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Molecular variation across populations of a
widespread North American firefly, Photinus
pyralis, reveals that coding changes do not
underlie flash color variation or associated
visual sensitivity
Sarah E. Lower1,3* , Kathrin F. Stanger-Hall2 and David W. Hall1

Abstract

Background: Genes underlying signal production and reception are expected to evolve to maximize signal
detection in specific environments. Fireflies vary in their light signal color both within and between species,
and thus provide an excellent system in which to study signal production and reception in the context of
signaling environments. Differences in signal color have been hypothesized to be due to variation in the
sequence of luciferase, the enzyme that catalyzes the light reaction. Similarly, differences in visual sensitivity,
which are expected to match signal color, have been hypothesized to be due to variation in the sequence of
opsins, the protein component of visual pigments. Here we investigated (1) whether sequence variation in
luciferase correlates with variation in signal color and (2) whether sequence variation in opsins correlates with
inferred matching visual sensitivity across populations of a widespread North American firefly species, Photinus
pyralis. We further tested (3) whether selection has acted on these loci by examining their population-level
differentiation relative to the distribution of differentiation derived from a genome-wide sample of loci
generated by double-digest RADseq.

Results: We found virtually no coding variation in luciferase or opsins. However, there was extreme divergence in
non-coding variation in luciferase across populations relative to a panel of random genomic loci.

Conclusions: The absence of protein variation at both loci challenges the paradigm that variation in signal color and
visual sensitivity in fireflies is exclusively due to coding variation in luciferase and opsin genes. Instead, flash color
variation within species must involve other mechanisms, such as abdominal pigmentation or regulation of light organ
physiology. Evidence for selection at non-coding variation in luciferase suggests that selection is targeting luciferase
regulation and may favor differ expression levels across populations.

Keywords: Lampyridae, Bioluminescence, Fst outlier, Population genomics, Sensory drive

* Correspondence: s.lower@bucknell.edu
1Department of Genetics, University of Georgia, Athens, GA 30602, USA
3Present address: Department of Biology, Bucknell University, Lewisburg, PA
17837, USA
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Lower et al. BMC Evolutionary Biology  (2018) 18:129 
https://doi.org/10.1186/s12862-018-1251-9

http://crossmark.crossref.org/dialog/?doi=10.1186/s12862-018-1251-9&domain=pdf
http://orcid.org/0000-0003-0889-3344
mailto:s.lower@bucknell.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
Communication has been the subject of intense study
since Darwin [1]. All communication systems involve
the transmission of a signal that carries information
from a sender to a receiver (reviewed in [2]). Because
transmission occurs through the environment, natural
selection is expected to favor both signals and receptors
that maximize signal detection in the context of ambient
environmental conditions. As such, the evolution of any
signaling system is affected (“driven”) by the characteris-
tics of both the species and the biotic and abiotic envir-
onment. The “sensory drive” framework posits that
signal production and reception are expected to evolve
to maximize signal detection in the specific environment
in which signals are displayed [3]. The effects of natural
and sexual selection driving the evolution of sensory sys-
tems in particular directions should be detectable in the
genes underlying signal production and detection. Such
evidence for selection should be observable both across
species and across populations within a species that in-
habit different environments.
Fireflies, in the beetle family Lampyridae, are an

established system for the study of mating signal evolu-
tion due to their conspicuous and variable light displays
(e.g. [4–16]. Generally, in nocturnal species, flying
males direct species-specific flash patterns to sedentary
females in the vegetation [17]. These species-specific
flash patterns are used for mate recognition and mate
choice [18–23], but there is also variation in signal
emission color, ranging from green (554 nm) to yellow/
orange (579 nm) [4, 6, 7, 11, 16, 24, 25]. Across species,
emission color correlates with the time of evening
activity, with early-active (around sunset) species hav-
ing yellower signals, which are hypothesized to have
evolved to contrast with ambient green environmental
light reflected off the vegetation, thereby facilitating
signal detection [4, 16]. This “contrast hypothesis”
holds within species as well—within early-active spe-
cies, population-level variation in emission color is cor-
related with the habitat in which signals are displayed
such that populations that signal in “closed”, forested
environments have yellower signals [16]. While color
varies across species and populations, a single individ-
ual is generally consistent from night to night, even
when brought into the lab [16]. In addition, there is evi-
dence that peak visual sensitivity of the eye matches
peak emission color across species [4, 6, 7, 11], suggest-
ing coevolution of vision and emission color at the
species-level. This variation in signals, environments,
and visual sensitivity provides a context for examining
the molecular evolution of genes underlying signal pro-
duction and reception as predicted by sensory drive.
Here, we undertook a candidate gene population gen-

etics approach to test whether genes that underlie signal

production and reception have evolved in the context of
population-level variation in signaling environment and
signal color. In fireflies, the primary genes underlying
both light signal production (luciferase) and visual
reception of the signal (opsins) are known. To produce a
light signal, the enzyme luciferase interacts with its sub-
strate, luciferin, in the presence of oxygen and ATP to
release a photon of light (e.g. [26], reviewed in [27]. Pre-
vious studies, generally based on sequences from single
individuals or single sampling locations, have shown that
the amino acid sequence of luciferase is mostly con-
served across firefly species, but varies at specific sites
within the molecule [28–37]. Because luciferase is widely
used as a luminescent marker in molecular studies, spe-
cific amino acid substitutions at these sites have been
shown to be associated with in vitro changes in light
color [28–37]. Thus, one favored paradigm predicts that
signal color variation results directly from variation in
the luciferase amino acid sequence [30]. Alternatively,
color variation could arise from multiple expressed lucif-
erases and/or other molecules that affect the morpho-
logical or physiological environment within the light
organ. Fireflies do have two luciferase paralogs; however,
in the species investigated to date, only one copy (LUC1)
is expressed in the adult light organ and functions to
produce flash signals [38–40].
To detect a light signal, visual pigments in the photore-

ceptors of the eye absorb photons of light, then transduce
the signal to the optic nerve. Visual pigments are com-
posed of two parts: a light-sensing vitamin A-derived
chromophore and a signaling protein, opsin [41]. While
opsins are mostly conserved, amino acid sequence vari-
ation at particular sites within the proteins, specifically
substitutions at sites that interact with the chromophore,
are known to affect visual sensitivity [42–44]. Fireflies
have only two opsins, one that detects long-wavelength
light (LW opsin) and one that detects ultraviolet wave-
lengths (UV opsin) [15, 45, 46]. Since there is no known
UV component to the firefly light signal, flash signals are
likely detected solely by the LW opsin [25], while UV
opsin may be used for navigation through the environ-
ment [47], or in determining the onset of crepuscular ac-
tivity [8, 9].
Here, we capitalize on documented variation in signal

color across populations of a widespread North American
species, P. pyralis [16], to investigate the evolution of lucif-
erase and opsins with respect to signal color and environ-
ment. P. pyralis is a particularly good species in which to
examine this because there are significant differences in
signal color (mean wavelength at peak intensity) across
populations, and the color range across populations spans
~ 60% of the entire color range of all measured firefly spe-
cies. Applying the species paradigm, we hypothesized that
natural selection on coding variation in adult-expressed
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luciferase and LW opsin also underlies these expansive
differences in emission color among P. pyralis populations
and their inferred matching visual sensitivities. We tested
this hypothesis by determining whether within-species
genetic variation in luciferase and LW opsin is correlated
with variation in the color of emitted light across popula-
tions of P. pyralis. We predicted that nonsynonymous
substitutions in the coding sequences of adult luciferase
and LW opsin would be correlated with emission color.
We further predicted that molecular variation in these
genes would exhibit signatures of divergent selection
across populations that differ in light color. Lastly, if there
is evidence for selection causing divergence in luciferase
and opsins across populations, we predicted that it would
be driven by the light environment (habitat) in which
signals are produced and received. Specifically, allele fre-
quencies at selected loci were expected to correlate with
differences in habitat. As there is no variation in the onset
of crepuscular activity across P. pyralis populations, UV
opsin amino acid sequence was not expected to be under
selection and thus served as a control.
To test our hypotheses, we sequenced adult-expressed

luciferase, LW opsin, and UV opsin across 12 P. pyralis
populations exhibiting different peak emission colors and
habitats. We tested for selection at specific sites within

these loci by examining their pattern of molecular vari-
ation relative to a set of genome-wide single nucleotide
polymorphisms (SNPs) generated from double-digest
restriction-site associated DNA sequencing (ddRADseq
[48];). We then examined population structure in P. pyra-
lis using a set of neutrally-evolving ddRADseq SNPs and
tested for correlations between genotype at luciferase or
opsins and emission color or habitat while controlling for
this population structure.

Results
Variation at signaling loci
To examine variation at signaling loci in the context of
signaling environment, we Sanger sequenced the three sig-
naling loci: adult luciferase, LW opsin, and UV opsin, of
191 individual males collected from 12 populations (15–
16 individuals/population) across the P. pyralis North
American geographical range. These populations differed
in their mean peak emission color (558 to 568 nm) and
habitat type (6 open field populations and 6 closed forest
populations) ( [16]; Fig. 1; Additional File 1, Note 1). As
predicted, all three loci showed sequence variation in cod-
ing regions (number of polymorphic sites in exons after
removing singletons: LUC1:14, LW:19, UV:24). However,
nonsynonymous variation that would result in a change in

Fig. 1 Photinus pyralis sampling sites. Individuals used for sequencing were collected from 12 locations during May–July of 2011–2014. Shading
shows states that have at least one record of P. pyralis presence [16, 18]. Populations are labeled with a 4-letter location code and colored by
habitat type. Inset (top left) is the distribution of male mean peak emission spectrum (+/− 1 SE) across the populations, ordered by increasing
wavelength (from yellow to more orange). Sample sizes for emission measurements are shown above. Lower left shows the ventral aspect of an
adult male. This map was generated using the maps package in R
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amino acid sequence was rare or absent (Table 1). Lucifer-
ase had a single nonsynonymous mutation, V182I, in
exon 3 that was heterozygous in four individuals from
Vanderpool, Texas (synonymous changes: 13, CDS
length: 1650 bp). LW opsin had a single nonsynon-
ymous mutation, A16V, in exon 1 that was heterozy-
gous in four individuals, three from Dexter, Michigan
(DEMI), and one from Byhalia, Mississippi (BYMS)
(synonymous changes: 18, CDS length: 1134 bp). UV
opsin had no nonsynonymous substitutions (synonym-
ous changes: 26, CDS length: 1152 bp).
Genetic diversity differed among the three signaling

loci and 12 populations. Luciferase had the lowest
amount of diversity as measured by heterozygosity (Hd)
and average pairwise nucleotide differences (π), but the
highest amount of differentiation among populations
(Fst) and a signature of excess low frequency polymor-
phisms (negative Tajima’s D) (Table 1). UV opsin had
the highest diversity, lowest amount of differentiation,
and most positive Tajima’s D. LW opsin was intermedi-
ate for diversity, differentiation, and Tajima’s D. Lucifer-
ase sequence diversity was highest in the most southern
population (VATX), shown to be on a basal branch in a
phylogenetic analysis of the mitochondrial cytochrome
oxidase I (COI) locus (Additional File 1, Note 2), and
decreased steeply with increasing distance. In contrast,
the diversity of UV opsin declined more gradually with
distance, and LW opsin diversity was maintained across
populations (Fig. 2).

Fst outliers
To test for selection and examine genetic differentiation
at the three signaling loci relative to genome-wide
genetic differentiation, we generated double-digest
restriction-site associated DNA (ddRAD) libraries for 15
individuals from each of the 12 P. pyralis populations.
Illumina sequencing of these libraries resulted in
190,648,449 PE75 reads. After quality trimming, cleaning
contaminants, and discarding low-coverage libraries, we
obtained data for 154 of the original 180 individuals with

an average of 1,038,853 +/− 413,471 reads per specimen
(11–15 individuals/population). Applying the Stacks
pipeline with optimized parameters to the data resulted
in 2019 variable loci across populations that were suit-
able for population analysis (i.e. not ascribed to mito-
chondrial DNA or prokaryotic contaminants). All loci
were determined to be in Hardy Weinberg equilibrium
within populations after Bonferroni correction for mul-
tiple testing.
To generate a set of neutral loci for use in population

structure analyses we performed Fst outlier analysis on
the 2019 RAD loci. Outliers were required to be in the
top (diversifying) or bottom (balancing/purifying) 5% of
Fst values across all 10 LOSITAN [49] and have a
q-value < 0.01 across 2 BayeScan [50] runs (Additional
File 1, Note 3) to be considered under selection. This
analysis yielded 42 candidate loci under selection, 29
under diversifying and 13 under balancing or purifying
selection, and 1977 neutral loci. None of the outlier
RAD loci had a significant BLAST hit to a known gene.
Neutral mean Fst across populations was estimated at
0.38 (LOSITAN) and 0.36 (BayeScan). The 1977 neu-
trally evolving loci identified by this analysis were
retained for investigation of population structure.
To test signaling-related loci for evidence of selection, we

combined the 2019 RAD loci and the variable SNPs from
adult luciferase, LW opsin, and UV opsin, and then per-
formed Fst outlier analysis using the same criteria on this
combined dataset. This resulted in a slightly larger consen-
sus set of 46 loci under selection (33 diversifying, 13 balan-
cing or purifying) and 2058 neutral (Fig. 3). Loci under
diversifying selection included the previously-identified 29
RAD loci, plus one new RAD locus, and 3 luciferase SNPs
(sites 630, 723, 1780; numbered according to their position
in Supplemental File 2a on Figshare). Sites 630 and 723 are
3rd positions within exon 3 of the luciferase gene, while site
1780 is in intron F, the penultimate intron of the gene. The
other 18 variable luciferase SNPs had no evidence for ex-
treme values of Fst, possibly because they had low levels of
among-population heterozygosity (≤ 0.1). The single

Table 1 Genetic diversity and gene flow estimates for adult luciferase (LUC1), and LW and UV opsin. Measures are given for the
alignment of entire sequences (ALL) and only coding sequences (CDS). The number of individuals sequenced (N), number of variable sites
(VS), number of synonymous (Syn) and nonsynonymous (NSyn) mutations within the coding sequence, the position of nonsynonymous
mutations in the nucleotide alignment (Site), haplotype diversity (Hd +/− (SD)), nucleotide diversity (π +/− (SD)), Fst [84], and Tajima’s D
[104] are given

Locus Length (bp) N VS Syn NSyn Site Hd π Fst Tajima’s D

LUC1: ALL 1966 190 21 13 1 667 0.69 (0.021) 0.00099 (0.00004) 0.61 −1.08

LUC1: CDS 1650 190 14 13 1 544 0.63 (0.018) 0.00080 (0.00003) 0.65 −0.91

LW: ALL 1459 191 24 18 1 98 0.79 (0.019) 0.00161 (0.00006) 0.20 −0.94

LW: CDS 1134 191 19 18 1 47 0.78 (0.019) 0.00200 (0.00007) 0.20 −0.55

UV: ALL 1440 191 41 26 0 N/A 0.91 (0.007) 0.00382 (0.00010) 0.31 −0.46

UV: CDS 1152 191 24 26 0 N/A 0.90 (0.007) 0.00351 (0.00009) 0.34 0.04
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nonsynonymous mutation in luciferase was among these
neutral SNPs. No SNPs from LW or UV opsin were identi-
fied as under selection in the consensus set of loci -- while
LOSITAN identified two LW and two UV opsin SNPs as
under balancing/purifying selection consistently across all
10 runs, these SNPs were not identified by BayeScan, and
thus were excluded from the consensus set.

Population structure
To place genetic variation at signaling loci in the context
of biogeography, we investigated population structure
and gene flow among the 12 P. pyralis populations. Gen-
etic distance-based neighbor-joining dendrograms of
neutral loci showed that specimens from each popula-
tion were generally monophyletic, suggesting little gene
flow between most populations, with the exception of
two pairs of populations east of the Appalachians
(Fig. 4a). The two populations from New Jersey
(AMNJ and MANJ) were the geographically closest
(96 km) population pair sampled and showed sub-
stantial overlap in the neighbor-joining tree, suggest-
ing either contemporary gene flow between these two
localities or recent separation with insufficient time
for genetic differentiation. The topology also showed
that Texas populations are genetically distinct from
the other populations, which is supported by COI
phylogenetic analysis (Additional File 1, Note 2). Pop-
ulations East of the Appalachian Mountains were less
genetically diverse, as evidenced by short branch
lengths between populations ranging in latitude from

b

a

Fig. 2 Genetic diversity statistics across populations at three loci involved in signal production/reception. On average, adult luciferase has lower
genetic diversity than either LW or UV opsin across populations (given by 4-letter location code). Populations are ordered by Great Circle distance
from the VATX population. Luciferase also exhibits a sharp decline in diversity with increasing distance from VATX, whereas the decline is more
gradual in UV opsin and absent in LW opsin. (a) Haplotype diversity (Hd), (b) nucleotide diversity (π), adult luciferase (LUC1: gold), LW opsin (LW: green),
UV opsin (UV: blue)

Fig. 3 Fst outlier plot. Fst versus among-population heterozygosity
for RAD loci (circles) plus SNPs from adult luciferase (LUC), LW opsin,
and UV opsin (outlined symbols). Colors indicate candidate selection
status: red – diversifying, gray – neutral, blue – balancing or purifying.
Candidate selection status was determined from the strict consensus of
10 LOSITAN [49] runs and 2 Bayescan [50] runs. Only loci with
heterozygosity above 0.1 are displayed (full figure given in Additional File
1, Note 3). The three luciferase SNPs with high heterozygosity (top right)
are strong candidates for diversifying selection

Lower et al. BMC Evolutionary Biology  (2018) 18:129 Page 5 of 14



Georgia to New Jersey. This pattern, of divergent
Texas populations with less genetic differentiation
among populations samples East of the Appalachians,
was also supported by estimates of pairwise Fst
among populations (Additional File 1, Note 4).
Principal Components Analysis (PCA) yielded two

major components that together accounted for ~ 30% of
the variance (Fig. 4b). PC1 (24.5%) roughly corresponded
with latitude, while PC2 (10.87%) roughly corresponded
with longitude, with the exception of the two divergent
Texas populations. STRUCTURE results supported K = 2,
determined by the Evanno method which finds the K that
maximally improves the likelihood among successive

tested K values, as the most likely number of genetic clus-
ters in the dataset (Fig. 4c). The two clusters correspond
to South-Western and North-Eastern groups, with evi-
dence of admixture within mid-Western populations.

Selection at the luciferase locus
To understand how genetic variation at the three adult
luciferase SNPs with evidence for divergent selection
(sites 630, 723, 1780) was geographically distributed, we
visualized allele frequencies at these loci across the pop-
ulations sampled (Fig. 5). The genetic variation at these
loci generally followed the expectation given the popula-
tion structure analysis. Notably, populations were nearly

Fig. 4 Photinus pyralis population structure. a) Neighbor-joining dendrogram of 154 P. pyralis from 12 populations. Unrooted dendrogram
constructed from genetic distances between individuals [94] based on 1977 neutral SNPs. Individual specimens are labeled using colored circles
that correspond to their population of origin. b) Principal components analysis of neutral SNPs: PC1 and PC2. Inset shows the eigenvalues of the
retained components. Percent variance attributed to each component given in parentheses. Individual specimens are labeled using colored
circles that correspond to their population of origin. c) STRUCTURE results with K = 2. Posterior probabilities of membership in each of 2 clusters
across 154 individuals. Columns show stacked probabilities of membership for each individual. Dark lines separate individuals by population of
origin, indicated by the locality code below. Populations are ordered left to right by Great Circle distance from VATX. The three clusters roughly
correspond to two regions: South-West (red) and North-East (blue), with evidence for admixture between adjacent regions. d) Map showing the
color key for sampled populations. This map was generated using the maps package in R
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fixed for a particular genotype at these three putatively
selected luciferase SNPs (Fig. 5). In contrast, LW and
UV opsin SNPs that were identified as candidates for
balancing/purifying selection by LOSITAN (but not
BayeScan; Additional File 1, Note 5) were generally not
fixed within a population.
All 2019 RAD loci, combined with the signal locus

SNPs, were tested for population-level associations in
peak light emission color (wavelength of peak emission
intensity) and habitat type (closed forest versus open
field) using BayeScEnv [51]. This method uses a
Bayesian framework to assess whether including a
locus-specific environmental variable-associated com-
ponent of Fst to model observed Fst at a locus has a
higher posterior probability than models of Fst purely
derived from demography or including other con-
founding locus-specific factors. Every individual in a
given population was assigned the average wavelength
and the habitat type for that population as measured
in [16]. While 14 and 6 RAD SNPs were associated with
wavelength and habitat, respectively (FDR < 0.05, consensus
of 2 independent runs), none of the SNPs from signaling
loci showed evidence for association with either emission
wavelength or habitat type. Most of these SNPS (11/14
wavelength-associated, 3/6 habitat-associated) were also
identified as under divergent selection in the initial screen
for loci under selection using BayeScan. None of the RAD
SNPs with evidence of association had a significant
BLAST result.

Discussion
While firefly signals have been the focus of much study,
molecular approaches to investigating the genetic vari-
ation underlying this signal diversity have been few,
likely limited by the dearth of DNA sequence data in

this non-model insect system. Here, we took advantage
of reference genome-free population genomic methods
(ddRADseq, Fst outlier analysis) to investigate the gen-
etic variation in luciferase and opsin genes among popu-
lations of a widely distributed North American firefly
species, P. pyralis. These genes are instrumental for light
signal production and light detection, respectively. We
utilized 12 populations across the range (96 to ~
3000 km apart) and population structure measures to
test whether coding variation in signaling genes could
explain differences in light emission color and the ex-
pected matching differences in visual sensitivity across
different habitats.

Population structure analysis suggests barriers to gene
flow
P. pyralis is a widespread and abundant species. It is
common across the Eastern U.S. and found in a variety
of habitats, including urban and disturbed areas, and
both males and females are able flyers. Therefore, we
expected to observe relatively high levels of gene flow
across the range (e.g. ladybird beetles: mean Fst = 0.039
[52]; pine beetle: Fst ranges from 0.02–0.1 across North
American populations [53]), perhaps with more limited
gene flow between populations at large geographic dis-
tances or across geographic boundaries that limit disper-
sal, such as the Appalachian mountains. Instead, the
genome-wide SNP analysis showed a very high average
Fst (0.38) among populations. Thus, it appears that P.
pyralis, though widespread and abundant east of the
Rockies, has limited gene flow among populations even
though adults are able flyers. The adult stage is quite
short (~ 2 weeks), during which males actively search for
sedentary females, foregoing food consumption (but see
[54]), and therefore adults may remain quite localized.

Fig. 5 Distribution of allele frequencies across populations. Pie charts show allele frequencies across populations for the three adult luciferase
SNPs with evidence for divergent selection: a) site 603, b) site 723, c) site 1780. Light and dark represent the frequencies of A and G alleles, respectively.
Maps were generated using the R package ggmap [103] using the parameters: maptype = “satellite”, source = “google”
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In contrast to the mobile adult stage, P. pyralis has a
long-lived terrestrial larval stage of up one to two years
based on rearing data from the lab (personal observa-
tion), similar to other fireflies [55], and during this time
the larvae likely also remain quite localized (on the order
of 100 s of meters).
SNP analysis identified two large genetic clusters of P.

pyralis populations, one in the South-West and one in
the North-East. The division between these clusters
roughly corresponds to the Appalachian Mountains, a
known biogeographical break in a wide range of North
American taxa (e.g [56–58]). Interestingly, the popula-
tions East of the Appalachians have evidence of short
branches and/or more substantial gene flow (at the scale
of 96–300 km) as compared to populations west of the
Appalachians, a signature consistent with population
expansion. Combined with evidence from the mitochon-
drial COI locus, the SNP data suggest a demographic
scenario of range expansion from Texas northward, with
rapid expansion up the eastern side of the Appalachians,
though more rigorous demographic modeling efforts are
required to disentangle likely demographic scenarios
(e.g. glacial refugia, secondary contact, and divergence
with gene flow).
It is critical to take population structure into account

in evolutionary analyses. In addition, population struc-
ture has important implications for firefly conservation.
P. pyralis was the original source for firefly luciferase
used in molecular assays and millions of individuals
were harvested each season for scientific use [59]. Fol-
lowing cloning of the P. pyralis luciferase in the 1980s
[60], luciferase can now be obtained via firefly-free
recombinant methods, but there remain anecdotal re-
ports of continuing harvest. Models of population
persistence in the face of substantial harvest, incorporat-
ing reductions in population growth rate and environ-
mental change, suggest such levels of harvesting may
not be sustainable [61]. The strong, localized population
structure found in this study, where gene flow is very
limited among populations, further suggests that migra-
tion is unlikely to be able to rescue threatened popula-
tions. Further, P. pyralis is a widespread, abundant, and
robust species, more often associated with human agri-
cultural activities compared to most other firefly species.
The presence of high population structure in this species
suggests that populations of other species may be even
more genetically isolated. Thus, it is essential that firefly
monitoring and conservation efforts take population
structure into account.

Luciferase, but not opsins, shows evidence of diversifying
selection among populations
Contrary to our expectations based on prevailing hy-
potheses of the genetic basis of signal color and visual

sensitivity and known differences in light emission color
across populations, neither luciferase nor LW opsin
showed a pattern of nonsynonymous changes in their
coding sequence that was correlated with either their
light emission wavelength or habitat type. Furthermore,
the single low-frequency nonsynonymous mutation that
we identified in luciferase (V182I) does not shift emis-
sion wavelength, though thermostability is altered [62].
The single low frequency nonsynonymous site in LW
opsin is not predicted to affect visual sensitivity based
on its predicted position outside of the chromophore
binding pocket, based on homology models [15]. Previ-
ous work demonstrated that opsin amino acid variation
did not directly match signal color variation across spe-
cies [15]. We now add evidence that this also applies
within a species, despite light color differences between
populations. Opsins are expected to be mostly con-
served, given the importance of visual reception for dif-
ferent functions (e.g. navigation, sensing time of day,
light signal detection) across different life stages. How-
ever, this raises the question whether sensory drive oc-
curs within a species, and if so, which alternative
mechanism(s) underlie it.
Despite the lack of amino acid variation, three lucifer-

ase SNPs showed a strong signature of selection, based
on their high Fst relative to the distribution generated
from neutral genome-wide SNPs. This finding suggests
that there has been selection-driven differentiation at a
region linked to luciferase that has driven the observed
differentiation of coding sequence of luciferase at silent
sites. This region could be located either in a
cis-regulatory sequence upstream of the luciferase cod-
ing region, or in another gene that is in strong linkage
disequilibrium with luciferase and is the actual target of
diversifying selection.
Not much is known about natural variation in lucifer-

ase regulation. The 5′ upstream region of P. pyralis lu-
ciferase has been examined in relation to related
luciferase genes in other species, and a core promoter
region has been identified [63, 64]. In addition, variation
in 5′ and 3′ sequences flanking luciferase has been doc-
umented in the Asian firefly, Luciola lateralis [65],
though the functional significance of sequence variation
in flanking sequences remains to be investigated in P.
pyralis. Interestingly, in Lampyris noctiluca, the Euro-
pean glowworm, an ancient transposon endonuclease
domain is located 686 bp upstream of the start codon
[64]. Transposons are often co-opted in gene regulation
[66], though whether this particular insertion has func-
tional significance, especially with respect to luciferase
expression in natural populations, is unknown.
Luciferase regulation may be under selection because

populations differ in optimal luciferase expression due
to abiotic or biotic factors in the environment. For
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example, mean temperature differences among popula-
tions could affect turnover of luciferase, requiring al-
tered expression to achieve optimal levels. In addition,
females respond more readily to brighter flashes [67]. If
the likelihood of finding a mate correlates with luciferase
abundance, but the cost of expression differs across pop-
ulations due to differences in water stress or limitations
in larval diet, optimal expression could differ. Aggressive
predatory Photuris fireflies that mimic light signals of
their firefly prey species also cue in on light signals [68],
so differences in predation levels across populations
could also select for different optimal expression.
Though these potential sources of selection are pure
speculation at this point, they provide intriguing hypoth-
eses for future work.

Associations with emission wavelength and habitat
We detected no significant association between light emis-
sion color or habitat type and the luciferase and opsin
SNP data across divergent populations of P. pyralis.
Further, we found no amino acid variation that is likely to
affect the color of the light produced by luciferase or the
color sensitivity of opsins. While both molecules are
expected to be conserved in sequence due to their essen-
tial functions in mate signal production and visual recep-
tion, the current paradigm for variation in light color, and
matched variation in opsins, based on amino acid vari-
ation at specific sites within these conserved molecules,
does not hold. Our data instead strongly suggest alterna-
tive mechanisms for the observed differences in light color
across populations, such as physiological mechanisms in
the light organ, morphological filtering of the color emit-
ted by luciferase through screening pigments in the light
organ [69], or through the impact of environmental fac-
tors such as pH and metal ions on light color (e.g. [70],
reviewed in [71]). Similarly, instead of amino acid
sequence variation in LW opsin, inferred differences in
visual sensitivity may be fine-tuned by screening pigments
in firefly eyes [7, 11, 72].

Conclusion
Across widely-distributed P. pyralis populations, we
found no evidence for selection on the amino acid
sequence of UV and LW opsins, the two light-detecting
proteins in firefly eyes. In contrast, the luciferase protein,
which generates the light signal, exhibits large differ-
ences in allele frequency across populations for three
SNPs, indicating positive selection for different luciferase
haplotypes in different parts of the range. Surprisingly,
none of these SNPs result in a change in the luciferase
amino acid sequence, strongly suggesting that selection,
rather than acting on the amino acid level, acts on vari-
ation that alters luciferase expression.

These findings are in stark contrast to the current
paradigm that differences in flash signal color across
firefly species are due to amino acid variation in lucifer-
ase. This study rejects the paradigm of coding variation
in luciferase and opsins underlying signal color variation
and visual reception, at least at the population-level. In-
stead, there is a strong signal of divergent selection in
luciferase non-coding variation that points to luciferase
regulation as a target of selection across populations,
even though it is not correlated with habitat or signal
color. This work provides a fascinating perspective on a
long-established model for light color evolution, and it
highlights the need for further study of mechanisms
determining light color in natural populations.

Methods
Study system
P. pyralis is a widespread and abundant firefly species in
the United States, ranging from Arizona to New York
[18]. Adult light displays can be seen over fields and in
woods from June to October, depending on locality. P.
pyralis adult light color is yellow [4, 73], and peak emis-
sion color ranges 10 nm (558 nm: green/yellow to
568 nm: yellow/orange) across populations [16]. P. pyra-
lis luciferase was the first to be cloned [60] and is widely
used as a bioluminescent reporter in gene expression
studies (reviewed in [27, 74]). In vitro, cloned P. pyralis
luciferase emits at 560 nm [75–77].

Sampling and DNA extraction
P. pyralis individuals were collected from 12 populations
(locations) during the summer months of 2011–2014
(Fig. 1). For each population, the time of capture of the
first specimen (activity start time), temperature at the
beginning of activity, and habitat type (open field, closed
forest, or mixed) were recorded, and emission spectra
from at least five males measured [16]. Specimens were
identified using both flash pattern (accounting for
temperature) and morphology [18, 78], and were pre-
served in 95% ethanol for DNA analysis. At least one
specimen per population was further confirmed molecu-
larly by amplifying and sequencing 376 bp of cytochrome
oxidase I (COI; primers HCO, LCO [13];) and compar-
ing against an in-house database of over 400 COI
sequences from 102 firefly taxa. This mitochondrial
locus has been shown to be phylogenetically informative
in Photinus fireflies [14]. All specimens are retained in
the permanent KSH collection at the University of
Georgia.
To capture molecular variation at loci involved in sig-

nal production/reception with respect to the rest of the
genome, we sequenced the two opsins (LW and UV)
and luciferase, and performed ddRADseq on individuals
from these 12 populations (Fig. 1, Additional File 1,
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Note 1). The final dataset included 191 individuals: 15–
16 P. pyralis individuals from each of six closed (forest)
populations and six open (field) populations, that
captured most of the range of male peak emission
(560 nm–569 nm [16];; Fig. 1). Only male measurements
and specimens were used since females are difficult to
locate in the field. For all samples, genomic DNA was
extracted from the thorax using a standard phenol
chloroform isoamyl alcohol protocol with RNAse diges-
tion (e.g. [79]).

LUC1 and LW and UV opsin sequencing and analysis
Adult-expressed luciferase (LUC1 [39];) and both firefly
opsins (LW and UV [15];) were amplified using PCR
and then bi-directionally sequenced on an Applied Bio-
systems 3730xl 96-capillary DNA Analyzer at the
Georgia Genomics Facility (Athens, GA). To amplify
each gene in its entirety, forward and reverse PCR
primers were designed using Primer3 [80] from flanking
sequences identified in P. pyralis transcriptome and gen-
ome sequences [15]. Both custom species-specific and
previously published internal primers were then used to
sequence each amplicon. Full-length genomic sequences,
from start to stop codon, were obtained for each locus.
All primer sequences and PCR cycling conditions are
given in Additional File 1, Table S3. The luciferase gene
from one individual could not be amplified in its entirety
and so this individual was excluded from luciferase gen-
etic variation analysis.
Sequences were assembled in Geneious R7 (Biomat-

ters Ltd.) and manually inspected for errors and hetero-
zygous sites. Full-length contigs were aligned using
Muscle [81] in Geneious and annotated for exon-intron
boundaries using coding sequences obtained from tran-
scriptomes or downloaded from Genbank (LW and UV
opsins [15]:; LUC1: M15077 [63],). Singletons and gaps
in introns due to indels were removed prior to down-
stream analysis. Alignments were phased in DNAsp v5
( [82]; 10,000 iterations, burnin of 10%, 2 independent
runs assessed for convergence) and then haplotype di-
versity (Hd [83],), pairwise nucleotide diversity (π [83],),
Fst [84], and Tajima’s D [104] calculated for both the
whole molecule and the coding sequence (Number of
sequences per locus: LUC1, 190; LW, 191; UV, 191).

ddRADseq library preparation, pooling, and sequencing
Sanger-sequenced individuals were assessed for
genome-wide molecular variation using ddRAD sequen-
cing [48, 85]. To allow for downstream optimization of
RAD-locus assembly parameters [86], only 15 of the 16
Sanger-sequenced individuals from each population were
randomly chosen for ddRAD sequencing and, from those
15, one was randomly chosen to generate an additional,
technical replicate to use for optimization. In total, there

were 16 libraries per population (15 individuals plus one
technical replicate), resulting in 192 individual libraries
across two 96-well plates. To decrease bias due to library
preparation batch effects, the 16 libraries from each popu-
lation were equally divided among plates and randomly
assigned to wells: six replicate pairs were randomly
assigned to wells within the same plate, while the other six
were split between plates.
Library construction followed a 3RAD protocol [87].

3RAD differs from ddRADseq [48] by using three re-
striction enzymes, two to digest genomic DNA and one
to cut adapter dimers. This increases the efficiency of se-
quencing shared loci across specimens because
adapter-dimers are eliminated rather than sequenced,
resulting in higher sequencing coverage depth of desired
genomic DNA fragments. In this study, genomic DNA
from each specimen was digested with ClaI and BamHI,
and MspI was used as the adapter-dimer cutter. Follow-
ing digestion, unique combinations of internal barcode
adapters were ligated onto cut fragments. Internal bar-
codes ranged in length from 6 to 9 nucleotides, thus en-
suring appropriate library complexity for the Illumina
sequencing platform. To reduce bias in the libraries due
to differential adapter amplification in the subsequent
PCR step, all samples on one plate were pooled, then
divided into 3 aliquots, and each aliquot labeled with a
unique combination of Illumina i5 and i7 adapters. After
amplification, aliquots were pooled by plate, resulting in
two final libraries composed of different individuals. To
reduce each library to a reproducible portion of genome
across specimens, these final libraries were size selected
separately using a Caliper LabChip XT (PerkinElmer) at
the Savannah River Ecology Lab (Aiken, SC). The aver-
age size of fragments in the final libraries was 550 bp
+/− 12.5%. To reduce the effect of lane on sequencing
output, the two size-selected samples were then pooled
and run on 50% of 4 lanes of PE75 Illumina NextSeq at
the Georgia Genomics Facility (Athens, GA).

ddRADseq analysis
To generate a set of SNP-containing RAD loci that were
sequenced across all individuals for use in downstream
analyses, we identified reads from each sample in our
pool using unique combinatorial barcodes, eliminated
potential contaminant reads, and then grouped these
into RAD loci bioinformatically. Samples were initially
demultiplexed into their respective aliquot libraries
(three from each of two plates) by outer Illumina
adapters using bcl2fastq v2.16.0.10 (Illumina, Inc.). Sub-
sequently, the reads for individual specimens were iden-
tified from each of these demultiplexed pools and
trimmed for quality using process_radtags in Stacks
v1.29 (parameters: -q –r –renz_1 mspI –renz_2 bamHI
–t 63 [88],). Reads for each sample were concatenated
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across aliquot libraries and non-eukaryotic contaminants
removed from each specimen using kraken (parameters:
--paired –db minikraken_20141208 [89];). Attempts to
avoid gut microbes by isolating DNA from thorax were
generally successful (median: 0.02% reads identified as
contaminants; range: 0.003–35%).
High-quality paired-end reads were concatenated and

run through the Stacks pipeline using default parameters
for initial exploration prior to parameter optimization. We
identified 28/192 libraries (15%) that “failed”, meaning that
they had data for less than 50% of the loci that were
shared across 80% of the samples. All of these libraries
had fewer than 100,000 reads and were excluded from
downstream analysis. The failed libraries included 3 of the
technical replicate samples, leaving 9/12 samples with rep-
licates for optimization. Technical replicates were used to
find the optimal Stacks parameters according to the pro-
cedure of [86](m = 3, M = 4, n = 3, max_locus_stacks = 3)
with the default SNP calling model. In total, 154 sam-
ples were used in the final analysis—all the unique
samples that passed our “failure” threshold, plus the
“best” sample from each replicate pair (i.e. the one
with the most reads).
Stacks output was analyzed using the populations mod-

ule in Stacks v1.31. SNP loci included in the final analysis
were required to be present in at least 80% of the individ-
uals per population and have a minor allele frequency of at
least 5%. Loci were annotated by comparing the consensus
sequence for each locus to all nucleotide sequences in
Genbank (blastn, evalue: 1e-4, ID: 90% [90];) and those
with hits to mitochondrial or microbial sequences excluded
from analysis. Each locus was tested for Hardy-Weinberg
equilibrium prior to population structure and selection
analyses using pegas [91] in R with Bonferroni correction
to account for multiple testing.

Fst outlier analysis
Loci with evidence for balancing and positive selection
were identified using two methods: (i) the FDIST
method [92] as implemented in the LOSITAN Selection
Workbench [49] and (ii) BayeScan v2.1 [50]. LOSITAN
estimates the background Fst distribution (i.e. for the
likely neutral loci) and then identifies loci with Fst values
falling in the tails of the distribution, i.e. more extreme
than the 95% confidence interval (CI). Loci with Fst
values larger or smaller than the Fst CI were considered
to be under diversifying or balancing selection,
respectively. Following best practices, loci in each cat-
egory (diversifying, balancing, neutral) were determined
from the consensus of 10 runs of 1,000,000 simulations
each (options: “Neutral” mean Fst, Force mean Fst). To
be considered in the diversifying or balancing selection
categories, a locus must be present in that category
across all 10 runs.

BayeScan decomposes Fst into that shared across all loci
(population-specific Fst) and locus-specific Fst. Candidate
loci under selection are identified as loci where
locus-specific Fst needs to be invoked to explain diversity
at that locus. BayeScan was run twice (parameters: -n
5000 -thin 10 -nbp 20 -pilot 5000 -burn 50,000 -pr_odds
100) and convergence of the two runs assessed using Gel-
man and Rubin’s diagnostic as implemented in the coda
package [93] in R v3.3.2 (R Core Team 2008). Only loci
with q-values less than 0.01 in both runs were considered
as candidates under selection, with a negative or positive
alpha value indicative of balancing/purifying or diversify-
ing selection, respectively.
First, all RAD loci were run with both methods to de-

velop a set of neutral loci used to investigate population
structure. Loci with evidence for selection across both
LOSITAN and Bayescan methods were excluded from
further analysis with neutral markers. Then, all RAD loci
and variable SNPs identified in luciferase, LW opsin, and
UV opsin were combined and run to investigate selec-
tion at these three candidate loci.

Population structure
When investigating candidate loci under selection, it is
important to place their variation in the context of geo-
graphical population structure. Thus, using the set of neu-
tral RAD loci, we examined population structure in
several ways: (i) we constructed a neighbor-joining den-
drogram of individuals using Nei’s distance [94] using the
StAMPP v1.4 [95] and ape v5.0 [96] packages in R. (ii) We
examined clustering of individuals by genotype using
Principal Components Analysis (PCA) as implemented in
adegenet v2.1 [97] in R and admixture models in STRUC-
TURE v2.3.4 [98]. All STRUCTURE analyses were run for
500,000 iterations with a burn-in of 50,000. Analyses were
repeated 20 times for each K value (1–13). The CLUM-
PAK server [99] was used to first identify the best number
of clusters using the Evanno method (ΔK [100];), then as-
sess STRUCTURE replicates for each K using CLUMPP
[101](parameters: LargeKGreedy, 2000 random inputs),
and finally, visualize clusters for each K using Distruct
[102]. (iii) We examined gene flow among populations by
estimating pairwise Fst using StAMPP (parameters:
nboots = 100, percent = 95, nclusters = 12).
To examine variation in candidate SNPs under selec-

tion with respect to population structure, geographical
distributions of allele frequencies were visualized using
ggmap v2.7 [103] in R.

Testing for associations between genotype, spectra, and
habitat
If SNPs in LUC, LW, and UV underlie phenotypic vari-
ation in spectra and inferred visual sensitivity that are
associated with habitat, SNP genotype should be
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associated with these variables across populations. We
tested for associations of all RAD and signaling loci SNPs
with spectra and habitat using BayeScEnv v1.1 [51] with
default parameters. Similarly to BayeScan, BayeScEnv
identifies loci associated with environmental variables by
decomposing Fst into that derived from demography (gen-
ome-wide population Fst) and locus-specific Fst. In this
method, locus-specific Fst can be further broken down
into that associated with the environmental variable or
that associated with some other confounding variable
such as differences in mutation rate or background
selection. Loci for which incorporation of locus-specific
environmental-associated Fst is required are considered as
candidates for local adaptation to the environmental vari-
able. This method accounts for population structure by
allowing demography-derived Fst to vary among popula-
tions. Spectra data were mean-centered and normalized
by the standard deviation prior to testing. Two BayeScEnv
runs were performed per each explanatory variable and
assessed for convergence using Gelman and Rubin’s diag-
nostic. Loci with FDR < 0.05 were considered associated
with explanatory variables.

Additional files

Additional file 1: For Lower et al. Contents: Notes 1–5. 1. Methods. 2.
COI analysis. 3. Fst outlier analysis. 4. Gene flow among populations. 5.
Additional signaling locus SNPs. 6. Files on Figshare. (PDF 6217 kb)

Abbreviations
AMNJ: Amwell, New Jersey; ATP: adenosine triphosphate; BYMS: Byhalia,
Mississippi; CDS: coding sequence; COI: cytochrome oxidase I;
ddRADseq: double-digest restriction-site associated DNA sequencing;
DEMI: Dexter, Michigan; DNA: deoxyribonucleic acid; FDR: False discovery
rate; LUC1: adult-expressed luciferase; LW: long-wavelength; MANJ: Mahwah,
New Jersey; P: genus abbreviation for Photinus; PCA: Principal components
analysis; SNP: single nucleotide polymorphism; UV: ultra-violet;
VATX: Vanderpool, Texas

Acknowledgments
The authors would like to thank the following individuals for permission to
collect and assistance with collections: Arkansas Department of Parks and
Tourism, Gina Baucomb, Ashley Brown, Great Smoky Mountains National Park
(permit GRSM-2011-SCI-0049 to KSH), Paul Kissel (Eisenhower State Park, TX),
Michael Marsh (University of Georgia), Jenna Pallansch, David Queller, David
Riskind (Texas Parks and Wildlife Department permit), Willem Roosenburg,
Tonya Saint John, and Joan Strassman. The authors would also like to
acknowledge Travis Glenn and Troy Kieran for help with ddRADseq study
design and implementation.

Funding
This work was supported by the National Science Foundation (GRF to SEL,
DDIG DEB-1311315 to DWH and SEL, DEB-0074953 to KFS), and the NIGMS
of the National Institute of Health (award number T32GM007103 to SEL). The
content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health. The funding
bodies had no role in the study design; collection, analysis, and interpret-
ation of data; nor in writing the manuscript.

Availability of data and materials
The raw RADseq reads generated and analyzed during the current study are
available in the NCBI Short Read Archive (SRA) repository: Accession

SRP157802. LUC1, LW opsin, UV opsin, and COI sequences are available on
Genbank: Accessions MH759021 - MH759210, MH759211 - MH759401,
MH759402 - MH759592, MH759593 - MH759686, respectively. Supporting
information is included as Additional File 1. Supplemental data files including
specimen collection information, alignments, vcf files, output of selection
scans, and stacks parameter optimization information are deposited at
Figshare: DOI https://doi.org/10.6084/m9.figshare.5771979.

Authors’ contributions
SEL and DWH conceived the study. KSH provided advice and materials,
including sampling sites, COI primers, and access to COI sequences. SEL
collected specimens, performed DNA preparation and sequencing, analyzed
the results, and wrote the initial draft of the manuscript. All authors
contributed to the interpretation of the data, revisions, and approved the
final manuscript.

Ethics approval and consent to participate
Permits and permissions to collect are given in the supplementary materials
of Hall et al. 2016 [16] and in the Acknowledgements section below.

Consent for publication
Not applicable.

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

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

Author details
1Department of Genetics, University of Georgia, Athens, GA 30602, USA.
2Department of Plant Biology, University of Georgia, Athens, GA 30602, USA.
3Present address: Department of Biology, Bucknell University, Lewisburg, PA
17837, USA.

Received: 2 March 2018 Accepted: 20 August 2018

References
1. Darwin C. Sexual selection and the descent of man. London: Murray; 1871.
2. Greenfield MD. Signalers and receivers: mechanisms and evolution of

arthropod communication. Oxford: Oxford University Press; 2002.
3. Endler JA. Signals, signal conditions, and the direction of evolution. Am Nat.

1992;139:S125–53.
4. Lall AB, Seliger HH, Biggley WH, Lloyd JE. Ecology of colors of firefly

bioluminescence. Sci. 1980;210:560–2.
5. Lall AB, Lord ET, Ovid Trouth C. Vision in the firefly Photuris lucicrescens

(Coleoptera: Lampyridae): spectral sensitivity and selective adaptation in the
compound eye. J Comp Physiol. 1982;147:195–200.

6. Seliger HH, Lloyd JE, Biggley WH. The colors of firefly bioluminescence—I.
Optimization model. Photochem Photobiol. 1982;36:673–80.

7. Seliger HH, Lall AB, Lloyd JE, Biggley WH. The colors of firefly
bioluminescence—II Experimental evidence for the optimization model.
Photochem Photobiol. 1982;36:681–8.

8. Lall AB. Action spectra for the initiation of bioluminescent flashing activity
in males of twilight-active firefly Photinus scintillans (Coleoptera:
Lampyridae). J Insect Physiol. 1993;39:123–7.

9. Lall AB. Spectral cues for the regulation of bioluminescent flashing activity
in the males of twilight-active firefly Photinus scintillans (Coleoptera:
Lampyridae) in nature. J Insect Physiol. 1994;40:359–63.

10. Lall AB, Worthy KM. Action spectra of the female’s response in the
firefly Photinus pyralis (Coleoptera: Lampyridae): evidence for an
achromatic detection of the bioluminescent optical signal. J Insect
Physiol. 2000;46:965–8.

11. Cronin TW, Järvilehto M, Weckström M, Lall AB. Tuning of photoreceptor
spectral sensitivity in fireflies (Coleoptera: Lampyridae). J Comp Physiol A.
2000;186:1–12.

12. Ohba N. Flash communication systems of Japanese fireflies. Integr Comp
Biol. 2004;44:225–33.

Lower et al. BMC Evolutionary Biology  (2018) 18:129 Page 12 of 14

https://doi.org/10.1186/s12862-018-1251-9
https://doi.org/10.6084/m9.figshare.5771979


13. Stanger-Hall KF, Lloyd JE, Hillis DM. Phylogeny of North American fireflies
(Coleoptera: Lampyridae): implications for the evolution of light signals. Mol
Phylogenet Evol. 2007;45:33–49.

14. Stanger-Hall KF, Lloyd JE. Flash signal evolution in Photinus fireflies:
character displacement and signal exploitation in a visual communication
system. Evolution. 2015;69:666–82.

15. Sander SE, Hall DW. Variation in opsin genes correlates with signalling
ecology in North American fireflies. Mol Ecol. 2015;24:4679–96.

16. Hall DW, Sander SE, Pallansch JC, Stanger-Hall KF. The evolution of adult
light emission color in North American fireflies. Evolution. 2016;70:2033–48.

17. Buck JB. Studies on the firefly. II. The signal system and color vision in
Photinus pyralis. Physiol Zool. 1937;10:412–9.

18. Lloyd JE. Studies on the flash communication system in Photinus fireflies.
Ann Arbor, Michigan: Museum of Zoology, University of Michigan; 1966.

19. Lloyd JE. Sexual selection in luminescent beetles. In: Blum MS, Blum NA,
editors. Sexual selection and reproductive competition in insects. New York:
Academic Press; 1979. p. 293–342.

20. Cratsley CK, Lewis SM. Female preference for male courtship flashes in
Photinus ignitus fireflies. Behav Ecol. 2003;14:135–40.

21. Lewis SM, Cratsley CK. Flash signal evolution, mate choice, and predation in
fireflies. Annu Rev Entomol. 2008;53:293–321.

22. Lewis SM, Cratsley CK, Demary K. Mate recognition and choice in Photinus
fireflies. Ann Zool Fennici. 2004;41:809–21.

23. Demary KC, Lewis SM. Male courtship attractiveness and paternity success
in Photinus greeni fireflies. Evolution. 2007;61:431–9.

24. Biggley WH, Lloyd JE, Seliger HH. The spectral distribution of firefly light. II J
Gen Physiol. 1967;50:1681–92.

25. Eguchi E, Nemoto A, Meyer-Rochow VB, Ohba N. A comparative study of
spectral sensitivity curves in three diurnal and eight nocturnal species of
Japanese fireflies. J Insect Physiol. 1984;30:607–12.

26. Seliger HH, McElroy WD. Spectral emission and quantum yield of firefly
bioluminescence. Archives Biochemistry Biophysics. 1960;88:136–41.

27. Fraga H. Firefly luminescence: a historical perspective and recent
developments. Photochem Photobiol Sci. 2008;7:146–58.

28. Kajiyama N, Nakano E. Isolation and characterization of mutants of firefly
luciferase which produce different colors of light. Protein Eng. 1991;4:691–3.

29. Conti E, Franks NP, Brick P. Crystal structure of firefly luciferase throws light
on a superfamily of adenylate-forming enzymes. Structure. 1996;4:287–98.

30. Branchini BR, Southworth TL, Fontaine DM, Murtiashaw MH, McGurk A,
Talukder MH, et al. Cloning of the orange light-producing luciferase from
Photinus scintillans-a new proposal on how bioluminescence color is
determined. Photochem Photobiol. 2017;93:479–85.

31. Branchini BR, Ablamsky DM, Murtiashaw MH, Uzasci L, Fraga H, Southworth
TL. Thermostable red and green light-producing firefly luciferase mutants
for bioluminescent reporter applications. Anal Biochem. 2007;361:253–62.

32. Branchini BR, Magyar RA, Murtiashaw MH, Anderson SM, Zimmer M. Site-
directed mutagenesis of histidine 245 in firefly luciferase: a proposed model
of the active site. Biochemistry. 1998;37:15311–9.

33. Branchini BR, Southworth TL, Khattak NF, Michelini E, Roda A. Red- and
green-emitting firefly luciferase mutants for bioluminescent reporter
applications. Anal Biochem. 2005;345:140–8.

34. Branchini BR, Magyar RA, Murtiashaw MH, Portier NC. The role of active site
residue arginine 218 in firefly luciferase bioluminescence. Biochemistry.
2001;40:2410–8.

35. Branchini BR, Southworth TL, Murtiashaw MH, Boije H, Fleet SE. A
mutagenesis study of the putative luciferin binding site residues of firefly
luciferase. Biochemistry. 2003;42:10429–36.

36. Shapiro E, Lu C, Baneyx F. A set of multicolored Photinus pyralis luciferase
mutants for in vivo bioluminescence applications. Protein Eng Des Sel. 2005;
18:581–7.

37. Nakatsu T, Ichiyama S, Hiratake J, Saldanha A, Kobashi N, Sakata K, et al.
Structural basis for the spectral difference in luciferase bioluminescence.
Nature. 2006;440:372–6.

38. Day JC, Goodall TI, Bailey MJ. The evolution of the adenylate-forming
protein family in beetles: multiple luciferase gene paralogues in fireflies and
glow-worms. Mol Phylogenet Evol. 2009;50:93–101.

39. Oba Y, Mori N, Yoshida M, Inouye S. Identification and characterization of a
luciferase isotype in the Japanese firefly, Luciola cruciata, involving in the
dim glow of firefly eggs. Biochemistry. 2010;49:10788–95.

40. Oba Y, Furuhashi M, Bessho M, Sagawa S, Ikeya H, Inouye S.
Bioluminescence of a firefly pupa: involvement of a luciferase isotype in the

dim glow of pupae and eggs in the Japanese firefly,Luciola lateralis.
Photochem Photobiol Sci. 2013;12:854–63.

41. Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, et al.
Crystal structure of rhodopsin: a G protein-coupled receptor. Sci. 2000;289:
739–45.

42. Yokoyama S, Yokoyama R. Chapter 6 Comparative molecular biology of
visual pigments. In: Stavenga DG, DeGrip WJ, Pugh EN, editors. Handbook
of biological physics: North-Holland; 2000;3:257–96. http://www.
sciencedirect.com/science/article/pii/S1383812100800093.

43. Yokoyama S. Evolution of dim-light and color vision pigments. Annu Rev
Genomics Hum Genet. 2008;9:259–82.

44. Yokoyama S, Yang H, Starmer WT. Molecular basis of spectral tuning in the
red- and green-sensitive (M/LWS) pigments in vertebrates. Genetics. 2008;
179:2037–43.

45. Oba Y, Kainuma T. Diel changes in the expression of long wavelength-
sensitive and ultraviolet-sensitive opsin genes in the Japanese firefly, Luciola
cruciata. Gene. 2009;436:66–70.

46. Martin GJ, Lord NP, Branham MA, Bybee SM. Review of the firefly visual
system (Coleoptera: Lampyridae) and evolution of the opsin genes
underlying color vision. Org Divers Evol. 2015;15:513–26.

47. Dacke M, Byrne MJ, Scholtz CH, Warrant EJ. Lunar orientation in a beetle.
Proc Biol Sci. 2004;271:361–5.

48. Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra HE. Double digest
RADseq: an inexpensive method for de novo SNP discovery and
genotyping in model and non-model species. PLoS One. 2012;7:e37135.

49. Antao T, Lopes A, Lopes RJ, Beja-Pereira A, Luikart G, LOSITAN. A workbench
to detect molecular adaptation based on a Fst-outlier method. BMC
Bioinformatics. 2008;9:323.

50. Foll M, Gaggiotti O. A genome-scan method to identify selected loci
appropriate for both dominant and codominant markers: a Bayesian
perspective. Genetics. 2008;180:977–93.

51. Villemereuil P, Gaggiotti OE. A new FST-based method to uncover local
adaptation using environmental variables. Methods Ecol Evol. 2015;6:1248–58.

52. Sethuraman A, Janzen FJ, Obrycki J. Population genetics of the predatory
lady beetle Hippodamia convergens. Biol Control. 2015;84:1–10.

53. Batista PD, Janes JK, Boone CK, Murray BW, Sperling FAH. Adaptive and
neutral markers both show continent-wide population structure of
mountain pine beetle (Dendroctonus ponderosae). Ecol Evol. 2016;6:
6292–300.

54. Faust L, Faust H. The occurrence and behaviors of North American fireflies
(Coleoptera: Lampyridae) on milkweed, Asclepias syriaca L. Coleopt Bull The
Coleopterists Society. 2014;68:283–91.

55. McLean M, Buck J, Hanson FE. Culture and larval behavior of Photurid
fireflies. Am Midl Nat. 1972;87:133–45.

56. Zamudio KR, Savage WK. Historical isolation, range expansion, and
secondary contact of two highly divergent mitochondrial lineages in
spotted salamanders (Ambystoma maculatum). Evolution. 2003;57:1631–52.

57. Soltis DE, Morris AB, McLachlan JS, Manos PS, Soltis PS. Comparative
phylogeography of unglaciated eastern North America. Mol Ecol. 2006;15:
4261–93.

58. Walker MJ, Stockman AK, Marek PE, Bond JE. Pleistocene glacial refugia
across the Appalachian Mountains and coastal plain in the millipede genus
Narceus: evidence from population genetic, phylogeographic,and
paleoclimatic data. BMC Evol Biol. 2009;9:25.

59. Howes N. Catching fireflies for fun and profit; 1993. p. 158–60.
60. de Wet JR, Wood KV, Helinski DR, DeLuca M. Cloning of firefly luciferase

cDNA and the expression of active luciferase in Escherichia coli. Proc Natl
Acad Sci USA. 1985;82:7870–3.

61. Bauer CM, Nachman G, Lewis SM, Faust LF, Reed JM. Modeling effects of
harvest on firefly population persistence. Ecol Modell. 2013;256:43–52.

62. Law GHE, Gandelman OA, Tisi LC, Lowe CR, Murray JAH. Mutagenesis of
solvent-exposed amino acids in Photinus pyralis luciferase improves
thermostability and pH-tolerance. Biochem J. 2006;397:305–12.

63. de Wet JR, Wood KV, DeLuca M, Helinski DR, Subramani S. Firefly luciferase gene:
structure and expression in mammalian cells. Mol Cell Biol. 1987;7:725–37.

64. Day JC. Characterisation of the luciferase gene and the 5’ upstream region
in the European glow-worm Lampyris noctiluca (Coleoptera: Lampyridae).
Eur J Entomol. 2005;102:787–91.

65. Cho KH, Lee JS, Choi YD, Boo KS. Structural polymorphism of the luciferase
gene in the firefly, Luciola lateralis. Insect Mol Biol Blackwell Science Ltd.
1999;8:193–200.

Lower et al. BMC Evolutionary Biology  (2018) 18:129 Page 13 of 14

http://www.sciencedirect.com/science/article/pii/S1383812100800093
http://www.sciencedirect.com/science/article/pii/S1383812100800093


66. Feschotte C. Transposable elements and the evolution of regulatory
networks. Nat Rev Genet. 2008;9:397–405.

67. Vencl FV, Carlson AD. Proximate mechanisms of sexual selection in the
firefly Photinus pyralis (Coleoptera: Lampyridae). J Insect Behav. 1998;11:
191–207.

68. Lloyd JE. Aggressive mimicry in Photuris: firefly femmes fatales. Sci. 1965;
149:653–4.

69. Buck JB. The anatomy and physiology of the light organ in fireflies. Ann N Y
Acad Sci. 1948;49:397–485.

70. Viviani VR, Oehlmeyer TL, Arnoldi F. A new firefly luciferase with bimodal
spectrum: identification of structural determinants of spectral pH-sensitivity
in firefly luciferases. Photochem Photobiol. 2005;81:843–8.

71. Viviani VR. The origin, diversity, and structure function relationships of insect
luciferases. Cell Mol Life Sci. 2002;59:1833–50.

72. Lall AB, Strother GK, Cronin TW, Seliger HH. Modification of spectral
sensitivities by screening pigments in the compound eyes of twilight-active
fireflies (Coleoptera: Lampyridae). J Comp Physiol A. 1988;162:23–33.

73. Seliger HH, Buck JB, Fastie WG, Mcelroy WD. The spectral distribution of
firefly light. J Gen Physiol. 1964;48:95–104.

74. Thorne N, Inglese J, Auld DS. Illuminating insights into firefly luciferase and
other bioluminescent reporters used in chemical biology. Chem Biol. 2010;
17:646–57.

75. McElroy WD, Seliger HH, White EH. Mechanism of bioluminescence,
chemiluminescence and enzyme function in the oxidation of firefly luciferin.
Photochem Photobiol. 1969;10:153–70.

76. White EH, Rapaport E, Seliger HH, Hopkins TA. The chemi- and
bioluminescence of firefly luciferin: an efficient chemical production of
electronically excited states. Bioorg Chem. 1971;1:92–122.

77. Deluca M, McElroy WD. [1] Purification and properties of firefly luciferase.
Methods in Enzymology. Academic Press; 1978;57:3–15. http://www.
sciencedirect.com/science/article/pii/0076687978570031.

78. Green JW. Revision of the nearctic species of Photinus (Coleoptera:
Lampyridae). Proc Calif Acad Sci. 1956;28:561–613.

79. Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: a laboratory manual.
New York: Cold Spring Harbor Laboratory Press; 1989.

80. Rozen S, Skaletsky H. Primer3 on the WWW for general users and for
biologist programmers. Methods Mol. Biol. 2000;132:365–86.

81. Edgar RCMUSCLE. multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 2004;32:1792–7.

82. Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics. 2009;25:1451–2.

83. Nei M. Molecular evolutionary genetics. New York: Columbia University
Press; 1987.

84. Hudson RR, Slatkin M, Maddison WP. Estimation of levels of gene flow from
DNA sequence data. Genetics. 1992;132:583–9.

85. Davey JW, Hohenlohe PA, Etter PD, Boone JQ, Catchen JM, Blaxter ML.
Genome-wide genetic marker discovery and genotyping using next-
generation sequencing. Nat Rev Genet. 2011;12:499–510.

86. Mastretta-Yanes A, Arrigo N, Alvarez N, Jorgensen TH, Piñero D, Emerson BC.
Restriction site-associated DNA sequencing, genotyping error estimation
and de novo assembly optimization for population genetic inference. Mo
Ecol Resour. 2015;15:28–41.

87. Graham CF, Glenn TC, McArthur AG, Boreham DR, Kieran T, Lance S, et al.
Impacts of degraded DNA on restriction enzyme associated DNA
sequencing (RADSeq). Mol Ecol Resour. 2015;15:1304–15.

88. Catchen J, Hohenlohe PA, Bassham S, Amores A, Cresko WA. Stacks: an
analysis tool set for population genomics. Mol Ecol. 2013;22:3124–40.

89. Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol. 2014;15:R46.

90. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol. 1990;215:403–10.

91. Paradis E. pegas: an R package for population genetics with an integrated–
modular approach. Bioinformatics. 2010;26:419–20.

92. Beaumont MA, Nichols RA. Evaluating loci for use in the genetic analysis of
population structure. Proc Roy Soc B. 1996;263:1619–26.

93. Plummer M, Best N, Cowles K, Vines K. CODA: Convergence Diagnosis
and Output Analysis for MCMC. R News. 2006;6(1):7–11.

94. Nei M. Estimation of average heterozygosity and genetic distance from a
small number of individuals. Genetics. 1978;89:583–90.

95. Pembleton LW, Cogan NOI, Forster JW. StAMPP: an R package for
calculation of genetic differentiation and structure of mixed-ploidy level
populations. Mol Ecol Resour. 2013;13:946–52.

96. Paradis E, Claude J, Strimmer KAPE. Analyses of Phylogenetics and Evolution
in R language. Bioinformatics. 2004;20:289–90.

97. Jombart T, Ahmed I. Adegenet 1.3-1: new tools for the analysis of genome-
wide SNP data. Bioinformatics. 2011;27:3070–1.

98. Pritchard JK, Stephens M, Donnelly P. Inference of population structure
using multilocus genotype data. Genetics. 2000;155:945–59.

99. Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose I. Clumpak: a
program for identifying clustering modes and packaging population
structure inferences across K. Mol Ecol Resour. 2015;15:1179–91.

100. Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of
individuals using the software structure: a simulation study. Mol Ecol. 2005;
14:2611–20.

101. Jakobsson M, Rosenberg NA. CLUMPP: a cluster matching and permutation
program for dealing with label switching and multimodality in analysis of
population structure. Bioinformatics. 2007;23:1801–6.

102. Rosenberg NA. distruct: a program for the graphical display of population
structure. Mol Ecol Notes. 2003;4:137–8.

103. Kahle D, Wickham H, ggmap. Spatial Visualization with ggplot2 [Internet]. R
J. 2013:144–61. Available from: http://journal.r-project.org/archive/2013-1/
kahle-wickham.pdf.

104. Tajima F. Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics. 1989;123:585–95.

Lower et al. BMC Evolutionary Biology  (2018) 18:129 Page 14 of 14

http://www.sciencedirect.com/science/article/pii/0076687978570031
http://www.sciencedirect.com/science/article/pii/0076687978570031
http://journal.r-project.org/archive/2013-1/kahle-wickham.pdf
http://journal.r-project.org/archive/2013-1/kahle-wickham.pdf

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Variation at signaling loci
	Fst outliers
	Population structure
	Selection at the luciferase locus

	Discussion
	Population structure analysis suggests barriers to gene flow
	Luciferase, but not opsins, shows evidence of diversifying selection among populations
	Associations with emission wavelength and habitat

	Conclusion
	Methods
	Study system
	Sampling and DNA extraction
	LUC1 and LW and UV opsin sequencing and analysis
	ddRADseq library preparation, pooling, and sequencing
	ddRADseq analysis
	Fst outlier analysis
	Population structure
	Testing for associations between genotype, spectra, and habitat

	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

