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ORIGINAL ARTICLE

Gene CG15630 (fipi) is involved in regulation of the interpulse interval in
Drosophila courtship song

Sergey A. Fedotov , Julia V. Bragina , Natalia G. Besedina , Larisa V. Danilenkova ,
Elena A. Kamysheva and Nikolai G. Kamyshev

Pavlov Institute of Physiology, Russian Academy of Sciences, St. Petersburg, Russia

ABSTRACT
To study the central pattern generators functioning, previously we identified genes, whose neurospe-
cific knockdowns led to deviations in the courtship song of Drosophila melanogaster males. Reduced
expression of the gene CG15630 caused a decrease in the interpulse interval. To investigate the role of
CG15630, which we have called here fipi (factor of interpulse interval), in the courtship song production,
at first, we have characterized fipi transcripts and protein (FIPI) in the mutant flies carrying P insertion
and deletions in this gene and in flies with its RNAi knockdown. FIPI is homologous to the mammalian
NCAM2 protein, an important factor of neuronal development in the olfactory system. In this study, we
have revealed that local fipi knockdown in the antennal olfactory sensory neurons (OR67d and IR84a),
which are responsible for reception of chemosignals modulating courtship behavior, alters the inter-
pulse interval in the opposite directions. Thus, a proper fipi expression seems to be necessary for per-
ception of sexual chemosignals, and the effect of fipi knockdown on IPI value depends on the type of
chemoreceptor neurons affected.
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Introduction

Elucidation of the morphological and functional organization
of neural networks that form the motor program of simple
rhythmic actions in animals (motor pattern) is a fundamen-
tal scientific problem. Its urgency is determined by the need
for modeling and treatment of diseases accompanied with
impairment of vital motor functions such as breathing,
heartbeat, locomotion, and others. In mammals, the study of
the neural mechanisms of motor pattern generation is
extremely difficult because of the complexity of neural net-
works and the heterogeneity of its elements. As a result, the
neural networks forming motor patterns have been described
mainly at the modular level rather than at the level of indi-
vidual neurons. One approach to overcome difficulties in the
study of generators in mammals consists in molecular label-
ing of neurons (Andersson et al., 2012; Borgius et al., 2014;
Goulding, 2009), whose malfunction is accompanied by
abnormalities in the pattern of rhythmic activity. However,
the search for molecular markers and investigation of their
involvement in the rhythmic activity in mammals may take
more than a decade. The research projects conducted on
invertebrates are much more effective. For example, the
study of Drosophila na mutants showing locomotor disorders
(Nash, Scott, Lear, & Allada, 2002), together with other stud-
ies, led in several years to discovery of the universal molecu-
lar component of pacemaker cells, the Naþ leak channel
(Lu & Feng, 2012). A convenient model to explore the
molecular mechanisms of motor pattern generation is a

neural network that controls wing vibration by a courting
Drosophila male, producing the pulse courtship song.
Simplicity of this behavioral act in conjunction with a variety
of molecular and genetic techniques developed for
Drosophila allowed to establish the neural network for court-
ship song production and to determine the role of each
element in the network (von Philipsborn et al., 2011).
Previously, we have reported that the gene CG15630 deter-
mines the frequency of wing beats producing the pulse
courtship song (Fedotov et al., 2014). Reduced expression of
CG15630 in neurons was accompanied by a shortening of
interpulse interval (IPI). Since it is the most distinctive
phenotype for this gene, we have named it fipi (factor of
interpulse interval). Neuronal specificity of the gene expres-
sion (Chintapalli, Wang, & Dow, 2007) and its homology to
the genes encoding proteins from the families of neural cell
adhesion molecules NCAM1 (Ensembl Family ID
PTHR10489_SF34) and NCAM2 (PTHR10489_SF35) let us
suggest a possible role of fipi in such processes as adhesion
and proliferation of nerve cells, their migration, neuritogene-
sis, synaptic plasticity, and regeneration (Burgess et al., 2008;
Rutishauser, 2008; Seidenfaden, Krauter, & Hildebrandt,
2006; Walmod, Kolkova, Berezin, & Bock, 2004). Thus, fipi
is presumably an important molecular factor of a neural net-
work that determines the motor pattern of Drosophila male
courtship song.

In this study, we aimed to investigate the mechanisms of
fipi involvement in establishing the IPI in male courtship
song. We have characterized the transcripts and the protein
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encoded by fipi, as well as deviations of fipi expression in
the mutants and knockdowns. Behavioral analysis of (1) the
mutant with insertion of P element at the beginning of fipi,
(2) the mutant with deletion of significant part of the fipi
first exon, and (3) the RNAi mediated knockdown of this
gene revealed functional significance of the fipi first exon
integrity and fipi transcript/protein level for keeping the IPI
value in the normal range.

In experiments with the local fipi knockdowns in various
types of neurons we have determined that olfactory sensory
neurons (OSN) are the probable neuronal substrate media-
ting fipi involvement in IPI setting. fipi knockdown in dis-
tinct populations of OSNs detecting aphrodisiac (IR84a
receptor) and antiaphrodisiac (OR67d receptor) resulted in
opposite IPI deviations. Our data indicate the necessity of a
proper fipi expression level for regulatory influences from
the OSNs detecting sex pheromones on the courtship song
pattern.

Materials and methods

Experimental subjects

Five-days-old Drosophila melanogaster males were used in all
experiments. The rearing and experimental conditions were
described previously (Fedotov et al., 2014). Wild-type strain
Canton-S (CS) derived from the Bloomington Drosophila
Stock Center (BDSC, Bloomington, IN). The line
w�;P{PdL}CG15630[3404z], carrying the insertion of PdL

transposon with mini-white gene inside (Bieschke, Wheeler,
& Tower, 1998; Landis, Bhole, Lu, & Tower, 2001) into
CG15630 (fipi) gene, was created earlier (Fedotov et al.,
2014) by remobilization of the transposon from the X
chromosome. The initial PdL(X) line was a gift from Prof.
John Tower (University of Southern California, USA). To
use CS strain as a control, this line was back crossed for 10
generations to the ‘cantonized’ w[1118] line yielding the
w[1118];P{PdL}CG15630[3404z] flies used in the experiments
(mentioned hereafter as fipi[3404z]). The lines fipi[361] and
fipi[362] with precise and imprecise excision of PdL trans-
poson, respectively, were created by its remobilization from
the fipi gene. In fipi[361], sequencing of a region around the
site of PdL insertion showed removal of the transposon with
restoration of fipi canonical sequence. In fipi[362], the part
of the first fipi exon downstream from the site of PdL inser-
tion together with a part of the first intron were deleted
(Figure 1). The coordinates of the 719 bp deletion deter-
mined by sequencing were 2L: 4793237..4793955, according
to the FlyBase version FB2016_01, released 14 January 2016.
To enhance the production of courtship song by males of
both excision lines, fipi[361] and fipi[362], the additional
crosses were made to substitute the w[�] for w[þ] allele in
the X chromosome. In all experiments, the line fipi[361]
with precise PdL excision served as a control to the mutant
fipi[362]. Males with fipi knockdown derived from the cross-
ing of females, carrying the GAL4 transgene expressed under
control of a specific gene promoter (driver), with males, car-
rying the UAS transgene producing interfering RNA to fipi

Figure 1. Scheme of the gene fipi (A) and its first exon (B). The numbers 1 and 7 designate the first (outlined by frame) and last exons, 1p–7p stand for the coding
parts of exons. The pointer 3404z shows localization of the insertion P{PdL}CG15630[3404z].
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(RNAi stock). Stocks with GAL4 drivers were obtained from
BDSC: nompC-GAL4 (#36361, y[1]w[�];PBac{y[þmDint2]
w[þmC]¼nompC-GAL4.P}VK00014;Df(3L)Ly,sens[Ly-1]/
TM6C,Sb[1]); ppk-GAL4 (#32078, w[�]; P{w[þmC]¼ppk-
GAL4.G}2); Snmp-GAL4 (#51305, w[118];
P{w[þmC]¼Snmp-VP22-GAL4.5. 412}2); Ddc-GAL4 (#7009,
w[1118];P{w[þmC]¼Ddc-GAL4.L}4.36); D42-GAL4 (#8816,
w[�];P{w[þmW.hs]¼ GawB}D42); ChAT-GAL4 (#6798,
w[1118]; P{w[þmC]¼ ChAT-GAL4.7.4}19B/CyO,
P{ry[þt7.2]¼sevRas1.V12}FK1), Or47b-GAL4 (#9983, w[�];
P{w[þmC]¼Or47b-GAL4.7.467}15.5A), Or67d-GAL4 (#9998,
w[�]; P{w[þmC]¼Or67d-GAL4.F}57.2), Ir84a-GAL4 (#41750,
w[�]; TI{GAL4}Ir84a[GAL4]).

Act5C-GAL4 driver (w[1118]; P{w[þmC]¼Act5C-GAL4}
25FO1/CyO, y[þ]) was kindly provided by Prof. Konstantin
G. Iliadi (Hospital for Sick Children, Toronto, Canada). The
RNAi stock, y,w[1118]; P{KK107002}VIE-260B (#107797),
denoted hereafter as UAS-RNAi, with transgene coding for
interfering long hairpin RNA (hpRNA) to the gene fipi
placed under UAS control, and the host stock for KK RNAi
lines y,w[1118]; P{attP, y[þ],w[30] (#60100) were obtained
from Vienna Drosophila RNAi Center (VDRC, Austria). The
offspring from crosses between the corresponding GAL4
driver and the host stock #60100 served as a control for
knockdowns. Earlier, we have shown that there is no differ-
ence in IPI between offspring from CS� #60100 and
CS� #107797 crosses that indicates the absence of own effect
of the UAS-RNAi insertion on IPI (Fedotov et al., 2014).
For detection of olfactory neuronal structures in confocal
microscopy the stock with UAS-GFP transgene was used
(#32202, w[�]; P{w[þmC]¼ 10XUASIVS-GFP-WPRE}attP2,
BDSC).

Courtship songs assay and analysis

Recording and analysis of courtship song were described
previously (Fedotov et al., 2014; Iliadi et al., 2009; Popov,
Savvateeva-Popova, & Kamyshev, 2000). In short, a male was
placed, together with a fertilized female, into an experimental
thermostated chamber placed above the microphone, and
the sounds were recorded for 5min at 25 �C. The sensitive
band microphones and low-noise microphone amplifiers
were constructed in compliance with Bennet-Clark’s recom-
mendations (Bennet-Clark, 1984) with small scheme modifi-
cations in the workshop of the Department of Genetics of
Wurzburg University by the engineer K. Ochsner with finan-
cial support of Prof. P. Riederer. The sound records were
analyzed using the program ‘Drosophila courtship song ana-
lysis’ (DCSA, # N.G. Kamyshev), which automatically rec-
ognized the pulse song and calculated its various parameters.
Automatic pulse recognition in sound records (wav files,
mono, 44,100Hz, 16 bit) was based on parameters, empiric-
ally selected when analyzing natural pulse song, and applied
at successive stages of analysis. In 16-bit sound records the
amplitude may vary from �32767 to þ32767 arbitrary units
(a.u.). Firstly, all fragments of a sound record containing the
absolute values of the amplitude exceeding the noise thresh-
old (1200 a.u.) and flanked with noise of sufficient duration
were found. The minimal noise duration of 30 data points

(�0.68ms for 44,100Hz records) was used to distinguish the
true noise from subthreshold fluctuations within potential
pulse. For each fragment found, the following parameters
were used to distinguish the song pulse from other signals
above the noise threshold. The minimal positive or negative
peak amplitude of 1600 a.u. was established. The sharpness
of both positive and negative peaks was estimated by calcu-
lating the ratio of the maximum absolute amplitude to the
number of data points between the peak and preceding zero
line crossing (the tangent of the slope angle). The tangent
value >30.0 was used to recognize the song pulses. The frag-
ments, where there were more than seven zero line cross-
ings, were considered as signals having no relation to song
pulses. If two pulses were separated by 20ms or less, the
pulse with lower amplitude was ignored. Pulse positions in
adjacent pulses were defined using peaks of the same type,
either positive or negative, depending on what peak was
more pronounced in the first pulse. The pulses are usually
organized in trains consisting of two or more pulses. The
pulses separated by 80ms or less were ascribed to one train,
and IPI values were calculated only for intra-train pulses.
Despite the algorithm described above recognized almost all
song pulses, a manual correction was required, mainly to
delete some unrelated signals. That was made in the editor
mode by successive viewing of all highlighted signals recog-
nized by the program as pulse song. The mean duration of
the pulse train (ms), the frequency of trains initiation (trains
per 100 s), and the mean IPI within a train (ms) were calcu-
lated for each experimental male and used in further statis-
tical analysis. The statistical comparisons were performed by
randomization test (Edgington, 1995) at the confidence level
a¼ 0.95. The 95% confidence intervals were calculated by
the bias-corrected and accelerated (BCa) bootstrap using the
IBM SPSS Statistics 20 (Armonk, NY) software (10,000 itera-
tions, Efron & Tibshirani, 1993).

Real-time RT-PCR

Assay of fipi expression level was performed as described
previously (Fedotov et al., 2014). Briefly, the total RNA was
isolated from males and transcribed to cDNA using the
reverse transcriptase. cDNA samples served as a template in
the quantitative real-time PCR with a fluorescent dye
EvaGreenVR (Biotium, BT-31000). Two pairs of primers were
used to assess the level of transcripts comprising the first
and second fipi exons (RT1, 50-ATTCGTTGAGATTCT
CGCAATGCG-30, 50-CGGCGATTTCCAATGGAGCT-30),
and transcripts containing the fifth and sixth fipi exons
(RT2, 50-GGCCGATGGTTTGCTCATCAAC-30, 50-AGTAGC
TGTCCGACTGGATCGTGTA-30, Figure 2). The expression
level of RpL32 was used as an internal control. Statistical
analysis was performed with randomization test in the pro-
gram REST 2009 at the confidence level a¼ 0.95 (Pfaffl,
Horgan, & Dempfle, 2002).

Northern blot

Three micrograms of total RNA from males were
separated by electrophoresis in 1% denaturing agarose gel
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(4-morpholinepropanesulfonic acid (MOPS) buffer, 2.2M
formaldehyde). Before loading to the gel, samples and ladder
(#SM1823, Thermo Fisher Scientific, Waltham, MA) were
denatured in RNA loading mix (MOPS buffer, 2.2M formal-
dehyde, 70% formamide, 0.001% EtBr) and mixed with 1/5
volume of 5� RNA gel buffer (50% glycerol, 1mM EDTA,
0.1% bromophenol blue, 0.1% xylene cyanole). After electro-
phoresis, the gel was washed from formaldehyde, and pos-
ition of marked RNA bands was determined using the gel
documentation system. Capillary RNA transfer from the gel
to a nylon membrane (N-8522, Sigma-Aldrich, St. Louis,
MO) was carried overnight in 20� SSC buffer (3M sodium
chloride, 0.3M sodium citrate, pH 7.0). RNA was crosslinked
to the membrane by UV irradiation (BIO-LINKVR BLX,
0.06 J/cm2), and then pre-hybridization was carried out for
two hours at a temperature of 53 �C in HSB buffer (7% SDS,
50% formamide, SSC 5�, 2% skimmed milk, 50mM sodium
phosphate, pH 7.0, 0.1% N-lauroylsarcosine Na, 50 lg/ml sal-
mon sperm DNA). Under the same conditions, hybridization
was performed overnight in HSB with denatured RNA
probes Z1 and Z2 or the complementary to Z2 control probe
K2 at a concentration of 5 ng/ml (Figure 2). After hybridiza-
tion, washing of the membrane was performed as follows:
2� 150, 25 �C, 2� SSC, 0.1%, SDS and 2� 150, 68 �C, 0.5�
SSC, 0.1% SDS. The membrane was blocked 60min in 1%
skimmed milk in the maleic buffer and incubated in anti-
digoxigenin antibody conjugated with alkaline phosphatase
(#11093274910 ROCHE, Sigma-Aldrich, 1:15,000 in 1%
skimmed milk, maleic buffer). Antibody was discarded, and
membrane was washed twice for 15min in maleic buffer
with 0.2% Tween-20 and then equilibrated with a detection
buffer (0.02M Tris HCl, pH 9.8, 1mM magnesium chloride).
Chemiluminescent detection was performed using the CDP-
Star reagent (T2145, TFS). Then, to correct the load of RNA
in each sample, the membrane was rinsed in water, and
hybridization with the RNA probe R1 to the ribosomal 28Sa
RNA was carried out.

RNA probes were synthesized by in vitro transcription
using a mixture of NTPs with addition of digoxigenin-11-
uridine-50-triphosphate (DIG-RNA labeling mix,
#11277073910 ROCHE, Sigma-Aldrich). Templates for the
transcription were DNA fragments amplified by PCR using

cDNA and primers with T7-polymerase promoter at the 50 end.
The following primers were used (the T7-promoter is written
in italics): Z1for – 50-CGGTTCACCTACACTTCGTG-30,
Z1rev – 50-TAATACGACTCACTATAGGGTGAAGTGCCA
GGTGACATTC-30, Z2for – 50-CGATGGTTTGCTCATCAA
CA-30, Z2rev – 50-TAATACGACTCACTATAGGGGTGAA
GTCACTGAATCCGGC-30, K2for – 50-TAATACGACTCAC
TATAGGGCGATGGTTTGCTCATCAACA-30, K2rev – 50-
GTGAAGTCACTGAATCCGGC-30, R1for – 50-CTTAGAG
GTTAAGCCCGATGA-30, R1rev – 50-TAATACGACTCACT
ATAGGGCCTCTAATCATTCGCTTTACCA-30.

Qualitative estimation of transcripts level in the northern
blot was performed by comparing bands intensity using the
ImageJ software.

Procedures in identification of 5000 bp fipi transcript

The total RNA was isolated from males, transcribed to
cDNAN9 using the RevertAid H Minus Reverse Transcriptase
(#EP0452,Thermo Fisher Scientific) and random nonamer
primers. cDNAN9 samples served as a template in the PCR
amplification of fipi[361] and fipi[362] transcript fragments
with ‘D’ polymerase (mix of Taq and Pfu polymerases,
Beagle, Saint Petersburg, Russia) and Long PCR Enzyme
Mix (#K0182,Thermo Fisher Scientific). Four primers were
used to assess the integrity and sizes of the fipi regions: from
exon 1 (primer Z1for), exon 2 (primer gsp2for, 50-
GAATCCCTCATCGTCCAGTG-30) and exon 5 (primer
Z2for) to exon 7 (primer Z2rev), see Figure 6(D).

50-RACE was performed according to protocol of Huang
and Chen (2006) with a few modifications. Briefly, first-
strand cDNAGSP was synthesized using the fipi specific pri-
mer GSP2-RT (50-GTCCTTTGTGCTCGCGTA-30) and T–S
primer containing G residues at the 30 most part (50-CACC
ATCGATGTCGACACGCGTCGGG-30). The cDNAGSP was
amplified in PCR using the T–S primer and GSP2-RT with
‘D’ polymerase. PCR products were phosphorylated, self-
ligated and used as templates for inverse PCR performed
with outward primers specific to the exon 2 (gsp2for,
gsp2rev 50-TACCGCACCACGCTGTG-30). The inverse PCR
products were used in the second round (nested) PCR

Figure 2. The annotated fipi mRNA (FlyBase, FB2016_01, released 14 January 2016). The numbers 1 and 7 designate the first and the last exons, 1p–7p are the cod-
ing parts of fipi exons. RT1 and RT2 are the fragments amplified in the real-time RT-PCR, Z1 and Z2 indicate the regions complementary to RNA probes 1 and 2 used
in the northern blot.
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with primers gsp2forNest 50-GCAGTCCCGATCCCAAA-30

and gsp2revNest 50-GGACTGAGGGAAAGGCTCT-30, see
Figure 6(E).

PCR products along with a 1 kB DNA ladder (#M11,
SibEnzyme, Novosibirsk, Russia) were visualized by ethidium
bromide staining on a 0.8% TAE agarose gel.

Western blot

Electrophoretic separation of proteins was performed in 10%
polyacrylamide gel under denaturing conditions. Males were
frozen for one hour at �20 �C, then the whole flies or their
distinct body parts were homogenized with a pestle in the lysis
buffer (50mM Tris-Cl, pH 8.0, 1% Triton X-100, 150mM
NaCl, complete protease inhibitor cocktail, Roche). To equal-
ize approximately the protein concentration in various types
of samples, it was measured using the Bradford’s method.
According to this estimation, the samples were prepared from
either 6 Drosophila males, or 60 heads, or 16 thoraxes, or 12
abdomens in 200ml of the lysis buffer. Homogenized samples
were heated at 95 �C for 5min, centrifuged 5min at
13,000 rpm, and 10 ml of supernatant was loaded onto the gel
(�5 mg of total protein). PageRuler prestained protein ladder
(#26616, Thermo Fisher Scientific) and Prestained protein
molecular weight marker (#26612, Thermo Fisher Scientific)
was used to determine the molecular weight of the polypep-
tide encoded by the gene fipi. Protein transfer from the gel to
a nitrocellulose membrane was performed in the Mini Trans-
Blot chamber (Bio-Rad, Hercules, CA). The transfer efficiency
and equal loading were confirmed by Ponceau S staining.
Membrane was blocked at 4 �C overnight in 5% solution of
skimmed milk in TBST (20mM Tris-Cl, pH 7.5, 150mM
NaCl, 0.1% Tween-20). The next day membrane was rinsed
and washed with TBST, 4� 100. All washes were carried uni-
formly, at room temperature (RT) with shaking (250 rpm).
Primary antibodies 32II against FIPI (polypeptide encoded by
fipi) were created by immunization of rabbits with oligopep-
tide RSPDPKVELHWKSP (the second fipi exon, 47–60 aa,
FlyBase). The primary antibodies were diluted (1:2000) in 5%
solution of skimmed milk in TBST and incubated with mem-
brane for 2 h at 22 �C with shaking. Membrane incubation
with secondary antibodies conjugated with horseradish perox-
idase (HRP, #A16104, Thermo Fisher Scientific) was per-
formed in the same manner. After hybridization, the
membrane was washed in TBST and ECLTM Prime Western
Blotting Detection Reagent (#RPN2232, GE Healthcare,
Chicago, IL) was used for chemiluminescent detection of per-
oxidase activity on a film (�arestream Health MXBE, Kodak,
Rochester, NY).

For quantitative analysis of FIPI level band intensity val-
ues were corrected with cysteine string protein (CSP, load
control), normalized as proportion of control meanings and
averaged of four independent experiments.

Confocal microscopy

Males were immobilized by cold anesthesia, and brain
and antennas were dissected in the cold phosphate buffer

(Fore et al., 2011; Karim, Endo, Moore, & Taniguchi,
2014). Samples were fixed with 4% formaldehyde in 0.1%
PBST (PBS with 0.1% Triton X-100) for 20min at RT
with shaking (250 rpm) followed by washes in 0.4% PBST
(PBS with 0.4% Triton X-100), 4� 200 at RT with shaking
(washes were uniform unless otherwise stated). Samples
were blocked with 5% goat serum in 0.1% PBST for
40min at RT on a shaker and hybridized with primary
antibodies in 5% goat serum, 0.1% PBST, three days at
4 �C with shaking. Primary antibodies against FIPI (32II,
1:500, rabbit), CSP (DCSP-1, DSHB, 1:20, mouse), and
GFP (338001, BioLegend, 1:250, rat) were used. CSP anti-
body stained neuropile structures in the brain. After
washing off the primary antibodies, the samples were
incubated in the dark at 4 �C on a shaker for two days
with the secondary antibody with fluorescent label dis-
solved in 5% goat serum, 0.1% PBST. Secondary antibod-
ies were Cy3 anti-rabbit IgG (406402, BioLegend, 1:1000,
donkey), Alexa Fluor 647 anti-mouse IgG (ab150115,
Abcam, 1:500, goat), Alexa Fluor 488 anti-rat IgG
(112–545-003, Jackson, 1:500, goat). The samples were
successively washed in 0.4% PBST and PBS (3� 10, 2� 50)
and enclosed into a chamber, made from cover glasses on
the slide, filled with GDP (70% glycerol, 2.5% DABCO in
PBS). For staining the nuclei, DAPI (40,6-diamidino-2-phe-
nylindole) was added at concentration 300 ng/ml in the
second 0.4% PBST wash.

Fluorescence analysis was carried out on the confocal
laser scanning microscope LSM 710 (Carl Zeiss,
Oberkochen, Germany) in the confocal microscopy center of
Pavlov Institute of Physiology. Images were fixed at 10�,
20�, 63�, and 100, magnification, with scanning steps of
1–5mm, approximate resolution of 0.5–1 pixel/mm, and aver-
aging the fluorescence over two repeated measurements for a
pixel. Laser and filter settings matched the preset values for
Cy3, Alexa Fluor 488, Alexa Fluor 647, DAPI in software
ZEN 2009 (Carl Zeiss). Analysis and editing of the images
was carried out in the free version of ZEN 2011 (black edi-
tion, 64 bit, Carl Zeiss).

Results

Courtship song deviations in males with impaired fipi
expression

Song activity was estimated in Drosophila males with (1)
insertion of P element in the first fipi exon, (2) partial dele-
tion of the first exon and first intron in the gene, and (3)
the fipi knockdown in the whole organism through synthesis
of hpRNA, interfering the fipi expression in the GAL4/UAS
system under control of the actin driver, Act5C-GAL4
(Figure 3). In all three cases, there was a decrease in IPI in
the pulse song of Drosophila males.

fipi expression level
Deviations in fipi expression in the experimental flies were
assessed by real-time RT-PCR. The expression level of fipi,
estimated by amplification of RT1 (the first and second
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exons) and RT2 (the fifth and sixth exons) gene regions, was
drastically reduced in the knockdown and P insertion flies
(Figure 4). fipi[362] deletion includes the landing sequence
for primer used in RT1amplification (Figures 1 and 2), thus
the signal is absent in this case. However, RT2 amplification
shows that fipi expression level is, conversely, slightly
increased in fipi[362] flies.

The transcript produced in fipi[362] should be abnormal
due to partial deletion of the first exon and first intron. We
have suggested that fipi pre-mRNA is synthesized in
fipi[362], but the lack of the deleted sequence prevents nor-
mal splicing. It is likely that the process of cutting out the
first intron, whose size is 55184 bp, is affected (Figure 1).
However, the abnormal transcript seems to retain the fifth
and sixth exons, and splicing between them operates prop-
erly, as we have not detected changes in the melting parame-
ters in real time RT-PCR by EvaGreen fluorescence.

fipi transcripts
To assess possible effects of the deletion in fipi[362] flies on
fipi pre-mRNA splicing, northern blot analysis with two
RNA probes, Z1 and Z2, was carried out. Z1 probe has a
nucleotide sequence complementary to exons 1–4 in fipi
mRNA. Z2 is complementary to exons 5–7. In the control
line (fipi[361]), both probes detected a transcript with size of
approximately 2700 bp (Figure 5, data shown for Z1).
Transcript 2700 corresponds to the predicted annotated fipi
mRNA (2672 bp, CG15630-RA, Flybase). In the flies with
deletion (fipi[362]), the probes detected a transcript of
approximately 5000 bp, while 2700 bp transcript was absent.
At the same time, the fipi knockdown with hpRNA

Figure 3. Pulse song parameters in Drosophila males with impaired fipi expression. Horizontal axis: fipi[3404z] is the mutant with P insertion in the first fipi exon
(w[1118];P{PdL}CG15630[3404z]); fipi[362] is the imprecise excision of P element with partial removal of the first exon and first intron in fipi; RNAi stands for fipi
knockdown by interfering RNA synthesis in the GAL4/UAS system under control of the Act5C-GAL4 driver (Act5C-Gal4; P{KK107002}VIE-260B). For description of the
control genotypes see ‘Materials and methods’ section. Mean values (n¼ 40) with 95% confidence intervals are shown. Significant differences from the correspond-
ing control are marked with asterisks (two-sided randomization test, p< .05).

Figure 5. fipi transcripts detected with Z1 RNA probe (exons 1–4). Ribosomal
28Sa RNA was used as a load control. Approximate fipi transcript sizes are
2700 bp in the control flies (left lanes) and 5000 bp in flies with fipi[362] deletion
(right lane). For other explanations, see caption for Figure 3.

Figure 4. Relative level of fipi mRNA determined by real time RT-PCR. RT1 and
RT2 define primers used for amplification of different cDNA regions: RT1 for the
first and second exons, RT2 for the fifth and sixth exons (see Figure 2). The
changes from control values, taken as a unit (1.00) in each case, are shown
(n¼ 6). All changes are statistically significant (two-sided randomization test,
p< .05). For other explanations, see caption for Figure 3.
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complementary to the first exon, as well as the P insertion
in the first exon, considerably reduced 2700 bp transcript
level (Figure 5, Z1 and Z2 showed identical results); other
transcripts were not detected in these cases. We suppose
that the deletion impairs the recursive splicing, the process
when large introns are removed by multiple steps of re-
splicing at ratchet points – 50 splice sites recreated after
splicing. A ratchet point was revealed in the fipi first
intron (Duff et al., 2015), thus the 5000 bp transcript may
be an abnormal fipi mRNA with incomplete removal of
the first intron.

We tried to identify a 5000 bp transcript. By RT-PCR, we
first determined that PCR fragments between the second and
seventh exons (about 1100 bp, Figure 6(B)) and the fifth and
seventh exons (about 700 bp) in fipi[362] transcript corre-
sponded to annotated fipi mRNA sequence (Figure 6(D)).
However, amplification of the fragment between the retained
50-end portion of the first exon and the seventh exon in
fipi[362] flies exhibited only a weakly expressed fragment,
about 1400 bp in size (Figure 6(A)). In fipi[361] flies, the
clearly expressed fragment between the first and seventh

exons was about 1550 bp, that corresponded to bioinformatic
data (1557 bp, Figure 6(D)). We had assumed that RT-PCR
of 5000 bp transcript failed due to some features of its
sequence at 50-end upstream of the second exon. 50-RACE
was performed to establish the sequence of the 50-end struc-
ture of fipi[362] transcripts. The protocol of Huang
and Chen (2006) was used with a few modifications. The
cDNAGSP2 was obtained in a reverse transcription reaction
with reverse primer GSP2-RT to the end of the second exon
(Figure 6(D)), self-ligated, and two rounds of PCR were per-
formed with inverse primers to the second exon (Figure
6(E)). In fipi[361] flies, the expected fragment of about
550 bp was identified (Figure 6(C)), whose sequencing con-
firmed its correspondence to the first and second exons of
the annotated fipi transcript. But only an indistinctly
expressed fragment, about 400 bp in size, was detected in
fipi[362] flies. We have concluded that a 5000 bp transcript
described in the northern blotting experiment possibly con-
tains a region of the first intron that blocks the reverse tran-
scription and do not allow identification of this transcript by
standard approaches.

Figure 6. PCR fragments of different regions in the fipi[361] and fipi[362] transcripts. (A) Results of cDNAN9 (synthesized in reverse transcription with random pri-
mers) PCR with primers Z1for (beginning of exon 1) and Z2rev (coding part of exon 7). (B) Results of cDNAN9 PCR with primer pairs gsp2for (middle of the exon 2)/
Z2rev and Z2for (beginning of the exon 5)/Z2rev. (C) Results of the 2nd round of 50-RACE PCR with inverted primers gsp2forNest/gsp2revNest (second exon) and
self-ligated cDNAGSP (synthesized in reverse transcription with reverse primer GSP2-RT). Position of GSP2-RT primer is indicated in (D) and (E). (D) Correspondence
between fipi mRNA and PCR fragments for the primer pairs specified in (A) and (B). (E) Correspondence between fipi mRNA and PCR fragments for primer pairs
gsp2for/gsp2rev (1st round 50-RACE PCR) and gsp2forNest/gsp2revNest (2nd round 50-RACE PCR).
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Characterization of the protein encoded by gene fipi

Polyclonal antibodies against peptide encoded by a sequence
in the second fipi exon were used for detection of the
fipi gene product (protein FIPI) in western blotting
(see ‘Materials and methods’ section). In Flybase, the
molecular weight of the annotated polypeptide encoded by
the gene fipi is 50.7 kDa. In control flies fipi[361] and
Act5C-GAL4/þ, the protein of approximately 62 kDa was
recognized (Figure 7(A)) in the head homogenate, but was
absent in the samples of thoraces and abdomens. Control
application of preimmune serum gave only slight nonspecific
staining (data not shown). Analysis of FIPI band intensity in
flies with reduced amount of fipi mRNA (fipi knockdown
Act5C-GAL4/UAS-RNAi) and in the deletion stock with fipi
transcripts of 5000 bp (fipi[362]) revealed its significant
decrease relative to the corresponding controls (Figure 7(B)).

IPI deviations in fipi knockdowns in different
populations of nervous cells

To establish the types of neurons, where abnormal fipi
expression leads to deviations in IPI, we tested flies with fipi

knockdown under control of specific GAL4 drivers causing
interfering hpRNA synthesis in monoaminergic, cholinergic,
motor and sensory (olfactory and mechanosensory) neurons.
It was found that the effect of fipi knockdown on IPI was
not associated with fipi suppression in dopaminergic and
motor neurons (Figure 8). At the same time, fipi knockdown
in the population of olfactory neurons (Snmp-GAL4 driver)
led to IPI reduction. A similar knockdown effect was
revealed with GAL4 drivers, triggering RNA interference in
cholinergic neurons (ChAT-GAL4) and in the peripheral
sensory neurons (ppk-GAL4).

To specify the involvement of olfactory neurons in media-
ting the fipi knockdown effect on IPI value, we tested the
song activity of flies with fipi knockdown in three popula-
tions of olfactory sensory neurons (OSN) using the drivers
Or47b-GAL4, Or67d-GAL4 and Ir84a-GAL4 (Figure 9).
Each of these OSN populations demonstrates activity in
response to substances that affect Drosophila courtship
behavior (Dweck et al., 2015; Grosjean et al., 2011; Kurtovic,
Widmer, & Dickson, 2007) and projects into the glomeruli
of antennal lobes (Stockinger, Kvitsiani, Rotkopf, Tiri�an, &
Dickson, 2005). Snmp-GAL4, which caused IPI reduction
when steering fipi RNA interference (Figure 8), drives
expression in nine glomeruli, including DA1 and VA1l/m,
where O67d and Or47b OSNs projects, respectively (Benton,
Vannice, & Vosshall, 2007; Couto, Alenius, & Dickson,
2005). fipi knockdown under the control of Or67d-GAL4
driver repeated the effects of Snmp-GAL4 driver demonstrat-
ing a decrease in the IPI value. At the same time, Or47b-
GAL4 had no effects on IPI. An unexpected result was
obtained with the Ir84a-GAL4 driver. fipi knockdown under
the control of Ir84a-GAL4 led to an increase in IPI.

fipi expression in the brain and olfactory neurons
We immunostained brains and the third segments of anten-
nas against FIPI using the polyclonal antibodies specified in
the western blot experiments (Figure 7). Males with FIPI
level decreased in the heads (knockdown Act5C-GAL4/UAS-
RNAi and deletion stock fipi[362]) relative to the corre-
sponding controls were analyzed. FIPI immunostaining in
control and knockdown samples had a similar pattern. We
did not find specific signal in both brains and antennas. We
could just detected nonspecific signal from glial sheath of
brain and nerves. To be more specific in the FIPI expression
analysis we used Drosophila males with green fluorescent
protein (GFP) fluorescence in distinct populations of olfac-
tory neurons (Or67d-GAL4/UAS-GFP and Ir84a-GAL4/
UAS-GFP). In antennae Or67d and Ir84a neurons (marked
with GFP) did not demonstrate staining against FIPI. But
there were a lot of immunoreactive material on the sensilla
over the whole surface of the antennas in both control and
experimental flies (fipi[361] vs. fipi[362], data not shown).

Discussion

In this study, all three experimental groups of flies with
impaired expression of gene CG15630 showed IPI reduction
in the courtship song of Drosophila males (Figure 3). That is

Figure 7. Detection of FIPI protein by western blotting with antibodies against
peptide encoded by a sequence in the second fipi exon. (A) Samples from heads
of the Drosophila males with fipi[362] deletion, fipi knockdown (Act5C-GAL4/
UAS-RNAi), and their corresponding controls. The cysteine string protein (CSP)
was used as a load control. (B) The changes from control values, taken as a unit
(1.00) in each case, are shown. Relative level of FIPI protein was calculated by
comparing band intensity using the ImageJ software. The 95% confidence inter-
vals were plotted (n¼ 4, BCa bootstrap, the IBM SPSS Statistics 20 software). For
other explanations, see caption for Figure 3.
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why we named this gene the factor of interpulse interval
(fipi). The fipi[362] deletion, on one hand, and fipi knock-
down and fipi[3404z] P insertion, on the other, caused pre-
dictable consequences: formation of abnormal transcript
resulted from splicing defect or essential reduction in the
normal transcript level, respectively (Figure 5). It should be
noted that the P insertion and fipi[362] deletion affect the
first exon, and the hpRNA used for knockdown is comple-
mentary to the same first exon. At the same time fipi knock-
down by means of RNAi against exon 6 (VDRC RNAi stock
#37842) was lethal under Act5C-Gal4 driver and had no
effect on IPI value under elav-Gal4 driver (BDSC stock
#8765, unpublished data). The simplest explanation would
be the existence of non-annotated fipi isoforms, but we did
not find them in our northern and western blotting experi-
ments. The antibodies against epitope in the second exon
(unique amino acid sequence in Drosophila proteome)
detected FIPI protein at significantly reduced level by west-
ern blotting in the fipi knockdown and fipi[362] deletion
flies (Figure 7). Bioinformatic data indicate that the first
exon of fipi possibly encodes the N- and H-regions of the
signal peptide (14 of 19 amino acids, phobius.sbc.su.se) at
the N-terminus of FIPI protein. So, fipi[362] deletion can
potentially cause abnormal FIPI localization in neurons that
alters their functioning. But we did not observe specific FIPI
signal in the brains and antenna of fipi[362] flies (unpub-
lished data). The significance of this amino acid sequence in
FIPI remains to be established.

Courtship song assay revealed the most IPI decrease in
flies with fipi knockdown under control of the Snmp-GAL4

driver (Figure 8). Snmp gene encodes a membrane protein,
which is synthesized in the olfactory sensory neurons of
trichoid sensilla in the antennae and the proboscis.
Snmp-neurons include sensory cells involved in detection of
11-cis-vaccenyl acetate (cVa) through OR67d receptors
(Benton et al., 2007). fipi knockdown in OR67d neurons also
resulted in IPI decrease reproducing the Snmp-GAL4 driver
effect. cVa is a volatile pheromone of Drosophila males
involved in regulation of social, particularly sexual, behavior.
An increased sensitivity to this pheromone after unsuccessful
experience of courting a mated female causes the suppres-
sion of courtship behavior (Keleman et al., 2012). According
to the high-throughput data of Graveley et al. (2011), sited
at the electronic resource FlyBase (flybase.org), Snmp is
expressed predominantly in the adult males and is not
detected in the embryos and pupae. Thus, the effect of fipi
knockdowns under Snmp-GAL4 and Or67d-GAL4 on male
courtship song may be definitely linked to impaired recep-
tion of olfactory stimuli (including cVa) in the adult flies.
This conclusion is consistent with our previous results show-
ing IPI reduction in males with conditional fipi knockdown
at the stage of imago (Fedotov et al., 2014) and also with the
fact of IPI reduction in flies with ChAT-GAL4 driven knock-
down (Figure 8). Gene ChAT encodes choline acetyltransfer-
ase enzyme expressed in the cholinergic neurons (Kitamoto,
Wang, & Salvaterra, 1998). Acetylcholine is the major excita-
tory neurotransmitter at all levels of the olfactory signal
processing from sensory neurons to interneurons of the
mushroom bodies (Gu & O’Dowd, 2006; Kazamam &
Wilson, 2008; Yasuyama & Salvaterra, 1999).

Figure 8. IPI in local fipi knockdowns (GAL4/UAS-RNAi) affecting various types of neurons. Mean values (n¼ 20) with 95% confidence intervals are shown.
Significant differences from the corresponding GAL4/þ control are marked with asterisks (two-sided randomization test, p< .05). The cell specificity of GAL4 drivers
is presented at the bottom.
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In the literature, we did not meet the data concerning
possible impact of olfactory stimuli on IPI value of the
courtship song. Recently, the neural network managing the
initiation of courtship behavior was described (Clowney,
Iguchi, Bussell, Scheer, & Ruta, 2015; Kohatsu, Koganezawa,
& Yamamoto, 2011; von Philipsborn et al., 2011). The court-
ship ritual is triggered by the integrative neurons P1 (15–20
cells) located in the posterior lateral neuropile. Activity of P1
neurons depends on several main inputs: the excitatory input
from vAB3 from the gustatory receptors on the forelegs, the
inhibitory input from mAL neurons and the inhibitory input
from the olfactory sensory neurons. It was shown that the
olfactory stimuli alone are not able to activate P1 neurons
(Clowney et al., 2015). On the contrary, the volatile phero-
mone cVa significantly suppresses the response of male P1
neurons to a virgin female. Thus, we suppose that a behav-
ioral effect of fipi knockdown is caused by abnormalities in
regulation of P1 neurons activity by the olfactory stimuli.
Data from von Philipsborn et al. (2011, Table 1) implied
that increase in activity of P1 neurons is accompanied by an
increase in IPI. Reduced fipi expression may lead to a
decrease in the activity of P1 neurons.

In the context of our suggestion about the FIPI function
in the olfactory circuits, the revealed effects of fipi knock-
down under ppk-GAL4 and Ir84a-GAL4 are interesting. In
adult flies, ppk-GAL4 drives expression in sensory peripheral
neurons of the body wall, legs, wings, antennae, proboscis,
as well as in a number of sensory neurons associated with
female reproductive tract and male gonads (H€asemeyer,

Yapici, Heberlein, & Dickson, 2009; Rez�aval et al., 2012;
Yang et al., 2009). In the reproductive tract of females, ppk/
fru neurons detect sexual peptide that falls with the sperm of
the male during copulation into the genital tract of the
female that leads to the suppression of synaptic release and
reduction of sexual receptivity (H€asemeyer et al., 2009;
Rez�aval et al., 2012; Yang et al., 2009). The effect of the fipi
knockdown on courtship song pattern can also be associated
with impaired reception of some chemical signals with ppk
neurons in the male gonads or some chemosensory organs.
At the same time fipi knockdown in population of the IR84a
OSNs, detecting the food attractant phenylacetic acid and
promoting male courtship (Grosjean et al., 2011), resulted in
an increase in IPI value, that is opposite to the effects of fipi
knockdown under Or67d-GAL4 and ppk-GAL4 drivers.
Thus, a proper fipi expression seems to be necessary for per-
ception of sexual chemosignals, and the effect of fipi knock-
down on IPI value depends on the type of chemoreceptor
neurons affected. Grosjean et al. (2011) reported that IR84a
olfactory receptor is expressed in FRUM-positive neurons
and Ir84aGAL4 mutant males court wild type females signifi-
cantly less than do wild-type males. The observed reduction
in courtship index is highly comparable to the phenotype of
flies in which all FRUM-positive OSNs are silenced
(Stockinger et al., 2005), suggesting that IR84a-expressing
neurons are the major olfactory fruM channel contributing to
this behavior. So the specific effects of fipi knockdown under
Ir84-GAL4 may be related to its influence on FRUM function
in IR84a OSNs. The possibility of our suggestion is increased
with evidence of increased IPIs between song pulses in fru
mutant songs (Wheeler, Kulkarni, Gailey, & Hall, 1989).

The opposite effects of fipi knockdowns in different OSN
population could be explained by specificity of fipi expres-
sion in the neurons. But we failed to detect FIPI in neuronal
structures of Or67d and IR84a OSNs in the olfactory lobes
of brain and antennas. FIPI antibodies perhaps could not
penetrate glial sheath and/or bind non-FIPI protein on
sheath. Besides, FIPI level could be exceedingly faint for
fluorescent detection in the organ samples. We suppose FIPI
detection in neurons by creating fipi promoter GAL4 flies
will more promised approach in future studies.

NCAM2, the FIPI mammalian homolog, is known to play
a role in the compartmental organization of axons and den-
drites and target selection in the olfactory bulb (Alenius &
Bohm, 2003; Borisovska, McGinley, Bensen, & Westbrook,
2011; Walz, Mombaerts, Greer, & Treloar, 2006). As FIPI,
NCAM2 also has the small first exon coding for signal pep-
tide and the large first intron, so further investigation of the
fipi gene may be helpful for revealing the NCAM2 protein
functions in neurons of mammals.
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test, p< .05). The cell specificity of GAL4 drivers and chemosignals detected by
the cells are presented at the bottom.
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