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Abstract
In several groups of insects, body structures related to feeding and oviposition are known to have a hardened cuticle by
incorporation of transition metals. However, a functional link between metal enrichment and ecological pressures (i.e., adapta-
tion) has been only rarely shown, opening the possibility that in some lineages, the evolutionary history may account for most of
the observed variation (i.e., phylogenetic constraint). Here, we addressed this question in the hyper-diverse Hymenoptera (bees,
wasps, ants, and sawflies), in which Zn and/or Mn have been found enriching the mandibles of a number of species. Across 87
species spanning most of the extant superfamilies, we found Zn enrichment to be widespread (57 species). Although lacking in
the most primitive “Symphyta”, our ancestral state reconstruction was not conclusive in determining whether Zn enrichment was
a derived state for the complete order, but it was clearly the ancestral state for the Apocrita, where it was lost in few lineages,
notably in Aculeata (where it was then reacquired at least three times). Mn, on the other hand, occurred very rarely in mandibles
(10 species). Our comparative analysis revealed a strong phylogenetic effect explaining most Zn % and Mn % variation in
mandibles. Additionally, species with herbivorous larvae were less prone to have Zn (but not Mn) than those with carnivorous
larvae, although a causal effect of diet on this trait was unlikely. Furthermore, species emerging from concealed vs. unconcealed
development sites have similar likelihood to have metal-enriched mandibles. Evolutionary history seems to constrain metal
enrichment in hymenopteran mandibles, yet the few observed losses and regains of this trait during evolution claim for deeper
investigations on the role of alternative, here untested, ecological pressures.
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Introduction

Despite a common structure, the cuticle of arthropods is very
variable in terms of chemical composition, thickness, and

mechanical properties such as stiffness and elasticity
(Vincent 2002; Vincent and Wegst 2004). One of the most
variable traits associated with cuticle structure concerns the
presence of transition metals, and more rarely alkaline earth
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metals (Hillerton and Vincent 1982; Fawke et al. 1997;
Quicke et al. 2004; Schofield and Lefevre 1989; Polidori
and Wurdack 2018). In most cases, these metals occur in
mandibles and/or ovipositors, i.e., structures that are exten-
sively used in a variety of activities, such as feeding,
ovipositing, digging, and crawling as adults during emergence
from the development site that incur great energetic costs and
lead to progressive wear of these organs.

The most frequent transition metals found in insects are Zn
and Mn (Schofield et al. 2002; Hillerton et al. 1984; Quicke
et al. 1998;Morgan et al. 2003; Polidori et al. 2013).While the
chemical form in which these metals are incorporated within
the cuticle matrix is not fully understood, it seems that they
showed no mineral formation within the cuticle (Broomell
et al. 2006). Instead, it was suggested that binding to amino
acid side chains of cuticular proteins, or binding to catecholate
ligands, which accumulate during cuticle sclerotization, are
involved (Schofield 2005). Species with high percentage of
Zn in their mandibles presented cathodoluminescence peaks
in the ultraviolet range which can be related with O–Zn–O
bonds, with hydroxyl groups and with zinc-chlorine links
(Jorge et al. 2017).

The enrichment of the cuticle with transition metals has
been suggested to be an evolutionary adaptation in insects,
given its verified relationship with increased hardness and
wear resistance (Broomell et al. 2006; Cribb et al. 2008a).
For instance, many insects which cut, drill, or chew hard sub-
strates such as those of seeds, wood, leafs, or other modified
plant tissues (e.g., galls) show Zn and/or Mn in their mandi-
bles and/or ovipositors (Quicke et al. 1998; Fontaine et al.
1991; Morgan et al. 2003; Schofield et al. 2002; Cribb et al.
2008a; Hillerton and Vincent 1982; Kundanati and Gundiah
2014). The metals only occur on the parts of these organs
involved in these activities (e.g., on the mandible tooth
(Quicke et al. 1998; Polidori et al. 2013)), also suggesting an
adaptive role. However, only few studies showed that metal
enrichment evolved in responses to ecological pressures. For
example, Cribb et al. (2008b) showed that the presence of Zn-
enriched mandibles in certain species of dry wood termites
appears to be related to the lack of free access to water to
wet the wood. Morgan et al. (2003) showed that high concen-
trations of Zn and/or Mn occur in insect larval mandibles that
pierce seeds, but not in those that attack previously damaged
seeds. Ovipositors in species of wasps that lay eggs in hard
parts of plants, such as wood, galls, and hard fig syconia, have
more often high concentrations of transition metals, while
those wasp species that oviposit in softer parts of plants, such
as leaves or flowers, present no enriched or less enriched ovi-
positors (Polidori et al. 2013; Kundanati and Gundiah 2014).

The insect order Hymenoptera (sawflies, wasps, bees,
and ants) is an extremely speciose group of insects that
evolved a great diversity of life histories (Austin and
Dowton 2000; Nieves-Aldrey and Sharkey 2014).

Within Hymenoptera, it is possible to find solitary as well
as social species, species with carnivorous (parasitoids
and predators) or herbivorous (defoliators, pollinators)
larvae, and species with larvae developing in unconcealed
(e.g., exposed hosts) or concealed (e.g., within a nest)
sites. This makes this group of insects a good model to
test the link between ecological pressures and morpho-
physiological modifications.

Previous studies on Hymenoptera point towards a rea-
sonably clear link between metal enrichment in the ovi-
positor and the oviposition substrate. For instance, despite
the more complex trend found for the aculeus (i.e., the
modified ovipositor) of Aculeata (Baumann et al. 2018),
no metals were detected in the ovipositor across
Hymenoptera in species that penetrate soft substrates or
do not make holes at all (Quicke et al. 1998). This asso-
ciation was confirmed also within certain superfamilies
(Polidori et al. 2013). On the other hand, the evolution
of metal enrichment in mandibles is much less under-
stood. Across 42 species spanning 18 superfamilies,
Quicke et al. (1998) found Zn in the mandibles of almost
all lineages. Explanations for the lack of Zn in few line-
ages were not conclusive, and Quicke et al. (1998),
though not basing on a real correlational analysis, noted
that the almost universal Zn incorporation in the mandi-
bles contrasts with both the variation in larval diet (plant-
leaf feeders, gall feeders, pollinivorous) and the strongly
variable material that has to be cut or dug during emerg-
ing, digging, and/or foraging (wood, leafs, soil, insect
cuticle). Things were similarly unclear with Mn enrich-
ment, which was detected in few species spanning differ-
ent life histories (Quicke et al. 1998).

Here, we used an expanded sample of species, families,
and superfamilies (overall almost doubling the taxonomic
spectrum analyzed by Quicke et al. (1998)) to investigate
the effects of these two key ecological factors (adult emer-
gence site, larval feeding resource) and of phylogenetic
relationships on Zn and Mn enrichment variability
( t h r o u g h a s em i - q u a n t i t a t i v e e v a l u a t i o n ) i n
Hymenoptera’s mandibles. An effect of larval diet may
suggest that variation in metal content in adult mandibles
is a result of differences in metal uptake from types of
tissues (e.g., animal or plant) by the larvae (Hillerton and
Vincent 1982). In this case, physiological processes, but
not necessarily adaptation, would explain variation. On
the other hand, an effect of adult emerging site would sug-
gest an adaptation of metal enrichment as a response to the
ecological pressure of digging through the barrier of a
concealed development site (Polidori et al. 2013).
Alternatively, the strongest predictor of whether a species
contains metals in its mandibles may be whether closely
related species also show this trait, i.e., there is a strong
phylogenetic constraint (Blomberg and Garland 2002).
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Materials and methods

Sample, taxa, and life history traits

Females of 87 species of Hymenoptera spanning 64 families
in 25 superfamilies were analyzed (Table 1). The sample cov-
ered > 80% of the 30 extant superfamilies and about 50% of
132 extant families (Aguiar et al. 2013; Peters et al. 2017).
Individuals were identified to species when possible; other-
wise, they were reported as higher taxon name with sp. The
sample includes both newly analyzed taxa coming from the
private collections of CP and JLN-A and from the collection
of theMuseo Nacional de Ciencias Naturales (CSIC) (Madrid,
Spain) (MNCN) and data retrieved from previous works
(Quicke et al. 1998; Polidori et al. 2013). To avoid biases in
species representation among lineages, we analyzed a maxi-
mum of two species per family. The complete sample includ-
ed species representing all the life histories known for the
order (plant-feeders, gall-formers, ecto- and endo-parasitoids,
inquilines, predators, pollinivorous, social and solitary spe-
cies) and spans a wide range of substrates from which adults
emerge (Table S1). Each species was then associated with two
main traits: larval feeding resource (hereafter: LFR) (only
plant (0) or animal (completely or partially) (1)), and larval
development site (hereafter: LDS) (unconcealed (0) or
concealed (2)) (which corresponds also to adult emergence
site). A development site was considered concealed if the
immature stages are located within a substrate, such as soil,
wood, and plant galls. A site was defined as unconcealed if
development takes place (including cocoon spinning) in an
exposed environment, such as plant leaves or hosts not located
in a substrate. LFR and LDS states were based on the available
information about the biology of the studied taxa in the liter-
ature (Table S1).

Phylogeny and ancestral state reconstruction

The tree used for ancestral inferences was derived from the
current knowledge about Hymenopteran phylogeny, yet the
distances were discarded as evidence was combined from dif-
ferent sources. In particular, the phylogeny of Peters et al.
(2017), based on 167 whole transcriptomes, was used as the
backbone of the tree and covered all major groups. Within
Chalcidoidea, taxa lacking in the transcriptome-based tree
were added with first priority according to transcriptome-
based phylogeny of Peters et al. (2018), then further missing
taxa according to the 18S and 28S ribosomal gene phylogeny
of Munro et al. (2011). Within the Proctotrupoidea, we
followed Kozlov (1970). Ancestral states of Zn %, Mn %,
and LFR and LDS ancestral states were reconstructed using
Mesquite 3.6 (Maddison and Maddison 2018) with maximum
likelihood reconstruction and as model Mk1. Reported likeli-
hoods were illustrated in the trees as proportional likelihoods.

Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

Except for the few specimens coming from the Museum col-
lection that were introduced in the scanning electron micros-
copy (SEM) without previous gold coating, individuals were
dissected under light microscopy and the excised mandibles
were gold-coated after mounting on adhesive carbon pads
attached to aluminum stubs (Polidori et al. 2013; Jorge et al.
2017). One individual per species was analyzed, according to
the veryweak percentage variation previously recordedwithin
species (i.e., percentage variation did not change the percent-
age rank of any individual of a species) (see Jorge et al. 2017).

The abundance of Zn andMnwas determined using a SEM
Philips FEI INSPECT (Hillsboro, OR, USA) at the MNCN.
Weworked in a high-vacuummode with a backscattered elec-
tron detector (BSED) under vacuum conditions of 30 Pa, a
high voltage of 20 kV, a suitable beam spot diameter for
particular magnifications, and a working distance of about
10 mm to the detector. Pictures of the mandibles were taken
in the SEM at appropriate magnification. The X-ray energy
microanalysis (EDS) of the samples was conducted with an
energy-dispersive X-ray spectrometer (INCA Energy 200
energy-dispersive system, Oxford Instruments) (Polidori
et al. 2013; Jorge et al. 2017). For each specimen, we per-
formed a point analysis, in which metal concentration was
obtained at one point on the mandible tooth.

Data analysis

To check for significant metal enrichment in their mandibles,
we performed a semi-quantitative analysis by using the max-
imum peak intensities obtained by a least-squares fitting rou-
tine that used standard peaks correlated to a spectrum of
known compounds (Roomans 1988; Packwood 1991). After
these intensities were determined, matrix corrections were ap-
plied (Pouchou and Pichoir 1991) to determine the concentra-
tion of each element by using approximated exponential
curves and the φ(ρZ) model to describe the shape of the
curves. We could thus obtain improved measurements of light
elements in samples that are tilted in the direction of the inci-
dent electron beam (Pouchou and Pichoir 1991). Since the
correction factors are dependent on the sample composition,
we derived the concentrations using successive iterations, un-
til achieving concentrations that are accurate to approximately
0.01% (Donovan and Tingle 1996). To calculate the statistical
error in the concentration, the weight percentage of the sigma
value was used to determine whether the element is below the
detection limits of the sample analysis (Duncumb 1994). We
applied a conservative condition: an element’s weight percent-
age has be greater than three times the weight percentage of
the sigma value resulting from the analysis (Polidori et al.
2013).

Strong phylogenetic constraint on transition metal incorporation in the mandibles of the hyper-diverse...



Table 1 List of the taxa analyzed in this study, together with their
classification and the origin of the data. If data are original, the origin of
sample is specified: MNCN = collection of the Museo de Ciencias
Naturales de Madrid (CSIC), JLN-A = collection of José Luis Nieves-

Aldrey, CP = collection of Carlo Polidori. Zn was ranked as 0 = <
0.1 wt%; 1 = 0.1–1.0 wt%; 2 = 1.0–5.0 wt%; 3 = 5.0–10.0 wt%; and
4 = > 10 wt%

Sub-order Infra-order Superfamily Family Species Dara origin

Apocrita Aculeata Apoidea Ampulicidae Dolichurus corniculus (Spinola, 1808) This study, MNCN

Andrenidae Andrena agilissima (Scopoli, 1770) This study, CP

Andrena limata Smith, 1853 This study, MNCN

Apidae Apis mellifera Linnaeus, 1678 This study, CP

Xylocopa violacea Linnaeus, 1758 This study, CP

Colletidae Colletes abeillei Pérez, 1903 This study, MNCN

“Crabronidae” Philanthus triangulum (Fabricius, 1775) This study, CP

Stizus continuus (Klug, 1835) This study, CP

Halictidae Halictus albomaculatus Lucas, 1849 This study, MNCN

Sphecodes monilicornis (Kirby, 1802) This study, CP

Megachilidae Megachile apicalis Spinola, 1808 This study, MNCN

Rhodanthidium sticticum (Fabricius, 1787) This study, CP

Melittidae Dasypoda argentata Panzer, 1809 This study, MNCN

Melitta leporina (Panzer, 1799) This study, MNCN

Sphecidae Ammophila heydeni Dahlbom, 1845 This study, MNCN

Isodontia mexicana (Saussure, 1867) This study, CP

Chrysidoidea Bethylidae Epyris niger Westwood, 1832 Quicke et al. (1998)

Pristocera depressa (Fabricius, 1805) This study, MNCN

Chrysididae Omalus sp. Quicke et al. (1998)

Parnopes grandior (Pallas, 1771) This study, MNCN

Dryinidae Dryinidae sp. This study, JLN-A

Formicoidea Formicidae Atta sp. This study, CP

Camponotus cruentatus (Latreille, 1802) This study, MNCN

Pompiloidea Mutillidae Mutilla europea Linnaeus, 1758 Quicke et al. (1998)

Nemka viduata (Pallas, 1773) This study, CP

Pompilidae Anospilus orbitalis luctigerus (Costa, 1887) This study, MNCN

Arachnospila (Melanospila) brevispinis Wahis, 1992 This study, MNCN

Sapygidae Sapyga quinquepunctata (Fabricius, 1781) This study, MNCN

Scolioidea Scoliidae Scolia (Discolia) hirta hirta (Schrank, 1781) This study, MNCN

Tiphioidea Tiphiidae Meria tripunctata (Rossi, 1790) This study, MNCN

Vespoidea Vespidae Discoelius zonalis (Panzer, 1801) This study, CP

Polistes dominula (Christ, 1791) This study, CP

“Terebrantia” Ceraphronoidea Ceraphronidae Ceraphron sp. This study, JLN-A

Megaspilidae Megaspilidae sp. This study, JLN-A

Chalcidoidea Agaonidae Agaonidae sp. This study, JLN-A

Elisabethiella stueckenbergi Grandi, 1955 Quicke et al. (1998)

Aphelinidae Aphelinidae sp. This study, JLN-A

Chalcididae Chalcididae sp. This study, JLN-A

Encyrtidae Cerchysius subplanus (Dalman, 1820) Quicke et al. (1998)

Eucharitidae Eucharitidae sp. This study, JLN-A

Eulophidae Eulophidae sp. This study, JLN-A

Eupelmidae Eupelmus spongipartus Förster, 1860 Polidori et al. (2013)

Eurytomidae Eurytoma sp. This study, JLN-A

Sycophila biguttata (Swederus, 1795) Quicke et al. (1998)

Leucospidae Leucospis sp. Quicke et al. (1998)

Mymaridae Mymaridae sp. This study, JLN-A
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Since the analytical method of metal detection is semi-
quantitative, we ranked all the obtained percentage values.
Zn was ranked as 0 = < 0.1 wt%; 1 = 0.1–1.0 wt%; 2 = 1.0–

5.0 wt%; 3 = 5.0–10.0 wt%; and 4 = > 10 wt% (maximum
value detected: 32%), while Mn was ranked as 0 = <0.1 wt%
and 1 = 0.1–1.0 wt% (no species with more than 1 wt% of Mn

Table 1 (continued)

Sub-order Infra-order Superfamily Family Species Dara origin

Ormyridae Ormyrus nitidulus (Fabricius, 1804) Polidori et al. (2013)

Ormyrus papaveris (Perris, 1840) This study, JLN-A

Perilampidae Perilampidae sp. This study, JLN-A

Pteromalidae Philocaenus barbarus Grandi, 1955 Quicke et al. (1998)

Pteromalus bedeguaris (Thomson, 1878) Polidori et al. (2013)

Tetracampidae Tetracampidae sp. This study, JLN-A

Torymidae Megastigmus stigmatizans (Fabricius, 1798) Polidori et al. (2013)

Torymus sp. This study, JLN-A

Trichogrammatidae Trichogramma sp. This study, JLN-A

Cynipoidea Cynipidae Andricus kollari (Hartig, 1843) This study, JLN-A

Ceroptres cerriMayr, 1872 Polidori et al. (2013)

Figitidae Neralsia sp. Polidori et al. (2013)

Parnips nigripes (Barbotin, 1964) Polidori et al. (2013)

Ibaliidae Ibalia drewseni Borries, 1891 Quicke et al. (1998)

Ibalia rufipes Cresson, 1879 This study, JLN-A

Diaprioidea Diapriidae Trichopria verticillata (Latreille, 1805) Quicke et al. (1998)

Monomachidae Monomachus sp. Quicke et al. (1998)

Evanioidea Aulacidae Pristaulacus sp. Quicke et al. (1998)

Evaniidae Evania sp. Quicke et al. (1998)

Gasteruptidae Gasteruption jaculator (Linnaeus, 1758) Quicke et al. (1998)

Ichneumonoidea Braconidae Archibracon servillei Brullé, 1846 Quicke et al. (1998)

Eubazus sp. Quicke et al. (1998)

Ichneumonidae Perithous sp. Quicke et al. (1998)

Rhyssa persuasoria (Linnaeus, 1758) Quicke et al. (1998)

Megalyroidea Megalyridae Megalyra fasciipennisWestwood, 1832 Quicke et al. (1998)

Platygastroidea Scelionidae Scelionidae sp. Quicke et al. (1998)

Proctotrupoidea Heloridae Helorus sp. This study, JLN-A

Pelecinidae Pelecinus polyturator (Drury, 1773) Quicke et al. (1998)

Proctotrupidae Proctotrupidae sp. This study, JLN-A

Roproniidae Ropronia sp. Quicke et al. (1998)

Stephanoidea Stephanidae Stephanidae sp. Quicke et al. (1998)

Trigonaloidea Trigonalidae Poecilogonalos costalis (Cresson, 1867) Quicke et al. (1998)

“Symphyta” Cephoidea Cephidae Calameuta filiformis (Eversmann, 1847) Quicke et al. (1998)

Orussoidea Orussidae Orussus sayii Westwood, 1835 Quicke et al. (1998)

Pamphilioidea Pamphiliidae Cephalcia arvensis Panzer, 1805 Quicke et al. (1998)

Siricoidea Siricidae Urocerus gigas Linnaeus, 1758 Quicke et al. (1998)

Tenthredinoidea Argidae Argidae sp. This study, JLN-A

Pergidae Phylacteophaga sp. Quicke et al. (1998)

Tenthredinidae Tenthredinidae sp. This study, JLN-A

Xiphydrioidea Xiphydriidae Xiphydria sp. Quicke et al. (1998)

Xyeloidea Xyelidae Xyelidae sp. This study, JLN-A

Strong phylogenetic constraint on transition metal incorporation in the mandibles of the hyper-diverse...



was found). This ranking procedure is the same used by
Quicke et al. (1998). The data retrieved from Polidori et al.
(2013) were obtained with exactly the same method as the
new sample, given that they were analyzed in the same labo-
ratory, with the same electron microscope and with the same
software (see above and Polidori et al. (2013) for further de-
tails). Quicke et al. (1998) also used the energy-dispersive X-
ray spectroscopy (EDS) analysis, and several observations
suggest that the inclusion in the final dataset of some of the
species analyzed in that study did not distort the results. First,
for a species analyzed by us and by Quicke et al. (1998)
(Ormyrus nitidulus (Fabricius, 1804)), Zn rank was similar
(3 and 4). Second, within families for which one species came
fromQuicke et al. (1998) and the other came from our sample,
the difference between Zn ranks were never larger than 1,
which is also the maximum difference found between species
that were both analyzed by us within families. Finally, all
Vespidae analyzed by us and by Quicke et al. (1998) lacked
Zn. The raw data of the EDS spectra for the newly used
sample and the sample from Polidori et al. (2013) are available
in the Supplementary file EDSdata.xlsx.

The results of Zn andMn assessments were analyzed by an
ANOVA in R (R Core Team 2014) to identify correlations
between metal percentage ranks and LFR or LDS (function
aov), with the discrete metal ranks treated as continuous var-
iables and the two others as categorial. After that, we deter-
mined correlation of each trait with the species phylogeny
using the R phytools package for Pagel’s λ and Blomberg’s
K, 1000 simulations each (function phylosig) (Revell 2012).
Since all traits were significantly correlated with phylogeny in
both metrics, we repeated the above ANOVA with a phylo-
genetically corrected model using the R phytools package
(function phylANOVA). We compared these results with the
corresponding phylogenetic ANOVA as implemented in the
R Geiger package, which yielded comparable results (data not
shown).

Results

Zinc

The presence of Zn in the mandibles can be often predicted
through the inspection of SEM pictures, since mandibles with
Zn (particularly with ranks 3–4) show the cutting edge and the
apex (i.e., the areas where the metal occurs) of a whitish color
(Fig. 1a, c); such whitish area was not visible in specimens
lacking Zn (Fig. 1e, g). The X-ray energy microanalysis
returned spectra in which the presence (Fig. 1b, d) or the
absence (Fig. 1f, h) of Zn is clearly visible by the presence
or absence of peaks at both 1.2 (ZnL), 8.8 KeV (ZnKα) and
9.8 KeV (ZnKβ). Chlorine (Cl), a halogen generally co-

occurring with Zn in insect mandibles (Jorge et al. 2017), is
also well visible in these peaks (Fig. 1b, d).

Overall, Zn enrichment was widespread in hymenopteran
mandibles, with 57 out of 87 species having from about 1 to
32 wt% of Zn detected with our method. Most of species
possessing Zn fall into ranks 3–4 (42 out of 57). Low values
of Zn % (rank 1) were only found in two species within the
superfamily Chalcidoidea (Fig. 2). However, we found also a
certain variability of Zn incorporation in the mandibles of
Hymenoptera across lineages (Fig. 2).

Zn lacked in the three most primitive “Symphyta” super-
families, while it was variably present in Apocrita (i.e.,
“Terebrantia” + Aculeata). In fact, while Zn is widespread in
many lineages within “Terebrantia” (with only four excep-
tions), within Aculeata it is rarer, occurring in only 11 species
out of 32 (Fig. 2). Although absent from the basal clades of the
order, our ancestral state reconstruction was unable to define
with high confidence that Zn enrichment in the mandibles did
not represent the ancestral state for the Hymenoptera (Fig. 2).
Our analysis instead showed that Zn in the mandibles was the
ancestral state for Apocrita (node 1 in Fig. 2). Here, this trait
was l ikely los t in Pelecinidae + Proctot rupidae
(Proctotrupoidea) (node 2), in Agaonidae (Chalcidoidea)
(node 3), and in most Aculeata. In the latter group, Zn enrich-
ment was ancestral and occurs in the all members of the basal
superfamily Chrysidoidea (node 4); Zn incorporation was then
lost in the remaining clade but then again reacquired in
Formicoidea (node 5), in Mutillidae + Sapygidae
(Pompiloidea) (node 6), and in Ampulicidae (Apoidea) (node
7) (Fig. 2). Notably, all the other Apoidea (including all bees
and apoid predatory wasps) and Vespoidea (including all the
remaining predatory wasps) invariably lacked Zn.

Despite these losses and re-acquisition of Zn enrichment
within certain clades, common ancestry resulted the factor
accounting for most of the variance in the level of Zn, with
the key life history traits having minimum or no effects.
Concerning larval diet, species with carnivorous larvae were
weakly but significantly more prone to have Zn than those
with herbivorous larvae (which is the ancestral state in the
order) (ANOVA F = 20.95, df = 1, before phylogenetic cor-
rection: P < 0.001, after phylogenetic correction: P = 0.075)
(Fig. 3). Indeed, median rank value for Zn was 3 for species
with carnivorous larvae (n = 63) and 0 for species with her-
bivorous larvae (n = 24) (Mann-Whitney U = 369, P < 0.001).
Animal diet at larval stage was the ancestral state for the
Apocrita in our reconstruction, being herbivory ancestral for
the whole order (Fig. 3). However, species from entirely her-
bivorous clades (i.e., Cynipidae and several derived
“Symphyta” families) had high percentage of Zn (ranks 3–
4), similarly to species of closely related and entirely carniv-
orous clades (i.e., Figitidae and Ibaliidae within Cynipoidea,
and Orussidae within “Symphyta,” thus showing a large effect
of phylogeny on this trait (Pagel’s λ = 0.99, P < 0.001;
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Blomberg’s K = 0.51, P < 0.001). On the other hand, Zn en-
richment did not depend on the type (unconcealed or
concealed) of larval development site (ANOVA F = 0.18, df =
1, before P = 0.67 and after phylogenetic correction: P =
0.85) (Fig. 4). Indeed, median rank value for Zn was 2.5 for
species with concealed larvae (n = 64) and 2 for species with
unconcealed larvae (n = 23). Thus, for example, soil-nesting
Apoidea (Aculeata) had no Zn, while parasitoid (i.e., non-
nesting) Aculeata attacking soil-nesting Apoidea (and thus
emerging from adults from the same substrate) often have

Zn (e.g., Chrysididae, Mutillidae). Another example is found
within parasitoid Chalcidoidea, where both species attacking
unconcealed (e.g., Trichogrammatidae, Mymaridae) and spe-
cies attacking concealed (e.g., Torymidae, Eulophidae) hosts
have medium-to-high percentage of Zn in their mandibles
(ranks 2–4). Thus, again, phylogeny accounted for most of
variance in Zn enrichment. Although the most primitive
“Symphyta” just develop exposed on plant leaves, it was not
clear from our analysis if developing on a concealed resource
is ancestral or derived in the order (proportional likelihoods:

Fig. 1 SEM pictures of
mandibles and representative
spectra (on base-10 logarithmic
scale) from X-ray energy-disper-
sive analysis of mandible teeth,
generated with a primary electron
beam energy of 20 keV. a, b
Camponotus cruentatus
(Formicidae); c, d Ibalia rufipes
(Ibaliidae); e, f Isodontia
mexicana (Sphecidae); g, h
Argidae sp. Note that Zn occurs
only in a and b, and Mn occurs
only in b. Squares in the SEM
pictures indicate the area of the
mandibles where the EDS point
analysis was done. Peaks for
transition metals (Zn and Mn), for
Cl (the halogen co-associated
with Zn), and for the basic ele-
ments of the cuticle (C and O) are
highlighted

Strong phylogenetic constraint on transition metal incorporation in the mandibles of the hyper-diverse...



0 = 0.5026, 1 = 0.4974), while it was clearly the ancestral state
for the Apocrita (proportional likelihoods: 0 = 0.0165, 1 =
0.9835) (Fig. 4).

Manganese

Mnwas recorded in 10 species spanning three distantly related
superfamilies (Chalcidoidea, Cynipoidea, and Formicoidea)
(Fig. 5). In the spectra obtained from the X-ray energy micro-
analysis, the presence of Mn was visible by a peak at 5.9 KeV
(MnKα) (Fig. 1d), which lacks in species with no Mn (Fig. 1b,
f–h). Because no species with Mn were found in “Symphyta”,
Mn enrichment in mandibles clearly resulted as a derived state

for the order, and it evolved independently three times in the
three superfamilies listed above (Fig. 5). Species with Mn-
enriched mandibles spanned both herbivorous (e.g.,
Agaonidae) and carnivorous (e.g., Figitidae) larval diets, as
well as both concealed (e.g., gall-parasitoids, ants) and uncon-
cealed (e.g., parasitoids of exposed Diptera larvae) develop-
ment sites (Figs. 3 and 4). No associations were found be-
tween Mn % and life history traits (LFR: ANOVA F = 0.31,
df = 1, before P = 0.58 and after phylogenetic correction P =
0.84; LDS: ANOVA F = 1.56, df = 1, before P = 0.22 and
after phylogenetic correction P = 0.56) and yet with phyloge-
ny (Pagel’s λ = 0.99, P < 0.001; Blomberg’s K = 0.40,
P < 0.01).

Fig. 2 Phylogenetic tree mapping
the ranked Zn % for each taxon
analyzed in this study. Zn was
ranked as 0 = < 0.1 wt%; 1 = 0.1–
1.0 wt%; 2 = 1.0–5.0 wt%; 3 =
5.0–10.0 wt%; and 4 = > 10 wt%.
Node 1 (in violet) identifies Zn
enrichment as ancestral state for
Apocrita (proportional
likelihoods for Zn %: 0 = 0.0015,
1 = 0.0015, 2 = 0.121, 3 = 0.9785,
4 = 0.0062). Nodes 2
(Proctotrupidae + Pelecinidae)
and 3 (Agaonidae) (in pink)
identify losses of Zn enrichment
in non-Aculeata (proportional
likelihoods for Zn %: node 2: 0 =
0.9390, 1 = 0.0036, 2 = 0.0483,
3 = 0.0052, 4 = 0.0037; node 3:
0 = 0.9454, 1 = 0.0038, 2 =
0.0389, 3 = 0.0050, 4 = 0.0068).
Nodes 4 (Chrysidoidea), 5
(Formicidae), 6 (Mutillidae +
Sapygidae), and 7 (Ampulicidae)
(in violet) identify re-acquisitions
of Zn enrichment within Aculeata
(proportional likelihoods for Zn
%: node 4: 0 = 0.0597, 1 =
0.0112, 2 = 0.3890, 3 = 0.5156,
4 = 0.0244; node 5: 0 = 0.2138,
1 = 0.0173, 2 = 0.0174, 3 =
0.2796, 4 = 0.4717; node 6: 0 =
0.3439, 1 = 0.0233, 2 = 0.1286,
3 = 0.1291, 4 = 0.3748; node 7:
4 = 1)
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Discussion

It was previously shown that mandibles of Hymenoptera are
often enriched with transition metals, with most of the studied
superfamilies including most, if not all, species with Zn (and
much more rarely Mn) in their mandible teeth (Quicke et al.
1998; Polidori et al. 2013; Jorge et al. 2017). However, few
superfamilies do not have this trait in any or most of their
members. In this study, we hypothesized that this variability
may reflect either the larval diet, and thus amount of metals
that can be uptaken by the insects during the development, or a
functional response to ecological pressure related with mandi-
ble use, i.e., the necessity to cut or break hard emerging sub-
strate after adult development.

Zinc

Until the present study, across Hymenoptera families, patterns
of Zn enrichment remained unclear because many lineages
were not studied by Quicke et al. (1998) and because a
phylogeny-based quantitative analysis was not performed in
that study. Quicke et al. (1998) showed that the cutting edge of
the mandibles of many hymenopterans that chew hard sub-
strates during emergence almost invariably contain high con-
centrations of Zn, and the occurrence itself of Znwas extreme-
ly widespread in the sample analyzed by these authors. In fact,
they found Zn to lack only in two aculeate wasps, two
“Symphyta”, and only one member of “Terebrantia”
(Proctotrupoidea). By looking at the superfamily-level

Fig. 3 Phylogenetic tree mapping
the larval feeding resource (LFR)
(0 = plant, 1 = animal (at least
partially)) for each taxon analyzed
in this study. The circle with a
picture of a herbivorous larva (the
bee Andrena agilissima
(Andrenidae), feeding on a pollen
ball) and of a carnivorous larva
(the apoid wasp Sceliphron
spirifex (Sphecidae), feeding on
spiders) mark the ancestral state
for Hymenoptera and for
Apocrita, respectively. The histo-
gram in the lower part of the fig-
ure shows the distribution of cases
for a given rank of Zn, for species
with either LFR type
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phylogeny of Hymenoptera known at the time of their study,
Quicke et al. (1998) thus suggested that Zn enrichment ap-
peared once in “Symphyta”, when the so-called Unicalcarida
(Peters et al. 2017) separated from the rest of the group and
then was conserved, in Apocrita, across all groups with only
two exceptions: Pelecinidae (Proctotrupoidea) and Vespidae
(Vespoidea) (both considered reversals). We confirm that
most Hymenoptera have Zn in their mandibles, though our
enlarged sample spectrum showed that this trait is less wide-
spread than suggested by previous studies on these insects.
Quicke et al. (1998) suggested that the use of metal for cutic-
ular hardening in mandibles is not ancestral to the order. Our
ancestral state reconstruction was however not conclusive to
confirm this possibility.

Zn enrichment and larval development site

Our adaptive hypothesis that species which have to dig or cut
hard substrates during emergence are more prone to have
metal-enriched mandibles finds its base on previous studies
about variation in hymenopteran mandible morphology. For
example, some parasitic wasps developing in wood have often
very robust mandibles with chisel-like cutting teeth (Quicke
1997). Camargo et al. (2015) foundmorphological differences
among mandibles of grass-cutting ant species (which have
generally shorter and massive mandibles with two teeth) and
leaf-cutting ant species (which have generally larger and more
elongated mandibles with numerous teeth). In some social
wasps (Vespidae: Epiponinae), strong torsion of mandibles

Fig. 4 Phylogenetic tree mapping
the larval development site (LDS)
(0 = unconcealed, 1 = concealed)
for each taxon analyzed in this
study. The circle with a picture of
a species developing in a
concealed site (the apoid wasp
Stizus continuus (Crabronidae),
emerging from its nest) marks the
ancestral state for Apocrita, while
the circle with a question mark
indicate the unclear ancestral state
for Hymenoptera. The histogram
in the lower part of the figure
show the distribution of cases for
a given rank of Zn, for species
with either LDS type
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may be partially associated with the use of wood fibers for
nest construction (Silveira and Santos 2011). Across Osmia
bees (Apoidea: Megachilidae), Williams and Goodell (2000)
found greater similarity among bees that use leaf material for
nest construction than among the species which use mud for
nest construction. Within apoid wasps (Apoidea: Sphecidae
and “Crabronidae”), ground-nesting species have more robust
and enlarged mandibles than species that colonize already
excavated tunnels (Bohart and Menke 1976).

Furthermore, the hypothesis of ecology-drivenmetal incor-
poration in hymenopteran mandibles can also find its base on
what observed in other insect lineages. For example, the pres-
ence of metals in mandibles of some herbivorous insects

reduces the abrasive wear that mandibles suffer through
chewing hard, often silica-rich, plant materials (Hillerton and
Vincent 1982; Hillerton et al. 1984; Edwards et al. 1993),
while the ability to moisten wood predicts the presence of
Zn in termite lineages (Cribb et al. 2008b). The adaptive role
of Zn in mandibles is also suggested by the fact that metal
enrichment occurred in localized areas, typically on the cut-
ting edges or teeth of the mandibles (e.g., Polidori et al. 2013;
Jorge et al. 2017). Despite these observations, however, a link
between emerging substrate and Zn incorporation was not
found in our study.

Despite Zn lacks in the three more basal groups of
“Symphyta” and it appears first in the Siricoidea, i.e., in

Fig. 5 Phylogenetic tree mapping
the ranked Mn % for each taxon
analyzed in this study. Mn was
ranked as 0 = <0.1 wt%; 1 = 0.1–
1.0 wt%
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correspondence of a transition to an endoxylous larval habit
(thus somehow supporting the adaptive hypothesis, Quicke
et al. (1998)), the occurrence of Zn is then invariably con-
served across many lineages which include species with both
concealed and unconcealed larvae. Our analysis failed to
unambiguously determine if developing in an unconcealed
site is ancestral in the order. Peters et al. (2017) stated that
the inferred relationship between the most primitive
“Symphyta” and Unicalcarida implies that the most recent
common ancestor of Hymenoptera could have been ecto- or
endo-phytophagous. Accordingly, it was not possible in our
analysis to ascertain if Zn enrichment is ancestral or derived in
the order. Adding new sample and new phylogenetic analysis
may elucidate this point.

Interestingly, Zn seemed to be lost a first time in the family
Agaonidae (fig wasps), the only family in Chalcidoidea lack-
ing Zn in the mandibles. It is difficult to hypothesize why fig
wasps do not have Zn; adults emerge from fig fruits, so from a
relatively soft substrate (Cruaud et al. 2012), but there are
many other groups of Chalcidoidea emerging from apparently
soft tissues, such as unconcealed host pupae or larvae (Heraty
et al. 2013), which have Zn in their mandibles. Zn seems also
to be lost twice in Proctotrupoidea (in Pelecinidae and in
Proctotrupidae). This is also difficult to explain, particularly
for Pelecinidae, which are parasitoids of beetle larvae devel-
oping into soils (Johnson and Musetti 1999). A third loss of
Zn occurred in the more derived Aculeata, with all soil-nesting
bees and wasps lacking Zn, in clear contradiction with our
hypothesis. Perhaps, soil is a substrate that does not require
metal enrichment, and larger and more robust mandibles may
be a sufficient adaptation to soil digging (Bohart and Menke
1976). A further evidence of no role of emerging substrate is
clear when looking at the basal Aculeata (Chrysidoidea),
which possess Zn despite including many species attacking
nesting bees and wasps, and thus developing in the same sites
(Kimsey and Bohart 1991).

Furthermore, Zn enrichment have been found in the man-
dibles of species of Formicidae which range widely in both
nesting behavior and habitat (Hillerton and Vincent 1982;
Edwards et al. 1993; Schofield 2001; Zeng 2016; Obando
Brito et al. 2017; Khalife et al. 2018). Additionally, Polidori
et al. (2013) previously found Zn in the mandibles of all spe-
cies of Cynipidae and all species of Figitidae, despite the im-
portant variation in emerging site, which ranges from hard
galls for gall-wasps and their inquiline wasps (Cynipidae) to
simply the host body in case of parasitoids attacking uncon-
cealed hosts (many Figitidae) (Nieves-Aldrey 2001; Ronquist
1999; Ronquist et al. 2015).

Within the derived Aculeata, interestingly, Zn was
reacquired in Mutillidae, Sapygidae, Formicidae, and
Ampulicidae, the latter (basal to all the other Apoidea) being
the only apoid family to have this trait. Again, this pattern
cannot be related with a change in developing substrate, since

species from some of these lineages (Mutillidae, Sapygidae)
develop into the nests of their bee and wasp hosts (Grandi
1962; Brothers et al. 2000), which lack Zn. Leaf-cutting be-
havior in some ants (Atta) was hypothesized to be associated
with Zn enrichment (Schofield et al. 2002). However, also,
ants which do not cut leaves (Camponotus) have Zn, while
leaf-cutting bees (Megachile) and paper wasps (Polistes)
(which also cut leaves to build the nests) do not (Hölldobler
and Wilson 1990; Michener 2007; Turillazzi and West-
Eberhard 1996).

Zn enrichment and larval food resource

Food is the major source of zinc intake, since drinking water
usually makes a negligible contribution to total intake
(Longnecker and Robson 1993). A major intake of Zn from
animal tissues could thus at least partially explain the found
positive, though weak, association between larval diet and Zn
%. Indeed, by inspecting the literature, it appears that animal
tissues seem to have, on average, higher Zn % than plant
tissues (about 150 mg/kg vs. about 40 mg/kg, mean values
calculated across species and across studies (Mwangi et al.
2018; Esenin and Ma 2000; Longnecker and Robson 1993;
Konieczyński and Wesołowski 2007; Ansari et al. 2004;
Irmak et al. 2008; Kabata-Pendias 2010). This would contrast
with what proposed by Hillerton and Vincent (1982), who
suggested that herbivory explains whyMn and Znmore likely
occur in the mandibles of herbivorous insects.

However, despite animal larval diet could potentially in-
crease Zn incorporation, it seems that phylogeny has still a
major role in the observed variance. Further observations are
in fact against an important role of diet on Zn level variation
among herbivorous species. For example, bee-collected pol-
len have similar amount of Zn (about 40 mg/kg vs. about
44 mg/kg, mean values calculated across species and across
studies) (Stanciu et al. 2011; Somerville and Nicol 2002;
Kostić et al. 2015; Yang et al. 2013) than those recorded for
plant leaves (see above), thus not explainingwhy bees have no
Zn while other herbivorous have Zn in the mandibles.
Additionally, the high levels of Zn found in gall-wasps did
not seem to depend on higher percentage of Zn in gall tissues
relative to normal tissues of the host plants, as apparently
insect galls possess less Zn than normal tissues in the attacked
plants (data available for Hymenoptera, Diptera, and
Coleoptera) (Brewer et al. 1987; Bagatto and Shorthouse
1994; Bagatto et al. 1991; Florentine et al. 2005).

In addition, food-stealing (kleptoparasitic) chrysidid wasps
and their wasp hosts feed on the same animal resources at the
larval stage, and only the former have Zn, while all
Formicidae studied to date possess Zn in their mandibles,
despite some have herbivorous larvae and some have carniv-
orous larvae (Hillerton and Vincent 1982; Edwards et al.
1993; Shoefield 2001; Zeng 2016; Obando Brito et al. 2017;
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Khalife et al. 2018). The same occurs within Cynipoidea: all
species of Cynipidae and all species of Figitidae studied in
Polidori et al. (2013) have Zn in the mandibles, despite the
former have herbivorous larvae and the latter have carnivo-
rous larvae (Nieves-Aldrey 2001; Ronquist et al. 2015).

These observations may agree with the hypothesis that ge-
netic and cellular regulation, rather than environmental Zn
availability, is at the base of Zn incorporation (Degtyar et al.
2014). Given our results, such genetic and cellular regulation
may be constrained by phylogeny.

Manganese

In the present study, Mn was rarely detected in hymenopteran
mandibles, at low percentage and, except in fig wasps
(Agaonidae), always co-occurring with Zn. These low values
are not a product of the much higher Zn % in these organs,
which hypothetically may hide Mn peaks in the spectral back-
ground noise. Indeed, Mn stays at similarly lower values even
when it is present as the only metal in mandibles (Agaonidae)
and in the ovipositor (Quicke et al. 1998; Polidori et al. 2013;
Jorge et al. 2017). Mn was recorded in only 10 species span-
ning three distantly related superfamilies and including both
herbivorous and carnivorous species at the larval stage, as well
as species emerging both from concealed and unconcealed
development sites. Thus, at this broad, order-level analysis,
this trait seemed to have a strong phylogenetic component,
since no association appeared with life history traits.
However, previous studies on other insects showed that diet
might directly affect Mn content in mandibles. For example,
when the beetle Rhyzopertha dominica (Fabricius, 1792) is
reared on wheat germ, it generally has no Mn in the mandi-
bles, but if 300-ppm manganese is added to the diet, deposi-
tion of Mn in both their larval and adult mandibles increases
(Morgan et al. 2003). Further studies should investigate ex-
perimentally how diet affects Mn content in hymenopteran
mandibles.

Quicke et al. (1998) also found Mn to be very rare in man-
dibles (only 4 species), and our enlarged sample did not in-
crease the number of lineages with Mn-enriched mandibles.
Within families, previous studies showed that Mn did not
occur universally, and, again, no apparent association with life
history traits was found at this scale (Hillerton and Vincent
1982; Polidori et al. 2013). On the other hand, phylogeny
seems to be responsible for the likelihood to have or lack
Mn. In Hymenoptera, Mn seems to be more common in ovi-
positors (Quicke et al. 1998; Polidori et al. 2013). Cuticle
incorporating Zn or Mn are thought to differ in their mechan-
ical properties (Schofield and Lefevre 1989), so that the alter-
native occurrence of these two metals in different body parts
(mandibles vs. ovipositors) or even in different parts of the
same organ (e.g., upper valve vs. lower valve) may mirror
different functional roles. For example, Agaonidae have Mn

in their mandibles. This may suggest that digging through fig
fruit requires special mechanical properties that this metal,
rather than Zn, provides to the mandibles. Atta ants also have
Mn in their mandibles perhaps because cutting leaves requires
such metal enrichment. However, other leaf-cutting species,
such as Megachile apicalis Spinola, 1808, do not have Mn.
There could be also a competition between the absorption of
Zn and Mn that may affect their relative proportions. For
example, Morgan et al. (2003) show that the majority of
stored-product feeding insects deposited Mn in their mandi-
bles when their diet was supplemented with Zn, suggesting
that the absorption of one metal may influence the absorption
of the other one. Hillerton and Vincent (1982) found that
certain orders of insects, such as Orthoptera and
Lepidoptera, have Zn-enriched mandibles, while Coleoptera
has Mn-enriched mandibles, and ants have both metals.
Interestingly, all of the species analyzed in that work are her-
bivorous, suggesting that the type of diet of each species
should be inspected in deep detail to better understand its
relationship with metal incorporation.

Additionally, the link between metal enrichment and cuti-
cle hardness seems much clearer for Zn than for Mn in other
insect lineages (Cribb et al. 2008a). It is clear that studies on
Mn enrichment in hymenopteran mandibles require deeper
investigations with larger within-families or even within-
genera species sample and by taking into account detailed data
on the behavioral ecology of the species.

Conclusions

Our results suggest that a phylogenetic constraint (sensu
Blomberg and Garland 2002), i.e., the alternative hypoth-
esis to adaptation by natural selection when attempting to
explain interspecific variation, largely explains the occur-
rence and distribution of Zn and Mn enrichment in the
mandibles of Hymenoptera. However, we identified a
few cases of reversal from Zn presence to absence and
vice-versa, which may suggest that further life history
traits, here not investigated, may actually have also played
a role in shaping mandible structure of Hymenoptera.
While it is possible that habitats or diets with very differ-
ent metal availability affect their incorporation in mandi-
bles, at the broad level of our comparative analysis, phy-
logenetic constrains may still play a major role in its dis-
tribution across hymenopteran lineages. We argue that a
limited effect of habitat or diet may be more visible with-
in species, across individuals sampled in different envi-
ronments or by experiments with modified diets.
Furthermore, new studies on the different biomechanical
properties achieved through the incorporation of Zn and
Mn may shed light on the variable use of these metals
across wasps and ants.

Strong phylogenetic constraint on transition metal incorporation in the mandibles of the hyper-diverse...
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