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Abstract Daily activity times and circadian rhythms of
crickets have been a subject of behavioral and physiological
study for decades. However, recent studies suggest that the
underlying molecular mechanism of cricket endogenous
clocks differ from the model of circadian rhythm generation
in Drosophila. Here we examine the circadian free-running
periods of walking and singing in two Hawaiian swordtail
cricket species, Laupala cerasina and Laupala paranigra,
that differ in the daily timing of mating related activities.
Additionally, we examine variation in sequence and daily
cycling of the period (per) gene transcript between these
species. The species differed significantly in free-running
period of singing, but did not differ significantly in the free-
running period of locomotion. Like in Drosophila, per
transcript abundance showed cycling consistent with a role
in circadian rhythm generation. The amino acid differences
identified between these species suggest a potential of the per
gene in interspecific behavioral variation in Laupala.

Keywords Laupala - Cricket - Courtship - Circadian -
Period - Free-running

Introduction

Circadian rhythms, endogenously generated oscillations

occurring on an approximately 24 h scale, have been found
in organisms ranging from eubacteria to animals, plants
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and fungi (Dunlap 1999). The endogenous clock underly-
ing circadian oscillation is an adaptation that enables the
organism to predict daily and seasonal changes in the
external environment (Yerushalmi and Green 2009). The
circadian clock allows an organism to maintain circadian
cycles, or free-run, in the absence of external cues. Much
of our understanding of circadian clocks comes from
Drosophila. In 1971, Konopka and Benzer reported three
mutations of an X-linked gene, later named period (per),
that alter the endogenous circadian free-running periods of
flies. This work opened the door for subsequent investiga-
tions of the molecular basis of circadian rhythms. The pri-
mary model of a circadian clock based on Drosophila
consists of interlocked transcriptional/translational feedback
loops, the period/timeless (per/tim) loop and the clock/cycle
(clk/cyc) loop, with other genes involved in regulating and
entraining cycling (Hardin 2005; Yu and Hardin 2006;
Weber 2009). Circadian cycling is maintained by an
approximately 24 h cycle of protein expression, phosphor-
ylation, trafficking between cytoplasm and nucleus, and
degradation (Edery et al. 1994; Myers et al. 1996; Lee et al.
1998; Kloss et al. 2001; Shafer et al. 2002). Mammals pos-
sess a similar feedback clock mechanism, comprised of a set
of genes partially overlapping with those of the Drosophila
clock (Yu and Hardin 2006). Studies in a wide variety of
organisms including cyanobacteria (Huang et al. 1991;
Kondo et al. 1994), Neurospora cressa (Gardner and Feld-
man 1980; Bianchi 1964), several plants (Engelmann et al.
1974; Lecharny and Wagner 1984; Millar and Kay 1991),
mammals (Refinetti 1996; Zheng et al. 1999; Liu et al. 2007),
and a wide array of insects (Mazor and Dunkelblum 2005;
Guldemond et al. 1994; Shimizu et al. 1997; Nowosielski and
Patton 1963; Moriyama et al. 2009; Mazzoni et al. 2002; Lin
et al. 2002) have further elucidated the behavioral and
molecular basis of circadian rhythms.
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Here we investigated circadian rhythms as well as
sequence variation and transcription of per in two species
of the Hawaiian swordtail crickets genus Laupala. Given
the commonly observed daily cycling in cricket song, cir-
cadian rhythms of crickets have been a frequent subject of
study, from early behavioral and physiological studies
(Nowosielski and Patton 1963; Loher 1972, 1974,
Sokolove 1975; Sokolove and Loher 1975; Wiedenmann
and Loher 1984; Abe et al. 1997) to more recent molecular
analyses (Hassaneen et al. 2011; Shao et al. 2008a, b;
Moriyama et al. 2008; Abdelsalam et al. 2008; Lupien et al.
2003; Shao et al. 2006; Danbara et al. 2010). Like other
organisms, crickets possess an endogenous circadian clock
(Loher 1972, 1974; Abe et al. 1997); however, there are
physiological differences in the clock of crickets relative to
Drosophila. For example, the daily variation in expression
of circadian clock proteins, including PER, CLK, TIM,
which occurs in Drosophila (Dunlap 1999; Hardin 2005;
Yu and Hardin 2006; Rosato et al. 2006), appears to be
lacking in crickets (Shao et al. 2006, 2008a, b; Lupien et al.
2003). Additionally, CLK is the only one of these proteins
which has been observed to translocate into the nucleus in
crickets (Shao et al. 2008a). However, it was recently
demonstrated that per transcript abundance undergoes
daily variation in Gryllus bimaculatus and that inhibition of
PER expression leads to arrhythmia (Moriyama et al. 2008,
2009). In contrast, while the #im transcript also cycles
daily, inhibition of TIM expression does not induce
arrhythmia (Danbara et al. 2010). Thus, many of the
genetic underpinnings of circadian rhythms are shared
among crickets and Drosophila, but substantial differences
exist in the molecular mechanisms leading to those
rhythms. However, a clear understanding of the circadian
mechanism of crickets has not been elucidated.

The genus Laupala is particularly exciting for the study
of temporal variation. Closely related species in the genus
differ in several temporal characters, providing a compel-
ling system of comparative analyses. The most conspicu-
ous character differentiating the species is pulse rate of the
male calling song, a sexually selected trait that is geneti-
cally regulated (Otte 1994; Shaw 1996, 2000a). Females
show phonotactic preference for conspecific pulse rates
(Shaw 2000b; Oh et al. 2012), demonstrating that pulse rate
may function as an interspecific mating barrier. Species of
Laupala have also been shown to display daily behavioral
rhythms whereby males sing and courting pairs mate at
predictable times during daylight hours (Danley et al. 2007;
Fergus et al. 2011). Moreover, significant differences have
been observed in the daily timing of singing and of mating
between the sympatric species Laupala cerasina and
Laupala paranigra, with L. paranigra exhibiting later
timing of both activities (Danley et al. 2007; Fergus et al.
2011). This divergence in the timing of daily activity may
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help ameliorate interspecific acoustic interference between
singing males and/or reduce the likelihood of interspecific
mating.

In this study we examined the daily timing of singing
and locomotion in visually and acoustically isolated males
to verify the later activity phase of L. paranigra relative to
L. cerasina. We then tested the hypothesis that these
behaviors exhibit a free-running circadian rhythm in the
absence of external cues, or zeitgebers. We test the
hypothesis that L. paranigra has a longer free-running
period than L. cerasina, inspired by the suggestion that
later activity patterns correspond to longer free-running
periods (Hamblen—Coyle et al. 1992; Miyatake et al. 2002).
Additionally, we cloned and sequenced the per transcript
from both species and measured transcript abundance at
different times throughout the day to measure circadian
expression. Our results suggest that daily cycling of the per
transcript is consistent with a role in circadian rhythms, and
that endogenous circadian rhythms may be pleiotropically
linked to temporal variation on an ultradian scale.

Methods
Experimental animals

Laupala cerasina were collected from Kalopa State Park
(20°02'N, 155°26'W) and L. paranigra were collected from
Kaiwiki Road (19°45'N, 155°10'W) in 2005 from the Big
Island of Hawaii. Fifth generation lab reared individuals
were maintained at 19.4-20.1 °C under a 12:12 light:dark
(L:D) cycle. Crickets were provided Cricket Feed (Fluker
Farms, Port Allen, LA) and water on moistened Kimwipes.
Care was taken to prevent sibling matings to reduce
inbreeding, thus maintaining some genetic diversity in the
laboratory populations. Adult males were used in all parts
of this study. The mean adult ages (days past final molt) on
the initial trial day in this study were 41.5 + 18.9 days for
L. cerasina and 41.3 £ 9.3 days for L. paranigra.

Daily timing and free-running periods

The songs of 26 L. cerasina and 23 L. paranigra adult male
crickets were digitally recorded at temperatures between
19.4° and 20.8 °C and pulse rates, in pulses per second
(PPS), were measured. Both song recording and pulse rate
measurements were performed using Raven Interactive
Sound Analysis Software (Cornell Lab of Ornithology,
Ithaca, NY). To determine the song pulse rates, five pulse
periods were measured (+0.5 ms) and averaged for each
individual. The inverse of the mean period was calculated
to produce the pulse rate. A regression analysis was used to
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assess the relationship between pulse rates and recording
temperatures.

To measure daily activity times and endogenous free-
running circadian periods, the males from which songs had
been recorded were placed into individual, visually and
acoustically isolated chambers with moistened Kimwipes
and methylparaben treated food (Fig. 1). Each chamber
contained an omnidirectional condenser microphone
(Model 270-090, RadioShack Corporation, Fort Worth,
TX) and an infrared photomicrosensor (Omron Industrial
Automation, Schaumburg, IL) to detect motion. Each
chamber was placed in a larger enclosure made of Quiet
Barrier HD sound-insulating acrylic (American Micro
Industries, Inc, Chambersburg, PA). Both the inner and
outer chambers had 0.25 cm thick sound-insulating acrylic
glass windows to allow light into the chambers. Upto six
chambers were run simultaneously. The sound attenuation
between chambers was estimated at over 100 dB at 5 kHz
(the approximate carrier frequency of Laupala song) while
the maximum observed volume of a Laupala song is under
80 dB (DJF, personal observation).

Song and locomotor activity were recorded continuously
with the omnidirectional microphone and infrared photo-
sensor, respectively, transmitted via a DI-720-USB Data
Acquisition System (DATAQ Instruments, Inc, Akron,
OH) to a computer that recorded the data using WinDaq
Lite data acquisition software. The data were collected in
one second bins by using the intelligent oversampling
feature of WinDaq to sample all the inputs at 240 Hz and
record either the maximum sample for the sound data or the
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Fig. 1 Individual circadian monitoring chambers. Each chamber
contained and omnidirectional microphone and infrared photomicro-
sensor to detect sound and motion. Individual chambers were placed
in a larger sound reducing enclosure. The chambers had 0.25 cm thick
acrylic glass windows to allow in room light

mean of the samples for the locomotion data at one second
intervals. By recording in this manner, song pulses, which
are less than one second, are still detectable in the one-
second bins. Short motion signals, such as an antenna
moving past the infrared sensor, do not produce signals that
differ substantially above background electrical noise. The
crickets were recorded in the chambers for three days under
12:12 L:D conditions before switching to constant light
(L:L) for at least 10 days. Because Laupala are known to
sing and mate during the day (Danley et al. 2007; Fergus
et al. 2011) we chose to use constant light to increase the
likelihood of activity throughout the experiment. The light
reaching the inner chambers in both L:D and L:L was low
light (<15 lux). Though the light reaching the inner
chambers was dim, lower light levels are sufficient to
entrain daily rhythms in Drosophila (Bachleitner et al.
2007). Temperatures during the trials remained between
19.7 and 20.2 °C, and did not vary on a daily cycle during
the constant lighting conditions.

To examine the daily timing of singing and locomotor
activity we estimated the proportion of occurrence of each
activity within each individual. For statistical analysis, the
24 h L:D cycle was divided into four bins of 6 h (ZT 0-6,
6-12, 12-18, and 18-24), and individual data collected
over 2 days of the L:D period were grouped into the four
bins. The total song or locomotion activity was calculated
for each 6 hour bin and normalized to the maximal activity
for each individual. Student’s 7 tests were used to compare
activities between species for each of the 6 hour periods.
For visualization purposes, we calculated the mean activity
for each species in 0.5 h bins, normalized to the maximal
activity for each species, and plotted this against zeitgeber
time (ZT).

For each individual, we estimated the endogenous free-
running periods separately for the song and locomotion
data using the Lomb-Scargle periodogram method (Ruf
1999) with a resolution of 0.1 h. When the Lomb-Scargle
method was not able to identify a significant free-running
period estimate those data were excluded from further
analyses; this situation occurred among seven of 92 total
individual estimates. Double-plotted actograms were pro-
duced to visualize the data. To determine whether song and
locomotion may be regulated by different circadian pace-
makers we used a correlation analysis and a paired ¢ test to
verify that the free-running periods of song and locomotion
are positively correlated and did not differ significantly
from one another within individuals. Regression analyses
were used to determine whether free-running period is
related to the adult age (number of days past final molt) of
the crickets or the start date of the trial, a factor that would
account for any effects of temperature variation during
rearing or trials. Possible interspecific differences in the
free-running periods were examined using #-tests assuming
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unequal variances. An analysis of covariance (ANCOVA)
was performed to examine song pulse rate as a function of
circadian free-running period, species, and the interaction
between free-running period and species. Regression
analyses were performed with L. paranigra data to further
examine the significant relationship between song pulse
rate and circadian free-running period identified in this
species. The statistical software JMP (SAS Institute, Cary,
NC) was used to conduct all statistical tests.

Identification and sequencing of per

To identify the Laupala per sequence we isolated total
RNA from the head of a L. cerasina male using the
PureLink Total RNA Purification System (Invitrogen,
Carlsbad, CA). First-strand cDNA was synthesized from
RNA with Superscript II (Invitrogen, Carlsbad, CA). We
designed degenerate PCR primers (GGATACAGAATG
GTCCGCTTTYRTNAAYCC and CGAAGAATCGC
TGAATGTTTTCRTTRTARTT) based on regions of high
amino acid conservation between the cricket G. bimacul-
atus and other insects using the CODEHOP method. Using
these primers we performed PCR and amplified a 470 bp
region of the per transcript from the cDNA. This fragment
was cloned using a TOPO TA cloning kit (Invitrogen,
Carlsbad, CA) and sequenced. Based on the initial
sequence, rapid amplification of cDNA ends (RACE) was
performed from L. cerasina head total RNA using a Gen-
eracer kit (Invitrogen, Carlsbad, CA) to amplify and
sequence the 5" and 3’ portions of the transcript.

To obtain high quality sequences from both species,
total RNA was isolated from heads of L. cerasina and L.
paranigra males, and reverse transcribed into first-strand
cDNA as above. PCR primers were designed based on the
RACE sequences to amplify most of the per transcript. The
forward primer, ACGCATGTGTCAAGAGCTGA, binds
to a site within the 5’ untranslated region (UTR) and the
reverse primer, ATGGGTCGAGGTTTGTTGTG, binds
near the 3’ end of the coding region. First-strand cDNA
products from each species were used as templates for PCR
reactions with Platinum Taq HiFi polymerase (Invitrogen,
Carlsbad, CA), producing products of approximately
3 200 bp. Each PCR reaction was performed in duplicate

Table 1 Splice site specific per primers

so that each portion of the PCR product was amplified,
cloned, and sequenced at least twice from each species,
with most regions being sequenced several times to reduce
the presence of PCR and sequencing errors. Because there
was no suitable 3’ UTR priming site, the 3’ end of the
transcript was amplified using 3’ RACE in both species.
The sequences were assembled into contiguous sequences
(contigs), aligned, and analyzed using BioEdit sequence
analysis software (Ibis Therapeutic, Carlsbad, CA), Clu-
stalW (Thompson et al. 1994), and NetPhos 2.0 phos-
phorylation site prediction software (Blom et al. 1999). The
BLOSUM 62 matrix was used for determining amino acid
similarities. The deduced amino acid sequences of Laupala
PER were compared with the PER sequences from G.
bimaculatus (GenBank Accession: BAG48878) and Dro-
sophila melanogaster (Accession: AAF45804).

Two potential alternative splice sites were identified
within the coding region of per based on presence or
absence of regions of DNA within different clones. To
make sure these potential alternative isoforms were not
artifacts of cloning we verified alternative splicing by
splice-site specific PCR with primer pairs flanking each of
the putative splice sites (Table 1). If a site is not alterna-
tively spliced, PCR with flanking primers is expected to
produce a single band, whereas two bands are expected if
alternative splicing does occur. We performed the PCRs on
cDNA from heads of both L. cerasina and L. paranigra
using the primers flanking each of the putative splice sites,
as well as an apparently non-spliced control region of per
as a control.

Analysis of daily per cycling

To determine whether daily cycling of the per transcript
occurs in Laupala and whether there are differences
between the species, we performed reverse-transcription
quantitative PCR (qPCR) with total RNA from the heads of
L. cerasina and L. paranigra males maintained under 12:12
L:D and sacrificed at each of six times of day. Heads were
used because evidence suggests that the master circadian
pacemaker in crickets is located in the optic lobes (Loher
1974; Sokolove and Loher 1975; Tomioka and Chiba 1992;
Abe et al. 1997). Three males from both species were

Splice site Forward primer

Reverse primer

Control
Splice site 1
Splice site 2

CCTTCGACGCTTGGTAGTGGAA
GCGTCTCAACGCTGCAAAGATT
CACCCCACCTCACTGAAGCACT

ACACGATCTTTGGGGTGGACAA
CTTCAGTGAGGTGGGGTGGTTG
CTCCACTTCTCTCGGAGGTCCA

Primers were designed to flank the alternative splice sites. The control primers are from a region of per which is not expected to be alternatively

spliced
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sacrificed at each of the following times: ZT 3, 9, 11, 13,
15 and 21 (ZT O = lights on). The time course focused
heavily around lights off because per transcript abundance
is expected to peak around this time (Moriyama et al.
2008). Crickets were sacrificed by CO, anesthesia,
decapitated, the heads submerged in RNAlater (Ambion,
Inc, Austin, TX), and stored at 4 °C until all tissues were
collected and could be processed. Total RNA was extracted
from each of the heads using the PureLink kit, and quan-
tified using a nanodrop 1 000 spectrophotometer (Thermo
Scientific, Waltham, MA). Two pg of each RNA sample
was treated with DNase (Turbo DNA-free; Ambion, Inc) in
50 pl reactions according to the manufacturer’s protocol to
remove contaminating DNA. The RNA samples were
reverse transcribed with random hexamer primers using
AffinityScript reverse transcriptase (Stratagene, La Jolla,
CA).

We performed qPCR using the relative standard method
with Power SYBR PCR Master Mix (Applied Biosystems
Inc, Foster City, CA) and a 7 900 HT Sequence Detection
System (Applied Biosystems Inc, Foster City, CA). The
per primers used were ATGGGTGGTTCACAGTCTCC
ACAT and TGACCAGGAAGAAGCATGCCAGTA, with
16S rRNA as an internal control. For the standard curves,
cDNA samples were pooled and diluted to produce a curve
ranging from 0.25x to 4x the amount used in the exper-
imental reactions. We standardized the per and 16S control
results to their respective standard curves, and then nor-
malized the per results to the 16S internal control for that
sample. The per transcript abundances normalized to the
peak abundance were plotted against time using SigmaPlot
10 (SPSS Inc, Chicago, IL). A two-way ANOVA was used
to test for statistically significant daily variation or inter-
specific differences.

Results
Daily timing and free-running periods

There are significant differences in the timing of daily
activities between L. cerasina and L. paranigra under L:D
conditions (Fig. 2). L. cerasina performed a significantly
greater portion of their song activity in the first 6 h of light
(t =3.96, df =33, p <0.01), while L. paranigra sang
primarily during the last 6 h of light (r = 4.54, df = 33,
p < 0.01). The locomotion data indicate that L. paranigra
are less active early in the dark phase than they are late in
the dark phase, with a gradual increase in activity as the
dark phase progresses. During two time periods, the first
6 h of light (r = 2.55, df = 33, p = 0.016) and the first 6 h
of dark (r = 5.66, df = 33, p < 0.01), L. cerasina were
significantly more likely than L. paranigra to show
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Fig. 2 Daily song and locomotor activity. The normalized activity of
L. cerasina and L. paranigra under L:D conditions are plotted against
ZT hour. The horizontal lines with asterisks above the graphs indicate
significant interspecific difference in activity over the 6 hour period.
(* p <0.05; ** p < 0.01)

locomotory activity, with no significant differences at other
times of day.

Males of each species exhibited endogenous circadian
free-running periods for both singing and locomotion over
a minimum of 10 days of constant light (Fig. 3). Using
Lomb-Scargle periodogram analyses, we identified sig-
nificant free-running periods at the oo = 0.01 level in 81
and 96 % of L. cerasina for song and locomotion respec-
tively and in 100 and 95 % of L. paranigra for song and
locomotion. A paired ¢ test showed no difference in indi-
vidual free-running periods as estimated by singing versus
by locomotion (r = 0.37, df = 38, p = 0.71). Addition-
ally, free-running period estimates based on song were
positively correlated with free-running period estimates
based on locomotion for both L. cerasina (p < 0.01,
r = 0.63) and L. paranigra (p < 0.01, r = 0.67).

Based on regression analyses, the ages of the crickets
used in this study had no significant effect on the free-
running estimates based on song or locomotion for either
species (song: L.
p = 0.90; locomotion: L. cerasina, p = 0.79; L. paranigra,

cerasina, p = 0.65; L. paranigra,
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Fig. 3 Representative double-
plotted actograms of locomotor
and song activity. The white and
gray bars and ZT hour indicate
the timing of the initial L:D
regime and arrows indicate the
change to constant low light.
Each actogram displays data
from one individual. All
individuals had free-running
periods greater that 24 h for
both locomotion and song, with
L. cerasina generally having a
longer free-running period than
L. paranigra. The free-running
periods for these individuals are
shown below each actogram
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p = 0.09). There was a significant negative relationship
between the trial start day and the free-running period
estimate based on song in L. paranigra (p = 0.013,
R®> = 0.29), with individuals in later trials having shorter
free-running periods than those in earlier trials. However,
no significant relationship was found in the locomotion
estimate from L. paranigra (p = 0.11) or either of the L.
cerasina free-running period estimates (song: p = 0.23;
locomotion p = 0.50).

The mean free-running period estimates based on both
song and locomotion were longer in L. cerasina than in L.
paranigra. The estimates based on song were significantly
different between species (F39 = 9.60, p < 0.01) while
the difference based on locomotion was not statistically
significant (Fy 4, = 0.28, p = 0.60). The estimated inter-
specific difference in free-running periods ranged from
0.12 h (locomotion) to 0.73 h (song; Table 2).

Males’ songs were recorded and the pulse rates were
measured for both species (Table 2). Regression analyses
showed no significant relationships between song pulse rate
and trial start date (L. cerasina: p = 0.75; L. paranigra:
p = 0.25), age (L. cerasina: p = 0.66; L. paranigra:

Table 2 Free-running periods and song pulse rates

p = 0.48), or song recording temperature (L. cerasina:
p = 0.24; L. paranigra: p = 0.28). ANCOVAs demon-
strated statistically significant interactions between species
and free-running periods, measured from song or from
locomotion, on song pulse rates (song*species:
Fi137 =441, p = 0.043; locomotion*species:
Fi40 =4.83, p=0.034). These significant interactions
indicate that the relationship between pulse rate and free-
running period differed by species. To this end, we found
significant relationships between song pulse rate and free-
running period of both song (p = 0.011, R* = 0.31) and
locomotion (p = 0.011, R* = 0.33) in L. paranigra, with
longer free-running periods corresponding to slower pulse
rates (Fig. 4). We did not see a relationship between song
pulse rate and free-running period in L. cerasina (song:
p = 0.36; locomotion: p = 0.30).

Identification and sequencing of per
We obtained the 3 770 bp full length sequence of the L.

cerasina per transcript (GenBank accession No.
GUO053569) and 3 702 bp of the L. paranigra per transcript

Species Pulse rate Free-running periods (h)
Song Locomotion Mean
L. cerasina 2.38 £ 0.02 (26) 2643 £ 0.22 (21) 26.06 £ 0.17 (25) 26.19 £ 0.17 (20)

L. paranigra 0.68 + 0.01 (23)

25.70 £ 0.08 (20)

25.94 + 0.14 (22) 25.82 £ 0.10 (19)

Song pulse rates (PPS) and endogenous free-running periods were calculated based on song and locomotion. The mean of the song and
locomotion free-running period estimates were also determined for each individual. The species averages are displayed as mean = SD (n). The

[Tt}

variation in “n
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within species is due to exclusion of non-significant free-running period estimates
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Fig. 4 Linear regressions of L. paranigra song pulse rate by
endogenous circadian free-running period of song (closed circle,
solid line) and of locomotion (open circles, dashed line). The data
show a significant negative relationship between song pulse rate and
the free-running periods of song and locomotion

(GenBank accession No. GU053570), which included all
but the end of the 5’ untranslated region. The nucleotide
sequences are 99.6 % identical between species, with only
14 interspecific nucleotide substitutions out of 3 702 bp.
The deduced PER amino acid sequences had eight non-
synonymous (amino acid coding) substitutions. Two pre-
dicted serine phosphorylation sites were differentially
present/absent between the L. paranigra and L. cerasina
sequences.

Laupala PER amino acid sequences differed substan-
tially from both G. bimaculatus and D. melanogaster
(Table 3; Fig. 5). The divergence between G. bimaculatus
and Laupala resulted largely from regions of low sequence
identity interspersed with regions of high identity (Fig. 5).
Amino acid divergence within Laupala, and between
Laupala and G. bimaculatus, primarily occurred outside of
the functional domains as identified in G. bimaculatus
(Moriyama et al. 2008).

Two potential alternative splice sites were detected in
the process of cloning and sequencing the per transcript
(Fig. 6). The upstream alternative splice site (splice site 1)
is 75 bp, and the downstream alternative splice site (splice
site 2) is 123 bp in length. PCR products corresponding to
both the spliced and non-spliced sizes were observed in the

Table 3 Interspecific amino acid identity and similarity of PER

Species Comparison Identity (%) Similarity (%)

L. cerasina—L. paranigra 99 99
Laupala sp.—G. bimaculatus® 65 74
Laupala sp.—D. melanogaster® 29 43

% The numbers given for the comparisons of Laupala sp. to the other
species are accurate for both Laupala species

heads of L. cerasina and L. paranigra, while the control
PCR of a non-spliced region showed a single band in each
species. The larger band at splice site one in L. paranigra,
for which we did not get sequence data, may represent a
PCR artifact or an additional splice isoform. These results
confirm the alternative splicing of per in Laupala.

Analysis of daily per cycling

Transcript abundance of per varied significantly through
the day (Fs»4 = 4.41, p <0.01, Fig. 7). As expected, the
per transcript was most abundant close to lights off (ZT:
12), with the peak observation occurring 1 h before lights
off (ZT 11) in both L. cerasina and L. paranigra. The two
species did not differ in relative per abundance across
times (F]’24 = 015, p = 070)

Discussion
Daily activity times and free-running periods

Circadian rhythms are an important adaptation
(Yerushalmi and Green 2009) that allow an organism to
anticipate and prepare for daily and seasonal environmental
variation. Tremendous effort has gone into examining
circadian rhythms in insects (Sandrelli et al. 2008;
Helfrich-Forster 2005; Tomioka and Abdelsalam 2004,
Shirasu et al. 2003; Giebultowicz 2000; Helfrich-Forster
et al. 1998; Chiba and Tomioka 1987), with Drosophila
providing the most well characterized molecular model of a
circadian clock (Konopka and Benzer 1971; Hardin 2005;
Yu and Hardin 2006; Weber 2009; Edery et al. 1994;
Sandrelli et al. 2007; Ewer et al. 1992; Tauber et al. 2007;
Rieger et al. 2006). However, even before the first clock
mutant was reported in D. melanogaster, researchers had
been investigating daily variation and circadian rhythms in
crickets (Nowosielski and Patton 1963; Nowosielski and
Patton 1964; Alexander and Meral 1967; McFarlane 1968).
The circadian mechanism in crickets appears to differ from
that of Drosophila, both in the molecular basis of the
endogenous clock as well as the localization of the circa-
dian pacemaker neurons (Sokolove and Loher 1975; Abe
et al. 1997; Shao et al. 2006, 2008a, b; Abdelsalam et al.
2008; Lupien et al. 2003; Shiga et al. 1999). Understanding
both the behavioral variation in circadian rhythms among
crickets and mechanisms underlying cricket circadian
clocks will provide insight into the evolution and plasticity
of circadian rhythm generation, as well as further our
understanding of the molecular basis of circadian timing.
In this study we found significant differences in the daily
timing of both song activity and locomotion under L:D
conditions between L. cerasina and L. paranigra. For both
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Lc MEESDTSTHKVSDSGYSNSCNSQSQRSSGSSKSHHSNSSGSSGYGCHPSTLGSGTEAFRQPPVTKRNKDKEHKKKKLKST 80

Lp MEESDTSTHKVSDSGYSNSCNSQSQRSSGSSKSHHSNSSGSSGYGCHPSTLGSGTEAFPQPPVTKRNKDKEHKKKKLKST 80

Gb MEESDTSTHKVSDSGYSNSCNSQSQRSSGSSKSHHSNSSGSSGYGGHPSTVGSGTEVFPQPHVTKRNKDKEHKKKKAKST 80
A

Lc LVAATSDNHVESKNLAVSPSIAHESTISDNSKPITKASSKTVSKSPSKLPGQISSNAPSIGVNNLVIEVNANSQPSLSTV 160

Lp LVAATSDNHVESKNLAVSPSIAHESTISDNSKPITKASSKTVCKSPSKLAGQISSNAPSIGVNNLVIEVNANSQPSLSTV 160

Gb LTSATTDHHVDSKNVAASP-VTETTLCTEGVKSANKTVSKTTSKSTAKVGVQNST-CSAPGVN---TETTEDVQLPLTCL 155
N Iy

Lc SQSPDTDVTPVINEEKDGSS-LVGDPEAQET-LECLRNSEEPVPQIEDEFSTIVSLHDGVVMYTTSTITKVLGFPKDMWL 238
Lp SQSPDTDVTPVINEEKDGSS-LVGDPEAQET-LECLRNSEEPVPQIEDEFSTIVSLHDGVVMYTTSTITKVLGFPKDMWL 238

Gb SQSSNKELPPVITEENECATGGIADPEEQEINQNCVRNDISPI-QIENEFSAIVSLHDGVVMYTTTSITSVLGFPKDMWL 234
(Fkkkhkkkkhkkkkhkhkkk*PAG Ak khkk

Lc GRSFIDFVHPKDRVAFASHITTGFSLPVEENRCKVSLTAKESFYCCLRQYRGLKANGYGVTEKKVTYLPFHLTMTFRDVK 318
Lp GRSFIDFVHPKDRVAFASHITTGFSLPVEENRCKVSLTAKESFYCCLRQYRGLKANGYGVTEKKVTYLPFHLTMTFRDVK 318
Gb GRSFIDFVHPKDRMAFASHITTGVALPVEENRCKVSLTAKESFYCCLRQYRGLKSSGYGVTEKKVTYLPXHLTXTFRDVT 314

***********************)

Lc NSEKMNLAGEETGIQGSFLIIEATLVKSSYTHPEETKNSSKFIMQHQASCQLSSVSSDVVQYLGYLPQDMVNHSIFEFYH 398
Lp SSEKMNLAGEETGIQGSFLIIVATLVKSSYTHPEEMKNSSKFIMQHQASCQLSSVSSDVVQYLGYLPQDMVNHSIFEFYH 398
Gb STEKMGLAEEEPGIQGSFLIILASRIKPAYTHPDETKISSKFIIRHQASCELSHVDSDIVQYLGYMPQDMIGRSVFEFYH 394

/P (****A*************A***************PAS_B************************

Lc PDDTPYLKEVYERVVKAQGKPFRSKPYRFQVQNGDYVLLDTEWSAFINPWSRKLEFVIGQNRVLKGPSNPDVFAPPKEAD 478
Lp PDDTPYLKEVYERVVKAQGKPFRSKPYRFQVQNGDYVLLDTEWSAFINPWSRKLEFVIGQNRVLKGPSNPDVFAPPKEAD 478
Gb PEDSPYLKEVYEGVIKAQGQPFRSKPYRFKAQNGGFVLLDTEWSAFINPWSRKLEFIIGQNRVLKGPPNPNVFVTQTSED 474

*****************) (*************************CLD*******************************)

Lc NIQISEEVLKKRNVIEQEIEHLLNETIQRTTEAAKQLASQRCKDLATFMENLMEEVAKPELKVDLPTEEQSFS------ E 552
Lp NIQISEEVLKKRNVIEQEIEHLLNETIQRTTEAAKQLASQRCKDLATFMENLMEEVAKPELKVDLPTEEQSFS------ E 552
Gb CLQISEEVLKESKVIQHEIENLLKETIQRTTGAAKQVASKRCKDLATFMEILMDEVTKPELKVDLPSEEQSFSKNIILQE 554

Lc RDSVMLGEISPHHDYYDSKSSSGTPPTYNQLNYNENIQRFFESKPKTTVSDES---KMEANRS-NSTDEEGKSMPVADSS 628
Lp RDSVMLGEISPHHDYYDSKSSSGTPPTYNQLNYNENIQRFFESKPKTTVSDES---KMEANRS-NSTDEEGKSMPVADSS 628
Gb RDSVMLGEISPHHDYYDSKSSSETPPSYNQLNYNENIQRFFESKPKTTLSDESGESKTDANRSHNSTDEEGKSMPVADSS 634

Lc LDSSNRFVSDSYRKRHMRIKETTLRCKFKKRKCCSPINGSGSG--GSSGSAGMPGSAASRGDTSATNTSRGSYQPPHLTE 706
Lp LDSSNRFVSDSYRKRHMRIKETTLRCKFKKRKCCSPINGSGSG--GSSGSAGMPGSAASRGDTSATNTSRGSYQPPHLTE 706
Gb LNSSNR-------——————=——————————— KCCSPVNGSGSGSGGSSGSAGMPGSAASRGDTSATNTSHGSYKPPHLTE 689

Lc ALLCRHNEDMEKQMVQKHREQRSKGERDNKKKFPQEKMQEANHGVKRCGSHSWESEPFKASKYPHVENLLATGNAVPLPN 786
Lp ALLCRHNEDMEKQMVQKHREQRSKGERDNKKKFPQEKMQEANHGVKRCGSHSWESEPFKASKYPHVENLLATGNAVPLPN 786
Gb ALLCRHNEDMEKQMVQKHRELRSKG--DSKKKMSHEKLQEQNHGVKRSGSHSWEGEPFKASKHPHVENLLASGNAVPMPN 767

(*************NLS************)

Lc IATMGGAAAVPSMFPGSPNVNLWPPFSVTVTPHLSSQPCFAHSTYTGANMGGSQSPHLASMIPMYYIPTGSHQTNLPSRG 866
Lp IATMGGAAAVPSMFPGSPNVNLWPPFSVTVTPHLSSQPCFAHSTYTGANMGGSQSPHLASMIPMYYIPTGSHQTNLPSRG 866
Gb VAALGGATQMSPMYPGSPNVNLWPPFSVTVTPLQSTQPCLAHNSFPGRHNGKFTVSSFGQHDSCLLHPHWVTAGQFAPSR 847

Lc LTPQEHPGPPHTGMLLPGQPQYIPSQVPVINPMPSMLYHPMQPMYGAPQMLYSSIMLQPSTILPAPLSQAGMLPATSRAL 946
Lp LTPQEHPGPPHTGMLLPGQPQYIPSQVPVINPMPSMLYHPMOPMYGAPQMLYSSIMLQPSTILPAPLSQAGMLPATSRAL 946
Gb LSTSGAPWXSSNRHAPAWQAQYILSAVHDK-FIPSMLYHPVHQMYGLLPMMYSSVMLQPSTILPAPMSQAGLLSASSRSM 926

Lc VKQGKPMTESGTPSGVGAASKFQRPASQATSVKAEPGSAMGSIASASIKRALSECSKKDKSLCSPGAPTSSPGPDEEKPR 1026

Lp VKQGKPMTESGTPSGVGAASKFQRPASQATSVKAEPGSAMGSIASASIKRALSECSKIDKSLCSPGAPTSSPGPDEEKPR 1026

Gb MKQDKPPNENGTPNGVGPTTKFQRPASQATSVKAEPGSAMGSIASASIKRAMSECSKKDKSLCSPGAQTSSPCPEEDKTK 1006
A

Lc EVE-NRDFGPPREVENTTGDDSSYSSFYSFLRTDNTDDSMNSYPRDKECLYPCKSEDMNWERSENCKKSHNKPRPILKDP 1105
Lp EVE-NIDFGPPREVENTTGDDSSYSSFYSFLRTDNTDDSMNSYPRDKECLYPCKSEDMNWERSENCKKSHNKPRPILKDP 1105

Gb EGHGNLDFGPLREIENTTGDESSYSSFYSFLRTDKSDESMKSSPRDKDFPYPCKPEVRVL 1066
A

Lc PWLEHVNVTPDLVYRYQINEKNLESVLENDLQTLKEIQQVTSLQ 1149
Lp PWLEHVNVTPDLVYRYQINEKNLESVLENDLQTLKEIQQVTSLQ 1149

Fig. 5 Alignment of L. cerasina (Lc), L. paranigra (Lp), and G. indicated below the alignment. Arrows designate variable predicted
bimaculatus (Gb; BAG48878) PER proteins. Alternative splice sites phosphorylation sites while the other Laupala amino acid substitu-
are italicized and underlined. Functional protein domains (PAS-A, tions are marked with a triangle

PAS-B, NLS, and CLD), based on (Moriyama et al. 2008), are
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Fig. 7 qPCR of per transcript abundance in the heads of L. cerasina
and L. paranigra throughout the day. The white and gray bar at the
top indicates periods of light and dark. The results demonstrate daily
cycling of per transcript abundance in both species, but no
interspecific difference in timing. The data points are offset slightly
for ease of viewing

activities the onset of activity is earlier in L. cerasina than
in L. paranigra, consistent with previous reports of daily
timing in these species (Danley et al. 2007; Fergus et al.
2011). Interestingly, the interspecific differences in activity
times appear to result from both a shift in the timing of
activity as a whole as well as variation in the underlying
temporal pattern of activity. Most notably, while the
locomotion activity of L. cerasina is high immediately at
lights off and remains high throughout the dark phase, the
locomotion activity of L. paranigra appears to increase
throughout the dark phase to peak just before lights on
(Fig. 2b).

We have demonstrated free-running periods for both
song and locomotion activity in Laupala. The positive
correlations and lack of significant differences within
species between the free-running period of song and of
locomotion is consistent with previous work from Tele-
ogryllus commodus suggesting a single circadian pace-
maker regulates the timing of both song and locomotion in
crickets (Sokolove 1975).

There was a statistically significant difference in the
circadian free-running period of song, but not of locomo-
tion, between L. cerasina and L. paranigra. The observed
difference of approximately one half-hour in the mean free-
running periods of song is smaller than the roughly 2 h
difference in mating times observed between these species
(Danley et al. 2007; Fergus et al. 2011) or the 10 h dif-
ference seen here in peak song time (Fig. 2a). However, the
timings of singing, locomotion, and mating are not likely to
scale exactly with one another due to other non-circadian
temporal regulation and zeitgeber cues. More notably, the
direction of the difference in free-running periods is the
opposite of what we hypothesized. In D. melanogaster and
Bactrocera cucurbitae, flies with longer free-running
periods have later phases of locomotor activity and mating
than flies with short free-running periods (Hamblen—Coyle
et al. 1992; Miyatake et al. 2002). While L. cerasina has a
longer free-running period than L. paranigra, singing,
mating, and locomotion occurs earlier in L. cerasina than
L. paranigra. Thus, though song and locomotion are under
circadian regulation, the basis of the difference in daily
timing between the two Laupala species may be indepen-
dent of the variation in circadian rhythms, or the neural or
molecular mechanism regulating both behaviors is differ-
ent than that seen in other species.
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We observed a significant negative relationship between
free-running periods and song pulse rate in L. paranigra.
This relationship is consistent with the relationships
observed in T. oceanicus (Lupien 1998), D. melanogaster
(Kyriacou and Hall 1980) and B. cucurbitae (Miyatake and
Kanmiya 2004), but was not seen in L. cerasina. It is
important to note that the relationship between pulse rate
and song free-running period in L. paranigra may be
confounded by the significant effect of trial start date on
song free-running period. However, song pulse rate was not
significantly related to trial start date, and a significant
negative relationship also exists between song pulse rate
and locomotion free-running period, which was not sig-
nificantly related to trial start day. Furthermore, variation
of up to 0.5 °C during the rearing of the crickets is unlikely
to have substantially influenced the results because of the
small amplitude of this variation and the tightly regulated
temperature during the experimental trials. Thus the rela-
tionship between free-running period and pulse rate in L.
paranigra does not appear to be explained by inter-trial
variation and may represent a shared underlying mecha-
nism with other species.

Extrapolating the best-fit line of the pulse rate regression
for L. paranigra to the mean song rate of L. cerasina
(2.38 pps) would predict an endogenous circadian free-
running period of less than 3 h for L. cerasina. Such a short
free-running period would certainly be maladaptive. If
there is a common genetic basis to the variation in song and
circadian rhythms, there is likely a constraint on the extent
to which the gene(s) affecting these traits can co-vary.

Analysis of the period gene

In D. melanogaster circadian free-running period and
modulation of courtship song interpulse interval are both
affected by mutations of the per gene (Kyriacou and Hall
1980). Moreover, natural variation in per accounts for
differences between Drosophila species in courtship and
the daily timing of locomotion and mating (Wheeler et al.
1991; Tauber et al. 2003; Petersen et al. 1988). While PER
protein abundance has not been shown to cycle in crickets
(Lupien et al. 2003; Shao et al. 2006), per transcript
abundance has been found to cycle on a daily basis in the
cricket G. bimaculatus and was important for proper
expression of circadian rhythms in that species (Moriyama
et al. 2008, 2009). The temporal variation in circadian
rhythms, daily activity, and song pulse rate observed in
Laupala make per a strong candidate for Laupala behav-
ioral variation.

Using qPCR we tested the hypothesis that per transcript
abundance varies across the day. Previous studies suggest
that longer free-running periods correlate with a later
occurrence of circadian regulated events under L:D
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conditions (reviewed in Miyatake 2002). Counter to this, L.
cerasina has been found to have a longer free-running
period (this study) but earlier occurrences of locomotor,
courtship, and mating times compared to L. paranigra
(Fergus et al. 2011). Because of this apparent inconsistency
we examined the phase timing of per transcript accumu-
lation in L. cerasina and L. paranigra. We confirmed that
there is daily cycling of the per transcript in the heads of
both species with peaks around lights off, similar to what
was observed in G. bimaculatus (Moriyama et al. 2008).
This is consistent with a role for per in maintaining cir-
cadian rhythms. However, there was no significant differ-
ence between L. paranigra and L. cerasina in the temporal
expression of per transcripts under L:D conditions. We did
observe a tendency for transcript abundance to rise and fall
more quickly in L. cerasina than in L. paranigra, which
may suggest an earlier shift in cycling in L. cerasina. Such
a phase shift in per accumulation, if real, is consistent with
the earlier activity times of daily behaviors in L. cerasina
and is consistent with a more complex relationship between
longer free-running periods and later activity times under
entrained conditions.

We observed interspecific sequence variation in the per
transcript, which may play a role in behavioral differences
between the species. There are eight amino acids differ-
ences between these species, two of which alter predicted
serine phosphorylation sites within the PER protein.
According to the Drosophila model, PER phosphorylation
is involved in setting the pace of the circadian clock by
inducing degradation of PER (Zheng and Sehgal 2008; Bae
and Edery 2006). It has been proposed that cycling of
phosphorylation of clock proteins, as opposed to cycling of
protein abundance, may be key to maintaining the circadian
clock (Zheng and Sehgal 2008). Such a model may be
consistent with the circadian clock of crickets, in which
circadian clock protein levels are constant throughout the
day (Shao et al. 2006, 2008b; Lupien et al. 2003). In addi-
tion to the changes in putative phosphorylation sites, two
non-conserved amino acid changes between L. cerasina and
L. paranigra occurred within the PAS-B domain, a protein
interaction domain. One of these PAS-B substitutions is
between a negatively charged, polar residue (glutamate; L.
cerasina) and a neutral, non-polar residue (valine; L.
paranigra) while the other substitution is between a neutral
residue (threonine; L. cerasina) and a positively charged
residue (histidine; L. paranigra). Such differences in
polarity and charge in the protein binding site could alter
protein binding affinities and may thus have consequences
for PER function. The remainder of the amino acid substi-
tutions fall outside of known functional domains and are not
predicted to alter phosphorylation; however, most of these
substitutions are also non-conserved and may affect the
overall conformation or function of the protein.
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In addition to the molecular variation and cycling
identified in Laupala per, we found two alternative splice
sites of the transcript. Both of these sites are alternatively
spliced in the heads of both species examined here.
Alternative splicing of a single gene produces multiple
isoforms with different properties. The potential function
of the alternative splice isoforms of per is intriguing.
Though the total abundance of PER protein has not been
found to cycle throughout the day in crickets, the cycling of
different splice forms has not been examined. Cycling of
alternative splice isoforms may be key to maintaining
circadian cycling in crickets.

Our results suggest that the variation in daily behavior
observed between L. cerasina and L. paranigra is not due
to a simple shift in endogenous circadian timekeeping. The
complex nature of the daily temporal variation suggests
that it is likely the result of multiple genetic factors. Lau-
pala provides a tractable system with which to investigate
temporal variation and elucidate the genetic underpinnings
of temporal regulation. The variation observed in the per
gene demonstrates the potential for a role of per in
behavioral variation, and provides the foundation for fur-
ther analyses of this candidate gene.
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