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Abstract

Ants are highly polyphenic Hymenoptera, with at least three distinct adult forms in

the vast majority of species. Their sexual dimorphism, however, is overlooked to the

point of being a nearly forgotten phenomenon. Using a multimodal approach, we

interrogate the near total head microanatomy of the male of Dorylus helvolus, the

“sausagefly,” and compare it with the conspecific or near-conspecific female castes,

the “driver ants.” We found that no specific features were shared uniquely between

the workers and males to the exclusion of the queens, indicating independence of

male and worker development; males and queens, however, uniquely shared several

features. Certain previous generalizations about ant sexual dimorphism are con-

firmed, while we also discover discrete muscular presences and absences, for which

reason we provide a coarse characterization of functional morphology. Based on the

unexpected retention of a medial carinate line on the structurally simplified mandible

of the male, we postulate a series of developmental processes to explain the pattern-

ing of ant mandibles. We invoke functional and anatomical principles to classify sen-

silla. Critically, we observe an inversion of the expected pattern of male-queen

mandible development: male Dorylus mandibles are extremely large while queen

mandibles are poorly developed. To explain this, we posit that the reproductive-

limited mandible phenotype is canalized in Dorylus, thus partially decoupling the

queen and worker castes. We discuss alternative hypotheses and provide further

comparisons to understand mandibular evolution in army ants. Furthermore, we

hypothesize that the expression of the falcate phenotype in the queen is coinciden-

tal, that is, a “spandrel,” and that the form of male mandibles is also generally coinci-

dental across the ants. We conclude that the theory of ant development and

evolution is incomplete without consideration of the male system, and we call for

focused study of male anatomy and morphogenesis, and of trait limitation across all

castes.

Received: 26 March 2021 Revised: 12 August 2021 Accepted: 15 August 2021

DOI: 10.1002/jmor.21410

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. Journal of Morphology published by Wiley Periodicals LLC.

1616 Journal of Morphology. 2021;282:1616–1658.wileyonlinelibrary.com/journal/jmor

https://orcid.org/0000-0002-4588-0430
https://orcid.org/0000-0002-0433-7626
https://orcid.org/0000-0001-5627-2302
mailto:boudinotb@gmail.com
mailto:olivia.moosdorf@uni-jena.de
mailto:olivia.moosdorf@uni-jena.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jmor
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmor.21410&domain=pdf&date_stamp=2021-09-12


K E YWORD S

anatomical atlas, evolutionary developmental biology, sensilla patterning, sexual dimorphism,
skeletomusculature

1 | INTRODUCTION

In short, we can readily perceive a reason for metamor-

phosis, but how the differences between young and

adult have come about, and how two [or more] distinct

creatures can develop from one egg are questions diffi-

cult to answer. – Snodgrass (1954).

Si les males des [tout animal] ont quelque droit de

s'enorgueillir [de n'importe quoi], il n'en est pas de

même chez les fourmis. Ce sont des êtres faibles, dés-

armés, sans intelligence et sans industrie, dont la prés-

ence momentanée n'a d'autre but que d'assurer la

propagation de l'espèce. Aussi, dès que leur mission

fécondatrice est terminée, ce qui a lieu ordinairement

peu de jours après la naissance, ils errent au hasard,

comme des êtres désormais inutiles, et meurent

bientôt misérablement, quand ils ne deviennent pas la

proie des oiseaux ou des insectes carnassiers. –

André (1885).

Dorylus helvolus (L. 1764) was one of the original 17 ant species

recognized by Linnaeus. These ants he knew as massive, hirsute

wasps—attributed to the genus Vespa—with a cylindrical abdomen,

hyaline wings, highly compressed femora, and a brick-red color. So

distinct were these winged mysteries that a separate family was des-

ignated for them, and confusion reigned over the identity of the

female for nearly a century until the fortuitous discovery of males in

the raiding ranks of workers (Savage, 1849). Now known as

“sausageflies” and “driver ants,” for the male and females respec-

tively, the polymorphism and polyphenism of Dorylus is so extreme

that a third of all species are known only from the males, a fifth only

from the aggressive workers, and a tenth only from the gigantic, blind,

and wingless queens (Figure 1, Supplementary material, Table S1; Bol-

ton, 2021). How many of these form-specific species are taxonomic

synonyms remains a valid biological question. Historically viewed, the

parallel taxonomy of the genus Dorylus is emblematic of the stark sex-

ual dimorphism widespread in the subfamily Dorylinae, the family

Formicidae, and the order Hymenoptera more broadly.

The phenomenon of sexual dimorphism in ants has been known

for at least two and a half centuries (Réaumur, [1742–1743]), but it

appears largely forgotten or simply neglected as males remain under-

studied, even for the Hymenoptera as a whole (Boomsma et al., 2005;

Stubblefield & Seger, 1994). Post-embryonic developmental patterns

resulting in the sexual dimorphism of ants, however, can be generally

characterized. Dependent on queen inhibition and juvenile hormone

(JH) expression at critical periods in development (Wheeler, 1986,

F IGURE 1 Representatives of the
three castes of Dorylus to scale,
demonstrating typical sizes and size range
for the genus. (a) Dorylus nigricans
terrificus, dealated male
(CASENT0172650). (b) Dorylus affinis
pulliceps, apterous queen
(CASENT911328). (c–e) Dorylus helvolus,
workers (CASENT0256791,
CASENT0235177, CASENT0235883).
Imagers: April Nobile (a), William Ericson
(b, e), Bradley Reynolds (c), Shannon
Hartman (d)
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1991), size is the first clear differentiation of larval morphology, with

reproductive-destined larvae having larger bodies (Pontieri

et al., 2020). Potential exceptions include those species with “micro-

queens” and “micro-males,” such as Formica microgyna Wheeler, 1903

and Formica exsecta Nylander, 1846 (Agosti & Hauschteck-

Jungen, 1987; Fortelius et al., 1987), and Cataglyphis bombycina

(Roger, 1859), which has both discrete micro-queens and discretely

large-headed workers (Molet et al., 2014). The larvae of the reproduc-

tive castes can be further separated by their genital imaginal discs

(Penick et al., 2014) and eventually by development of the gonads

(Ortius-Lechner et al., 2003). In the last larval instar, the wing imaginal

discs either attain their full size or are degenerated; these discs are

crucial for regulating worker caste polyphenism (e.g., Abouheif &

Wray, 2002; Koch et al., 2021; Rajakumar et al., 2018), at least in

formicines and myrmicines (Béhague et al., 2018), and can also result

in winged-wingless polyphenism in males if their development is inter-

rupted (Oettler et al., 2018). The specific structural transformations

through metamorphosis in ants are not well understood, but this

phase of development results in the anatomically and functionally dif-

ferentiated adults.

TABLE 1 Summary of general phenotypic differences between the sexes of ants

Character State: M State: F Reference

Ploidy Haploid Diploid –

Body (total size) Usually smaller Usually larger Réaumur, 1926; Divieso et al., 2020

Head (relative size) Usually smaller Usually larger De Andrade & Baroni Urbani, 1999

Body (overall color) Usually paler Usually darker Miyazaki et al., 2014

Cuticular hydrocarbons (CHCs) Quantitatively dissimilar – Strenger & Menzel, 2020

CHCs Qualitatively dissimilar,

sometimes

– Strenger & Menzel, 2020

Sensilla basiconica on antenna Not expressed Expressed Walther, 1985; Renthal et al., 2003;

Okada et al., 2006; Nakanishi

et al., 2009; Barsagade et al., 2010;

Ghaninia et al., 2018

Antennomere count Usually F + 1 F Wheeler, 1910, BEB pers. obs.

Scape length Shorter in most

subfamilies

Longer in most

subfamilies

Boudinot, 2015

Pedicel Sometimes swollen,

barrel-shaped

Not swollen, barrel-

shaped

Wheeler, 1910; Nakanishi et al., 2009

Flagellum Sometimes thin, short,

whip-like

Thick, longer, not

tapering to apex

Wheeler, 1910; Nakanishi et al., 2009

Flagellum Sometimes massive and

elongate

Neither massive nor

elongate

Wheeler, 1910; Nakanishi et al., 2009

Johnston's organ Larger so far as known Smaller so far as known Wheeler, 1910

Mandible orientation Hypognathous Prognathous Baroni Urbani et al., 1992; Bolton,

2003

Mandibles Usually smaller,

sometimes

rudimentary

Usually larger Bolton, 2003; Boudinot, 2015

Palpomere count Often fewer Often more Bolton, 2003

Eyes, optical lobes, mushroom bodies Larger Smaller Gronenberg & Hölldobler, 1999;

Gronenberg, 2008; Narendra

et al., 2011

Mesoscutal notauli Often developed Rarely developed Wheeler, 1910; Boudinot, 2015

Wing venation Sometimes distinct – Perfilieva, 2010

Meso- and metasoma form Usually distinct – Boudinot, 2015

Wings Almost always present Diphenic. Wheeler, 1910

Genitalia Male Female Boudinot, 2013, 2018

Life span Short-lived Long-lived Wheeler, 1910; Shik et al., 2013; Shik

et al., 2012

Note: Flagellum variation in males versus females can be considerable, and that male ant genitalia are elaborate, regardless of the degree of simplification.

These differences form the framework of expectation for our study, thus patterns not previously observed are remarked upon here as “unexpected”
Abbreviations: M, male; F, female.
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Although work focused on ant sexual dimorphism is slim, some

general phenotypic qualities are known which distinguish adult males

from females, besides the internal reproductive organs (Table 1). The

proximal causes of these sex-limited differentiations are, for the most

part, untested or purely unknown in the ants. An exception is the

color dimorphism of the ant genus Diacamma, which was demon-

strated to be determined by expression of the gene yellow in females

via RNA interference, and which has implied that a distinct and as-yet

unknown mechanism of yellow regulation exists in ants as compared

to Drosophila (Miyazaki et al., 2014). Through comparison of the

hymenopterans Apis and Nasonia, it has become apparent that

although the primary signal for sex determination varies across the

universally haplodiploid Hymenoptera, that is, single- or multigene

complementary sex determination or maternal imprinting (Asplen

et al., 2009; Heimpel & de Boer, 2008), the genetic doublesex-trans-

former pathway does initiate the sex differentiation cascade (general:

Sánchez, 2008; Verhulst et al., 2010; Patrella et al., 2019; ants:

Nipitwattanaphon et al., 2014; Klein et al., 2016). The downstream

patterns of sex differentiation are all but undefined in Formicidae, as

are the actual anatomical transformations of the larva through pupa-

tion to phenotypic maturity. Given the largely unknown or

undemonstrated patterns of development in Formicidae, these facts

highlight the value and need of anatomical precision in linking geno-

type to phenotype (for a brief historical overview, see Appendix).

In the present work, we focus on the head anatomy and sensilla

armament of ants, using three recent studies as our empirical and con-

ceptual foundation (Richter et al., 2019, 2020, 2021). These studies

have compared the entire head complex of a phylogenetically diverse

sample of ant workers, documenting deep conservation of sclerite and

soft tissue organization, and establishing Remanean (topological

and phylogenetic-distributional) homology hypotheses for the com-

plete head musculature (Remane, 1956). In addition to realizing

unappreciated variation of the tentoria (e.g., Kubota et al., 2019),

three innovations documented in these studies are here recognized as

of key interest for developmental and evolutionary study: the newly

discovered torular apodemes (Richter et al., 2020), the “frontal trian-
gle” or “supraclypeal area” (e.g., Keller, 2011), and the highly modified

and variable anterior (dorsal) craniomandibular articulation (Richter

et al., 2019, 2021). The latter anatomical complex is of special impor-

tance due to the critical ecological value and mechanical importance

of ant mandibles (Wilson, 1987; Gronenberg et al., 1998; Zhang, Li,

et al., 2020). Further anatomical variation was also observed in the

development of the pharyngeal and labial muscles, as well as in mus-

cular proportions and origin points. Altogether, these studies make

clear that explicit functional and phylogenetic analyses are required

(e.g., Keller, 2011; Keller et al., 2014; Paul & Roces, 2019; Peeters

et al., 2020; Booher et al., 2021). For our purposes, however, we reit-

erate that all of these new anatomical discoveries and insights have

been limited to workers (i.e., females); this applies for the theory of

caste differentiation in ants as well.

Overall, these are many of the generally accepted facts, patterns,

and recent discoveries of ant sexual dimorphism and female-specific

morphology that are key to our study. Here, we atlas the head

anatomy of a male ant for the first time, and provide the first detailed

comparison among males, queens, and workers. Our comparisons are

of the sausagefly and the subterranean driver ants, representing the

species D. helvolus, and three distantly related species of known phy-

logenetic relationship. The primary objectives of this work are three-

fold: (1) establish the first comparison point for male ant head

anatomy; (2) compare the male with the conspecific or near conspe-

cific female castes to understand patterns of sexual dimorphism and

the within-sex polyphenism of females; and (3) compare the male with

a diverse sample of previously documented workers to develop an

understanding of developmental and phylogenetic patterns. At a

higher level of synthesis, our objective is to comprehend the head

from the perspectives of comparative anatomy, development, and

phylogeny. We expected to find sex-specific differences at the outset

of this study, similar to those outlined in Table 1, but took a neutral

stance for the interpretation of specific patterns, and about whether

males would be more similar to queens or would share specific and

unique features with workers. Our overarching goal is to guide future

anatomical, developmental, and evolutionary studies on ant poly-

phenism and sexual dimorphism.

2 | MATERIAL AND METHODS

2.1 | Specimens and preparation

Male specimens of D. helvolus (Linneus, 1764) were collected by

P. Jałoszy�nski at the Silaka Reserve (�31.6511� 29.5086�, 35 m elev.)

in South Africa at a light on November 17, 2019. The identification

was confirmed by manual dissection of the genitalia, comparison to

imaged specimens on AntWeb.org (AntWeb, 2021), and reference

to the primary literature (key to subgenera: Wheeler, 1922, Gotwald

Jr, 1982; key to and description of South African species:

Arnold, 1915; genital illustration of S. African species D. attenuatus

Santschi: Santschi, 1939). The specimens were fixed in a formalin-

ethyl-acetate-ethanol (FEA) solution and stored in 70% ethanol. After

washing in a graded series of ethanol (80%, 90%, 96%, 3 x 100%), two

males were soaked in iodine overnight to increase contrast. The speci-

mens were then washed five times in acetone for 15 min, until no

more iodine could be seen. They were then critical point dried with

liquid CO2 in an Emitech K 850 Critical Point Drier (Quorum Technol-

ogies Ltd., Ashford, England). Voucher specimens are deposited in the

collection of the Jena Phyletisches Museum (JPMC; Institut für

Zoologie und Evolutionsforschung, FSU Jena); CASENT0753209 was

used for genital dissection, �10 for mouthpart SEM, and �11 for

head photography (collection data uploaded to AntWeb).

Worker D. helvolus, queen Dorylus, and other castes and taxa

were examined via photomicrographs and scanning electron micro-

graphs (SEMs) available from AntWeb.org (AntWeb, 2021). The SEMs

of worker D. helvolus are part of the Atlas of Ant Morphology created

by Keller (2011). Because images were unavailable for conspecific

queens, we evaluated all digitally available specimens and referred to

illustrations of D. helvolus praetoriae Arnold, 1946 in the literature
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(Arnold, 1946). To illustrate the queen phenotype, we chose two spe-

cies. The first, Dorylus affinis pulliceps Santschi, 1917, is a relatively

closely related species formerly attributed to the nominotypical sub-

genus, Dorylus (Dorylus) Fabricius, 1793, to which both species belong.

The second, Dorylus nigricans molestus (Gerstäcker, 1859), is a less

closely related species formerly attributed to the surface-raiding sub-

genus Anomma Shuckard, 1840. The two respective subgenera are

now referred to as the helvolus and nigricans species groups

(Borowiec, 2016, 2019).

2.2 | Imaging and image data processing

2.2.1 | Macrophotography

Two dried heads were affixed to a minuten pin with superglue, then

moved into appropriate position with a Patafix roller on a glass slide.

Images were taken with a Canon EOS 7 D Mark II with a Canon MP-

E65 macro lens with a bellows device. Two flashes were used to pro-

vide soft light through a transparent plastic cylinder. Image stacks

were montaged using Zerene Stacker (Zerene Systems LLC,

Richland, WA).

2.2.2 | Scanning electron microscopy

Antennae and mouthparts were manually dissected for scanning elec-

tron microscopy (SEM). Each part was affixed to a minuten pin with

superglue then set in a rotatable sample stage (Pohl, 2010). The body

parts were sputter coated with gold using an Emitech K 500 (Quorum

Technologies). Scanning electron microscopy was performed with a

Philips ESEM XL30 (Philips, Amsterdam, Netherlands) with Scandium

FIVE software (Olympus, Münster, Germany).

2.2.3 | Micro-computed tomography scanning

For μ-CT, the head of one critical-point dried specimen was inserted

into a pipette tip, then scanned with a Bruker SkyScan 2211 (Max-

Planck-Institut für Menschheitsgeschichte, Jena, Germany), without a

filter, emploaing the CCD camera of the machine. The head of a sec-

ond specimen was scanned in ethanol in a pipette tip. The energy was

40 kV, current 300 μA, exposure 1.9 s, with a resultant voxel size of

1.10 μm3 for the dry specimen and 40 kV, current 270 μA, exposure

2.9 s, with a resultant voxel size of 1.70 μm3 for the ethanol scanned

specimen. Both scan sets were performed in microfocus mode with a

0.18� rotation step around 360�.

2.2.4 | 3D-modeling and volume calculation

Segmentation of the μ-CT data set was performed in Amira 6.1 (Visage

Imaging GmbH, Berlin, Germany). In order to segment the cuticle, about

each tenth image was labeled in Amira then semiautomatic segmenta-

tion was carried out with Biomedisa (Lösel & Heuveline, 2016; Lösel

et al., 2020). The segmented objects were exported as .tiff image stacks

and imported into VG-Studio Max 3.3.6 (Volume Graphics GmbH, Hei-

delberg, Germany) for modeling. Structures were displayed as Phong

volume renders. The specimen scanned in ethanol was visualized in VG

Studio Max 3.3.6 without prior segmentation. The raw scan data of the

focal critical-point- dried specimen are available at Zenodo.org (doi:

10.5281/zenodo.4776113).

2.2.5 | Image processing

All images were edited and arranged into plates with Adobe Photo-

shop® CS6 (Adobe System Inc., San Jose, CA) and Adobe Illustrator®

CS6 (Adobe Systems Inc.); labels were applied using the latter

program.

2.3 | Morphometrics

To compare the size of the maxillolabial complexes (MLC) between

the male and worker, we measured the following distances on the

specimens subjected to SEM or μ-CT: Inter-hypostomal width (IHW),

as measured between the apices of the hypostomal teeth; and oral

foramen width (OFW), as measured between the lateralmost points of

the atala (“abductor swelling”). We then divided the IHW by the OFW

to obtain the maxillolabial width ratio (MWR), an estimate of the rela-

tive length of the MLC. We chose to measure the IHW specifically as

the hypostoma is a rigid structure which bears the MLC, whereas the

MLC itself is a highly mobile set of structures that may not always be

preserved in a consistent manner.

2.4 | Concepts and terminology

2.4.1 | Character concept

We are guided in the present work by the concept of developmental

characters and states (e.g., McKenna et al., 2021; Wagner, 2014). A

developmental character is a discrete phenotypic effect caused by

a developmental process and can include individual or iterated (serially

homologous) anatomical entities at one level of organization, and entire

anatomical systems at a higher level of organization. Anatomical entities

are considered to be relatively independent developmentally, and thus

evolutionarily individuated structures or structure systems; such entities

are expected to be the product of modular and autonomous or semi-

autonomous developmental programs (e.g., Wagner, 2007, 2014). A

fine-scale example of iterated phenotypic objects are the “ground” and

“guard” hairs of mammals. The independent sets of ground and guard

hairs would comprise two developmental characters, which can have

quantitatively variable states across the body as well as among species,

such as length, texture, material composition, and so on. Further
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examples of developmental characters specific to Formicidae include

the anteromedian clypeal seta of various Myrmicinae (Bolton, 1994), the

anterolateral pronotal seta of Strumigenys (Bolton, 2000), or the

squamiform seta rows or fields of Rhopalothrix (Longino &

Boudinot, 2013). Pragmatically, developmental characters may be con-

sidered as substantive nouns, and the states as descriptive adjectives. In

the Results, we set the anatomical nouns, including specified points or

surfaces, in bold-face font at their key mention.

2.4.2 | General biological terminology

We employ the terms “polymorphism” and “polyphenism” in the strict

sense, with the former applied to genetically determined and the latter to

environmentally induced phenotypic differentiation (Simpson et al., 2011;

Stearns, 1989). While genetic caste polymorphism does exist in various

species of ants (e.g., Helms Cahan & Keller, 2003), we treat polyphenism

as the null hypothesis for females. We use “reaction norm” and “develop-
mental switch” in the sense of Stearns (1989), that is, phenotypic variation
as a continuous function of an environmental signal, versus phenotypic

variation as discrete functions of an environmental signal being above or

below a given threshold. Also following Stearns (1989), we use the term

“canalization” to mean consistent development of a specific phenotype,

regardless of environmental variation. We consider males and queens to

represent separate castes from workers and soldiers, following

Wheeler's (1991) guidelines defining castes as discrete phenotypic sets

caused by distinct developmental programs. We prefer the term “queen”
to “gyne” in the context of the present work simply for clarity of commu-

nication, as there are no intermediate individuals between the worker and

queen castes in Dorylus. Finally, we employ the antonyms “expected” and
“unexpected” as designators for the novelty of observations given the lit-

erature and prior experience of the authors. If an observation has been

previously documented, it is “expected” (e.g., Table 1); if such an observa-

tion has not been previously documented normade in the prior systematic

and anatomical experience of the authors, it is stated to be “unexpected.”

2.4.3 | General anatomical terminology

The cuticular and muscular terminology largely follows that of Richter

et al. (2019, 2020, 2021), with some slight modifications where neces-

sary to increase the clarity of communication; a subsequent review

and synthesis will be made to unify the terminology. Surface sculptur-

ing terminology for the sclerites follows Harris (1979). In general, we

tend to employ terms preferred by the Hymenoptera Anatomy Ontol-

ogy (HAO, Yoder et al., 2010), but do make exceptions. For example,

we prefer to refer to the entire line that delimits the clypeus from the

cranium as the epistomal sulcus (Keller, 2011; Richter et al., 2019).

Muscle label definitions are provided in Supplementary material,

Table S2. Note that some concepts and concept sets are left unstated

here. Term equivalencies are provided parenthetically throughout the

text to clarify potential “jargon” in order to ease the interpretation of

the description and discussion (see, e.g., Section 2.4.4).

2.4.4 | Digestive tract

We define the head digestive tract as having these sections and

points: the prepharynx, which is that portion orad (oral to) the ana-

tomical mouth opening (AMO), and the pharynx, which is that portion

caudad (caudal to) the AMO. The AMO itself is defined by the inser-

tion point of the transneural muscle M. frontobuccalis anterior (0bu2),

and especially the position of the frontal ganglion, which encircles

0bu2 anteriorly. (Transneural = encircled by nervous tissue.) Conse-

quently, the “postpharyngeal” gland of the myrmecological literature

is now interpreted as the “pharyngeal” gland (Richter et al., 2020). As

the distal portion of the hypopharynx is integrated with the labium, it

is treated there. In our terminological system, the hypopharynx is fur-

ther divided into a medial portion, which forms the infrabuccal pocket,

and a proximal portion, which constitutes the ventral wall of the pre-

pharynx. We pragmatically partition the epipharynx into distal, medial,

and proximal portions: the distal epipharynx corresponds to the

unsclerotized oral surface of the labrum in “Symphyta”
(Vilhelmsen, 1996), the medial epipharynx connects to the proximal

margin of the labrum, and the proximal epipharynx constitutes the

dorsal wall of the prepharynx.

2.4.5 | Sensilla

For the purpose of description and discussion, we refer to “sensilloid”
and “sensillum” structures. The former category represents the phe-

notypic objects that are described based on purely structural observa-

tions, while the latter represents structural observations that are

combined with experimental (physiological) data and/or functionally

relevant anatomy. Because we did not perform histology, our obser-

vations of these structures were limited to external surfaces; a further

limitation was the obtained SEM resolution, which was not sufficient

to observe pore patterning or the absence thereof. Consequently, we

describe sensilloid structures in the results section, and integrate sen-

sillar information in the discussion section. This clarification was

spurred by conflicting terminology used by the HAO and DAO (Dro-

sophila Anatomy Ontology, Costa et al., 2013). For discussion of the

higher conceptual terms employed for the sensilla, see Section 4.3.

Stemming from review of the sensilla literature, we apply the

term “sensilloid structure” to include potential sensory structures of

various form, such as scale- and button-shaped phenotypic objects. In

other words, any putative sensilla in our study is referred to as a sen-

silloid structure. We employ the term “sensilloid patterning” to mean

the distribution and form of individual or spatially clustered sensilloid

structures. For the appearance of certain hair-like sensilloid patterns,

we use the term “villous” in the botanical sense, meaning “long and

perhaps shaggy but not matted.” Importantly, sensilloid structures can

be arranged singularly, in pairs, in rows of three or more, or in fields

with various subpatterning; at least in Drosophila, sensilla position ste-

reotypy is known to be regulated by lateral inhibition (e.g., Corson

et al., 2017). To describe the stature (inclination) of hair-like sensilloid

structures (setae), we use the system of Wilson (1955). “Appressed”
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setae are flat or prostrate on the cuticular surface (�0–10� angle);

“decumbent” setae are standing up higher, but not at a 45� angle

(�10–40� angle); “subdecumbent” setae are at about a 45� angle

(�40–50� angle); “suberect” setae are inclined above 45� but are not

near a right angle (�50–85� angle); and “erect” setae are at about a

right angle (�85–95� angle). All statements of stature are based on

visual estimation.

2.4.6 | Head orientation

We realized during the process of considering head orientation that the

general terminology (e.g., prognathy, hypognathy, orthognathy; see

Beutel et al., 2014) does not adequately describe the anatomical condi-

tions observed in ants, which are narrow necked and dynamically flexible

as compared to Orthoptera or Coleoptera, for example. Because of this,

we chose to apply a neutral terminology specific for the head, and which

can be used instead of or in combination with the meso- and metasomal

body axes. We recognize three defining axes specific to the head: oral-

anal (OA), frontal-abfrontal (FA), and lateromedial (LM). The OA axis

extends from the center of the oral foramen to the center of the fora-

men occipitale; the FA axis extends from the center of the face to the

center of the postgenal bridge (effectively the “abfrontal” surface of the

head); and the LM axis extends from the left side to the right side of the

head. The three planes of the head are formed by the combination of

these axes: the frontal plane combines the OA and LM; the sagittal plane

combines the OA and FA; and the transverse plane combines the FA

and LM. Note that our description treats the antenna as if it were ori-

ented directly away (frontally) from the cranium, thus the antenna is

described by the OA, LM, and proximodistal (PD) axes. We also clarify

the use of the lateromedial and ectomesal designations; the former

defines points, areas, or structures as lateral or medial relative to the sag-

ittal plane, while the latter defines points, areas, or structures that are on

the ectal (external) or mesal (internal/lumenal) surfaces of the body wall.

2.4.7 | Phylogenetic classification

For the discussion section, we briefly summarize the phylogeny of the

Dorylinae and the Formicidae, with Bolton (2003) as our primary ant

taxonomy anchor-point with minor modification, reflecting ongoing

revision of the morphological definitions of the Formicoidea

(Boudinot, 2020; Boudinot et al., 2020). The Dorylinae are a monophy-

letic group of crown ants which are sister to the formican clade

(Myrmeciomorpha, Dolichoderomorpha, Formicinae, Ectatomminae s. l.,

and Myrmicinae); the Dorylinae plus formican clade are themselves sis-

ter to the poneriine clade (Ponerinae, Paraponerinae, Proceratiinae,

Agroecomyrmecinae, Apomyrminae, and Amblyoponinae); these two

clades form the poneroformican clade which is sister to the

Leptanillomorpha (Martialinae, Leptanillinae), and altogether comprise

the crown clade of the Formicidae (Moreau et al., 2006; Brady

et al., 2006; Barden & Grimaldi, 2016; Branstetter, Longino,

et al., 2017; Borowiec et al., 2019; Barden et al., 2020). Within the

Dorylinae there is a polyphyletic grade of numerous genera that were

formerly referred to as the Cerapachyinae (Bolton, 2003;

Borowiec, 2016); deriving from within the cerapachyine grade are two

major clades, the Western (New World) army ants and kin, and the

Eastern (Old World) army ants and kin (Borowiec, 2019). The army ant

representatives of the Eastern clade include Aenictus, Dorylus, and

Aenictogiton, with the latter two forming a clade, while the army ant

genera of the Western clade include Leptanilloides, Neivamyrmex,

Cheliomyrmex, Eciton, Labidus, and Nomamyrmex (Borowiec, 2019). At

the scale of the Aculeata, the Formicidae is sister to the Apoidea, and

both the sister to the Scolioidea (Branstetter, Danforth, et al., 2017;

Johnson et al., 2013; Peters et al., 2017). Further details of ant phylog-

eny are provided in the discussion where necessary.

3 | RESULTS

3.1 | Male anatomy

3.1.1 | Head complex, exoskeleton

Head, overall

The head complex appears hypognathous, with respect to the mouth-

parts, as they are directed ventrally relative to the anteroposterior axis of

the mesosoma, but it appears prognathous with respect to the mandi-

bles, as they are directed orally (anteriorly) relative to the oral-anal axis; it

is transverse, that is, subrectangular in facial view and with the

lateromedial width as measured including the eyes being greater than

the oral-aboral length (Figure 2a, d). The cranium is bulged dorsally rela-

tive to the mesosomal anteroposterior axis (Figure 2d,e); the frontal sur-

face of the head is broadly convex, with a median frontal bulge (fb,

Figure 2d,e) that is developed around the ocellar triangle; laterad the

bulge, the frontal surface is concave, forming the antennocranial contact

surface; the ventrolateral margin of the head, immediately ventrad the

compound eye, is sinuate, with the ventral margin anteroventrally con-

cave and curving through a genal bulge to the posterior head surface (gb,

Figure 2b); the posterior (anal) surface of the head is shallowly concave

in each lateral half of the head, and convex around the countersunk fora-

men occipitale (of, Figure 2c,d), that is, the foramen is raised posteriorly

by the postocciput, which itself arises from a sunken pit. The postgenal

furrow is short and longitudinal, being present on the posteroventral

region of the head capsule, ventrad the foramen occipitale (pgf,

Figure 2c,f). The cuticle is dull and dark brown.

Eyes

Laterally, the head is almost completely covered by the large, approxi-

mately hemispherical compound eyes (ca. 1/3 of the surface of the

head capsule), which comprise �4000 ommatidia each (ce, Figure 2a,

b); the surfaces of the compound eyes are glabrous; the circumocular

sulcus (“ocular suture”) is distinctly impressed and slightly emarginate

in the anterodorsal third and medial region of the eye (cos, Figures 2a

c and 4a). The three ocelli (oc, Figure 2a,d) are ca. 0.65 mm in diame-

ter, thus relatively hypertrophied given the size of the head; the
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median ocellus is located about one ocellus diameter from either of

the lateral ones, and is separated from the compound eyes by about

2.5 � its own diameter; the lateral ocelli are situated near the dors-

almost margin of the head, and are separated from one another by

about 1.75 � their own diameters and from the compound eyes by

about 1.25 x.

Frontotorular complex

The antennal toruli are poorly developed, each represented by a low,

simple, and even rim, without distinct medial or lateral arches (to,

Figure 2e), and are directed frontal–laterally (anterolaterally); they are

situated near the extreme oral (anterior) margin of the cranium, and

are wide set, being separated from one another at a distance that is

about subequal to the distance between the toruli and compound

eyes. The frontal carinae are poorly developed but can be seen as a

short external ridge directly mesad the antennal sockets (Figure 2e).

Tentorial pits

The anterior tentorial pits (at, Figures 2e and 5e0) are small and are

developed at the oral-lateral (ventrolateral) margin of the toruli. The

posterior tentorial pits are located directly laterad the moderately

sized and approximately round foramen occipitale (diameter ca. 1 mm)

in the upper middle region of the slightly convex posterior side of the

head (pits not visible in external renders).

Clypeus

The clypeus, in anterior (facial) view, is broadly concave between the lat-

eral clypeal shelves (cls, Figure 2d); in oral view, it bears a pair of triangu-

lar processes which partially separate the oral and mandibular foramina;

the epistomal sulcus is weakly differentiated from the remainder of the

frontal head surface, making the clypeus difficult to discern externally

(es, Figure 2d); the median portion of the clypeus is almost entirely situ-

ated between the antennal toruli (cm, Figure 2d); the lateral portions of

the clypeus bear subtriangular processes anterolaterad the antennal tor-

uli (cls, Figure 2d); the oral margin is infolded (cam, Figures 2e and 9f),

and concealed anteriorly by the anteromedian clypeal lobe (cml,

Figures 2e and 9f); the surface of the clypeal infold is concave between

the true anterior margin and anteromedian clypeal lobe (cf. Figure 9f),

and it receives the aboral base of the labrum when the labrum is flexed

away from the mouth, that is, when the labrum is completely abducted

away from the mouth (Figure 10c,f).

Mandibular articulations

The atalar and ventral mandibular articulations of both sides are

anteromedially convergent in oral view with mandibles removed, that

is, lines drawn on the respective sides connecting the lateralmost cur-

ves of the concavities, which receive the atala and mandibular con-

dyle, would converge toward the face (dotted line on right side of

head in Figure 2e).

Mouth

The medial oral foramen is open to the two lateral mandibular foram-

ina thus the head has a single ventral oral-mandibular foramen (omf,

Figure 2e); the oral foramen is small, with an MWR (see “morphomet-

rics” above) of 0.37 (n = 1); in oral view, the oral foramen is subequal

in lateromedial length to mandibular foramen (Figure 2e), and the

clypeal and hypostomal processes (clp, hysp, Figure 2e) are closely

approaching one another. The lateral hypostoma, which margins the

mandibular foramen, is long and weakly sinuous in oral view (lhy,

Figure 2e); the lateral hypostoma has a shallow hypostomal hump (hh,

Figure 2e); the medial hypostoma, the region between the

hypostomal processes, is short and corresponding in lateromedial

length to the oral foramen; the stipital furrow (sf, Figure 2e) is distinct

and margined by the oral and aboral hypostomal carinae (hysco,

hysca, Figure 2e); the aboral hypostomal carina is not laminar (hysca,

Figure 2c); a hypostomal cavity, receiving the cardinal bases and car-

dinal condyles, is present (hyc, cc, Figure 2e).

Sensilloid structures

Patterning overview. The sensilloid patterning of the cranium is uni-

form, covering most of the cranial surface, with two distinct glabrous

(bald) patches; the first glabrous surface is that which encircles the

compound eye dorsally, posteriorly, and ventrally (hg1, Figure 2);

the dorsal region of this glabrous surface extends to the lateral ocel-

lus, the posterior region forms a band that is about as wide as the

third antennomere (first flagellomere) is long, and the ventral region

lies between the compound eye and mandibular articulation; the sec-

ond glabrous surface surrounds the postocciput (hg2, Figure 2).

Sensilloid structure classes. The sensilloid structures are sortable into

two classes, both of which are hair-like (thus “setae”): (1) short,

denser, and subappressed (hs1, Figure 2c); and (2) long, diluter, and

variable in stature (hs2, Figure 2b,c).

Sensilloid pattern. The short, dense setae (1-hs1) form a plush field that

covers the face completely, and most of the posterior head surface;

their length decreases near the glabrous surfaces, sometimes appar-

ently discretely so for the first glabrous surface. The long, dilute setae

(2-hs2) form a villous field that covers most of the area that bears the

plush vestiture, with the exception of the cranioscapal contact sur-

face; on the posterior surface of the head, the dense setae are

restricted to the plush field between the occiput and hypostoma.

3.1.2 | Head complex, endoskeleton

The postgenal furrow corresponds with the internal postgenal ridge

(pgr, Figure 9f); the postgenal ridge is dorsoventrally tall and

completely extends from the ventral base of the foramen occipitale,

ventrad the tentorial bridge, to the hypostoma, where it abuts the car-

dinal concavity; it divides the ventral cephalic region along the midline

and forms an attachment area for the mandibular abductor (opener)

muscle. The anterior tentorial arms (ata, Figures 5c and 9a,c) are mas-

sive and nearly perpendicular to the longest axis of the cranium

(in this case, the dorsoventral axis, assuming orthognathy); they con-

nect to the cranium anteriorly, at the lateral bases of the toruli,
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resulting in the formation of the anterior tentorial pits (atp, Figures 2e

and 5e0). The posterior tentorial arms are extremely short, originating

laterad the foramen occipitale at the posterior tentorial pits (pta,

Figure 5c). The narrow and straight tentorial bridge connects the

tentorial arms shortly anterad the foramen occipitale (tb, Figures 5c

and 9c). Two strongly developed tentorial lamellae, serving as muscle

attachment areas, are developed in the posterior half of each anterior

arm; the anterior (dorsomedial) lamella is directed dorsally (dl,

Figures 5c and 9c) and bears the origins of the extrinsic antennal mus-

cles; the posterior (ventromedial) lamella is directed ventrally (vl,

Figures 5c and 9c) and receives the origins of the extrinsic

maxillolabial muscles, with the exception of 0mx3. The torular ridge

(tor, Figure 5e0) corresponds to the external antennal torulus, and

completely surrounds the antennal foramen (af, Figure 5e0); the lat-

eral terminus of the ridge is curled (torc, Figure 5f0), thus cupping

the tendons of the lateral tentorioscapal muscles (0an1, 0an3,

Figure 5c); the antennal condyle of the cranium (antennifer) is

developed on the mesal (internal) oral (ventral) surface of the

torular ridge (acc, Figure 5f0). The torular apodeme encircles the

torular ridge ventrally and medially (toa, Figure 5c), giving the inter-

nal structure of the antennal foramen a double-rimmed appearance,

with duplication of the lateral and medial termini of the rim; it is

produced posteromedially and its apex is downcurved at nearly a

right angle, effectively embracing the medial tentorioscapal muscles

(0an2, 0an4, Figure 5c); its proximodorsal margin is strongly curved,

forming the notch of the torular apodeme (toan, Figure 5f), over

which the lateral vein of the antennal ampulla curves; it also bears

the origin of a pharyngeal muscle (0hy9). The circumocular ridge,

corresponding to the exterior circumocular sulcus (cos, Figure 5a)

and surrounding the interior ommatidial foramen, is well-developed

(cor, Figure 5a–c).

3.1.3 | Antenna

The scapes are reddish-brown, in contrast to the cranium (head

capsule) and similar to the mandibles; the flagellae are slightly

yellowed distally, giving them an orange appearance. The antennae

(bu, sc, pd, fl, Figure 2) are more than twice as long as the dorso-

ventral length of the head, that is, the distance between the oral

(anterior) clypeal margin and dorsal head margin. The antennal

ampulla (amp, Figure 5e0) is a transverse sac-forming membrane

that connects to the lumina of the antennae; it extends across the

aboral-most portion of the clypeus, traversing the aboral-most

section of the epistomal sulcus (es, Figures 2d and 5e0); in dorsal

view, the ampulla is anteroposteriorly thin; in anterior (ectal) or

posterior (mesal) view, the lateral vessel of the antennal ampulla

(ampl, Figure 5e0) is dorsoventrally broad and poorly differentiated

from the medial portion of the ampulla; the lateral vessels arch over

the dorsal proximal dorsomedial notches of the torular ridges to

connect with the lumina of the antennae. Each bulbus, that is, the

proximal articulatory part of the scapus, is deeply sunk into the

torular acetabulum, but a considerable part is still visible externally

(bu, Figure 2a,d); the internal surface of the bulbus forms an

attachment area for the extrinsic antennal muscles; the shaft of the

scapus is smooth, shining, and without distinct punctae over

much of its surface, similar to the mandibles; it is about twice as

thick as the flagellum, about 1/3 as long as the entire antenna,

and somewhat more than half the dorsoventral head length (sc,

Figures 2a,d and 3a); it is somewhat lateromedially compressed

and proximodistally curved, such that the lateral surface (which

contacts the surface at full antennal flexion) is concave, and the

medial surface is convex; the distal rim and lobes of the scapus

enclose almost the entire circumference of the pedicellus (scl,

Figures 2a,b and 3a), restricting pedicellar movement to the oral-

aboral axis. The pedicellus is bell-shaped, with a ball-like proximal

articulatory region, and a cone-shaped distal portion which

expands distally before narrowly constricting at its distal margin

(pd, Figures 2a and 3a). The flagellum comprises 11 flagellomeres

(fl, Figures 2a and 3a); while flagellomere I (antennomere III) is

nearly twice as wide as long, flagellomeres II–X are about twice as

long as wide, with their lengths increasing distally; the terminal

flagellomere is distinctly differentiated, being long and thin,

resembling a thick finger.

Sensilloid structures

Patterning overview. The sensilloid patterning (SP) of the antenna has

a distinct zonation on each of the segments, that is, the scape, pedicel,

and multiannulate flagellum. The SP of the bulbus (a) is a dense field;

the SP of the scape shaft (b) varies along its length, with the shaft

being densely setose in its proximal 1/7th portion, while the apical

6/7th portion is almost completely glabrous; the SP of the pedicel

(c) is sparse on the pedicellar bell (c0), except for a proximal patch on

its scapal contact surface (c00); the SP of the flagellum (d) is asymmetri-

cal, with sensilloid structures largely restricted to the medial surface

(apparent anterior surface), which forms a primary sensilloid field

(fsf1, Figures 2a and 3a), in contrast to the lateral surface (apparent

posterior surface), which forms a secondary sensilloid field (fsf2,

Figures 2a and 3a).

Sensilloid structure classes. The antennal sensilloid structures are sort-

able into seven classes, with variable appearance and stiffness, while

an eighth was observed only in workers: (1) short, bristle-like, and

erect (as1, Figure 3a); (2) short, hair-like, and approximately decum-

bent (as2, Figure 3a); (3) short, thin, hair-like, and appressed (as3,

Figure 3a,c); (4) short, thin, hair-like, and approximately decumbent

(as4, Figure 3d); (5) long, thin, hair-like, approximately erect, and stiff

(as5, Figure 3c); (6) long, thin, hair-like, variably erect, and flexuous

(as6, Figures 2a and 3a); (7) short, thick, blade-like, and approximately

decumbent (as7, Figures 2a and 3d); (8) longer, thick, blade-like, and

erect (as8, Figure 12d–f).

Sensilloid pattern. The short and bristle-like setae (1-as1) form a dense

field on the bulbus (a). The short hair-like and leaning setae (2-as2)

occur as a field on the pedicellar contact surface (c00) and are curved,

as compared to the bulbus bristle-like setae. The short hair-like and
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prostrate setae (3-as3) occur dilutely on the proximal contact surface

of the pedicellar bell (in distinction to the primary scapal contact sur-

face) (c0), and densely on the proximal primary contact surfaces of all

flagellomeres (d) except apparently the proximalmost. The short hair-

like and approximately decumbent setae (4-as4) are interspersed

among the thick blade-like (as7) and long hair-like (as4) structures on

the medial flagellomere surfaces (d) and extend dilutely onto the lat-

eral flagellomere surfaces. The long hair-like and stiff setae (5-as5)

occur dilutely on the primary sensilloid fields alongside the short hair-

like (as4) and the short blade-like (as7) structures of the flagellomeres

(d), but also occur sporadically on the more glabrous side, becoming

denser toward the antennal apex. The long hair-like and flexuous

setae (6-as6) occur on the proximal portion of the scape shaft (b). The

short, thick, and blade-like structures (7-as7) form the primary sen-

silloid field of the flagellum (d); these structures are set in broad

sockets that themselves are set in distally oriented micro-sulci; the

base of the structure itself comprises a broad disc, from which

the shaft of the blade arises in the proximal portion; the base of the

shaft has a diameter that exceeds the diameter of the proximal disc;

the shaft is lateromedially compressed, thus does not have a terete

(circular) cross-section; the shaft curves slightly distad, and has an

acute apex. (8-as8) the longer, blade-like structures were not observed

in the male.

Musculature

The action of the scapus is caused by contraction of four extrinsic

antennal muscles which originate on the lamellae of the tentorial

arms; the tendons of 0an1 and 0an3, and those of 0an2 and 0an4 are

closely adjacent; 0an2 is the least voluminous extrinsic antennal mus-

cle. The action of the pedicellus and distally attached flagellum is

F IGURE 2 Dorylus helvolus, head of a male. (a–c) Photomicrographs. (d–f) 3D reconstructions. (a, d) Head in frontal (anterior) view. (b) Head in
lateral view. (c, f) Head in postgenal (posterior) view. (e) Head in oral view. ala, atalar acetabulum; as6, setae of the sixth antennal class; atp,
anterior tentorial pits; bu, bulbus; cam, true anterior clypeal margin; cc, cardinal condyle; ce, compound eye; cd, cardo; clp, lateral clypeal process;

cm, medioclypeus; cml, anteromedial lobe of clypeus; cos, circumocular sulcus; dma, dorsal mandibular articulation; es, epistomal sulcus; fb, frontal
bulge; fc, frontal carinae; fsf1, fsf2, primary and secondary seta fields of the flagellum; gb, genal bulge; hg1, hg2 first and second glabrous surfaces
of head; hh, hypostomal hump; hs1, hs2, setae of the first and second head classes; hyc, hypostomal cavity; hysca, aboral hypostomal carina;
hysco, oral hypostomal carina; hysp, hypostomal process; lb, labium; lbr, labrum; lhy, lateral hypostoma; lll, lateral longitudinal mandibular carina;
md, mandible; mds1, first class of mandibular setae; mx, maxilla; oc, ocellus; of, foramen occipitale; omf, ocular-mandibular foramen; pgf,
postgenal furrow; pm, prementum; pocc, postocciput; pt, prothorax; sc, scape shaft; scl, distal scapal lobe; stpd, distal stipital portion; stpp,
proximal stipital portion; stf, stipital furrow; to, torulus; vma, ventral mandibular articulation
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caused by contraction of two muscles which originate within the

scape shaft. The tendons of 0an6 and 0an7 are short but distinct.

(1) M. tentorioscapalis anterior (M. 1/0an1; Figure 5a,c,e). O (= origin):

On the cup-shaped surface of the anterior (dorsomedial) tentorial

lamella. I (= insertion): The oral-lateral margin of the bulbus. (2) M.

tentorioscapalis posterior (M. 2/0an2; Figure 5a,c,e). O: On the ventral

surface of the anterior (dorsomedial) lamella of the anterior tentorial

arm. I: On the aboral-medial (dorsomedial) margin of the bulbus.

(3) M. tentorioscapalis lateralis (M. 3/0an3; Figure 5a,c,e). O: On the

oral-ventral surface of the anterior (dorsomedial) lamella of the ante-

rior tentorial arm. I: On the aboral-lateral (dorsolateral) margin of the

bulbus. (4) M. tentorioscapalis medialis (M. 4/0an4; Figure 5a, c, e). O:

On the surface between the anterior and posterior lamellae of the

anterior tentorial arm, below 0an1. I: On the oral-medial margin of the

F IGURE 4 Dorylus helvolus, scanning electron micrographs of the labrum of a male. (a) Aboral (apparent anterior) view. (b) Oral (apparent
posterior) view. ep, epistoma; lbrp, labral process; ldl, distal labral lamella; lmf, medial labral furrow; ls1, ls2, setae of the first and second labral
classes; ltra, aboral labral transverse ridge; ltro, oral labral transverse ridge

F IGURE 3 Dorylus helvolus, scanning electron micrographs of the antenna of a male. (a) Overview of the antenna in dorsal (apparent lateral)
view. (b) Apical antennomere in medial (apparent frontal) view. (c) Seventh antennomere in dorsal (apparent lateral) view. (d) Detailed view of the
sensilla of the seventh antennomere. as1–7, setae of the antennal classes 1–7; fsf1, fsf2, primary and secondary seta fields of the flagellum; pd,
pedicellus; sc, scape shaft; scl, distal scapal lobe
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bulbus. (5) M. scapopedicellaris lateralis (M. 5/0an6;Figure 5b0). O: On

the lateral surface of the scape shaft, extending from the base of the

shaft to about 2/3 the total length of the shaft. I: On the lateral rim of

the pedicellar base. (6) M. scapopedicellaris medialis (M. 6/0an7;-

Figure 5b0). O: On the medial surface of the scape shaft, not quite

reaching the shaft base. I: On the medial rim of the pedicellar base.

F IGURE 5 Legend on next page.
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3.1.4 | Labrum

The labrum is arc-shaped and has a reddish-brown coloration (lbr,

Figure 2a, c). The aboral surface of the labrum is smooth and shining.

The transverse labral ridge occurs proximally on the aboral surface

(ltra, Figure 4a) and is shallowly arcuate; it divides the proximal

clypeal contact surface from the distal seta-bearing surface. The

median aboral region of the labrum is shallowly and longitudinally

(proximodistally) furrowed (lmf, Figure 4a). The distal labral margin is

evenly rounded from the lateral bases to the apex and lacks a distal,

median emargination; the distal labral margin bears a distal lamella

that is produced as a thin and narrow rim where it meets the oral

labral surface (ldl, Figure 4a); in distal view, it can be seen that the

apex of the labrum is weakly pointed (lbr, Figure 2c). The oral surface

of the labrum is sclerotized, nearly flat, and is entirely glabrous and

smooth. The transverse ridge of the oral labral surface is located

proximally (ltro, Figure 4b), and is weakly produced laterally, forming

the underdeveloped labral processes (lbrp, Figure 4b). Proximad the

aboral transverse ridge is the labral articulation to the clypeus, which

is laterally and proximally connected to sclerite via conjunctiva, and

on the oral surface is proximally continuous with the medial portion

of the epipharynx (ep, Figure 4b). When closed over the oral foramen,

the distal margin of the labrum fits into the transverse stipital sulcus,

thus almost completely covering the maxillolabial complex.

Sensilloid structures

Patterning overview. The sensilloid patterning of the labrum comprises

two classes distributed solely on the aboral surface, while the oral sur-

face is glabrous; sensilloid structures do not occur proximad the aboral

transverse ridge, nor do they occur in the longitudinal furrow.

Sensilloid structure classes. The labrum bears two distinct categories of

sensilloid structures, all of which are flexuous and hair-like (thus

“setae”): (1) short-to-long, thin, field-forming, and variable in stature

(ls1, Figure 4a); and (2) long, thicker, location-specific, and more erect

(ls2, Figure 4a).

Sensilloid pattern. The short, thin setae (1-ls1) form a field over most

of the setose labral surface, being less dense in occurrence at the lat-

eralmost regions of the transverse ridge; these setae appear denser

toward the labral apex and along the transverse ridge, along the distal

labral lamella. The long, thick setae (2-ls2) are four in count and are

specifically located on the transverse ridge, with the laterally paired

setae being closer to one another, and with the pairs distant from one

another.

Musculature

Only one strongly developed extrinsic muscle is present.

(1) M. frontoepipharyngalis (M. 9/0lb2; Figure 10a,d). O: On the frontal

surface of the head capsule (cranium) ventrolaterad (oral-laterad) the

median ocellus and laterad 0hy1 and 0bu3. I: On the proximolateral

surfaces of the oral labral surface via a long tendon.

3.1.5 | Mandible

External structures

The mandible is shining and reddish-brown (md, Figure 2); in facial

view it appears falcate (sickle-shaped), with a lateromedially broad

proximal half that tapers through a concave curve to the rounded and

ventromedially-directed tip (Figure 6a); the length in frontal view is

about 3x the maximum width; in medial view, the mandible is

fronto-abfrontally compressed, with the apex slightly downcurved

(i.e., curved posteriorly); in medial view, the mandible is about 5 x

as long as wide. The mandalus (ma, Figure 6a, inset) is present as a

long, narrow median furrow on the proximomedial mandibular base,

near the attachment of the mandibular adductor apodeme (ma,

Figure 5d). The atala (al, Figure 6a, b) is present on the lateral man-

dibular base as a large bulge that is smaller than the cranial condyle

and mandibular acetabulum of the dorsal mandibular articulation

(dma, Figure 6a, b), but considerably larger than the mandibular

condyle (vma, Figure 6b). The ventral mandibular articulation is

largely reduced, with the mandibular condyle represented by a sim-

ple, small, triangular slope posterad the atala (vma, Figure 6b). The

basal and masticatory margins are not differentiated. On the

medial mandibular surface is a longitudinal carina that extends

from the mandibular base to its apex (ll, Figure 6a); it is approxi-

mately aligned with the mandalus; the carina lacks teeth, but the

apex is angular, where its direction changes posterad (aa,

Figure 6a). The mandible also bears a lateral longitudinal carina,

which continues along the posterolateral mandibular margin for

slightly more than half the mandibular length (lll, Figure 2c).

F IGURE 5 Dorylus helvolus, 3D-reconstruction of the mandibular and antennal musculature of a male. (a, b0 , c, e) Antennal muscles. (b, d, f)
Mandibular muscles. (e0) antennal ampulla. Views: (a, b) frontal, (c, d) posterior, (e, f) sagittal, (e0) internal dorso-oral oblique, (f0) external oral-lateral
oblique. Yellow dotted line in (c): Cutaway of cuticle to show muscular insertions. 0an1, M. tentorioscapalis anterior; 0an2, M. tentorioscapalis
posterior; 0an3, M. tentorioscapalis lateralis; 0an4, M. tentorioscapalis medialis; 0an6, M. scapopedicellaris lateralis; 0an7, M. scapopedicellaris medialis.

0md1, M. craniomandibularis internus; 0md3, M. craniomandibularis externus; 0md8, M. tentoriomandibularis medialis inferior; acc, cranial antennal
condyle af, antennal foramen; al, atala; amp, antennal ampulla; ampl, lateral vessel of antennal ampulla; an, antenna; apab, abductor apodeme;
apad, adductor apodeme; ata, anterior tentorial arm; atp, anterior tentorial pit; bu, bulbus of scape; cl, clypeus; cos, circumocular sulcus; dl,
anterior (dorsomedial) lamella of the anterior tentorium; dma, dorsal mandibular articulation; es, epistomal sulcus; f1–3, first through third
flagellomeres; ma, mandalus; md, mandible; mdg, mandibular gland; mds1–3, first through third seta classes of the mandible; pd, pedicellus; sc,
scape shape; tb, tentorial bridge; to, torulus; toa, torular apodeme; tor, torular ridge; torc, lateral curl of the torular ridge; trn, dorsomedial notch of
the torular ridge; vl, posterior (ventromedial) lamella of the anterior tentorium

1628 BOUDINOT ET AL.



Internal structures

The massive tendon of the adductor muscle (0md1) is medially

attached to the mandibular base (apad, Figure 5d,f); it is divided into two

plate-like branches with different orientation; the individual fibers of the

muscle bundles are attached on these structures via thin cuticular fibrillae;

an additional branch is the attachment area of a separate bundle, which

originates above the foramen occipitale. The tendon of the abductor

(0md3) is distinctly less massive (apab, Figure 5f). The mandibular gland is

about 1/3 the length of the compound eye and is almost adjacent to it

within the cephalic lumen, above the mandibular articulation (mdg,

Figure 5d, f). A tube-like channel of the mandibular gland stretches

through the anterior mandibular base and opens at the mandalus.

Sensilloid structures

Patterning overview. The sensilloid patterning of the mandible is

inconspicuous but is represented by three distinct lines. Hair-like sen-

silloid structures occur as a tuft-like line anterodistad the atala; as a

line near the dorsal mandibular acetabulum, continuing along the lon-

gitudinal carina; at the mandibular apex; and as in impressed longitudi-

nal line on the posterior surface. There are minute evenly spaced

divots across the dorsal mandibular surface that might individually

bear extremely short setae (SEM resolution insufficient).

Sensilloid structure classes. The sensilloid structures of the mandible

can be sorted into three classes, all of which are thin and hair-like (thus

“setae”): (1) long, flexuous, forming a tuft-like line, and approximately

decumbent (mds1, Figures 2a and 6a); (2) short, perhaps stiff, forming a

line, and appressed (mds2, mds2a, Figure 6a); and (3) short, stiff in appear-

ance, forming a line, and erect to subdecumbent (mds3, Figure 6a).

Sensilloid pattern. The long, villous setae (1-mds1) are restricted to the

atalar tuft region and are arranged in an uneven row. The short,

appressed setae (2-mds2) occur along the longitudinal carina. The

short, standing setae (3-mds3) occur along an impressed line on

the opposite side of the mandible from the second class of setae.

Musculature

Three muscles are present; two of them, 0md1 and 0md3, are strongly

developed, together occupying about 1/3 of the lumen of the head.

(1) M. craniomandibularis internus (M. 11/0md1; Figure 5d–f). This is

the largest intrinsic muscle of the head. O: On the posterior and dorsal

internal surface of the head capsule, covering a large area. I: On the

adductor apodeme via thin cuticular fibers. (2) M. craniomandibularis

externus (M. 12/0md3; Figure 5d–f). This muscle is distinctly smaller

than 0md1. O: On the entire ventral internal surface of the posterior

head capsule and on the postgenal ridge. I: On the abductor apodeme

via thin cuticular fibers. (3) M. hypopharyngomandibularis (M. 13)/

M. tentoriomandibularis (0md8; Figure 5d). This muscle is thin. O: On

the ventrolateral surface of the middle part of the tentorium. I: On the

anterior surface of mandibular base at attachment of the adductor

apodeme.

3.1.6 | Maxilla

The maxillae are shiny, reddish-brown, and small compared to the

head capsule and mandibles (mx, Figure 2c) and closely connected

with the labium. The entiremaxillolabial complex is almost completely

covered by the labrum in its resting position (lbr, Figure 2a,c). The

F IGURE 6 Dorylus helvolus,
scanning electron micrographs of
the mandible of a male. (a) Medial
view. (a0) Detail of (a) showing
mandalus. (b) Anterior view. aa,
apical angle; at, atala; dma, dorsal
mandibular articulation; ll,
longitudinal line; vma, ventral
mandibular articulation
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cardo and a part of the stipes form the base of the maxillolabial com-

plex which is inserted in the hypostomal groove. The cardo (cd,

Figure 7a,c) is almost as long as the stipes and its broad base abuts

the broad lateral stipital surface in resting position (Figures 2f and 7a);

it articulates with the cardinal process of the hypostoma (cc,

Figure 2e) and is also connected with the head capsule by an articula-

tory conjunctiva (cv, Figure 7b) which is densely covered with thin

microtrichia. The roughly oval stipes is about 1.5 times as long as wide

(stpd, stpp, Figure 7a,c); its aboral (external) surface is traversed by

the transverse stipital sulcus (stg, Figures 2d and 7a), a line that

divides the proximal portion of the stipes from the distal portion of

the stipes (stpp, stpd, Figures 2f, and 7a,c); the transverse stipital sul-

cus is margined proximally by the transverse stipital ridge (str,

Figure 7); the medial stipital surface (sms, Figure 7c) is largely contin-

uous with the distal portion of the stipes, and is distally continuous

with the galeolacinial complex; the proximolateral notch of the stipes

corresponds to the cardinostipital articulation (stn, Figure 7a). The

endite lobes of the maxilla (lacinia, galea) are attached to the stipes

on the medial stipital edge, and form a single oval galeolacinial com-

plex (ga, lc, Figure 7a–c); this structure is about as long as the whole

stipes (Figure 7). The galea is about twice as large as the lacinia; it

bears a complicated array of setae and microtrichia on both sides; the

medial part of the galea (gpm, Figure 7b) is a differentiated region of

the galea mediad the maxillary comb (mxc, Figure 7c) and of the galeal

crown (gacr, Figure 7a–c), and is separated from the remaining endite

by a distinct fold. The maxillary palp (pmx, Figure 7a–c) attaches to

the distolateral region of the stipes, which itself is weakly

differentiated as the palpifer (ppf, Figure 7b); the palp is two-seg-

mented, comprising the proximal and distal palpomeres.

Sensilloid structures

Patterning overview. The sensilloid patterning (SP) of the maxilla

occurs in five rough classes on six of the seven primary maxillary scler-

ites, except for the glabrous cardo; the SP of the stipes (a) is distrib-

uted in three zones (a, a0 , a00) and includes two of the rough seta

classes; the SP of the lacinia (b) occurs in one zone; the SP of the

galea (c) occurs in one zone; the SP of the galeal crown (d) occurs in

one zone; the SP of the proximal palpomere (e) occurs in one zone;

and the SP of the distal palpomere (f ) occurs in one zone and includes

two seta classes.

Sensilloid structure classes. Five sensilloid structure classes are coarsely

defined due to the complexity of maxillary setation patterning, and

the considerable variation in form and length: (1) variably long, thin,

hair-like, and standing (mxs1a0 , a00, b, d, e, f, Figure 7a–c); (2) short,

thin, hair-like, and appressed to decumbent (mxs2a, Figure 7a–c);

(3) variably long, thick, spine-like, and appressed to decumbent

(mxs3c, Figure 7a–c); (4) long, thick, hair-like, comb-like in arrange-

ment, and appressed (mxc, Figure 7a–c); and (5) extremely short,

hemispherical, papilla- or button-like, and situated on discs (mxs5f,

Figure 7a0).

Sensilloid pattern. The variably long, thin, hair-like setae (1-mxs1) occur

on the stipes (a), lacinia (b), galeal crown (d), and both palpomeres (e,f);

F IGURE 7 Dorylus helvolus, scanning electron micrographs of the maxilla of a male; note that (a–c) are to the same scale. (a) Aboral view;
inset: Sensilla of palp; proximal downwards. (b) Distal view; Oral downwards. (c) Oral view; inset: Lacinial fimbriae; proximal downwards. cd,
cardo; cv, conjunctiva closing the oral foramen, note dense microtrichia; ga, galea; gacr, galeal crown; gpm, medial part of galea; lc, lacinia; mxc,
maxillary comb; mxs1a–f, setae of the six subgroups of the first maxillary class; mxs2–5, setae of the second through fifth maxillary classes; pmx,
maxillary palp; ppf, palpifer; sms, medial stipital surface; sp, sensilla placodea; stg, transverse stipital groove; stn, stipital notch; str, stipital ridge;
stpd, distal portion of stipes; stpp, proximal portion of stipes
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those hair-like setae on the stipes (a) are in two patches, the first on

the medial surface of the stipes (a0), the second on the lateral surfaces

of the stipes (a00); those hair-like setae on the medial surface of the

stipes (a0) are arranged in a line orad the medial stipital surface, and

they are intermediate in length relative to the setal fields of the two

palpomeres; those hair-like setae on the lateral surface of the stipes

(a00) are apparently paired and situated near the apicolateral corner of

the stipes, opposite of the galeolacinial complex, and they are both

long, thick, and curved, similar to those setae of the galeal crown;

those hair-like setae on the lacinia (b) are arranged in a line on the lat-

eral aboral surface, and they are shorter than those on the proximal

labial palpomere and increase in length mediad; those hair-like setae

on the galeal crown (d) are arranged in a field resembling a “crown of

thorns” on the galeal cuticle, and they are thicker than those on either

the stipes or palp; those hair-like setae on the palp (e,f) are arranged

as a field on the apical and apicolateral palpal surfaces, and they are

long to very long, with thinly tapered apices; those hair-like setae on

the proximal palpomere (e) are distinctly shorter than those on the

distal palpomere (f). The short, thin, hair-like setae (2-mxs2) occur on

the proximal portion of the stipital disc (a) are between the car-

dinostipital articulation and the transverse stipital groove, and they

are short relative to other thin, hair-like setae (1) of the maxilla. The

variably long, thick, spine-like structures (3-mxs3) occur on the aboral

cuticle of the galea (c), and are roughly arranged in lines, forming a

field; the proximal setae are short, with the length of the setae

increasing distad; a second line of similar structures is arranged along

the medial part of the galea, and these structures taper strongly to a

sharp point. The long, thick, comb-like setae (4-mxs4/mxc) occur on

the oral-medial surface of the galea (c) proximad the galeal crown and

laterad the medial part of the galea; these setae are of varying lengths,

but their apices are uniform in their arrangement; these setae are also

compressed or flattened, and the proximomedial-most setae have a

strong curve. The extremely short, button-like sensilloid structures

(5-mxs5) occur on the distal labial palpomere (f) on the distal aboral

surface; these structures are arranged in an uneven field, and some of

them are paired, apparently arising from the same disc-shaped base.

Musculature

Four weakly developed muscles are retained and four are lost relative

to what was previously reported in ant workers. Those muscles that

are retained are listed first. (1) M. tentoriocardinalis (M. 17/0mx3;

Figure 9a–c). O: On the anterior tentorium near to the torular ridge. I:

F IGURE 8 Dorylus helvolus, scanning electron micrographs of the labium of a male. (a) Oral view, oblique; proximal to the left. (a0) Detail view of
hypopharynx and basiparaglossal brush. (b) Aboral view; proximal to the left. (c) Lateral view; proximal to the left. (c0) Detail view of glossa. bpb,
basiparaglossal brush; dhy, distal hypopharynx; gl, glossa; lbs1a0 , lbs1a00, proximal and distal clusters of the first labial seta class; lbs2, lbs3, setae of the
second and third labial classes; plb, labial palp; pml, lateral prementum; pmv; medial prementum/ventral premental surface; ppf, palpifer; psm, postmentum
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On a small internal process of the stipital base close to the car-

dinostipital hinge via a bent tendon. (2) M. tentoriostipitalis (anterior)

(M. 18/0mx4; Figure 9a–c). O: On the margin of the posterior

(medioventral) tentorial lamella. I: On the central surface of the stipes

via a bent tendon. (3) M. stipitolacinialis (M. 20/0mx6; Figure 9a–c).

O: On the external and lateral surface of the stipital sclerite. I: On the

F IGURE 9 Dorylus helvolus, 3D-reconstruction of the maxillolabial musculature of a male. (a, c, e) Maxilla. (b, d, f) Labium. (a, d) Frontal view.
(b, e) Posterior view. (e) Paramedian sagittal view, right. (f) Paramedian sagittal view, left. 0hy12,M. hypopharyngosalivarialis; 0hy3,
M. tentoriohypopharyngalis; 0hy3m, mutant M. tentoriohypopharyngalis; 0la12, M. praementoglossalis; 0la5, M. tentoriopraementalis inferior; 0mx3,
M. tentoriocardinalis; 0mx4, M. tentoriostipitalis (anterior); 0mx6, M. stipitolacinialis; 0mx7,M. stipitogalealis; ata, anterior tentorium; dl, dorsal
(anteromedial) lamella of the anterior tentorium; M30, M. tentorioparaglossalis; mxg, maxillary gland; pgr, postgenal ridge; svd, salivary duct; tb,
tentorial bridge; vl, ventral (posteromedial) lamella of the anterior tentorium
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F IGURE 10 Legend on next page.
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base of the lacinia, broadly. (4) M. stipitogalealis (M. 21/0mx7;

Figure 9a–c). This muscle is slightly larger than 0mx6. O: On the

proximal surface of the external stipital sclerite. I: On the base of

the galea via a short tendon. (�) Muscles that are absent:

M. craniocardinalis externus (M. 15/0mx1), M. stipitopalpalis

externus (M. 22/0mx8), M. palpopalpalis maxillae primus

(M. 24/0mx12), M. palpopalpalis maxillae secundus (M. 25/0mx13).

3.1.7 | Labium, distal hypopharynx, and salivarium

The labium is shiny, reddish-brown, and small; it forms the median

part of the maxillolabial complex (lb, Figure 2c,f). The short proximal

postmentum (psm, Figure 8b,e) is connected with the slightly longer

distal prementum. The ventral premental face is diamond-shaped

with a truncated distal margin (pmv, Figure 8b). The endite lobes of

the labium (glossa, paraglossa) are attached to the prementum orally

and distally (gl, Figure 8a,c,c0; bpb, Figure 8a,c). The glossa appears

folded or sunken into itself in all investigated specimens (likely a dry-

ing artifact) (gl, Figure 8a,c0); its surface is covered in rows of long,

thin, mostly J-shaped microtrichia. The paired paraglossae are not dis-

tinctly recognizable; the basiparaglossal brush (bpb, Figure 8a,c) con-

sisting of long, thick, and apically rounded setae, is well developed.

The labial palps are attached to the palpifer of the distolateral region

of the prementum; the palps are two-segmented (plb, Figure 8a–c)

and longer than the maxillary palps; the proximal palpomere is spatu-

late and is the distinctly wider and larger than the distal palpomere.

The distal hypopharynx is located above the basal labial part

(dhy, Figure 8a,a0 ,c); its roughly triangular apex (hypopharyngeal but-

tons) reaches close to the glossa; the lateral hypopharyngeal sclerites

(hypopharyngeal rods) are connected with proximolateral premental

arms; the surface of the distal hypopharynx is completely covered in

a dense array of thin microtrichia. The salivary canal opens medially

between the basiparaglossal brushes and enters the cephalic lumen

obliquely; it forms a bend approximately at the level of the AMO and

then extends through the head parallel to the tentorium and through

the foramen occipitale into the prothorax (svd, Figure 9d–f).

Sensilloid structures

Patterning overview. The sensilloid patterning (SP) of the labium is

restricted to four zones, each of which is on one of the principal scler-

ites of the labium, including the SP of the prementum (a), the SP of

the paraglossa (b), the SP of the proximal labial palpomere (c), and

the SP of the distal labial palpomere (d).

Sensilloid structure classes. Three sensilloid structure classes are

recognizable, all of which are approximately hair-like (thus “setae”):
(1) variably long, terete (round in cross-section), tufted (lbs1a0, a00,

Figure 8a–c); (2) long, compressed, tufted (lbs2, Figure 8a–c); (3) short,

apparently terete, single (lbs3, Figure 8a–c); and (4) long, compressed,

combed (bpg, Figure 8a–c).

Sensilloid pattern

The long, terete setae (1-lbs1) occur on the lateral surfaces of the

prementum (a); these setae are arranged in paired triangular fields and

are directed distally such that they cover the labial palps in aboral

view (Figure 8b); the proximal setae (a0) are distinctly shorter than the

distal seta or pair (a00), which are themselves about as long as those

occurring on the proximal labial palpomere; the longer, compressed

setae (2-lbs2) occur on the proximal labial palpomere (c); these setae

appear to be arranged as a tufted field on the apicomedial surface of

the palpomere; their length exceeds that of the proximal but not the

distal premental setae. The short, apparently compressed seta (3-lbs3)

occurs singly at the apex of the distal labial palpomere (d); this seta is

about as long as the proximal premental setae. The long, compressed,

and combed setae (4-lbs4/bpg) occur on the paraglossa (b); these

setae are arranged in a triangular field, and their apices are curved

mediad toward the distal hypopharynx; their lengths are variable.

Musculature

Five weakly developed muscles are retained and four are missing rela-

tive to what was previously reported in ant workers. Those muscles

that are retained are listed first. (1) M. tentoriopraementalis inferior

(M. 29/0la5; Figure 9d–f). O: On the ventral surface of the tentorium

at the level of the tentorial bridge. I: On the proximal margin of the

prementum via a thick tendon; the muscle bundles of both sides insert

together on one tendon. (2) M. tentorioparaglossalis (M. 30; identity

uncertain but possible; Figure 9d–f). O: On the ventral surface of the

posterolateral tentorial lamella. I: On the premental arm via a tendon.

(3) M. praementoglossalis (M. 32/0la12; Figure 9d, e, f). O: On the

main portion of the prementum, covering a large area. I: On the dorsal

base of glossa. (4) M. tentoriohypopharyngalis (M. 42/0hy3;

Figure 9d–f). O: On the anterior tentorial arm, anterad 0la5. I: On the

hypopharyngeal buttons via a long tendon; these muscles are asym-

metrical in the examined specimen, where the muscle fibers from both

sides of the head converge on the left side tendon, while only fibers

from the right side of the head connect to the right tendon.

(5) M. hypopharyngosalivarialis (M. 37/0hy12; Figure 9d–f). O: On the

dorsolateral surface of the distal hypopharynx. I: On the dorsal

F IGURE 10 Dorylus helvolus, 3D-reconstruction of the labral and pharyngeal musculature of a male. (a, c, e) with glands. (b, d, d0, f ) Without

glands. (a, d) Frontal view. (b, e) Posterior view. (e, f) Sagittal view at body midline. (f0) Paramedian sagittal view. 0bu1, M. clypeobuccalis; 0bu2,
M. frontobuccalis anterior; 0bu3, M. frontobuccalis posterior; 0bu5, M. tentoriobuccalis; 0ci1a, M. clypeopalatalis a; 0ci1b, M. clypeopalatalis b; 0hy1,
M. frontooralis; 0hy2, M. tentoriooralis; 0hy9, M. oralis transversalis (transversalis buccae); 0lb2, M. frontoepipharyngalis; 0ph1, M. verticopharyngalis;
0ph2, M. tentoriopharyngalis; amo, anatomical mouth opening; br, brain; ce, compound eye; ep, epipharynx; fg, frontal ganglion; fmo, functional
mouth opening; lbr, labrum; mpel, M. pharyngoepipharyngealis lateralis; mped, M. pharyngoepipharyngealis dorsalis; mut, mutated muscle; oa, oral
arm; oaa, anterior lamella of the oral arm; oap, posteromedial lamella of the oral arm; on, ocellar nerve; opn, optical neuropil; ph, pharynx; phg,
pharyngeal gland; pph, prepharynx; pphg, prepharyngeal gland

1634 BOUDINOT ET AL.



TABLE 2 Summary matrix for those states observed to be shared between two or more phenogroups of Dorylus

No. Character or property State 0 State 1 M Q W

4.1.1 Facial antenna contact-surface Not developed Developed 1 1 1

4.1.2 Face seta orientation Dissimilar Similar 1 1 1

4.1.3 Torulus High rim Low rim 1 1 1

4.1.4 Anteromedian clypeal lobe Not developed Developed 1 1 1

4.1.5 Lateral clypeal shelves Not developed Developed 1 1 1

4.1.6 Scape Terete, straight Flattened, arched 1 1 1

4.1.7 Flagellum sulcate punctae Not developed Developed 1 ? 1

4.1.8 Flagellum as7 Not developed Developed 1 ? 1

4.1.9a Flagellomere contact field setae Not developed Developed 1 ? 1

4.1.9b Flagellum thin appressed setae Not developed Developed 1 ? 1

4.1.9c Flagellum thin erect setae Not developed Developed 1 ? 1

4.1.10 Flagellum seta density, base–apex Not increasing Developed 1 ? 1

4.1.11 Longitudinal mandibular line Not developed Developed 1 ? 1

4.1.12 Labrum, four long setae Not developed Developed 1 ? 1

4.1.13 Maxillolabial complex (MLC) parts Not matching Matching 1 ? 1

4.1.14 MLC setation zone patterning Not matching Matching 1 ? 1

4.2.1 Cranium orientation Hypognathous Prognathous 0 1 1

4.2.2 Head form Not transverse Transverse 1 0 0

4.2.3 Facial medial bulge Not developed Developed 1 0 0

4.2.4 Postgenal surfaces Not concave Concave 1 0 0

4.2.5 Facial, postgenal setation Short, appressed Long, standing 1 0 0

4.2.6 Posterodorsal head margin Concave Convex 1 0 0

4.2.7 Compound eyes, ocelli Not developed Developed 1 0 0

4.2.8 Lateral clypeal shelves Linear to convex Subtriangular 1 0 0

4.2.9 Oral clypeal margin Unevenly convex Strongly concave 1 0 0

4.2.10 Anteromedian clypeal lobe Poorly developed Well-developed 0 1 1

4.2.11 Ventral mandibular articulation Poorly developed Well-developed 0 1 1

4.2.12 Genal lobe near mandible Not developed Developed 1 0 0

4.2.13 Antennomere count 13 11 1 0 0

4.2.14 Scape, main portion Short Long 1 0 0

4.2.15 Scape, main portion Thin Thick, subclavate 1 0 0

4.2.16 Scape, setiferous punctae Not developed Developed 0 1 1

4.2.17 Flagellum Thick, thickening Thin, thinning 1 0 0

4.2.18 Flagellomere dense sensilla field On entire surface Only on med. face 1 0 0

4.2.19 Mandible Short Long 1 0 0

4.2.20 Mandible microsetae Not developed Developed 0 1 1

4.2.21 Mandible proximal seta tuft Not developed Developed 1 0 0

4.3.1 Head, lateral view Bulbous Linear 0 0 1

4.3.2 Frontal carinae Poorly developed Well-developed 0 0 1

4.3.3 Antennal toruli Distant Close-set 0 0 1

4.3.4 Medioclypeal region Broad, flat Narrow, bulging 0 0 1

4.3.5 Ocular area cuticular invagination Not developed Developed 1 1 0

4.3.6 Scape Rough Shining 1 1 0

4.3.7 Mandibles Subtriangular Falcate 1 1 0

4.3.8 Mandible dorsal macrosetae Not developed Developed 0 0 1

4.3.9 Mandible dorsal grooving Not developed Developed 0 0 1

Note: Each character is numbered for the longer specific description in the main text. Note that word choice differs here for the purpose of concision.

Phenotypes: “M” = male, “Q” = queen, and “W” = worker; states: 1 = observed; 0 = unobserved; “?” = uncertain.
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surface of the salivary canal. (�) Muscles that are absent:

M. praementoparaglossalis (M. 31/0la11), M. praementopalpalis

externus (M. 34/0la14), M. praementopalpalis labii primus/secundus

(M. 35/36/0la16/17), M. praementosalivarialis anterior and/or poste-

rior (M. 38, 39/0hy7).

3.1.8 | Digestive tract

The preoral membrane comprises the medial portions of the

epipharynx and hypopharynx; the medial portion of the epipharynx is

the unsclerotized internal wall of the preoral cavity that is proximad

the labrum (ep, Figure 10e,f); the medial portion of the hypopharynx

is pouch-like, forming the infrabuccal pocket (ibp, Figure 10c,f). The

prepharynx is materially differentiated from the preoral membrane

and comprises the laterally fused proximal epipharyngeal and hypo-

pharyngeal portions (pph, Figure 10); it is broad and roughly crescent

shaped in cross section. The functional mouth opening is the juncture

between the preoral membrane and the prepharynx (fmo, Figure 10f).

The sitophore plate is the sclerite of the ventral surface of the pre-

pharynx; it stabilizes the prepharynx and extends beyond it laterally

and anteriorly, close to the AMO; laterally, the sitophore plate bears a

pair of processes, the oral arms (oa, Figure 10d,e); these dorsally

directed processes are laminar in appearance, and approximately S-

shaped in dorsal view, with two curves that define the horn-shaped

anterior oral arm lamella (oaa, Figure 10d0 ,f0) which is anterior to the

wall-shaped posteromedial oral arm lamella (oap, Figure 10d0,f0); in

lateral view, the anterior lamella is crescent-shaped. The pharynx,

beginning at the AMO (marked by the frontal ganglion and muscle

0bu2; amo, Figure 10f), is bent at an almost 90� angle relative to the

prepharynx; it extends posterad through a wide passage between

the brain and suboesophageal ganglion and directly above the

tentorial bridge toward the foramen occipitale (ph, Figure 10e,f). The

lumen of the pharynx is distinctly narrowed relative to the pre-

pharynx and roughly circular in cross section; while its shape is slightly

irregular, no distinct longitudinal folds are developed. The pharyngeal

gland is by far the largest gland in the head and fills out a large part of

the cephalic lumen (phg, Figure 10a,c,e); its main portion lies ventrad

the brain, both anterior and posterior the pharynx; its glandular epi-

thelium surrounding the reservoir space is shaped in many inter-

connected lobes and bubbles. The prepharyngeal gland is small and

located below the pharyngeal gland and the pharynx, opening laterally

into the prepharynx (pphg, Figure 10c).

Musculature

The prepharyngeal musculature is strongly developed, totaling

12 muscles that vary in pairing. Three muscles (0bu2, 0bu3, 0hy1) are

transneural, that is, completely encircled by the frontal ganglion.

Three muscles (Mped, Mpel, 0hy9) are intrinsic to the cephalic diges-

tive tract, that is, not connected to cranial surfaces. (1) M.

clypeopalatalis a (M. 43a/0ci1a; Figure 10a,c,d,f). This muscle is

unpaired. O: On the distal surface of the median clypeal area. I: On

the epipharyngeal (dorsal) surface of the prepharynx directly above

the functional mouth opening; some fibers (only one fiber in the

specimen scanned in ethanol) insert on the proximal wall of the

labrum. Note: As no muscle connecting from the anterior clypeus to

the proximal labral wall is described in insects, we interpret these as

aberrant fibers of 0ci1a, similar to the aberrant condition of 0hy3.

(2) M. clypeopalatalis b (M. 43b/0ci1b; Figure 10a,c,d,f). This muscle

is paired. O: On the median surface of the median clypeal portion

dorsad 0ci1a. I: On the epipharyngeal surface of the prepharynx,

immediately ventrad 0bu1, that is, closer to the FMO. (3) M.

clypeobuccalis (M. 44/0bu1; Figure 10a,c,d,f). This muscle is paired,

but with a combined region of origin. O: On the median surface of

the medial clypeal area dorsal 0ci1b. I: On the epipharyngeal surface

of the prepharynx shortly anterad the AMO. (4) M. frontobuccalis

anterior (M. 45/0bu2; Figure 10a,c,d,f). This muscle is paired, but with

closely adjacent regions of origin; it is also transneural. O: On the cen-

tral surface of the cranial frontal region. I: On the epipharyngeal sur-

face of the pharynx, directly at the AMO, bending around the

frontal ganglion. (5) M. frontobuccalis posterior (M. 46/0bu3;

Figure 10a,c,d,f). This muscle is paired, but with closely adjacent

regions of origin; it is also transneural. O: On the cranial frontal

region immediately ventrad the median ocellus. I: On the dorsal sur-

face of the pharynx, posterad 0bu2. (6) M. tentoriobuccalis anterior

(M. 48/0bu5; Figure 10b,c,e,f). This muscle is unpaired. O: On the

anteromedian process of the tentorial bridge. I: On the hypostomal

(ventral) surface of the prepharynx, and distinctly orad (anterad)

the AMO. (7) M. verticopharyngalis (M. 51/0ph1; Figure 10b,c,e,f).

This muscle is paired. O: On the posterior head surface, dorsad the

foramen occipitale. I: On the dorsal surface of the pharynx at the

level of the brain. (8) M. tentoriopharyngalis (M. 52/0ph2;

Figure 10b,c,e,f). This muscle is paired. O: On the dorsal surface of

the tentorium at the juncture of the anterior tentorial arm and

tentorial bridge. I: On the ventral surface of the pharynx at the level

of the brain. (9) M. pharyngoepipharyngalis dorsalis and lateralis

(mpe d/l). This intrinsic longitudinal muscle of the cranial digestive

tract is strongly developed, is divided into dorsal and lateral fasci-

cles, and is dorsally situated on the digestive tract (mped;

Figure 10c,f): This fascicle is unpaired; its anterior attachment site

is on the epipharyngeal surface of the prepharynx at the level of

the 0ci1b insertion, and its posterior attachment site is on the phar-

ynx at the level of the 0bu3 insertion (mpel; Figure 10a,d): These

fascicles are paired; their origin is on the anterior surface of the

anterior oral arm lamella, and their insertion is on the prepharynx

slightly orad (distad) that of 0ci1b. (10) M. frontooralis (M. 41/0hy1;

Figure 10a,d,f). This muscle is paired and transneural. O: On the

frontal area of the cranium, directly laterad 0bu3. I: On the

posterodorsal surface of the posteromedial oral arm lamella, shortly

posterad the AMO. (11) M. tentoriooralis (M. 47/0hy2; Figure 10d).

This muscle is paired. O: On the torular apodeme. I: On the lateral

surface of the posteromedial lamella of the oral arm, in the region

of the AMO and ventrolaterad 0hy1. (12) M. oralis transversalis

(M. transversalis buccae; M. 64/0hy9; Figure 10a,c,d,f). This trans-

verse intrinsic muscle is unpaired and connects the oral arms of

both sides.
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F IGURE 11 Photomicrographs documenting cranial phenotypic variation of the female castes of Dorylus. (a–d) Dorylus helvolus workers (a, b:
CASENT0256791; c = CASENT0235177; d = CASENT0235883). (e) Dorylus affinis pulliceps queen (CASENT911328). (f) Dorylus nigricans
molestus queen (CASENT0172663). (a, c–e) Frontal (dorsal) view. (b, f) Lateral view. at, atala; atc, atalar contact surface; ate, atalar external

surface; bm, basal margin; cep, compound eye pit; cm, medioclypeus; dma, dorsal mandibular articulation; fc, frontal carina; fct, tooth of frontal
carina; flg, flagellum; md, mandible; mpat, preapical mandibular tooth; mm, masticatory margin; oct, ocellar triangle; pd, pedicellus; sc, scapus; to,
antennal torulus; vma, ventral mandibular articulation. (Images from AntWeb. Photographers: a, b = Bradley Reynolds; c = Shannon Hartman; d,
e = William Ericson; f = April Nobile.)

BOUDINOT ET AL. 1637



3.1.9 | Brain and suboesophageal ganglion

The dumbbell-shaped brain, with well-developed optic lobes, appears

small in relation to the size of the head (Figure 10d); it forms a com-

pact structural unit with the suboesophageal ganglion, with a central

passage for the pharynx between them (Figure 10d); in sagittal sec-

tion, the brain is located anterior to the foramen occipitale at the level

of the lateral ocelli (Figure 10f). The optic lobes, which widen dis-

tinctly toward the lamina ganglionaris and compound eyes, and the

ocellar nerves are both larger than the remaining cerebral areas. The

frontal ganglion lies above M. pharyngoepipharyngealis (Mpe) and is

pinched in between the two bundles of M. tentoriobuccalis anterior

(0bu5) and M. oralis transversalis (0hy9) (fg, Figure 10e,f); it is con-

nected by long frontal connectives to the ventral side of the brain/

tritocerebrum. The ventral connectives linking the suboesophageal

and prothoracic ganglia form one thick nerve cord.

3.2 | Comparative morphology

This section of the results is divided into seven subsections: (i) specific

features shared among all adults; (ii) features shared between the

female castes; (iii) features shared between the queen and male;

(iv) features shared between workers and males; (v) a specific descrip-

tion of the worker forms; (vi) a specific description of the queen; and

(vii) a specific comparison of the internal sclerotized elements of the

male to Protanilla, Brachyponera, Formica, and Wasmannia (Richter

et al., 2019, 2020, 2021). The lattermost comparisons are made as

they represent the first effort to diagnose structural differences

between males and workers, in accord with the third objective of our

manuscript as stated in the introduction. These workers represent a

phylogenetically diverse sample of taxa (sensu Höhna et al., 2011),

spanning the major nodes of the ant tree of life. As noted in the Mate-

rial and Methods section, queen D. helvolus were unavailable for com-

parison, thus we rely primarily on the closely related species D. affinis.

We use the term “features” here to include both developmental char-

acters and states. Comparative results from subsections (i)–(iii) are

summarized in Table 2. Anatomical characters which are generally

developed across the Hexapoda (e.g., development of mandibles,

antennae, etc.) are not addressed. Because μ-CT data are not available

for either female caste, we are unable to address features of the post-

occiput or internal anatomy; additionally, the antennae, labrum, and

maxillolabial complex could not be studied for queens. We use aster-

isks (*) to highlight features which are subject to focus in the

F IGURE 12 Dorylus helvolus, scanning electron micrographs of a worker (ANTWEB1008522). (a) Full-face (dorsal) view. (b) Lateral view.
(c) Oral view. (d) Full-face antennal detail. (e) Detail of apical antennomere. (f) Detail of sensilla of apical antennomere. at, atala; atp, anterior
tentorial pit; camp, anteromedial process of clypeus; cams, anteromedian differentiated seta of clypeus; cls, lateroclypeal shelf; cm, medioclypeus;
dma, dorsal mandibular articulation; fc, frontal carina; fct, tooth of frontal carina; hy, hypostoma; mat, apical mandibular tooth; md, mandible;
mds4, setae of the fourth mandibular clasee; mpat, preapical mandibular tooth; msr, mandibular serrations between medial and preapical teeth;
pd, pedicel; sc, scape; to, torulus. Images by R. Keller; modified from AntWeb
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discussion, a hyphen (�) is used to indicate state descriptions that are

negative, that is, that the shared condition is an absence of a specific

feature, rather than expression of one, and a hyphen q (�q) to indicate

that no data are available for the queen.

3.2.1 | Traits shared among all sexes and castes

Both males and females, including all worker variants, share the fol-

lowing specific conditions that are not known to be conserved across

the Formicidae: (1) Face impressed caudad and laterad antennal toruli,

forming facial antennal contact surface (Figures 2a,d,e and 11a,f,b,c);

(2) setal orientation on face similar, being aborally directed in the mid-

dle of the face and directed toward the mandibular base in the region

around the articulation (Figures 2a and 12a); (3) antennal torulus

weakly developed as low rim (to: Figures 2e and 12c); (4) apparent dis-

tal clypeal margin with an anteromedian lobate process (cml:

Figure 2e); (5) lateral clypeal shelves present between the torulus and

anterolateral clypeal margins (cls: Figures 2d; 11c, and 12a,c); (6) scape

lateromedially flattened and arched medially, such that concave sur-

face contacts the cranium when the antenna is flexed (sc: Figures 2a,

b and 12c); (7-q) at least some flagellar sensilloid structures set in

distally-directed sulcate punctures (Figure 3c,d; flagellomeres III–VII

in Figure 12d); (8-q) flagellum with short, thick, blade-like, and curved

setae set in broad pits, with the blade arising from a proximal disc

(as7: Figures 3d and 12f); (9-q) flagellum with at least three forms of

thin, hair-like setae: (a) short, fine setae on the proximal contact sur-

face of each flagellomere (as3: Figures 3a,c and 12d), (b) short, thin,

F IGURE 13 Dorylus helvolus, scanning electron micrographs of the labrum and maxillolabial complex of a worker (ANTWEB1008522).
(a) Maxillolabial complex, aboral view, with one maxilla removed; proximal is downward (note that the maxillary palp is broken off). (b) Labrum,
aboral view; distal is downward. (c) Left maxilla, aboral view; proximal is downward. (d) Maxilla, aborally oblique distal view; aboral is
approximately downward. (e) Maxilla, distally oblique oral view; aboral is approximately downward. bpb, basiparaglossal brush; cd, cardo; ga,
galea; gacr, galeal crown; gl, glossa; gpm, medial galeal part; lbpr, labral process; lbprd, distal process of labral aboral face; lbs1–3, labial seta zones
1–3 (4 is pgb); ls1, differentiated sensilla of labral transverse ridge; mxc, maxillary comb; mxs1–3, maxillary seta zones 1–3 and 5 (4 is mxc); plb,
labial palp; pml, lateral prementum; pmv, ventral prementum; pmx, maxillary palp; psm, postmentum; smf, medial face of stipes; st, stipes; stg,
stipital groove; stn, proximolateral stipital notch; stpd, distal portion of stipes; stpp, proximal portion of stipes; str, stipital ridge
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appressed to subdecumbent setae (as4: Figures 3 and 12), and

(c) longer, thin, subdecumbent to erect setae (as5: Figures 3 and 12)

(note: “bristles” of Hashimoto, 1990, 1991; no data for queen); (10)

hair-like setae on flagellum becoming denser toward antennal apex

(Figures 3a and 12d); (11*-q) mandible with longitudinal carinate line

on the anteromedial (male) or dorsomedial (female) surface (ll,

Figures 6a and 12a,c,d); (12-q) aboral face of labrum with about four

distinct and long setae near the proximal transverse labral ridge (ls1:

Figures 4a and 13b); (13-q) main elements of maxillolabial complex

recorded as present in male also occurring in worker, including the

proximolateral stipital notch present (stn), the division of the stipes

into proximal and distal portions by a ridged sulcus (stpp, stpd, stg,

str), separation of the galeal crown from the galea by a distinct fold,

presence of a differentiated medial galeal part (gpm), and the two-

merous maxillary and labial palps, among others (pmx, plb; Figure 13a,

c–e); and (14-q) zone patterning of maxillolabial setation similar

(mxs1a0 , mxs1a00, mxs2a, mxs3c, mxc, lbs1a0 , lbs1a00 lbs2, lbs3, bpb:

Figures 7, 8, and 13a,c–e; note: mcxs5 was not observable for the

worker but may be present).

3.2.2 | Female-limited traits

Both queen and worker castes share the following conditions which

differ from the male: (�1*) head not transverse, that is, not sub-

rectangular in facial view and without the lateromedial width as mea-

sured including the eyes being greater than the oral-aboral length

(Figure 11a,c–e; vs. head transverse Figure 2a); (2*) face, as seen in

oral or lateral oblique view, without a broad convex median bulge

(Figures 11f and 12c; vs. face with such a median bulge, Figure 2e); (3)

lateral postgenal surfaces of cranium not concave (Figure 11b,f;

vs. these surfaces shallowly and broadly concave, Figure 2c,f); (4)

facial and postgenal cranial sensilloid pattern short, mostly appressed

(Figure 11 [note: sensilloid structures of 10d appear longer due to

scaling]; vs. long, standing, Figure 2a–c); (5) posterior margin of cra-

nium concave (Figure 11a,c–e; vs. unevenly convex posterad com-

pound eyes, Figure 2a,c); (6) compound eyes and ocelli not developed,

underdeveloped or otherwise not visible externally (Figure 11;

vs. eyes and ocelli well-developed, Figure 2); (7) lateral clypeal shelves

not in the form of triangular processes, rather these are thin, some-

what dorsally produced, and with a linear to weakly convex margin

(Figure 11a,c,d [note: difficult to evaluate in queen, but observed in

queens of other species]; vs. clypeus anterad toruli not thin, shelf-like,

produced, Figure 2d); (8) anterior clypeal margin not broadly concave

between mandibles (Figure 11a,c–e; vs. concave, Figure 2d); (9)

anteromedial process of anterior clypeal margin well-developed

(Figures 11a,e, and 12a,c,d; vs. reduced, Figures 2e and 9f); (10) ven-

tral mandibular articulation well-developed (Figures 11b,f, and 12b,c;

vs. strongly reduced, Figures 2b and 6b); (11) gena, posterad ventral

mandibular articulation, without bulge (Figures 11b,f, and 12b,c;

vs. with bulge, Figure 2b); (12) antennae 11-merous (Figures 11 and

12; vs. 13-merous, Figures 2b, 3a, and 5a,b); (13) scape relatively

short, barely extending beyond anterolateral head margins (Figure 11;

vs. scape relatively long, distinctly extending beyond anterolateral

head margins, Figure 2a); (14) scape thick, distinctly subclavate

(Figures 11a–e and 12a,b,d; vs. thin, weakly subclavate, Figure 2a);

(15) scape with setae set in pit-like impressions (punctures, punctae)

(Figures 11 and 12a–d; vs. without such setigerous/setiferous impres-

sions, Figure 3a); (16) flagellum thick, with each flagellomere propor-

tionally stouter (Figures 11 and 12a–d; vs. thin, with flagellomeres

increasing in length apically, Figures 2a,b and 3); (17) flagellar surface

with an even distribution of sensilloid structures (Figure 12a,b,d;

vs. most sensilloid structures restricted to medial surface, Figures 2a,b

and 3); (18) mandible short, proximodistal length < 1/2 lateromedial

width of head (Figures 11 and 12a,c; vs. mandible long, length > 1/2

head width, even including compound eyes, Figure 2a–d,f); (19) dorsal

surface of mandible with more-or-less evenly distributed field of short

microsetae set in distinct punctae (Figures 11 and 12b,c; vs. mandible

without such microsetae, Figure 6); (20) dorsal mandibular base, along

ventral mandibular articulation and atala, without tuft of long, wispy

setae (Figures 11b,f, and 12c; vs. with such a setal tuft, Figure 2a–c).

3.2.3 | Reproductive-limited traits

Both the queen and male share the following conditions, to the exclu-

sion of workers: (1*) Head bulbous in lateral view, with

anteroposterior length and dorsoventral height subequal (Figures 2b

and 11f; vs. head elongate, with length considerably greater than

height, Figures 11b and 12b); (2) frontal carinae indistinctly developed

(Figures 2e and 11e, f; vs. frontal carinae developed, distinct,

Figures 11a–d and 12a–c); (3) antennal toruli wide-set, being sepa-

rated by more than twice their lateromedial diameters (Figures 2a,d,e,

and 11e; vs. toruli separated by about one diameter, Figures 11a,c,d,

and 12a,c); (4*) median portion of clypeus lateromedially broad, not

constricted by close-set frontal carinae (cm, Figures 2d and 11d;

vs. medioclypeus narrow, anteroposteriorly longer than broad, con-

stricted by frontal carinae, Figure 12a); (5) ocular region of cranium

with cuticular invagination (cor, Figure 5a–e; cep, Figure 11f); (6*)

mandibles falcate, without distinct basal and masticatory margins, ser-

rations, or median tooth (md, Figures 2a–d,f, 6, and 11e; vs. mandibles

triangular, with distinct basal and masticatory margins, serrations, and

a large median tooth, Figures 11a and 12a,c,d); (7) dorsal mandibular

surface, excluding base, without macrosetae (Figures 6 and 11e;

vs. dorsal mandibular surface with macrosetae proximad teeth and

near ventral margin, mds4, Figures 11a,c,d and 12a–c); (8) dorsal man-

dibular surface without longitudinal grooves (Figures 2a–d,f, 5,and

11e; vs. mandible with longitudinal grooves, Figures 11a,c,d, and

12a–c). Note: We were unable to measure the IHW and OFW the

queen; the male's MWR is 0.66 x that of the worker.

3.2.4 | Traits limited to the worker and male castes

No specific anatomical entities or states were detected that are

shared between the male and worker to the exclusion of the queen,
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with the caveat that SEM was not possible for the female reproduc-

tive caste.

3.2.5 | Worker-limited traits

Head, broadly

Worker Dorylus are continuously polyphenic, that is, with continu-

ous size variation and without a discrete soldier caste (Figure 1);

workers of the largest size form the major range (Figures 1c and

11a,b); the smaller, less extreme workers form the medium

(Figures 1d and 11c) and minor (Figures 1d and 11d) ranges; in

some cases, medium to minor workers of Dorylus will have convex

anteromedian clypeal lobes and finely denticulate mandibles

(e.g., Eguchi et al., 2014; Hollingsworth, 1960). The cranium of the

major range is rectangular, about twice as long as broad, with sub-

parallel, weakly anteriorly divergent and sublinear lateral margins,

and a deeply concave posterior margin; that of the medium is dis-

tinctly longer than broad, with convex, anteriorly diverging, and

strongly posteriorly converging lateral margins, and a shallow pos-

terior margin; that of the minor is subrectangular, about twice as

long as broad, with weakly convex, anteriorly diverging, and poste-

riorly converging lateral margins, and a shallowly concave posterior

margin. The compound eyes and ocelli are not expressed in the

worker caste; no external indication of eyes is visible. The frontal

carinae are developed and distinct; the antennal contact surface

immediately ventrad the carinae is vertical, thus the carinae are

“dorsally directed”; at least in larger individuals (Figures 11a–d and

12a–c), the carinae are wide-set anteriorly and close-set posteri-

orly; anteriorly, the carinae are produced laterally, lamellate, con-

cave along their anteroposterior length, and posterolaterally

toothed, although the tooth is apparently not developed in the

smallest workers (fct, Figures 11a,c, and 12a–c); from the frontal

carina teeth, the carinae curve anteromedially then posteriorly;

posteriorly, the frontal carinae are weakly divergent; in majors, the

posterior portion of the carinae are wide-set compared to media,

while media are wide-set compared with minors. The medioclypeus

between antennal toruli is narrow and virtually absent in the

smallest workers. The clypeus has an anteromedian lobe; the lobe

has a median, differentiated seta projecting anteriorly over mandi-

bles (cams, Figure 12a–c).

Antenna

The scape shaft surface is alutaceous, with reticulated ridges

matching epidermal cell patterning (sc, Figure 12d). The second

flagellomere is apparently the shortest (Figure 12a,d). The antennal

sensilloid pattern shares several sensilloid structure classes (as1, as3,

as4, as5, and as7 [note: as2 unobservable due to specimen orienta-

tion]), and includes a distinct class not observed in males (as8,

Figure 12f). This eighth class occurs on flagellomeres VI–IX, and the

sensilloid structures are superficially similar to those of the seventh

class but are several times larger; the structures are set in wide

sockets and may have a distinct disc-like base; the blade of the

structure is approximately scale-shaped and bears several

proximodistally longitudinal microscopic grooves; the apex of the

structure appears to be sulcate. The sensilloid pattern of those setae

which are shared is distinct, without differentiation of primary and

secondary sensilloid fields as in the male; the blade-like as7 are

absent on flagellomeres I and II and are considerably more dilute

where they do occur; the scape is covered with thin, hair-like setae

that are appressed and of variable length; these hair-like setae are

absent on the male and are of the same class as that observed on

the face and have similar spatial dispersion.

Labrum

The aboral surface of labrum is largely glabrous (Figure 13b); in

addition to the differentiated setae near the transverse labral ridge

(ls1, Figure 13b), the labrum bears (i) short, erect setae at the

proximolateral labral corners, (ii) short, appressed setae on the lat-

eral surface of the labral disc, and (iii) an uneven row of longer,

appressed to decumbent setae near and projecting over the apical

labral margin. The distal margin of the labrum is broadly emargin-

ate. A toothed, proximodistally-oriented flange is present distally

on the aboral labral surface, near the distal emargination (lbrpd,

Figure 13b). No data are available for oral labral surface for castes

other than males.

Mandible

The mandibles of all worker variants are capable of full closure against

the clypeus (md, Figure 11a,c,d). The basal and masticatory margins

are distinct and weakly oblique (Figure 11a). The mandible is tri-

dentate, with a large median tooth delimiting the basal and mastica-

tory margins (mmt, Figure 11a), two large apical teeth (mpat, mat,

Figure 12c), and a series of sharp to rounded serrations between the

basal and subapical teeth (msr, Figure 12a); serrations are sometimes

also present on the basal margin. The dorsal mandibular surface is

irregularly and longitudinally grooved (Figures 11a,c,d and 12a,c). In

addition to a field of microsetae set in punctures, the dorsal surface

bears much longer, stouter, subdecumbent to suberect setae sub-

tending subapical and apical teeth, as well as along the lateral mandib-

ular surface (Figure 12c).

Maxillolabial complex

The maxillolabial complex is relatively large, with an MWR (see “mor-

phometrics" above) of 0.56 (n = 1). The parts of the complex are simi-

lar to that of the male, with the main distinction being labial palp

shape, specifics of setation pattern, and apparently some other struc-

tural proportions, but the latter is difficult to evaluate due to non-

comparable specimen positioning. The labial palpomeres are relatively

long and thin, being nearly rod-like (plb, Figure 13a), rather than short

and stout (Figure 7); the distal labial palpomere is proximally bent.

Notable setational distinctions include the occurrence of long, thin,

hair-like setae on the proximal palpomere and fewer of such setae on

the distal palpomere (mxs1e, mxs1f, Figure 13d); more distolateral

hair-like setae (mxs1a00 , Figure 13d); and two, rather than one distal

labial palpomere setae (lbs3, Figure 13a).
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3.2.6 | Queen-limited traits

Head

Queens of Dorylus are dichthadiiform, that is, lacking wings and being

massive, cylindrical, and almost teratological in appearance (Figures 1

and 11e,f). The cranium is subovoid, distinctly broader lateromedially

than long anteroposteriorly, with broadly convex lateral margins

which curve anteriorly through the rounded anterolateral cranial mar-

gin, and which evenly curve posteriorly through the posterolateral

cranial margins to the convex posterior margin which is medially emar-

ginate. The compound eyes are always absent, while the ocelli may be

absent externally or imperfectly developed; distinct pits are present

on the lateral (ocular) surfaces of the cranium (Figure 11f), possibly

corresponding to development of at least the invagination of the

internal ocular ridge; the ocellar triangle is variable, with each ocellus

either in the form of pits or poorly developed lenses or facets

(Figure 11e). The frontal carinae are apparently developed, but indis-

tinct; they are present as short and rounded processes mediad the

TABLE 3 Observed muscle
presence/absence comparing the male of
Dorylus (D) to workers of Wasmannia (W,
Richter et al., 2019), Formica and
Brachyponera (F, B, Richter et al., 2020),
and Protanilla (P, Richter et al., 2021)

No. Muscle D W F B P

10 M. verticopharyngalis (0ph1, Figure 10b, e) 1 0 0 0 0

11 M. tentorioparaglossalis (M. 30, Figure 9d–f) 1 0 0 0 0

12 M. craniocardinalis externus (M. 15/0mx1) 0 1 1 1 1

13 M. stipitopalpalis externus (M. 22/0mx8) 0 1 1 1 1

14 M. palpopalpalis maxillae primus (M. 24/0mx12) 0 1 1 1 1

15 M. palpopalpalis maxillae secundus (M. 25/0mx13) 0 ? 1 ? 0

16 M. praementoparaglossalis (M. 31/0la11) 0 1 1 1 1

17 M. praementopalpalis externus (M. 34/0la14) 0 1 1 1 1

18 M. praementopalpalis labii primus/secundus (M.

35/36/0la16/17)

0 1 1 1 0

19 M. praementosalivarialis anterior and/or posterior (M.

38,39/0hy7)

0 1 1 ? 1

Note: States: 1 = observed, 0 = not observed, “?” = uncertain.

F IGURE 14 Visual summary
of intercaste comparisons and
trait limitation in Dorylus. Male

and worker: Dorylus helvolus;
queen: D. affinis. All images are to
the same scale. The insets in the
bottom frame are arbitrarily
upscaled. Female image
attributions are as in Figure 11
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antennal toruli; these processes margin a pair of triangular regions lat-

erad the distinct medioclypeus. The medioclypeus between the anten-

nal toruli is narrow, but relatively broader relative to the workers. The

clypeus lacks a median, differentiated seta.

Mandible

The mandibles are incapable of complete closure against the clypeus

(Figure 11e). Each mandible is falcate in form, and small relative to

that of the male; only one apical tooth is present. The basal and masti-

catory margins are not developed, although the mandible has a medial

bulge in basal half; the bulge is similar to that of the male, although

much less well-developed. The dorsal mandibular surface lacks longi-

tudinal grooves and macrosetae.

Labrum, antenna, maxillolabial complex

No data available.

3.2.7 | States differing between the male and
workers of other taxa

In this subsection, P = Protanilla, B = Brachyponera, F = Formica,

W = Wasmannia. Also note that external features are excluded from

consideration.

Cranial skeleton. (1) The tentorium is almost perpendicular to the

oral-aboral cranial axis (Figure 9c,f; vs. parallel to the oral-aboral axis

in P, B, F, W); (2) the tentorium has a dorsomedially-directed anterior

lamella and ventromedially-directed posterior lamella (dl, vl, Figure 9c,

f; vs. medially- and frontally-directed lamellae in frontal plane in P, B,

F, W, although in P, medial lamella directed anterodorsad); (3) the

tentorial lamellae are short (Figure 9c,f; also short in P; long in B, F,

W); (4) the oral margin of the torular apodeme, in sagittal view, is lin-

ear and directed toward the foramen occipitale (toa, Figure 5c; similar

in B; bent postgenad in W; bent orad in F; absent in P); (5) the epi-

stomal ridge is indistinctly developed (apparently not developed in W;

developed in P, B, F); (6) the clypeus in sagittal view has two carinae,

one margining the oral cavity (cam, Figure 9f) and the other forming

the apparent distal clypeal margin (cml, Figure 9f; similar in P, B, W;

distinct aboral carina not developed in F); (7) the oral cavity is sub-

equal in size to the mandibular cavities in oral view (Figure 2e; vs. oral

cavity much larger than mandibular cavities in P, B, F [W uncertain]);

(8) in oral view, lines drawn connecting the lateral apices of the ventral

mandibular and atalar articulations of both sides converge toward the

face (dotted line, Figure 2e; vs. converging toward the postgena in P,

B, F [W uncertain]); (9) in oral view, the toruli only are slightly above

the oral margin of the clypeus (to, Figure 2e; vs. raised distinctly

above the oral clypeal margin in P, B, F, W).

Musculature

(10–19) Ten discrete muscular differences are observed, two of which

are presences in the male Dorylus that are not observed in the other

workers, and eight of which are absences in the male Dorylus

(Table 3).

4 | DISCUSSION

4.1 | Observations in overview

Overall, we observe numerous, highly specific anatomical entities and

states of the male phenotype (Sections 3.1.1–3.1.9; Figures 14, Supple-

mentary material, Figure S1). After comparison with the female

phenogroups, we were surprised to observe that no specific entities or

states are shared between the male and worker to the exclusion of the

queen (Section 3.2.4), while the queens and males share several unique

features to the exclusion of workers (Section 3.2.3; Figure 14). In other

words, while there were traits limited by sex, caste, and to the repro-

ductives, no traits were specifically limited to workers and males. To

the best of our knowledge, this observation has not been recorded in

the literature before and should be evaluated across the Formicidae to

determine its generality. Unexpectedly, we did observe conservation of

maxillolabial setation zoning patterns (Section 3.2.1), despite sex-

specific sclerite and seta development (Section 3.2.5). We do confirm

certain previous generalizations about sexual dimorphism in ants, such

as a sex-limited pattern of eye expression and the differential count of

the antennomeres, and we also found numerous female-limited ana-

tomical entities and states (Section 3.2.2). Completely unexpected,

however, was the observation that two discrete muscles are expressed

in the male phenotype, the postcerebral M. verticopharyngalis (0ph1)

and what could be the M. tentorioparaglossalis (M. 30), as well as

absence of eight muscles known to be conserved among workers of

the Formicidae (Table 3; Supplementary material, Table S2).

These and other observations spur our consideration of several

topics, including the muscular patterns of ant heads (Section 4.2), the

developmental patterning of mandibles and their evolution

(Section 4.3), the evolution of the cranium itself (Section 4.4), and the

classification of sensilla (Section 4.5). Arching through these separate

discussions are the observations that while males and workers do

share some features, no feature to our knowledge is specifically and

uniquely developed in males and workers that is not developed in the

queen. Modulated by the observation that the male and queen share

a number of specific and unique states to the exclusion of workers

(Figure 14), these patterns suggest that worker development is depen-

dent on female-specific regulation and independent from male-

specific regulation, and that, in Dorylus, there is an independent factor,

cue, or regulatory system which determines reproductive-specific

phenotypes and phenotypic variation.

4.2 | Muscular peculiarities

We observed two muscles that have not been previously recorded in

Formicidae, 0ph1 and M. 30 (10, 11 in Table 3), which insert on the

pharynx and premental arms, respectively. The muscle which we have

labeled 0ph1 is known from other aculeates and is thus a presumptive

plesiomorphy (Zimmermann & Vilhelmsen, 2016). On the other hand,

the muscle which we have labeled “M. 30” is perplexing. This muscle

originates on the tentorial bridge base and extends dorsolaterally on
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the proximal premental arms. In addition to not being observed in

worker ants to date (Richter et al., 2019, 2020, 2021), no similar

muscle has been described for any member of the Aculeata so far

(Zimmermann & Vilhelmsen, 2016). “M. 30” does, however, corre-

spond to the M. tentoriopraementalis superior, which is known to

occur in Xyelidae and other insects (Beutel & Vilhelmsen, 2007).

The character polarity of this muscle remains ambiguous because

the anatomical sampling of aculeate cranial skeletomusculature is

limited.

We also observed the absence of muscles in the male that are

otherwise largely conserved across the crown ants. Notably, these

apparent muscle losses are restricted to the maxillolabial complex

(12–19 in Table 3). Absence of the palpal muscles (13–15, 17–19 in

Table 3) is unsurprising, as both the labial and maxillary palps are only

two-segmented and short, so their independent movement may per-

haps be neither useful nor necessary. However, absence of the cra-

niocardinal and prementoparaglossal muscles (12, 16 in Table 3) is

unexpected; their absence indicates reduced mobility for the maxilla

and glossa, respectively. A possible explanation is the worker-

dependent role of the male within the colony. In other words, males

are fed by workers and neither interact with brood nor potential,

unprocessed, food substances, thus the range of maxillolabial motion

may be less relevant for them compared with workers. Alternatively,

this could be a condition general among doryline or perhaps other

poneroformican clades. Preliminary data of a worker of Dorylus

orientalis Westwood, 1835 reveals presence of the craniocardinal

muscle, indicating that these absences are indeed specific to males.

Further evaluation of male head anatomy across the Dorylinae and

the Formicidae more broadly is necessary to resolve this question.

Finally, with respect to musculature, we observed two aberrant mus-

cles, belonging to the clypeopalatial (0ci1a) and tentoriohypopharyngeal

(0hy3) groups. In both of the scanned specimens, fibers of 0ci1a con-

nected to the labrum, whereas in workers of other species, this muscle

originates solely on the clypeus. In contrast, 0hy3 was asymmetrical in

F IGURE 15 Alternative hypotheses for the origin of the derived and reproductive-limited falcate-mandibular phenotype in Dorylus.
(a) Schematic outline of the ancestral condition of Dorylinae where all castes have triangular mandibles, plus four alternative evolutionary
pathways (1–4) for the derivation of a reproductive-specific mandible phenotype, with arrows indicating phenotype transfer from one caste-
specific developmental pathway to another. (1) In the first scenario (male-limited origin), the male (M) derives a falcate phenotype (red mandibles)
as a response to sexual selection on the known copulatory clamping function (SS*); due to the strength of the selective force, the falcate
mandibular program is coincidentally expressed in the queen-specific developmental pathway (red arrow); however, the program is not expressed
in the worker-specific pathway due to a hypothetical mechanism that is unique to the development of the reproductive castes (black bar). (2) In
the second scenario (queen-limited origin), the queen-specific developmental pathway (Q) derives the falcate mandibular program in response to
an unknown selection pressure (?S*); the falcate program is then “co-opted” by the male for sexual purposes, and is not expressed in the worker-
specific developmental pathway. (3) In the third scenario (worker-limited origin), the largest workers (presumptive soldiers, S) derive falcate
mandibles as a response to natural selection (NS*) on ergonomic efficiency; the falcate phenotype is then expressed in the queen via a sex-

specific mechanism and is eventually expressed in the male pathway resulting in sexual advantage and is repressed in the worker pathway for
unknown reason. (4) In the fourth scenario (reproductive-limited origin), the reproductive castes simultaneously derive the falcate-mandible
developmental program (red asterisk) due to strong sexual selection pressure on the male and possible developmental constraint on the queen.
Three additional scenarios are as follows: (5) simultaneous origin of falcate mandibles in all castes, that is, workers, queens, and males, with
suppression of the falcate phenotype restricted to workers; (6) simultaneous origin of the falcate phenotype in females, with subsequent
repression in workers and expression in males; and (7) origin of the falcate phenotype in the worker caste with subsequent transfer to the queen
via the male. Given the total absence of male-to-worker-limited states, we do not consider scenario 7 further
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only one of the scanned specimens, with fibers of the right head side

connecting to the tendon of the left. Previously, the only other aberrant

muscle observed was functionless fibers of 0md1 in a Formica rufa

Linnaeus, 1761 worker that attached to the dorsal and ventral surfaces

of the cranium (Richter et al., 2020). Because muscular teratology in ants

has not yet been a focal point of study, in contrast to external anatomy

(e.g., Laciny, 2021; Sokolowski & Wisniewski, 1975), we suggest three

alternative hypotheses to investigate at finer scale: (null) aberrant mus-

cles occur purely by chance developmental misspecification (i.e., by pure

“mistake”); (1) parasites or larval trauma; or (2) relaxed ecological selec-

tion on males may allow for accumulation of loss of function mutations.

High throughput scanning and reconstruction of ants may be the best

way to quantify these occurrences.

4.2.1 | Note on the galea

The medial differentiated region of the galea has yet to be observed

in other ants. Because it is shared between the male and worker, it is

probably developmentally specified, and thus its phylogenetic distri-

bution is worth evaluating. Gotwald Jr. and Schaefer Jr. (1982) note

that the conical form of the galeal crown, as observed here,

(a)

(b)

F IGURE 16 Summary of the phylogenetic pattern of falcate-mandible phenotype occurrence in the male (M), queen (Q), and worker
(W) castes and of the occurrence of a discrete soldier caste (S) in the Eastern (a) and Western (b) doryline army-ant clades. The present (P)
states are parsimoniously mapped onto the preferred topology of Borowiec et al. (2019); variability (V), absence (A), and uncertainty (U)
are recorded in the center-right column (see “box legend” to the upper right). The phylogenetic distribution of mandible states supports
the male- or reproductive-first hypotheses, while at least three independent origins of worker falcate phenotypes are indicated (Dorylus,
Cheliomyrmex, and Eciton). The sparse data on allometry in worker caste(s) of doryline army ants support a pattern of continuous variation
in worker size for most polyphenic genera (e.g., Gotwald Jr. & Kupiec, 1975; Hollingsworth, 1960; Topoff, 1971), except for some species
of Eciton that develop a discrete soldier caste (Powell & Franks, 2006). Information on the mandible form of males, queens, and workers of
large size is also available from Borgmeier (1955). Fine-scale and quantitative evaluation of doryline army ant mandibles is a high priority.
The geographical distributions represented in (a) and (b) are records for Aenictus and Neivamyrmex, respectively, after projections from
AntMaps (Guénard et al., 2017; Janicki et al., 2016) and Kronauer (2009). The queen of Labidus is not pictured but has been recorded as

having falcate mandibles by Weber (1941). Inset species, specimens, and AntWeb imagers are as follows, starting from the Aenictus male
to the right of the box legend, and proceeding left-to-right, top-to-bottom (C-# = CASENT): Aens. clavatus atripennis (C-0901982, Ziv
Lieberman); Aens. nuchiti (THNHM-I-02613, THNHM-I-02612, Jaitrong Weeyawat); Aenictogiton zm02 (C-0106126, Michael Branstetter);
Aeng. ug01 (C-0906052, Estella Ortega); Dorylus affinis (C-0901948, Ryan Perry; C-0911328, Will Ericson; C-0249445, WE); D. nigricans
(C-0172641, April Nobile; C-0915346, ZL; C-0172642, AN); Leptanilloides indet. (C-0374401, Michele Esposito); L. mckennae (C-0010699,
AN); L. Erinys (C-0234616, Marek Borowiec); L. gracilis (C-0106179, MBr); Neivamyrmex nigrescens (C-0862452, ME; C-0104061, AN; C-
0106080, MBr); Cheliomyrmex megalonyx (C-0902670, WE; C-0911369, ZL); Nomamyrmex hartigii (JTLC000009350, WE; C-0915866,
Anna Pal); Eciton hamatum (INB0003692970, INBIOCRI001283500, C-0612205 WE)
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distinguishes Dorylus from Aenictus and the “ecitoninae” (i.e., the

Western army ant clade).

4.3 | Mandible development and evolution

4.3.1 | Mandibles and male nipples

Two observations are worthy of particular scrutiny: (I) the mandibles

of males and queens are discretely different in form relative to the

worker phenotypes, being both falcate (sickle-shaped) and edentate,

that is, they are of a reproductive-limited form (state 7, Section 3.2.3;

Figure 14); and (II) the mandibles of the male are massive and highly

specialized, whereas those of the queen are comparatively underde-

veloped (Section 3.2.6; Figure 14). Both of these states contrast with

the general condition in Formicidae, where there is no discrete repro-

ductive mandibular phenotype, and where it is in males that the man-

dibles are underdeveloped, sometimes to the point of near total loss.

To explain this inversion of the general pattern of mandible develop-

ment for ants, we hypothesize that the reproductive-limited mandibu-

lar phenotype of Dorylus is canalized and derived via male-specific

selection. In other words, that the queen mandibular phenotype in this

genus is at least partially: (a) developmentally decoupled from that of

the worker; (b) developmentally coupled with that of the male; and

(c) constrained by selection on the male-specific phenotype.

Because of this exceptional situation in Dorylus, we ask: Did the

developmental feature or program that causes the development of

the falcate mandibular phenotype originate in the male-fated pathway

before expression in the queen-fated pathway, did it originate in both

reproductive castes simultaneously, or was it a worker-limited pheno-

type that became expressed (“co-opted”) in the reproductive path-

ways (Figure 15)? Relative to the sexual dimorphism in vertebrates

and other arthropods (e.g., Coyne et al., 2007; Oliver &

Monteiro, 2011; Owens & Hartley, 1998; Williams & Carrol, 2009),

where a trait may arise in one sex and remain limited or may arise in

both and be repressed or promoted, the question for Dorylus is com-

plicated by the possible origin of a trait in the worker caste or in a

worker subcaste, and by the limitation of certain derived traits solely

to the reproductive or dispersing caste (Figure 14). Further, Dorylus

and other doryline army ants represent extreme cases of obligate

eusociality (Boomsma & Gawne, 2018), having highly polyphenic

workers and discrete, thus certainly canalized male, queen, and

worker castes (Sections 3.1.1–3.1.9, 3.2.5, 3.2.6).

Comparison with other genera reveals that both the male and

female reproductive castes of doryline army ants develop an

edentate-falcate mandibular phenotype, as observed in Dorylus (Q,

Figure 16), in contrast to the more-or-less triangular form of most

workers. Contrary to the expectation of the worker-, female-, or all-

caste-first hypotheses (3, 5, 6, 7, Figure 15), the falcate phenotype is

only developed among the largest workers of some Dorylus species

and in the genera Cheliomyrmex and Eciton (W, Figure 16), indicating

that non-reproductive females evolved such mandibles independently

(a)

(b)

F IGURE 17 Extended “standard” or developmental switch
models, accounting for the male phenotypic caste. (a) The Pheidole
switch model of Wheeler (1986), with the addition of sex
determination via the doublesex/transformer axis (dsx/tra;
e.g., Nipitwattanaphon et al., 2014; Klein et al., 2016). In Pheidole, JH
exposure at two critical periods determines the fate of female larvae
(Lillico-Ouachour & Abouheif, 2017; also, e.g., Passera &
Suzzoni, 1979 and Wheeler & Nijhout, 1983); the first period, during
embryogenesis, splits queens and nonreproductive larvae, while the
second, around the time of pupation, determines soldier versus
worker fate for larvae of the bipotential neuter caste. (b) A
hypothetical model proposed for Dorylus to explain the expression
of derived reproductive-limited traits, that is, apomorphic features
unique to the queens and males of Dorylus to the exclusion of their
workers. This model assumes embryonic regulation of queen versus
worker fate due to some signal or cue (H*), similar to Pheidole. The
key observation is that the reproductive-fated larvae of Dorylus are
hypertrophied (hyper*) relative to worker-fated larvae, such that
queens and males are an order of magnitude larger than workers,
without any overlap in size range (e.g., Berghoff, 2002; Schöning
et al., 2008; also, e.g., Arnold, 1915; Santschi, 1939). The excessive
growth of the reproductive castes was likely derived due to
selection for hyper-fecundity, as a single queen of Dorylus may lay
more than a hundred million fertilized eggs in her lifetime
(e.g., Kronauer, 2009). We hypothesize that queen and male larval
hypertrophy is the cause for the apparent developmental coupling of
the reproductive castes, as such feeding presumably frees male and
queen larvae to differentially invest accumulated nutrients among

body structures, relative to workers (e.g., Nijhout & Emlen, 1998).
Mapped in the pupal phase is mandible form, which is highly
specialized and falcate in males (++), falcate but poorly developed in
queens (+), and is not falcate in workers (�). The proximal genetic,
hormonal, or other signals or cues for reproductive larva
hypertrophy are unknown. Non-overlap of size between doryline
army ant reproductives and workers has also been observed for
Aenictus (e.g., Jaitrong & Ruangsittichai, 2018; Jaitrong &
Yamane, 2013; Wilson, 1964), Eciton (e.g., Borgmeier, 1955;
Reichensperger, 1924; Wheeler, 1921, 1925), Labidus (Bruch, 1934),
and Neivamyrmex (e.g., Snelling & Snelling, 2007). The males of the
former taxa are especially large, while the male is unknown for the
only Leptanilloides species for which a queen is described
(Borowiec & Longino, 2011)
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at least three times. Moreover, the falcate forms of these genera are

highly distinct in appearance, further supporting the scenario of inde-

pendent origins for worker-specific falcate phenotypes (photo insets,

Figure 16). The Western genus Leptanilloides provides ambiguous support

for the male-first hypothesis (Figure 15b). The known queen of this genus

has mandibles that are similar in form to the conspecific worker

(Borowiec & Longino, 2011), while the males of various species display

transitional states with some having distinctly falcate mandibles and others

having more triangular forms (Figure 16). The phylogenetic distribution of

these states indicates that the distinct falcate phenotypes, or expressions

thereof, have evolved independently in both the reproductive and worker

castes and in the Eastern andWestern army ant clades.

Partial developmental coupling of the highly specialized

“dichthadiiform” males and queens of Dorylus and other doryline army

ants may explain the discrete reproductive mandible phenotype

observed in these taxa. Such coupling may plausibly be due to larval

hypertrophy (Figure 17b), which results in massive reproductives that

do not overlap in body size with workers (e.g., Figure 1). The causes of

the observed hypertrophy of male- and queen-fated larvae in Dorylus

are uncertain. Two potential signals may be juvenile hormone (JH) or

alternative splicing of doublesex (dsx). Juvenile hormone pulses at critical

periods in development (e.g., Figure 17a) are known, for example, to

cause diphenic expression of dung beetle horns (Emlen et al., 2005),

enlarged mandibles of termite soldiers and stag beetles (Cornette

et al., 2008; Gotoh et al., 2011, 2014, 2017; Kajimoto et al., 2012), and

development of the soldier caste in Pheidole (Abouheif & Wray, 2002;

Koch et al., 2021; Rajakumar et al., 2018). Alternatively, an embryonic

signal such as alternative splicing of dsx may cause differentiation

toward the reproductive-fated pathway with its associated states not

shared with workers. For example, dsx has been found to also coordi-

nate female caste diphenism of Cardiocondyla in addition to specifying

sex (Klein et al., 2016). These alternatives may be complementary, and

other factors should definitely be accounted for.

One approach would be to test the hypothesis of developmental

coupling itself through artificial selection on the army ants under

question, although this will be exceptionally difficult due to their life

histories. Given the available evidence, however, we consider devel-

opmental constraint of the male and queen mandibles for most dory-

line army ants to be a plausible explanation, in particular because of

the following points: (1) male mandibles have a specific and sexually

critical function (thus favoring the male-first hypothesis, 1 in

Figure 16; see also next paragraph); (2) falcate male mandibles have

likely evolved at least twice in the doryline phylogeny (Figure 16), with

similar function in both army ant instances; (3) falcate queen mandi-

bles have no known special function (thus disfavoring the queen-first

hypothesis, 2 in Figure 15); and (4) male and queen Dorylus are abso-

lutely discrete in body size relative to their offspring workers

(Figures 1 and 17). The situation of Leptanilloides is especially impor-

tant in this context (Figure 16), as males are small to miniscule and are

known to have falcate to triangular mandibles, while the only reported

queen of that genus is a singleton with worker-like mandibles

(Borowiec & Longino, 2011). If males derived the falcate form first,

perhaps in small-bodied species, then queens would not be coupled

and coupling in other doryline army ants, possibly via hypertrophy,

would have been a subsequent derivation.

Whether the falcate phenotype was derived in males first (1, Fig-

ure 15) or simultaneously in the reproductive castes (4, Figure 15), natu-

ral history observations provide evidence that sexual selection on the

male is likely to have been the driving evolutionary force. While falcate

queen mandibles have not been observed to have any special use in the

doryline army ants, males of Dorylus, Eciton, and other genera are known

to use their mandibles to vigorously clamp the female during copulation

(e.g., Kronauer, 2020; Kronauer et al., 2007; Schneirla, 1971). We note

here that reproductive-limited larval mandibular forms are not developed

in ants generally (Wheeler & Wheeler, 1976) and for doryline army ants

specifically (Cohic, 1948; Tafuri, 1957; Wheeler, 1943; Wheeler &

Wheeler, 1964, 1974, 1984), thus it is unlikely that larval ecology plays a

role in evolution of queen falcate mandibles. If the development of the

male and queen phenotypes is indeed partially coupled, then develop-

ment of the queen mandibular phenotype is expected to be constrained,

as mutations interrupting mandible morphogenesis in males would be

catastrophic for reproduction. The comparatively functionless queen-

falcate phenotype would thus be coincidentally canalized, and would

therefore be an “evolutionary spandrel,” akin to the male nipples in the-

rian Mammalia as hypothesized by Gould (Gould, 1993; Gould &

Lewontin, 1979). Overall, that sexually selected phenotypes are consis-

tently diagnostic of army ants indicates that alternative reproductive

strategies, such as obligate polyandry, may be necessary to derive

extremely complex patterns of caste differentiation.

4.3.2 | Mandible patterning

Photomicrographic and SEM comparison reveals conserved develop-

ment of a mandibular carina (lll, Figure 2c; ll, Figure 6a). The medial

portion of this carina is in the form of a longitudinal costate or ridged

line that is edentate in the male but dentate in the worker (state

11, Section 3.2.1). Based on the specific position and orientation of

this structure, we hypothesize that the expression of the mandibular

carina is caused by a homologous developmental process, for which rea-

son we tentatively term the medial portion the “carinate tooth line” for

the purposes of discussion. We observe that, in workers, carinate tooth

line is divided into two subsections with distinct angles relative to one

another, which are traditionally referred to as the “basal” and “mastica-

tory” margins in the myrmecological literature (e.g., Bolton, 1994, 2003;

bm, mm, Figure 11a). The apex of the mandible in the worker and queen

is developed into a distinct, acute angle (tooth; mat, Figure 12e), and

such an angle is weakly developed at the apex of the carinate line in the

male, where the line distally curves toward the ventrolateral underside of

the mandible (aa, Figure 6a). Additional teeth in the worker are develop-

mentally specified on the tooth line, including the “preapical mandibular

tooth” (“mpat,” Figure 11c, 12c) and the “median mandibular tooth”
(“mmt” in Figure 11a). Given the approximately falcate mandibular form

of larval Dorylus (Wheeler & Wheeler, 1984), the specification and devel-

opment of worker preapical and median teeth must occur during

pupation.
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Based on the principles of insect morphology (Snodgrass, 1935,

1958) and contemporary evolutionary developmental theory for the

mandibles (see the reviews of Angelini & Smith, 2019 and

Prpic, 2019), we propose that the carinate tooth line is homologous

with the incisor endite of the Mandibulata, with ant- and

Hymenoptera-specific patterning processes. We note also that

although Xyelidae have a developed mola, this structure is indistinct

in other Hymenoptera (Beutel & Vilhelmsen, 2007), including crown

and stem ants (Barden & Grimaldi, 2014; Boudinot et al., 2020;

Wilson et al., 1967a, 1967b); if it were present, the mola is of a

derived and an as-yet unrecognized form.

Given developmental theory and our observations of mandibular

anatomy outlined above, we postulate that a minimum of seven pro-

cesses are responsible for mandibular patterning across the

Formicidae, and for which we encourage review and experimentation.

(1) Specification of an apical point or fine area in the mandibular

anlage during embryogenesis, with retention of this information or re-

expression during pupation. (2) Proximodistal elongation of the mandi-

ble at the specified apical point during both embryogenesis and pupa-

tion. (3) Torsion/curvature of the mandible around the proximodistal

axis during pupation, causing the mandibular apex to appear down-

and medially turned when viewed frontally. (4) Specification of the

mandibular carina, including the carinate tooth line (incisor) on the

medial surface of the mandible during embryogenesis, with retention

of this information or re-expression during pupation; this step is pre-

sumably necessary and prior to tooth development. (5) Specification

of the basal angle on the tooth line via a proximodistal position-

dependent mechanism. (6) Lateromedial blade-width expansion at the

basal angle. (7) Development of adult teeth along the carinate tooth

line during pupation, with some teeth canalized (e.g., the apical tooth)

and some teeth iterated and space-dependent (e.g., denticles between

the apical tooth and basal angle).

Table S3 summarizes hypotheticodeductive extensions of these

postulated processes. Additional processes must be necessary to

cause development of other mandibular structures, including specifi-

cation the submarginal sensilla line, diffusion of a sensilla-

differentiating morphogen across the frontal and abfrontal mandibular

fields, specification of the mandalus position and its subsequent dif-

ferentiation, and critically, the development of the craniomandibular

articulations and mandibular apodemes, among others. Developmental

experimentation on mandible growth and patterning will have signifi-

cant explanatory power, given critical role of mandibles in evolution

of the ants (e.g., Booher et al., 2021; Wilson, 1987), and their vast

range of structural and functional variation (e.g., Bolton, 1994;

Gronenberg et al., 1997; Perrichot et al., 2020; Zhang et al., 2020,b).

4.4 | Head evolution

4.4.1 | Head-shape

The male-phenotypic head shape of Dorylus is highly distinctive, being

lateromedially transverse with a broad frontal bulge (fb, Figure 2d,e).

Through comparison of males across the Dorylinae via AntWeb and

Borowiec (2016), we observe that the transverse condition is also

shared with Aenictus, Cheliomyrmex, Eciton, Labidus, Nomamyrmex, and

various Neivamyrmex, all of which are known army ants, and that have

falcate mandibles. Given these observations and the known phyloge-

netic relationships of these genera (see Section 2.4.7; Figure 16), we

hypothesize the following: (1) that the transverse shape is an adapta-

tion of the cranium to allow for the massively enlarged mandibular

adductor (closer) muscles (0md1) that we observe in Dorylus; (2) that

the transverse shape maximizes the mechanical advantage of the

mandibular lever system; (3) that the transverse shape allows the male

to grasp the similarly thick queen; and (4) that the location of the ocu-

lar nervous tissue constrains the cranium from accommodating

enlarged mandibular adductors by elongating dorsally.

The first hypothesis (1) is supported by the observation that sister

groups of the Western and Eastern clades are not army ants, and do

not have the transverse head shape, suggesting that this innovative

architectural solution has evolved independently, and that sexual

selection is the causative force. The second hypothesis (2) predicts

that formal mechanical analysis will find increased advantage from the

lever conformation, and that this will allow for comparatively greater

muscular force transmission relative to nontransverse crania. The third

hypothesis (3) predicts a significant correlation between the distance

of the falcate male's mandibular bases, and the thickness of the region

clasped on the conspecific queen. The fourth hypothesis (4) predicts

that Aenictogiton will have evolved a different solution to the spatial

constraint problem. We note that external examination of Aenictogiton

males, which have longitudinally elongate rather than lateromedially

elongate heads, does seem to support the third hypothesis, in that the

cranium is “prognathous” relative to Dorylus; the internal anatomy of

this genus is necessary to interrogate in order to properly understand

the relative spatial orientations and their mechanical consequences.

As for the frontal bulge of the male cranium, examination of the

digital reconstructions reveals that lumenal surface corresponds to

the origins of four muscles, while the frontal surfaces of the cranium

lateral to the median bulge are devoid of musculature. The frontal

bulge muscles are the pharyngeal dilator (0bu2, 0bu3), the posterior

oral arm muscle (0hy1), and the labral depressor (“closer,” 0lb2) mus-

cles (Figure 10a,c,d,f); the remainder of the frontal bulge is filled with

the prepharyngeal gland (phg, Figure 10a–c). Of the four frontal bulge

muscles, the labral depressor is largest, suggesting need for tight clo-

sure of the labrum, hence protection of the maxillolabial complex. The

function of the prepharyngeal gland remains ambiguous but it is

clearly retained in the male.

Further comparison

The transverse head shape is not unique to the Dorylinae among

Formicidae. The best examples, to our knowledge, are the males of

Carebara sensu stricto, the Carebara diversa species group (formerly

Pheidologeton), various Cephalotes (such as C. atratus, [L.]), and

Daceton, all of which are taxa in the hyperdiverse subfamily

Myrmicinae. The male phenotypes of all of these taxa have small,

underdeveloped mandibles, raising the question of the function and
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the evolutionary cause of the derived transverse form as compared to

Dorylus. To address this question, it will be necessary to micro-

tomographically sample these taxa and their less-derived relatives.

4.4.2 | Alternative suctorial phenotypes

We observe that both the male and female reproductive

phenotypes share a lateromedially broad clypeus (Figures 2d and 11e),

a feature distinct from the worker and of functional significance due

to the fact that the clypeus bears the origins of some of the suctorial

muscles. For this reason, and because suctorial systems of male and

female ants have not been compared to date, we provide a coarse

functional characterization of the pharyngeal musculature.

The sampled male phenotype displays 13 uniquely identifiable

muscles of the cranial digestive tract, for which we broadly recognize

three functional groups based on their insertions (Figure 10): (1) five

prepharyngeal muscles (extrinsic: 0ci1a, 0ci1b, 0bu1, 0bu5; intrinsic:

Mped); (2) four oral arm muscles (extrinsic: 0hy1, 0hy2; intrinsic:

0hy9, Mpel); and (3) four pharyngeal muscles (extrinsic: 0bu2, 0bu3,

0ph1, 0ph2). Because all of these muscles distend tube-shaped soft

tissue, their contraction is expected to cause localized variation in

tube volume, thus producing regions of high and low liquid density.

With overall oral-to-anal waves of prepharyngeal to pharyngeal con-

traction, the musculature is expected to create directional suction,

probably modulated by the muscles attaching directly to the sitophore

plate and its lateral apophyses (oral arms, oa, Figure 10; mpel, 0hy1,

0hy2, 0hy9). These oral arm muscles are structurally organized such

that two of them (mpel, 0hy2) must act antagonistically with one

(0hy1), while the transverse oral arm to oral arm muscle probably cau-

ses dilation of the ventral region of the prepharynx (0hy9), com-

plementing the complex extrinsic prepharyngeal dilator musculature.

Preliminary scan data of a worker of D. orientalis indicate that the

suctorial musculature of workers is qualitatively and quantitatively

distinct. Two discrete differences are the absence of the apparently

male-specific M. verticopharyngalis (0ph1) and absence of the portion

of M. clypeopalatalis closer to the functional mouth opening (0ci1a).

Quantitative differences of muscle proportion are also suggested,

with the longitudinal prepharyngeal musculature (Mped) and

frontopharyngeal muscles (0bu2, 0bu3) appearing large in males, while

0ci1b is especially pronounced in the worker. These differences may

be due to functional optimization as a response to size, spatial, and

structural constraints. If 0ph1 is indeed widespread among male

Formicidae, its absence in workers could easily be explained by struc-

tural constraint given the head and brain orientation of the female

phenotype. We cannot confidently infer the consequences of these

different muscle sets and conformations, because, to our knowledge,

only a few attempts at detailed functional analysis of the cranial diges-

tive tract have been undertaken so far (e.g., Paul & Roces, 2019). We

do, however, draw attention to the need to explicitly study suctorial

system performance, sex-specific differences, and to incorporate

queens and an overall wider sample of species for this outstanding

issue.

4.5 | Setae and sensilla

4.5.1 | General considerations

“Setation,” or sensilla patterning more precisely, is of considerable

functional and evolutionary value for the organism and organismal

populations. However, the development of the language for dis-

cussing sensilla is not at the stage where the terms are anchored in

particulate homology. To use the concepts of Linnaeus and Hennig,

we do not have a “natural” system for sensilla nomenclature, as any

generally accepted formal name can be applied to almost any given

hair-like structure, resulting in polyphyletic inclusion of dissimilar enti-

ties together under one name. While on external examination a seta

or sensilla may appear to be simple, in reality the sensillum is a com-

plex of multiple parts, differentiated from the neuroectodermal cell

layer, with biologically meaningful and variable function

(e.g., Chapman, 2012). After a review of the literature, we have come

to concur with Altner and Prillinger (1980) that the formal terminology

for setation betrays homology via the considerable possibility for

paraphyly and polyphyly of the classification of phenotypic objects

(anatomical entities). All of this is to say that considerable terminologi-

cal chaos and contradiction exists for the nomenclature of sensilla,

with conflict remaining after over a century and a half of research

(e.g., Forel, 1885; Leydig, 1850), and even at the level of Ontology

(e.g., DAO, HAO). We therefore call for focused effort for resolution.

In an attempt to find at least some degree of said resolution, we

recorded the external properties which were used to apply formal

sensilla names in the literature (e.g., sensillum trichodeum,

s. basiconicum, s. coeloconicum, s. styloconicum, etc.) and considered

the consequences of word choice. We found that the properties used

to observationally differentiate the sensilla are both variable and

insufficient to consistently categorize and designate a name for an

observed sensillum. In our opinion, Altner and Prillinger (1980)—with

Kraepelin (1883) far before—provided the most coherent general clas-

sification for sensilla, recognizing the following broad groups, with fur-

ther subdivision based on innervation: (1) no pore, socket flexible,

mechanosensitive (“NP-f”); (2) no pore, socket inflexible, thermo- and

hygrosensitive (“NP-if”); (3) terminal pore, socket flexible,

mechanosensitive and gustatory (“TP-f”); (4) terminal pore, socket

inflexible, gustatory (“TP-if”); (5) wall (i.e., lateral) pores, socket inflexi-

ble, single-walled, olfactory (“WP-sw”); and (6) wall pores, socket

inflexible, double-walled, olfactory or olfactory and thermosensitive

(“WP-dw”). Consequently, we recognize that in order to obtain a com-

plete and “natural” (monophyletic) classification, it is necessary to

evaluate the ultra-scale anatomy, genetic, developmental, and phylo-

genetic history of “setae” or sensilla.

4.5.2 | Broader concepts

To evaluate the degree of seta class distinction, we borrowed the

population biological concepts of sympatry and allopatry, that is, co-

occurrence of two or more distinct populations in a given area or non-
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co-occurrence. We used these as heuristics for determining indepen-

dent setation groups. We considered setae allopatrically “distinct” if

they displayed discrete properties from other setae on nearby struc-

tures, such as the spine-like galeal setae (mxs3c) relative to the hair-

like setae (mxs1d) of the galeal crown (gacr; Figure 7). The strongest

evidence for fully distinct setae is the retention of discrete differences

between two seta classes expressed in anatomical sympatry, that is, in

the same setational field, such as the thicker and more-erect hair-like

setae of the proximal labral margin (ls1), which co-occur (are sur-

rounded by) thinner, less-erect hair-like setae (ls2) (Figure 4a). More

broadly, we conceive of the process of seta class evolution as the pro-

cess of phenotypic object individuation (speciation), as invoked by

Wagner (2014). For the purposes of initiating an approach which

might be fruitful, we suggest that the anatomical and physiological

properties used to define sensilla in the system of Altner and

Prillinger (1980) be used to define homologous Sensilla Genera,

and other patterns such as shape, form, pore arrangement, cell struc-

ture, and so forth, be used to define homologous Sensilla species, all to

be informed by the underlying genetic architecture and phylogenetic

history.

4.5.3 | Specific results and comparisons

With a focused Sensilla Genus species approach, we parse the litera-

ture and evaluate our observations. First, the broadest phenotypic

categories of sensilloid structures or sensilla that we can recognize

based on our present observations are (i) “hair-,” “spine-,” or “bristle-
like,” (ii) “button-like,” and (iii) “blade-like.” Across all setose head

parts of Dorylus, the first category includes 19 classes (hs1–2, as1–6,

ls1–2, mds1–3, mxs1–4, lbs1–4), the second category includes one

class (mxs5), and the third includes two classes (as7, as8), for a total of

23 observed classes, with considerable intra-class variation for the

first maxillary class (mxs1). Sensilla diversity was greatest on

the antenna (eight classes), followed by the maxilla (five classes), then

by the labium (four classes). We recognize that further categories of

sensilla should be considered in future comparative work on ants and

other Hymenoptera. These categories, from Romani et al. (2010) are

as follows: (iv) the aporous “campaniform” and “coeloconic” sensilla;

(v) the uniporous gustatory sensilla; (vi) the multiporous single-walled

“trichoid,” plate, and gustatory sensilla; and (vii) the multiporous dou-

ble-walled grooved-peg sensilla. An additional category, (viii) the

“ampoule,” has been observed in ants (e.g., Forel, 1885;

Hashimoto, 1991; Kraepelin, 1883; Lubbock, 1877; Ramirez-Esquivel

et al., 2014; Romani et al., 2010), and is known to be sensitive to CO2

(Kleineidam et al., 2000; Kleineidam & Tautz, 1996).

The first of our observed categories (i) is variably referred to as

“s. trichodeum” (“s. trichoideum”) or “s. chaeticum” (e.g., Altner &

Prillinger, 1980), which we here consider to be synonyms of the anal-

ogous English words, and thus are not taxa of the proposed Sensilla

taxonomy. The function of hair-like sensilla is variable and depends on

the pore patterning. Tip-pore sensilla are generally appreciated to be

gustatory chemoreceptors, wall-pore sensilla as olfactory

chemoreceptors, and aporous sensilla as variable in function (Altner &

Prillinger, 1980; Romani et al., 2010). Given that the bulbus (as1),

pedicellar base (as2), and pedicel bell and proximal flagellar (as3) setae

occur on contact surfaces, it is probable that they are

mechanosensory and have a proprioceptive function. Certain of such

proprioceptive bristles or hairs have been called the “hair plate” or

“Böhm's sensilla” (Schneider, 1964). Because we were unable to

observe pore patterning for the other classes of first category

(i) setae, we are unable to provide strong functional interpretations.

We do note, out of interest, that the patterning of the short, lean-

ing, hair-like (hs1, as4, ls1) setae with interspersed long, erect, hair-like

(hs2, as5, ls2) setae is commonly observed in other ants (e.g., the

“crinosa group pilosity” of Crematogaster, Longino, 2003; various

other Myrmicinae, Bolton, 1987), and is similar to the “ground” and

“guard” hair pattern of mammalian pelage. For mammals, it is gener-

ally accepted that, in addition to mechanosensation (touch), the gro-

und hairs have a thermoregulatory function, and the guard hairs

repels water from the skin. An analogous water repellence function

for single or double layer setation on ants makes sense for the cra-

nium, mesosoma, and metasoma, but less so for the antennae and

labrum. Regarding the antennae, the collective function of the double

layer pattern of hair-like setae is dependent on the pore and innerva-

tion patterning. With respect to the labrum, the double layer may pro-

vide the animal with a spatially refined sense of touch, which is also

possibly applicable to other structures, such as the mandibles. The

positioning of the longer, sparser labral setae matches that of the

“labral pegs,” “spicules,” “traction setae,” or “chaetae” of

Amblyoponinae, Leptanillinae, and various stem Formicidae (Boudinot

et al., 2020), which suggests that at least the double-layer labral pat-

terning is conserved across the ants. A final note for the double-layer

pattern is that the villous “guard setae” of the male Dorylus cranium is

highly unusual and suggests that a male-specific function is under sex-

ual selection in the genus.

The “button-like” moniker for the second observed category

(ii) was first used by Hashimoto (1991) to describe sensilla that he

observed on the labial palps of ants. The sensilla is possibly conserved

among ants, as Hashimoto (1991) observed these to be present on

species spanning the crown and poneroformicine nodes of the

Formicidae (i.e., including Leptanillinae and Amblyoponinae, as well as

Dorylinae). However, Hashimoto (1991) did not evaluate maxillary

palps, so it is possible that the sensilla are more widespread than cur-

rently appreciated. Comparing with other Hymenoptera, the external

form resembles that of the Aporous Sensilla referred to by Romani

et al. (2010) as “coeloconic sensilla” and reported to have hygro- and

thermoreceptive function (e.g., Ruchty et al., 2008). Indeed, the “but-
ton-like” and “coeloconic” sensilla may be homologous with the simi-

larly shaped hygroreceptive “s. coelocapitula” of Apis mellifera

(Yokohari, 1983; Yokohari et al., 1982), and the dissimilarly shaped

but also hygroreceptive “s. styloconica” observed in Bombyx

(Steinbrecht, 1989). A complication with this potential interpretation

is the apparent doubled state of some of these sensilla on the palp of

Dorylus (mxs5, Figure 7). Among our foundational references for head

anatomy, similar appearing short, apparently socketed, conical-to-
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TABLE 4 Some priorities and questions for the study of ant caste dimorphism and polyphenism, from the perspective of male phenotypic
diversity.

Male-specific phenotype mapping

• Anatomical atlas construction for the mesosoma and metasoma, especially the genitalia (Boudinot, 2013), and for the developmental process—These

will be of fundamental importance for establishing the phenotype–genotype map in Formicidae.

• Functional/mechanical analysis of anatomical systems—Within the context of the present work, skeletomusculature and sensilla function are key;

other physiological processes should not be ignored however.

• Systematic documentation of conservation and variation through replication of the atlasing process for other taxa, and through taxonomic works

(sorting, comparison, imaging, description)—The treatment of morphospecies (i.e., informal groups without an applied binomen) is as high priority as

treatment of males with known species identity, as the development of a male phenotype classification is critical for incorporating this caste into the

study of ant evolution.

• Ease male ant identification through the construction of keys to genus and (morpho)species (key to subfamilies: Boudinot, 2015)—Global treatments

are higher priority than regional treatments, but the latter are also necessary (see Bolton, 2007 for extremely useful guidelines on the revisionary

process).

• With respect to Dorylus and other army ants addressed in the present work, systematically document the male phenotypes non-army-ant Dorylinae,

especially those genera that are closely related to the Eastern and Western clades (Borowiec, 2019)—For example, Yunodorylus is in the sister group

to the Eastern clade (Borowiec, 2019) and has subdichthadiiform queens (Eguchi et al., 2016; Satria et al., 2018), but only one male has been

documented (Borowiec, 2016).

Intercaste phenotype mapping

• Test the generality of the observation that males and workers share no unique states relative to the queen (Section 4.3).

• Evaluate and quantify covariation of male, queen, and worker phenotypes—Are doryline army ants unique in having derived reproductive-limited

states?

• Comparatively document cranial musculature—What is the phylogenetic distribution of the two unique muscles of male Dorylus (Section 4.2); do all

males lack the eight muscles recorded in Table 3? Are all ants characterized by inter-sex alternative suctorial phenotypes (Section 4.4.2); do queen

doryline army ants also have the male suctorial phenotype?

• Focused, fine-scale, and quantitative evaluation of worker, queen, and male anatomy and anatomical covariation for the entire body within colonies

and across species, whether at the scale of atlas or alpha taxonomic treatment—As we have shown, male ants are informative yet are mentioned

peripherally or not at all in works addressing ant morphology and phenotypic diversity (see the second epigraph for a poetic dismissal of this sexual

caste).

• Evaluation of worker, queen, and male mandible variation for Dorylinae specifically, particularly Leptanilloides—Did the origin of the falcate male

phenotype precede or follow the evolution of highly domesticated (specialized) dichthadiiform queens?

Evolutionary developmental biology

• Account for males in the study of caste development and differentiation.

• Document the sequence and timing of anatomical transformation for all castes at the atlas scale.

• Test the general mandible patterning processes for ants postulated in Section 4.3.2.

• Test the specific mandible development hypotheses for Dorylus proposed in Section 4.3.1.

Questions of ant evolutionary biology

• What are the developmental and evolutionary causes of the transverse head form of Dorylus and other doryline army ant males (Section 4.4.1)?

• What roles do sexual selection and extreme male phenotypes play in the evolution of worker polyphenic complexity, as in doryline army ants and

leafcutters?—Are extreme male phenotypes a response to or are they necessary for this evolutionary process?

• Why do some male ants evolve elaborations of the genitalia—Is there a general pattern, or are these elaborations experiencing different selection

dynamics?—An inexhaustive list includes: Leptanillinae, Diacamma, Dinoponera, doryline army ants, Myrmeciomorpha, Leptomyrmex, Liometopum,

Myrmelachista, Cataglyphis, Acropyga, Aphaenogaster, Atta, Carebara.

• Why do some male ants evolve simplified genitalia?—An inexhaustive list includes: Leptanilloides, Simopelta, Pseudolasius, Oecophylla.

• What are the interorgan developmental tradeoffs between the head, mesosoma, and genitalia?—How are these regulated?

Sensilla patterning and evolution

• Construct a comparative atlas of sensilla in Formicidae (initiated by Hashimoto, 1991) and the Aculeata more broadly, applying SEM, TEM,

physiology, and the principles of sensilla classification from Altner and Prillinger (outlined in Section 4.5.1).

• Reconstruct the history of sensilla class individuation among Formicidae and other Hymenoptera.

• Confirm the identity of the male blade-like sensilla of Dorylus.

Note: With a multimodal approach, as taken in the present study, it will be possible to bring the study of morphology closer to the objective of phenotype–
genotype mapping—A critical interface for unlocking the causes and patterns of anatomical development and form (see, e.g., Sanger & Rajakumar, 2019).

Other, less technical, approaches are necessary, however, to manifest a complete theory of ant diversity and evolution. Because males are understudied in

general, non-head tagmata and structures are also addressed.
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button-shaped sensilla have also been observed on the galea of

Wasmannia and Brachyponera, as well as on the oral labral surface of

Wasmannia, Formica, Brachyponera and the proximal maxillary pal-

pomere of Protanilla (Richter et al., 2019, 2020, 2021). Higher resolu-

tion SEM imaging is needed to determine if these sensilla are porous

or aporous, and TEM is further needed to determine the sagittal

cross-section and innervation patterns (e.g., Altner et al., 1983).

Finally, the third observed category (iii) comprises those sensilla

which resemble thick blades. Broadly, these match the “s. basiconica”
of the ant literature (e.g., Dumpert, 1972; Hashimoto, 1991; Nakanishi

et al., 2009; Ramirez-Esquivel et al., 2014; Renthal et al., 2003;

Romani et al., 2010). The general definition provided in these works is

that an “s. basiconica” has a “peg” and a “socket,” the latter resem-

bling a disc or a pedestal. However, one of the two seta classes we

observed was expressed by the male; previous studies comparing

male and female ant antenna sensilla have not observed

“s. basiconica” on the male (Barsagade et al., 2010; Ghaninia

et al., 2018; Nakanishi et al., 2009; Okada et al., 2006; Renthal

et al., 2003; Walther, 1985). This implies that either the female speci-

ficity of “s. basiconica” is not generally true, or that the apparent

basiconic sensilla of the male is homologous to another Sensilla spe-

cies. We hypothesize that the male “s. basiconica” is homologous with

the “s. trichodea curvatum,” a well-defined Sensilla species, which is

known to occur in other Hymenoptera and to be multiporous, single-

walled, and to have an olfactory function (Romani et al., 2010). This is

circumstantially supported, as Bin et al. (1989) observed that the male

of Trissolcus basalis (Scelionidae) has an order of magnitude more of

these “curvate” sensilla than the female. Further, Hashimoto (1991)

explicitly and Romani et al. (2010) implicitly hypothesized that the

“s. t. curvatum” is homologous with the placodeal sensilla due to the

multiporous condition and presence of internal longitudinal ridges

(“ledges”), suggesting that the two would form a Sensilla Genus. Future

study of Dorylus antennal sensilla are necessary to confirm the iden-

tity of the male blade-like sensilla.

5 | CONCLUSION

Collectively, ants are exquisitely plastic animals, displaying temporal,

ergonomic, physiological, reproductive, and anatomical polyphenism.

Missing from the equation of the study of ant phenotypic plasticity

are males, and consequently, the phenomenon of ant sexual dimor-

phism and entire ranges of variation and trait limitation in the

Formicidae (Table 4). Our detailed analysis of the male head anatomy

of D. helvolus, with subsequent comparison to females, revealed to us

unexpected and complex patterns of conservation and variation in the

genus, and among the Formicidae more broadly.

Conservation of a carinate line on the mandible of the male has

led us to postulate and elaborate on a set of necessary developmental

processes for mandible patterning. We discovered that the head

architecture of the male is fundamentally different than that of

workers, with discrete muscle presences and absences, and critically,

that not a single specific state is uniquely shared between the two

castes to the exclusion of the queen. These findings indicate that

males are a true developmental caste of Formicidae, with a discrete

pathway of development relative to the conspecific queen and worker

castes. We observe that the developmental patterning of the pheno-

typic castes of ants is similar to the population-biological concept of

“ring species,” where a morphological gradient can be traced from the

worker phenotype to the queen, and from the queen to the male, but

not between the male and the worker (Figure 14).

Based on our observations and broad phylogenetic comparisons,

we hypothesize that the male mandible in ants is generally an “evolu-
tionary spandrel,” akin to male nipples in mammals. That this pattern

has become inverted in the army ants is apparent, with strong sexual

selection possibly causing canalization of the falcate phenotype in the

reproductives, thus partially decoupling the development of the queen

and worker castes. We conclude that the falcate phenotype indepen-

dently originated in the reproductive- and worker-specific develop-

mental cascades, and that this pattern has convergently evolved in

the Eastern and Western army ant clades. Finally, we recognize that

there is a need for histological and experimental determination of sen-

silla classes in order to understand sensilla identity and evolution in

the ants and Hymenoptera more broadly. In sum, while males may not

have ergonomic value for the superorganism, their potential for deep-

ening our understanding of ant evolutionary and developmental biol-

ogy is clear.
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