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Anti-wetting strategies of soil-dwelling Oribatida (Acari)
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Abstract. The water repellant properties of the body surfaces of a selection of oribatid mites belonging to the
cohort Brachypylina were investigated. This revealed two anti-wetting strategies, associated with the development
of specific layers on the body surface. A physical-mechanical strategy, based on the so-called “Lotus-effect”, relies
on rough, doubly-microstructured surfaces. These microstructures may involve 1) only the cement layer of the
cerotegument (e.g., in Zetorchestes falzonii Coggi, 1898), 2) only the cuticle (e.g., in Carabodes forsslundi Sellnick,
1953), or 3) both the cuticle and the cerotegumental cement layer (e.g., in Niphocepheus nivalis (Schweizer, 1922)).
A second (chemical) strategy, which is found in the smooth and shiny oribatid mites, which lack a cerotegumental
cement layer, depends on the secretion of a water repellant lipid layer on to the surface of the body. The chemical
composition of this layer differs among the oribatid groups and in some Liacaridae consists of a complex chemical
system that provides a “raincoat”, which is composed of anti-wetting agents (mainly diacylglycerols).

Key words. Soil zoology, morphology, ecology, strategy, cerotegument, exocrine secretions, lipid layer, Lotus
effect, opisthonotal glands, Acari, Oribatida.

INTRODUCTION

Oribatid mites are a characteristic and diverse group of soil-dwelling arthropods in both the
number of species and individuals. In an area of one square-meter of soil in certain forests, up
to 500,000 individuals of oribatids may be found, comprising up to hundred different species
(Maraun & Scheu 2000). Worldwide, the number of described species exceeds 10,000 (Schatz
2002, Subias 2004) and the actual number of species is estimated to be much higher (e.g. Travé
et al. 1996). Oribatids are a phylogenetically old group and thus are well adapted to a life in the
narrow gaps in soil ecosystems.

Besides a series of common adaptations (that frequently are found in soil organisms) such as
reduction in size, reduction of light sensory organs etc., many oribatids have developed specific
adaptations to the various and frequently changing moisture conditions in the soil. Soil moisture
is an important ecological factor that clearly affects life-, survival-, reproduction- and many other
strategies of soil-dwelling organisms (Smrz 2006). With respect to soil moisture, the oribatid body
surface seems to possess efficient anti-wetting properties as many oribatid species always appear
to be clean and dry even in very wet and dirty soil. Adaptations to drought and inundation are
mainly due the development of distinct body surface layers that are referred to as ceroteguments.
Generally, the cerotegument (or secretion layer) is the outermost covering of the oribatid cuticle
(Alberti & Coons 1999, Alberti et al. 1981). Depending on author, ceroteguments consist of several
sublayers, mainly an inner lipid and an outer cement layer (e.g. Evans 1992). In many oribatids
from different phyletic groups the cement layer is conspicuously developed, highly structured and
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ornamented, giving these mites a “rough” appearance. In contrast, in other groups, the cement
layer is completely lacking and only a lipid layer is present. These mites have a conspicuously
smooth and shiny body surface.

In the present paper, different anti-wetting strategies of oribatid mites showing rough and smooth
body surfaces, respectively, were investigated, using a selection of brachypyline Oribatida.

MATERIAL AND METHODS

Specimens of Zetorchestes falzonii, Carabodes forsslundi, Niphocepheus nivalis, Liacarus subterraneus and Liacarus
sp. (all belonging to Brachypylina, so-called “higher Oribatida”) were used in this study. The mites were extracted from
soil from mixed forests in Carinthia and Styria (Austria) using Berlese-Tullgren-funnels.

For scanning electron microscopy, specimens were fixed in Bouin for 24h, washed in 70% ethanol, dehydrated, air-
-dried and mounted on aluminium studs prior to sputtercoating (AGAR sputtercoater, Gropl, Tulln, Austria). Scanning
electron micrographs (SEM) were taken with a Philips XL30 ESEM (Philips/FEI, Vienna, Austria) at high vacuum mode
and 20kV accelerating voltage.

Chemical analysis: Extraction of lipid layer constituents was performed using whole body extraction of living individuals
of Liacarus sp. and L. subterraneus (one individual per 50 pl of hexane) for about 30min at room temperature. Aliquots
of extracts (2 pl) were subject to gas chromatographic mass spectrometric analysis, using a trace gas chromatograph
GC2000 coupled to a Voyager mass spectrometer (MS; both from Thermo, Vienna, Austria). The GC was equipped with
a ZB-5MS fused silica capillary column (30 m x 0.25 mm i.d., 0.25 um film thickness, Phenomenex, Germany). Injection
was splitless with helium (at 1.5ml min') as a carrier gas. The column temperature was programmed from 50 °C (held
for 1 min) to 200 °C at 10 °C min~!, and then to 300 °C at 15 °C min™!. The ion source of the MS and the transfer line
were kept at 170°C and 310 °C, respectively. Electron impact (EI) spectra were recorded at 70 eV.

Reference compounds (caprylic acid; 1,2-dioctanoyl-sn-gycerol) for comparison of gas chromatographic — mass
spectrometric data were purchased from Sigma (Vienna, Austria).

RESULTS AND DISCUSSION

The oribatid species investigated, have evolved two major strategies for keeping the surfaces of
their body clean and dry, the first is mechanical-physical and the second chemical:

Mechanical-physical strategies

In many oribatids, here exemplified by Zetorchestes falzonii, Carabodes forsslundi and Nipho-
cepheus nivalis, there are rough water repellent microstructured surfaces. All the rough surfaced
oribatid species investigated have a double microstructured body surface, i.e. the main structure
is about 5-20 um thick and the substructure covering this main structure is about 0.3-3.0 pm
thick. These microstructured surfaces are very differently organised, especially with respect to
the participating elements. Generally, the microstructures making up the surface of oribatids are
generated in at least three different ways (see below) (Fig. 1).

In the “cement-layer type” (Fig. 1A, 1B), exemplified by Zetorchestes falzonii, the surface
microstructure is exclusively due to structures on the outer surface of the cement layer of the
cerotegument. Bloom-like main structures (about 2—-3 um in diameter) are distributed over the
body surface with blooms occurring at a distance of about 5 um from each other. Each bloom is
covered by small, spike-like substructures (distances between spikes about 0.3 um). Fractures in
the cuticle reveal that both main structures and substructures are specialised and thickened parts
of a rather thin cement layer covering the cuticle.

In contrast, in the “cuticle type” (Fig. 1C, 1D), seen in e.g., Carabodes forsslundi, only the
cuticle is involved in the development of the doubly-microstructured surface. The body surface
exhibits regularly arranged, conical, hill-like main structures (about 10 pm in diameter at their
bases), and the distances between these main structures are about 15 pm. Small, pustule-like
substructures cover each main structure (distances between substructures: 2 pm). Fractures in
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the cuticle, reveal that the main structures and substructures are clearly formations of the cuticle.
Nevertheless, a thin cerotegumental (cement) layer is closely attached to the microstructured
surface, forming a skin-like outer covering.

Finally, a “mixed-type” (Fig. 1E, 1F) combines both, as for example in Niphocepheus nivalis, in
which a cuticle-derived main structure leads to a regular, waxcomb-like pattern of pustules on the
body surface. Each of these main structures is represented by a projecting, cuticular fold and the
distance between the folds is about 20 pm. Each fold is covered by a thin cerotegumental cement
layer that forms bloom-like, thickened substructures at distances of about 3 pm. Moreover, each
bloom (about 2 pm in diameter) is again substructured by tiny needle-like “microsclerites”.

cuticle
ct
s
m
cuticle
s
0 m
cuticle

Fig. 1. The three types of rough and doubly-microstructured surfaces in Oribatida: A) Rough body surface in Zetorches-
tes falzonii is of the “cement layer type”, as shown schematically and in detail in B): Main structures (m) and covering
substructures are derivatives of the cement layer of the cerotegument (ct, black) and not of the cuticle (grey). C) Rough
body surface in Carabodes forsslundi is of the “cuticle type”, as shown schematically and in detail in D): Main structure
(m) and substructures (s) are derivatives of the cuticle (grey), the cerotegumental cement layer (ct, black) covers them.
E) Rough body surface in Niphocepheus nivalis is of the “mixed type”, as shown schematically and in detail in F): Main
structures (m) are cuticular folds (grey), while the substructures (s) are of cerotegumental (cement layer) origin (black).
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All these microstructures on oribatid surfaces result in unwettabilty, explainable by the so-called
“Lotus-effect”. This effect was originally described by Barthlott and Nenhuis when investigating
the super-hydrophobic properties of leaves of Lotus-plants, Nelumbo sp. (Barthlott & Neinhuis
1997, 1998, Neinhuis & Barthlott 1997). The prerequisite for the Lotus-effective (and thus unwet-
table) surfaces is a double microstructure, i.e. a main structure (e.g., large granules of about 10 pum
in diameter) and a smaller sub-structure covering the main structure. In the case of contact with
water, the contact area between water droplets and the surface is very small and the contact angle
between a water droplet and a surface is very large (up to 160°), eventually leading to unwettabil-
ity. Specific distances between these main structures and their substructures in order to achieve
an optimal Lotus-effect are important. These distances should range between 10—50 pm (for the
main structures) and 0.2—5 pm (for the substructures). In the oribatids investigated in this study,
there are similar doubly-microstructured surfaces, all fairly well or even optimally conforming
to the morphological-physical demands of super-hydrophobic, Lotus-effective surfaces. In fact,
on submergence these mites retain a glistening air-coating around their bodies. In some cases,
morphological prerequisites such as specialised microstructured areas of the body surface even
allow oribatids to live in water, as is the case in Hydrozetes sp. and others, which have so-called
“plastrons” (Krantz & Baker 1982, Pugh et al.1987).

Chemical strategies

By contrast, many oribatids lack a cerotegumental cement layer and possess an apparently shiny,
smooth body surface without any microstructure. Interestingly, these mites generally also have
an unwettable and clean surface. The results indicate that the unwettability in this morpho-type
of Oribatida relies on a lipid layer that covers the entire body surface. This lipid (or wax) layer is
chemically differently composed and most likely represents the inner layer of the cerotegument. The
present paper focused on a very conspicuous example, namely the Liacaridae. In representatives
of Liacaridae, here Liacarus subterraneus and an undetermined Liacarus sp., the body surfaces
are extremely smooth and shiny (Fig. 2A). When exposed to a humid atmosphere, small water
droplets form on the body surfaces of individuals of L. subterraneus and the undetermined Liacarus
species, indicating a hydrophobic, unwettable surface. If these unwettable mites were subject to
extraction in hexane, and subsequently again placed in a humid atmosphere, droplet-formation
did not occur, indicating wettability. Thus, the active principle of this obviously chemical system
for unwettability is removed by hexane extraction, and was chemically investigated in detail
using gas chromatography — mass spectrometry (see Raspotnig & Leis 2009). The components
responsible for unwettability are different diglycerol esters (glycerids), which in the case of L.
subterraneus is mainly 1,2-dioctanoyl-sn-gycerol (Fig. 2B). In the unidentified Liacarus species,
similar glycerol esters composed of decanoic and decenoic acids are present. Most likely, these
esters are generated periodically on the body surfaces of liacarids, which is indicated by a small
number of individuals in each collection (in both species) that do not have glycerids but only the
starting compounds for esterification (i.e., free carboxylic acids) in their whole-body extracts.
In the case of L. subterraneus, there are large amounts of free caprylic acid and in the case of
the undetermined Liacarus, it is decanoic and decenoic acids. It is likely that similar systems
depending on esters of other carboxylic acids will occur in other liacarids. While this acid-ester-
based lipid layer system is an apparently effective protection against wetting and dirt, in other
oribatids the effectiveness of lipid layers has still to be demonstrated. In terms of the chemistry,
however, fatty acids and cuticular hydrocarbons, at least partly originating from the lipid layer
of the cerotegument, are known to be widespread in lower Oribatida, such as mixonomatans and
in some desmonomatans (Raspotnig & Krisper 1998, Raspotnig et al. 2008). These components
are also common in the waxy surface layers of other Arthropoda (Lockey 1988).
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Fig. 2. Chemistry of the “raincoat” covering of the body surface of Liacarus subterraneus: A) SEM of L. subterraneus,
showing the smooth body surface. B) Caprylic (octanoic) acid, the starting component for “raincoat”-synthesis (above)
and the major component of the Liacarus-“raincoat”, 1,2-dioctanoyl glycerol (below), after esterification of two molecules
of caprylic acid with glycerol.

CONCLUSIONS

The strategies of soil-dwelling Oribatida that enable them to remain clean and dry can be classified
as 1) mechanical-physical and 2) chemical, and both mainly involve particular layers of the oriba-
tid cerotegument. The same high selection pressure has resulted in different mechanisms, which
convergently resulted in the evolution of two ways of preventing the surfaces of orabatid mites
becoming wet and contaminated with soil. Apart from plants, analogous strategies are repored
for other arthropods, especially winged insects (Wagner et al. 1996). In terms of the materials
involved and the biosynthetic pathways, the costs of developing microstructures or lipid layers are
obviously high, but out-weighed by the benefits, which include protection from drowning when
inundated, enhanced mobility to explore nutritional resources and find partners for reproduction
(since soil particles do not stick to the body surface) and generally a higher biological fitness.
Interestingly, the opposite strategy, namely masking the body with a sticky secretion and soil
particles, is associated with extremely slow movement and limited vagility. This occurs in many
parthenogenetic oribatid species of the cohort Desmonomata (e.g., Camisiidae). Such species
appear to be r-strategists, with thelytokous females supposedly laying eggs in (restricted) habi-
tats that offer sufficient nutritional resources. By contrast, the anti-wetting strategies of oribatid
species belonging to other phyletic groups are consistent with their being k-strategists, which is
considered to be the common strategy of Oribatida (e.g. Norton 1994).
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