M = male, F = female, A = adult, L = larva, L1 = larva
1 st instar, L4 = larvae fourth instar, E13 = 13 days post fertilization eggs; Tissue: H = head, PA = lantern abdominal
segments, FB = abdominal fat body, T = thorax, OAG = other accessory glands, SD = spermatophore digesting
gland/bursa, SG = spiral gland, SC = spermatheca, p=dissected photophore, E = egg, WB = whole body.

Library name Source* SRA ID N Sex/stage Tissue Library type

8175 Photinus pyralis male SRAI SRR2103848 1 M/A H

head (adult) transcriptome

8176 Photinus pyralis male SRAI SRR2103849 I M/A PA
light organ (adult)

transcriptome

8819 Photinus pyralis light SRAI SRR2103867 1 L PA
organ (larval)

transcriptome

9 Photinus_sp_1_lantern SRA2 SRR3521424 1 M/A PA Strand-specific.
Ribo-zero

Ppyr_FatBody_1 SRA3 SRR3883756 6 M/A FB

Ppyr_FatBody_2 SRA3 SRR3883757 6 M/A FB

Ppyr_FatBody 3 SRA3 SRR3883766 6 M/A FB

Ppyr_FatBody_Mated SRA3 SRR3883767 4 M/A FB

Ppyr_FThorax SRA3 SRR3883768 3 F/A T
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Ppyr MThorax_1 SRA3 SRR3883769 6 M/A T

Ppyr_MThorax_2 SRA3 SRR3883770 6 M/A T

Ppyr_MThorax_3 SRA3 SRR3883771 6 M/A T

Ppyr_OAG_1A SRA3 SRR3883772 6 M/A AG

Ppyr_OAG_1B SRA3 SRR3883773 6 M/A AG

Ppyr OAG_2 SRA3 SRR3883758 6 M/A AG

Ppyr_OAG_Mated SRA3 SRR3883759 4 M/A AG

Ppyr_SDGBursa SRA3 SRR3883760 3 F/A SD

Ppyr_SG_Mated SRA3 SRR3883761 4 M/A SG

Ppyr_Spermatheca SRA3 SRR3883762 3 F/A SC

Ppyr_SpiralGland_1 SRA3 SRR3883763 6 M/A SG

Ppyr_SpiralGland_2 SRA3 SRR3883764 6 M/A SG

Ppyr_SpiralGland_3 SRA3 SRR3883765 6 M/A SG

Ppyr_Lantern_1A b SRR6345453 6 M/A p

Ppyr_Lantern_2 i SRR6345454 6 M/A P

Ppyr_Lantern 3 by SRR6345446 6 M/A P

Ppyr_Eggs I . SRR6345447 7 El13 E Strand-specific
Ppyr_Larvae T SRR6345445 4 L1 WB Strand-specific
Ppyr_wholeFemalet I SRR6345449 1 F/A WB Strand-specific
Ppyr_wholeMale i SRR6345452 1 M/A WB Strand-specific
TF_VA2017_3pooled_larv 1§ SRR7345580 3 L4 P

al_lantern

*SRA1 = NCBI BioProject PRINA289908 (Sander and Hall, 2015); SRA2 = NCBI BioProject
PRINA321737 (Fallon et al., 2016); SRA3 = NCBI BioProject PRINA328865 (Al-Wathiqui et al., 2016).
tParent of eggs and larvae with data from this study.

{This study.

1.9.2 De novo transcriptome assembly and genome alignment

One strand-specific de novo transcriptome was produced from all available MMNJ strand-specific
reads (WholeMale, WholeFemale, eggs, larvae) and strand-specific reads from SRA (SRR3521424)

(Supporting Information 1—table 1). Reads from these five libraries were pooled (158.6M paired-reads)
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as input for de novo transcriptome assembly. Transcripts were assembled using Trinity (v2.4.0) (Grabherr
et al., 2011) with default parameters except the following: (--SS_lib_type RF --trimmomatic --min_glue 2
min_kmer _cov 2 --jaccard clip --no_normalize reads). Gene structures were then predicted from
alignment of the de novo transcripts to the Ppyrl1.3 genome using the PASA pipeline (v2.1.0) (Haas et al.,
2008) with the following steps: first, poly-A tails were trimmed from transcripts using the internal
seqclean component; next, transcript accessions were extracted using the accession_extractor.pl
component; finally, the trimmed transcripts were aligned to the genome with modified parameters
(--aligners blat,gmap --ALT _SPLICE --transcribed_is_aligned orient --tdn tdn.accs). Using both the blat
(v. 36 x 2) (Kent, 2002) and gmap (v2017-09-11) (Wu and Watanabe, 2005) aligners was required, as an
appropriate gene model for Luc2 was not correctly produced using only a single aligner. Importantly, it
was also necessary to set (--NUM_BP_PERFECT _SPLICE BOUNDARY = 0) for the
validate alignments_in_db.dbi step, to ensure transcripts with natural variation near the splice sites were
not discarded. Post alignment, potentially spurious transcripts were filtered out using a custom script

(https://github.com/elifesciences-publications/PASA_expression_filter 2017) that removed extremely

lowly-expressed transcripts (<1% of the expression of a given PASA assembly cluster). Expression values
used for filtering were calculated from the WholeMale library reads using the Trinity
align_and_estimate_abundance.pl utility script. The WholeMale library was selected because it was the
highest quality library - strand-specific, low contamination, and many reads - thereby increasing the
reliability of the transcript quantification. Finally, the PASA pipeline was run again with this filtered
transcript set to generate reliable transcript structures. Peptides were predicted from the final transcript
structures using Transdecoder (v.5.0.2) (https://github.com/TransDecoder/TransDecoder) with default
parameters. Direct coding gene models (DCGMs) were then produced with the Transdecoder
‘cdna_alignment_orf to_genome_orf.pl’ utility script with the PASA assembly GFF and transdecoder

predicted peptide GFF as input. The unaligned de novo transcriptome assembly is dubbed
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‘PPYR_Trinity_stranded’, whereas the aligned direct coding gene models are dubbed

‘Ppyr1.3_Trinity-PASA_stranded-DCGM’.

1.9.3 Reference guided transcriptome assembly

Two reference guided transcriptomes, one strand-specific and one non-strand-specific, were
produced from all available P. pyralis RNA-Seq reads (Supporting Information 1—table 1) using HISAT2
(v2.0.5) (Kim et al., 2015) and StringTie (v1.3.3b) (Pertea et al., 2015). For each library, reads were first
mapped to the Ppyrl.3 genome assembly with HISAT2 (parameters: -X 2000 --dta --fr) and then
assembled using StringTie with default parameters except use of ‘--rf” for the strand-specific libraries.
The resulting library-specific assemblies were then merged into a final assembly using StringTie
(--merge), one for the strand-specific and one for the non-strand specific libraries, producing two final
assemblies. For each final assembly, a transcript fasta file was produced and peptides predicted using
Transdecoder with default parameters. Then, the StringTie. GTFs were converted to GFF format with the
Transdecoder ‘gtf to_alignment gff3.pl’ utility script and direct coding gene models (DCGMs) were
produced with the Transdecoder ‘cdna_alignment_orf to_genome_orf.pl” utility script, with the StringTie
GFF and transdecoder predicted peptide GFF as input. The final GFFs were validated and sorted with
genometools (v1.5.9) with parameters (parameters: gff3 -tidy -sort -retainids), and then sorted again for
IGV format with igvtools (parameters: sort). The aligned direct coding gene models for the stranded and
unstranded reference guided transcriptomes are dubbed ‘Ppyrl.3_Stringtie stranded-DCGM’ and

‘Ppyr1.3_Stringtie_unstranded-DCGM’.

1.9.4 Transcript expression analysis

P. pyralis RNA-Seq reads (Supporting Information 1—table 1) were pseudoaligned to the
PPYR_OGSI.1 geneset CDS sequences using Kallisto (v0.44.0) (Bray et al., 2016) with 100 bootstraps
(-b 100), producing transcripts-per-million reads (TPM). Kallisto expression quantification analysis

results are available on FigShare (DOI: 10.6084/m9.figshare.5715139).
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1.10 Official coding geneset annotation (PPYR_OGSI1.1)
We annotated the coding gene structure of P. pyralis by integrating direct coding gene models

produced from the de novo transcriptome (Supporting Information 1.9.2) and reference guided
transcriptome (Supporting Information 1.9.3), with a lower weighted contribution of ab initio gene
predictions, using the Evidence Modeler (EVM) algorithm (v1.1.1) (Haas et al., 2008). First, Augustus
(v3.2.2) (Stanke et al, 2006) was trained against Ppyrl.2 with BUSCO (parameters: -I
endopterygota_odb9 --long --species tribolium2012). Next, preliminary gene models for prediction
training were produced by the alignment of the P. pyralis de novo transcriptome to Ppyrl.2 with the
MAKER pipeline (v3.0.08) (Holt and Yandell, 2011) in ‘est2genome’ mode. Preliminary gene models
were used to train SNAP (v2006-07-28) (Korf, 2004) following the MAKER instructions
(http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/MAKER_Tutorial for GMOD_Online_Trai
ning_2014). Augustus and SNAP gene predictions of Ppyrl.3 were then produced through the MAKER
pipeline, with hints derived from MAKER blastx/exonerate mediated protein alignments of peptides from
Drosophila melanogaster (NCBI GCF_000001215.4_Release 6 plus ISO1_MT protein.faa), Tribolium
castaneum(NCBI GCF_000002335.3_TcasS5.2_protein), and Aquatica lateralis (AlatOGS1.0; this report),
and MAKER blastn/exonerate transcript alignments of the P. pyralis de novo transcriptome. These ab
initio coding gene models are dubbed ‘Ppyrl.3_abinitio_Augustus-SNAP-MAKER-GMs.gff3’

We then integrated the ab initio predictions with our de novo and reference guided direct coding gene
models, using EVM. A variety of evidence sources, and EVM evidence weights were empirically tested
and evaluated using a combination of inspection of known gene models (e.g. Lucl/Luc2), and the
BUSCO score of the geneset. In the final version, six sources of evidence were used for EVM: de novo
transcriptome direct coding gene models (Ppyr1.3_Trinity-PASA_stranded-DCGM; weight = 11), protein
alignments (D. melanogaster, T. castaneum, A. lateralis:weight = 8), GMAP and BLAT alignments of de

novo transcriptome (via PASA; weight = 5), reference guided transcriptome direct coding gene models

129



(Ppyrl.3_Stringtie_stranded-DCGM; weight = 3), Augustus and SNAP ab initio gene models (via
MAKER; weight = 2). A custom script (
https://github.com/elifesciences-publications/maker_gff to_evm_gff 2017) was necessary to convert
MAKER GFF format to an EVM compatible GFF format.

Lastly, gene models for luciferase homologs, P450s (Supporting Information 1.10.1), and de novo
methyltransferases (DNMTs) which were fragmented or were incorrect (e.g. fusions of adjacent genes)
were manually corrected based on the evidence of the de novo and reference guided direct coding gene
models. Manual correction was performed by performing TBLASTN searches with known good genes
from these gene families within SequenceServer(v1.10.11) (Priyam et al., 2015), converting the
TBLASTN results to gft3 format with a custom script (
https://github.com/elifesciences-publications/firefly _genomes_general scripts), and viewing these
alignments alongside the alternative direct coding gene models (Supporting Information 1.9.2; 1.9.3) in
Integrative Genomics Viewer(v2.4.8) (Thorvaldsdottir et al., 2013). The official gene set models gff3 file
was manually modified in accordance with the evidence from the direct gene models. Different revision
numbers of the official geneset (e.g. PPYR_OGSI1.0, PPYR_OGSI1.1) represent the improvement of the

geneset over time due to these continuing manual gene annotations.

1.10.1 P450 annotation
Translated de novo transcripts were formatted to be BLAST searchable with NCBI's standalone

software. The peptides were searched with 58 representative insect P450s in a batch BLAST (evalue =
10). The query set was chosen to cover the diversity of insect P450s. The top 100 hits from each search
were retained. The resulting 5837 hit IDs were filtered to remove duplicates, leaving 472 unique hits. To
reduce redundancy due to different isoforms, the Trinity transcript IDs (style DNXXX ¢X gX iX) were

filtered down to the ‘DN’ level, resulting in 136 unique IDs. All peptides with these IDs were retrieved
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and clustered with CD-Hit (v4.5.4) (Li and Godzik, 2006) to 99% identity to remove short overlapping
peptides. These 535 protein sequences were batch BLAST compared to a database of all named insect
P450s to identify best hits. False positives were removed and about 30 fungal sequences were removed.
These fungal sequences could potentially be from endosymbiotic fungi in the gut. Overlapping sequences
were combined and the transcriptome sequences were BLAST searched against the P. pyralis genome
assembly to fill gaps and extend the sequences to the ends of the genes were possible. This approach was
very helpful with the CYP4G gene cluster, allowing fragments to be assembled into whole sequences.
When a new genome assembly and geneset became available, the P450s were compared to the integrated
gene models in PPYR_OGS1.0. Some hybrid sequences were corrected. The final set contains 170 named
cytochrome P450 sequences (166 genes, two pseudogenes).

The cytochrome P450s in insects belong to four established clans CYP2, CYP3, CYP4 and Mito
(Supporting Information |—figure 13). P. pyralis has about twice as many P450s as Drosophila
melanogaster (86 genes, four pseudogenes) and slightly more than the red flour beetle 7ribolium
castaneum (137 genes, 10 pseudogenes). Pseudogenes were determined by a lack of conserved sites
common to all P450s. The CYP3 clan is the largest, mostly due to three families: CYP9 (40 sequences),
CYP6 (36 sequences) and CYP345 (18 sequences). Insects have few conserved sequences across species.
These include the halloween genes for 20-hydroxyecdysone synthesis and metabolism CYP302Al,
CYP306A1, CYP307A2, CYP314A1 and CYP315A1 (Rewitz et al., 2007) in the CYP2 and Mito clans.
The CYP4G subfamily makes a hydrocarbon waterproof coating for the exoskeleton (Helvig et al., 2004).
Additional conserved P450s are CYPI5A1 (juvenile hormone (Helvig et al., 2004)) and CYP18AI
(20-hydroxyecdysone degradation (Guittard et al., 2011)) in the CYP2 clan. Most of the other P450s are

limited to a narrower phylogenetic range. Many are unique to a single genus, although this may change as
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more sampling is done. It is common for P450s to expand into gene blooms (Sezutsu Hideki et al., 2013).

CYP3 clan

CYP314A1
CYP315A1
CYP302A1

CYP334F, .
Cvrazeg, Mito clan
YP4BAI

Supporting Information 1—figure 13. P. pyralis P450 gene phylogenetic tree.

Neighbor-joining phylogenetic tree of 165 cytochrome P450s from P. pyralis. Four pseudogenes and one short
sequence were removed. The P450 clans have colored spokes (CYP2 clan brown, CYP3 clan green, CYP4 clan red,
Mito clan blue). Shading highlights different families and family clusters within the CYP3 clan. The tree was made
using Clustal Omega at EBI (https://www.ebi.ac.uk/Tools/msa/clustalo/) with default settings. The resulting multiple

sequence alignment is available on FigShare (DOI: 10.6084/m9.figshare.5697643). The tree was drawn with FigTree
v1.3.1 using midpoint rooting.

1.10.2 Virus annotation and analysis
Viruses were discovered from analysis of published P. pyralis RNA sequencing libraries (NCBI

TSA: GEZM00000000.1) and the Ppyrl.2 genome assembly (Supporting Information 5.4). 24 P. pyralis
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RNA sequencing libraries were downloaded from SRA (taxid: 7054, date accessed: 15th June 2017).
RNA sequence reads were first de novo assembled using Trinity v2.4.0 (Grabherr et al., 2011) with
default parameters. Resulting transcriptomes were assessed for similarity to known viral sequences by
TBLASTN searches (max e-value = 1 x 10-5) using as a probe the complete predicted non redundant
viral Refseq proteins retrieved from NCBI (date accessed: 15th June 2017). Significant hits were explored
manually and redundant contigs discarded. False-positives were eliminated by comparing candidate viral
contigs to the entire non-redundant nucleotide (nt) and protein (nr) database to remove false-positives.
Candidate virus genome segment sequences were curated by iterative mapping of reads using
Bowtie 2 (v2.3.2) (Langmead and Salzberg, 2012). Special attention was taken with the segments’
terminis -- an arbitrary cut off of 10x coverage was used as threshold to support terminal base calls. The
complementarity and folded structure of untranslated ends, as would be expected for members of the
Orthomyxoviridae, was assessed by Mfold 2.3 (Zuker, 2003). Further, conserved UTR sequences were
identified using ClustalW2 (Larkin et al., 2007) (support of >65% required to call a base). To identify/rule
out additional segments of no homology to the closely associated viruses we used diverse in silico
approaches based on RNA levels including: the sequencing depth of the transcript, predicted gene product
structure, or conserved genome termini, and significant co-expression with the remaining viral segments.
After these filtering steps, putative viral sequences were annotated manually. First, potential open-reading
frames (ORF) were predicted by ORFfinder (Wheeler et al., 2003) and manually inspected by comparing
predicted ORFS to those from the closest-related reference virus genome sequence. Then, translated
ORFs were blasted against the non-redundant protein sequences NR database and best hits were retrieved.
Predicted ORF protein sequences were also subjected to a domain-based Blast search against the
Conserved Domain Database (CDD) (v3.16) (Marchler-Bauer et al., 2017) and integrated with SMART
(Letunic and Bork, 2018), Pfam (Finn et al., 2016), and PROSITE (Sigrist et al., 2002) results to

characterize the functional domains. Secondary structure was predicted with Garnier as implemented in
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EMBOSS (v6.6) (Rice et al., 2000), signal and membrane cues were assessed with SignalP (v4.1)
(Petersen et al., 2011), and transmembrane topology and signal peptides were predicted by Phobius (Kill
et al., 2004). Finally, the potential functions of predicted ORF products were explored using these
annotations as well as similarity to viral proteins of known function.

To characterize Orthomyxoviridae viral diversity in P. pyralis in relation to known viruses,
predicted P. pyralis viral proteins were used as probes in TBLASTN (max e-value = 1x10-5) searches of
the complete 2754 Transcriptome Shotgun Assembly (TSA) projects on NCBI (date accessed: 15th June
2017). Significant hits were retrieved and the target TSA projects further explored with the complete
Orthomyxoviridae refseq collection to assess the presence of additional similar viral segments. Obtained
transcripts were extended/curated using the SRA associated libraries for each TSA hit and then the
curated virus sequences were characterized and annotated as described above.

To identify P. pyralis viruses to family/genus/species, amino acid sequences of the predicted viral
polymerases, specifically the PB1 subunit, were used for phylogenetic analyses with viruses of known
taxonomy. To do this, multiple sequence alignment were generated using MAFFT (v7.310) (Katoh and
Standley, 2013) and unrooted maximum-likelihood phylogenetic trees were constructed using FastTree
(Price et al., 2010) with standard parameters. FastTree accounted for variable rates of evolution across
sites by assigning each site to one of 20 categories, with the rates geometrically spaced from 0.05 to 20,
and set each site to its most likely rate category using a Bayesian approach with a gamma prior. Support
for individual nodes was assessed using an approximate likelihood ratio test with the
Shimodaira-Hasegawa-like procedure. Tree topology, support values and substitutions per site were based
on 1000 tree resamples.

To facilitate taxonomic identification, we complemented BLASTP data with two levels of
phylogenetic insights: (i) Trees based on the complete refseq collection of sSRNA (-) viruses which

permitted a conclusive assignment at the virus family level. (ii) Phylogenetic trees based on reported,
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proposed, and discovered Orthomyxoviridae viruses that allowed tentative species demarcation and
genera postulation. PB1-based trees were complemented independently with phylogenetic studies derived
from amino acids of predicted nucleoproteins, hemagglutinin protein, PB2 protein, and PA protein which
supported species, genera and family demarcation based on solely on PBI, the standard in
Orthomyxoviridae. In addition, sequence similarity of concatenated gene products of International
Committee on Taxonomy of Viruses (ICTV) allowed demarcation to species and firefly viruses were
assessed by Circoletto diagrams (Darzentas, 2010) (e-value = le-2). Where definitive identification was
not easily assessed, protein Motif signatures were determined by identification of region of high identity
between divergent virus species, visualized by Sequence Logo (Crooks et al., 2004), and contrasted with
related literature. Heterotrimeric viral polymerase 3D structure prediction was generated with the
SWISS-MODEL automated protein structure homology-modeling server (Biasini et al., 2014) with the
best fit template 4WSB: the crystal structure of Influenza A virus 4WSB. Predicted structures were
visualized in UCSF Chimera (Pettersen et al., 2004) and Needleman-Wunsch sequence alignments from
structural superposition of proteins were generated by MatchMaker and the Match->Align Chimera tool.
Alternatively, 3D structures were visualized in PyMOL (v1.8.6.0; Schrodinger).

Viral RNA levels in the transcriptome sequences were also examined. Virus transcripts RNA
levels were obtained by mapping the corresponding raw SRA FASTQ read pairs using either Bowtie2
(Langmead and Salzberg, 2012) or the reference mapping tool of the Geneious 8.1.9 suite (Biomatters,
Ltd.) with standard parameters. Using the mapping results and retrieving library data, absolute levels,
TPMs and FPKM were calculated for each virus RNA segment. Curated genome segments and coding
annotation of the identified PpyrOMLVI and 2 are available on FigShare at (DOI:

10.6084/m9.figshare.5714806) and (DOI: 10.6084/m9.figshare.5714812) respectively, and NCBI

Genbank (accessions MG972985 through MG972994)
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All curation, phylogeny construction, and visualization were conducted in Geneious 8.1.9
(Biomatters, Ltd.). Animal silhouettes in Supporting Information 5—figure 2 were developed based on
non-copyrighted public domain images. Figure compositions were assembled using Photoshop CS5
(Adobe). Bar graphs were generated with Excel 2007 software (Microsoft). RNA levels normalized as
mapped transcripts per million per library were visualized using Shinyheatmap (Khomtchouk et al.,
2017).

Finally, to identify endogenous viral-like elements, tentative virus detections and the viral refseq
collection were contrasted to the P. pyralis genome assembly Ppyr1.2 by BLASTX searches (e-value =
le-6) and inspected by hand. Then 15 Kbp genome flanking regions were retrieved and annotated. Lastly,
transposable elements (TEs) were determined by the presence of characteristic conserved domains (e.g.
RNASE H, RETROTRANSPOSON, INTEGRASE) on predicted gene products and/or significant best

BLASTP hits to reported TEs (e-value <le-10).

1.11 Repeat annotation
Repeat prediction for P. pyralis was performed de novo using RepeatModeler (v1.0.9)

(http://www.repeatmasker.org/) and MITE-Hunter (v11-2011) (Han and Wessler, 2010). RepeatModeler
uses RECON (Bao and Eddy, 2002) and RepeatScout (Price et al., 2005) to predict interspersed repeats,
and then refines and classifies the consensus repeat models to build a repeat library. MITE-Hunter detects
candidate MITEs (miniature inverted-repeat transposable elements) by scanning the assembly for terminal
inverted repeats and target site duplications < 2 kb apart. To identify tandem repeats, we also ran Tandem
Repeat Finder (v4.09; parameters: 2 7 7 80 10) (Benson, 1999), and added repeats whose repeat block
length was >5 kb to the repeat library annotated as ‘complex tandem repeat’. The RepeatModeler and
MITE-Hunter libraries were combined and classified using RepeatClassifier (RepeatModeler 1.0.9

distribution) (http://www.repeatmasker.org/). The complex repeats identified by Tandem Repeat Finder

136



were added to this classified list to create the final library of 3118 repeats. This repeat library is dubbed
the P. pyralis Official Repeat Library 1.0 (PPYR_ORLI.0).

Supporting Information 1—table 2. Annotated repetitive elements in P. pyralis.

Repeat class Family Counts Bases % of assembly
DNA All 122551 38364685 8.14
Helitrons 35068 9308100 1.97
LTR All 28860 11401648 242
Non-LTR All 52107 17744320 3.76
LINE 48983 16763499 3.56
SINE 1241 139637 0.03
Unknown interspersed 696511 141970977 30.1
Complex tandem repeats 10395 2352796 0.50
Simple repeat . 48224 2372183 0.50
rRNA 449 161517 0.034

1.12 P. pyralis methylation analysis
MethylC-seq libraries were prepared from HMW DNA prepared from four P. pyralis MMNIJ

males using a previously published protocol (Urich et al., 2015), and sequenced to ~36x expected depth
on an Illumina NextSeq 500. Methylation analysis was performed using methylpy (Schultz et al., 2015)
Methylpy calls programs for read processing and aligning: (i) reads were trimmed of sequencing adapters
using Cutadapt (Martin, 2011), (ii) processed reads were mapped to both a converted forward strand
(cytosines to thymines) and converted reverse strand (guanines to adenines) using bowtie (flags: -S, -k 1,
-m I, --chunkmbs 3072, --best, --strata, -0 4, -e 80, -1 20, -n 0 (Langmead et al., 2009)), and (iii) PCR
duplicates were removed using Picard (http://broadinstitute.github.io/picard). In total, 49.4M reads were
mapped corresponding to an actual sequencing depth of ~16x. A sodium bisulfite non-conversion rate of

0.17% was estimated from Lambda phage genomic DNA. Raw WGBS data can be found on the NCBI

137



Gene Expression Omnibus (GSE107177). Previously published whole genome bisulfite sequencing
(WGBS)/MethylC-seq libraries for Apis mellifera (Herb et al., 2012), Bombyx mori (Xiang et al., 2010),
Nicrophorus vespilloides (Cunningham et al., 2015), and Zootermopsis nevadensis (Glastad et al., 2016)
were downloaded from the Short Read Archive (SRA) using accessions SRR445803—4, SRR027157-9,
SRR2017555, and SRR3139749, respectively. Libraries were subjected to identical methylation analysis
as P. pyralis.

Weighted DNA methylation was calculated for CG sites by dividing the total number of aligned
methylated reads by the total number of methylated plus un-methylated reads (Schultz et al., 2012). For
genic metaplots, the gene body (start to stop codon), 1000 base pairs (bp) upstream, and 1000 bp
downstream was divided into 20 windows proportional windows based on sequence length (bp). Weighted
DNA methylation was calculated for each window and then plotted in R (v3.2.4) (Team and Others,
2013).

1.13 Telomere FISH analysis
We synthesized a 5° fluorescein-tagged (TTAGG)S oligo probe (FAM; Integrated DNA

Technologies) for fluorescence in situ hybridization (FISH). We conducted FISH on squashed larval
tissues according to previously published methods (Larracuente and Ferree, 2015), with some
modification. Briefly, we dissected larvae in 1X PBS and treated tissues with a hypotonic solution (0.5%
Sodium citrate) for 7 min. We transferred treated larval tissues to 45% acetic acid for 30 s, fixed in 2.5%
paraformaldehyde in 45% acetic acid for 10 min, squashed, and dehydrated in 100% ethanol. We treated
dehydrated slides with detergent (1% SDS), dehydrated again in ethanol, and then stored until
hybridization. We hybridized slides with probe overnight at 30°C, washed in 4X SSCT and 0.1X SSC at
30°C for 15 min per wash. Slides were mounted in VectaShield with DAPI (Vector Laboratories),
visualized on a Leica DM5500 upright fluorescence microscope at 100X, imaged with a Hamamatsu Orca

R2 CCD camera. Images were captured and analyzed using Leica’s LAX software.
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Supporting Information 2

Aquatica lateralis additional information
2.1 Taxonomy, biology, and life history
Aquatica lateralis (Motschulsky, 1860) (Japanese name, Heike-botaru / ~A 7 7K % V') is one of

the most common and popular luminous insects in mainland Japan. This species is a member of the
subfamily Luciolinae and had long belonged in the genus Luciola, but was recently moved to the new
genus Aquatica with some other Asian aquatic fireflies (Fu et al., 2010).

The life cycle of 4. lateralis is usually 1 year. Aquatic larva possesses a pair of outer gills on each
abdominal segment and live in still or slow streams near rice paddies, wetlands and ponds. Larvae mainly
feed on freshwater snails. They pupate in a mud cocoon under the soil near the water. Adults emerge in
early to end of summer. While both males and females are full-winged and can fly, there is sexual
dimorphism in adult size: the body length is about 9 mm in males and 12 mm in females (Ohba, 2004).

Like other firefly larvae, 4. lateralis larvae are bioluminescent. Larvae possess a pair of lanterns
at the dorsal margin of the abdominal segment 8. Adults are also luminescent and possess lanterns at true
abdominal segments 6 and 7 in males and at segment six in females (Branham and Wenzel, 2003; Kanda,
1935; Ohba, 2004). The adult is dusk active. Male adults flash yellow-green for about 1.0 s in duration
every 0.5-1.0 s while flying ~1 m above the ground. Female adults, located on low grass, respond to the
male signal with flashes of 1-2 s in duration every 3-6 s. Males immediately approach females and
copulate on the grass (Ohba, 2004, 1983). Like many other fireflies, 4. lateralis is likely toxic: both adults
and larvae emit an unpleasant smell when disturbed and both invertebrate (dragonfly) and vertebrate
(goby) predators vomit up the larva after biting (Ohba and Hidaka, 2002). A. lateralis larvae have
eversible glands on each of the eight abdominal segments (Fu et al., 2010). The contents of the eversible

glands is perhaps similar to that reported for 4. leii (Fu et al., 2007).
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2.2 Species distribution
The geographical range of A. lateralis includes Siberia, Northeast China, Kuril Islands, Korea,

and Japan (Hokkaido, Honshu, Shikoku, Kyushu, Tsushima Isls.) (Kawashima et al., 2003). Natural
habitats of these Japanese fireflies have been gradually destroyed through human activity, and currently
these species can be regarded as ‘flagship species’ for conservation (Higuchi, 1996). For example, in
2017, Japanese Ministry of Environment began efforts to protect the population of A. lateralis in the
Imperial Palace, Tokyo, where 3000 larvae cultured in an aquarium were released in the pond beside the
Palace (Imperial Palace Outer Garden Management Office, 2017).

2.3 Specimen collection
Individuals used for genome sequencing, RNA sequencing, and LC-HRAM-MS were derived

from a small population of laboratory-reared fireflies. This population was established from a few
individuals collected from rice paddy in Kanagawa Prefecture of Japan in 1989 and 1990 (Ikeya, 2016) by
Mr. Haruyoshi Ikeya, a highschool teacher in Yokohama, Japan. Mr. Ikeya collected adult A. lateralis
specimens from their natural habitat in Yokohama and has propagated them for over 25 years (~25
generations) in a laboratory aquarium without any addition of wild individuals. This population has since
been propagated in the laboratory of YO and JKW, and is dubbed the ‘lkeya-Y90’ cultivar. Because of the
small number of individuals used to establish the population and the number of generations of
propagation, this population likely represents a partially inbred strain. Larvae were kept in aquarium at
19-21°C and fed using freshwater snails (Physella acuta and Indoplanorbis exustus). Under laboratory
rearing conditions, the life cycle is reduced to 7-8 months. The original habitat of this strain has been

destroyed and the wild population which led to the laboratory strain is now extinct.
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2.4 Karyotype and genome size
Unlike P pyralis, the karyotype of A. lateralis is reported to be 2n = 16 with XY sex

determination (male, 14A + XY; female, 14A + XX) (Inoue and Yamamoto, 1987). The Y chromosome is
much smaller than X chromosome, and the typical behaviors of XY chromosomes, such as partial
conjugation of X/Y at the first meiotic metaphase and a separation delay of X/Y at the first meiotic
anaphase, were observed in testis cells (Inoue and Yamamoto, 1987).

We determined the genome size of A. lateralis using flow cytometry-mediated
calibrated-fluorimetry of DNA content with propidium iodide stained nuclei. First, the head+prothorax of
a single pupal female (gender identified by morphological differences in abdominal segment VIII) was
homogenized in 100 pL PBS. These tissues were chosen to avoid the ovary tissue. Once homogenized,
900 uL PBS, 1 puL Triton X-100 (Sigma-Aldrich), and 4 pL 100 mg/mL RNase A (QIAGEN) were added.
The homogenate was incubated at 4°C for 15 min, filtered with a 30 um Cell Tries filter (Sysmex), and
further diluted with 1 mL PBS. 20 pL of 0.5 mg/mL propidium iodide was added to the mixture and then
average fluorescence of the 2C nuclei determined with a SH-800 flow cytometer (Sony, Japan). Three
technical replicates of this sample were performed. Independent runs for extracted Aphid nuclei
(Acyrthosiphon pisum; 517 Mbp), and fruit fly nuclei (Drosophila melanogaster; 175 Mbp) were
performed as calibration standards. Genome size was estimated at 940 Mbp +1.4 (S.D.; technical
replicates = 3). Genome size inference via Kmer spectral analysis estimated a genome size of 772 Mbp
(Supporting Information 2—figure 1).

2.5 Genomic sequencing and assembly
Genomic DNA was extracted from the whole body of a single laboratory-reared 4. lateralis adult

female (c.v. Ikeya-Y90) using the QlAamp Kit (Qiagen). Purified DNA was fragmented with a Covaris
S2 sonicator (Covaris, Woburn, MA), size-selected with a Pippin Prep (Sage Science, Beverly, MA), and
then used to create two paired-end libraries using the TruSeq Nano Sample Preparation Kit (Illumina)

with insert sizes of ~200 and~800 bp. These libraries were sequenced on an Illumina HiSeq 1500 using a
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125 x 125 paired-end sequencing protocol. Mate-pair libraries of 2-20 Kb with a peak at ~5 Kb were
created from the same genomic DNA using the Nextera Mate Pair Sample Preparation Kit (FC-132-1001,
[llumina), and sequenced on HiSeq 1500 using a 100 x 100 paired-end sequencing protocol at the NIBB
Functional Genomics Facility (Aichi, Japan). In total, 133.3 Gb of sequence (159x) was generated.

Reads were assembled using ALLPATHS-LG (build# 48546) (Gnerre et al., 2011), with default
parameters and the ‘HAPLOIDIFY = True’ option. Scaffolds were filtered to remove non-firefly
contaminant sequences using blobtools (Laetsch and Blaxter, 2017), resulting in the final assembly
(Alatl.3). The final assembly (Alatl.3) consists of 5388 scaffolds totaling 908.5 Gbp with an N50 length
of 693.0 Kbp, corresponding to 96.6% of the predicted genome size of 940 Mbp based on flow cytometry
(Supporting Information 2.4). Genome sequencing library statistics are available in Supporting

Information 4—table 1.
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Supporting Information 2—figure 1. Genome scope kmer analysis of the A. lateralis short-insert
genomic library.

(A) Linear and (B) log plot of a kmer spectral genome composition analysis of the ‘FFGPE_PE200° A. /ateralis
Illumina short-insert library (Supporting Information 2.5; Supporting Information 4—table 1) with jellyfish (v2.2.9;
parameters: -C -k 35) (Margais and Kingsford, 2011) and GenomeScope (v1.0; parameters: Kmer length = 35, Read
length = 100, Max kmer coverage = 1000) (Vurture et al., 2017). len = inferred haploid genome length, uniq =
percentage non-repetitive sequence, het = overall rate of genome heterozygosity, kcov = mean kmer coverage for
heterozygous bases, err = error rate of the reads, dup: average rate of read duplications. These results are consistent
when considering the possible systematic error of kmer spectral analysis and flow cytometry genome size estimates.
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The heterozygosity is lower than that measured for P. pyralis, possibly reflecting the long-term laboratory rearing in
reduced population sizes of A. lateralis strain Ikeya-Y90.

2.5.2 Taxonomic annotation filtering

Potential contaminants in Alatl.2 were identified using the blobtools toolset (v1.0) (Laetsch and
Blaxter, 2017). First, scaffolds were compared to known sequences by performing a blastn (v2.5.0+)
nucleotide sequence similarity search against the NCBI nt database and a diamond (v0.9.10) (Buchfink et
al.,, 2015) translated nucleotide sequence similarity search against the of Uniprot reference proteomes
(July 2017). Using this similarity information, scaffolds were annotated with blobtools (parameters ‘-x
bestsumorder’). We also inspected the read coverage by mapping the paired-end reads (FFGPE_PE200)
on the genome using bowtie2. A tab delimited text file containing the results of this blobtools annotation

are available on FigShare (DOI: 10.6084/m9.figshare.5688928). The contigs derived from potential

contaminants and/or poor quality contigs were then removed: contigs with higher %GC (>50%) with
bacterial hits or no database hits and showing low read coverage (<30 x) (see Supporting Information
2—figure 2). This process removed 1925 scaffolds (1.17 Mbp), representing 26.3% of the scaffold

number and 1.3% of the nucleotides of Alatl.2, producing the final filtered assembly, dubbed Alat1.3.
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Supporting Information 2—figure 2. BlobPlot of A. lateralis Illumina reads aligned against Alat1.2.
Coverage shown represents mean coverage of reads from the Illumina short-insert library (Sample name
FFGPE _PE200; Supporting Information 4—table 1), aligned against Alatl.2 using Bowtie2. Scaffolds were
taxonomically annotated as described in Supporting Information 2.5.2.

2.6 RNA-extraction, library preparation and sequencing
In order to capture transcripts from diverse life-stages and tissues, non-stranded RNA-Seq

libraries were prepared from fresh specimens of nine life stages/sexes/tissues (eggs, fifth (the last) instar
larvae, both sex of pupae, adult male head, male abdomen (prothorax-to-fifth segment), male lantern,

adult female head, and female lantern (Supporting Information 2—table 1). Live specimens were
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anesthetized on ice and dissected during the day. The lantern tissue was dissected from the abdomen and
contains the cuticle, photocyte layer and reflector layer. For eggs, larvae, and pupae, total RNA was
extracted using the RNeasy Mini Kit (QIAGEN) with the optional on-column DNase treatment. For adult
specimens, total RNA was extracted using TRIzol reagent (Invitrogen) to avoid contamination of
pigments and uric acid. These were then treated with DNase in solution and then cleaned using a RNeasy
Mini kit.

cDNA libraries were generated from purified Total RNA (500 ng from each sample) using a
TruSeq RNA Sample Preparation Kit v2 (Illumina) according to the manufacturer’s protocol
(Low-Throughput Protocol), except that all reactions were carried out at half scale. The fragmentation of
mRNA was performed for 4 min. The enrichment PCR was done using six cycles. A subset of nine
libraries (BdM1, HeF1, HeM1, LtF1, LtM1, Eggl, Lrvl, PpEF, PpLM; Supporting Information 2—table
1) were multiplexed and sequenced in a single lane of Hiseq 1500 101 x 101 bp paired-end reads. The
remaining 23 libraries (BdM2, BdM3, HeF2, HeF3, HeM2, HeM3, LtF2, LtF3, LtM2, LtM3, WAF1,
WAF2, WAF3, WAMI, WAM2, WAM3, Egg2, Lrv2, Lrv3, PpEM, PpLF, PpMF, PpMM) were
multiplexed and sequenced in two lanes of Hiseq 1500 66 bp single-end reads. Sequence quality was
inspected with FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Supporting Information 2—table 1. Aquatica lateralis RNA sequencing.

N: number of individuals pooled for sequencing; Sex/stage: M = male, F = female, A = adult, L = larva, L = larvae,
E = Eggs, p=Pupae, P-E = Pupae early, P-M = Pupae middle, P-L. = Pupae late; Tissue: H = head, La = dissected
lantern containing cuticle, photocyte layer and reflector layer, H = head, B = Thorax, plus abdomen excluding
lantern containing segments. W = whole specimen. AEL = After egg laying.

Sex/

Library name Label SRA ID N Stage  Tissue Library type

Illumina  paired-end,  non-stranded
R102L6_idx13 BdM1 DRR119264 1 M/A B specific, PolyA

[llumina  single-end,  non-stranded
RI28L1 idx25  BdM2  DRRI119265 1 M/A B specific. PolyA

[lumina  single-end,  non-stranded
R128L2_idx27 BdM3 DRR 119266 1 M/A B specific, PolyA
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RI102L6_idx15

R128L1_idx22

R128L.2_idx23

R102L6_idx12

R128L1_idx20

R128L2_idx21

R102L6_idx16

R128L1 _idx06

R128L2_idx12

R102L6_idx14

RI128L1_idx05

R128L2_idx19

R128L2_idx15

R128L1 _idx16

R128L2_idx18

HeF1

HeF2

HeF3

HeM1

HeM2

HeM3

LtF1

LtF2

LtF3

LtM1
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2.7 Transcriptome analysis
2.7.1 De novo transcriptome assembly and alignment

To build a comprehensive set of reference transcript sequences, reads derived from the pool of
nine libraries (BdM1, HeF1, HeM1, LtF1, LtMI1, Eggl, Lrvl, PpEF, PpLM; Supporting Information
2—table 1) were pooled. These represent RNA prepared from various tissues (head, thorax + abdomen,
lantern) and stages (egg, pupae, adult) of both sexes. A non strand-specific de novo transcriptome
assembly was produced with Trinity (v2.6.6) (Grabherr et al., 2011) using default parameters exception
the following: (--min_glue 2 min_kmer cov 2 --jaccard_clip --no_normalize_reads --trimmomatic).
Peptides were predicted from the de novo transcripts via Transdecoder (v5.3.0; default parameters). De
novo transcripts were then aligned to the A. lateralis genome (Alat1.3) using the PASA pipeline with blat
(v36 x 2) and gmap (v2018-05-03) (--aligners blat,gmap), parameters for alternative splice analysis and
strand specificity (--ALT_SPLICE --transcribed_is_aligned orient), and input of the previously extracted
Trinity accessions (--tdn tdn.accs). Importantly, it was necessary to set
(--NUM_BP_PERFECT _SPLICE BOUNDARY = 0) for the validate alignments_in_db.dbi step, to
ensure transcripts with natural variation near the splice sites were not discarded. Direct coding gene
models (DCGMs) were then produced with the Transdecoder ‘cdna_alignment_orf to_genome_orf.pl’
utility script, with the PASA assembly GFF and transdecoder predicted peptide GFF as input. The
unaligned de novo transcriptome assembly is dubbed ‘AQULA_Trinity unstranded’, whereas the aligned

direct coding gene models are dubbed ‘Alat].3_Trinity_unstranded-DCGM”’.

2.7.2 Reference guided transcriptome alignment and assembly

A reference guided transcriptome was produced from all available A./ateralis RNA-seq reads
(Supporting Information 2—table 1) using HISAT2 (v2.1.0) (Kim et al., 2015) and StringTie (v1.3.3b)
(Pertea et al., 2015). Reads were first mapped to the A. lateralis genome (Alatl.3) with HISAT2
(parameters: -X 2000 --dta --fr). Then StringTie assemblies were performed on each separate bam file

corresponding to the original libraries using default parameters. Finally, the produced. GTF files were
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merged using StringTie (--merge). A transcript fasta file was produced from the StringTie GTF file with
the transdecoder ‘gtf genome to cdna fasta.pl’ utility script, and peptides were predicted for these
transcripts using Transdecoder (v5.3.0) with default parameters. The StringTie GTF was converted to
GFF format with the Transdecoder ‘gtf to alignment gff3.pl” utility script, and direct coding gene
models (DCGMs) were then produced with the Transdecoder ‘cdna_alignment orf to _genome orf.pl’
utility script, with the StringTie-provided GFF and transdecoder predicted peptide GFF as input. The
reference guided transcriptome assembly was dubbed ‘AQULA_Stringtie unstranded’, whereas the

aligned direct coding gene models were dubbed ‘Alat1.3_Stringtie_unstranded-DCGM’.

2.7.3 Transcript expression analysis

A. lateralis RNA-Seq reads (Supporting Information 2—table 1) were pseudoaligned to the
AQULA_OGS1.0 geneset mRNAs using Kallisto (v0.43.1) (Bray et al., 2016) with 100 bootstraps (-b
100), producing transcripts-per-million reads (TPM). Kallisto expression quantification analysis results

are available on FigShare (DOI: 10.6084/m9.figshare.5715139).

2.8 Official coding geneset annotation (AQULA_OGS1.0)
A protein-coding gene reference set for A. lateralis was generated by Evidence Modeler (v1.1.1)

using both aligned transcripts and aligned proteins. For transcripts, we combined reference guided and de
novo transcriptome assembly approaches. Notably, these reference guided and de novo transcriptome
assembly approaches differed from the current de novo (Supporting Information 2.7.1) and reference
guided (Supporting Information 2.7.2) transcriptome assembly approaches. In the reference-guided
approach applied here, RNA-Seq reads were mapped to the genome assembly with TopHat and assembled
into transcripts with Cufflinks (parameters: --min-intron-length 30) (Trapnell et al., 2010). The Cufflinks
transcripts were subjected to the TransDecoder program to extract ORFs. In the de novo transcriptome
approach applied here, RNA-seq reads were assembled de novo by Trinity and ORFs were predicted using

TransDecoder. We used CD-HIT-EST (Li and Godzik, 2006) to reduce the redundancy of the predicted
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ORFs. The ORF sequences were mapped to the genome using Exonerate in est2genome mode for
splice-aware alignment. We processed homology evidence at the protein level using the reference
proteomes of D. melanogaster and T. castaneum. These reference proteins were split-mapped to the A4.
lateralis genome in two steps: first with BLASTX to find approximate loci, and then with Exonerate in
protein2genome mode to obtain more refined alignments. These gene models derived from multiple
evidence were merged by the EVM program to obtain the reference annotation for the genomes. We also
predicted ab initio gene models using Augustus, but we didn’t include Augustus models for the EVM
integration because our preliminary analysis showed the ab initio gene models had no positive impact on
gene prediction.

Lastly, gene models for luciferase homologs, P450s, and de novo methyltransferases (DNMTs)
which were fragmented or were incorrect (e.g. fusions of adjacent genes) were manually corrected based
on the evidence of the de novo and reference guided direct coding gene models. Manual correction was
performed by performing TBLASTN searches with known good genes from these gene families within
SequenceServer(v1.10.11) (Priyam et al., 2015), converting the TBLASTN results to gff3 format with a
custom script (https://github.com/photocyte/general_scripts/blob/master/blastxml2gff.py), and viewing
these alignments alongside the alternative direct coding gene models (Supporting Information 2.7.1;
2.7.2) in Integrative Genomics Viewer(v2.4.8) (Thorvaldsdoéttir et al., 2013). The official gene set. gff3
file was manually modified in accordance with the alternative gene models. Different revision numbers of
the official geneset (e.g. AQULA_OGS1.0, AQULA_OGSI1.1) represent the improvement of the geneset

over time due to these continuing manual gene annotations.

2.9 Repeat annotation
A de novo species-specific repeat library for 4. lateralis was constructed using RepeatModeler

(v1.0.9), and Tandem Repeat Finder (v4.09; settings: 2 7 7 80 10) (Benson, 1999). Only tandem repeats
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from Tandem Repeat Finder with a repeat block length >5 kb (annotated as ‘complex tandem repeat”)

were added to the RepeatModeler library. This process yielded a final library of 1695 interspersed repeats.

We then used this library and RepeatMasker (v4.0.5) (http://repeatmasker.org/) to identify and mask

interspersed and tandem repeats in the genome assembly. This repeat library is dubbed the Aquatica

lateralis Official Repeat Library 1.0 (AQULA_ORLI.0).

Supporting Information 2—table 2. Annotated repetitive elements in A. lateralis.

Repeat class Family
DNA All
Helitrons
LTR All
Non-LTR All
LINE
SINE

Unknown interspersed

Complex tandem repeats

Simple repeat

rRNA

Counts

229064

930

59499

151788

151788

450934

295

155265

151

Bases

73263593

466679

23391956

50394853

50394853

99998958

33237

6656757

% of assembly

8.06

0.051

2.57

5.55

5.55

11.01

0.004

0.73



rting Information 3

Ignelater luminosus additional information
3.1 Taxonomy, biology, and life history
Ignelater luminosus is a member of the beetle family Elateridae (‘click beetles’), related to

Lampyridae within the superfamily Elateroidea. The Elateridae includes about 10,000 species (Slipinski,
S. A, Leschen, R. A. B. & Lawrence, J. F., 2011) (17 subfamilies) (Costa, C., Lawrence, J. F. & Rosa, S.
P., 2010), which are widespread throughout the globe. Unlike in fireflies, where bioluminescence is
universal, only ~200 described elaterid species are luminous. These luminous species are recorded only
from tropical and subtropical regions of Americas and some small Melanesian islands, such as Fiji and
Vanuatu (Costa, 1975; Costa, C., Lawrence, J. F. & Rosa, S. P., 2010). For instance, the tropical American
Pyrophorus noctilucus is considered the largest (~30 mm) and brightest bioluminescent insect (Harvey
and Stevens, 1928; Levy, 1998); Levy, 1998). All luminous species are closely related - luminous click
beetles belong to the tribes Pyrophorini and Euplinthini (Arias-Bohart, 2015; Costa, 1975) of the
subfamily Agrypninae, with the single exception of Campyloxenus pyrothorax (Chile) in the related
subfamily Campyloxeninae (Stibick, 1979). The luminescence of a pair of pronotal ‘light organs’ of the
adult Balgus schnusei (Costa, 1984), a species that has now been assigned to the Thylacosterninae of the
Elateridae (Costa, C., Lawrence, J. F. & Rosa, S. P, 2010), has not been confirmed by later observation.
This near-monophyly of bioluminescent elaterid taxa is supported by both morphological (Douglas, 2011)
and molecular phylogenetic analysis (Kundrata and Bocak, 2011; Sagegami-Oba et al., 2007), although
early morphological phylogenies were inconsistent (Dolin, 1978; Hyslop, 1917; Ohira, 2013, 1962;
Stibick, 1979). This suggests a single origin of bioluminescence in this family.

The genus Ignelater was established by Costa in 1975 and I /luminosus was included in this genus
(Costa, 1975). Often this species is called Pyrophorus luminosus as an ‘auctorum’, a name used to
describe a variety of taxa (Johnson, 2002). This use of ‘Pyrophorus’ as an auctorum may be due to the

heightened difficulty of classifying Elateridae (Costa, 1975). The genus Ignelater is characterized by the
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presence of both dorsal and ventral photophores (Costa, 1975; Rosa, 2007). An unreviewed report
suggested that the adult /. /uminosus has a ventral light organ only in males (Reyes and Lee, 2010).
Phylogenetic analyses based on the morphological characters suggested that the genera Ignelater and
Photophorus (which contain only two species from Fiji and Vanuatu) are the most closely related genera
in the tribe Pyrophorini (Rosa, 2007). The earliest fossil of an Elateridae species was recorded from the
Middle Jurassic of Inner Mongolia, China (Chang et al., 2009). McKenna and Farrell suggested that,
based on molecular analyses, the family Elateridae originated in the Early Cretaceous (130 Mya)
(McKenna and Farrell, 2009). It is expected that many recent genera in Elateroidea were established by
the Early Tertiary (<65 Mya) (Grimaldi and Engel, 2005).

The exact function of bioluminescence across different life stages remains unknown for many
luminous elaterid species. Bioluminescent elaterid beetles typically have two paired lanterns on the dorsal
surface of the prothorax, and a single lantern on the ventral abdomen, which is only exposed during flight.
Several bioluminescent Elateridae produce different colored luminescence from their prothorax and
abdominal lanterns (Feder and Velez, 2009; Oba et al., 2010a). Harvey reported that there was not a
marked difference in the luminescence color of the dorsal and ventral lanterns of Puerto Rican I
luminosus (Harvey, 1952). Like fireflies, elaterid larvae often produce light, with the glowing termite
mounds of Brazil that contain the predatory larvae of Pyrearinus termitilluminans being a striking
example (Costa and Vanin, 2010). A description of the anatomy of the larval light organ of Pyrophorus is
provided by (Harvey, 1952), and a more modern photograph of the larval light organ is provided by
(Bechara and Stevani, 2018). Like other bioluminescent elaterid larvae, I luminosus larvae produce a
diffuse light from their prothorax, however they are only luminous when disturbed (Wolcott, 1948). 1.
luminosus larvae are subterranean predators and are an enthusiastic predator of the white grub
(Ancylonycha spp.), reportedly consuming 50 + to reach full size (Wolcott, 1950). Adult L luminosus are

luminescent and a bioluminescent courtship behavior was described in an unreviewed study (Kretsch,
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2000). Reportedly, males search during flight with their prothorax lanterns illuminated steadily, while
females stay on the ground modulating the intensity of their prothorax lanterns in ~2 s intervals. Once a
female is observed, the prothorax lanterns of the male go dark, the ventral lantern becomes illuminated,
and the male approaches the female via a circular search pattern. Mating is brief, reportedly taking only 5
seconds.

Unlike fireflies, bioluminescent elaterid species are not known to have potent chemical defenses.
For example, the Jamaican bioluminescent elaterid beetle Pyrophorus plagiophthalmus, does not appear
to be strongly unpalatable, as bats were observed to regularly capture the beetles during their flying
bioluminescent displays (Vélez, 2006). A defense role for I luminosus luminescence to startle predators is

possible.

3.2 Species distribution
L luminosus is often considered to be endemic to Puerto Rico (Virkki et al., 1984); however, the

genus Ignelater is reported in Florida (USA), Vera Cruz (Mexico), the Bahamas, Cuba, Isla de la
Juventud, Hispaniola (Haiti + Dominican Republic), Puerto Rico, and the Lesser Antilles (Costa, 1975).
Similarly, I [Iluminosus itself has been reported on the island of Hispaniola (Kretsch, 2000;
Perez-Gelabert, 2008), indicating I luminosus is not restricted to Puerto Rico. This geographic
distribution of Ignelater suggests that Puerto Rico may contain multiple /gnelater species and, given the
difficulty of distinguishing different species of bioluminescent Elateridae by morphological characters, a
definitive species distribution for I. luminous cannot be stated, other than this species is seemingly not

strictly endemic to Puerto Rico.

3.3 Collection

I luminosus (llliger, 1807) adult specimens were collected from private land in Mayagiiez, Puerto

Rico (18° 13' 12.1974’ N, 67° 6' 31.6866° W) with permission of the landowner by Dr. David Jenkins
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(USDA-ARS). Individuals were captured at night on April 20th and April 28th 2015 during flight on the
basis of light production. The /. luminosus specimens were frozen in a —80°C freezer., lyophilized, shipped
to the laboratory (MIT) on dry ice. and stored at —80 "C. Full collection metadata is available from the
NCBI BioSample records of these specimens (NCBI Bioproject PRINA418169). Identification to species
was performed by comparing antenna and dissected genitalia morphology to published keys (Costa, 1975;
Rosa, 2010, 2007) (Supporting Information 3—figure 1). All inspected specimens were male (3/3).
Specimens collected at the same time, but not those used for genitalial dissection, were used for
sequencing. Although the genitalia morphology of the sequenced specimens was not inspected to confirm
their sex, sequenced specimens were inferred to be male, based on the fact that female bioluminescent
elaterid beetles are rarely seen in flight (Personal communication: S. Velez) and the dissected specimens

collected in the same batch as the sequenced specimens were confirmed to be male.

Supporting Information 3—figure 1. Ignelater luminosus aedeagus (male genitalia).

(A) Dorsal and (B) ventral view of an /gnelater luminosus aedeagus, dissected from the same batch of specimens
used for linked-read sequencing and genome assembly. The species identity of this specimen was confirmed as /.
luminosus by comparison of the aedeagus to the keys of Costa and Rosa (Costa, 1975; Rosa, 2010, 2007).

3.4 Karyotype and genome size
The karyotype of male Puerto Rican I luminosus (as Pyrophorus luminosus) was reported as 2n =

14A + X1X2Y (Virkki et al., 1984). The genome sizes of 5 male I luminosus were determined by flow

cytometry-mediated calibrated-fluorimetry of DNA content with propidium iodide stained nuclei by Dr. J.
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Spencer Johnston (Texas A&M University). The frozen head of each individual was placed into 1 mL of
cold Galbraith buffer in a 1 mL Kontes Dounce Tissue Grinder along with the head of a female
Drosophila virilis standard (1C = 328 Mbp). The nuclei from the sample and standard were released with
15 strokes of the ‘B’ (loose) pestle, filtered through 40 pm Nylon mesh, and stained with 25 mg/mL
Propidium lodide (PI). After a minimum of 30 min staining in the dark and cold, the average fluorescence
channel number for the PI (red) fluorescence of the 2C (diploid) nuclei of the sample and standard were
determined using a CytoFlex Flow Cytometer (Beckman-Coulter). The 1C amount of DNA in each
sample was determined as the ratio of the 2C channel number of the sample and standard times 328 Mbp.
The genome size of these I /uminosus males was determined to be 764 +£ 7 Mbp (SEM, n = 5). Genome
size inference via Kmer spectral analysis of the I /uminosus linked-read data estimated a genome size of
841 Mbp (Supporting Information 3—figure 2).

3.5 Genomic sequencing and assembly
HMW DNA (25 ng) was extracted from a single male specimen of I luminosususing a 100/G

Genomic Tip with the Genomic buffers kit (Qiagen, USA). The I luminosus specimen was first washed
with 95% ethanol, and DNA was extracted following the manufacturer's protocol, with the exception of
the final precipitation step, where HMW DNA was pelleted with 40 pg RNA grade glycogen (Thermo
Scientific, USA) and centrifugation (3000 x g, 30 min, 4°C) instead of spooling on a glass rod. HMW
DNA was sent on dry-ice to the Hudson Alpha Institute of Biotechnology Genomic Services Lab
(HAIB-GSL), where pulsed-field-gel-electrophoresis (PFGE) quality control and 10x Genomics
Chromium Genome v1 library construction was performed. PFGE quality control indicated the mean size
of the input DNA was >35 kbp+. The resulting library was then sequenced on one HiSeqX lane.
408,838,927 paired reads (150 x 150 PE) were produced, corresponding to a genomic coverage of 153x.
To evaluate the effect of different Illumina instruments on data and assembly quality, the library was also
sequenced on one HiSeq2500 lane, where 145,250,480 reads (150 x 150 PE) were produced,

corresponding to a genomic coverage of 54x. A summary of the library statistics for the genomic
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sequencing is available in Supporting Information 4—table 1. The draft genome of I [uminosus
(Ilumil.0) was assembled from the obtained HiSeqX genomic sequencing reads using the Supernova
assembler (v1.1.1) (Weisenfeld et al., 2017), on a 40 core 1 TB RAM server at the Whitehead Institute for
Biomedical Research. The reported mean molecule size was 12.23 kbp. The assembly was exported to
FASTA format using Supernova mkoutput (parameters: --style=pseudohap), and modified by taxonomic
annotation filtering (Supporting Information 3.5.2) and polishing (Supporting Information 3.5.3) to form
[lumil.l. A Supernova (v2.0.0) assembly was also produced from combined HiSeqX and HiSeq2500
reads, but on a brief inspection the quality was equivalent to Ilumil.l, so the new assembly was not used
for further analyses. Manual long-read based scaffolding was then applied to produce a final assembly

[lumil.2 (Supporting Information 3.5.4).
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Supporting Information 3—figure 2. Genome scope kmer analysis of the L. luminosus linked-read
genomic library.

(A) Linear and (B) log plot of a kmer spectral genome composition analysis of the ‘1610 IlumiHiSeqX’ I
{uminosus 1llumina linked-read library (Supporting Information 2.5; Supporting Information 4—table 1) with
jellyfish (v2.2.9; parameters: -C -k 35) (Margais and Kingsford, 2011) and GenomeScope (v1.0; parameters: Kmer
length = 35, Read length = 138, Max kmer coverage = 1000) (Vurture et al., 2017). Before analysis, 10x Chromium
barcodes were trimmed off Read]l using cutadapt (v1.8; parameters: -u 23) (Martin, 2011). vlen = inferred haploid
genome length, uniq = percentage non-repetitive sequence, het = overall rate of genome heterozygosity, kcov =
mean kmer coverage for heterozygous bases, err = error rate of the reads, dup: average rate of read duplications.
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These results are consistent when considering the possible systematic error of kmer spectral analysis and flow
cytometry genome size estimates. The heterozygosity is higher than that measured for P. pyralis and A. lateralis.
The read error rate for this library is also significantly higher than the P. pyralis and A. lateralis results, possibly
highlighting the difference in raw read error rate between HiSeq2500 and HiSeqX sequencing, or is possibly an
artifact of the Chromium library.

3.5.2 Taxonomic annotation filtering

We sought to systematically remove assembled non-elaterid contaminant sequence from Ilumil.0.
Using the blobtools toolset (v1.0.1), (Laetsch and Blaxter, 2017), we taxonomically annotated our
scaffolds by performing a blastn (v2.6.0+) nucleotide sequence similarity search against the NCBI nt
database, and a diamond (v0.9.10.111) (Buchfink et al., 2015) translated nucleotide sequence similarity
search against the of Uniprot reference proteomes (July 2017). Using this similarity information, we
taxonomically annotated the scaffolds with blobtools using parameters ‘-x bestsumorder --rank phylum’
(Supporting Information 3—figure 3). A tab delimited text file containing the results of this blobtools

annotation is available on FigShare (DOI: 10.6084/m9.figshare.5688952). We then generated the final

genome assembly by retaining scaffolds that had coverage >10.0 in the 1610_IlumiHiSegX library, and
did not have a high scoring (score >5000) taxonomic assignment for ‘Proteobacteria’, followed by
polishing indels and gap-filling with Pilon (Supporting Information 3.5.3). This approach removed 235
scaffolds (330 Kbp), representing 0.2% of the scaffold number and 0.03% of the nucleotides of llumil.0.
While filtering the Humil.0 assembly, we noted a large contribution of scaffolds taxonomically annotated
as Platyhelminthes (1740 scaffolds; 119.56 Mbp). Upon closer inspection, we found conflicting
