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Abstract. Arthropods are well known to biomineralize and metallize their exoskeletons with
naturally occurring elements that function to stabilize the protein component and add hardness to surfaces that endure wear. In this study, we provide the first description of the trace
elements in the cuticle of a marine intertidal pseudoscorpion, Halobisium occidentale, using
energy-dispersive x-ray spectroscopy. We characterized the trace element composition of six
regions on four specimens: the prosoma, opisthosoma, tarsal claws, arolia, chelicerae, and
pedipalps. In addition to the elements C, O, and N that make up the a-chitin component of
the cuticle, we found 11 trace elements across the body, but only five of these elements were
present at significant levels (≥1% wt): Ni, P, Al, Zn, and Fe. The only trace element on
both tagmata is P, while the appendages and their structures contain varying amounts of
other elements. The tarsal claws are supplemented with Zn and Ni, while the adhesive arolia
contain either Ni or P. The pedipalps are enriched with Al along their proximodistal axis,
with P, Zn, and Fe present only around the venom pore. The chelicerae have P, Zn, and Fe
present only on the distal regions. This study confirms that pseudoscorpions, like many
other arthropods, enrich their cuticle with specific elements at precise locations that are
important in predation (cheliceral fingers, pedipalps, venom pore) and locomotion (tarsal
claws, arolia). This is also the first study to reveal the presence of Al and Ni in any significant quantities in the arthropod exoskeleton.
Additional key words: EDS, exoskeleton, arthropod, arachnid, elements

The cuticle is one of the most important innovations in arthropod evolution and permits not only
protection from predation and environmental perturbations (e.g., desiccation, UV radiation; Kenrick
et al. 2012), but also provides support for muscle
insertions that allow for unique forms of locomotion
(Vincent & Wegst 2004; Ewer 2005). The cuticle is a
multilayered exoskeleton, consisting of a thin cementwax layer (epicuticle) that covers an exocuticle and
underlying endocuticle (together called the procuticle). The primary component of the procuticle is
the structural polysaccharide alpha-chitin, which is
bonded to various hydrophobic proteins that make
it a composite layer, which, along with the epicuticle,
provide a hard, water-resistant protective surface
around the entire animal except at joints (Vincent
2002; Vincent & Wegst 2004; Rinaudo 2006).
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As a biological composite (Barth 1973; Vincent
2002; Vincent & Wegst 2004; Fabritius et al. 2009;
Nikolov et al. 2010), the arthropod cuticle contains
a variety of minerals and other chemical elements
that function to reinforce load-bearing regions and
add strength and rigidity to surfaces that are important in prey capture, prey manipulation, and defense
(Schofield 2001). The cuticle of marine crustaceans
such as lobsters is perhaps the best-studied biological composite, consisting of a complex of crystalline
chitin nanofibrils in a twisted plywood arrangement,
along with amorphous and crystalline calcium carbonate, proteins, and water (Barth 1973; Fabritius
et al. 2009; Nikolov et al. 2010). While the cuticles
of several species of aquatic crustaceans and their
terrestrial relatives, the insects (Giribet et al. 2001;
Nardi et al. 2003; Regier et al. 2010), have been
examined in detail (Curry et al. 1982; Roer & Dillaman 1984; Fawke et al. 1997; Ziegler 1994; Romano
et al. 2007; Cribb et al. 2009; Fabritius et al. 2009;
Nikolov et al. 2010; Erko et al. 2013; Amini et al.
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2014), relatively few arachnids have received comparable treatment. This is perhaps surprising since
arachnid evolution, like insect evolution, involved
significant adaptations to the terrestrial environment
from independent marine origins (terrestrialization
sensu Dunlop & Webster 1999; Pisani et al. 2004).
Thus, the arachnid exoskeleton underwent changes
in both ultrastructure and chemical composition to
adapt to this new landscape (e.g., loss of buoyancy,
increased solar radiation, dehydration; Kenrick
et al. 2012). The independent evolution of terrestrialization in both insects and arachnids (and other
arthropods; see Dunlop & Webster 1999; Pisani
et al. 2004) is a topic that has received significant
attention, yet, so little is known about the structure
of the arachnid cuticle that comparisons with other
terrestrial taxa, as well as marine groups (including
marine chelicerates), are difficult.
To date, there have been few studies on the composition of the arachnid cuticle: the vast majority of
data come from scorpions (Schofield 2001) and spiders (Schofield et al. 1989; Politi et al. 2012; Erko
et al. 2013), with only supplemental information on
other arachnids (Schofield 2001; Schofield et al.
2003; Cutler & McCutchen 2006). Still, these few
studies have revealed that arachnids, like many
other arthropods, incorporate a variety of minerals
into their cuticle, and even integrate heavy metals
such as Cu, Fe, Mn, and Zn. Unfortunately, there is
only limited information on the precise distributions
of these elements in different parts of the arachnid
body (e.g., prey capture appendages), making inferences about their specific functions (e.g., increased
hardness to resist wear; Cribb et al. 2009; Fabritius
et al. 2009) difficult to appreciate. In this study, we
provide the first in-depth analysis of elemental composition of the cuticle in a pseudoscorpion, a group
that to date remains poorly studied at the structural
level.
Pseudoscorpiones is a largely understudied taxon
despite comprising more than 3000 described species (Harvey 2002). In the United States alone,
there are 423 described species, but still only marginal amounts of information regarding the majority of pseudoscorpions (Harvey 2011) is available.
The genus Halobisium (Neobisiodea) contains only
two species, H. occidentale BEIER 1931 and H. orientale REDIKORZEV 1918; individuals of both species
live in the marine intertidal environment. Thus far,
there are few detailed descriptions of either species,
and no accounts on the elemental composition of
the cuticle of any pseudoscorpion (Chamberlin
1930; Beier et al. 1932). We chose to analyze the
cuticle in members of H. occidentale to determine
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whether they biomineralize or metallize their
exoskeletons in a similar fashion to other arachnids; in particular, we were interested in determining whether constant access to the marine
environment and its abundance of dissolved calcium would be reflected in the cuticles of individuals sampled. We use the microanalytical technique
of scanning electron microscopy (SEM) combined
with energy-dispersive x-ray spectroscopy (EDS) to
examine the microstructure and chemical composition of the arthropod cuticle.
To date, three methods have been used to study
the chemical composition of the arthropod cuticle,
including EDS (Curry et al. 1982; Roer & Dillaman
1984; Cutler & McCutchen 2006; Romano et al.
2007; Cribb et al. 2009; Politi et al. 2012; Amini
et al. 2014), wavelength dispersive x-ray spectroscopy (WDS) (Cribb et al. 2009), and particle
induced x-ray emission (PIXE) (Schofield et al.
1989, 2003; Fawke et al. 1997; Schofield 2001;
Yoshimura et al. 2002). EDS is perhaps the most
common procedure used to collect elemental data
because many SEMs are equipped with EDS detectors. All three techniques are based on the production of x-rays emitted from atoms as they are
stimulated by a source beam—an electron beam in
the case of EDS and WDS, and a proton beam in
PIXE, with the x-rays collected by a Si(Li) detector.
When the beam strikes atoms in the sample, lowshell electrons are excited and emitted from the
specimen, and immediately replaced by higher shell
electrons. When these electrons move down a shell,
they emit a characteristic x-ray (Johansson et al.
1995; Shindo and Oikawa 2002; Goldstein et al.
2007). In EDS, these x-rays are directly collected by
the Si(Li) x-ray detector, but are reflected off a crystal before collection in WDS, with significantly
fewer electrons being collected in WDS than EDS
(Goldstein et al. 2007). As a result, WDS has higher
resolution between the elements present, but EDS
can detect lower levels of elements. PIXE is used in
conjunction with a scanning transmission ion microscope (STIM), and the energy of the proton beam is
magnitudes higher than in EDS (up to 40KeV for
EDS vs. 1.5–3 MeV), resulting in increased detection, resolution, and specimen penetration, but cannot detect any elements with a lower atomic mass
than F (Johansson et al. 1995). An important limitation of EDS acknowledged in this study is its limited penetration (ca. 4 lm) capabilities, which
prevents a complete characterization of the arthropod procuticle (e.g., endocuticle); however, this may
also be viewed as beneficial since limited penetration
ensures we achieve only partial penetration of this
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microscopic pseudoscorpion, and we do not therefore collect elemental data from the soft tissues
beneath the cuticle.
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that was exposed due to accidental breaks in the
specimens, but these scans were inconclusive as the
x-ray signal was too low (<100 CPS) for quantification to be significant.

Methods
Pseudoscorpions were collected from the high
intertidal zone of several beaches in Hoquiam,
Washington, USA (46.9803°N, 123.8856°W) and
shipped to the authors overnight. The animals were
euthanized with chloroform at 20°C and fixed in
70% ethanol for 72 h. Specimens (n = 4) were dehydrated through an ethanol series and left in a desiccator for 24 h prior to mounting on SEM stubs
with carbon tape. Stubs were then coated with
12 nm of gold or a gold–palladium alloy using
a Denton Vacuum Desk IV Sputter Coater.
Pseudoscorpions were examined using a JEOL
JSM-7401F Field Emission Scanning Electron
Microscope (FE-SEM) equipped with an EDAX
energy-dispersive spectrometer running EDAX
Genesis software version 4.61.
Secondary electron images, spectra, and elemental
maps were collected at an electron beam energy of
20 kV, a probe current of 15, an emission current of
10 lA, and an EDS detector Amp time of 102.4 ls
for a total collection time of 100 s. Standard-less
quantification was used to determine levels of each
element. Specific x-ray lines were examined during
elemental map collection to determine which elements were present (Table S1).
We began by scanning multiple regions on the
dorsal and ventral sides of the prosoma and
opisthosoma on all four specimens. These scans created a “baseline” of the standard elements (C, O,
N), minerals (Ca), and heavy metals that might be
present in each specimen. This baseline also supplied
data of standard Na and Zn levels, allowing for the
differentiation between ZnLa and NaKa peaks at
locations with higher levels of Zn (indicated by the
ZnKa and ZnKb peaks). Once these standards were
in place, we scanned four specific locations on each
specimen based on their importance in locomotion
and defense: chelicerae, pedipalps, tarsal claws, and
arolia. Three of these locations (chelicerae, pedipalps, and tarsal claws) were scanned on all four
specimens, but the arolia were only scanned on two
specimens due to an incorrect mounting position. It
is important to note that regardless of scan location,
the electron beam only penetrates the upper 4–5 lm
of cuticle, meaning that our scans only provide
information on the elements present in the most
external layers. We did attempt to scan the
most internal region of the cuticle (e.g., procuticle)

Results
We provide brief descriptions of the following
structures of Halobisum occidentale individuals and
elemental characterizations based on 85 EDS spectra
of the following regions: prosoma, opisthosoma,
arolia, chelicerae, pedipalps, and tarsal claws. A
total of 14 elements were detected and include C, N,
O, Na, Mg, Al, Si, P, Cl, K, Ca, Ni, Zn, and Fe.
Only the elements C, N, and O were present in all
scans. The remaining 11 elements are referred to as
trace elements because they were less abundant than
C, N, and O, which make up the chitin polymer
(C8H13O5N) as well as the proteins that surround it.
The elements revealed in each of the 85 scans can be
found in Table S1. We describe the abundance of
all elements based on two weight percentage categories: present (x ≥ 1%) and absent (x < 1%). While
elements present at noise levels may in fact be
important components of the cuticle, their extremely
low weight percentages prohibit a precise description
of their locations; for this reason, we focus mainly
on those elements that are present above noise
levels. For the following descriptions, if an element
is not listed in a particular appendage or location, it
is considered absent (never present above noise
levels). Importantly, the resolution of EDS is only
143 eV, preventing differentiation between ZnL and
NaK lines, which are very close in spectrographs.
This means that Na may be present in any scan
where Zn is also present; however, the absence of
ZnK lines allows us to determine definitively when
Zn is absent. In the following descriptions, there are
no instances where Na is present and Zn is absent,
leading us to conclude that Na is absent, but this
does not exclude the possibility that it may be present at low levels.
Prosoma and opisthosoma
The prosoma and opisthosoma were mostly featureless on dorsal and ventral sides (Fig. 1A,B),
while the dorsal tergites of the opisthosoma had a
faint series of lines across their long axis (Fig. 1D).
Setae were abundant on all tergites. The pleural
membrane (Fig. 1C) had a papillar microtexture
and setae were absent (Fig. 1D). Only P was
detected on both body tagmata (1.19  0.40% wt).
However, P was restricted to the ventral side only
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(1.97  0.87% wt), and was only present at noise
levels on the dorsal side (0.63  0.11% wt)
(Fig. 2A).

(10.45  1.87% wt) (Fig. 2E). EDS elemental maps
(Fig. 4E,F) reveal the distribution of P, Fe, and Zn
across portions of the pedipalps.

Arolia

Tarsal Claws

The arolia were thin, pad like structures of the
legs that had a smooth cuticle lacking setae, and
were approximately 90–100-lm wide (Fig. 1E).
There were two trace elements present on the arolia:
P and Ni. One specimen had P (1.37  0.10% wt),
while the other specimen had Ni (1.23  0.12% wt)
(Fig. 2B).

Tarsal claws were present on all walking legs
(Figs. 1C, 4G). The cuticles had mostly smooth surfaces without ribbing or setae. Zinc was the sole
trace element present (Fig. 3B). All of the tarsal
claws had high levels of Zn (from 6.75  2.54% to
10.59  2.18% wt) (Fig. 2F), which elemental maps
(Fig. 4G,H) reveal as spread out uniformly across
the entire structure. EDS elemental maps (Fig. 4G,
H) reveal the distribution of P, Fe, and Zn across
portions of the tarsal claws.

Chelicerae
The cuticle of the dorsal surface of the chelicerae
was smooth and covered with long setae (~200 lm;
Figs. 1A,F, 4A–D). Ventrally, both the galea and
serrulae were visible (Fig. 1F). There were no setae
on the ventral side of the chelicerae. There were four
trace elements present: Ca, P, Zn, and Fe. All elements varied in weight percentage along the proximodistal axis (Figs. 2C, 3C). Proximally, Ca was
present at a high level (2.02  1.35% wt), but no
other trace elements were present. The middle region
was devoid of all trace elements. Distally, P (3.97 
0.91% wt), Zn (11.66  2.63% wt), and Fe (12.11 
2.86% wt) were all present at high levels. EDS
elemental maps (Fig. 4B,D) reveal the distribution of
P, Fe, and Zn across portions of the chelicerae.
Pedipalps
The pedipalps (Figs. 1A, 2G, 4E) were covered in
various types of setae that include trichobothria.
The tarsus (mobile finger) along with the distal
region of the metatarsus (fixed finger) appeared to
have a smooth cuticle, only interrupted by occasional setae, while the proximal half of the metatarsus had a similar pattern to the opisthosoma
(Fig. 1G). Four trace elements were present: Al, P,
Zn, and Fe. Al was the only element present across
the entire pedipalp (2.85  1.05% wt) (Fig. 2D).
Four elements were present in the venom pore
(Fig. 3D): Al (5.08  2.28% wt), P (4.64  0.58%
wt),
Zn
(13.61  2.59%
wt),
and
Fe

Discussion
Pseudoscorpiones, with over 3000 described species distributed worldwide from terrestrial, freshwater, and marine intertidal environments, is a well
studied group, but a majority of these studies are
taxonomic in scope. To date, there are no studies
dedicated to the ultrastructure or composition of the
pseudoscorpion cuticle, which, based on investigations of other arachnids, may provide insight into
their biology, ecology, and evolution (Schofield
et al. 1989, 2003; Cutler & McCutchen 2006). And
while this lack of data inhibits our ability to make
comparisons within the order, we chose to analyze
the cuticle of a marine intertidal pseudoscorpion
because it allows us to make comparisons to the
exoskeletons of other marine and terrestrial arachnids (and other arthropods) and determine whether
pseudoscorpions follow a similar recipe of biomineralizing and/or metalizing their cuticle. Here, we
attempted to characterize the elemental composition
of much of the body in Halobisium occidentale individuals, but we focused mostly on those appendages
and surfaces (e.g., claws, chelicerae, pedipalps) that
would appear to require additional structural support beyond the standard chitin composite. These
regions are important in locomotion and prey capture, and based on previous analyses of other arachnids (Schofield et al. 1989, 2003; Fawke et al. 1997;
Schofield 2001; Cutler & McCutchen 2006), would

Fig. 1. Halobisum occidentale. A–C: Brightfield micrographs of a single specimen. Scale bar=1 mm. A. Dorsal view. B.
Ventral view. C. Lateral view with tarsal claw and arolium circled. D–G: Scanning electron micrographs of specimen
regions. D. Dorsal opisthosoma displaying tergites and setae. Scale bar=100 lm. E. Arolium. Scale bar=10 lm. F. Chelicerae (ventral). Scale bar=100 lm. G. Pedipalp. Scale bar=100 lm. ar, arolium; ch, chelicerae; f, flagellum; ga, galea;
ch, chelicerae; op, opisthosoma; pp, pedipalps; pr, prosoma; p, pleurite; s, sclerite; se, serrulae, t, tergite.
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in theory be the sites of heavy biomineralization and
metallization.
Arthropods are well known to incorporate a
range of biominerals and metals into their exoskeletons, including Ca, Fe, Mn, and Zn, among other
elements (reviewed in Lichtenegger et al. 2003).
While most of these elements are presumed to
increase the hardness of the exoskeleton, only two
of these elements are incorporated across the entire
exoskeleton, although their abundances often
increase in particular locations. For example, in
marine crustaceans, Ca is present across the body
(also in semi-terrestrial crustaceans such as isopods,
Neuss et al. 2007), but Ca content increases in
regions subjected to intensified wear and mechanical
damage such as the claws (Boßelmann et al. 2007).
In fully terrestrial taxa such as the ant Tapinoma
sessile (SAY 1836) (Schofield et al. 2003), Zn is present across all three tagmata, although it is most
abundant in the mandibles. Unfortunately, in most
studies of the arachnid cuticle, elemental analyses
focus almost exclusively on the appendages (i.e.,
tools sensu Schofield 2001), and rarely investigate
other regions such as body tagmata. In a review of
the elements present in the arachnid cuticle, Schofield (2001) notes that minerals and metals are
entirely absent from most of the exoskeleton of a
buthid scorpion, except for appendages. Similarly,
in our studies of the pseudoscorpion H. occidentale,
the tagmata have little or no trace elements, except
for P. The function of P in the pseudoscorpion cuticle is unknown, but in the absence of Ca in these
major body regions, P is unlikely to play a role in
structural reinforcement as calcium phosphate;
Ca3(PO4)2 is characteristic of the cuticles of several
marine arthropods (Curry et al. 1982; Becker et al.
2005) and was expected to be present in marine
intertidal pseudoscorpions.
As mentioned, our main foci for the study were
those appendages and surfaces that are important
for locomotion and prey capture, and therefore the
areas are most likely to have structural reinforcement to prevent wear. Among the three examined
regions—the tarsal claws, pedipalps, and chelicerae—
the tarsal claws had the highest percentage of elemental integration (beyond C, O, N) followed by
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the pedipalps and chelicerae. However, we note that
a large percentage of that integration is from a single element, Zn, which can range from 2.75–21.23%
dry weight depending on the scan. In H. occidentale,
Zn is present in all tarsal claws (Fig. 3F) and
appeared to be integrated throughout each claw
instead of being restricted to particular regions as it
is in the pedipalps and chelicerae (see below; Fig. 4).
In other arachnids, except species of Acaromorpha
and Opiliones, Zinc is also abundant in the pedipalps (both chelate and non-chelate) and occasionally chelicerae (Cutler & McCutchen 2006). In
addition to the claws, we also examined the arolia,
which are structures that function like suction cups
to provide adherence to vertical and horizontal surfaces (Savory 1964). We hypothesized that these
structures would have little biomineralization or
metallization because of their potential need to be
pliable during surface adherence. Interestingly, the
arolia did have elemental reinforcement and there
were even differences between the two examined
specimens (Fig. 2B): one specimen had Ni and the
second specimen had P. Considering that both animals are from the same locale, and were prepared
with the same protocol, these differences are quite
surprising. The presence of Ni in arthropods has not
been previously reported. Nickel is a transition
metal, known to function as a ligand in several proteins (Holm et al. 1996). However, this likely does
not account for the levels of Ni observed in the
specimen (Fig. 2B).
Pseudoscorpion pedipalps function for prey capture and processing, and in many species bear
venom glands that aid in prey seizure (Savory 1964).
Our elemental analyses revealed that Zn is present
throughout the pedipalps as it is in other arachnids
(Schofield 2001; Cutler & McCutchen 2006) and is
presumed to function for structural reinforcement
during prey capture and manipulation. However, Zn
was not the most abundant metal in the pedipalps.
Instead, Al was found in higher abundance along
the entire proximodistal axis of the appendage
including the area around the venom pore (Fig. 2E).
The incorporation of Al in the pseudoscorpion cuticle is curious and largely unprecedented, as it is only
known from species of Phalangiidae (Opiliones;

Fig. 2. Statistical comparisons of trace elements (in weight percentage) within the surveyed structures of Halobisium
occidentale individuals. Values are averages of the scans taken at each location (SE). A. Prosoma and opisthosoma,
comparing dorsal (black) and ventral (white) sides. B. Arolia scans, comparing two specimens (specimen 1=white, specimen 2=black). C. Chelicerae scans, comparing proximal (black), middle (white), and distal (striped) regions. D. Pedipalp scans, excluding the venom pore, divided between proximal (black), middle (white), and distal (striped) scans. E.
Pedipalps, comparing the venom pore (black) and remainder of the pedipalps (white). F. Tarsal claws, comparing each
walking leg’s tarsal claws (leg 1=black, leg 2=white, leg 3=striped, leg 4=gray).
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Fig. 3. Representative EDS spectra of Halobisium occidentale individuals. X-axis is excitation energy (in keV) of the
emitted x-rays. Y-axis is counts, which is relative to each individual spectrum. Carbon, Ni, and O peaks (<0.70 keV)
are excluded. All trace elements present in the analyses have their relevant peaks labeled. Gold and Pd are included to
show peaks that should be absent from non-coated specimens. A. Arolium. B. Tarsal claw. C. Chelicerae, distal scan.
D. Venom pore.

Kovoor 1978). In this latter study, Al was only
detected at low levels based on paraffin-sectioned
material analyzed with x-ray spectrography; however, Kovoor (1978) did not provide a quantitative
description of “low levels,” so a more formal comparison of the abundances cannot be made. To date,
Al has not been detected in the cuticle of any other
arthropods, and while it was present in the pedipalps of all examined pseudoscorpions, it was not
present at the same level throughout (see Table S1).
To be sure that the Al signal was not a result of
contamination from background electrons (i.e., as a
result of stimulation of Al in the carbon tape or
from the underlying aluminum-based SEM stub) we
scanned the region beneath the pedipalps of all specimens and detected only C, O, and Na. This lack of
background contamination is sufficient proof that
pseudoscorpions do incorporate Al into their cuticle,
but the function of this element remains to be determined. Several other elements were present in the
pedipalps, but with respect to their specific distribution, only the venom pore showed an obvious variance. The venom pore is present distally in the
mobile finger, and had a high abundance of P, Zn,

Invertebrate Biology
vol. x, no. x, xxx 2016

and Fe; elemental maps (Fig. 4E,F) show that P,
Fe, and Zn are almost exclusively integrated around
the venom pore, with much lower integration at
other locations. Metallization of the site around the
venom pore is not unexpected since other studies
have made comparable observations in different
arachnids. For example, Schofield’s (2001) analyses
of 15 scorpions found that Mn was incorporated
into the aculeus (stinger) of species of Buthidae,
while species of Vaejovidae, Iuridae, Scorpionidae,
Diplocentridae, and Chaeriidae all had a combination of both Mn and Zn. In this same study, Schofield examined the cheliceral fangs of spiders and
observed Cl, Ca, Mn, and Zn in different regions.
Additionally, Politi et al. (2012) discovered Zn, Cl,
and Ca around the venom pore in the spider Cupiennius salei KEYSERLING 1877. The data we present
here for pseudoscorpions are the first example of Al,
P, and Fe enrichment in a venom pore within
Arachnida.
Pseudoscorpion chelicerae are morphologically
similar to the two-segmented chelicerae of scorpions
but differ by the presence of specific features including: the galea (spinnerets) present at the end of the
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Fig. 4. Scanning electron micrographs compared with
respective EDS elemental maps. A, C, E, G are SEM
micrographs; B, D, F, H are elemental maps. A–B. Chelicerae. Scale bar=20 lm. C–D. Chelicerae. Scale
bar=10 lm. E–F. Pedipalps, focus on venom pore. Scale
bar=20 lm. G–H. Tarsal claws. Scale bar=5 lm. For all
maps, red=P, green=Fe, blue/cyan=Zn.

cheliceral finger that lead to the silk glands; the serrulae, which are grooming structures; and the flagellum, a specialized seta at the base of the chelicerae
(Savory 1964). Our scans revealed clear elemental
differences along the proximodistal axis of the chelicerae but no special elemental incorporation into
the galea, serrulae, or flagellum. Proximally, only
Ca was present (Fig. 2C), but distally the chelicerae
had high integration of P, Zn, and Fe (Fig. 4A–D);
both Zn and Fe average over 11% of the dry weight
of the distal regions, while P averages only 3.96%
of the dry weight. These elements are nearly absent
from the middle and proximal regions of the chelicerae. The functional significance of their incorporation into the distal regions of the chelicerae is
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likely to be important for increased hardness that is
necessary for prey penetration. Zinc is regularly
found in spider fangs, scorpion chelicerae (Schofield
2001; Schofield et al. 2003), and the chelicerae of
palpigrades, ricinulids, and schizomids (Cutler &
McCutchen 2006), but Fe and P are rarely if ever
present. Instead, elements such as Mn, Mg, or Ca
are generally present (Cutler & McCutchen 2006).
Previous research has shown that both P (Curry
et al. 1982) and Zn (Hillerton & Vincent 1982)
increase the hardness of the cuticle, but by different
mechanisms: P is generally incorporated as calcium
phosphate (Ca3(PO4)2) (Curry et al. 1982; Becker
et al. 2005) while Zn acts as a cross-linker of proteins (Schofield 2001; Lichtenegger et al. 2003). To
date, Fe has rarely been detected in the arthropod
cuticle, being only well known from termite mandibles (Yoshimura et al. 2002) as well as from unreported locations in scorpions and pseudoscorpions
(Schofield 2001).
In this study, we demonstrated the presence of
numerous trace elements that were previously
unknown from the pseudoscorpion cuticle. While
many of these trace elements, especially Zn and P,
have been found in other arachnids such as scorpions and spiders, we note that elemental composition
in H. occidentale differs considerably in several
respects from these arthropods. Conspicuously, the
cuticle of H. occidentale individuals has traces of Al,
Fe, and Ni that are largely unreported from other
arachnids, and in fact most other arthropods. The
functions of these elements in the arthropod cuticle
remain to be determined, but their presence in very
specific locations such as the pedipalps and chelicerae suggests that they may function for structural
reinforcement. Curiously, Zn, which is the major
reinforcing element in most arachnids, is largely
absent in the pedipalps of these H. occidentale individuals, and is instead replaced by Al. The chelicerae do have an abundance of Zn, but also
incorporate Fe into the cuticle as well. The presence
of P and Ni in the arolia is also peculiar, especially
considering that of the two examined specimens,
only one element was present in each. Whether such
variation is an artifact of our analysis or is characteristic of the species remains to be determined.
Finally, we note that Ca was not abundant in any
of our specimens. We hypothesized that the marine
intertidal habitat might afford members of the species an increased opportunity to biomineralize their
cuticles with abundant calcium, which is characteristic of marine crustaceans (Curry et al. 1982; Inoue
et al. 2004; Becker et al. 2005). However, in the
absence of elemental data on other marine or any
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terrestrial pseudoscorpions, we hesitate to speculate
whether Ca is an important element in the composition of their cuticles.
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Supporting information
Additional supporting information may be found in the
online version of this article:
Table S1. Weight percentages of all surveyed structures
based on a total of 85 scans; C, N, and O are excluded
from the analysis. Not all structures received the same
number of scans. CH, chelicerae; AR #, arolium and
associated leg; OP, opisthosoma; PR, prosoma; TC #, tarsal claw and associated leg; VP, venom pore; PP, pedipalp; PX, proximal; MI, mid region; DI, distal; AN,
anterior; PO, posterior.

Invertebrate Biology
vol. x, no. x, xxx 2016

