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Fig. 4 Impact of loss of wing muscles on geometry of leg muscles and petiole levators in Euponera sikorae. a In queens, wing muscles fill the
thoracic cavity, limiting the size of leg and petiole muscles. b In workers, the external trochanter muscles (orange) of the midlegs (llscmé6) and
hindlegs (lllscm6) are extended to originate high on the roof of the mesothorax (T2) and the lateral walls of propodeum (IA) respectively, while
the levators of the petiole (green) are larger and fill up almost the entire propodeal cavity

originate at the base of propleura, hence their geometry
differs little between queens and workers, but Itpml is
relatively larger in workers for both species (Fig. 6). In
contrast, muscle pairs Idvm9 and Ivim3 are considerably
affected by the queen-worker difference in the angle of
the profurca platform (26° and 53° in Euponera queen
and worker, respectively; 16° and 30° in Cataglyphis
queen and worker; Additional file 5). In queens, as in
wasps and bees, this platform is almost horizontal, and
thus, these muscles have a very shallow angle to their
origin. Contrary to queens, the upright inclination of the
platform in workers allows a more favourable perpen-
dicular angle of origin and a greater attachment surface
for the equivalent muscles.

Two indirect muscle pairs are mostly responsible for
sideways and rotational head movement by inserting on
the anterior ends of the propleura. Iviml originates on
the profurca and thus benefits from the more favourable
inclination of its platform in workers (Additional file 5).
Idvm5 shows the most spectacular difference between
queens and workers (Additional file 7). This large
muscle pair originates at the pronotum (dorsal plate of
T1) which is considerably larger across all worker ants.
In addition to the increased area of attachment, the ab-
sence of wing muscles allows this muscle to support the
propleura from a diagonal rather than a vertical angle.
Both Idvm5 and Iviml are relatively larger in workers
for both species (Fig. 6).
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One crucial leg muscle differs between workers and flying
queens

Back and forth movements of insect legs are con-
trolled by a series of short muscles that originate
within the thorax and insert around the opening of
the coxae, the basalmost segment of each leg that ar-
ticulates with the body. Leg flexion and extension, on
the other hand, are controlled by muscles that reside
entirely within the segments of the legs [18]. A not-
able exception is the external trochanter muscles.
One per leg (Iscm6, IIscm6, IlIscm6), these muscles
originate in the thorax but end in a long tendon that
crosses the coxae and inserts on the trochanter (sec-
ond leg segment) of all legs (Figs. 4 and 5).
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Contraction of the external trochanter muscles causes
depression of the leg, lifting the body and carrying
the ant’s weight plus any load. Because these muscles
are housed outside the legs, with only their tendons
crossing the coxae, their action is independent from
the rotational motion of the coxae, and force is trans-
mitted efficiently from the thorax to the legs no mat-
ter if walking or standing.

While the muscles of the coxae and those internal to
the legs do not differ much between the castes, our seg-
mentations show that the external trochanter muscles are
very distinct in length, geometry, and place of origin be-
tween queens and workers. In queens, the external tro-
chanter muscles are shorter because they originate on the

.
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Fig. 5 Loss of wing muscles and geometry of leg muscles and petiole levators in Cataglyphis savignyi. a In queens, wing muscles restrict both leg
and petiole muscles. b In workers, the external trochanter muscles (orange) of the midlegs (Ilscm6) and hindlegs (lllscm6) are extended to
originate high on the roof of the mesothorax (T2) and the lateral walls of propodeum (IA) respectively, while the levators of the petiole (green)
increased in volume to fill up almost the entire propodeal cavity. T2/T3 furcae are not shown. Note thinner cuticle relative to Euponera (Fig. 4)
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furcal arms of their respective segment, just below the lon-
gitudinal wing muscles (Figs. 4 and 5). The absence of
wing muscles in workers allows dorsal elongation of the
mid and hind external trochanter muscles (IIscm6,
[IIscm6), which attach either on the roof (Cataglyphis) or
lateral walls (Euponera) of the rigid thoracic box (Figs. 4
and 5, Additional file 8). Queen-worker differences are
minor for the forelegs: in both castes external trochanter
muscles Iscm6 originate at the lower surface of the T1 fur-
cal platform (Figs. 4 and 5). These muscles, therefore, act
antagonistically to the neck muscles originating at the
upper surface of this platform, helping to pull the head
and transmitting force effectively from the head-neck ar-
ticulation to the front legs. Workers in both species have a
relatively larger IIscm6 than queens, and in Cataglyphis
Iscm6 and IIscm6 are also larger (Fig. 6).

Enlargement of the petiole muscles
As with the head, all muscles responsible for articulating
the free part of the abdomen are housed inside the
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thorax. Four muscle pairs (two dorsal, two ventral) insert
on the anterior narrow end of the petiole, which pro-
trudes in the back of the thorax. By acting antagonistic-
ally to each other, these muscles control both vertical
and horizontal movements of the abdomen [18].

Our segmentations show that the two dorsal pairs dif-
fer strongly between queens and workers due to the
presence/absence of the flight apparatus (Figs. 4 and 5).
Muscles IA1 and IA2 originate on the roof of the propo-
deum (middle and lateral, respectively), but because of
the posterior end of the horizontal wing muscles in
queens, these petiole muscles are squeezed in the narrow
space between the posterior phragma and the exoskel-
eton (Fig. 2). In workers, the lack of wing muscles means
that muscles IA1 and IA2 fill most of the propodeal cav-
ity (Figs. 4 and 5). Although relative muscle volumes are
similar between queens and workers (Fig. 6), differences
stand out in the fibre geometry in E. sikorae. First, IA1
has longer fibres in the worker than in the queen despite
the smaller size of workers. In addition, IA1 fibres attach
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volumes were obtained from mCT scans (Additional file 9)

Fig. 6 Differences in the proportion of neck, leg, and petiole muscles between worker and queen in Euponera sikorae and Cataglyphis savignyi. In
Cataglyphis, neck and leg muscles are relatively larger in the worker, but petiole muscles are bigger in the queen. Measurements of muscle
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1A1

1A2

Fiber Count

W<Q (p<0.05)

W#Q (p=0.33)

Attachment Angle

Fig. 7 Distributions of fibre angles for the dorsal petiole muscles (top IA1; bottom 1A2; see Additional file 8) differ between Euponera sikorae
queen (grey) and worker (red). Fibres with an angle of 0° contract in the same direction as the force exerted by the muscle, hence lower angles
mean more efficient fibres. Dashed line indicates mean angle. According to Mann-Whitney rank sum tests for non-normally distributed data,
attachment angles in IA1 are significantly lower in worker than in the queen (W =27,911, p < 0.05). There is no significant difference in
distribution of angles between worker and queen in I1A2 (W=18231, p=0.33)

at significantly lower angles in the worker, resulting in
greater efficiency (Fig. 7). Second, IA2 fibres are longer
in the queen and attachment angles are not significantly
different between worker and queen. However, the
worker has 30% more muscle fibres with a broad distri-
bution of angles, revealing how much this muscle can
fan out in the absence of wing muscles.

Marked differences between the two different subfam-
ilies are seen in muscles IA1l and [A2 of workers. In
Euponera workers, these petiole muscles originate on
the entire roof of the elongated propodeum (Fig. 4). In
contrast, in the dome-shaped propodeum of Cataglyphis,
the equivalent muscles do not extend forward and are
relatively smaller in the worker than in the queen (Fig. 5);
instead the anterior roof is the origin for the external
trochanter muscles (Illscm6) of the hind legs (Additional
file 8).

Comparison with other flightless insects

Flight is the ancestral state across the insect tree of life,
and its evolutionary loss occurred multiple times inde-
pendently [24]. While a broad survey of flightlessness
across insects is beyond the scope of this paper, we

considered whether the modifications described here are
specific to social as opposed to solitary lifestyles. In gen-
eral, the lack of massive wing muscles does not lead to
the same modifications of the thorax in solitary taxa. A
female mutillid wasp shows strikingly enlarged abdomen
muscles (there is no petiole), attached to most of the
dorsal roof and reaching the anterior mesonotum (Fig. 8).
This is congruent with the origin of the external tro-
chanter of midlegs on T2 furca, instead of the propo-
deum roof. Given that mutillids are parasitoids that
search for hosts underground and oviposit on the spot
[25], this difference in thorax rearrangement likely re-
flects the absence of any selective pressures for prey
transport. Indeed, added strength is not necessarily
adaptive in solitary insects that are not central place for-
agers. In flightless moths (Lepidoptera) [26], ovaries
reach into the posterior thorax, and the posterior
phragma is retained to shield the ovaries; head muscles
are not affected compared to flying males. Beetles (Cole-
optera) fly with their hind wings only, hence flight mus-
culature is confined to their enlarged T3 and does not
conflict with the neck articulation. A functional ap-
proach makes it possible to interpret the internal
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Fig. 8 Three-dimensional section through the thorax of female mutillid (subfamily Mutillinae, tribe Smicromyrmini or Trogaspidiini). Inset (top
right) indicates the plane of virtual sectioning. Note the greatly enlarged abdomen muscles (IA1 and 1A2) that attach more anteriorly than in

adaptations associated with wing loss across insects
showing divergent ground plans.

Discussion

Modifications in the thorax of wingless ant workers

Our micro-CT comparison of queens and workers in
two distant subfamilies reveals that the evolutionary loss
of the flying engine typical of insects allowed for a
remodelling of the thoracic skeleton and associated mus-
cles to power earthbound activities. We showed worker-
specific modifications in the three endoskeletal furcae
that are key for muscle attachment as well as transmis-
sion of load between mandibles, legs and abdomen. Our
measures of muscle volumes and pennation angles con-
firmed the conspicuous pattern of repositioning and en-
largement seen in 3D segmentations. We highlight the
importance of indirect muscles in the prothorax that
move the head sideways by shifting two ventral plates
(propleura). These adaptations for strength likely result
from the selective pressures of central place foraging,
that necessitates carrying or dragging food to the nest.
Strength is not a general feature of flightless insects but
rather an adaptation for maximizing the acquisition of
resources for ant colonies. In contrast, solitary mutillid
wasp females use vacant space in the thorax for much
enlarged abdomen muscles, allowing for better perform-
ance as a stinging parasitoid.

Our comparative survey across phylogenetically dispar-
ate species revealed a consistent pattern of expanded mus-
cles with altered geometry (Table 1). Although all ant
workers have a similarly modified thorax relative to

queens, there are minor differences reflecting trade-offs in
abilities across lineages. Many ponerines, especially “tank-
like” ones such as Euponera, need more strength to man-
oeuver the sting and hold the heavy abdomen level. By
contrast, formicines like Cataglyphis are highly gracile,
fast-running ants with a relatively small gaster, thin cu-
ticle, and they lack a sting. While Euponera workers use
the expanded propodeal roof for petiole muscles only (IA1
and IA2, Fig. 4), in Cataglyphis the more dome-shaped
propodeum is used as attachment surface for both the
petiole and hindleg muscles (Fig. 5). Our m-CT segmenta-
tions of Euponera and Cataglyphis queens confirm earlier
reports [10] of differences in neck muscles contingent on
the need to forage or not during colony foundation; the
prothorax of non-claustral Euponera queens is more simi-
lar to workers’ (Additional file 1, Figs. 4 and 5).

Functional morphology of the thorax in ants

We describe here the morphological redesign of the
thorax, and present hypotheses about its functional
implications, but it remains a challenge to directly
link morphology with performance. A comprehensive
modeling effort focusing on the ant thorax is needed
to definitively link structure and function, but this
presents a formidable challenge. Although we mea-
sured the volumes and angles for a few muscles,
mathematical analysis of how these changes relate to
greater strength or faster contraction speed remains
difficult in insects. Moreover, cuticle parameters such
as thickness and elasticity need to be integrated in
the analysis, but our results indicate that cuticle
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thickness changes across different regions of an indi-
vidual thorax. Hence simplifying thickness to single
values for each individual is a source of errors that
complicates mathematical models. Future studies need
to refine the biomechanical connection between skele-
tomuscular specialization of each subsystem (neck,
legs and petiole) and overall strength.

The ability to carry heavy prey or liquid food, and to
manipulate objects, allows a broader range of potential
food items (arthropods live or dead, seeds, honeydew or
other sweet secretions) and nest constructions. While ac-
tivities inside the nests may be less reliant on athletic abil-
ities, foraging encompasses carrying and dragging food,
running to escape predators, and the ability to defend and
hunt (e.g. mandible dexterity, stinging or formic acid
spraying). Given that ant queens retain the ability to dis-
perse by flight in most species, workers were free to com-
bine morphological adaptations for ground labour and
social skills. So many benefits derive from the loss of flight
in ant workers that, until now, musculoskeletal modifica-
tions have been overlooked. In addition to obvious energy
savings related to lost wing muscles, both manufacture
and maintenance [27], the loss of flight in workers was a
decisive innovation that revolutionized colonial economy -
cheaper workers allow for more populous colonies when-
ever this is adaptive [28].

Conclusions

The attributes of individual phenotypes are likely just as
crucial to the evolution of social life as genetic caste differ-
entiation mechanisms, chemical communication, kin-
recognition systems, and collective behaviour algorithms.
Both morphology and social behaviour need to be inte-
grated to contrast the colonial benefits of having wingless
workers in ants as opposed to winged workers in social
bees and wasps. All worker castes in Hymenoptera evolved
specializations for tasks complementary to those of the
queen caste, but the chasm is much less dramatic in social
wasps and bees because the workers need to fly. Our in-
sights in the adaptations of a thorax rearranged for strength
on six legs reveal that ants maximized the merits of having
queen and worker castes, allowing for a much greater diver-
gence in body size compared to social bees and wasps. We
propose this redesign of the worker phenotype for ground
labour combined with the benefits of sociality is key to un-
derstanding the ecological success of ants.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512983-020-00375-9.

Additional file 1 3D reconstruction of the thorax of Euponera sikorae
queen (A) and worker (B). Note that the pronotum is almost the same
size in both castes, unlike in Cataglyphis (Fig. 1).

Page 12 of 13

Additional file 2 Cataglyphis savignyi worker, sides and dorsum
compressed to give mid-thorax the appearance of an hourglass.

Additional file 3 Measurements of cuticle thickness for Cataglyphis and
Euponera queens and workers. Using virtual slices through the pronotum
(purple) and propodeum (green) of 3D models, cuticle thickness was
measured at ten different locations, labelled 1 to 10. Values (in um) for
each location and specimen are shown in the Table.

Additional file 4 Video showing how external trochanter muscles
(orange) of mid- and hindlegs originate on the platform of furcae T2 and
T3 (blue) in Cataglyphis savignyi queens. These furcae are merged into a
single structure with the forked arms of the smaller T3 furca extending
forward to fuse with the lateral arms of T2 furca. Depressor muscles of
the petiole (light blue) originate on the base of T3 furca. https://doi.org/
10.5281/zenodo.3406985.

Additional file 5 Geometry of neck muscles in prothorax of Cataglyphis
savignyi queen versus worker, showing attachments with postocciput
(left) and platform of profurca (right). A-D, dorsal view. E-G, lateral view. In
E-F, the highest (a) and lowest (b) points of the platform were used to
measure platform inclination (Pl). Scale bars = 0.5 mm.

Additional file 6 Skeletal neck articulation of Cataglyphis savignyi queen.
(A) Ventral view. (B) Lateral view. Pronotum (dorsal) not shown.

Additional file 7 Ventral views of prothorax showing neck muscles in
queens and workers of Euponera sikorae and Cataglyphis savignyi. Loss of
flight muscles (dark blue) allows expansion and reorientation of direct
muscle Idim1 (orange) and indirect muscle Idvm5 (red).

Additional file 8 (A) Dorsal view of 3D reconstruction of muscles
attached on the propodeum and posterior furcae of Cataglyphis savignyi
worker. (B) and (C) Transverse 2D cross-sections at anterior and posterior
planes. Furcae T2 + T3 in blue, external trochanter llscmé6 in salmon, exter-
nal trochanter lllscmé in red, coxa muscle in yellow, petiole muscle IA1
(levator) dark green, I1A2 (sideways movement) light green, llivim2 (de-
pressor) pale green.

Additional file 9 : Table S1. Muscle volumes in worker and queen of
Euponera sikorae and Cataglyphis savignyi. Muscle volumes were
normalized using the inner thorax volume (after excluding the volume of
wing muscles in queens) to compare allometry between workers and
simplified (wingless) queens. Wing muscles represent 41 and 52% of the
inner thorax in E. sikorae and C. savignyi respectively. Ratios superior to 1
indicate hyperallometry in the worker.

Acknowledgements

We thank Serge Aron for providing specimens of Cataglyphis, Francisco Hita-
Garcia for the scanned Mutillidae, Denis Brothers for identification of the
Mutillidae, Nathan Lecocq de Pletincx for morphometric data on C. savignyi.
We thank the OIST Imaging Section for access to the CT-Scanner.

Authors’ contributions

CP, RAK and EPE. conceived of the study. CP. and RAK. designed the
experiments; AK, JK and GF. conducted the experiments; CP., RAK, AK,
GF., JK and EPE. analysed the data; and CP, RAK, AB, GF, AK and EP.E.
wrote the manuscript. All authors read and approved the final version of the
manuscript. CP. and RAK. contributed equally. All authors of the manuscript
have read and agreed to its content and are accountable for all aspects of
the accuracy and integrity of the manuscript.

Funding

Subsidy funding to OIST (AK, EP.E, RAK, and GF); collaboration agreement
between FCiencias-ID (Portugal) and OIST (RAK); JSPS KAKENHI
(JP17K15180) grant (E.P.E). AB was supported by the European Research
Council (ERC) under the European Union's Horizon 2020 research and
innovation program (grant agreement No. 754290, “Mech-Evo-Insect”).

Availability of data and materials
All datasets are deposited on Zenodo https://dx.doi.org/xxxx

Competing interests
We have no competing interests


https://doi.org/10.1186/s12983-020-00375-9
https://doi.org/10.1186/s12983-020-00375-9
https://doi.org/10.5281/zenodo.3406985
https://doi.org/10.5281/zenodo.3406985
https://dx.doi.org/xxxx

Peeters et al. Frontiers in Zoology _##t############HH#HHHH#H###_

Author details

nstitut d'Ecologie et des Sciences de IEnvironnement, Sorbonne Université,
CNRS, 75005 Paris, France. “Museu Nacional de Histéria Natural e da Ciéncia
& cE3c-FCUL, Universidade de Lisboa, Lisbon, Portugal. 3‘Biodiversity and
Biocomplexity Unit, Okinawa Institute of Science and Technology Graduate
University, Onna, Okinawa 904-0495, Japan. “Institute for Zoology, Biocenter,
University of Cologne, 50674 Cologne, Germany.

Received: 23 June 2020 Accepted: 3 September 2020

References

1. Bernadou A, Felden A, Moreau M, Moretto P, Fourcassié V. Ergonomics
of load transport in the seed harvesting ant Messor barbarus:
morphology influences transportation method and efficiency. J Exp Biol.
2016;219:2920-7.

2. Dejean A, Leroy C, Corbara B, Roux O, Céréghino R, Orivel J, et al. Arboreal
ants use the “Velcro® principle” to capture very large prey. PLoS One. 2010;5:
el1331.

3. Moll K Roces F, Federle W. How load-carrying ants avoid falling over:
mechanical stability during foraging in Atta vollenweideri grass-cutting ants.
PLoS One. 2013;8:52816.

. Sudd JH. The transport of prey by ants. Behaviour. 1965;25:234-71.

5. Wojtusiak J, Godzinska EJ, Dejean A. Capture and retrieval of very large prey
by workers of the African weaver ant, Oecophylla longinoda (Latreille 1802).
Tropical Zoology. 1995;8:309-18.

6. Holldobler B, Wilson EO. The ants. Cambridge: Belknap Press of Harvard
University Press; 1990.

7. Lubbock J. lll. On the anatomy of ants. Transactions of the Linnean Society
of London. 2nd series. Zoology. 1881;2:141-54.

8. Snodgrass RE. The thorax of the hymenoptera. Proceedings of the United
States National Museum. 1910;39:37-91.

9. Tulloch GS. Morphological studies of the thorax of the ant. Entomologica
Americana. 1935;15:93-130.

10.  Keller RA, Peeters C, Beldade P. Evolution of thorax architecture in ant castes
highlights trade-off between flight and ground behaviors. eLife. 2014;3
Available at: http://elifesciences.org/lookup/doi/10.7554/eLife.01539
[Accessed 25 May 2017].

11, Janet C. Anatomie du corselet et histolyse des muscles vibrateurs, apres le
vol nuptial, chez la Reine de la Fourmi (Lasius niger); 1907. Ducourtieux et
Gout.

12. Reid JA. The thorax of the wingless and short-winged hymenoptera.
Transactions of the Royal Entomological Society of London. 1941,91:
367-446.

13. Liu S-P, Richter A, Stoessel A, Beutel RG. The mesosomal anatomy of
Myrmecia nigrocincta workers and evolutionary transformations in
Formicidae (hymenoptera). Arthropod Systematics & Phylogeny. 2019;77:
1-19.

14.  Peeters C, Fisher BL. Gamergates (mated egg-laying workers) and Queens
both reproduce in Euponera sikorae ants from Madagascar. African
Entomology. 2016;24:180-7.

15. Peeters C, Aron S. Evolutionary reduction of female dispersal in Cataglyphis
desert ants. Biol J Linn Soc. 2017;122:58-70.

16.  Borowiec ML, Rabeling C, Brady SG, Fisher BL, Schultz TR, Ward PS.
Compositional heterogeneity and outgroup choice influence the internal
phylogeny of the ants. Mol Phylogenet Evol. 2019;134:111-21.

17. Limaye A. Drishti: a volume exploration and presentation tool. In: Stock SR,
editor. developments in X-ray tomography VIl International Society for
Optics and Photonics; 2012. p. 85060X.

18. Snodgrass RE. Anatomy of the honey bee. Ithaca: Comstock Pub.
Associates; 1956.

19.  Friedrich F, Beutel RG. The thorax of Zorotypus (Hexapoda, Zoraptera) and a
new nomenclature for the musculature of Neoptera. Arthropod Structure &
Development. 2008;37:29-54.

20.  Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, et al. User-
guided 3D active contour segmentation of anatomical structures:
significantly improved efficiency and reliability. Neurolmage. 2006;31:
1116-28.

21. Dudley R. The biomechanics of insect flight: form. Function: Evolution
(Princeton University Press); 2002.

Page 13 of 13

22. Nguyen V, Lilly B, Castro C. The exoskeletal structure and tensile loading
behavior of an ant neck joint. J Biomech. 2014;47:497-504.

23. Berry RP, Ibbotson MR. A three-dimensional atlas of the honeybee neck.
PLoS One. 2010;5:210771.

24. Wagner DL, Liebherr JK. Flightlessness in insects. Trends Ecol Evol. 1992;7:
216-20.

25.  Brothers DJ, Tschuch G, Burger F. Associations of mutillid wasps
(hymenoptera, Mutillidae) with eusocial insects. Insect Soc. 2000;47:201-11.

26.  Liu S-P, Wipfler B, Niitsu S, Beutel RG. The thoracic anatomy of the male and
female winter moth Nyssiodes lefuarius (Lepidoptera: Geometridae) and
evolutionary changes in the thorax of moths and butterflies. Org Divers
Evol. 2017;17:565-94.

27.  Marden JH. Variability in the size, composition, and function of insect flight
muscles. Annu Rev Physiol. 2000;,62:157-78.

28. Peeters C, Ito F. Wingless and dwarf workers underlie the ecological success
of ants (hymenoptera: Formicidae). Myrmecol News. 2015;21:117-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://elifesciences.org/lookup/doi/10.7554/eLife.01539

