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ABSTRACT Differences in mating behaviors evolve early during speciation, eventually contributing to reproductive barriers between
species. Knowledge of the genetic and genomic basis of these behaviors is therefore integral to a causal understanding of speciation.
Acoustic behaviors are often part of the mating ritual in animal species. The temporal rhythms of mating songs are notably species-
specific in many vertebrates and arthropods and often underlie assortative mating. Despite discoveries of mutations that disrupt the
temporal rhythm of these songs, we know surprisingly little about genes affecting naturally occurring variation in the temporal pattern
of singing behavior. In the rapidly speciating Hawaiian cricket genus Laupala, the striking species variation in song rhythms constitutes
a behavioral barrier to reproduction between species. Here, we mapped the largest-effect locus underlying interspecific variation in
song rhythm between two Laupala species to a narrow genomic region, wherein we find no known candidate genes affecting song
temporal rhythm in Drosophila. Whole-genome sequencing, gene prediction, and functional annotation of this region reveal an
exciting and promising candidate gene, the putative cyclic nucleotide-gated ion channel-like gene, for natural variation in mating
behavior. Identification and molecular characterization of the candidate gene reveals a nonsynonymous mutation in a conserved
binding domain, suggesting that ion channels are important targets of selection on rhythmic signaling during establishment of
behavioral isolation and rapid speciation.
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SPECIATION can arise from divergence in reproductive
phenotypes (Coyne and Orr 2004). Divergent mating be-

haviors can result in reproductive barriers by causing assor-
tative mating within incipient species. It is well documented
that mating behaviors and morphologies diverge early in
the speciation process, suggesting an explanation for why
prezygotic barriers evolve sooner than postzygotic barriers
in the origin of species (e.g., Mendelson 2003; Sánchez-
Guillén et al. 2014). Moreover, some of the most rapid spe-
ciation rates known, such as those in Lake Victoria cichlid
fish (Seehausen et al. 2008), Hawaiian Laupala crickets
(Mendelson and Shaw 2005), Baltic Sea European flounders

(Momigliano et al. 2017), and a putative case in Galapagos
finches (Lamichhaney et al. 2018), occur when species di-
verge in mating behaviors and associated structures. Thus,
studying the genetics and evolution of behavioral barriers can
contribute to an emerging general principle of speciation.

Because evolution is a genetic process, characterizing the
genetic architecture and identifying genes involved in behav-
ioral barriers is crucial to understanding targets of selection
and establishing causal links among genes, pathways, and
mating behaviors in the early stages of speciation. In animals,
however, courtship is often complex and multimodal, involv-
ing many traits (e.g., Greenspan and Ferveur 2000; Rundus
et al. 2010; Starnberger et al. 2014; Ullrich et al. 2016;
Mowles et al. 2017). Accordingly, it can be difficult to isolate
specific behaviors for genetic analysis. Perhaps because of
these complexities, we have a limited understanding of the
evolutionary genetics of mating behaviors that contribute
to reproductive barriers despite its general importance in
speciation.
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While some progress has been made in understanding the
genetic basis of natural variation in visual and olfactory signals,
such as cuticular hydrocarbons, sex pheromones, and body
coloration [e.g., Gleason et al. 2005, 2009; Kronforst et al.
2006; Sæther et al. 2007; Lassance et al. 2010, 2013; Merrill
et al. 2011; Niehuis et al. 2011; Bay et al. 2017; also reviewed
by Groot et al. (2016)], many organisms use acoustic signals
involving rhythmic neuromuscular behaviors forwhichwe still
have a very limited genetic understanding. Even inDrosophila,
where acoustic behavior is expressed widely in courtship, we
lack a gene-based understanding of natural variation (but see
Gleason and Ritchie 2004; Ding et al. 2016). Rhythmic, tem-
poral patterns of suchmating “songs” are often species-specific
and known components of reproductive barriers among spe-
cies of insects, fish and amphibians (Gerhardt and Huber
2002; Hartbauer and Römer 2016; Barkan et al. 2017; Smith
et al. 2018). The rhythmic elements of song are a result of
regularly patterned motor output, products of localized, neu-
ral circuits called central pattern generators (CPGs; Chagnaud
and Bass 2014; Katz 2016; Schöneich and Hedwig 2017).
Compared with other rhythmic mating behaviors such as
courtship dance, song rhythms are easy to isolate and
measure.

To date, genetic studies of song rhythm variation have
revealed a polygenic genetic architecture in insects, including
fruitflies, lacewings, crickets, grasshoppers, andmoths (Shaw
1996; Williams et al. 2001; Henry et al. 2002; Gleason and
Ritchie 2004; Saldamando et al. 2005; Shaw et al. 2007;
Ellison et al. 2011; Limousin et al. 2012). However, the causal
genes underlying natural variation remain elusive in most
cases. Eleven candidate genes that regulate interpulse inter-
val in Drosophila melanogaster, including ion channel genes,
transcription factors, and transcription/translation regula-
tors, have been identified through experimentally generated
mutations [reviewed by Gleason (2005), also see Turner
et al. (2013) and Fedotov et al. (2014, 2018)]. These discov-
eries offer insight into the types of genes capable of modu-
lating song rhythmicity in naturally occurring systems and
thus are reasonable candidate genes for interspecific varia-
tion in other singing insects.

Here, we investigate the genetic and genomic basis of
natural variation in pulse rate (the inverse of pulse duration,
Figure 1) of the male mating song of the endemic Hawaiian
cricket Laupala. In Laupala, a rapid radiation has resulted in
38 morphologically and ecologically similar, but acoustically
distinctive species (Otte 1994; Mendelson and Shaw 2005).
Similar to most crickets, males sing long-range “calling”
songs to attract females. Male songs of Laupala are character-
ized by simple trains of pulses delivered at species-specific
rates (Otte 1994; Shaw 2000). Evidence shows that divergent
pulse rate partially mediates mate choice (Shaw and Herlihy
2000; Oh and Shaw 2013) and constitutes a reproductive
barrier between species (Mendelson and Shaw 2002).

We focus on two closely related species, the slow-calling
Laupala paranigra (0.71 pulses per second; pps) and the fast-
calling Laupala kohalensis (3.72 pps; Shaw et al. 2007; Figure

1), who have diverged roughly 0.43 MYA on the Big Island of
Hawaii (Mendelson and Shaw 2005). Roughly 74% of the
difference in pulse rate between these species is due to eight
small- to medium-effect, additive QTL (Shaw et al. 2007). In
this study, we isolate the largest-effect QTL, examine its in-
heritance and phenotypic effects, fine-map its location, and
test hypotheses about the underlying causal gene or genes.
Specifically, we hypothesized that the focal QTL regionwould
include one of several candidate genes for interpulse interval
variation in D. melanogaster [Turner et al. 2013; Fedotov
et al. 2014, 2018; also reviewed by Gleason (2005)]. Al-
though the specific forms of fly and cricket songs differ, both
have species-specific, rhythmic features resulting from regu-
lar contractions of thoracic muscles that drive wing move-
ments. Alternatively, the causal gene underlying the focal
QTL in our study may be a previously unknown gene. Based
on the functional categories of Drosophila candidate genes
and biological processes involved in singing, we hypothesize
that the pulse rate QTL falls in one of three functional cate-
gories: ion transportation, neural modulation and develop-
ment, and locomotion and muscle development. It may also
be the case that regulatory genes affecting the expression of
genes belonging to these categories are responsible for the
pulse rate variation. We test these hypotheses by conducting
whole-genome sequencing (WGS), gene prediction, and
functional annotation in the genomic region linked to the
focal QTL.

Materials and Methods

Breeding design

The breeding design included two stages: isolating the focal
QTL (QTL4) in near isogenic lines [NILs; for details see Wiley
et al. (2012), Ellison and Shaw (2013) and Supplemental
Material, File S1] and generation of NIL mapping popula-
tions. We created three replicate NILs (4B, 4C, and 4E) by
selectively backcrossing individuals with L. paranigra (the
slow singer) alleles at the marker linked to QTL4 to L. koha-
lensis (the fast singer) for four generations (Figure 2). The
fourth-generation backcross individuals were then inter-
crossed to generate NIL lines, where nonrecurrent QTL4 ho-
mozygotes weremaintained through intercrossing thereafter.
Mapping populations were generated by backcrossing one 7–
9th generation NIL male with one L. kohalensis female from
the same recurrent line used to generate the NILs, with rep-
lication in each NIL (replicates: NIL4B: n = 3, NIL4C: n = 2,
NIL4E: n = 1). The offspring were intercrossed, resulting in
three, two, and one NIL-L. kohalensis backcross F2 (hereafter,
F2) mapping families for 4B, 4C, and 4E, respectively
(denoted as family 4B.1, 4B.2, 4B.3, 4C.5, 4C.9, and 4E.1).
We maintained the L. kohalensis recurrent and NIL lines
alongside the mapping populations.

All crickets were reared individually in 120 ml specimen
cups with a piece of moist tissue and fed ad libitum Organix
organic chicken and brown rice dry cat food (Castor & Pollux
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Natural Petworks, Clackamas, OR) twice per week in a rear-
ing room held at 20.0� and a 12:12 hr light:dark cycle.

Phenotyping

We recorded male songs with an Olympus WS-852 digital
stereo recorder (Olympus Imaging Corp., Tokyo, Japan) dur-
ing daylight hours in a temperature-controlled room (20.36
0.01�, mean 6 SE, n = 824). Digital sound files were ana-
lyzed using RavenPro 1.4 (http://ravensoundsoftware.com).
Pulse period was measured as the time differential between
the beginnings of two consecutive pulses (Figure 1). Mean
pulse period was calculated from five independent pulse pe-
riod measurements from a single song bout; mean pulse pe-
riod was transformed to pulse rate (pps) by taking the inverse
of the pulse period.

Genotyping

We obtained SNP-based genotypes from F2 mapping popula-
tions for linkage map estimation and QTL mapping using
genotyping-by-sequencing (GBS; Elshire et al. 2011). Se-
quencingwas conducted on the IlluminaHiSeq 2000platform
at the Genomic Diversity Facility at Cornell University (see
Supplemental File S1 for details of DNA extraction, library
preparation, and sequencing). Sequencing reads were
demultiplexed with fastq-multx v.1.3.2, base calls at the ends
of reads with Phred scrore ,30 were trimmed, and reads
,50 bases long were removed with fastq-mcf v.1.04.636
(Aronesty 2011). Processed reads were aligned to the L.
kohalensis genome reference (NCBI genome assembly
ASM231320v1; Blankers et al. 2018a) using Bowtie2
v.2.2.6 (Langmead and Salzberg 2012) with default param-
eter settings. We called single nucleotide polymorphism
(SNP) variants within each F2 family, allowing for a maxi-
mum of two mismatches per mapped read using FreeBayes
v.0.9.12-2-ga830efd (Garrison and Marth 2012). The result-
ing SNP markers were filtered using VCFtools 0.1.15
(Danecek et al. 2011) and vcffilter in vcflib v.1.0.0 (Garrison

2012). We retained bi-allelic SNP markers that fulfill the
following criteria: (1),20% missing data per family, (2) mi-
nor allele frequency $2.5%, (3) genotype depth $5, (4)
Phred scaled variant quality $30, and (5) strand balance
probability for reference and alternative alleles.0.0001. Be-
cause we did not have the sequences of the parental NIL and
L. kohalensis individuals from families 4C.5, 4C.9, and 4E.1,
F2 genotypes were called using the L. kohalensis genome ref-
erence as the L. kohalensis parent; the alternative allele was
assigned to the NIL parent. For replicate 4B where we addi-
tionally sequenced parental NIL and L. kohalensis individuals,
we further retained SNPs only if the parental L. kohalensis
base call was the same as the L. kohalensis genome reference
and the parental NIL was homozygous for the alternative
allele. F2 genotypes for 4B families were called using geno-
types of the NIL and L. kohalensis grandparents.

Because GBS is a reduced-representation sequencing
method that does not reveal contiguous sequence information
of a genomic region, we conducted WGS from two male
intercross offspring of BC4 in line 4E (Figure 2). We selected
males whose pulse rates suggested that they were homozy-
gous in the introgressed QTL4 region for either L. paranigra
or L. kohalensis alleles. The depth of coverage for WGS was
roughly 183 and 123 for the slow- and fast-singing males,
respectively. We identified alternative homozygous SNPs
and indels (insertions and deletions) between L. paranigra
and L. kohalensis across the introgressed QTL4 region, and
used the presence of such SNPs and indels as an indication
of increased probability of causation when we evaluated
Drosophila song candidate genes and the predicted Laupala
genes in this region as the potential causal gene. Paired-end
sequencing with an insert size of 200 bp was conducted on
the Illumina HiSeq 2000 platform. Parameter values for qual-
ity control, read mapping, and variant calling were as used
for GBS data. Two sets of SNPs in the final WGS data were of
interest: (1) SNPs yielding a homozygous genotype in the
fast-calling male that was identical to the reference, and like-
wise homozygous for the alternative allele in the slow-calling
male; and (2) SNPs with no read mapped for the fast-calling
male, but with a homozygous alternative genotype (to the
reference) for the slow-calling male. SNPs in the first set
were filtered with the same criteria as were GBS SNPs ex-
cept that we allowed no missing genotypes and minor allele
frequency $24%. For SNPs in the second set where no SNP
calls could be made for the fast-calling male, the missing
data, genotype depth, and alternative variant quality filters
were only applied to the slow-calling male. After quality fil-
tering, SNPs in the second set made up 1.4% of total WGS
SNPs. Indels were filtered by the same criteria as SNPs.

Linkage mapping

Linkage mapping for autosomal linkage groups was con-
ducted with genotypes of both F2 males and females in Join-
map 4 (Van Ooijen 2006), excluding markers that deviated
from a segregation ratio of 1:2:1 (Benjamini–Hochberg
adjusted P , 0.05) and whose mean depth of coverage

Figure 1 Sonograms of the male calling songs of the slow-calling
Laupala paranigra and the fast-calling Laupala kohalensis showing mea-
surement of pulse rate.
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was,20. When there are multiple markers on the same scaf-
fold, only one marker was retained per 200 kb. Individuals
with $20% missing genotype were excluded from linkage
mapping.

For each family, markers were grouped using an indepen-
dent logarithm of the odds (LOD) threshold of 4. Linkage
group 5 (LG5) was easily identified by shared markers with
previous studies (Blankers et al. 2018a,b). Maps were esti-
mated using the regression algorithm with Kosambi map-
ping function (details and parameter values are available in
File S1).

QTL mapping

Males with no missing phenotypes and ,20% missing geno-
types on LG5 were used for QTL mapping. We performed
standard interval mapping (SIM), two-QTL scan, and multi-
ple QTL mapping (MQM) in each family. MQM was con-
ducted using forward selection with backward elimination.
LOD thresholds for SIM were calculated from 20,000 permu-
tations using the maximum likelihood method and LOD
thresholds for main and interaction terms in MQM were cal-
culated from 1000 permutations using Haley–Knott regres-
sion. We used Haley–Knott regression instead of multiple
imputation due to computational constraints. We estimated

effect sizes and 1.5-LOD support confidence intervals of sig-
nificant QTL (see File S1 for further details). All QTLmapping
analyses were conducted in R/qtl v.1.39-5 (Broman et al.
2003). Because all two-QTL scan results were consistent with
the final MQM results, we only report results from SIM and
MQM.

For families where the focal QTL was detected on LG5, we
tested whether the phenotypic distribution of F2 males devi-
ates from Mendelian segregation with chi-squared tests. If
the primary additive QTL4 has been cleanly isolated, we ex-
pect F2 individuals to show 1:2:1 phenotypic segregation. We
binned the F2 phenotype data by dividing the range of the
phenotypic values evenly into three bins between the maxi-
mum and the minimum pulse rate. The Bonferroni-corrected
significance level was 0.017.

Identification of D. melanogaster song
candidate homologs

To test the hypothesis that the LaupalaQTL 4 region contains
one or more homologs of D. melanogaster song candidate
genes, we first identified homologs of Drosophila song candi-
date genes in the L. kohalensis genome using a reciprocal
blast strategy. We identified 11 genes in Drosophila with ex-
perimentally confirmed effects on mean interpulse interval
from two sources: a review yielding six genes (Gleason
2005), and a literature search using two combinations of
three search terms, including “Drosophila,” “courtship song”
and “gene” or “Drosophila,” “courtship song” and “genetic,”
from 2005 to present using Google Scholar, yielding five ad-
ditional genes (Turner et al. 2013; Fedotov et al. 2014, 2018;
Table 1). Sequences of these 11 genes were blasted against
the L. kohalensis reference genome using tblastx in Blast+
(Camacho et al. 2009), and a new Laupala cerasina transcrip-
tome assembled herein (see File S1) was blasted against the
D. melanogaster protein database using tblastn at an E-value
cutoff of 10.

We then obtained the conserved domains of these genes
from the conserved domain database at NCBI (Marchler-
Bauer et al. 2015) using default settings and confirmed the
detected domains using the HomoloGene database at NCBI
(Table S1). We inferred homology between L. kohalensis se-
quence and a described D. melonagaster gene if (1) the L.
kohalensis and the D. melanogaster genes were mutual best
blast hits in the reciprocal blast, (2) the matched sequences
were in synteny, and (3) at least half of the conserved do-
mains of a given D. melanogaster gene contain blast hits
matching the L. kohalensis query. In cases where the best blast
hit in one direction is not the best hit in the other direction
but was within the top five best matches, we designated the
sequence with the longest match, the most conserved do-
mains and with complete synteny as the Laupala homolog.

We evaluated the likelihood of putative Drosophila homo-
logs as the causal gene underlying the focal QTL by two
criteria: (1) its hosting scaffold resides within the 1.5-LOD
confidence interval of QTL4, and if so, (2) the gene and the
putative regulatory region 20 kb up- and downstream from

Figure 2 Schematic figure of the two-step breeding design for QTL fine-
mapping of male song pulse rate variation between the slow-calling
Laupala paranigra and the fast-calling Laupala kohalensis on linkage
group 5 (represented by red and blue bars). In step 1, following the
introgression of pure species isofemale lines, near isogenic lines (NILs)
were achieved through four generations of marker assisted backcrossing
(indicated by the red arrow) selecting for individuals carrying the L. para-
nigra allele at the genetic marker linked to QTL4 in Shaw et al. (2007)
(indicated by the black star) and one generation of intercross. Three in-
dependent NIL replicates (NIL4B, 4C, and 4E) were established after the
intercross. In step 2, seventh to ninth generation NIL males were back-
crossed to L. kohalensis females to generate segregating F2 mapping
populations within each NIL replicate. Individuals used for genotyping-
by-sequencing and whole-genome sequencing were indicated with GBS
and WGS, respectively. In replicate 4B only, the NIL and L. kohalensis
grandparents of the F2 mapping populations were also sequenced by
GBS (not labeled in the figure).
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the gene contain at least one WGS SNP or indel between the
alternative homozygote males from line 4E. To decrease the
potential for a false negative, we used a 20 kb up- and down-
stream region as the size of the putative regulatory region,
rather than the conventional 5 kb window. We assigned scaf-
folds hosting Drosophila homologs to Laupala linkage groups
estimated in this and another study where linkage maps of
three intercrosses of Laupala species pairs were constructed
(Blankers et al. 2018a). We then examined whether any scaf-
fold hosting a putativeDrosophila homolog resides within the
1.5-LOD confidence intervals of the major QTL on LG5. Pu-
tative homologs that could not be assigned to a linkage group
(i.e., their hosting scaffolds are not in any available linkage
maps) were evaluated solely on the basis of whether they
contained WGS SNPs or indels.

Lastly, to investigate if any scaffold within the confidence
interval ofQTL4 contains divergent paralogs of theDrosophila
candidate genes that escaped detection by the method
above, we blasted the sequences of conserved domains in
the Drosophila candidate genes against scaffolds within the
confidence interval of the QTL using an E-value cutoff of
1E25. A diverged paralog would be expected to contain at
least one significant blast hit in the conserved domains. Con-
versely, failure to see a significant blast hit indicates the ab-
sence of orthologs or paralogs of Drosophila candidate genes.

Gene prediction and functional annotation

To identify L. kohalensis candidate genes causing pulse rate
variation on LG5, we annotated scaffolds within and flanking
the 1.5-LOD confidence interval of the major QTL in 4C.9
(the most robust QTL identified and the family with the high-
est sample size). We chose the 1.5-LOD confidence interval
by convention, yet because the LOD profile of the final QTL
model drops sharply on both sides of the major QTL peak, the

scaffolds included in the 1.5-LOD confidence interval are
identical to those up to a 5-LOD confidence interval. We
therefore consider these scaffolds sufficiently inclusive for
our candidate gene search. Gene prediction was done using
theMaker pipeline (Cantarel et al. 2008) with available RNA,
EST, and protein evidence (Danley et al. 2007; Bailey et al.
2013; Zeng et al. 2013; Berdan et al. 2016). Detailed infor-
mation on gene prediction can be found in the File S1. Briefly,
we performed two rounds of training with SNAP (Korf 2004)
and Augustus-3.2.3 (Stanke andMorgenstern 2005) with the
10 longest scaffolds and the five focal scaffolds in the L.
kohalensis reference genome in a bootstrap manner to obtain
Laupala-specific gene model predictions. The second-round
genemodel outputs from both SNAP and Augustus were used
to predict gene structures on the five focal scaffolds in the
third round.

To examine predicted genes, we performed functional
annotations in Blast2GO 4.1 (Götz et al. 2008). Specifically,
we blasted sequences of all predicted genes against the NCBI
nonredundant protein database using an E-value cutoff of
1E24 as well as InterPro (Finn et al. 2016) with the default
setting, and inferred the potential gene identity with the au-
tomatic annotation description function and manual cura-
tion. We then annotated gene ontologies (Ashburner et al.
2000) for predicted genes using NCBI and InterPro blast re-
sults as well as UniProt (Apweiler et al. 2004) and KEGG da-
tabases (Kanehisa et al. 2016)with default parameter values in
Blast2GO. To interrogate further the identities of any remain-
ing predicted genes lacking an annotation, we reran blast for
these sequences using a relaxed E-value cutoff of 100.

To further implicate candidate genes as the cause of pulse
rate variation, we tallied WGS SNPs and indels in the QTL4
region (within annotated genes and 5 kb up- and down-
stream) from the two alternative homozygous 4Emales using

Table 1 Experimentally verified candidate genes in Drosophila melanogaster that affect mean interpulse interval of the courtship song,
the location and linkage group assignment of their putative homologs in the Laupala kohalensis genome, and homology and synteny
between the Drosophila candidate genes and putative Laupala homologs

Gene Abbreviation
Putative homolog

location Linkage group

# CD
in

gene
# CD with
alignments % CD coverage E-value

Alignment
synteny

cacophony cac S000496:650433-736176 4 8 8 100.0 0.00E+00 Yes
cacophony cac S000703:661226-714877 x 8 8 93.4 9.39E2157 Partial
CG15630 CG15630 S003101:147058-154537 5 2 2 48.4 8.44E202 Yes
CG6746 CG6746 S001095:330297-327934 Unknown 1 1 97.7 1.04E246 Yes
fruitless fru S000605:104164-163750 2 2 2 85.6 2.33E2145 Yes
maleless mle S003080:411383-438168 3 3 3 100.0 0.00E+00 Yes
Myocyte enhancer

factor 2
Mef2 S001895:95733-110761 7 2 2 97.3 4.72E274 Yes

paralytic para S002404:402957-487077 3 19 16 63.4 0.00E+00 Yes
Selenophosphate

synthetase 2
Sps2 S005967:125411-126211 Unknown 2 2 67.1 3.14E264 Yes

slowpoke slo S000206:909-126847 3 3 3 49.8 0.00E+00 Yes
Syntrophin-like 1 Syn1 S000296:874002-902774 x 4 3 65.3 6.17E2108 Yes
CG34460 CG34460 – – 1 0 0.0 –

The number of conserved domains (CDs), the proportion of total CD length covered by significant alignments, the E value and alignment synteny were from a tblastx
between the D. melanogaster candidate genes and the L. kohalensis genome
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SnpEff (Cingolani et al. 2012) and manually, respectively. We
evaluated the possibility of a causal role for a given predicted
gene in pulse rate variation by three criteria: (1) the gene
maps to a scaffold within the 1.5-LOD confidence interval,
(2) the gene has at least one WGS SNP or indel within the
coding or (putative) regulatory region, and (3) orthologs or
paralogs of the gene play a functional role in rhythmic move-
ments in other organisms. For the most promising candidate
gene fulfilling all three criteria, we confirm the identity of the
predicted gene by both a more focused sequence alignment
using protein products of representative members of the in-
dicated gene family in Exonerate 2.2.0 (Slater and Birney
2005) and phylogenetic inference using the amino acid se-
quences of the conserved domains in these proteins in PhyML
3.0 (Guindon and Gascuel 2003). We further determined
WGS SNPs and indels as regulatory, intronic, synonymous,
or nonsynonymous. For details of the gene identity inference
and SNP/indel effect annotation, see File S1. We evaluated
the effects of any resulting amino acid substitutions in
PROVEAN Protein (Choi and Chan 2015).

Data availability

All DNA and RNA sequences, the L. cerasina transcriptome,
and the associated metadata are available at NCBI
(DNA and RNA sequences: PRJNA509479; transcriptome:
GHDK00000000). Phenotypic data, SNP genotypes, bioinfor-
matic and QTLmapping scripts, andmetadata (in the readme
file) are available for download at https://github.com/
MingziXu/QTL4-male-fine-mapping-scripts. File S1 contains
additional method details and supplemental results; Table S1
contains information about conserved domains in the 11 D.
melanogaster candidate genes for variation in interpulse in-
terval of courtship song; Table S2 contains summary statistics
of the linkage maps; Table S3 contains results from MQM on
linkage groups other than LG5; Table S4 contains frequency
distributions of the F2 male pulse rates and chi-squared test
results for Mendelian segregation ratios in 4C and 4E fami-
lies; Table S5 shows results of functional annotation of the 66
predicted genes on the five focal scaffolds within and flanking
the 1.5-LOD (same as 5-LOD) support confidence interval of
the major QTL peak in 4C.9; Table S6 contains information
about conserved domains in CNG and HCN channels used for
protein tree construction; Table S7 contains descriptions of
top blast hits and the E-values for unannotated genes in Table
S5 from a blast using relaxed E-value cutoff of 100; Figure S1
shows the phenotypic distribution in NIL4B; Figure S2 shows
homology and synteny of linkage groups among six F2 fam-
ilies; Figure S3 shows the linkage maps of (a) NIL4C and
NIL4E and (b) NIL4B; Figure S4 shows the LOD profile of
MQM and SIM models in NIL4B; Figure S5 shows synteny
between the linkage map of 18 markers showing potential
double recombination patterns on LG5 and the linkage map
for LG5 used for QTL mapping in 4C.9; Figure S6 shows
alignment between protein sequence of the termite
Zootermopsis nevadensis cyclic nucleotide-gated olfactory
channel-like protein and the putative Laupala Cngl homolog.

Supplemental material available at Figshare: https://doi.org/
10.25386/genetics.7505762.

Results

Phenotypic distribution of L. kohalensis line and NILs

Males from the parental L. kohalensis line showed expected L.
kohalensis pulse rates (n= 24, 3.806 0.11 pps, mean6 SD)
and males from the three replicates of NIL showed expected
slower pulse rates by substituting the L. paranigra allele at
QTL4 (Figure 3 and Figure S1; NIL4B: n = 4, 3.12 6 0.13
pps; NIL4C: n = 7, 3.07 6 0.05 pps; NIL4E: n = 7, 2.95 6
0.04 pps).

Linkage mapping

The linkage maps of the six families contained seven autoso-
mal linkage groups where marker orders were highly consis-
tent (Figure 4 and Figure S2). Among all linkage groups, LG5
had the highest number of shared markers among replicates
(Figure S2 and Figure S3). Family 4C.9 had the highest num-
ber of markers and the highest marker density of all families
(Figure 4 and Table S2).

Families 4C.5, 4C.9 and 4E.1 shared a large and dense
group of markers in the central part of LG5 that was absent in
4B families (Figure 4, red). We discuss results from 4C/4E
and 4B families separately (see below).

QTL mapping in NIL4C and 4E

Using SIM, we estimated the location of a large effect
(�87.25% of F2 variance) QTL segregating in 4C.9 on LG5.
With MQM, we additionally estimated the position of a
smaller effect QTL (�1% of F2 variance) on LG5 (Figure 5
and Table 2). Together, these two QTL explain 88.3% of the
phenotypic variance for pulse rate in 4C.9; no other QTLwere
detected in this family. Similarly, both a major QTL, identified
with both SIM and MQM, and a minor QTL, identified using
MQM, were localized on LG5 in 4C.5 (Figure 5 and Table 2),
which together explain 87.8% of the variation segregating for
pulse rate in this F2 mapping population (Table 2). In 4C.5,
we also detected four additional, small-effect QTL on LG1,
LG2, LG3, and LG7 (Table S3). Lastly, we detected a single
QTL on LG5 in 4E.1 using SIM and MQM, comparable in size
(�81% of segregating F2 variance) to those identified in 4C.9
and 4C.5. Several smaller-effect QTL were also identified in
4E.1, localized to LG1, LG3, LG4, and LG7 (Table S3). Con-
comitant with the introgression pattern revealed by QTL
mapping, F2 generation males from 4C and 4E families each
exhibited the classical Mendelian 1:2:1 phenotypic segrega-
tion pattern for pulse rate (Figure 3 and Table S4). Hereafter,
we refer to the large-effect QTL on LG5 identified in 4C.9,
4C.5, and 4E.1 as the “major” QTL.

The locations of themajor QTL on 4C.5, 4C.9, and 4E.1 are
highly consistent with each other, as in each family the same
SNP (at base location 224,758 on scaffold S000353) is the
marker that exhibits the highest LOD score by SIM. In MQM,
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the marker on scaffold S000353 has the highest LOD score in
4C.9 and 4E.1; the SNP at base location 297,109 on scaffold
S001839, the scaffold immediately adjacent to S000353, has
the highest LOD score in 4C.5 (Table 3). Further, the 1.5-LOD
confidence intervals of the major QTL are narrow and largely
overlap in 4C and 4E families (Figure 5 and Table 3), con-
taining seven (including five mapping to the same position),
five (including two mapping to the same position), and two
scaffolds in 4C.5, 4C.9, and 4E.1, respectively.

The major QTL in 4C and 4E families also have similar
phenotypic effects (Table 2). In all three families, the pheno-
typic distributions at themarkers with the highest LOD scores
showed the expected slow pulse rates for the L. paranigra
genotype (AA, Figure 5, 4C.5: 3.18 6 0.02, 4C.9: 3.17 6
0.01, 4E.1: 3.126 0.01 pps), fast pulse rates for the L. koha-
lensis genotype (BB, 4C.5: 3.86 6 0.03, 4C.9: 3.90 6 0.01,
4E.1: 3.75 6 0.02 pps), and intermediate pulse rates for
heterozygotes (4C.5: 3.52 6 0.02, 4C.9: 3.54 6 0.01, 4E.1:
3.43 6 0.01 pps). There was little phenotypic overlap be-
tween the genotypes (Figure 5). The phenotypic effect of a
single allele at the major QTL on LG5 was predominantly
additive in 4C and 4E families, contributing 10–12% of the
phenotypic difference between the original parent (L. koha-
lensis and L. paranigra) phenotypes (Table 2).

QTL mapping in NIL4B

In both 4B.1 and 4B.2, we detected a minor effect QTL in the
beginning of LG5 (Figure S4 and Table 2), but no QTL were
detected in the central part of the linkage group near the
major QTL found in 4C and 4E families. The introgressed
region in 4B families did not include markers within the

1.5-LOD confidence intervals of the major QTL in 4C and
4E families (Figure 4 and Figure 5) and all markers within
the confidence interval of 4C and 4E were homozygous for L.
kohalensis genotypes in 4B families. NoQTLwere detected on
LG5 in 4B.3. We also detected several moderate-effect and
primarily additive QTL on LG1 and LG7 in 4B families (Table
S3).

Putative homologs of D. melanogaster song
candidate genes

Reciprocal blast identified putative homologs for 10 out of
11 candidate genes in the L. kohalensis genome (Table 1).
These genes had several identifiable conserved domains with
high coverage and extensive synteny across matched regions,
and in all cases, we identified transcripts that mapped to
these genes in the Laupala transcriptome. In contrast,
CG34460 (Fedotov et al. 2014) had no significant match in
the L. kohalensis genome to the conserved domain region, nor
a Laupala transcript match, at an E-value cutoff of 10.

Putative Laupala homologs of 10 Drosophila genes were
distributed across six different linkage groups (Table 1). Only
one putative homolog (CG15630) groups with LG5 in
Laupala. However, the scaffold hosting the putative homolog
locates between scaffold S001650 and S000820, outside the
confidence intervals of both the major and the minor QTL on
LG5 (Figure S5 and Table 3). We were unable to assign the
putative homologs of CG6746 and Sps2, residing on scaffolds
S001095 and S005967, respectively, to any linkage group.
However, we detected no alternative homozygousWGS SNPs
or indels between parental lines within the putative gene or
the extended 20 kb putative regulatory regions for these two

Figure 3 Phenotypic distribution of F2 males in (A) 4C.5, (B) 4C.9, and (C)
4E.1. The phenotypic distributions of parental L. kohalensis and NIL indi-
viduals are shown in (A) and (C).

Figure 4 Linkage maps of linkage group 5 in six F2 mapping families.
Different clusters of markers based on their presence and absence in
different families are color coded and markers shared between two fam-
ilies are connected with colored lines. The red arrows indicate the posi-
tions of the major QTL from the final multiple QTL models. Linkage maps
with marker names can be found in Figure S3.
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Figure 5 LOD profiles of the final multiple QTL mapping models (MQM, shown in black) and standard interval mapping models (SIM, shown in gray) for
4C and 4E families. The shaded areas indicate 1.5-LOD support confidence intervals, the vertical lines indicate the locations of the peaks and the
horizontal lines indicate the significance thresholds for QTL; solid and dashed lines are from MQM and SIM, respectively. Clusters of markers on the
linkage group are represented by colored bars on the linkage maps and the same color scheme from Figure 4 is used. Markers within and flanking the
1.5-LOD support confidence intervals are labeled in red, markers with the highest LOD scores from the MQM and SIM are in bold, and markers shared
among families but are outside the 1.5-LOD confidence intervals are labeled in gray. The top right panels show phenotypes of F2 males at the SNP
marker with the highest LOD score from the MQM. “A” denotes L. paranigra genotype and “B” denotes L. kohalensis genotype. Open black circles
represent an individual with existing genotype and open red circles represent an individual with imputed genotype. The colored horizontal lines and
error bars represent mean 6 SE.
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homologs. Moreover, no scaffold within the confidence inter-
val of the major or minor QTL on LG5 contained significant
blast hits to conserved domains of D. melanogaster candidate
genes.

Annotation of the QTL region

The 1.5-LOD confidence interval of the major QTL on LG5
contained five scaffolds in 4C.9 (Table 3). Gene predictions
resulted in a total of 66 genes on four of the five scaffolds
(Table S5). One scaffold (S006506, 51.9 kb total length)
contained no predicted gene, had no mapped transcript or
EST, and had no blast hit against any protein databases.
Among the 66 predicted genes, 38 had significant blast hits
against the nonredundant protein database, 21 of which
had gene ontology annotations (Table S5). The annotated
genes have functions pertaining metabolism and biosyn-
thesis, cell cycle regulation, cell differentiation, DNA re-
pair, immune response, development, cell signaling, and
transmembrane transportation. Among these functional
categories, three are potentially relevant to pulse rate var-
iation: ion transmembrane transportation (Table S5, genes
#20, #22, #26), synaptic vesicle transportation (gene
#23), and muscle development and locomotion (gene
#26). All these genes locate on scaffolds with the top
two LOD scores.

Evaluation of the predicted genes

We further evaluated the likelihood of annotated genes as
the causal gene underlying pulse rate variation using WGS
SNPs and indels. The two males used for WGS had song
pulse rates of 3.69 and 2.98 pps, respectively. Between
these two males, we identified a total of 1664 SNPs, dis-
tributed among four of the five scaffolds (S006506 contains
no WGS SNP) within the major QTL confidence interval.
Among 1664 SNPs, 416 located within 28 (of the 66)
predicted genes or in the putative regulatory regions (Table
S5). A single-nucleotide deletion and a single-nucleotide
insertion were found on scaffolds S000933 and S003497,
respectively, both of which intergenic and neither was in
the putative regulatory region.

Among38predictedgeneswithannotations, onlyonegene
(Table S5, gene #20) fulfilled all three criteria for potential
causal genes. The gene between base locations 312,523 and
384,104 on scaffold S001371 (with the second highest LOD
score; Table 3) matches cyclic nucleotide-gated ion channel-
like gene (Cngl), whose protein product is a distinct member
of the cyclic nucleotide-gated ion channel (CNG) family (Fig-
ure 6) that contains ion channels gated by cAMP or cGMP.
Closely related ion channels gated by cyclic nucleotides are
known to be involved in rhythm generation, e.g., leech heart-
beat, mammalian locomotion, and respiratory networks
(Thoby-Brisson et al. 2000; Yamada et al. 2005; Herrmann
et al. 2015; Calabrese et al. 2016; Zhu et al. 2016). Among the
putative Cngl homologs we identified among animals (Table
S6), the putative Laupala Cngl is most similar to the cyclic
nucleotide-gated olfactory channel-like gene in termites
(Figure 6 and Figure S6), then to AgaP_
AGAP003349-PB in mosquitos, and then to Cngl in D. mela-
nogaster (Figure 6).

The putative Laupala Cngl gene contains a nonsynonymous
SNP from WGS in the exon coding the cNMP binding domain
(Figure 7 and Figure S6). This domain is highly conserved
among identified homologs of Cngl in insects (Figure 7). This
SNP causes the eighth amino acid of the cNMPbinding domain
to change from glutamic acid in L. kohalensis to valine in L.
paranigra (Figure 7, red box). The putative homologous pro-
teins from termite,mosquito and fruitfly all have glutamic acid
at the eighth amino acid. The effect of the amino acid sub-
stitution between L. kohalensis and L. paranigra is predicted
to be deleterious (PROVEAN score, 26.70).

Discussion

Dissecting the genetic causes of variation underlying the
evolution of reproductive barriers is integral to understanding
speciation (Coyne and Orr 2004; Shaw and Mullen 2011).
Mating behaviors can be powerful “speciation phenotypes”
because their divergence is an effective means to curtail gene
flow between incipient species and maintain reproductive
boundaries. Moreover, divergence in mating behaviors often

Table 2 Standard interval mapping and multiple QTL mapping results on linkage group 5 for five F2 mapping populations showing the
location, LOD score, 1.5-LOD support confidence interval, and three measures of the phenotypic effect for each QTL

Linkage
group

QTL
class Family

Sample
size

Standard interval mapping Multiple QTL mapping

Additive
effect size

(pps)

% Species
difference
explained

% F2
variance
explained

QTL
location
(cM)

LOD score
(LOD

threshold)
1.5-LOD
CI (cM)

QTL
location
(cM)

LOD score
(LOD

threshold)
1.5-LOD
CI (cM)

5 Major 4C.9 337 26.20 147.36 (3.23) 25.80226.75 26.40 124.64 (3.14) 25.80226.60 0.34 6 0.01 11.30 87.25
5 Major 4E.1 127 25.96 56.88 (3.15) 24.86–26.40 26.20 96.83 (2.84) 25.96–26.40 0.32 6 0.01 10.63 81.17
5 Major 4C.5 85 20.70 34.85 (3.30) 19.60222.54 21.20 40.67 (3.09) 20.80221.60 0.35 6 0.02 11.63 86.07
5 Minor 4C.5 85 2 2 2 11.47 12.25 (3.09) 10.60–12.40 0.04 6 0.02 1.33 3.02
5 Minor 4B.1 83 17.55 4.79 (3.29) 8.00221.15 17.94 6.70 (3.71) 10.00225.00 0.07 6 0.01 2.33 19.85
5 Minor 4C.9 337 2 2 2 1.09 5.97 (3.14) 0.00–11.65 0.04 6 0.01 1.33 1.01
5 Minor 4B.2 63 2 2 2 15.00 4.15 (3.23) 0.00226.35 0.11 6 0.02 3.65 21.62

Note that the proportion of phenotypic difference between the two parental species explained by a single allele is capped at 50%. QTL effects were estimated from the
multiple QTL models. 4B.3 does not have any significant QTL, hence, was not shown in the table.
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coincides with the most rapid speciation events (Mendelson
and Shaw 2005; Seehausen et al. 2008; Momigliano et al.
2017; Lamichhaney et al. 2018). Yet evidence linking genetic
variation in specific mating behaviors to reproductive bound-
aries in nature is rare.

The Hawaiian cricket Laupala has experienced extremely
rapid speciation, with themost closely related species showing
distinctive song differences, supporting a role for acoustic be-
havior in the origin of species (Otte 1994; Mendelson and
Shaw 2005). The species-specific acoustic signals of Laupala
males and corresponding female preferences have been found
to contribute to reproductive barriers between species
(Mendelson and Shaw 2002; Oh et al. 2013). Because of
the ease of generating laboratory hybrids and isolating spe-
cific mating behaviors, Laupala crickets are a promising sys-
tem to identify causal genes underlying behavioral barriers
and speciation. Here, we (1) isolate the largest-effect QTL for
a pulse rate difference between L. kohalensis and L. paranigra
through selective introgression, (2) fine-map the focal QTL
and produce a physical map of the QTL region, (3) test if any
Drosophila candidate genes for song interpulse interval var-
iation map to the focal QTL region in Laupala, and (4) iden-
tify strong candidate genes underlying the focal QTL.

Multiple lines of evidence show thatwe successfullymoved
the largest-effect QTL from the slow pulsing species (L. para-
nigra) into the genomic background of the fast-pulsing species

(L. kohalensis), isolating variation at this locus from the poly-
genic background of pulse rate differences. First, pooling
across all families, we found more and a higher density of
markers on LG5 than on other linkage groups (Table S2),
consistent with selective introgression of QTL4 into NILs.
Second, we identified a major QTL on LG5 in 4C and 4E
families that explained nearly all F2 phenotypic variation
(.80%; Table 2) and exhibited iconic 1:2:1 Mendalian seg-
regation (Figure 3 and Table S4). Although additional QTL
were identified in 4C.5 and 4E.1, each effect was minor
(,�5%) in comparison with the major QTL (Table S3), sug-
gesting successful isolation of a single major locus in repli-
cates 4C and 4E. Third, the major QTL peak in 4C and 4E
families are linked to the same SNP marker, with similar
estimated phenotypic effect sizes, suggesting that the major
QTL in 4C.5, 4C.9, and 4E.1 are the same locus. We also note
that the effect size of the major QTL in each family (4C.5,
4C.9, and 4E.1) explains roughly 10% of the species differ-
ence, similar to a previous estimate on this linkage group in
an F2 mapping study using AFLP markers (Shaw et al. 2007).
Thus, the major QTL in 4C.5, 4C.9, and 4E.1 and QTL4 in the
previous mapping study (Shaw et al. 2007) appear to be the
same locus.

Phenotypic data from replicates 4C and 4E exhibited the
classical 1:2:1 Mendelian segregation pattern (Figure 5 and
Table S4), demonstrating that the major QTL contributing to
natural variation of behavioral divergence follows a simple
Mendelian segregation rule. Our result here suggests that the
genetic underpinning of a complex behavioral trait can be
understood element by element with simple Mendelian in-
heritance rules.

Mapping results testified that we have substantially im-
proved resolution, power, andprecision in localizing themajor
locus. Previous efforts with AFLP markers produced an aver-
agemarker spacing between 5 and 8 cM (Shaw et al. 2007). In
comparison, we achieved a median marker spacing of 1.67
cM for all linkage groups and 0.80 cM for LG5 (Table S2),
increasing the map resolution by roughly 10-fold on LG5.
Moreover, LOD scores and confidence intervals associated
with the focal QTL on LG5 were vastly improved, and the dis-
tance between the QTL peaks and the closest markers have de-
creased from 3–5 to 0.1–0.2 cM in the current study (Table 3).

In contrast to results in 4C and 4E families, there were no
segregating markers within the confidence interval region of
the major QTL in any of the three 4B families (all were
homozygous for the L. kohalensis genotype). Concomitantly,
no major QTL were detected in any 4B family. The likely
explanation is that recombination may have occurred be-
tween the L. paranigra markers used for selective backcross-
ing and QTL4. Linkagemapping data and genotypes of NIL4B
individuals suggested a breakpoint between QTL4 and scaf-
fold S001239, the first scaffold immediately outside the con-
fidence interval of the major QTL (Figure S3A). Replicate 4B
families thus serve as a (accidental) negative control, by
exhibiting both the lack of a major QTL and any segregating
markers within the confidence interval of the major QTL. The

Table 3 Names, map positions, LOD scores, and types of markers
within and flanking the 1.5-LOD confidence intervals of the major
QTL from multiple QTL mapping models in 4C and 4E families

Family Marker name Map position (cM)
LOD
score Marker Type

4C.5 S001371_680831 20.724 30.98 Flanking
4C.5 S000353_224758 20.724 30.98 Flanking
4C.5 S006506_7146 20.724 30.98 Flanking
4C.5 S000933_697595 20.724 30.98 Flanking
4C.5 S001044_55790 20.724 30.98 Flanking
4C.5 5@21.2 21.200 40.67 Peak
4C.5 S001839_297109 21.282 39.86 CI
4C.5 S005519_323363 22.543 27.10 Flanking
4C.9 S003497_180469 25.692 115.01 Flanking
4C.9 S001371_680831 26.147 121.44 CI
4C.9 S000353_224758 26.298 122.88 CI
4C.9 S006506_7146 26.298 122.88 CI
4C.9 5@26.4 26.400 124.65 Peak
4C.9 S000933_1324863 26.754 117.47 Flanking
4E.1 S001239_386983 24.865 62.52 Flanking
4E.1 S001371_680831 25.956 72.17 Flanking
4E.1 S000353_224758 25.956 79.52 Flanking
4E.1 5@26.2 26.200 96.83 Peak
4E.1 S000933_697595 26.440 50.99 Flanking

Markers whose names start with “S” are SNPs and markers whose names start
with “5@” are phantom markers from simulations in multiple QTL models.
Marker type is categorized as peak (the marker closest to the QTL peak location),
CI (markers within the confidence interval), and flanking (markers immediately
outside the confidence interval boundaries on both sides). Because the LOD pro-
file in 4E.1 drops much more sharply on the left side of the peak than on the right
side, we also included two additional markers outside the left boundary of the
confidence interval that have higher LOD score than the immediate right flanking
marker.
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observed phenotypic segregation in F2 individuals in 4B was
thus likely due to effects of QTL on LG1, LG7, and otherminor
QTL that may not have been detected in the QTLmodels. The
lack of the 1:2:1 phenotypic segregation pattern in 4B fami-
lies is consistent with this explanation.

We found no evidence to support the hypothesis that the
major QTL on LG5 is homologous to a candidate gene for
variation in interpulse interval of courtship song inDrosophila.
None of the putative Drosophila homologs we localized in the
Laupala genome map within the confidence intervals of ei-
ther the major or the minor QTL on LG5 (Table 1). The two
putative homologs for genes CG6746 and Sps2 to which we
could not assign a linkage group were also unlikely to be the
causal gene because the gene sequence and the 20-kb flank-
ing regions for each were completely homozygous between
the two males we sequenced. The confidence interval region
is also unlikely to contain duplicated copies of Drosophila

song candidate genes because scaffolds within the confidence
interval do not contain any significant blast hit against con-
served domains in the 11 candidate genes. Therefore, it is
unlikely that wemissedmapping aDrosophila song candidate
gene to LG5 because of the distant evolutionary relationship
between crickets and flies. These results suggest that the
causal gene underlying themajor QTL on LG5 is likely a novel
gene for song temporal pattern regulation.

To further probe for the causal gene, we conducted gene
prediction and functional annotation of five focal scaffolds.
The genomic region coverage estimation suggested that
the linkage map has saturated the genomic region within
the confidence interval of the major QTL (File S1). Thus, the
causalgene is likely tobe locatedononeof thefocal scaffoldswe
annotated. We predicted 66 genes on scaffolds within the
confidence interval. Twenty-eight of these 66 genes could
not be annotated at an E-value cutoff of 1E24, although just

Figure 6 Maximum likelihood tree of amino acid sequences of conserved domains in cyclic nucleotide-gated ion channels subunit A1-4, B1, and
B3, and hyperpolarization-activated cyclic nucleotide-gated ion channel subunit 4 from human (Homo sapiens), house mouse (Mus musculus),
zebrafish (Danio rerio), and fruit fly (Drosophila melanogaster), homologous protein TAX-2 and TAX-4 in roundworm (Caenorhabditis elegans),
as well as amino acid sequences of conserved domains in putative cyclic nucleotide-gated ion channel-like proteins identified in this study from
scallop (Mizuhopecten yessoensis), horseshoe crab (Limulus polyphemus), scorpion (Centruroides sculpturatus), termite (Zootermopsis nevaden-
sis), mosquito (Anopheles gambiae), fruit fly (Drosophila melanogaster), and cricket (Laupala kohalensis) using the LG model. Detailed infor-
mation of the conserved domains represented in this phylogeny can be found in Table S6. The red arrow indicates the location of the putative
Laupala CNGL protein.
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6 out of 66 could not be annotated at a relaxed E-value cutoff
of 100 (Table S7). These unannotated genes were, nonethe-
less, retained as potential causal genes.

Of the 38 annotated genes, only four (Table S4; genes#20,
#22, #23, and #26) fall within our anticipated functional
categories (ion transportation, neural modulation and devel-
opment, and locomotion and muscle development) for the
causal gene. Each of these genes resides on the scaffold with
either the highest or the second highest LOD score. We
acknowledge that by relying on SNPs and short indels in
our evaluation of potential candidate genes, we may have
missed other types of sequence variation in the predicted
genes. The putative calcium release-activated calcium channel
1 gene (Orai1) and the putative signal peptide peptidase-like
protein 3 gene (Sppl3), both on the highest LOD scaffold
(S000353), have functions related to store-operated calcium
entry into nerve and muscle cells, which is necessary for nor-
mal muscle function (Venkiteswaran and Hasan 2009;
Prakriya and Lewis 2015). Specifically, in D. melanogaster,
Orai has been shown to encode an integral component of
the flight CPG and is required for both normal development
and functioning of the flight circuit (Venkiteswaran and Hasan
2009; Pathak et al. 2015). In vertebrate cell lines, SPPL3 can
enhance the association between Orai1 and the intracellular
Ca2+ sensor gene STIM1 through its protease independent
function (Makowski et al. 2015). These two genes, however,
do not contain anyWGS SNPs or indels. The putative synaptic
vesicle 2-related protein gene (also known as SVOP), also lo-
cated on the highest LOD scaffold, contains potential regulatory
SNPs, has gene ontology annotation pertaining transmembrane
transportation, and is expressed in developing nervous system
(Janz et al. 1998; Logan et al. 2005). However, the specific
function of this gene remains elusive and we could not find
evidence directly linking this gene to the regulation of rhythmic
behavior in either vertebrates or invertebrates.

Finally, a putative homolog of the Drosophila cyclic
nucleotide-gated ion channel-like gene (Cngl) is the most

promising candidate, the only one to fulfill all three criteria
for a causal role in pulse rate variation. This gene resides on a
scaffold immediately adjacent to the peak scaffold in 4C and
4E families. Members of the CNG gene family have been
primarily described to function in signal transduction in the
visual and olfactory sensory systems (Podda and Grassi
2014). However, the CNGL proteins have distinctive con-
served domain architectures from all other CNG proteins
(Table S6) and form a distinct clade from other CNG family
channels (Figure 6). CNGL proteins are also longer, contain a
unique section of C terminus sequence, and are expressed
primarily in the brain, thoracic ganglia (wherein lies the
CPG for pulse song in Drosophila; Clyne and Miesenböck
2008; von Philipsborn et al. 2011), and tubular fibers of mus-
cles, as opposed to the photoreceptor, taste, and olfactory
neurons, as in other CNG proteins (Miyazu et al. 2000). These
distinctions suggest that Cnglmay have functionally diverged
from other CNG genes. In addition, members in the closely
related hyperpolarization-activated cyclic nucleotide-gated
ion channel (HCN) gene family (Figure 6) are known to
modulate rhythmic behaviors across broad taxa and contexts,
including rhythmic activity of the pyloric and gastric mills in
crustaceans (Zhu et al. 2016), cardiac pacemaking in both
invertebrates and vertebrates (Herrmann et al. 2015;
Calabrese et al. 2016), and rhythmic activity of the respiratory
network in mammals (Thoby-Brisson et al. 2000). CNG and
HCN channels are structurally similar, share two conserved
domains (Table S6), are both gated by intracellular cyclic nu-
cleotides, and their genes exhibit a high level of sequence
similarity, suggesting shared evolutionary history (Craven
and Zagotta 2006). We therefore suggest that Cngl may have
evolved to perform physiological functions in the CPGs of the
wing muscles in insects.

Most intriguingly, our annotation suggests a functional
consequence for the nonsynonymous SNP in the cNMP bind-
ing domain between L. kohalensis and L. paranigra. The
cNMP binding domain functions to bind intracellular cAMP

Figure 7 Multiple alignment of amino acid sequences of the cNMP binding domain within putative homologous proteins of the cyclic nucleotide-gated
ion channel-like protein in D. melanogaster. The red arrow and the red box indicate amino acid substitution caused by the nonsynonymous SNP in the
putative cngl on scaffold S001371. Laupala kohalensis and L. paranigra sequences were modified from the termite cNMP domain sequence according to
the Exonerate protein2genome alignment (available in Figure S6).

1100 M. Xu and K. L. Shaw

http://flybase.org/reports/FBgn0263257.html
http://flybase.org/reports/FBgn0263257.html


or cGMP to modulate channel opening. Thus, the amino acid
substitution could potentially cause a shift in sensitivity of
this ion channel to the two types of cNMP. We have not yet
identified a transcript for the putative Cngl gene; future tran-
scriptomes from both L. kohalensis and L. paranigrawill offer
crucial expression data to test functional differences of this
gene between the two parental species.

Interestingly, although the QTL 4 confidence interval
does not contain any D. melanogaster candidate genes, like
cacophony or slowpoke, the most intriguing candidate for
pulse rate difference in Laupala is also an ion channel gene.
This result indicates that song temporal pattern evolution in
crickets and flies may have taken genetically diverse, but
functionally conserved routes.

In summary, identifying targets of selection underlying
behavioral divergence is crucial to understanding the early
stage of speciation (Nosil and Schluter 2011). Toward this
goal, genes identified from divergent lineages offer us more
direct inference about genetic routes toward reproductive
barriers in natural populations than candidate genes identi-
fied from mutational studies. Our annotation of the genomic
region and identification of a promising candidate gene offers
rare insights into the type of genetic variation, protein coding
or regulatory, and its functional categorization underlying
the evolution of a behavioral barrier in a rapidly speciating
group of nonmodel organisms. Only with data from a diverse
range of taxa can we begin to understand the general princi-
ples and mechanisms behind the evolution of reproductive
barriers and rapid speciation.
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