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Abstract
Left-right  asymmetries  recurrently  evolve  in  animals  but  the  underlying

developmental mechanisms are unknown. In most Drosophila species, the male

genitalia  is  symmetric  and  undergoes  a  clockwise  360°  rotation  during

development. In  D. melanogaster, this tissue remodeling process is directed by

class  I  myosins:  in  MyoID mutants  the  rotation  is  reversed and the  genitalia

remains symmetric. Males of  Drosophila pachea have evolved unique left-right

asymmetric genital organs and a characteristic right-sided copulation posture in

the  past  3-6  million  years.  To  test  if  these  asymmetries  in  morphology  and

behavior evolved via the recruitment of pre-existing directional cues controlled by

MyoID, we used CRISPR to knockout MyoID in  D. pachea.  Strikingly,  mutant

males undergo a reverse genitalia rotation and develop mirror-image asymmetric

genitalia,  indicating that MyoID controls both the direction of genitalia rotation

direction and morphological asymmetry. Although genital asymmetry is reversed,

MyoID mutants still adopt a wild-type right-sided copulation posture. Our results

show  that  MyoID  and  its  asymmetry  guidance  role  were  recruited  for  the

evolution  of  a  novel  left-right  asymmetry  in  D.  pachea and  that  lateralized

copulation behavior is determined by other mechanisms. The evolution of a new

left-right  organ size  asymmetry  in  D. pachea involved  recruitment  of  existing

directional cues.
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Introduction
While  the  outer  bodyparts  of  most  bilaterian  animals  are left-right symmetric,

some  organs display left-right asymmetries in position, shape  or size  (Hamada

and Tam, 2020). The generation of asymmetric organs during development starts

with an  initial symmetry-breaking step, which can involve several mechanisms:

motile cilia and directional fluid flow, orientation of the cell  division plane and

distribution of molecules within cells  (Hamada and Tam, 2020).  How over the

course  of  evolution  initially  symmetrical  organs  become  asymmetric  remains

elusive. Males of the fruitfly Drosophila pachea have an asymmetric phallus with

a right-sided opening for sperm release (gonopore) and a pair  of  asymmetric

external genital lobes, with the left lobe being 1.5 times longer than the right lobe

(Fig 1 A,B)  (Acurio et al., 2019; Lang and Orgogozo, 2012; Pitnick and Heed,

1994).  The  lobes  are  considered  an  evolutionary  novelty  since  they  are  not

present in the three closely related sister species (Lang et al., 2014). D. pachea

flies also mate in a right-sided posture with the male being shifted about 6-8°

towards the right side of the female  (Acurio et al., 2019; Lang and Orgogozo,

2012;  Rhebergen et  al.,  2016).  The lobes function as a grasping device and

stabilize the copulatory complex at the onset and during copulation  (Lefèvre et

al.,  2021;  Rhebergen et al.,  2016).  Asymmetric male genitalia and right-sided

mating  behavior  have  probably  repeatedly  evolved  in  D. pachea and closely

related species within the past 3-6 Ma  (Acurio et al., 2019; Lang et al., 2014).

Genital asymmetry has been hypothesized to evolve in response to changes in

mating position  (Huber, 2010). Alternatively, asymmetric genitalia may provoke

lateralized mating behavior since the asymmetric parts mediate the coupling of

the female and male abdomen during copulation. Overall, the reciprocal effects

of behavioral changes and evolution of morphology cannot be generalized and

require  case-specific  assessments,  in  particular  with  respect  to  reproduction

(Huber, 2010).

During  development,  the  male  genitalia  of  a  wide range of  shizophoran flies

undergo a 360° clockwise rotation (Feuerborn, 1922; Suzanne et al., 2010). In D.

melanogaster,  the  direction  of  this rotation  is  driven  by  the  myosin  MyoID,
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encoded by the gene myo31DF (Spéder et al., 2006), for simplicity here referred

to as  myoID. Loss of function of  myoID in  D. melanogaster  leads to a counter-

clockwise 360° genitalia rotation direction, due to the function of another counter-

acting myosin, MyoIC (Petzoldt et al., 2012; Spéder et al., 2006; Suzanne et al.,

2010). MyoID also controls the chirality of other organs, such as the gut and

testes  (Benitez et al., 2010; González-Morales et al., 2015; Hatori et al., 2014;

Hozumi et al., 2006; Okumura et al., 2015; Spéder et al., 2006; Taniguchi et al.,

2011, 2007). Furthermore, MyoID appears to be a conserved key factor among

different  mechanisms  to  establish  left-right  asymmetry  in  vertebrates  and

invertebrates  (Juan et al.,  2018;  Tingler et  al.,  2018),  through interaction with

adherens  junctions  (Petzoldt  et  al.,  2012;  Taniguchi  et  al.,  2011),  the  actin

cytoskeleton (Chougule et al., 2020; Lebreton et al., 2018; Petzoldt et al., 2012),

planar cell polarity pathway members (González-Morales et al., 2015; Juan et al.,

2018) and Jun kinase pathway regulated apoptosis (Benitez et al., 2010; Macias

et al., 2004; Rousset et al., 2010; Taniguchi et al., 2007). Ectopically expressed,

MyoID and MyoIC are sufficient to induce de novo directional twisting at the cell,

organ, or body scale in  D. melanogaster (Lebreton et al., 2018). However, the

evolutionary  transitions  to novel left-right  size  asymmetries  remain  to  be

uncovered at the molecular, cellular and tissue scale.

Results & Discussion
We wondered if MyoID is involved in the establishment of left-right asymmetry in

D. pachea male genitalia (Figure 1 A,B). To test this, we generated a mutation in

the coding sequence of  the  D. pachea myoID using  CRISPR/Cas9 mediated

gene editing  (Bassett et al., 2013; Jinek et al., 2012) (myoIDmut allele, Figure 1

supplement 1). The induced mutation caused a frameshift in the seventh coding

exon,  leading  to  a  premature  stop  codon  (Materials  and  Methods).  In

homozygous myoIDmut/mut males, the length ratio of left and right genital lobes was

reversed with a longer right lobe and a shorter left lobe in most (81/82) dissected

individuals (Source datafile 1, Figure 1C). Furthermore, the phallus asymmetry

was reversed in myoIDmut/mut males with the gonopore located at the left tip of the

phallus (29/29 dissected genitalia),  compared to heterozygous  myoIDwt/mut and
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myoIDwt/wt males, where the gonopore was located consistently on the right side

(8/8 and 13/13 dissected genitalia,  respectively;  Figure 1 supplement 2).  The

locus myoID is autosomal (Figure 1 supplement 1) and the mutation appears to

be  recessive  since  myoIDwt/mut males  did  not  have visible  alterations  of  male

genitalia  morphology  compared  to  myoIDwt/wt males  (Figure  1B).  Apart  from

phallus and lobe morphology,  homozygous mutant males revealed a genitalia

rotation phenotype, with varying orientations of the male genitalia in adults, with

respect to the antero-posterior midline (Figure 1 A,D). In wild-type  D. pachea,

male claspers and genital lobes are pointing towards the ventral side (Figure 1A),

while  myoIDmut/mut males revealed variable orientations of genitalia, which varied

among  individuals  between  0  and  270°  (Figure  1D).  This  latter  orientation

phenotype  was  similar  to  previous  observations  in  D.  melanogaster  myoID

mutants (Spéder  et  al.,  2006). Our  data  shows  that  MyoID  is  essential  to

determine left-right identity in D. pachea male genitalia, including external genital

lobes and the male phallus. This function might be mediated through its role in

determining the direction of male genitalia rotation. In one  myoIDmut/mut males,

genital lobe asymmetry was not reversed although genitalia were mis-oriented

and in one individual lobes were strongly bent. However, it was unclear if their

genitalia  rotated  clockwise  or  counter-clockwise  during  development.  These

mutants may have had remnant activity and expression of the  myoIDmut allele,

leading to a partial rotation in clockwise direction. Alternatively, other unidentified

environmental  or  genetic  factors  may  also  contribute  to  the  determination  of

genital asymmetry in D. pachea and were variable in our experiment.
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Fig  1.  MyoID mutants  display  reversed genital  asymmetry  and  genitalia
rotation defects. (A) Wild-type D. pachea male in ventral view. The orientation
of  genitalia  is  measured  as  an  angle  between  the  midpoint  of  male  genital
claspers relative to the male midline, as depicted by the dashed polar diagram.
The  scale  is  100  µm.  (B) External  adult  male  genitalia  of  a  wild-type  male
myoIDwt/wt with asymmetric genital lobes at the ventral side (arrows). (C) External
adult  male  genitalia  of  a  myoIDmut/mut mutant  male  with  reversed  genital
asymmetry.  (B-C) Lobes are indicated by arrows and lobe length measurement
landmarks  are  shown as  red  dots.  The  scale  is  100  µm.  (D) Male  genitalia
orientation angles and lobe length asymmetry ratio in wild-type myoIDwt/wt males
(blue),  heterozygous  myoIDwt/mut mutant  males  (grey)  and  homozygous
myoIDmut/mut mutant males (orange). (E) The direction of genital lobe asymmetry is
associated with the direction of male genitalia rotation. Left and right lobe lengths
are plotted for individual  males monitored by time-lapse microscopy. Genitalia
rotation direction is indicated as +: clockwise, and as -: counter-clockwise. The
diagonal red dashed line indicates the 1:1 lobe length ratio. The star indicates an
observation with rudimentarily developed lobes in form of buds on both sides.
To monitor genitalia rotation, we inserted a DE-Cadherin::EYFP fusion construct

(DE-Cad::EYFP_2)  (Material  and  Methods)  into  the  myoIDmut/mut stock  using

piggybac  transposon  mediated  germline  transformation  (Horn  et  al.,

2003) (Source datafile 2).  We examined male genitalia rotation in pupae that
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were heterozygous for DE-Cad::EYFP to reduce potentially deleterious effects of

the piggybac insert (Figure 1 supplement 3) by time-lapse microscopy (Materials

and  Methods).  We  observed  that  myoIDwt/wt and  myoIDwt/mut males  underwent

clockwise genitalia rotation direction (movie 1, n = 9/9, 25/25, respectively), as

observed  in  most  schizophoran  flies  (Feuerborn,  1922;  Suzanne  et  al.,

2010) whereas in  myoIDmut/mut males, genitalia rotated counter-clockwise (movie

2,  n  =  9/9)  (Figure  1E,  Source  datafile  1).  In  9  monitored  males  that  had

developed at  least  to  the pharate adult  stage,  we were able to  dissect  male

genitalia  and  to  determine  the  orientation  and  the  lobe  length  ratio  of  male

genitalia (Figure 1E, Figure 1 supplement 2). All  these  myoIDmut/mut males with

counter-clockwise genitalia  rotation direction had a reversed lobe length  ratio

with a longer right lobe and a shorter left lobe, although in one observation lobes

were only rudimentarily developed and the measurements were not informative

about the lobe length ratio (Figure 1E).  In contrast,  myoIDwt/wt and  myoIDwt/mut

males had a wild-type lobe ratio (Figure 1E).  We conclude that in  D. pachea

males MyoID controls genitalia rotation direction, such as previously observed in

D.  melanogaster and  that  in  addition,  MyoID  determines  left-right  identity  of

genitalia.  This  latter  function  could  be  mediated  through  direct  mechanical

interactions or friction forces between rotating genitalia and non-rotating outer

tissue, that are expected to act in opposite direction at the left and the right side

and potentially depend on of the sense of rotation.

We investigated if males with reversed genital asymmetry would adopt a reverted

copulation posture by monitoring copulation behavior (Figure 2, Source datafile

3,4, and 5) of myoIDwt/wt, myoIDwt/mut, or myoIDmut/mut males with wildtype myoIDwt/wt

females.  We  annotated  the  timing  of  courtship  and  copulation  (Figure  2

supplement  1,  Source  datafile  4)  and  in  particular  we  examined  copulation

postures (Figure 2 supplement 2, Source datafile 5). A copulation was considered

to  occur  when  the  male  mounted  the  female  and  achieved  to  settle  into  an

invariant copulation position for at least 30 seconds. Alternatively, males were

sometimes observed to mount the female, but leg and abdomen movements did

not  settle  and  eventually  the  male  separated  from  the  female  within  a  few

6

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

162
163
164
165
166
167
168
169
170
171

6



minutes, which we considered to be a failed mounting attempt (106/140 total

attempts,  Figure  2  supplement  1).  Only  26%  (10/38)  of  the  couples  with

myoIDmut/mut males  that  mounted the  female  also  adopted a  stable  copulation

position,  compared  to  11/11  and  13/13  for  myoIDwt/wt and  myoIDwt/mut males,

respectively. Genitalia orientation angles of  myoIDmut/mut males that managed to

adopt a stable copulation posture were found to deviate at most by 16.7° from

wild-type orientations, while it  was higher in the majority of  myoIDmut/mut males

(18/29) that failed to copulate (Figure 1D, Figure 2 supplement 1). Such defects

in genitalia orientation were previously reported to be detrimental for copulation

and efficient genitalia coupling for  D. melanogaster myoID mutants  (Inatomi et

al.,  2019).  Regardless  of  the  genotype  and  direction  of  genital  asymmetry,

myoIDwt/wt,  myoIDwt/mut and  myoIDmut/mut males consistently adopted a right-sided

average copulation posture (Figure 2). Overall, right-sided mating posture in D.

pachea does not depend on the direction of male genital asymmetry. Right-sided

mating is therefore female-controlled or may be a hard-wired behavior that could

have possibly favored the evolution of morphological asymmetry as an instructive

cue to optimize genital contacts (Huber, 2010).
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Fig 2.  The right-sided  D. pachea mating posture does not depend on the
direction of male genital asymmetry. Mating angles (α) (S1 File) of virgin  D.
pachea wild-type  females  myoIDwt/wt,  copulating  with  a  male  being  either  (A)
myoIDwt/wt with the wild-type lobe length ratio, (B) myoIDwt/mut heterozygous males
with  wildtype  lobe  length  ratio,  (C) myoIDmut/mut males  with  reverted  lobe
asymmetry ratio. The hypothesis angle = 0 was rejected for each male genotype
(GLM fit angle ~ genotype, all p < 1 x 10 -10). Data acquisition and processing is
illustrated in Figure 2 supplements 1 and 2. Positive angle values correspond to
right-sided orientations  of  the male  head relative to  the  female midline.  Data
points that correspond to the same trial are connected by grey lines. The number
of  trials  are indicated by n,  a  drawing of  the external  male genitalia  of  each
genotype is shown on the right.
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This study provides the first experimental insights into de novo Evolution of left-

right asymmetry. It involves recruitment of a conserved left-right regulator and is

associated  with  a  pre-existing  tissue  remodeling  process.  Our  study  reveals

functional conservation of the unconventional myosin MyoID to control clockwise

genitalia rotation in developing  D. pachea male genitalia. In addition, the same

protein got co-opted during evolution of D. pachea to contribute to determination

of the direction of a novel male genital asymmetry. The latter function may be

mediated through the genitalia rotation process itself since rotation direction and

genital  asymmetry direction are perfectly  associated in  our live-imaging trials.

Male  genital  asymmetry  does  not  determine  the  lateralized  mating  posture

observed in  D. pachea since wildtype and mutant males with reversed genital

asymmetry  consistently  mate  in  a  right-sided  copulation  posture.  Right-sided

mating  is  therefore  female-controlled  or  may  be  a  hard-wired  behavior  to

optimize the complex of female and male organs during copulation.

Materials and Methods
Generation of MyoID mutants 

The D. pachea myoID ortholog was identified by sequence comparisons of D.

melanogaster myoID cDNA sequence NM_001201855.2 and the D. pachea

genome assembly JABVZX000000000 (Suvorov et al., 2021) (Figure 1

supplement 1). CRISPR targets were searched manually and single guide RNA

synthesis was performed in vitro according to (Bassett et al., 2013) (Table 1).
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Table 1. Oligonucleotides for PCR and preparation of CRISPR sgRNA. Tan °C: annealing 
temperatures used in our experiments. *: touch-down annealing temperature

oligo-
nucleotide sequence Tan °C reference

pacMyoID-retro
pacMyoID-debut
pacMyoID-stop
2F_Dpac_m31DF
4F_Dpac_m31DF
1R_Dpac_m31DF
Dpa2Rbis3
Dpa_myoIDCRISP
R_F
CRISPR-sgR
1F_Dpac_m31DF
MyoID_3F-
genoF1
m_DECad_R1
m_DECad_F1
mDECad_R2
mDECad_F2
m_DECad_R3
act5C_F1
act5C_R
act5C_F2
SV40_R
InvPCR_F1
InvPCR_R1
InvPCR_F2
InvPCR_R2

CCTAATATGATACACCGAACTAT
GAGCAAAACAAAAACGCAGAAACAT
CGCTCAGCAGCTATCAGCTCTAA
TCGCCAGGACTTCCGCATTA
CCAATTCGCAGGACAACAG
GCCGATTACCGAGTTGAATCT
CGCAGCAGGAACTTGTTGTA
GAAATTAATACGACTCACTATAGGTGAACACGCTGCTAAAGAGTTTTAGAGCTAGAAATAGC
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTAT
TTCTAGCTCTAAAAC
CGCCAACTGGACCTGCATAA
ATTATCCAGCGGTACATGGCCGAT
CGGCTGGCGAAGATTCCTA
CCTGCAGGTCGACCACTCGAGTGTTGCATTGTGTTTTTGC
CAATGATGAAAAATGATGGCGGCTTAATTG
GCCATCATTTTTCATCATTGCGATCATCGTATG
TTGGGAGCTCTCCCATACTCGAGCACATCGTCCACGGTTGTG
GGTTACGGCACTAGAGCGGCCGCGCAATTCTATATTCTAAAAACACAAATGATACTTCTAAAA
AAAACATACATATGTACATGTGTTTATAGTGGGTTTATTAG
TATAAACACATGTACATATGTATGTTTTGGCATACAATGAGTAGTTG
TACCGTCGACCTCGAGAGATCTGATCCAGACATGATAAGATACATTGATGAGTTTGGACAAACCA
CAACTAGAA
CGGCGACTGAGATGTCCTAAAT
GCGGTAAGTGTCACTGATTTTGAACTATAA
CGCGCTATTTAGAAAGAGAGAGCAATATTT
GACCGCGTGAGTCAAAATGA

50
60
60
60
60
60
60
60
60
60
70-60*
62
62
62
64
64
60
60
65
65
64
64
64
64

this study
this study
this study
this study
this study
this study
this study
this study
(Bassett et al 
2013)
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

sgRNA/Cas-9 complexes were injected using standard Drosophila germline

transformation procedures (see detailed protocol). The injection mix contained

0.1 μg/μL sgRNA, 2 μM NLS-Cas9 (New England Biolabs) and 1x NLS-Cas9

reaction Buffer (New England Biolabs). Emerging adults from injections were

crossed to non-injected individuals and resulting progeny was maintained for

several generations. Candidate stocks for CRISPR mutants were identified by

visual inspection of male adults that had genitalia rotation defects. Candidate

stocks were screened for myoID mutations by PCR and Sanger sequencing

(Source datafile 1). We identified a mutation at position 1724 downstream of the

translation start codon, which contained a 13-bp deletion and a 7-bp insertion

(Figure 1 supplement 1). The frameshift leads to a premature stop codon,

abolishing 443 native codons that encode the C-terminal part of MyoID (Figure 1

supplement 1 B,C, Source datafile 1). The identified mutation also contained a

NcoI restriction site (Figure 1 supplement 1 B), not present in the wild-type allele.

We took advantage of this restriction site to determine the genotype of D. pachea

individuals (Figure supplement 1 D, Source datafile 1). Prior to genotyping,

genitalia of male adults or pupae were dissected and imaged (Figure 1

supplement 2, Source datafile 1).
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Generation act5C::DE-Cad-EYFP_2 flies

We generated a membrane specific EYFP cellular marker pB-act5C::DE-Cad-

EYFP that contains a partial D. melanogaster DE-Cadherin (shg) and EYFP

coding sequences (Source datafile 1). The assembled gene construct includes

the D. melanogaster shg 5’UTR and two initial cadherin repeats, the DE-cadherin

trans-membrane domain and a part of the cytoplasmic domain without the β-

Catenin binding domain. The gene construct was inserted into the vector

backbone of pBAC-ECFP-15xQUAS_TATA-mcd8-GFP-SV40 (Addgene 104878)

and the 3xP3 ECFP integration reporter was replaced by 3xP3 DsRed (Matz et

al., 1999). transgenic flies were produced by germline transformation as

described above. Identification of act5C::DE-Cad-EYFP_2 transgenic flies was

achieved by evaluation of eye fluorescence driven by the 3xP3 DsRed integration

reporter. The insertion site was mapped to position 14,614,126 on contig

tig00000094 (Source datafile 1), inside the first 31.95-kb intron of the putative D.

pachea wheeler18 gene homolog. 

Genitalia live imaging

We followed a particular crossing scheme to analyze genitalia rotation of varying

myoID genotypes in a heterozygous act5C::DE-Cad-EYFP_2 background (Figure

1 supplement 3). Time-lapse microscopy of developing genitalia was performed

at 20 – 25 h after the puparium had formed on a DMI8 inverted microscope

(Leica), equipped with a spinning-disc head CSU-W1 (Yokogawa Corporation of

America) and controlled by MetaMorph software (Molecular Devices). Imaging up

to 20 samples in parallel was carried out at 200 fold magnification for 15 -24 h, by

acquisition of individual z-stacks every 30 min (Source datafie 1 File).

Evaluation of mating behavior

We performed video-recording of virgin but sexually mature D. pachea

individuals (Figure 2 supplements 1 and 2, Source datafiles 3 and 4), also

described in (Acurio et al., 2019) and (Lefèvre et al., 2021). Mating position

analysis (Figure 2 supplement 2, Source datafile 5) was carried out as described

in (Acurio et al., 2019).

11

243

244
245
246
247
248
249
250
251
252
253
254
255
256
257

258

259
260
261
262
263
264
265
266

267

268
269
270
271
272

11



Data availability
Data supporting this article is available as Source datafiles and raw data has

been deposited at the DRYAD database (doi:10.5061/dryad.bzkh189bd), except

for DNA sequence data of the  D. pachea myoID coding sequence, which was

deposited at NCBI (accession number OM240650).
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Figure supplements

Figure 1 supplement 1. Identification of the myoID mutation. (A) Annotation
of the myoID coding sequence (orange). Orange arrows indicate coding exons,
numbers  indicate  the  nucleotide  positions  relative  to  contig  tig00000030,  the
violet  arrow indicates  the  CRISPR target  site  and  the  red  star  indicates  the
location of the premature stop codon in the myoID mutant.  (B) Nucleotide and
amino acid sequences at the CRISPR target site. The upper line corresponds to
the  D. pachea wild-type  myoID sequence, the lower line to the CRISPR/Cas-9
induced frameshift mutation. Outlined framed positions indicate the single guide
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RNA (sgRNA) sequence to target  myoID, dark-violet highlights the protospacer
adjacent motif (PAM). The mutated positions are in red, the NcoI endonuclease
motif is highlighted in grey. Single letter amino acid abbreviations are presented
beneath each codon. (C) The mutation causes a frameshift. Altered amino acid
sequence  is  indicated  by  red  single  letter  amino  acid  abbreviations,  (D) Gel
electrophoresis of  NcoI digested PCR products, used to distinguish  D. pachea
male genotypes. Test indicates lanes corresponding to genomic DNA of males
6U,  8A,  8C,  8D and 8E (Source datafile  2),  used for  time-lapse microscopy.
Controls  indicate a  myoID+/+ male (wt),  a  myoID-/- male (mut)  and a negative
control amplified from water (neg). The 100 bp ladder is presented on the right.
Relevant  DNA fragment  sizes  are  indicated  at  the  sides  of  the  image,  the
agarose  concentration  and  gel  electrophoresis  buffer  is  annotated  below  the
image.

Figure 1  supplement  2.  Quantification of  genitalia  morphology.  (A) Male
genitalia orientation was measured as the angle (β) between the dorso-ventral
axis  of  male genitalia  (blue dashed line)  relative to the male antero-posterior
body  axis  (white  and  red  dashed  lines).  (B) genitalia  orientation  was  also
measured  in  male  pupae  where  genitalia  were  visible.  The  midline  was
approximated as a medial line between the ventrally located legs (white dashed
line).  (C-D) The  length  of  the  lobes  (black  arrows)  in  wildtype  genitalia  (C),
heterozygous myoIDwt/mut mutants, and homozygous myoIDmut/mut mutants (D) was
measured as the distance between the pointed outer edge of the surstili (upper
red points) and the medial tip of each lobe (lower red points). The lateral spine is
indicated  by  grey  arrows.  (A-D) The  scale  is  100  µm.  (E-F) Phallus  of  a
myoIDwt/mut male (E) and myoIDmut/mut male (F) with the gonopore (highlighted by
red dashed circles) on the right and left side, respectively. The scale is 50 µm.
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Figure  1  supplement  3.  Crossing  scheme  for  time-lapse  microscopy
samples. Homozygous  females  [myoIDmut/mut,  act5C::DE-Cad-EYFP_2+/+]  were
crossed to wild-type males [myoIDwt/wt, act5C::DE-Cad-EYFP_2-/-]. The female F1
progeny was crossed back to wild-type males and male progeny was crossed to
myoID homozygous mutant males [myoIDmut/mut, act5C::DE-Cad-EYFP_2-/-]. The
progeny  of  the  latter  cross  was  then  maintained  by  sibling  crosses:  females
[act5C::DE-Cad-EYFP_2+/-]  with  males [act5C::DE-Cad-EYFP_2-/-]  and females
[act5C::DE-Cad-EYFP_2-/-] with males [act5C::DE-Cad-EYFP_2+/-]. The presence
of  the  act5C::DE-Cad-EYFP_2  insertion  was   visible  under  a  fluorescence
stereomicroscope by the presence of red fluorescence in the adult eyes. Colored
circles  indicate  myoID genotypes,  green:  myoIDwt/wt,  yellow:  myoIDwt/mut,  red:
myoIDmut/mut.  Outlines  indicate  act5C::DE-Cad-EYFP_2  insertion,  absent:  no
insertion, dashed: heterozygous insertion/no insertion, full: homozygous for the
insertion. Open squares indicates genotypes of individuals used for time-lapse
imaging. Times-lapse imaging was performed on individuals originating from the
first three successive generations.

17

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424

17



Figure 2 supplement 1. Mating behavior  of  D. pachea males differing in
myoID  genotype. This  ethogram  summarizes  mating  behavior  observations
(Source datafile 4) of copulation recording trials (Source datafile 3). Each line
presents one mating trial and trials are grouped by male myoID genotype. Green
circles indicate courtship start, red segments indicate male licking behavior, blue
segments   mounting  attempts,  grey  segments  stable  copulation,  overlaid  by
black tick marks that indicate moments of mating position measurements (Source
datafile 5). In one trial copulation is labeled “ventral view” because the copulation
was observed in ventral view so that position landmarks (Figure 2 supplement 2)
could not be determined. The arrow on the right indicates the orientation of male
genitalia  (Figure  1,  Source  datafile  1)  with  0°  on  top.  ND  indicates  non
determined genitalia orientation angles.
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Figure  2  supplement  2. Quantification  of  copulation  postures. (A)
Landmarks to approximate the male head position relative to the female midline
as described in (Acurio et al., 2019): P1 (red point) is the anterior medial tip of
the female head, P2 (blue point) the distal tip of the female scutellum and P3
(white open circle) is the most posterior medial point of the male head (Source
datafile 5). The angle (α) between white lines (P1-P2) and (P2-P3) was used to
measure sidedness of the mating position on each extracted image. (B) Scatter
plot of mating angles obtained from two replicate analyses from two persons,
Pearson correlation (t = 50.193, df = 175, p < 2.2 x 10-16, r = 0.9669795). The red
dashed line corresponds to the linear regression line. Variation in angle estimates
was found to be attributable mostly to individual images of the different movies
(image) but not to replicate measurements (replicate) (ANOVA, angle ~ image +
replicate, image: df1 = 176, df2 = 1, image: F = 58.74, p < 10 -16, replicate:  F =
0.148,  p  =  0.701). (C-H) landmark  positions  of  each analysis  and  genotype,
rotated  and scaled  relative  to  the  distance P1-P2.  All  P2 points  were  super-
imposed onto the diagram origin and P1 points were aligned onto position (0,1).
The FM axis corresponds to the female midline, PFM axis is perpendicular to the
female midline.

Movie 1. Clockwise genitalia rotation, acquired by time-lapse microscopy of a D.
pachea heterozygous myoIDwt/mut mutant male (Source datafile 1, individual 260).

Movie 2. Counter-clockwise genitalia rotation, acquired by time-lapse microscopy
of  a  D.  pachea homozoygous  myoIDmut/mut mutant  male (Source  datafile  1,
individual 274).

Source  datafile  1 Male  D.  pachea  genitalia  morphology  and  orientation,
spreadsheet with length and orientation measurements of genital morphology of
male D. pachea flies.

Source datafile 2 Time-lapse microscopy trials, summary of trials and conditions
for time-lapse microscopy.

Source datafile  3  Single  couple mating trials,  summary of  D. pachea single
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