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Abstract

Eukaryotic genomes show tremendous size variation across taxa. Proximate explanations for genome size variation include differ-
ences in ploidy and amounts of noncoding DNA, especially repetitive DNA. Ultimate explanations include selection on physiological
correlates of genome size such as cell size, which in turn influence body size, resulting in the often-observed correlation between
body size and genome size. In this study, we examined body size and repetitive DNA elements in relationship to the evolution of
genome size in North American representatives of a single beetle family, the Lampyridae (fireflies). The 23 species considered
represent an excellent study system because of the greater than 5-fold range of genome sizes, documented here using flow
cytometry, and the 3-fold range in body size, measured using pronotum width. We also identified common genomic repetitive
elements using low-coverage sequencing. We found a positive relationship between genome size and repetitive DNA, particularly
retrotransposons. Both genome size and these elements were evolving as expected given phylogenetic relatedness. We also tested
whether genome size varied with body size and found no relationship. Together, our results suggest that genome size is evolving
neutrally in fireflies.
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Introduction positive correlation between genome size and TE content

Eukaryotic genome sizes vary widely, from 2.19Mb in the
microsporidian  fungus  Encephalitozoon romaleae to
148,851.60Mb in the angiosperm plant Paris japonica
(Kullman et al. 2005; Bennet and Leitch 2012), begging the
question, “How and why is this variation generated and main-
tained?” It is now established that much of genome size var-
iation is due to differences in repetitive DNA content, at the
genome (whole genome duplication), chromosome (aneu-
ploidy, supernumerary chromosomes), and/or segmental lev-
els (indels, gene duplications/deletions, transposable elements
[TEs], satellite DNA) with the relative importance of each vary-
ing across taxa (reviewed in Petrov 2001; Gregory 2005).
Some general trends have emerged—for example, there is a

across eukaryotes (Elliott and Gregory 2015). However, the
specific TEs involved differ across organisms—some genomes
show proliferation of a single TE family (i.e. transposon re-
lease, e.g. legumes: Macas et al. 2015), while others show
expansion of several TE families (e.g. in the grasses: Estep et al.
2013). While TE mobilization is expected to be deleterious due
to insertional disruption of genes, the degree to which selec-
tion drives genome-size evolution remains a mystery in most
taxa.

In addition to natural selection acting on TEs and on ge-
nome size, the degree of mutational bias (i.e. the relative rates
and sizes of mutations that increase versus decrease genome
size), and genetic drift will play a role in genome size
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evolution. For example, if large genome size has deleterious
but small fitness consequences, and/or if mutational bias is
weak and in the direction of reduced genome size, then we
expect the observed negative correlation between effective
population size and genome size across broad taxonomic
scales (Lynch and Conery 2003; but see Charlesworth and
Barton 2004; Whitney and Garland 2010). In contrast, if the
fitness consequences of large genome size are substantial,
then selection will be the primary determinant of genome
size evolution. For example, there is a strong positive correla-
tion between cell size and genome size in most taxa (reviewed
in Gregory 2001). Cell size can influence body size (Arendt
2007), which is one of the most ecologically important traits
of an organism (Peters 1986). Thus, genome size variation
may be a target of strong selection through its indirect effects
on body size, itself correlated with effective population size.
Furthermore, metabolic and developmental correlates of ge-
nome size have also been described (reviewed in Gregory
2005; Ellis et al. 2014; Arnquist et al. 2015). For example,
genome size in birds is negatively correlated with both flight
muscle size and heart size, perhaps causally through effects
on flight metabolism (Wright et al. 2014). Genome size also
correlates with developmental rate and complexity in many
taxa (e.g. Drosophila: Gregory and Johnston 2008; mosquitos:
Ferrari and Rai 1989; ladybird beetles: Gregory et al. 2003),
although such correlations are not always present (Juan and
Petitpierre 1991; Gregory et al. 2003). In addition, if muta-
tional bias is strong, then it will be a major determinant of
genome size evolution (Petrov 2002).

Given the many forces that can play a role in genome size
evolution, a complete understanding requires documentation
of genome sizes, measurements of likely selective correlates
such as body size, estimates of the strength of genetic drift,
measurement of mutational biases, and characterization of ge-
nomic content across species in a phylogenetic framework.
There are relatively few animal systems, particularly insects, in
which all of these factors have been estimated. To begin to
address this gap, we present results on genome size evolution
in the beetle family Lampyridae, the fireflies, in which we in-
vestigate three of these factors. Worldwide, there are over
2,000 firefly species perhaps best known for the production
of nocturnal lighted mating displays. In addition to large vari-
ation in body size, fireflies also vary in physiology, which allows
testing if metabolic rates are correlated with genome sizes: a
negative relationship has been seen in birds (Wright et al.
2014). In lighted species, flying males emit flash signals to fe-
males in the vegetation (Lloyd 1966). In contrast to lighted
species, some fireflies are unlighted—they have lost light, are
diurnal, and use long-distance pheromones to find mates (e.g.
Phosphaenus hemipterus: De Cock and Matthysen 2005). If
the energetic costs of signal production or searching for mates
are consistently different for lighted versus dark fireflies, then
lighted species may have a higher metabolic rate and smaller
genome size than dark species. Flying insects have higher

resting metabolic rates and are thus expected to have relatively
small genome sizes (Reinhold 1999). In some firefly species,
females lack or have reduced wings, eliminating their ability
to fly (reviewed in South et al. 2011), therefore firefly species in
which both sexes fly might be under stronger selection for
smaller genomes as compared to species with flightless fe-
males. Importantly, a molecular phylogeny is available to inves-
tigate the relationship between these potential selective
correlates and genome size in a comparative approach
(Stanger-Hall et al. 2007; Sander and Hall 2015; Stanger-Hall
and Lloyd 2015).

In this study, we used flow cytometry to determine the
genome size for over 20 North American firefly species and
found that genome size varies substantially, over 5-fold across
species. We used comparative methods to test for neutral
evolution of genome size. In addition, we performed low-
coverage sequencing to identify common repetitive DNA se-
guences that most contribute to genome size variation (e.g.
Macas et al. 2007; Tenaillon et al. 2011; supplementary file 1
S6.2). Finally, we quantified body size, allowing us to test for
selection on genome size acting through body size, light pro-
duction, and female wing reduction. In all of these analyses
we used a molecular phylogeny to correct for nonindepen-
dence of related species (Felsenstein 1985).

Materials and Methods

Specimen Collection and Species Identification for Flow
Cytometry

Adult specimens were collected from natural populations
(table 1) and kept alive in 50 ml plastic conical tubes contain-
ing a piece of damp paper towel to retain moisture. Upon
return to the laboratory, specimens were flash-frozen in liquid
nitrogen and individual heads were harvested for flow cytom-
etry. Specimens were identified to species and sex in the field
using flash pattern and morphology, and males verified in the
laboratory using genital morphology (Fender 1966; Green
1956, 1957; Luk et al. 2011). Both male and female species
identification were molecularly confirmed using 376 bp of the
mitochondrial cytochrome oxidase | (COI) locus (primers HCO,
LCO; Stanger-Hall et al. 2007). Sequences were aligned with
MUSCLE (Edgar 2004) in Geneious R7 (Biomatters Ltd.) along
with reference sequences from voucher specimens (Stanger-
Hall et al. 2007; Stanger-Hall and Lloyd 2015; Sander and Hall
2015) and used to create a neighbor-joining phylogeny.
Species identity was considered validated if the specimen
grouped with its corresponding voucher in the phylogeny.
Where species identification was ambiguous, an additional
895 bp of the COI locus (primers 2183, 3014) were sequenced
as well as two nuclear loci: 594 bp of rudimentary (CAD,
primers CD806F, CD1098R2), and 420bp of wingless (WG;
primers Wg550F, WgAbRZ; for additional primer information
and PCR amplification parameters see Stanger-Hall and Lloyd
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Table 1
Collection Dates and Localities of Specimens Used in Genome Size Estimation
Genus Species N® State(s) Collected Date(s)
Ellychnia corrusca 1 PA June 2012
Lucidota atra 5(5) IL, OH, PA, TN June 2012
punctata 2 PA, TN June 2012
Phausis reticulata 2 ™ June 2011
sp. WAT® 2(5) GA March 2012
Photinus australis 5 GA June 2011
brimleyi 2 TN June 2012
carolinus 7(5) GA, PA June 2011, June 2012
cooki (O] TN June 2012
curtatus 5(2) IL, OH June 2012
indictus 2 PA June 2012
macdermotti 10(6) GA, PA June 2011, April 2012, June 2012
marginellus 6(5) TN, PA June 2012, July 2012
obscurellus 3 PA June 2012, July 2012
pyralis 4(5) GA, MO, MS, TN June 2011, May 2012, June 2012
sabulosus 3 OH June 2012
scintillans 6(1) PA June 2012
Photuris frontalis 5 GA June 2011
multiple sp. 17(8)¢ IL, IN, MO, MS, PA, TN June 2012
Pyractomena angulata 5 IN, MO June 2012
borealis 5 GA March 2012
marginalis 2 PA June 2012
Pyropyga decipiens 4(5) PA June 2012

2Total number of males (females) per species.

PThese specimens were treated as a separate species from Phausis reticulata due to morphological and molecular differences (see supplementary material $3.4,

Supplementary Material online for details).

A single unknown Photuris with the largest measured genome size was used in further analysis (details in supplementary material $3.6, Supplementary Material online).

2015). For small specimens, whole bodies were retained for
flow cytometry to reduce the chance of freeze-drying the
neural tissue, which renders it unusable; in these cases, mo-
lecular data from proxy specimens were used to verify the
field identification. Proxy specimens were caught at
the same location as flow cytometry specimens, typically on
the same night. Bodies of large specimens and all proxies are
retained in the KSH collection at the University of Georgia.

Flow Cytometry

Genome size estimates were obtained by flow cytometric de-
termination of relative fluorescence of propidium iodide
stained nuclei after Hanrahan and Johnston (2011). In brief,
one half of the head of a firefly was placed into 1ml of
Galbraith buffer and coprepared in a 2ml Kontes Dounce
tissue grinder along with two internal standards, the head
of a female Drosophila virilis (1C =328 Mb) and 1/3 of the
head of a male Periplaneta americana (1C = 3,338 Mb).
Nuclei from the sample and standards were released by 15
strokes of the “B"” (loose) pestle at a rate of 1.5 strokes/sec-
ond. The released nuclei in solution were filtered through a
42-um nylon filter, and stained for at least one hour in the
cold and dark with 25ug/ml of propidium iodide (PlI).
The mean relative red (Pl) fluorescence of the 2C nuclei of

the two standards and of the sample were scored as channel
numbers using a Partec CyFlow flow cytometer equipped
with a solid-state laser emitting at 532 nm. To increase the
precision of estimates, each individual was re-measured using
an independent preparation of the remaining head tissue. At
least 1,000 nuclei were scored under each 2C peak with the
CV of all 2C peaks <2.5. Genome size was estimated as the
ratio of the mean 2C channel number of the sample divided
by the mean 2C channel number of the standard times the 1C
amount of DNA in the standard. A total of four values were
produced for each individual, with the two values based on
the different standards and two independent sets of scores
for each individual. The estimated 1C genome size for each
sample was the average of these four measures. Between 1
and 17 individuals of each sex were scored for genome size in
field-identified species (N >23 species; table 1). Mean esti-
mates for each individual measured are reported in the
Supplementary Material online.

Statistical Analyses of Genome Size

The variance in genome size estimates across taxonomic levels
was analyzed using standard least squares in JMP Pro 10 (SAS
Institute Inc. 2012) with restricted maximum likelihood to ac-
count for differences in sample size. The full model included
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the effects of genus, species nested within genus, and sex
nested within species and genus. Subsequently, Student’s t-
tests were used to test for sex differences in seven species that
had estimates for at least two individuals of each sex (Lucidota
atra, Phausis sp. WAT, Photinus carolinus, Photinus curtatus,
Photinus macdermotti, Photinus marqginellus, and Photinus
pyralis). Significance levels were adjusted to control the false
discovery rate (FDR) using the Benjamini-Hochberg correction
for multiple comparisons (Benjamini and Hochberg 1995).

454 Sequencing

To identify abundant repetitive elements that might account
for variation in genome size, low-coverage genomic sequenc-
ing was performed on 21 individuals, representing 20 species,
and 7 genera (supplementary material S1.1, Supplementary
Material online). The proportion of repetitive elements in the
sample should reflect their abundance in the genome if se-
guencing is unbiased (Macas et al. 2007; Swaminathan et al.
2007). Genomic DNA was isolated from thorax or whole body
of single specimens using phenol-chloroform extraction with
RNAse digestion. Sequencing libraries for each specimen were
uniquely barcoded and then all libraries pooled into two lanes
of 454 FLX Titanium XLR70 (Roche Diagnostics Corporation).
Library preparation, sample barcoding, sequencing, and
demultiplexing were performed at the Georgia Genomics
Facility (Athens, GA).

Sequences were assessed for quality using fastqc v. 0.11.2
(Babraham Bioinformatics 2012) and subsequently trimmed for
adapters and low-quality regions using the fastg-mcf program in
ea-utils v. 1.1.2 (parameters: -q 20 -p 10 -D15 x 0.01 -w 20;
Aronesty 2013). Seqtk v. 1.0 (https:./github.com/h3/seqtk) was
used to trim 19 bases from the beginning of each read due to
skewed base distributions and PCR duplicates were collapsed
using the fastx toolkit v. 0.0.13.2 (http:/hannonlab.cshl.edu/
fastx_toolkit). Mitochondrial sequences were identified using
BLASTN (e-value = 1e—6; Altschul et al. 1990) of collapsed reads
against a database of complete mitochondrial genomes from
Elateroid beetles, including fireflies, and removed (supplemen-
tary material S1.2, Supplementary Material online). Prokaryotic
contaminants were identified and removed using kraken v.
0.10.5 using a minikraken kmer library constructed from all
RefSeq bacteria, archaea, plasmids, and virus sequences filtered
for repetitive sequences using the BLAST + dustmasker (Wood
and Salzberg 2014). Finally, all reads less than 80bp were re-
moved to increase the efficiency of repetitive element identifi-
cation and assembly.

Repetitive Element Identification and Classification

Repetitive elements were identified using the RepeatExplorer
Galaxy server with default parameters (Novak et al. 2013).
RepeatExplorer identifies repetitive elements de novo using
a graph-based method to group reads into discrete clusters
based on all-by-all blast similarity. It then annotates clusters

using RepeatMasker (Smit et al. 2013-2015) using all or a
subset of RepeatMasker databases and then assembles con-
tigs from the reads belonging to each cluster using CAP3
(parameters: -O -p 80 -0 40; Huang and Madan 1999;
Novak et al. 2010). To be inclusive, we used all of the
RepeatMasker databases during annotation. We only anno-
tated clusters consisting of at least 20 reads, which we term
"top” clusters. This cut-off was low enough to fully capture
highly abundant repeats in all species (supplementary material
S1.3, Supplementary Material online), while remaining com-
putationally tractable. Remaining clusters are “bottom” clus-
ters and were not annotated using RepeatMasker
(supplementary material S1.4, Supplementary Material on-
line). All sequences across all species were pooled for cluster-
ing analysis to effectively increase our sequencing coverage
across shared repeats.

Both top and bottom clusters were screened for contam-
inants by blasting assembled contigs against the NCBI nucle-
otide database (e-value: 1e—5) and excluding clusters with
contigs that had high quality hits to mitochondrial, microbial,
or human sequences (high quality =hits over 100bp that
were also over 50% of either the query or subject length).
At least 60% identity was required to exclude mitochondrial
and microbial contaminants, while at least 90% was required
to exclude human sequences. Finally, the top clusters that
cumulatively accounted for at least 50% of top cluster abun-
dance within each species were manually curated using visual
inspection of the RepeatExplorer assembled contigs, tblastx
(default parameters) of contigs against the NCBI nt/nr data-
base to identify conserved domains, and Tandem Repeats
Finder (default parameters; Benson 1999). For the smallest
data set, Photinus pyralis, all clusters were manually curated
following the above procedure.

Top clusters were assigned to one of 10 repeat categories
based on RepeatExplorer and manual annotations: 1) long
terminal repeat (LTR), 2) long interspersed nuclear element
(LINE), 3) DNATE, 4) rolling circle TE, 5) low complexity repeat,
6) simple repeat (short repeats of less than 20 bp), 7) tandem
repeat (large repeats of more than 20 bp), 8) histone gene, 9)
ribosomal gene, and 10) unknown repeat (no annotation)
(Kapitonov and Jurka 2008; Wicker et al. 2007). An 11th
category comprised the sum of the bottom clusters. To exam-
ine patterns on a broader scale, we also performed analyses
after grouping some categories into three groups: Class | TEs,
or retrotransposons (categories 1 and 2), Class Il DNA TEs
(categories 3 and 4), and repeats (categories 5-9).

Validation of Low-Coverage Sequencing Approach

We investigated the effect of low-coverage sampling on our
estimates of genomic repetitiveness for the seven species with
the most data by randomly subsampling sequences to 0.01,
0.03, and 0.05x (without replacement) and then performing
RepeatExplorer analysis on the individual data sets. Five
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replicates per species per coverage level were generated to
examine the repeatability of estimates.

Low-coverage sequencing with blast-based de novo repeat
identification is expected to underestimate true genomic re-
petitiveness due to not detecting low-copy number repeats.
To assess how much true repetitiveness is underestimated, we
simulated 454 sequences from the T. castaneum reference
genome v 5.2 (NCBI: GCA_000002335.3) using our empirical
read length distribution in ART v 2.6.0 (Huang et al. 2012).
Data sets were generated at 0.02, 0.04, 0.06, 0.08, and 0.1x
coverage (five replicates each) and used in RepeatExplorer
analysis. Resulting repetitiveness estimates were compared
with expected estimates developed using the distribution of
copy numbers of annotated repetitive elements in the T. cas-
taneum genome (Wang et al. 2008) at 0.01x to 0.1x se-
guencing depths. For a nucleotide position in an element to
be identified as part of a repeat, we assumed that it must have
95% or greater probability of being detected in two or more
sequencing reads and used the Poisson distribution to calcu-
late the repeat abundance at which an element would be
detected under this criterion (see supplementary material
S6.1, Supplementary Material online for details).

Morphological Measurements

Body size measurements were obtained from ethanol-
preserved adult specimens in the KSH collection at the
University of Georgia. Individuals were first photographed
on 1mm grids, and then five morphological size characters
(pronotum length, width, area, and elytron length and body
length; supplementary material S2, Supplementary Material
online) were measured from the images using ImageJ v. 1.42
(Schneider et al. 2012). Specimens used in size measurements
were not the same as those used in flow cytometry due to
differences in storage requirements for downstream pro-
cesses. All photographed specimens were identified to species
using morphology, flash behavior, and molecular methods
(when necessary). All five size measurements were highly cor-
related (Pearson’s r>0.8) and exhibited essentially identical
loadings on the first principal component axis that accounted
for 90% of the variance. For this reason, a single measure
could be used for size. We chose pronotum width because it is
robust to variation in adult nutrition and has been used in
previous work (Vencl 2004). Where possible, size measures
were obtained from at least three males and three females
per species. Across species, there were significant differences
in pronotum width between the sexes (two-tailed t-test:
P=0.017), though male and female measurements were
highly correlated (b=0.67, R?> =0.88, P=<0.0001).
Subsequent analyses were performed on male measurements
only.

Data on presence/absence of adult light (scored as pres-
ence versus absence of adult light organ) and female wing
reduction (full-size versus reduced elytra) were gathered from

specimens in the KSH collection, the literature (Green 1956,
1957), and field observations. Presence versus absence of
adult light and reduced elytra in females were coded as binary
variables to test for correlations with genome size.

Phylogeny

Evolutionary relationships among species were reconstructed
by extending the Photinus phylogeny of Stanger-Hall and Lloyd
(2015) to include 10 additional taxa in 5 genera. For this pur-
pose, representative specimens from each species were se-
guenced at the three loci cited above, aligned with the
Stanger-Hall and Lloyd data set using MUSCLE (Edgar 2004)
in Geneious R7 (Biomatters Ltd.), and manually reviewed.
jModeltest2 (Darriba et al. 2012) was used to select an appro-
priate model of evolution for each locus (WG: K80+ 1+ G,
CAD: TIM3 +1+ G, COl: GTR+ I4-G). Phylogenies were con-
structed in BEAST v. 1.8 (Drummond et al. 2012) using an
uncorrelated lognormal clock model to account for rate varia-
tion among lineages. BEAST was run twice for 30 million gen-
erations each with 25% burn-in, until the estimated sample
size for all parameters was over 200. Independent runs were
assessed for convergence using Tracer and the majority-rule
consensus tree produced in TreeAnnotater. The final tree
was trimmed to include only those taxa used in this study.

Phylogenetic Analysis

Patterns in genome size evolution were examined by estimat-
ing Pagel's three parameters (Pagel 1999) using the pgls func-
tion in the caper package (Orme 2013) in R 3.0.2 (R Core
Team 2013). The first parameter, 4, is a measure of phyloge-
netic dependence of trait covariances. A 4 of 0 implies no
phylogenetic dependence, while a 4 of 1 indicates complete
dependence based on a Brownian motion model. The second
parameter, §, ranges from 0 to 3 and measures the rate of
evolution along shared branches in the phylogeny, with values
below 1 suggesting that changes early in the phylogeny con-
tribute more to trait evolution, whereas values above 1 sug-
gest changes later in the phylogeny, towards tips. The third
parameter, k, ranges from 0 to 3 and measures where on
average changes occur on individual branches, with values
close to 0 indicating that changes happen early, i.e. immedi-
ately following speciation events (punctuated evolution).
Measures of both 6 and k equal to 1 are consistent with
gradual evolution. A was also estimated for body size and
repeat category/group abundance to examine their degree
of phylogenetic dependence. To identify where in the phylog-
eny genome size changed we reconstructed ancestral states
using the ape package v. 3.0-11 (Paradis et al. 2004) in R.
Subsequent analyses of correlations between genome size
and explanatory variables accounted for relatedness between
species using phylogenetic generalized least squares (PGLS) in
the R package nlme (Pinheiro et al. 2016). The mean genome
sizes of males and females were averaged to obtain an
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estimate for the species. Mean genome size was then log
transformed for statistical adequacy and to conform to as-
sumptions of Brownian motion (Quader et al. 2004). If a re-
peat category/group is a cause of genome size variation then
the proportion of that category/group should increase with
genome size. As sequencing coverage is expected to affect
the estimated abundance of repeats in our samples, we per-
formed comparative analysis on a RepeatExplorer dataset
generated from a subset of taxa (N=18), subsampled to
0.01x coverage for each taxon, with clusters annotated by
transferring annotations from the curated dataset (N=21
taxa, supplementary materials $1.5-S1.9,
Supplementary Material online) and adding any new an-
notations from the reduced, uniform coverage analysis.
We also performed analysis with and without an outlier
taxon (Photinus obscurellus). A complete table of all traits
measured is included in additional files available via fig-
share (https://doi.org/10.6084/m9.figshare.5077843.v1).

Results

Genome Size Varies over 5-Fold across North American
Firefly Species

Estimates obtained from a total of 151 specimens of 23
species across seven genera showed that genome size varies
over 5-fold across North American lampyrid species (range:
433-2,572Mb; fig. 1, supplementary material S3.1,
Supplementary Material online). Approximately 72% of the
genome size variation occurred at the genus level, 28% at
the species level, and there was a significant effect of sex
(P<0.0001, supplementary material S3.2, Supplementary
Material online). Females had significantly larger genomes
than males in four of the seven species for which we had
at least two replicates of each sex: Pn. curtatus (P=0.0017),
Pn. macdermotti (P=0.0002), Pn. marginellus (P=0.0003),
and Phausis sp. WAT (P=0.0084) and marginally significant
in one additional species, Pn. pyralis (P=0.023, Benjamini-
Hochberg FDR correction P=0.017; supplementary material
S3.3, Supplementary Material online). In these four species
female genomes are approximately 5% larger than males.
As fireflies have X0 sex determination (Dias et al. 2007),
these data suggest that the X chromosome is ~5% of the
genome.

While most within-species genome size variation could be
attributed to sex, there was a large difference in genome size
among specimens of Pyropyga decipiens, with individuals
clustering into one of two genome sizes, small, 699 Mb,
and large, 1,079Mb. Because there were no observable
morphological or genetic differences between genome size
types, it was not possible to distinguish them (supplementary
materials S3.1 and S3.6, Supplementary Material online).
Accordingly, we excluded Pg. decipiens from the compara-
tive analyses involving morphological measurements and

treated individuals of each genome size type as separate
lineages in the repeat analysis. In addition, most of the
Photuris specimens could not be identified to species mor-
phologically or genetically (supplementary material S3.6,
Supplementary Material online). Thus, we only used data
for the single distinguishable Photuris species, Pt. frontalis,
in the comparative analysis of morphology. For the repeat
analysis using single specimens, both Photuris frontalis and
the Photuris individual with the largest genome size estimate
were included.

Evolutionary History and Genome Size

Pagel’s parameter estimates for genome size supported a
Brownian motion model of evolution and complete phyloge-
netic dependence (4= 1.00, 95% CI=0.98-1.00, N=21)
supporting a neutral model. The other two parameters sug-
gested gradual evolution in genome size across the entire
phylogeny and along branches (6 =1.35, 95% Cl=0.13-
3.00, k=1.13, 95% Cl=0.64-1.50).

Ancestral state reconstruction indicated that the most re-
cent common ancestor of North American fireflies had a ge-
nome size of ~1,200Mb (supplementary material S3.7,
Supplementary Material online). There was a dramatic
~1Gb expansion in Photuris lineages and large expansions
and contractions of several hundred Mb (up to 2.6-fold)
within five of the six genera sampled. The exception was
Pyractomena, in which all three species have very similar ge-
nome sizes (768.04-789.57 Mb, a difference of less than
3%).

Repetitive DNA and Genome Size

To determine whether the repeat abundance data explains
genome size variation, we performed PGLS analysis at three
different levels: Total repetitiveness, repeat groups, and re-
peat categories. As sequencing effort (coverage) is expected
to affect estimates of repeat abundance, we generated a data
set with sequences from each taxon sampled to uniform
0.01x coverage (N= 18 species). RepeatExplorer analysis on
the 258,348 reads in this uniform data set resulted in 14,034
clusters after removal of putative contaminants, of which 209
were “top” clusters (at least 20 reads) and annotated by
RepeatExplorer. Top cluster annotations for the uniform
data set were confirmed and extended using annotations
from an analysis that included all of the sequencing data
(N=21 species, supplementary materials S1.5-51.9,
Supplementary Material online).

Across samples, 10.3% (Photinus sabulosus) to 56.6%
(Photinus obscurellus) of reads were assigned to clusters,
and thus represent repetitive sequences (table 2). Clusters
were generally limited in their phylogenetic occurrence—on
average, top clusters were shared among 1.8 = 1.0 species,
whereas bottom clusters were shared among 1.2 = 0.6 spe-
cies. This suggests that many of the shared clusters identified
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Fic. 1.—Genome size varies over 5-fold across 23 North American firefly species. Genome size ranges from 433 Mb (Photinus pyralis) to 2572 Mb
(Photuris sp.). Left: a molecular phylogeny generated from one mitochondrial and two nuclear loci with branch lengths proportional to relative time. Middle:
means and standard deviations for nuclear genome size estimates (Mb) of males (filled circles) and females (empty circles) of each species. M, F: the sample
sizes for males and females, respectively. Where bars are not visible and multiple individuals were measured, the standard deviations are entirely covered by
the mean circles. L: lighted (empty squares) and unlighted (filled squares) species; WF: species with winged females (empty triangles) and females with

reduced wings (filled triangles).

in this analysis represent young (shared among a few close
relatives) repeats, though there was no significant relationship
between branch length (divergence) between species and
number of shared clusters (Spearman’s p, corrected for
ties=—0.13, P=0.11). Our analysis also identified expected
evolutionarily conserved repeats, including a ribosomal (rDNA)
gene sequence that is shared among 15 of the 18 species
(supplementary material S1.10, Supplementary Material
online).

We then assigned clusters to categories and larger groups
based on their annotations to examine patterns of variation
across the phylogeny (fig. 2). Across all 18 taxa, the category
that contributed the most to total repetitiveness was com-
posed of the summed Bottom (unannotated) clusters (mean

15+ 10%). Of the repeat groups, Class | repeat abundance
showed phylogenetic signal consistent with complete phylo-
genetic dependence (Estimated 2=1.00, 95% Cl=0.95-
1.00; supplementary material S4.1, Supplementary Material
online). Among categories, LTR and LINE showed a similar
pattern.

There was a significant relationship between genome size
and total percent repetitive sequence after removing an out-
lier, Photinus obscurellus (fig. 3, PGLS: Estimated A=0.93,
P=10.0015), though this relationship was not significant if
the outlier was included (PGLS: Estimated A1=0.90,
P=0.37, supplementary material S4.2, Supplementary
Material online). Within repeat groups, Class | TEs and
Bottom clusters were significantly correlated with genome
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Table 2

RepeatExplorer Metrics Uniform 0.01x Data Set

Genus Species Sex Genome Mean Read Total Rep® Groups©

Size (Mb)? Length (bp)
Class | Class Il Repeats Unknown Bottom

Ellychnia corrusca M 781.56 627 135 1.69 0.45 0.02 0.60 10.71

Lucidota atra F 491.16 624 13.5 0.76 0.89 1.80 0.81 9.22
punctata M 1300.06 654 17.8 2.81 0.74 0.84 1.46 11.89

Phausis reticulata M 835.56 633 124 0.41 0.14 1.48 1.18 9.03
sp. WAT M 1114.58 617 19 0.63 1.66 431 0.91 11.46

Photinus australis M 1615.15 643 31.9 1.46 1.61 1.17 1.56 23.81
brimleyi M 1180.76 631 20.9 1.70 1.18 0.87 0.95 16.15
cooki F 700.98 617 14.8 1.59 0.43 1.20 0.07 11.49
indictus M 433.19 606 133 1.08 0.62 1.07 0.48 10.04
macdermotti F 508.99 590 18.1 0.83 1.27 2.36 1.15 12.38
obscurellus M 674.34 686 54.6 0.1 0.03 0.38 0.96 52.6
sabulosus M 617.52 657 103 0.89 0.73 0.70 0.07 7.86
scintillans F 1032.40 664 24.8 1.51 0.63 0.22 0.77 21.62

Photuris frontalis M 2154.37 679 18.2 2.93 0.78 0.48 0.17 13.80

Pyractomena angulata M 798.43 601 20.2 2.11 0.76 5.56 1.60 10.13
marginalis M 768.04 663 15.4 2.50 1.20 0.01 1.02 10.22

Pyropyga decipiens L F 1079.10 618 21.8 3.02 0.45 0.23 0.48 17.60
decipiens S F 700.92 668 17.9 3.23 0.44 0.25 0.56 13.45

®Mean of average genome size estimates for the specified sex.
PTotal percent repetitive using all 14,034 clusters.
“Percent repetitive due to each of the listed repeat groups.

size (fig. 3; PGLS: Estimated A=1.00, Class I: P=0.008;
Bottom: P=0.016). These significant group-level relation-
ships were robust to both data transformation and inclu-
sion/exclusion of the outlier. Among categories, none were
significantly correlated with genome size.

Effects of Low-Coverage Sequencing

As expected, our low coverage simulated data substantially
underestimated total repetitiveness (fig. 4a). Part of this un-
derestimation was due to the fact that low genome coverage
is unable to detect low-copy number repeats because two
copies will not be sequenced at low depth, which is required
for detection using this method. The highest repeat estimates
possible in the simulated data given the distribution of repeats
in the genome are 50-80% of the actual value (fig. 4a, com-
paring black diamonds to red squares). The simulated data are
also well below the expectation based on repeat abundance,
presumably due to RepeatExplorer not assigning reads to the
same repeat when they were in fact from the same repeat.
This error could be caused by some combination of sequence
divergence and/or insufficient overlap between reads, or pos-
sibly some other factor. Within the firefly data set, estimates
of total repetitiveness increased with increasing coverage
when we resampled species at different depths (fig. 4b).
Encouragingly, the relative relationships among the taxa re-
mained the same across coverage levels, thus validating our
comparative approach.

Morphology and Genome Size

We tested whether large genome sizes are associated with
large body sizes, the presence/absence of adult light (scored
as presence versus absence of adult light organ), and female
wing reduction (full-size versus reduced elytra) by performing
PGLS analysis with data from 21 species (supplementary ma-
terial S2.3, Supplementary Material online). None of these
morphological traits were correlated with genome size (full
model: log[genome size] —male pronotum width + reduced-
winged females + lighted/unlighted; Estimated 1=1.00,
P>0.2).

Discussion

Genome Size Variation within Fireflies

Genome size varies over 5-fold across the North American
firefly species measured in this study. We are confident that
genome size estimates are accurate because, for four species,
the estimates of genome size obtained in this study correctly
predicted the depth of coverage we obtained from genomic
sequencing in another study (Sander and Hall 2015). Given
our sample of 23 species, the within-family genome size var-
iation in fireflies is on par with that seen in other beetle fam-
ilies:  11-fold in Chrysomelidae (N=64), 9-fold in
Coccinellidae (N=31), and 5-fold in Tenebrionidae (N = 69)
(Gregory 2015: Animal Genome Size Database; last accessed
February 24, 2015). Across all Coleoptera, genomes generally
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Fic. 2.—Repetitive element content across species. (a) Left: three-locus phylogeny with branch lengths in units of relative time. Middle: mean genome
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transposons (Class II), repeats, unknown top clusters, and bottom clusters. Total bar length is equal to the total repetitiveness of each sample. All taxa
have been sampled to 0.01x and Photinus obscurellus removed as an outlier. (b—e) the contribution of 4 repeat orders: long-terminal repeats (LTR), long
interspersed nuclear elements (LINE), DNA transposons (DNA), and ribosomal repeats. Horizontal and vertical axes as in (a).
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Fic. 3.—Correlation of repeat content with genome size. Graphs
show the relationships between genome size and repetitive elements, as
classified by RepeatExplorer analysis, using the uniform 0.01x data set and
excluding an outlier, Photinus obscurellus (N= 17 taxa). (a) Total percent
of the low coverage sample classified as repetitive, (b) percent classified as
Class | repetitive elements, (c) percent classified as Bottom clusters.
Genome size was log-transformed prior to analysis to conform to assump-
tions of PGLS analysis (Quader et al. 2004).

are in the 154-2,650Mb range (Hanrahan and Johnston
2011) thus, firefly genome sizes appear to be representative
of Coleoptera.

Unexpectedly, we discovered substantial genome size var-
iation within a single population of Pg. decipiens, with some

individuals having genomes of ~700Mb and others of
~1,080Mb, a 1.5-fold difference. Both types seemed to be
common; three individuals had large and six had small ge-
nomes. Individuals were collected on the same day on the
same plants in the same field, and the genetic data does
not distinguish the two types, suggesting that they may rep-
resent a single species. This polymorphism in genome size
within a population, combined with the lack of karotypic var-
iaton in  fireflies  (supplementary  material  S5.1,
Supplementary Material online), suggests that either supernu-
merary B chromosomes or triploidy may play a role.

B chromosomes are selfish, unessential chromosomes,
generally made of repetitive DNA, that are polymorphic across
and within populations (reviewed in Houben et al. 2014), and
can contribute substantially to genome size. For example,
they are responsible for a 155% increase in the DNA content
in rice (Jones and Rees 1982) and cause up to a 20% differ-
ence in genome size in grasshoppers (Rees et al. 1978). Some
firefly species are known to have B chromosomes (Photinus
pyralis, Pyractomena anqulata, Aspisoma laterale, reviewed in
Dias et al. 2007), though the extent of variation in B chromo-
some size and number across populations and species re-
mains largely unknown. If the ~50% difference in genome
size between the two genome size types was entirely due to
high-copy number repetitive sequences, as are often found
on B chromosomes (Camacho et al. 2000), then we would
expect repeat content to increase from 17.9% in small- to
45.3% in large-genomed individuals (supplementary material
S6.1, Supplementary Material online), a 27% difference be-
tween size types. However, we observed only a 3.9% differ-
ence, thus arguing against B chromosomes as an explanation
for the genome size variation in this species.

An alternative explanation is that individuals with large ge-
nomes represent recent triploids. Support for recent triploidy
includes: 1) genome size estimates that are approximately
50% different (i.e. 2n diploids versus 3n triploids), 2) a modest
difference in estimated repeat content between the two ge-
nome size types (fig. 2), and 3) all three putative triploid indi-
viduals were females, which is consistent with the association
between triploidy and parthenogenesis in another beetle
group, the weevils (Suomalainen et al. 1976). However, to
date there are no reports of parthenogenesis in fireflies.
Future collections of Pg. decipiens from this population and
others are needed to determine the extent of genome size
variation within this species, and provide karyotypic evidence
for polymorphic B chromosomes or triploidy.

Genome Size and Repetitive DNA

Given the greater than 5-fold variation in genome size in our
samples, we expected to find evidence of repetitive elements
substantially contributing to nuclear DNA content, particularly
in species where ancestral state reconstruction suggests there
has been an increase in genome size (e.g. Photuris species).
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castaneum. Estimates of total repetitiveness were obtained from RepeatExplorer analysis of simulated 454 reads from the T. castaneum genome (gray
triangles; average of five replicates per coverage). Expected estimates based on the probability of detecting a repeat due to its copy number in the genome
are shown in black diamonds. The red squares show the estimate of genomic repetitiveness obtained from the genome sequence on which simulations are
based (Wang et al. 2008). (b) Estimates of repetitiveness across different coverage levels for seven firefly species (average of five replicates per coverage).
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obscurellus, PretG: Phausis reticulata, Psabu: Photinus sabulosus.

We did find that the total repetitive proportion increases with
genome size across the 17 species in the uniform 0.01x se-
guencing coverage data set (fig. 3). Class | elements were
responsible for part of this significant relationship, which is
not surprising given their copy-and-paste mechanism of pro-
liferation in genomes. Unlike in Drosophila, which show some
evidence for selective optima in genome size in some clades
(Sessegolo et al. 2016), neither genome size nor significant
repeat classes showed evidence of non-neutral evolution in
fireflies (i.e. departure from Brownian motion).

Despite the correlation between genome size and repeat
content, the 3-fold variation, from 10% to 32% (57% includ-
ing the outlier, Pn. obscurellus; table 2), in repetitive DNA
across species is lower than that predicted based on a model
of genome size expansion due solely to repeats, indicating
that we have underestimated true genomic repeat content
(supplementary material S6, Supplementary Material online).
This is not surprising given our low-coverage sequencing
scheme. Repeat detection requires that at least two copies
of an element are sequenced in order to be identified as a
repeat, thus low coverage genomic sequencing misses many
of the repeats that are present in low-copy numbers in the
genome. Furthermore, even if two or more copies of a repeat
are present in the sequencing reads, they may not be identi-
fied as being from the same repeat because they do not over-
lap sufficiently, or they are too diverged. Simulated
low-coverage 454 reads from the Tribolium castaneum ge-
nome (GCA_000002335.3; Wang et al. 2008) show that
both genomic copy number and sequence divergence can

have substantial impacts on repeat content estimation at
low coverage (fig. 4; supplementary material S6,
Supplementary Material online). However, this underestima-
tion of total repeat content does not impact our comparative
analyses as every species suffers from the same underestima-
tion bias: Subsampling from 0.01 to 0.05x across seven spe-
cies for which we had enough data preserved the relative
relationships among species across coverages (fig. 4).

Prior to the study, we hypothesized that species with large
genomes would have relatively more high-copy repeats, in-
dicative of one or two transposons contributing to large ge-
nomes. If so, we should have detected a large proportion of
repeats in species with large genome size estimates. For ex-
ample, if the entire difference in genome size between the
smallest and largest firefly genomes were due entirely to high
copy number repeats, then repeat content should have varied
from 10% to 86%, rather than our observed range of 10—
35% (excluding Pn. obscurellus; supplementary material S6.1,
Supplementary Material online). Thus, we can conclude that
either high copy repeats are not the primary determinant of
genome-size variation across firefly species, or they are being
underestimated due to 1) the age of repeat expansions, 2) the
dynamics of repeat-mediated gain/loss, or both. 1) If repeat
expansions occurred in the distant past and there has been a
long period of time for repeats to diverge from the consensus,
these repeats will essentially be low-copy number in the ge-
nome. As a result, low-coverage sequencing will either miss
them or RepeatExplorer will classify them as low-abundance
(Bottom) elements. Indeed, we find that, unlike in some plant
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species (e.g. Estep et al. 2013), the repetitive landscape in
fireflies is not dominated by a high-copy single repetitive ele-
ment (cluster), even in species with extremely large genome
sizes. Instead, it is dominated by “Bottom clusters” that are
below the abundance threshold we used for annotation, and
therefore represent low-copy number sequences. 2) Another
explanation is that firefly genome size variation is governed by
loss of elements rather than by gain, such that, in the species
being examined, there have been few increases in genome
size. This is a definite possibility given the ~1,200 Mb genome
size estimate for the common ancestor of lampyrids. This an-
cestral genome estimate is larger than over half the species in
our study, indicating that much of the evolution in the family
could represent loss of repetitive DNA sequences. Further ge-
nome size estimates and sequencing across the phylogeny of
fireflies and sister taxa will help elucidate these dynamics.

Genome Size and Morphology

The observation that genome size often varies with organism
physiology suggested several specific expectations in fireflies.
In particular, we expected to find the commonly observed
positive correlation between genome size and body size,
which has been hypothesized to be caused by the nucleotypic
effects of cell size/ivolume (reviewed in Cavalier-Smith 1978;
Gregory 2005). However, we found no evidence for a positive
correlation between genome size and body size. This is not
unusual for beetles- while a positive correlation between body
size and genome size has been noted across a diversity of
animal taxa, including other insects (reviewed in Gregory
20071), previous studies within beetles have documented ei-
ther a negative or no correlation (e.g. Tenebrionidae: Juan
and Petitpierre 1991; Palmer et al. 2003; Coccinellidae:
Gregory et al. 2003; Chrysomelidae: Petitpierre and Juan
1994). Our negative finding, incorporating phylogenetic cor-
rection, suggests this previous beetle work is robust to as-
sumptions about relatedness of species.

In addition, we tested for a relationship between genome
size and energetic costs imposed by light production and/or
flight, as indicated by the presence/absence of an adult light
organ and/or female wing reduction. We found no evidence
for a correlation between genome size and light production
(light organ presence/absence). This may be due to the small
magnitude of difference in resting metabolic rate between
lighted and dark fireflies; i.e. there was no significant differ-
ence in carbon dioxide production between individuals of
three lighted and two unlighted species during intervals
where they were not flashing or moving (Woods et al.
2007), however, metabolic rates during flight and mate sig-
naling remain to be investigated across species.

We also found no relationship between genome size and
the presence/absence of reduced wings in females. It is pos-
sible that, because males must still fly to search for females in
all species, resting metabolic rates may not significantly differ

between species with and without flightless females.
However, it is also possible that male flight effort is smaller
in species with flightless females, which are more restricted in
dispersal than their winged counterparts. Our sample size is
small (only four species with flightless females) and more spe-
cies are needed to rigorously test this hypothesis. In addition,
there are presently no data on resting metabolic differences
between species with flighted versus flightless females.
Flightless females have evolved several times independently
in fireflies (Branham and Wenzel 2003) and so a sample size
increase is feasible in future studies.

The Evolution of Genome Size in Fireflies

We find no evidence to support strong selection acting on
genome size in fireflies. Specifically, 1) genome size evolution
is gradual, 2) exhibits complete phylogenetic dependence,
and 3) there is no relationship with measured morphological
variables. To determine if there is weak selection favoring re-
duced genome size, it would be useful to examine genome
size versus effective population size in fireflies. Unfortunately,
we do not have sufficient data from nuclear markers across
taxa to perform this analysis. When we looked at mitochon-
drial sequence data, we did not find a relationship between
genome size and CO/ sequence variation (supplementary ma-
terial S5.2, Supplementary Material online), but this is difficult
to interpret given the unique evolutionary history of mito-
chondria, presence of Wolbachia sequences in several of
our low-coverage sequencing taxa, and large variance in sam-
ple size (Ballard and Whitlock 2004; Hurst and Jiggins 2005).

We do not find evidence that high copy repeats make a
relatively larger contribution to large genome sizes. This sug-
gests recent proliferation of a single TE family does not play a
disproportionate role in genome size variation in fireflies.
Instead, it seems that both low copy elements and high
copy elements together shape genome size variation across
fireflies. The dynamics are likely due small changes in the rel-
ative rates of gains versus losses of elements led to trends in
genome size reduction or increase across different lineages.

It is possible that further investigations will identify relation-
ships with other potential selective correlates (e.g. cell size,
egg size, developmental time), as we did not exhaustively
sample traits known to be associated with genome size. In
addition, future comprehensive taxon sampling will provide
more information about evolutionary patterns in genome size
and content across the worldwide distribution of fireflies.
Overall, our results support a dynamic picture of genome
size and content variation in this family of beetles.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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