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Alary muscles and thoracic alary-related muscles are atypical
striated muscles involved in maintaining the position of internal

organs

Laetitia Bataillé"*, Nathalie Colombié’, Aurore Pelletier!, Achim Paululat?, Gaélle Lebreton’, Yannick Carrier,

Jean-Louis Frendo® and Alain Vincent’

ABSTRACT

Alary muscles (AMs) have been described as a component of
the cardiac system in various arthropods. Lineage-related thoracic
muscles (TARMSs), linking the exoskeleton to specific gut regions, have
recently been discovered in Drosophila. Asymmetrical attachments of
AMs and TARMs, to the exoskeleton on one side and internal organs on
the other, suggested an architectural function in moving larvae. Here,
we analysed the shape and sarcomeric organisation of AMs and
TARMs, and imaged their atypical deformability in crawling larvae. We
then selectively eliminated AMs and TARMs by targeted apoptosis.
Elimination of AMs revealed that AMs are required for suspending the
heart in proper intra-haemocelic position and for opening of the heart
lumen, and that AMs constrain the curvature of the respiratory tracheal
system during crawling; TARMs are required for proper positioning of
visceral organs and efficient food transit. AM/TARM cardiac versus
visceral attachment depends on Hox control, with visceral attachment
being the ground state. TARMs and AMs are the first example of
multinucleate striated muscles connecting the skeleton to the cardiac
and visceral systems in bilaterians, with multiple physiological functions.

KEY WORDS: Alary muscles, Striated muscles, Cardiac system,
Respiratory system, Visceral system, Drosophila

INTRODUCTION

Three types of muscles are classically distinguished in mammals:
skeletal, cardiac and smooth muscle. The cardiac and skeletal muscles
are striated, with striation reflecting the reiteration of sarcomeres,
which are the basic contractile units assembled from alternating
antiparallel rows of myosin-based thick and actin-based thin filaments.
Skeletal muscle fibres, which underlie body movements, are
multinucleated syncytia formed by fusion of myocytes. They attach
to the skeleton via tendons at both ends, except for some facial muscles
and extra-ocular muscles, which either attach to the epidermis or to
other muscles (Pélissier et al., 2000; Noden and Francis-West, 2006;
Ziermann et al., 2018). Holometabolous insects display two successive
muscle patterns, which underlie larval and adult locomotion.
Locomotion of the soft-bodied Drosophila larva includes linear
crawling, head turns and rolling movements (Hwang et al., 2007,
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Heckscheretal., 2012). About 30 distinct body wall muscles per hemi-
segment are attached at both ends to the larval exoskeleton via tendon
cells (Bate and Rushton, 1993; Armand et al., 1994). Each muscle
displays a specific morphology, which is linked to the expression of
muscle identity transcription factors (iTFs), including many
orthologues of mammalian myogenic TFs, such as MyoD/MREF,
Isletl, Six and Tbx1 (de Joussineau et al., 2012; Dubois et al., 2016;
Buckingham, 2017). Beside the muscles required for locomotion, one
alary muscle (AM) in each abdominal hemi-segment connects the
lateral exoskeleton to the dorsal vessel, the Drosophila cardiac system
which comprises the aorta and the heart. At larval hatching, seven pairs
of AMs adhere to the extracellular matrix (ECM) surrounding the
pericardial cells (PCs) located along the aorta and heart proper (Rizki,
1978; LaBeau et al., 2009; Lehmacher et al., 2012). Org-1
(Optomotor-blind-related-gene-1), the Drosophila Tbx1 orthologue,
and Tailup (Tup)/Islet] are iTFs expressed in AMs (Tao et al., 2007,
Schaub et al., 2012; Boukhatmi et al., 2012). Characterisation of Org-1
and fup mesodermal enhancers led us to discover the existence of three
pairs of thoracic alary-related muscles (TARMSs), each attaching to a
specific midgut region (Fig. 1A,B and Boukhatmi et al., 2014).

AMs have been described in many arthropods and proposed to
connect epi/pericardial cells around the adult heart and to control
ostia opening and heart beating (Jones, 1954; Curtis et al., 1999;
Ejaz and Lange, 2008; Buechling et al., 2009; Glenn et al., 2010;
League et al., 2015), although neither role has been formally
established. Moreover, the finding that adhesion of one AM to the
distal tip cell of Malpighian tubules (MTs) is required for proper MT
bending during embryogenesis (Weavers and Skaer, 2013) and that
AMs and TARMs loop around main branches of the respiratory
tracheal system (Boukhatmi et al., 2014) led us to postulate a
function of AMs and TARMs in internal organ positioning in
crawling larvae (Bataill¢ et al., 2015).

Here, we analysed in detail the striated organisation of AMs/
TARMSs and their attachments to multiple internal organs, and imaged
their deformability in crawling larvae. We then ablated AMs and
TARMs by transcription enhancer-targeted apoptosis. Loss of AMs
induces a collapse of the cardiac system and relieves topological
constraints on the curvature of the respiratory system. Loss of TARMs
interferes with positioning of the gastric caeca and visceral mass and
affects food transit. Our characterisation of TARMs/AMs, a new type
of muscle connecting the skeleton to internal organs with multiple
physiological functions, brings a new viewpoint on animal anatomy.

RESULTS

Morphological diversification of AMs and TARMs:

Hox control

Pan-mesodermic expression of the homeotic protein Ubx induces
transformation of TARMs into AM-like muscles connecting to
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Fig. 1. Hox control of TARM and AM internal organ connections.
(A) Stage 16 AME-moeGFP embryo stained for GFP (green),
Tropomyosin (TM, red) and Mesh (blue) to visualise the AMs and
TARMs, somatic muscles, and gut, respectively. (B) Schematic of the
anterior region of a stage 16 embryo, showing AMs (green)
connections to the cardiac system (red), lymph gland (LG, yellow)
and tip cell of the Malpighian tubule (MT, orange). AMs run internal to
the dorsal tracheal trunk (grey). TARM*, TARM™" and TARMT2 span
several segments and connect to the proventriculus (Pv), dorsal
gastric caeca (Gc) and first midgut constriction, respectively.
Scheme modified from Boukhatmi et al. (2014). (C) Colour-coded
representation of Scr, Antp, Ubx, AbdA and AbdB expression in

TARMs/AMs and of TARM and AM connections to specific midgut
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regions and the cardiac system in wild-type embryos. The green
cross indicates muscle death induced by Antp expression. (D-F)
Anterior region of AME-moeGFP; 24B-Gal4/UAS-Antp (D), AME-
moeGFP; 24B-Gal4/UAS-Ubx (E) and AME-moeGFP, Ubx%22 (F)
embryos stained for GFP and TM (see A). AMA3 position, and ablated
(x) or transformed (arrowhead) muscles are indicated. Below are
schematic representations of the observed AM/TARM
transformations (n>30). Scale bars: 50 pm.
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the aorta (LaBeau et al., 2009; Weavers and Skaer, 2013;
Bataillé et al., 2015), the first indication that Hox activity
distinguishes between AM and TARM morphology and their
attachment to either the circulatory or the visceral system. To
investigate this in depth, we surveyed Hox expression in TARMs
and AMs (Fig. 1C; Fig. S1). TARM* and TARM"', which
connect the proventriculus (Pv) and dorsal gastric caeca (Gc),
respectively, originate from progenitor cells specified in T1 and
express Scr. No Hox expression could be detected in TARM'2,
which connects to the first midgut constriction, and Antp is
expressed in the abortive TARM'3, which undergoes apoptosis
during embryogenesis (Fig. S1). Abdominal AMs express the
Bithorax complex proteins Ubx in A1-A3, AbdA in A3-A7 (LaBeau
et al., 2009) and AbdB in A5-A7 segments.

The TARM/AM Hox code raised the question of whether Antp
expression induces TARM apoptosis. Ectopic Antp expression in the
entire mesoderm results in loss of all TARMs plus, in most embryos,
AMA! (Fig. 1D). Conversely, as previously reported (Bataillé et al.,
2015), Ubx pan-mesodermal expression induces formation of an
AM-like muscle in T3 (Fig. 1E). Thus, Antp promotes TARM™
apoptosis in the absence of posterior Hox function. The absence of
Hox expression in TARM'? is reminiscent of the situation reported
for somatic muscles by Roy et al. (1997), who proposed that the T2
muscle pattern was a ‘ground state’. To analyse this further, we
examined Ubx loss-of function embryos. Absence of Hox
information leads to AM”! and AM? transformation into TARM-
like muscles connecting to the gut (21/34 hemi-embryos, 62%) at the
same position as TARM™? (Fig. 1F). Together, Hox expression, loss-
of-function and gain-of-function phenotypes show both that the
number of TARMs and attachment of TARMs and AMs to either

A"
L

/

AMA3

the visceral or circulatory systems are under Hox control, and that the
background state is visceral attachment.

AMs and TARMs connect to multiple internal organs in larvae

AMs have been described as a structural component of the adult insect
heart, but their physiological role has never been analysed. One
essential step towards addressing TARM/AM functions in larvae is
examining their morphology. One plausible reason why TARMs were
only recently discovered is their unusual thinness and internal position
(Boukhatmi et al., 2014). To circumvent any possible damage
to TARMs/AMs during dissections, we engineered fluorescent
transgenes AME p-cd4-tandem(td) Tomato or -cd4-tdGFP in order to
visualise AMs and TARMs in intact larvae (Fig. 2; Fig. S2). These
tags revealed that TARMs and AMs maintain their connections to
specific internal organs throughout larval development. However,
although all AMs display a similar morphology in embryos (Fig. 1A),
the anterior AMs connecting to the aorta (A1-A4 segments) adopt
a conspicuous ‘T’ shape in larvae (Fig. 2A); the shaft runs from
lateral tendon cells to the aorta, whereas lateral branches run
orthogonally along the aorta. Each A1-A4 AM thus connects to a
specific number of PCs [AMA!: 1 PC; AMA?: 1.7+0.7; AMA3: 3.3+
0.8; AMA%: 4.4+0.5 (n=24)]. AMA! also connects to the primary lobe
of the lymph gland (LG), the larval haematopoictic organ, and
vesicles originating from AMs are observed in the aorta in this region
(Fig. S3). AM”2? and AM”? connect to secondary, posterior LG
lobes (Fig. S3). Posterior AMs (A5-A7 segments) maintain delta-
shaped connections to PCs distributed along the heart, with AM#>
connecting to three PCs (3.2£0.5), AMA® to four (4.1£0.5) and
AMA7 to one PC (1.1£0.3) (n=24). Quadruple labelling of semi-intact
larvae, including Pericardin (Prc), a cardiac ECM component

2

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.185645.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.185645.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.185645.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.185645.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.185645.supplemental

RESEARCH ARTICLE

Development (2020) 147, dev185645. doi:10.1242/dev.185645

AME-Gal4; UAS-cd4-tdTomato / HandC-GFP

AMEg-cd4-tdTom.;
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(Lehmacher et al., 2012), shows that AM attachment is mediated by
cardiac ECM that surrounds PCs (Fig. 2B). 3D reconstructions reveal
that, in addition to attaching AMs to the heart, ECM also ties the heart
to the dorsal wall (Fig. 2B’). Along their path from the exoskeleton
to the heart, AMs loop around the dorsal tracheal branch (Fig. 2B’).
Moreover, cytoplasmic protrusions at intermediate positions show
that AMs adhere to other internal organs: AM”3 to the anterior
MT (Weavers and Skaer, 2013), AMA! to the anterior fat body,
and AM”* and AM*3 to the fat body surrounding the male gonad
(Fig. S3).

TARM connections to internal organs were originally mapped in
the embryo by immunostainings (Boukhatmi et al., 2014). Here, we
visualised these connections in larvae by using AMEg-cd4-
tdTomato labelling of AMs/TARMs and A4742-GFP expression in
visceral organs (Buchon et al., 2013). It shows that TARM* remains
connected to the Pv, TARMT! to the tip of dorsal Ges (Fig. 2C) and
TARM™ to the first midgut loop, which shows a characteristic
U-shaped bending in larvae (Fig. 2C’,D). This bending occurs
where enteroendocrine cells, which express the diuretic hormone
DH31, marked by ChAT-Gal4 expression, are located, which is at
the junction between the anterior and acidic portions of the midgut
(LaJeunesse et al., 2010).

Close examination of AM/TARM connections to the lateral
epidermis revealed an unexpected morphological diversity of these
attachment sites (Fig. S4). Triple staining for AMs/TARMs, tendon
cells and the integrin adhesion complex (IIk-GFP fusion protein),
shows that the discrete adhesion zone of AM/TARMs to one tendon
cell is extended by a web of ‘filopodia’ reaching beyond the
contacted tendon cell. The role of these projections remains to be
explored. Moreover, whereas AMA!-AMA3 attach to dorsal tendon
cells, AMA® and AM*7 attach to lateral tendon cells, i.e. at a more
ventral position than AMA'-AMA3, possibly relating to different
functions of anterior and posterior AMs.

In summary, AMs and TARMs connect the larval epidermis to
many multiple internal organs, reinforcing the hypothesis that AMs

Fig. 2. AMs and TARMs connect to multiple larval internal
organs. (A) Dorsal view of an intact AMEg-Gal4, UAS-cd4-
tdTomato, HandC-GFP L3 larva, showing AMs and TARMs in green
and PCs, cardioblasts and valve cells in red. Grey dashed lines
indicate the position of the dorsal tracheal trunks. (B) AMA4A5 region
of an AMEg-cd4-tdTomato; HandC-GFP L3 larva stained for Prc
and F-Actin, showing PCs and cardioblasts (red), cardiac ECM and
AMs (green) and sarcomeres of AMs, somatic muscles and the
heart (blue). (B’) 3D reconstructed transversal view of the heart at
the position of the dashed line in B, showing the positions of AMs,
ECM (green), heart (purple/blue), PCs (red) and dorsal somatic
muscles (SM, blue). Dashed circles delineate the tracheal dorsal
trunks. ECM connects the heart to AMs (arrow) and to the dorsal
epidermis (arrowhead). (C,C’) Dorsal view of the anterior region of
an intact AMEg-cd4-tdTomato; A142-GFP L3 larva showing the gut
(cyan) and TARM*, TARM™" and TARM™? (green). TARM* and
TARMT" are connected to the Pv and the Gc, respectively (C);
TARMT2 are connected to the first loop of the midgut (C’). D shows
magpnification of boxed area in C'. (D) AMEg-cd4-tdTomato;
Cha-Gal4, UAS-cd4-tdGFP larva showing TARMT2 connection to
DH31-expressing enteroendocrine cells. Scale bars: 500 pm in A;
100 ym in B-D.

w.figld

and TARMSs could contribute to maintenance of the internal
anatomy of moving larvae.

AMs and TARMs are multinucleated, sarcomeric muscles
displaying unique deformability

In somatic muscle fibres, nuclei are uniformly spaced within the
fibre (Volk, 2013). To examine myonuclei number and repartition
in AMs and TARMs, we expressed simultaneously nuclear RFP-
labelled and membrane-associated GFP proteins (Fig. 3A). TARMs
contain between three and four nuclei (TARM?*: 2.9+0.3; TARM™":
4.1£0.9; TARM™2: 4.4+0.5; n=10 larvae), evenly distributed along
the fibre length. AM*! to AMA7 contain five or six nuclei (5.5+1.1;
n=20). In anterior AMs with a ‘T” shape, nuclei are distributed
between the shaft and lateral branches. In posterior AMs, nuclei are
distributed in a single row, up to the position where the muscle
widens to adopt a delta-like morphology. At this point, nuclei are
laterally scattered among the myofibrils (Fig. 3A). Thus, repartition
of nuclei in TARMs and AMs adapts to their peculiar asymmetric
geometry.

The atypical shapes of TARMs and AMs raised the question
of how myofibrils are organised in these muscles. We used
cd4-Tomato decoration of AM/TARM contours together with
MHC-GFP (Sarov et al., 2016) and Phalloidin staining of thick
and thin filaments, respectively, to visualise the sarcomeric
myofibrils. In the anterior AMs (Fig. 3B,B’), myofibrils align
with the shaft, before bending 90° to form lateral branches aligning
with the aorta. This bending occurs without rupture in the
sarcomeric organisation, such that anterior AMs display two
perpendicular sarcomeric contraction lines. In posterior AMs
(Fig. 3C,C’), myofibrils scatter in a pattern similar to a fan frame
to connect the ECM surrounding the heart (see also Fig. 2B and
Lehmacher et al., 2012). The sarcomeric region is extended dorsally
by thin cellular extensions reaching cardiomyocytes and,
sometimes, the opposite AM proteins (Fig. 3C’). The AM
sarcomeres were also visualised by the expression of a titin-like
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protein, the M-line Unc-89-GFP protein; Kettin/Sallimus (Kettin-
GFP), a short form of titin linking the Z-disc to myosin filaments
(Sarov et al., 2016); and Zasp66-GFP, a Z band protein (Hudson
et al., 2008). Zasp66-GFP expression also indicates the striated
structure of TARMs (Fig. S5).

We then imaged TARMSs and AMs deformations in living larvae
(Fig. 3D-E”; Movies 1 and 2). This revealed the extensibility of
TARMSs, which are >3-fold longer when extended than when
contracted, and are often curved (Fig. 3D,D’), indicating elastic
properties. Deformability of AMs is even more peculiar, with
three successive shapes along each crawling stride cycle, which
comprises a visceral piston phase during which internal organs move
asynchronously with surrounding abdominal body wall (Heckscher
et al., 2012) (Fig. 3E-E”; Movie 2). AMs (1) are roughly straight,
oriented ventral to dorsal in fully elongated larvae, at the start and
end of each cycle (Fig. 3E); (2) form an anterior vertex angle during

Fig. 3. AMs and TARMs: multinucleated, sarcomeric, deformable
muscles. (A) Dorsal view of an AMEg-cd4-tdGFP; AMEg-Gal4,
UAS-H2bRFP L3 larva showing the nuclei distribution (green) in AMs
and TARMSs (red). The image corresponds to a mosaic reconstruction
of confocal acquisitions of an entire larva. (B,C) Dissected AMEg-
cd4-tdTomato; MHC-GFP L3 larva, showing the striated structure
(MHC-GFP, green; F-Actin, blue) of AMA" (B) and AMA® (C). The
heart and somatic muscles (SM) are visible in C. (B") Magnification of
the image shown in B, showing green and blue channels only. (C’)
The same image as shown in C but with the red channel only,
showing AMA® cytoplasmic protrusions. (D-E”) Snapshots of AMEg-
Gal4, UAS-cd4-tdGFP/HandC-GFP L3 crawling larva, illustrating the
deformability of TARMs (D,D’) and AMs (E-E”). Yellow lines indicate
TARMT" and TARM'? sizes in contracted (D) and elongated (D’)
phases, at two different time points (t0 and t1). The arrowhead in D
indicates TARM™2 deformation. In E-E”, yellow lines underline AMA®
deformations at three successive phases of larval crawling (three
time points, t0-t2). (F-G’) Snapshots at two different time points (t0
and t1) of AMEg-cd4-tdTomato; AMEg-Gal4; 20xUAS-GCaMP3
larva showing intracellular calcium rise in shortening posterior AMs
(n=12). F and G show Tomato staining of AM shape; F’ and G’ show
GCaMP fluorescence level in rainbow false colours. Yellow lines
indicate AMA® size in its elongated (F) and contracted (G) forms.
Scale bars: 500 ym in A, D-G’; 100 pym in B-C'.

the visceral piston phase, when the gut and tail move forward
together (Fig. 3E’); and (3) adopt a reverse, posterior vertex angle, as
the peristaltic wave travels from posterior to anterior, during which
the abdominal body wall advances (Fig. 3E”). Along this sequence,
AMs length varies by about 1.5 times. Detection of a fluorescent
calcium indicator, GCaMP3 (Tian et al., 2009), when AMs shorten
(Fig. 3F-G’; Movie 3) suggests that they contract upon intracellular
calcium release. Whether calcium release drives AM contraction or
is a response to mechanical stretching of AMs remains, however, to
be deciphered.

Taken together, our data show that TARMs and AMs are both
contractile and highly deformable. These unique deformation
properties could be linked to their dual attachment to the
exoskeleton and internal organs during larval movements. It was
thus very important to understand the specific functions of AMs
and TARMs.
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AM ablation induces a collapse of the dorsal vessel

To address TARMs and AMs functions in larvae, we devised
strategies to eliminate these muscles specifically. Expression of
the pro-apoptotic gene rpr under control of the AM/TARM
AMER-Gal4 driver (Figs S2 and S6) generates larvae lacking both
AMs and TARMs, whereas Antp expression ablates TARMs
only (Fig. S6). Either ablation condition led to strong lethality,
with only 7.5% AMER>>rpr and 14.6% AMER>>Antp embryos
reaching the end of L3 (Fig. S6; Table S1). Because AMs and
TARMs are connected to several internal organs, lethality
following their elimination could reflect cumulative defects of
larval physiology.

HandC-GFP expression in PCs and cardiomyocytes showed
that the number and repartition of PCs is not significantly
modified upon rpr-induced AM ablation (Fig. 4A-C). However,
the left and right PCs rows become juxtaposed along the midline
(Fig. 4A-D). We analysed the relative topology of the PCs and
heart in semi-intact quadruple-labelled larvae (Fig. 4E-F”).
In control larvae, AMs adhere to the ECM surrounding PCs
lateral to the heart, and loop around the ventral aspect of the
tracheal trunk (Fig. 4E-E”). Upon AM ablation, PCs become
pressed against the heart, which itself shifts dorsally. In addition,
the heart lumen collapses (Fig. 4F-F”). Prc accumulation in wild-
type larvae (Figs 4E’,E” and 2B’) suggested anchoring of the
heart to the dorsal epidermis. Upon Prc depletion, AMs and PCs are
no longer tied and come apart from the heart and, at the same time,
the heart lumen collapses (Fig. 4G-G”) (Drechsler et al., 2013), as
we observed upon AM elimination. However, rather than being
shifted dorsally, the heart adopts a more ventral position. Together,
the loss-of~AMs and loss-of-ECM phenotypes indicate that forces
exerted by AMs and dorsal anchoring ‘suspend’ the heart within
the body.

We analysed the heart beating in HandC-GFP white pupae
(Fig. S7; Movies 4 and 5), a pre-metamorphosis stage when skeletal
muscles contractions do not interfere with recording. Upon AM
elimination, the heart systolic and diastolic phases strongly
decrease. Yet the heart beating rhythm is not affected, indicating
that cardiomyocytes retain their full contractility in the absence of
AMs, similar to other conditions that prevent haemolymph flux
(Choma et al., 2011; Drechsler et al., 2013). We conclude that AMs
are not required for larval heart beating per se, but are essential for
maintaining proper heart anatomy and, thereby, physiological
functions necessitating haemolymph circulation.

AM ablation affects the position of the tracheal trunk

AMs loop around the ventral aspect of the dorsal tracheal trunk
(Fig. 4E-E”). When AMs are either eliminated or detached from PCs
(Fig. 4F,G), the position of the dorsal tracheal trunk fluctuates in the
body cavity. This suggests that AMs sterically constrain the tracheal
trunk. To test this hypothesis, we first measured the dorsal tracheal
trunk position relative to the midline in wild-type larvae (Fig. 5;
Fig. S8). The larval length varies from fully elongated at the
beginning of a stride cycle to compacted during the somatic
peristaltic wave and visceral piston phase. We observed that dorsal
tracheal trunks are more curved at the end of each peristaltic wave,
with two conspicuous curves located in the thoracic and abdominal
regions, respectively (Fig. S8). AMs A2-AS roughly frame the
major, abdominal curvature (Fig. 5D). Upon AM elimination, the
double tracheal curvature is still observed. However, the abdominal
curve is larger and the dorsal trachea more distant from the midline
(Fig. 5B-D; Fig. S8). These results indicate that AMs constrain the
tracheal position during larval crawling.

AMEg-Tom.; HandC-GFP/AMEg-Gal4,+
C PC number

"%

S % a8 o

PC distance (um)

AME-Tom;HandC-GFP AMEg-Tom;HandC-GFP AMEg-Tom;HandC-GFP

Prc >> RNAi prc

Fig. 4. AMs maintain heart intra-celomic position and lumen opening. (A,B)
Dorsal views of the AMAA8 region of intact AMEg-cd4-td Tomato; HandC-GFP,
AMERg-Gal4 (A) and >>UAS-rpr (B) larvae. AMs and TARMs are in red and PCs,
cardioblasts and valve cells in green. Arrow in A and B indicates the valve
position. (C) The number of PCs is unchanged in control and following AM
ablation. (D) Distance separating left and right PCs at three positions (yellow
bars in A), aorta, valve and heart chamber, in control and following AM ablation.
Bar graphs show meanzs.d. (n=10 larvae). (E-G”) Semi-intact AMEg-cd4-
tdTomato; HandC-GFP, AMEg-Gal4 (E), >>UAS-rpr (F) and AMEg-cd4-
tdTomato; HandC-GFPlprc-Gal4, UAS-RNAI-prc (G) larvae stained for

F-Actin and Prc. PCs and cardioblasts are green, AMs red, somatic muscles and
heart blue, the ECM and trachea cyan. E’-G’ show transversal views. (E"-G")
Schematic representations adapted from the images in E’-G’ showing the
relative positions of AMs, ECM, heart, PCs and the tracheal trunks. Red arrows
indicate the shift in dorsoventral position of the heart. Scale bars: 100 ym.

TARMs are essential for gut and gastric caeca positioning
and food transit

A142-GFP expression allows visualisation of the Pv, Gc, anterior
loop of the gut and positioning of the visceral mass. Upon removal
of either TARMs (AMER>>Antp) or TARMs plus AMs
(AMEg>>rpr), there is a posterior shift in the position of the first
gut loop and visceral mass (Fig. 6A-C’; Table S2), suggesting that
TARM™? connection to the midgut is required for maintaining the
proper position of the visceral system in the body cavity. In addition,
the dorsal Ges, which normally extend anterior-wards by attaching
to TARM™' (9/10 larvae), now coil around the proventriculus
(14/14 larvae) (Fig. 6D-E’). We then tested whether removal of
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Fig. 5. AMs constrain the tracheal curvature in larvae. (A) Dorsal view of a
fully elongated AMEg-cd4-tdTomato; btl-Gal4, UAS-GFP L3 larva. AMs and
TARMs are in red and trachea in green. (B,C) Dorsal views of AMEg-cd4-
tdTomato;, AMEg-Gal4 (B) and >>rpr (C) larvae. The tracheal trunk, seen in
brightfield, is outlined in white, and spacing indicated by yellow double arrows.
(D) Tracheal curvatures in AMEg-Gal4 (black lines) and >>rpr (blue lines) L3
larvae at the end of a peristaltic wave. Meants.e.m. are given (n=15 larvae).
AMA' to AMA7 positions are indicated by red lines. Scale bars: 500 pm.

AMs had a global impact on food transit through the midgut, using a
Bromophenol Blue food ingestion assay. Absence of TARMs
significantly reduces the amount of ingested food (Fig. 6F,G). We
conclude that TARMs are required for maintaining visceral organ
positioning in the larva, insuring efficient food transit inside the gut.

DISCUSSION

Drosophila organogenesis, along with morphogenesis during
embryonic development, ends with larval hatching. In most
textbooks, development of each larval organ is considered
separately, even though interactions between different germ layers,
tissues or cell types are referenced. Here, we show that, during larval
life, multiple internal organs remain physically connected to the
exoskeleton by a web of thin and deformable muscles, the AMs and
TARMs (Fig. 7). These atypical, asymmetrically attached muscles
are required to maintain proper position of cardiac, visceral and
tracheal organs within the coelomic cavity, and heart lumen opening,
and, thus, are important physiological regulators.

AM/TARM targeting to different organs: Hox input
Establishment of the muscle pattern, i.e. positions and orientations
of each skeletal muscle relative to the other, involves positional

values in the epidermis in each body segment. Targeting specific
epidermal attachment sites and muscle-muscle matching are
intrinsic properties of developing muscle, under the control of
iTFs (de Joussineau et al., 2012). We show here that attachment of
AMs and TARMs to either the circulatory or the visceral system is
under intrinsic Hox control. TARM™ does not express any
homeotic gene of the Antp or bithorax complex, extending to
AMs the previous conclusion that the T2 muscle pattern could
represent a ground state for the somatic mesoderm (Roy et al.,
1997). However, TARM™? specifically connects to the first midgut
constriction, where Antp-expressing cells are specified and required
for this constriction to form (Reuter and Scott, 1990). In homeotic
Ubx mutants, AM*! and AM*? are transformed into TARM%-like
muscles, which connect to the same specific gut constriction as
normal TARMT2. We thus infer that the background state of AM/
TARM attachment is the gut and that targeting information is
provided by midgut regionalisation. The guidance cues remain to be
identified. MT anchoring of AMA3 is also driven by MT tip cell
properties rather than homeotic identity of the AM (Weavers and
Skaer, 2013). Altogether, these findings show that the unusual
morphology and connections of TARMs and AMs both depend
upon iTF and Hox intrinsic information, and guidance cues from
internal organs.

Specific morphologies and internal organ connections

of AMs

Posterior AMs (A5-A7) connected to the heart chamber display a
similar fan-like morphology in larvae and adults. Literature on the
physiology of the insect adult heart pointed to the absence of a
consistent link between AM contraction and heart-beating rates,
and severing of AMs could result in a heart chamber collapse
(Jones, 1954; Bullock and Horridge, 1965). More recent studies
on adult mosquitos suggested that tension exerted by AMs
causes an expansion of the heart cross-sectional area (Glenn et al.,
2010). Genetic ablations show that AMs are indeed both
required for maintaining the heart in the proper haemocelic
position and for opening of the heart chamber, but not for heart
beating. AMs do not directly bind to cardiomyocytes but to the
ECM surrounding PCs, reminiscent of attachment of the diaphragm
to the pericardium, a mesothelial monolayer that equalises
gravitational, hydrostatic and inertial forces over the surface of the
vertebrate heart (Hoit, 2017). During metamorphosis, anterior AMs
dedifferentiate into mononucleate myoblasts, which later form
ventral longitudinal muscles, a component of the ‘dorsal
diaphragm’ covering the ventral surface of the adult dorsal vessel
(Schaub et al., 2015).

Anterior AMs (segments A1-A4) adopt a conspicuous ‘T’ shape
during larval development, with myofibres oriented ventrodorsally
from the exoskeleton to the aorta, then laterally along the aorta. The
functional role of this “T’-shape morphology remains unknown.
Lateral branches of AMA!"43 run along LG lobes (Fig. 7A). This
geometry and presence in the aorta of vesicles originating from AMs
raises the possibility that, in addition to a mechanical support
function, AMs could play a signalling role in haematopoiesis.

AMs contact different organs in their trajectory from the
exoskeleton to the heart (Fig. 7A). AM*3 adhesion to the anterior
MT tip cell and positioning of AMA* and AM”> anterior and
posterior to the gonad, respectively, are established during
embryogenesis. Whereas AM”? is required to anchor the MT
(Weavers and Skaer, 2013), the germ cell/niche assembly is
independent of AMs (Anllo et al., 2019). Several AMs send
projections to fat body, including AMA* and AMA3, which project
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Fig. 6. TARMs are required for proper topology of visceral
organs and food transit. (A-B’) Dorsal views of intact A142-GFP;
AMERg-cd4-tdTomato; AMER-Gal4 (A) and >>UAS-Antp (B) larvae.
AMs and TARMs are red, visceral organs green. A’ and B’ show only
the visceral system. (C,C’) Relative positions (percentage of larva
length) of the Py, first midgut loop and visceral mass in controls and
following TARM ablation. Bar graphs show mean+s.d. (n=10
larvae). (D-E’) Magnified views of the anterior region of A142-GFP;
AME-cd4-tdTomato, AMEr-Gal4 (D) and >>Antp (E) larvae. D’ and
E’ show the GFP channel only. (D,D’) TARM™" maintains Gc
extension (asterisk; n>10); TARMT2 connects to the first loop of the
gut. Upon TARM ablation (E,E’), Ges coil around the Pv, and the first
midgut loop is shifted posteriorly. (F,G) Ventral views of AMEg-cd4-
tdTomato, AMEg-Gal4 (F) and >>Antp (G) larvae fed 45 min with
blue yeast. Anterior at the top (n>25). Scale bars: 500 ym in A,B;
100 ym in D,E.

loop visc. mass

A B a 4

visceral

mass

UL

AMEg >> Antp

to the fat body surrounding the male gonad. Whether AM segment-
specific projections play architectural and/or signalling roles via the
release of diffusible signals similar to myokines in vertebrates (Das
et al., 2019) remains to be fully assessed. The multiple shapes
adopted by AMs suggest that they could be passively deformed by
the steric volume of internal organs during larval crawling.
Conversely, lateral ‘floating’ of the dorsal tracheal branches and
dorsal shifting of the heart in the absence of AMs shows that the
internal architecture of the larva is constrained by AMs.

TARM-midgut connections are required for efficient visceral
system activity

TARMs (Fig. 7) were only recently discovered in the Drosophila
embryo and both their phylogenic spread and fate in adults remain
to be explored. Ablation of TARMS prevents unfolding of the dorsal
Gce and provokes a posterior shift of the midgut position. Little is
known about the precise role of the Gc, which could act as an
exocrine organ in synthesising and secreting digestive enzymes in
Drosophila (Matsumoto et al., 1995; Gronke et al., 2005) and
osmoregulation in Aedes and Anopheles larvae (Volkmann and
Peters, 1989; D’Silva and O’Donnell, 2018). TARMT! attachment
raises further questions, of whether dorsal caeca play specific roles,
and which roles require extended shape and/or TARMT!
connection. TARM™ attaches to the midgut where DH31-
expressing enteroendocrine cells are located. DH31 cells are
required for peristalsis of the anterior midgut (LaJeunesse et al.,
2010). The finding that TARM ablation reduces the transit of food
through the midgut suggests two, not mutually exclusive,

interpretations: the loss of the first midgut loop impairs peristalsis
and/or loss of the TARM™ connection to DH31-expressing cells
leads to dysregulation of enteroendocrine functions.

Neither cardiac, nor visceral or skeletal: a novel type of
Thx1/Islet1-expressing muscles

The recent discovery of TARMs was an unanticipated outcome of
the characterisation of Org-1 and Isletl transcription enhancers
(Schaub et al., 2012; Boukhatmi et al., 2012, 2014), that allowed
live imaging of AMs and TARM s in larvae. Being multinucleated
and striated, Drosophila AMs and TARMs resemble skeletal
muscles, correlating with a related mode of embryonic development
(Boukhatmi et al., 2014). However, they exhibit features that
distinguish them from body wall muscles. One is their morphology
and deformation properties. It will be interesting to determine
whether specific MHC isoforms (George et al., 1989) and/or
proteins of Z-discs, the sarcomere anchors in striated muscles
(Luther, 2009; Steinmetz et al., 2012), are expressed in either
TARMs or AMs.

Another AM/TARM-specific feature is their asymmetric
attachment, to the exoskeleton and soft tissues at the other. In
primates, asymmetric attachment has been observed for facial
subcutaneous muscles, which insert into the skin on one side and to
facial bones or other muscles on the other (Ziermann et al., 2018).
Facial muscles derive in part from cardiopharyngeal mesoderm, also at
the origin of the oesophagus striated muscle (ESM) (Gopalakrishnan
et al., 2015; Heude et al., 2018). ESM development is regulated by
Thx1 and Isletl, ThxI acting genetically upstream of Is// in ESM
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organs in larva. (A-C) Schematics of a fully extended L3 larva
(adapted from Hartenstein, 1993). (A) AM connections to the cardiac
system (red), LG (yellow), anterior MTs (orange) and fat body
(beige), and surrounding of trachea (grey). (B) TARM connections to
specific midgut regions (blue). (C) Mis-positioning of multiple internal
organs following TARM/AM elimination, as indicated by arrows: Gc
and visceral mass (blue arrows), heart (red arrow) and dorsal
trachea (dashed grey arrow). The heart lumen is collapsed.
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progenitors (Gopalakrishnan et al., 2015; Comai et al., 2019). The
Tbx1/Islet genetic hierarchy controls Drosophila AM/TARM
development (Boukhatmi et al., 2014) and is redeployed during
metamorphosis to initiate transdifferentiation of some AMs into the
ventral longitudinal muscles of the adult heart (Schaub et al., 2015).
Whether this genetic cascade has been independently recruited in
mammals and insects for diversification and specific adaptations of
striated muscles is an open question.

The diaphragm, which separates lung and heart from visceral
organs in mammals, is also an asymmetric muscle. Its C-shape
results from insertion of muscular fibres to, on one side, a sheet of
fibrous tissue, the central tendon, which surrounds the oesophageal
hiatus, and, on the other, tendinous tissue surrounding ribs and
vertebrae (Merrell and Kardon, 2013). Although highly speculative,
whether the mammalian diaphragm and the insect AMs/TARMs
could represent two specific adaptations of an ancestral demarcation
between circulatory, respiratory and visceral organs, is a possibility.

Conclusions and perspectives

To the best of our knowledge, TARMs and AMs are the first example
of multinucleate striated muscles connecting the (exo)skeleton to
internal organs in bilaterians. Characterisation of a new type of
striated muscles raises novel anatomical, physiological and
evolutionary questions. Innervation of the heart and AMs in adult
arthropods remains controversial (Dulcis and Levine, 2003). Extant
reports of embryonic and larval AM innervation concluded that AMs
are innervated by a peripheral neuron, the lateral-bidendritic neuron
or a motoneuron, or both (Gorczyca et al., 1994; Landgraf and Thor,
2006). Innervation by sensory neurons would raise the exciting
possibility that AMs/TARMs are part of internal proprioceptive
circuits. Integrating neuromuscular connectivity into physiological
roles of TARMs and AMs is the next challenge.

MATERIALS AND METHODS
Drosophila strains
All Drosophila melanogaster stocks and crosses were grown on standard
medium at 25°C. Strains used were: AME-moeGFP (Boukhatmi et al.,
2012), A142-GFP (Buchon et al., 2013), HandC-GFP (Sellin et al., 2006),
UAS-H2bRFP (Zobeck et al., 2010), fTRG500-MHC-GFP, fTRG569-
Kettin/sls-GFP, fTRG1046-Unc-89-GFP (Sarov et al., 2016), Prc-Gal4
(Chartier et al., 2002), UAS-Ubx (Michelson, 1994), org-1-LacZ (Schaub
et al.,, 2012), Pcol85-Gal4 (Krzemien et al., 2007), domeMESO-GFP
(Oyallon et al., 2016), FB-Gal4 (gift from M. Meister, Institut de Biologie
Moléculaire et Cellulaire, UPR 9022 CNRS, Strasbourg, France; Gronke
et al.,, 2003), brl-Gal4 (gift from J. Casanova, Institute for Research in
Biomedicine, IBMB-CSIC, Barcelona, Spain) and sr-Gal4 (obtained from
T. Volk, Weizmann Institute of Science, Rehovot, Israel). The following
strains were obtained from the Bloomington Drosophila Stock Center: UAS-
cd4-tdTomato (BDSC:35841), UAS-cd4-tdGFP (BDSC:35836), UAS-
mcd8GFP (BDSC:5137), UAS-mIFP (BDSC:64183), 20xUAS-GCaMP3
(BDSC:32235), Cha-Gal4 (BDSC:6793), [Ik-GFP?“L3111 (BDSC:6831),
how?*B-Gal4 (BDSC:1767), UAS-Antp (BDSC:7301), Ubx*?? (BDSC:3474),
UAS-rpr (BDSC:5824) and UAS-RNAi-prc (BDSC:65898). Zasp66“-05%3 was
obtained from the Kyoto Stock Center.

Lethal stocks were balanced using CyO,{dfd-YFP}, TM6,{dfd-YFP} or
TM3, Ser,{twi-lacZ} and mutant embryos or larvae identified by absence of
lacZ or YFP expression, respectively.

Constructions of transgenic reporter lines

For constructing AM/TARM-specific reporter and Gal4 lines, we shortened
the tup-AME enhancer (Boukhatmi et al., 2014), based on the position
of Org-1 binding sites and conserved sequence blocks. fup-AMER
DNA, corresponding to the fup upstream region, chr2L positions:
18900307..18899855 (FlyBase; release R6.32), was amplified from yw
genomic DNA using the primers 5'-ATCCGCTGCTGCTGCATC-3" and
5'-GCCGAGCAAGTACTAAGTACC-3'. The amplified 452 bp fragment
was cloned into pENTR4 (Gateway cloning system; Invitrogen) to give
the donor plasmid pDONR-AMER which was recombined, using
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LR recombinase (Invitrogen), with pDEST-Gal4, pDEST-HemmarG
(Addgene-plasmid #31221) and pDEST-HemmarR (Addgene-plasmid
#31222), to give pEXP-AMEgR-Gal4, pEXP-AMER-tdGFP and pEXP-
AMER-cd4-tdTomato. Transgenes were inserted at position 25C6 on the
second chromosome (AMEg-cd4-tdTomato), or 99F8 (AMER-cd4-tdTomato
and GFP) or 68A4 (AMER-Gal4) on the third chromosome, by injection into
attP embryos (BDSC: 25709, BDSC: 24867, nos-phiC31-NLS; attP2,
respectively) (Bischof et al., 2007; Markstein et al., 2008).

Immunohistochemistry of whole-mount embryos and semi-intact
L3 preparation

Immunostainings of whole-mount embryos were performed using standard
techniques, as described previously (Dubois et al., 2016); third instar larvae
dissection and staining were as described (Drechsler et al., 2013).

The following primary antibodies were used: chicken anti-GFP (1:500;
Abcam, ab13970) and anti-B-galactosidase (1:2000; Abcam, 9361); rabbit anti-
Scr (1:400; courtesy of David Cribbs, Centre de Biologie Intégrative, Toulouse,
France), anti-cleaved Dcpl (1:200; Cell Signaling Technologies, #9578), anti-
B3-Tub (1:5000; Renate Renkawitz-Pohl, Philipps-Universitit Marburg,
Fachbereich Biologie, Entwicklungsbiologie, Marburg, Germany), anti-Mesh
(1:1000) (Izumi et al., 2012); mouse anti-Antp [1:100; Developmental Studies
Hybridoma Bank (DSHB), 8C11], anti-Ubx (1:50; DSHB, FP3.38), anti-
AbdB (1:50; DSHB, 1A2E9), anti-FaslII (1:20; DSHB, 7G10); anti-GFP
(1:100; Roche, 11 814 460 001), anti-Prc (1:200; DSHB, EC11); and rat anti-
TM (1:500; Abcam, ab50567). Phalloidin-647 (1/200) and Texas RedX (1/
500) were obtained from Thermo Fisher Scientific (A22287 and T7471,
respectively). Secondary antibodies were Alexa Fluor 405-, 488-, 647-, 555-
conjugated antibodies (1:300; Thermo Fisher Scientific, A-31553, A-11001,
A-11034, A-11039, A-21434, A-21437, A-21235 and A-21244).

Optimised confocal sections were acquired using Zeiss710 or Leica SPE
microscopes. Projections and 3D reconstructions were created using Imagel,
Fiji and Imaris software.

Imaging of entire immobilised larva

To image fully extended, translucent, immobilised larvae, larvae were
drowned in water for 1 h. Larvae placed between the slide and coverslip were
imaged using a Leica SPE microscope, a Nikon AZ100 466 Macroscope at 2%
or 5x objective plus optical zoom, or a Nikon SMZ18 Macroscope for
brightfield colour images. Mosaic acquisitions and image reconstructions of
some entire larvae were performed to improve focus and resolution.

Time-lapse imaging of larva

For time-lapse imaging, late L2 or early L3 GFP larva were mounted between
the slide and coverslip with a small drop of water. Image series were acquired
using a Nikon AZ100 466 Macroscope, with the following settings: objective
x5, zoom x1.25, time exposure: 30 ms, 30 fps (Movie 1) or 150 ms, 5 fps
(Movie 3); objective %2, zoom x1.25; time exposure: 100 ms, 10 fps
(Movie 2). Ca®" waves in AMs (Fig. 3F-G’, Movie 3) were imaged in AME -
cd4-tdTomato; AMEg-Gal4; 20xUAS-GCaMP3 early L3 larvae immobilised
by pressure to prevent crawling. The filters were manually changed during the
mono-colour acquisition to successively visualise the muscle shape with
Tomato and intracellular calcium rise with GCaMP-GFP. Movies were
processed using HCImage Live and Fiji software.

Feeding assay

Feeding L3 larvae were collected and transferred to a 1% agarose plate
covered with a thin layer of blue yeast paste (0.5 g/ml baker’s yeast,
0.005 g/ml Bromophenol Blue in water) for 45 min at a density of 20 larvae/
plate. Larvae were then washed and fixed by heat (5 s at 65°C) and imaged
from the ventral side using a Nikon SMZ18 Macroscope.

Quantification of embryonic, larval and pupal viability

The numbers of embryos laid for 8 h on an agar plate, and unhatched
embryos 36 h later, were counted to determine embryonic viability (two
independent counts for each genotype; 1m,in=509, nm.x=725 embryos). For
larval viability, L1 larvae collected 24 h after egg deposition (8 h egg
collections) were gently transferred into fly food tubes (30 Ll1/tube;

Aimin=240, nma=510 L1) and the number of resulting pupae was counted.
Pupal viability corresponds to the percentage of pupae developing to adults
(nmin:37; nmax:347 puPa)~

Quantification of PC number and distance between PCs

Entire immobilised HandC-GFP larvae were imaged using a Nikon AZ100
466 Macroscope. The number of PCs per hemi-larva, visualised with GFP,
were manually counted (7,,;,=20 hemi-larvae). For each genetic condition,
the mean number of PCs+s.d. is given. The distance between left and right
PCs was measured at three distinct positions — aorta, valve and heart — using
Fiji software. For each genetic condition, the mean distance between PCs
+s.d. is given (1,;,=10 larva).

Quantification of heart beating in white pupa

PCs were visualised in HandC-GFP white pupae. A Nikon AZ100 466
Macroscope was used to record heart beating (objective x5, zoom x1.25;
time exposure: 100 ms, 10 fps, 20 s, two repetitions for each pupa). Heart
pulses were then manually counted (n=12 pupa for each genotype).

Quantification of trachea position in entire larva

L3 feeding larvae were collected and transferred onto 1% agarose plates.
Larva were filmed using a Nikon SMZ18 Macroscope (brightfield; zoom
x0.75; 10 fps) and for each larva, the image corresponding to the tracheal
distortion step was extracted using Fiji. The left and right dorsal trunk paths
from anterior to posterior spiracles and the midline were manually drawn. To
standardise the data, the three lines were normalised to a fixed value of 1000
from anterior to posterior spiracles. A homemade C program (available on
request) using MagickWand API (ImageMagick) allowed us to extract xy
coordinates. Relative y positions of left and right trachea, for y midline
position=0, were calculated. Excel was used to calculate the mean tracheal
position and the s.d. (n=15 larva for each genotype).

Quantification of visceral system position in entire larva

The visceral system was visualised using 4/42-GFP on entire immobilised
larvae. The larvae size and positions of the proventriculus (Pv), first loop of
the gut and visceral mass, respectively, were measured using Fiji software.
The relative positions of Pv, first loop and visceral mass, were calculated (%)
relative to the larva size normalised to 100%. For each genetic condition, the
mean larva size and the mean relative positions+s.d. are given (n=10 larva).

Statistical analysis

For all experiments, data plots and statistical analyses were performed with
Prism 5.0. Mean values are shown, error bars represent s.d. or s.e.m. as
indicated in figure legends. For statistical comparisons, unpaired #-test or one-
way analysis of variance and Tukey post-tests were used, where appropriate.
Asterisks show the significance of variation (ns, not significant; ***P<0.001).
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