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Abstract

In nature, closely related species commonly display divergent mating behaviors, suggesting a
central role for such traits in the origin of species. Elucidating the genetic basis of divergence in
these traits is necessary to understand the evolutionary process leading to reproductive barriers
and speciation. The rapidly speciating Hawaiian crickets of the genus Laupala provides an ideal
system for dissecting the genetic basis of mating behavior divergence. In Laupala, closely related
species differ markedly in male song pulse rate and female preference for pulse rate. These
behaviors play an important role in determining mating patterns. Previous studies identified a
genetic architecture consisting of numerous small to moderate effect loci causing interspecific
differences in pulse rate and preference, including colocalizing pulse rate and preference QTL on
linkage group one (LG1).To further interrogate these QTL, we conduct a fine mapping study using
high-density SNP linkage maps. With improved statistical power and map resolution, we provide
robust evidence for genetic coupling between song and preference, along with two additional
pulse rate QTL on LG1, revealing a more resolved picture of the genetic architecture underlying
mating behavior divergence. Our sequence-based genetic map, along with dramatically narrowed
QTL confidence intervals, allowed us to annotate genes within the QTL regions and identify
several exciting candidate genes underlying variation in pulse rate and preference divergence.
Such knowledge suggests potential molecular mechanisms underlying the evolution of behavioral
barriers.
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Divergent mating signals and signal preferences create one of the
most potent barriers to gene flow during early stages of speciation
(Panhuis et al. 2001; Ritchie 2007; Uy et al. 2018). Knowledge of the
genetics of such behavioral barriers can grant us insight into genetic
processes leading to speciation. Yet the genetic basis of divergent
mating phenotypes remains a poorly understood component of the
evolutionary process (Wilkinson et al. 2015).

The unsolved problem is 3-fold. First, while signals and prefer-
ences diverge among lineages, they must coevolve within a lineage
to maintain mate recognition and compatibility (Fowler-Finn and
Rodriguez 2016). What genetic mechanism facilitates coevolution
between male signals and female preferences? Although both linkage
disequilibrium between signal and preference alleles (Fisher 1930;
Lande 1984) and genetic coupling, that is, a single pleiotropic gene
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or tightly linked genes regulating both traits (Alexander 1962;
Butlin and Ritchie 1989; Singh and Shaw 2012) can mediate signal-
preference coevolution, we have very limited insight into which
mechanism is more likely. A second unanswered question concerns
the genetic architecture underlying the evolution of behavioral bar-
riers (Templeton 1981). As signals and preferences are commonly
quantitative traits thought to be under stabilizing selection (Henry
et al. 2002; Saldamando et al. 2005; Limousin et al. 2012; Oh et al.
2012; Bay et al. 2017; Merrill et al. 2019), variation in these traits
likely involves a genetic architecture consisting of many genes of
small effect (type I). In contrast, a genetic architecture consisting of
few loci of large effect (type II) has been identified in some systems
(Kronforst et al. 2006; Gould et al. 2010; Ding et al. 2016). This dis-
crepancy suggests a potentially biased and incomplete picture due to
challenges in detecting genetic factors of small effect. Lastly, while a
few cases are known (e.g., Fang et al. 2002; Ding et al. 2016), causal
genes underlying divergent mating signals, and especially those
underlying divergent preferences, remain elusive.

The rapidly radiating Hawaiian cricket genus Laupala has been
proven a powerful system for dissecting the genetic basis underlying
divergent mating behavior. Male Laupala mating songs have species-
typical pulse rates that attract females. In response, female Laupala
express acoustic preference for conspecific pulse rates through
phonotaxis (i.e., orienting and walking toward the preferred sound
source; Shaw 2000; Shaw and Herlihy 2000; Mendelson and Shaw
2002; Oh and Shaw 2013). Species of Laupala are morphologic-
ally and ecologically similar (Otte 1994; Xu and Shaw 2020), while
conspicuous divergence in mating songs and preferences suggests
sexual selection as a primary mechanism driving rapid speciation
(Mendelson and Shaw 2005).

Prior work on the genetics of divergent acoustic behavior in
Laupala supports an intriguing type I genetic architecture for both
signal and preference traits with evidence for colocalized trait and
preference genes. In interspecific studies of the fast singing Laupala
kohalensis and the slow singing Laupala paranigra, genome-wide
quantitative genetic analyses revealed a polygenic genetic architec-
ture consisting of small- to moderate-effect quantitative trait loci
(QTL) distributed across the genome (Shaw et al. 2007; Ellison and
Shaw 2013). Additionally, genome-wide mapping studies found evi-
dence for colocalized song and preference QTL on linkage group one
(LG1) (Shaw and Lesnick 2009; Wiley et al. 2012). Further work
using a fine mapping approach on LGS found an additional pair of
colocalizing pulse rate and preference loci as close as 0.06 ¢M apart
(Xu and Shaw 2019a).

In this study, using the L. kohalensis and L. paranigra species
pair and recently published Laupala genome resources (Blankers,
Oh, Bombarely et al. 2018; Blankers, Oh, and Shaw 2018; Xu and
Shaw 2019), we isolate the previously identified pulse rate QTL on
LG1 in near-isogenic lines (NILs) and interrogate this linkage group
through fine mapping to accomplish three goals. First, we aim to re-
fine location and confidence interval (CI) estimates of pulse rate and
preference QTL on LG1. Previous results on LG1 were limited by
low marker density and statistical power, resulting in wide CIs and
low resolution location estimates of the pulse rate and preference
QTL (Shaw et al. 2007; Shaw and Lesnick 2009). Here, we construct
high-density linkage maps using single nucleotide polymorphisms
(SNP) to improve both map resolution and coverage. Second, we test
for additional pulse rate and/or preference QTL on LG1. A recent
high resolution mapping study on LGS detected several additional
small-effect pulse rate loci (Xu and Shaw 2019), illustrating benefits
of a fine mapping approach utilizing NILs. Finally, we annotate QTL

regions on LG1 to identify candidate genes underlying pulse rate
and preference divergence. Previous mapping efforts on LG1 relied
on AFLP markers, providing no means to identify the causal genes.

Materials and Methods
Breeding Design

Using a two-stage breeding design, we first isolated the focal
QTL (QTL1) in a near isogenic line (NIL1D.2; for details see
Supplementary Material), then generated NIL-F, mapping popula-
tions (Figure 1). NIL1D.2 was created by hybridizing a L. kohalensis
female with a L. paranigra male, both from isofemale lines, followed
by backcrossing to L. kohalensis for four generations selecting only
offspring carrying an L. paranigra AFLP marker linked to the major
L. paranigra QTL1 allele (Shaw et al. 2007). Fourth generation
backeross individuals were intercrossed to generate the NIL1D.2,
where the L. paranigra genotype at QTL1 was maintained through
intercrossing for nine generations. In the second step, we created
five F, mapping families (denoted 1D.2.5, 1D.2.6, 1D.2.8, 1D.2.9,
and 1D.2.13, Supplementary Table S1) by backcrossing NIL males
with recurrent line L. kohalensis females and intercrossing their off-
spring. Parental L. kohalensis and NIL lines were maintained along-
side mapping populations.

Crickets were reared individually in 120 mL specimen cups with
moist tissue and ad libitum Organix organic chicken and brown rice
dry cat food (Castor & Pollux Natural Petworks, Clackamas, OR) in
a rearing room at 20.0 °C and light cycle at 12L:12D.

Male Song Phenotyping

We recorded male songs from parental lines and NIL-F, families
with an Olympus WS-852 digital stereo recorder (Olympus Imaging
Corp., Tokyo, Japan) during daylight hours at controlled temperat-
ures (20.2 = 0.01 °C, mean = SE, n = 238). Digital sound files were
analyzed using RavenPro 1.4 (www.birds.cornell.edu/raven). Pulse
period was measured as the time differential between the beginning
of two consecutive pulses. Mean pulse rate (pulses per second, pps)
was calculated by taking the inverse of mean pulse period from five
independent pulse period measurements per male.

Female Preference Phenotyping
Peak pulse rate preference was estimated from phonotaxis trials for
each female from all NIL-F, families in a sound isolation booth (RS-
243, ETS-Lindgren, Wood Dale, IL) at ¢. 20 °C (20.1 = 0.01 °C,
mean = SE, 7 = 468). Phonotaxis and playback design has been de-
scribed previously (Xu and Shaw 2019). Briefly, each trial involved a
5-min pretrial and 10-min testing period. Two simulated songs were
broadcast simultaneously, one from each of two speakers placed at
opposite ends of a 90 cm phonotaxis tube. During the pretrial period,
the focal female was confined to the central portion of the tube. To
commence the testing period, the central portion was opened via ro-
tatable doors to the distal ends of the phonotaxis tube, allowing the
female to approach one or the other speaker. If a female entered the
preference zone defined as the distal 10 cm at each end of the tube,
we scored a preference for the song pulse rate from that speaker.
All females were initially tested in four trials where pulse rates
of the two songs were 3.0 versus 3.5 pps, 3.1 versus 3.6 pps, 3.2
versus 3.7 pps, and 3.3 versus 3.8 pps. Other song parameters were
identical among all simulated songs (pulse duration = 40 ms, carrier
frequency = 5 kHz) and were characteristic of both species (Shaw
2000). Songs were randomized by speaker for each trial. If female
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Figure 1. A two-step breeding design for QTL fine mapping of variation in male song pulse rate and female peak preference for pulse rate between L. paranigra
(slow singer) and L. kohalensis (fast singer) on LG1 (represented by red and blue bars). In step 1, near isogenic lines (NILs) were created through four generations
of marker assisted backcrossing (indicated by red arrow) selecting for individuals carrying the L. paranigra allele at the genetic marker linked to QTL1 in Shaw
et al. (2007) (indicated by the black star) and one generation of intercrossing. In step 2, NIL males were backcrossed to L. kohalensis females to generate five
independent segregating F, mapping populations. Only the detailed process to obtain 1D.2.5 is shown; the process is the same for all other families. See online

version for full colors.
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Figure 2. Phenotypic distributions of parental L. kohalensis, near isogenic
line 1D.2 (NIL1D.2), and males and females from all NIL-F, intercross families.
The histograms are overlaid. Phenotypic values are measured in the unit of
pps. See online version for full colors.

response switched from faster pulse rate at the lower end to slower
pulse rate at the higher end of the trial range, peak preference was
estimated on the basis of these four trials as the midpoint of the
switch from faster to slower pulse rates (for an example of the esti-
mation see Figure 2b in Xu and Shaw 2019a). If the female showed
consistent response to slower or faster pulse rate in the initial four
trials, she was further tested in up to three trials at either slower (2.7
vs. 3.2 pps, 2.8 vs. 3.3 pps, and 2.9 vs. 3.4 pps) or faster (3.4 vs. 3.9
pps and 3.5 vs. 4.0 pps, 3.6 vs. 4.1 pps) end of the pulse rate range,
depending on the direction of her response in the initial trials. We
repeated each trial up to six times for females who failed to respond
in a given trial. On any given day, females were tested in no more
than two trials, with at least 2 h between the trials. In cases where
a female consistently showed preference for faster or slower pulse
rates in all seven trials, we estimated the peak preference at the most

conservative value (i.e., the midpoint in the next extreme trial, as-
suming the female would show a switch in her preference).

Genotyping

We obtained SNP-based genotypes from NIL-F, families using
Genotyping-by-Sequencing (Elshire et al. 2011) on the Illumina
HiSeq2000 platform at the Genomic Diversity Facility at Cornell
University (see Supplementary Material for details). Sequencing
reads were demultiplexed using fastq-multx v.1.3.2 (Aronesty 2011).
We trimmed Illumina adaptors and nucleotides with base call Phred
scrore <30 at the ends of the reads and filtered out reads less than
50 bases long with fastq-mcf v.1.04.636 (Aronesty 2011). Processed
reads were aligned to the L. kohalensis reference genome (NCBI ac-
cession ASM231320v1, Blankers, Oh, Bombarely et al. 2018) using
Bowtie2 v.2.2.6 (Langmead and Salzberg 2012) with default param-
eter settings. We pooled all F, families to call SNP variants allowing
for a maximum of two mismatches per mapped read using FreeBayes
v.0.9.12-2-ga830efd (Garrison and Marth 2012). The resulting 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,
2) minor allele frequency >2.5%, 3) genotype depth >5, 4) Phred
scaled variant quality 230, and 5) strand balance probability for
reference and alternative alleles >0.0001. Because parental NIL and
L. kobalensis individuals were lost, F, genotypes were called using
the L. kohalensis genome reference as the L. kohalensis parent; the
alternative allele was assigned to the NIL parent.

Linkage Mapping
We constructed linkage maps of autosomal linkage groups
using genotypes at SNP markers from F, individuals in Joinmap 4
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(Van Ooijen 2006). Markers deviating from a segregation ratio of
1:2:1 (Benjamini-Hochberg adjusted P < 0.05) and/or whose mean
depth of coverage <20 were excluded from linkage mapping. Two
types of linkage maps were constructed. First, we constructed in-
dividual family linkage maps of the two largest families, 1D.2.5
and 1D.2.8. Other families were too small to estimate individual
family linkage maps. Maps were estimated using the regression al-
gorithm (for details see Supplementary Material) and thinned by re-
taining one marker per scaffold. Second, we integrated LG1 from
the two families, retaining only markers whose orders were con-
sistent in the two families and had nearest neighbor fit < 10 <M
(see Supplementary Material for explanation) on the integrated
map. This mapping strategy resulted in maximizing map coverage
and density for individual-family-maps and highly confident marker
order for the integrated map. We did not integrate maps of other LGs
because the two families shared few markers.

QTL Mapping

Individuals with scored phenotypes and <25% missing genotypes
were used for QTL mapping. We performed standard interval map-
ping (SIM) and multiple QTL mapping (MQM) for males and
females separately in R/qtl v.1.39-5 (Broman et al. 2003). QTL map-
ping was first conducted in 1D.2.5 and 1D.2.8 separately on their
respective maps, and then using data from all families on the inte-
grated map. For the latter, we tested for family effect on phenotypes
and subsequently included family as a covariate in SIM and MQM
for both pulse rate and preference. We estimated effect sizes and 1.5-
LOD CIs of significant QTL from the final MQM models. For details
of SIM, MQM, and LOD threshold calculations see Supplementary
Material.

Gene Prediction and Functional Annotation

To identify candidate genes for interspecific variation in pulse rate
and preference on LG1, we annotated scaffolds within and immedi-
ately flanking the 1.5-LOD ClIs of all pulse rate and preference QTL
from both SIM and MQM on the integrated map. We also annotated
scaffolds unique to individual family maps (1D.2.5 and 1D.2.8) that
were not present in the integrated map but coincided with the Cls of
significant QTL (Supplementary Figure S1).

We conducted gene prediction and structural annotation using
the Maker pipeline (Cantarel et al. 2008). We used SNAP (Korf
2004) and Augustus-3.2.3 (Stanke and Morgenstern 2005) for ab
initio gene prediction and conducted alignment-based annotation
with available RNA, EST, and protein evidence (Danley et al. 2007;
Bailey et al. 2013; Zeng et al. 2013; Berdan et al. 2016; Xu and Shaw
2019). Detailed information on gene prediction can be found in the
Supplementary Material.

We then functionally annotated the predicted genes by
blasting their sequences against the Animalia subset of the NCBI
nonredundant protein and the UniProt databases (Apweiler et al.
2004) using an E-value cutoff of 1E-4. For adjacent genes with
the same annotation, we manually inspected the annotation by
re-blasting the joined region and subsequently refined gene iden-
tity and boundary annotation using protein2genome alignment
between the Laupala sequence and the protein sequence of the
top blast hit in Exonerate 2.2.0 (Slater and Birney 2005). We an-
notated gene ontologies (GO; Ashburner et al. 2000) using the
UniProt database. To identify any remaining predicted genes
lacking an annotation, we reran blast for these sequences using a
relaxed E-value cutoff of 100.

Results
Parental and NIL-F, Phenotypes

Males from the parental L. kohalensis line sang with faster pulse
rates (n = 9, 3.87 = 0.03 pps, mean = SE, Figure 2) and males
from NIL1D.2 sang with slower pulse rates (7 = 9, 2.99 = 0.06
pps). The mean of the F, mapping population was intermediate
between the parents (7 = 241, 3.39 = 0.01 pps) and with variation
overlapping the parental phenotypes for both pulse rate and pref-
erence (Figure 2).

Linkage Mapping

In 1D.2.5 and 1D.2.8 linkage maps, marker numbers and density
were the highest on LG1, with median marker intervals of 0.67 and
1.73 ¢M, respectively (Supplementary Tables S2-S3). The order of
shared markers on LG1 was highly consistent between the two fam-
ilies (Supplementary Figure S1). The integrated map contained 43
markers (Supplementary Figure S1) with highly consistent order and
a median marker interval of 2.33 ¢M (Supplementary Table S4).

Multiple Linked Pulse Rate QTL on LG1

In SIM using combined data from all families on the integrated map,
we localized a pulse rate QTL at 63 ¢cM on LG1 (Table 1, Figure
3), which was consistent with location estimates based on common
markers from individual-family mapping in both 1D.2.5 and 1D.2.8
(Supplementary Table S5; Supplementary Figures S2 and S3). The CI
of this pulse rate QTL spanned 0.6 cM and included two scaffolds
(5000494 and S004771). The homologous regions on the 1D.2.5
and 1D.2.8 maps included two additional scaffolds (5000949 and
5004205).

In MQM, we identified three additional linked pulse rate QTL
(QTL1.1m, QTL1.3m, and QTL1.4m) in addition to that identified
in SIM above (QTL1.2m, Table 1, Figure 4). The phenotypic effect
of a single allele at each of the four QTL was primarily additive,
ranging from approximately 2-6% of the species difference. In all
cases, L. kohalensis alleles increased, whereas L. paranigra alleles de-
creased, the pulse rate in hybrids (Table 1, Figure 4). Together, their
allelic effects accounted for 14.3% of the species difference in pulse
rate and 76.9% of F, phenotypic variance.

Refined Localization of Preference QTL on LG1

In SIM using data from combined families on the integrated map,
we localized a preference QTL at 60.1 cM (Table 1, Figure 3). The
CI spanned 11.7 ¢cM and included eight scaffolds (Figure 3, scaffolds
in black). This preference QTL had an additive effect of 0.27 = 0.04
pps, explaining 9.0% of species difference and 52.7% of F, pheno-
typic variance. Within the CI of the preference QTL are two add-
itional peaks at 62.8 and 69.6 c¢M, just 0.31 and 0.05 LOD lower,
respectively, than that of the peak at 60.1 cM (Figure 3), although
they were not recognized as independent QTL. In MQM, the pref-
erence QTL was estimated at one of these other locations (69.6 cM,
QTL1.5f, Table 1), with the MQM LOD profile suggesting an add-
itional, but nonsignificant, peak at 60.4 ¢cM (the location of the SIM
preference estimate, at 0.21 LOD lower than the MQM recognized
QTL at 69.6 cM, Figure 4).

Colocalization of Pulse Rate and Preference QTL

In SIM, the peaks of pulse rate and preference QTL were 2.9 ¢M apart.
The CI of the preference QTL completely included that of the pulse rate
QTL (Table 1, Figure 3). Consistent with SIM, MQM showed that the
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Table 1. Results from standard interval mapping and multiple QTL mapping of variation in male song pulse rate and female peak preference for pulse rate on the integrated map using the

combined data from all F, families

% F, variance
explained

% Species

QTL effect size-

Multiple QTL mapping

Standard interval mapping

Trait

difference

additive (pps = SE)

explained

1.5-LOD CI (cM)

QTL name QTL loca- LOD score

1.5-LOD CI

LOD score
(cM)

QTL loca-

(threshold)

tion (cM)

(threshold)

tion (cM)

5.67
66.92
1.66
2.63

52.69

4.65
5.32
1.99
2.33
8.97

0.14 = 0.02
0.16 = 0.02
0.06 = 0.02
0.07 = 0.02
0.27 = 0.04

55.40-58.80

63.00-64.80
77.80-107.00

122.40-143.61

58.40-69.94

9.59
12.61

56.60
63.20

97.20
124.48

QTL1.1m

Pulse rate

41.57 (2.74) 62.60-63.25 QTL1.2m

63.00

Pulse rate

3.09
4.79
8.13

QTL1.3m

Pulse rate

QTL1.4m

Pulse rate

58.20-69.94 QTL1.5f 69.60

7.87 (3.03)

60.11

Preference

CI of the significant preference QTL (QTL1.5f) completely included
that of QTL1.2m, the same pulse rate QTL identified by SIM (Figure 4).

As stated above, the phenotypic effect of the colocalizing pulse
rate and preference QTL were both positive, primarily additive, and
moderate in size (5-9% of the species difference). In addition, males
and females showed similar phenotypic distributions at the markers
with the highest LOD score: individuals with the L. paranigra-origin
(AA), the heterozygous, and the L. kohalensis-origin (BB) genotype
showed lower (male: 3.07 = 0.03 pps, mean = SE, female: 3.03 =
0.08 pps, Figure 3), intermediate (male: 3.36 = 0.01 pps, female:
3.30 = 0.03 pps), and higher phenotypic values (male: 3.68 + 0.02
pps, female: 3.56 = 0.04 pps), respectively.

Annotation of the QTL Regions

We annotated a total of 52 scaffolds within the cumulative CIs of
pulse rate and preference QTL on LG1 (Supplementary Figure S1)
arising from individual family and integrated map analyses. After
filtering out transposable element genes, Maker predicted 245 genes
on 39 scaffolds (5 scaffolds contained only transposable element
genes and the remainder contained no predicted genes). Among the
245 genes, 189 had significant blast hits to the protein databases,
of which 152 had associated GO terms (Supplementary Table S6).
Repeating the blast at a relaxed E cutoff of 100 for the remaining
56 genes left 11 un-annotated (Supplementary Table S6). The anno-
tated gene functions include regulation of cell cycle, gene expression,
development, cellular transportation, biosynthesis, metabolic pro-
cesses, signal transduction, neural functioning and modulation, and
response to stress (Supplementary Table S6).

Within the CI of both QTL1.2m and QTL1.5f, dynein light chain
90F (DIc90F, #39 in Supplementary Table S6) and synaptosomal-
associated protein 25 (Snap25, #47 in Supplementary Table S6), lo-
cated on scaffold S000494, the scaffold with the highest LOD score
for QTL1.2m, have functions pertaining to connectivity of neural
circuits, specifically, neurite development and synaptic transmis-
sion. Another gene within the CI of QTL1.5f on scaffold S003059,
protein phosphatase 1 regulatory subunit 9A (Ppp1r9a, also known
as neurabin-1, # 223 in Supplementary Table S6), also functions
in neuron projection development. We also identified two genes
relevant for central pattern generator or pacemaker functioning:
innexin 2 (Inx2, #78 in Supplementary Table S6) located on scaf-
fold S008276 within in the CI of QTL1.5f and anoctamin 1 (Anol,
also known as TMEMI16A, #116) on scaffold S002553 within
the CI of QTL1.3m. Among the annotated genes within the CI of
QTL1.3m on scaffold S004073 was also a Laupala homolog of the
Drosopbhila Camta gene (#119) connected to song rhythm regulation
in Drosophila (Yokokura et al. 1995; Gleason and Ritchie 2004).

Discussion

Divergent behaviors, especially those involved in sexual commu-
nication, often play a central role in establishing barriers to gene
exchange during early stages of speciation (Coyne and Orr 2004;
Ritchie 2007). The genetic basis underlying behavioral barriers is
thus crucial to explaining the process of speciation yet how these bar-
riers evolve remains poorly understood on many fronts (Shaw and
Mullen 2011; Wilkinson et al. 2015), including the underlying gen-
etic architecture, the coevolution of sex-limited traits, and the genes
involved. Current evidence on the evolution and genetics of acoustic
communication supports a type I genetic architecture involving many
genes of relatively small effect contributing to differences between
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Laupala species and an emerging pattern of genetic coupling (tight
physical linkage or pleiotropy) among QTL involved in male and
female mating behaviors (Shaw et al. 2007; Shaw and Lesnick 2009;
Blankers et al. 2019; Xu and Shaw 2019). Here, we conduct a fine-
scale dissection of LG1 using a high-resolution linkage map and

selective introgression of song and preference QTL. We also provide
annotation of QTL regions to identify candidate genes for interspe-
cific variation in pulse rate and pulse rate preference.

Our results add strong evidence and more detail to the picture of
a type I genetic architecture underlying song and preference variation
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between Laupala species. With increased statistical power and map
resolution on LG1, we identified four linked pulse rate QTL on
LG1 (Figure 4, Table 1), doubling that previously known. Based on
map position and phenotypic effect sizes, the present results have
likely resolved each of the two previously identified pulse rate QTL
(Shaw et al. 2007) into two. The largest QTL on this linkage group
(QTL1; Shaw et al. 2007) likely traces to closely linked QTL1.1m
and QTL1.2m in the present study.

We also find significant evidence from SIM for one preference
QTL at 60.1 ¢cM (Figure 3, Table 1), corroborating a previous esti-
mate from an independent iteration of the same species cross (Shaw
and Lesnick 2009). Two additional peaks in the LOD profile (at 62.8
and 69.6 cM) are suggested by the SIM within the CI with very
small LOD differentials from the significant QTL (at 60.1 cM), al-
though they lack statistical significance as independent QTL, likely
due to limited sample sizes and nonindependent segregation (i.c.,
tight linkage; Figure 3). Indeed, the location of the significant pref-
erence QTL moved from 60.1 cM in SIM to one of these other posi-
tions (69.6 cM) in MQM, with the SIM peak location (60.1 cM)
showing only a slightly lower LOD in the MQM profile (Figures
3 and 4). We hypothesize that like pulse rate, two or more tightly
linked preference QTL lie in this region on LG1, a test of which
awaits future study.

These patterns, together with those found on other linkage
groups (Shaw et al. 2007; Wiley and Shaw 2010; Blankers et al.
2019; Xu and Shaw 2019), suggest that evolution of male pulse rate
and preference for pulse rate diverged by an accumulation of small
steps in Laupala, as opposed to single switch type of change ob-
served in some other rapidly evolving sexual traits (Reed et al. 2011;
Pascoal et al. 2014). We note that a type I genetic architecture is
often thought to be associated with a slow and gradual evolutionary
process, yet acoustic behavior and their consequences for repro-
ductive barriers have evolved rapidly in Laupala (Mendelson and
Shaw 2005). Our findings suggest that close linkage (or pleiotropy)
between pulse rate and preference loci as we discuss below may have
contributed to the rapid divergence of mating behaviors in spite of a
type I genetic architecture.

Adding strength to previous findings, we localized overlapping
pulse rate and preference QTL (QTL1.2m and QTL1.5f) on LG1
(Figures 3 and 4, Table 1) at locations coincident with previous es-
timates (Shaw et al. 2007; Shaw and Lesnick 2009). Further, the
location of QTL1.2m is corroborated by both mapping families
(1D.2.5 and 1D.2.8). Remarkably, the estimated peak locations for
the pulse rate and preference QTL were just 2.9 ¢M apart in SIM
(Table 1) and the CI of the pulse rate QTL is completely included
within that of the preference QTL in both SIM and MQM (Figures 3
and 4). Intriguingly, one of the additional (although nonsignificant)
preference peaks corresponds exactly with the estimated peak lo-
cation of the pulse rate QTL (Figures 3 and 4, vertical dotted line).
Importantly, as required for signal-preference coevolution, the
phenotypic effects of the colocalizing pulse rate and preference QTL
were in the same direction.

These results provided robust evidence for genetic coupling
underlying signal-preference coevolution. Although linkage dis-
equilibrium between unlinked genes has been presumed as the pri-
mary mechanism promoting signal-preference coevolution (Lande
1981; Roff and Fairbairn 2014), linkage disequilibrium can be
easily eroded by recombination. It is thus open to question how
effective this mechanism is in establishing reproductive barriers
during early stages of speciation in the presence of gene flow. In
comparison, genetic coupling provides an effective mechanism to

counter the homogenizing effect of gene flow during early stages
of speciation and facilitate the establishment and maintenance
of premating isolation (Kopp et al. 2018). Colocalizing pulse
rate and preference QTL on both LG1 herein and on LGS (Xu
and Shaw 2019) from Laupala crickets is among a group of re-
cently emerged findings (Kronforst et al. 2006; Bay et al. 2017;
Brand et al. 2019; Merrill et al. 2019) that demonstrate genetic
coupling may be more widespread in nature than we have previ-
ously thought and may have played an important role in rapid
speciation.

Our fine mapping strategy has substantially increased map reso-
lution and mapping precision. Average marker spacing on LG1 has
improved from 5 to 8 ¢cM in previous work (Shaw et al. 2007) to
0.7 and 1.7 ¢cM in 1D.2.5 and 1D.2.8, respectively (Supplementary
Table S3); likewise, distance between the focal QTL and the closest
marker has decreased from 1.2 ¢cM (Shaw et al. 2007; Shaw and
Lesnick 2009) to 0.05 ¢M for pulse rate and 0.03 ¢cM for preference
in MQM (Table 1). In addition, CIs of the colocalizing QTL have
decreased from 13 and 26 cM (Shaw and Lesnick 2009) to 0.6 and
11.7 ¢M for pulse rate and preference, respectively (Table 1). These
improvements, coupled with knowledge of the genome (Blankers
et al. 2018), enabled our annotation of the relevant genomic regions
and identification of candidate genes underlying pulse rate and pref-
erence variation.

Mechanistically, the regular pulses of cricket songs are due to
patterned motor output driven by neural circuits called central pat-
tern generators (Chagnaud and Bass 2014; Katz 2016; Schoneich
and Hedwig 2017). In female crickets, pulse rate preference is real-
ized through a neural circuit wherein direct and delayed line inputs
to a coincidence detector neuron are offset in time equivalent to con-
specific pulse period through post-inhibitory rebound (Schoneich
et al. 2015). Therefore, phenotypic evolution in both song pulse
rate and preference can be genetically enabled by genes that regu-
late either the excitatory properties of neurons or the wiring of rele-
vant neural circuits (Harris-Warrick 2010; Katz 2016). The former
case includes genes pertaining to number, type, or functioning of ion
channels (Harris-Warrick 2010) and the latter includes genes that
regulate axonal pathfinding, presynaptic cell surface proteins, neuro-
transmitter synthesis and release, and neuronal identity transcription
factors (Tosches 2017).

Within this mechanistic framework, our annotation revealed
numerous candidate genes with relevant functions. On scaffold
S000494, the scaffold with the highest LOD score for QTL1.2m and
within the CI of QTL1.5f, two genes showed functions relevant for
rewiring of neural circuits. DIc90F (#39 in Supplementary Table S6),
or Dynlt1 in vertebrates, has been found to play a key role in neurite
outgrowth in vertebrates (Chuang et al. 2005; Sachdev et al. 2007)
among other functions. Snap25 (#47 in Supplementary Table S6)
functions in both axon growth and neurotransmitter release (Osen-
Sand et al. 1993; Hodel 1998). In addition, Ppp1r9a (# 223), located
in the CI of QTL1.5f, also functions in neurite formation (Nakanishi
et al. 1997).

We also identified two candidate genes involved in pacemaking
or central pattern generator functioning. First, the calcium activated
chloride channel, coded by Ano1 (#116 in Supplementary Table S6),
participates in the pacemaker for rhythmic slow waves in intestinal
cells of Cajal (ICC) and ICC-like cells in urinary and reproductive
systems in mammals (Huang et al. 2009; Hwang et al. 2009; Takaki
et al. 2010; Dixon et al. 2012). Interestingly, this channel is also
implicated in pacemaking of spontaneous periodic activities around
hearing onset in murine cochlea (Yi et al. 2013; Wang et al. 2015).
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Further, in mouse, Anol is strongly expressed in auditory brain-
stem nuclei with exclusive expression in the presynaptic endings,
implicating its function in high frequency synaptic transmission
of auditory signals (Cho et al. 2014). These data render Anol an
exciting candidate gene regulating both rhythmic muscle activities
and development and signal processing in auditory systems in verte-
brates. It is unclear if invertebrate homologs of Ano1 also play a role
in rhythm generation; in Drosophila, Anol functions in pathogen
defense (Wong et al. 2013) and act as a heat sensor in nociception
neurons (Cho et al. 2012). Second, innexin 2 (#78 in Supplementary
Table S6), located within the CIs of QTL1.5f and immediately out-
side QTL1.2m, is a structural component of gap junctions. This gene
is important for central pattern generators in stomatogastric and
cardiac ganglia by enabling functional electrical coupling of neurons
in invertebrates (Gtiiza et al. 2018). However, it is not yet known
whether innexin 2 functions in rhythm-generating networks for
thoracic muscles or auditory processing.

Lastly, we have identified a homolog of the Drosophila
calmodulin-binding transcription activator (Camta) on S004073,
a scaffold immediately flanking the peak of QTL1.3m (# 119 in
Supplementary Table S6). This gene has been found to host the
croaker (cro) locus (Sato et al. 2019), implicated in interspecific
variation in interpulse interval (IPI) of the pulse song between
Drosophila sechellia and Drosophila simulans (Gleason and Ritchie
2004). Mutants of cro have polycyclic pulse songs and prolonged IPI
in D. melanogaster (Yokokura et al. 1995). The causal role of this
gene in song rhythm regulation in another insect that also produce
songs with wings renders it a strong candidate for pulse rate vari-
ation in Laupala.

In sum, our fine mapping provides exceptionally strong support for
a type I genetic architecture underlying the species difference in pulse
rate and preference, suggesting that the evolutionary process leading
to a behavioral barrier consists of accumulation of small phenotypic
differences in Laupala. During this process, genetic coupling between
male and female traits may have contributed to the rapid speciation
between the parental species. Our annotation of the relevant genomic
region, made possible by improved mapping resolution and precision
and use of sequence-based SNP markers, revealed numerous intriguing
candidate genes, providing logical targets for future functional tests.

Supplementary Material

Supplementary material can be found at Journal of Heredity online.
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