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Abstract

Leafcutter ants show a high degree of task division among the workers of different castes.

For example, the smallest workers, the minims, care for the brood and the symbiotic fungus,

whereas the larger mediae cut and transport plant material. This is reflected in the size and

morphology of the mandibles, but also in their mechanical properties as mediae possess the

hardest and stiffest cuticle and the minims—the softest and most flexible one. This is

directly related to the content of the cross-linking transition metal zinc (Zn). The cuticle

microstructure, which can be more or less anisotropic depending on the orientation of cuti-

cle layers, is known to determine the resistance to loads and stresses and thus contributes

to the biomechanical behaviour of the structure. To study how the mandible tasks are

related to the cuticular organisation, we here documented the microstructure of the mandi-

bles from the mediae and the minims by scanning electron microscopy. Afterwards, the

mechanical properties (Youngs’ modulus, E, and hardness, H) of the exo-, meso- and endo-

cuticle were identified by nanoindentation. Tests were performed along the longitudinal

and the circumferential axes of the mandibles. We found, that the minims possess mandi-

bles, which are more isotropic, whereas the mandibles of the mediae are rather anisotropic.

This difference was never determined within one species before and is probably linked to

the task of the individual ant. To gain insight into the origins of these properties, we charac-

terized the elemental composition of the different cuticle layers along the circumferential

axis, revealing that only the exocuticle of the mandible cutting edge contains Zn. All other

mechanical property gradients thus must be the result of the chitin fibre bundle architec-

ture or the properties of the protein matrix, which awaits further investigation.
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INTRODUCTION

Among colony-forming species, leafcutter ants (species of genera Atta and

Acromyrmex) are interesting, as they show a high degree of labour division

among the workers of different castes. They can form colonies with mil-

lions of individuals with pronounced polyethism and polymorphism based

on their symbiosis with fungus, which is farmed on fresh plant material

(Cahan & Fewell, 2004; Cherrett, 2019; Leal & Oliveira, 2000).
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Atta colonies contain polymorph workers, which are either

addressed as minims, minors, mediae, or majors based on their mor-

phologies, tasks and sizes (Arganda et al., 2020; Cahan &

Fewell, 2004; Oster & Wilson, 1978; Wetterer, 1999; Wilson, 1983).

After the foundation of the colony, workers (head width of 0.8–

1.6 mm) performing multiple tasks are produced first. With an increas-

ing number of individuals, the smaller workers (head width of 0.8–

1.0 mm) take care of the fungal gardening and the larger ones (head

width of 1.6 mm) cut tough plant material. During colony formation,

the size spectrum extends (head width of 0.7 to 5 mm), which

broadens the plant material used (Püffel, Roces, & Labonte, 2023).

Very large individuals, the majors or soldiers, defend the colony

against predators; this cast, however, only develops, if the colony pos-

sesses millions of individuals as the emergence of the castes depends

on colony size (Cahan & Fewell, 2004). Larger individuals (mediae) cut

large and thick plant material and carry it into the nest, where it is

shredded into smaller pieces, mixed with faeces and shaped into small

droplets by smaller workers (minors) (Wirth et al., 2002). Then, even

smaller workers use this mass to farm the fungal hyphae, which are

then harvested by the smallest and most common workers (minims).

This task division depends on the age of the individuals, as cal-

lows (immature ants) care for the nest whereas older ants rather per-

form tasks outside the nest. This role shift during ontogeny is

accompanied by a shift of the biting apparatus (head capsule and mus-

cles), which generates higher forces with increasing individual age

(Püffel, Meyer, et al., 2023). However, the task allocation also depends

on the polymorphism of the adult workers (Whitehouse &

Jaffe, 1996; Wilson, 1980, 1983). As in other ants, these tasks are

performed with the mandibles, which show morphological adaptations

to their respective roles (Barlow et al., 2019; Birkenfeld et al., 2024;

Chowdhury & Rastogi, 2021; Klunk et al., 2021; Klunk, Argenta,

Casadei-Ferreira, et al., 2023; Klunk, Argenta, Rosumek, et al., 2023;

Püffel et al., 2021; Püffel, Meyer, et al., 2023; Püffel, Roces, &

Labonte, 2023; Qi et al., 2023; Richter et al., 2020), and are thus

important for the success of the colony (Wilson, 1987; for a review of

the feeding apparatus in ants see Richter & Economo, 2023).

Adaptations are, however, reflected not only by the morphology

but also by the mechanical properties (e.g. hardness H and Young’s

modulus E) of the structures. Cuticle mechanical properties range

from KPa to GPa and depend on the composition of the respective

region and the water content (Klocke & Schmitz, 2011; Li, Gorb,

et al., 2022; see reviews by Vincent & Wegst, 2004; Stamm

et al., 2021). Structures, which are prone to abrasions such as mouth-

parts, joints or claws, are usually significantly harder and stiffer (see,

e.g. Schofield et al., 2002, 2021; Barbakadze et al., 2006; Cribb

et al., 2008a; Zhang et al., 2019; Tadayon et al., 2020; Kundanati

et al., 2020, 2021; Krings & Gorb, 2023) than structures which have a

reduced risk of being worn such as legs, eyes, elytra or wings

(e.g. Chen et al., 2013; Dirks & Taylor, 2012; Hayot et al., 2013; Li

et al., 2020; Li, Rajabi, et al., 2022; Lomakin et al., 2011; Oh

et al., 2017; Smith et al., 2000).

With regard to Atta laevigata (Smith, 1858), it was previously

found that the larger ants (mediae) possess harder and stiffer mandib-

ular exocuticles, followed by the minors, and finally the minims with

the softest and most flexible ones (Birkenfeld et al., 2024). This can be

explained by the tasks performed by the individuals, as with an

increase in the ant and mandible size, the forces increase as well

(Püffel, Johnston, et al., 2023; Wilson, 1980, 1983). In other ant taxa,

an increase in stress related to ant size was determined (Klunk

et al., 2021; Klunk, Argenta, Casadei-Ferreira, et al., 2023; Klunk,

Argenta, Rosumek, et al., 2023). In Atta, the relationship between size

and stress has been previously suggested on the basis of muscular

and structural parameters (Püffel et al., 2021) and tested in bite-force

experiments (Püffel, Meyer, et al., 2023; Püffel, Roces, et al., 2023).

The higher mechanical property values of the mandibular exocuticle

of the A. laevigata mediae are likely an adaptation to reduce the risk

of structural failure when experiencing higher stresses, and wear,

when cutting challenging plant materials (Birkenfeld et al., 2024).

Arthropod cuticle is a multifunctional composite material (see

Vincent & Wegst, 2004; for a review on functional materials in

insects, see Schroeder et al., 2018). The diversity of the cuticle’s

mechanical properties (Politi et al., 2019; Hou et al., 2021) has its ori-

gin in cuticle thickness and microstructure, the abundance of proteins

and water and the degree of tanning by quinone reactions

(Andersen, 2010; Cribb et al., 2008a; Greenfeld et al., 2020;

Hellenbrand & Penick, 2023; Hillerton & Vincent, 1982; Hopkins &

Kramer, 1992; Hou et al., 2023; Li et al., 2020; Peisker et al., 2013;

Schofield et al., 2002; for review on mechanical property gradients

and their various origins, see Liu et al., 2017). Additionally, the chitin

fibre density can be increased by the cross-linking transition metals

copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) (Broomell

et al., 2008; Cribb et al., 2008a; Cribb et al., 2008b; Degtyar

et al., 2014; Hillerton & Vincent, 1982; Krings & Gorb, 2023;

Kundanati et al., 2020; Kundanati & Gundiah, 2014; Lehnert

et al., 2019; Lehnert et al., 2022; Politi et al., 2012; Pontin et al.,

2007; Waite et al., 2004; see reviews by Liu et al., 2017; Politi

et al., 2019). Besides, alkaline earth metals, such as calcium (Ca) and

magnesium (Mg), can be incorporated into the cuticle increasing

mechanical property values (Baio et al., 2019; Krings & Gorb, 2023;

Leschen & Cutler, 1994; Polidori & Wurdack, 2019; Quicke

et al., 2004; Vincent, 2002). With regard to ants and leaf-cutter ants,

Zn was previously detected in the cuticle of the mandible cutting edge

(Brito et al., 2017; Chowdhury & Rastogi, 2021; Dieterich &

Betz, 2009; Edwards et al., 1993; Johnston et al., 2022; Schofield

et al., 2002, 2003) and related to an increase in hardness and stiffness

(Birkenfeld et al., 2024; Schofield et al., 2002).

The arthropod cuticle is composed of epi-, exo- and endocuticle

and in some taxa of a mesocuticle, which is situated between the exo-

and the endocuticle (see reviews by Hou et al., 2021; Politi

et al., 2019). The outer epicuticle is cement-like, lacks a layered micro-

structure and consists of proteins and lipids and mainly serves as pro-

tection from desiccation. The exo-, meso- and endocuticles are
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composed of chitin fibres and proteins (see review by Vincent &

Wegst, 2004). The chitin fibrils are arranged in lamellar layers, which

are densely packed in the exocuticle, whereas the endocuticle is

rather hydrated and protein-rich (e.g. Hadley, 1986), which usually

leads to a softer and more flexible endocuticle and a harder and stiffer

exocuticle. The exocuticle tends to be more resistant to compressive

stresses, but less to tension, whereas the endocuticle tends to be

more resistant to tensile stresses, but less to compression. The meso-

cuticle, if present, connects these two layers and is less sclerotized

than the exocuticle (see, e.g. Cheng et al., 2009). This aforementioned

microstructure is typical for arthropods but can be altered depending

on the selective pressure acting on the animal. In one study on a wee-

vil experiencing high predatory pressure, the endocuticle was found

to be sclerotized as well, resulting in higher E and H values and thus in

stronger mechanical protection of the entire cuticle (Wang

et al., 2019).

Since Atta ants of different castes perform different tasks and

thus experience different selective pressures, it is likely that the man-

dibles not only differ in size, shape, and the mechanical properties of

the exocuticle, but also in the mechanical parameters of the other

cuticle layers. The here presented work aims at determining the cuti-

cle layer properties and compositions of the minims and mediae Atta

laevigata castes, as we found obvious differences between these two

castes in the cuticle whereas the cuticle of the minors seemed to be a

mixture of both castes. The data on the exocuticle was published

before and here we add data on the meso- and endocuticle of the

minims and mediae.

The workflow in this study was as follows. First, mandibles were

embedded in the epoxy resin and polished. Then, the mandible layers

were documented by scanning electron microscopy (SEM). Then, the

mechanical properties (hardness, Young’s modulus) were tested by

the nanoindentation and the proportions of transition and alkaline

earth metals were identified by the energy-dispersive X-ray spectros-

copy (EDX) along the mandible’s circumferential axis. As the mandi-

bles, however, experience load along their longitudinal axis, the

mechanical properties were also tested from this direction, which

allows conclusions to be drawn about the degree of anisotropy of the

cuticle material.

MATERIALS AND METHODS

Animals

Atta laevigata was kept in a colony of �8000 individuals, which was

originally ordered from the animal breeding facility (https://www.

myants.de, Weiden, Germany) in 2020. Species identification was ver-

ified with the assistance of Professor Jonathan Z. Shik, University of

Copenhagen, Denmark. For this study, only adult ants with fully hard-

ened cuticles were used. The specimens were sorted into castes

according to the literature (Arganda et al., 2020). We used the ants of

two castes for this study. The specimens with a head of 0.9–1.1 mm

were identified as minims and those with a width of 3.7–3.9 mm as

mediae. The colony consisted of too few individuals to have soldiers

(majors).

Five ants from each of the two castes were killed with chloro-

form, and their mandibles were extracted (Figure 1). The mandibles

were cleaned with an ultrasonic cleaner (10 s) in 70% EtOH. The data

on the exocuticle, tested in a circumferential direction, was previously

published (Birkenfeld et al., 2024); here we add data on the meso- and

endocuticle, as well as nanoindentation data obtained from testing in

a longitudinal direction.

Preparation

The mandibles (N = 20; 5 individuals from each caste) were attached

to glass slides with double-sided adhesive carbon pads. Around each

mandible, a metallic ring was placed, which was then filled with

epoxy resin (Reckli Epoxy WST; RECKLI GmbH, Herne, Germany).

Polymerisation at room temperature took 3 days. Afterwards, the

samples were polished with sandpaper to reach the cuticle regions

of interest (see Figures 2a and 3a). With 1 μm aluminium oxide pow-

der (Presi, 00120180; PRESI GmbH, Hagen, Germany) and a polish-

ing plate on a polishing machine (Minitech 233/333; PRESI GmbH,

Hagen, Germany), samples were smoothened. In an ultrasonic bath

lasting 5 min, samples were cleaned in 70% EtOH from polishing

powder.

F I GU R E 1 SEM image of one mandible from (a) media and (b) minim. Testing directions on the cuticle are shown in (a). The black arrow
illustrates the longitudinal testing direction. The bubbles on the mandibles´ surfaces are artefacts as the coating does not stick to the entire
surface. Scale bars: (a) 400 μm; (b) 120 μm. Ce, cutting edge; Ctb, curvature to basis; Oe, outer edge.
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Scanning electron microscopy

To document the layers of the cuticle, all polished samples were

attached to SEM sample holders with double-sided adhesive carbon

pads. The samples were sputter-coated with 5 nm platinum. A scan-

ning electron microscope Zeiss LEO 1525 (One Zeiss Drive, Thorn-

wood, United States) was employed for visualisation at 5 kV.

Energy-dispersive X-ray spectroscopy and
nanoindentation

First, energy-dispersive X-ray spectroscopy (EDX/EDS) was per-

formed. We used the Zeiss LEO 1525 equipped with an Octane Sili-

con Drift Detector (SDD) (Microanalysis system TEAM; EDAX Inc.,

Mahwah, United States). Samples were tested with the same settings

F I GU R E 2 SEM images of one embedded and polished mandible from the media individual along its longitudinal axis (so that the localities could
be tested in a circumferential direction). (a) Overview with highlighted regions of interest tested in this study. The colours and corresponding letters
refer to the regions tested in a circumferential direction by EDX and nanoindentation (grey arrow). The red boxes highlight the regions of interest
that were tested from a longitudinal direction (black arrows) by nanoindentation, after polishing along the longitudinal mandible axis. (b) Magnified
region of the endocuticle (green) and the exocuticle (light brown) of the curvature to the basis. (c) Magnified region of the cutting edge. (d) Magnified
region of the endocuticle (brown) and exocuticle (blue) of the outer edge. (e) Magnified region of the mesocuticle (light green) of the cutting edge.
The circles highlight artefacts produced by EDX. (f) Magnified region of the exocuticle from the outer edge. (g) Magnified region of the exocuticle of
the anterior tooth. (h) Magnified region of the endocuticle of the outer edge. Scale bars: (a) 300 μm; (b, e, g) 30 μm; (c) 80 μm; (d) 40 μm; (f, h)
10 μm. Ce, cutting edge; Ctb, curvature to the basis; d, dorsal; l, lateral; m, medial; Oe, outer edge; p, posterior.
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(acceleration voltage of 20 kV, working distance 15 mm, lens aperture

60 μm, measurement time for each measurement point 30 s, resolu-

tion 137.6 eV) following previous protocols (Birkenfeld et al., 2024;

Krings, Brütt, et al., 2022; Krings, Matsumura, et al., 2022). Cu was

used for calibration. Small areas with sizes between 2 � 2 and

10 � 10 μm were analysed. We detected these elements and

recorded their proportions: aluminium (Al), carbon (C), calcium (Ca),

sodium (Cl), copper (Cu), fluorine (F), iron (Fe), potassium (K), magne-

sium (Mg), manganese (Mn), nitrogen (N), sodium (Na), oxygen (O),

phosphorus (P), platinum (Pt), sulphur (S), silicon (Si) and zinc (Zn). We

included only tests with peaks that were higher than the noise. Some

elements were measured, but not included in the discussion, because

they are part of chitin and the associated proteins (H, C, N, O) or could

be artefacts from the polishing paste (Al, O). P and Pt (from the

F I GU R E 3 SEM images of one embedded and polished mandible from the minim individual along its longitudinal axis (so, that the localities
could be tested in a circumferential direction). (a) Overview with highlighted regions of interest tested in this study. The colours and
corresponding letters refer to the regions tested in a circumferential direction by EDX and nanoindentation. The red boxes highlight the regions
of interest that were tested from a longitudinal direction by nanoindentation. (b) Magnified region of the endocuticle (green) and the exocuticle
(light brown) of the curvature to the basis. (c) Magnified region of the endocuticle (yellow) and the mesocuticle (light green) of the cutting edge.
(d) Magnified region of the endocuticle (brown) and exocuticle (blue) of the outer edge. (e) Magnified region of the endocuticle of the cutting
edge from another specimen. (f) Magnified region of the exocuticle from the outer edge. (g) Magnified region of the exocuticle of the anterior
tooth. (h) Magnified region of the exocuticle of the fourth tooth from another specimen. Scale bars: a, 60 μm; b, G, 30 μm; c, D, H, 8 μm; e,
10 μm; f, 2 μm. Ce, cutting edge; Ctb, curvature to the basis; d, dorsal; l, lateral; m, medial; Oe, outer edge; p, posterior.
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sputter coating) had to be discussed together because their peaks

overlap and the EDX cannot differentiate the elements. A platinum

coating was, however, necessary to see if the measurement was reli-

able (i.e. if P + Pt was found in very high proportions, e.g. >5 atomic

%, this one measurement was excluded from the results). For discus-

sion, Ca, Cl, Cu, F, Fe, K, Mg, Mn, Na, P, Pt, S, Si, and Zn were summa-

rized to ‘All Elements, Ae’.
Then, nanoindentation was performed with the same samples

and at the same regions in a circumferential direction (along the length

of the mandible; terminology of testing direction after Li et al., 2020).

They were attached to the sample holders following established pro-

tocols (Krings, Brütt, et al., 2022; Krings, Matsumura, et al., 2022).

Each region of interest was tested at room temperature with an SA2

nanoindenter (MTS Nano Instruments, Oak Ridge, United States) with

a Berkovich diamond tip and a dynamic contact module (DCM) head

was utilized. Nanoindentation tip calibration was performed with glass

and the resulting force/displacement curves were stable in the depth

from 150 to 1500 nm (which was the end of the test). The Young’s

modulus (E) was calculated via the Oliver–Pharr method (Oliver &

Pharr, 1992). Hardness (H) and E were determined from force-

distance curves using the continuous stiffness mode (CSM). The Pois-

son’s ratio was set to 0.3 and the allowable drift rate to 0.1 nm/s. All

tests were conducted under normal room conditions (relative humid-

ity 28%–30%, temperature 22–24�C), with each indent and corre-

sponding curve manually controlled. Due to the Pt sputter coating,

E and H were determined at penetration depth ranging from 600 to

800 nm. Approximately 40 values were obtained from this indentation

depth for each site, which was then averaged to calculate one mean

H and one mean E value per indent.

For circumferential direction (with the mandible polished along its

longitudinal axis), overall 1200 localities were tested (thereof 450 from

minims and 750 from mediae) and 1178 by EDX (thereof 376 from

minims and 802 from mediae; see Tables S1 and S2 for the number of

measurements for each region, locality, cuticle layer and caste).

Afterwards, samples were detached from sample holders. Then,

the metallic ring was removed by a metal cutter, the samples were

turned to 90�, polished and smoothened to test the regions of interest

from the longitudinal direction by nanoindentation (with the mandible

polished along its transversal or circumferential axis; terminology of

testing direction after Li et al., 2020). To achieve a statistically rele-

vant number of measurements, the sample was smoothened (a few

micrometres) after one first round of nanoindentation to test it again

in a second and then a third round and so on. Overall, 1480 localities

were tested by nanoindentation (thereof 443 from minims and 1037

from mediae; see Table S1 for the number of measurements for each

region, locality, cuticle layer, and caste).

Statistics

All analyses were performed with JMP Pro, Version 14 (SAS Institute

Inc., Cary, United States). For normality testing, a Shapiro–Wilk W-

test was run. The data were not normally distributed. Afterwards,

pairwise comparisons by Steel-Dwass, which corrects for the nested

structure of the data, were performed.

Correlation coefficients of E and H values were calculated with

JMP. F-tests (Levene test) were performed to test for the equality of

coefficients of variation.

Since EDX and nanoindentation sample sizes are not the same,

no correlation coefficients for elemental content and mechanical

properties could be calculated. Thus, the content of the individual ele-

ments and the mechanical properties of each region were calculated

(mean and standard deviation) and then plotted with Excel, version

16.0 (Microsoft Corporation, Redmond, United States). Here, a trend

line was added to each plot. This was done for the circumferential

direction, as for this axis we performed EDX and nanoindentation

tests.

RESULTS

Cuticle layers

In the outer edge (region G), the curvature to the basis (region I) and

the cutting edge (region E) of the mediae, the inner chitin fibres (of,

i.e. the endocuticle) were oriented in both longitudinal and

circumferential directions (for longitudinal axis, see Figure 2b,d,e,h; for

circumferential axis, see Figure 3d,e). In contrast, the fibres of the

outer chitin layer (of, i.e. the exocuticle) were mostly oriented longitu-

dinally in the outer edge (region F) and the curvature to the basis

(region H) (for longitudinal axis, see Figure 2b,d,f; for circumferential

axis, see Figure 3e). In the cutting edge, the endocuticle (region E) was

surrounded by chitin fibres (of, i.e. the mesocuticle), which were

mostly oriented in a longitudinal direction (region D), and very small

and dense fibres (of, i.e. the exocuticle), which seemed rather homo-

geneous (region C) (for longitudinal direction, see Figure 2c,e; for cir-

cumferential direction, see Figure 3e). The anterior tooth (regions A

and B) seemed to be composed of rather homogeneous material,

which consisted of very small and dense fibres (for longitudinal direc-

tion, see Figure 2g; for circumferential direction, see Figure 3a).

In the minims, we could determine a trend similar with regard to

the microstructure of the cutting edge and the outer edge (see

Figure 4). However, the curvature to the basis (regions I and H)

seemed to be denser and to contain smaller fibres (see Figure 4b).

Elemental composition

Elemental composition was tested along the circumferential axis. As

described previously (Birkenfeld et al., 2024), the mediae contained

significantly higher content of Ae (sum of Ca, Cl, Cu, Fe, K, Mg, Mn, P

+ Pt, S, Si, Zn), K, Mn, Si and Zn than the minims (see Table S3 for

values and Figure S1).

In both castes, the highest Zn content was determined for the

exocuticle of the mandible cutting edge (regions A, B, C; see Table S3

for values and Tables S4 and S5 for p-values). In the mediae, the
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mesocuticle contained significantly more Zn than the exocuticle of

the outer edge, the exocuticle of the curvature to the basis and the

endocuticle, which contained the smallest amount of Zn (see

Tables S3 and S4). In the minims, the mesocuticle, the exocuticle of

the outer edge, the exocuticle of the curvature to the basis, and the

endocuticle contained small amounts of Zn (see Tables S3 and S5).

For each caste, most localities showed significant or highly significant

differences with regard to the content of Ae, Ca, Cl, Cu, Fe, K, Mg,

Mn, S, Si and Zn (see Tables S4 and S5 for p-values).

Mechanical properties

E and H were very strongly correlated with a correlation coefficient of

0.89 (p < 0.0001*). The cuticle layers differed highly significantly

between the mediae and the minims—regardless of the testing direc-

tion (see Figure 5 and Figure S2 for significances).

In the mediae, the exocuticle was, regardless of the direction of

nanoindentation tests, harder and stiffer than the endocuticle (see

Figures 5 and 6, Figure S2 and Table S6 for values). When tested from

the longitudinal, the exocuticle and mesocuticle were highly signifi-

cantly harder and stiffer than when tested from the circumferential

direction (see Figures 5 and 6, Figure S2, and Table S7 for p-values).

Tested in a circumferential direction, the endocuticle was harder and

stiffer than the mesocuticle. When indented from a longitudinal direc-

tion, the endocuticle was the softest and most flexible component of

the cuticle layers (see Figures 5 and 6, Figure S2 and Tables S6 and

S7). For the endocuticle, results of E and H were, except for locality G

showing significant differences, not different (see Table S8 for p-

values). The mesocuticle was significantly harder and stiffer when

tested from a longitudinal than from a circumferential direction (see

Figure 6 and Table S7 for p-values).

In the minims, the mesocuticle was significantly harder and stiffer

than the exo- and endocuticle, when tested in a circumferential direction

(see Figures 5 and 6, Figure S2 and Table S7 for p-values). Here, the exo-

cuticle was the softest and most flexible region. When tested from a lon-

gitudinal direction, the three cuticle layers did not show differences with

regard to E and H values (see Figures 5 and 6 and Figure S2).

F I GU R E 4 SEM images of one embedded and polished mandible from the media individual along its circumferential axis (so, that the
localities could be tested in longitudinal direction). (a) View on the anterior tooth with (b) magnification of its exocuticle. (c) View on the
circumferential axis near the fifth tooth. (d) Magnified region of the endocuticle. (e) Magnified region of the endocuticle (brown) and exocuticle
(blue) of the outer edge from another specimen. (f) Magnified region of the mesocuticle from the cutting edge. Scale bars: (a) 30 μm; (b) 1 μm;
(c) 200 μm; (d) 4 μm; (e, f) 8 μm. d, dorsal; l, lateral; m, medial; p, posterior.
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F I GU R E 5 Young’s modulus E and Hardnesss H values, both given in GPa, for each cuticle layer of the two castes, were tested in
circumferential and longitudinal directions. For statistical results, see Figure S2. Circumferential, along the circumference of the mandible;
longitudinal, along the length of the mandible.

F I GU R E 6 Young’s modulus (E) values, given in GPa, for each region of interest of the two castes. The statistical results are from pairwise
comparisons between the two testing directions (longitudinal and circumferential). Circumferential, along the circumference of the mandible;
longitudinal, along the length of the mandible. circumf., circumferential; longitudi., longitudinal.
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The region g of the exocuticle and the mesocuticle were harder

and stiffer than most regions (a, c, f, h) of the exocuticle, regardless of

the direction of nanoindentation tests (see Figure 6 and Table S8 for

p-values). When tested from longitudinal, most regions (b, c, f, h) of

the exocuticle were significantly harder and stiffer, when tested from

a circumferential direction. For the mesocuticle, no differences were

determined (see Figure 6 and Table S8 for p-values). In the endocuti-

cle, the regions e and i were highly significantly harder and stiffer,

when tested from longitudinal direction.

When the regions tested from the same direction were compared

within the mediae, it was found that they were mostly highly signifi-

cantly or significantly different for both E and H (see Figure 5,

Figure S2 and Table S9 for p-values). Only the regions of the endocu-

ticle and some of the exocuticle did not differ. In the minims, most

regions were not different with regard to both parameters (see

Figure 5, Figure S2 and Table S9 for p-values).

F-test revealed that the variability of E and H of minims and

mediae were highly significantly different—regardless of the testing

direction (df: 1, p-values always <0.0001*).

Relationships between parameters

As described in Birkenfeld et al. (2024), H and E showed a clear rela-

tionship with the content of Ca, Cl, Cu, Fe, Mg, Mn, Si and Zn along

the circumferential axis (see Figures S2–S17, respectively).

Additionally, we found that the mandible cuticle was harder and

stiffer when most fibres were oriented parallel to the indentation

direction: in the exocuticle, testing from a longitudinal direction

always leads to the higher E and H values. Here, most chitin fibres run

along the longitudinal axis. In the mesocuticle, E and H values were

also higher, when tested from longitudinal direction. Here, most fibres

also run along the longitudinal axis.

The E and H values of the endocuticle were rather similar when

tested from longitudinal and circumferential directions. Here we

found, that similar quantities of the chitin bundles were oriented in

the circumferential and the longitudinal direction.

DISCUSSION

Cuticle structure and mechanical properties

Chitin bundle orientation directly relates to the loading condition of

the respective region (for review, see Politi et al., 2019). A twisted ply-

wood architecture (structural isotropy) with the orientation of the chi-

tin bundles gradually varying, which is common in arthropod cuticles,

relates to mechanical plane isotropy as an adaptation to stresses from

all in-plane sides (see, e.g. Greenfeld et al., 2020). A more unidirec-

tional fibre orientation architecture (i.e. structural anisotropy) is

related to stresses preferably acting along one axis (along the

bundles).

To determine the precise chitin bundle orientation, different

methods, such as synchrotron X-ray diffraction measurements (see,

e.g. Zhang et al., 2016), are necessary. From SEM observation, we can

only deduce the very broad orientation of some larger bundles, but

without knowledge about the sizes and quantities of pitches or the

precise angles of the fibres. Thus, our diagram of the cuticle layers in

the mandibles (see Figure 7) is rather rough, but we decided to include

it in our manuscript to help the reader to judge the material architec-

ture at least to some degree.

In general, we found that the endocuticle and the exocuticle of

the cutting edge seem to be structurally isotropic as most fibres seem

to be oriented in different directions (see Figure 7). This indicates that

stresses from all in-plane sides act on these layers. The mesocuticle,

which can be found in the mandible cutting edge, as well as the exo-

cuticle on the outer edge and the curvature to the basis, seem to be

mostly composed of fibre bundles, which run along the longitudinal

axis of the mandible (structural anisotropy; see Figure 7). This

F I G U R E 7 Schematic illustration from the longitudinal and
circumferential view of the cuticle microstructure from (a) the cutting
edge and (b) the outer edge and the curvature to the basis. Please
note that we were not able to identify the twisted plywood structure
of individual chitin fibres and the precise orientation of the fibres, but
rather the orientation of larger bundles, as far as we can identify this
from the SEM image. Thus, this scheme is not comprehensive but
limited due to our methodology. Circumferential, along the
circumference of the mandible; longitudinal, along the length of the
mandible.
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indicates that these fibres rather experience stresses along their

longitudinal axis.

As already described (Birkenfeld et al., 2024; Brito et al., 2017;

Edwards et al., 1993; Johnston et al., 2022; Schofield et al., 2002), the

Zn content of Atta mandibles is directly related to the mechanical

property values (E and H). This element was, however, only deter-

mined in the exocuticle of the mandibles’ cutting edges and can thus

not cause the mechanical property differences between the endo-,

mesocuticle as well as the exocuticle of the outer edge and the curva-

ture to the basis. Thus, its origins could lay in either the chitin bundle

architecture or the degree of sclerotisation of the protein matrix.

In general, we detected that, when the nanoindentation direction

aligns parallel to the bundles (e.g. the mesocuticle in a longitudinal

direction), E and H values are higher than when they are tested per-

pendicularly (e.g. the exocuticle of the curvature to the basis or the

outer edge in circumferential direction). This is similar to the situation

previously described in gastropod radular teeth, where mechanical

property values have been found to increase when the mineral rods

are tested in a parallel direction (de Obaldia et al., 2015). The orienta-

tion of the rods together with the chitin fibres probably reduces crack

initiation and wear (de Obaldia et al., 2016; Grunenfelder et al., 2014;

Joester & Brooker, 2016; van der Wal et al., 1999; Weaver et al.,

2010). This is also similar to the cuticle of locust, where E and

H values increase when the fibres are tested parallel (Li et al., 2020).

In the exocuticle of the mandible cutting edge, we determined smaller

bundles in comparison to the rest of the cuticle. This is again similar

to the situation in radular teeth, where high quantities of smaller

fibres can be found in the interacting regions (Wang et al., 2018).

Here, each fibre serves as a nucleation site and with an increasing

number of fibres, the number of mineral rods increases – leading to

an increased resistance to tensile stress, because of their reduced

brittleness. In the here studied exocuticle of the ant mandible cutting

edge, helical structures or twisted-ply structures could be present, as

this is often found on exterior surfaces to increase strength and

toughness in multiple directions and to create in-plane isotropy (see

Aizenberg et al., 2005; Bouligand, 1972; Khayer Dastjerdi &

Barthelat, 2015; Lenau & Barfoed, 2008; Nikolov et al., 2011;

Weaver et al., 2007; Weaver et al., 2012; Yamamoto et al., 2012;

Yang et al., 2014; Zimmermann et al., 2013; for reviews see Naleway

et al., 2015; Zhang et al., 2022).

When the two castes are compared, it was found that the

E and H values of the cuticular layers are rather similar in the

minims, whereas the exo-, meso, and endocuticles are significantly

different in the mediae. The mandibles of the mediae have addi-

tionally a wider range of E and H values, whereas the cuticular

layers of the minims seem rather homogeneous. This indicates that

the mandibles of the mediae experience higher stresses than those

of the minims, as the soft and flexible mesocuticle acts as a cushion

to adjust to compressive stresses, whereas the stiff and hard exo-

cuticle acts as resistance against tensile stresses. This can be

directly related to the task performance as mediae cut tough plant

material, whereas the minims care for the fungus and the brood,

which does not involve high stresses or loads. The direct

relationship between ant size and forces generated by the mandi-

bles was previously experimentally determined (Püffel, Roces,

et al., 2023), which supports our interpretation.

With regard to the anisotropy of the mechanical parameters

(E and H), we determined that the mediae show a higher degree of

anisotropy than the minims. This indicates that the mandibles of the

mediae experience rather anisotropic stresses, probably along their

longitudinal axis as most fibres are oriented along this. This would be

the case when plant material is cut with the mandibular cutting edge

or during transportation. The mandibles of minims seem to experience

rather isotropic stresses.

When the microstructures or the representatives of the two

castes are, however, compared in SEM, we found that the microstruc-

tures of the mandibles seem to be rather similar. General similarities

in the cuticle microstructure of different ant species have been previ-

ously already documented (Barlow et al., 2019), which indicates that

there is presumably a general pattern. The differences between the

two castes in the mechanical properties could potentially be explained

with different compositions of the protein matrix of the two castes,

which, depending on the proteins involved can either increase or

decrease E and H values (see, e.g. Montroni et al., 2021). This, how-

ever, awaits further investigation.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Table S1. Quantity of measurements by nanoindentation for each

individual ant, cuticle layer, region, and testing direction.

Table S2. Quantity of measurements by elemental analysis for each

individual ant, cuticle layer, region, and testing direction.

Table S3. For the mediae and minims along the circumferential axis—

mean and standard deviation values of the elemental composition,

given in atomic %.

Table S4. For the mediae—results from pairwise comparison for each

element.

Table S5. For the minims—results from pairwise comparison for each

element.

Table S6. For the mediae and minims—mean and standard deviation

of the mechanical parameters H and E, both given in GPa. N, quantity

of tested regions; SD, standard deviation.

Table S7. For E and H of mediae and minims—results from pairwise

comparison between the cuticle layers.

Table S8. For E and H of mediae and minims—results from pairwise

comparison for the regions of interest.

Table S9. For the mediae and minims—results from pairwise compari-

son for the regions of interest.

Figure S1. Elemental composition for the exo-, meso-, and endocuticle

of the minims and mediae, given in atomic %.
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Figure S2. Young’s modulus E values, given in GPa, for each cuticle

layer of the two castes, tested in circumferential and longitudinal

direction.

Figure S3. Relationship between hardness (in GPa) and Ca (in atomic

%) with standard deviation bars for all mandibles and all tested

regions.

Figure S4. Relationship between Young’s modulus (in GPa) and Ca

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S5. Relationship between hardness (in GPa) and Cl (in atomic

%) with standard deviation bars for all mandibles and all tested

regions.

Figure S6. Relationship between Young’s modulus (in GPa) and Cl

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S7. Relationship between hardness (in GPa) and Cu (in atomic

%) with standard deviation bars for all mandibles and all tested

regions.

Figure S8. Relationship between Young’s modulus (in GPa) and Cu

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S9. Relationship between hardness (in GPa) and Fe (in atomic

%) with standard deviation bars for all mandibles and all tested

regions.

Figure S10. Relationship between Young’s modulus (in GPa) and Fe

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S11. Relationship between hardness (in GPa) and Mg

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S12. Relationship between Young’s modulus (in GPa) and Mg

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S13. Relationship between hardness (in GPa) and Mn

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S14. Relationship between Young’s modulus (in GPa) and Mn

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S15. Relationship between hardness (in GPa) and Si (in atomic

%) with standard deviation bars for all mandibles and all tested

regions.

Figure S16. Relationship between Young’s modulus (in GPa) and Si

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.

Figure S17. Relationship between hardness (in GPa) and Zn (in atomic

%) with standard deviation bars for all mandibles and all tested

regions.

Figure S18. Relationship between Young’s modulus (in GPa) and Zn

(in atomic %) with standard deviation bars for all mandibles and all

tested regions.
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