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ABSTRACT

Oribatida (Acari, Arachnida) are diverse and
abundant in temperate forest litter. As particle
feeding saprophages or mycophages, their food
is of relatively low quality, which supposedly
results in slow movement, prolonged generation
time and reduced reproductive potential.
Hence, oribatid mites developed a number of
different defensive mechanisms. The most
complex mechanical defensive mechanism is
ptychoidy, where the animals can retract their
legs and mouthparts into a secondary cavity in
the idiosoma and encapsulate by deflecting the
prodorsum. In this state the animals do not
exhibit soft membrane but only—through
biomineralization—hardened, thick cuticle, and
are therefore well protected against many
predators. Certain prerequisites have to be met
for the evolution of ptychoidy: the coxisternum
must be free from solid exoskeletal
connections, i.e. embedded in soft membrane;
the cuticle of the opisthosoma has to be
hardened; the coxisternum must be foldable;
and a system able to accommodate huge
volume changes is needed.

Despite this complexity, ptychoidy evolved
three times independently, once in the Ptyctima
and twice in the Enarthronota
(Mesoplophoridae and Protoplophoridae). We
used synchrotron X-ray microtomography
(SRuCT), scanning electron microscopy and
high-speed videography to investigate the
morphological and functional characteristics of
ptychoidy in both superfamilies of the Ptyctima
(Euphthiracaroidea and Phthiracaroidea).

At first

glance  Euphthiracaroidea and
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Phthiracaroidea considerably differ in the

arrangement of  the ventral plates.
Phthiracaroidea posses fused anal and adanal
(anal valves) as well as fused genital and
agenital plates (genital valves). The genital and
anal valves are separated from each other and
are embedded in soft membrane (anogenital
membrane).

Euphthiracaroidea posses either completely
fused holoventral plates (complete fusion of
anal and genital valves) or retain only a suture
between anal and genital valves. In both cases
the ventral plates are elongated and
surrounded by the plicature plates, a
sclerotization of the surrounding membrane.
The musculature associated with the ventral
plates differs accordingly. In Euphthiracaroidea
the notogaster lateral compressor connects the
notogaster and the junction between the ventral
and plicature plates on the complete length and
combined with the ventral plate adductor and
ventral plate compressor bridges the ventral
plates in the area of the preanal apodeme. A
simultaneous contraction of these muscles
leads to a transmission of forces via the preanal
apodeme onto the notogaster resulting in a
lateral compression. In Phthiracaroidea on the
other hand the notogaster lateral compressor is
restricted to the last third of the ventral plates,
inserting on the anogenital membrane. A
contraction of the notogaster lateral
compressor—along with the postanal muscle—
leads to a retraction of the temporarily unified
ventral plates into the idiosoma.

Other differences concern for example the



manubrium (present in Euphthiracaroidea,
absent in Phthiracaroidea), and the sensillus
ridge allowing for an un-pinched stowage of
the sensillus in encapsulated state (absent
in Euphthiracaroidea, present in
Phthiracaroidea). The coxisternal protractor,
which is able to act as retractor as well as
protractor of the legs, could only be found in
the investigated species of Phthiracaroidea,
but in none of the species of
Euphthiracaroidea.

In conclusion, the mode of pressure build-up
associated with ptychoidy is functionally
different in the two groups of Ptyctima, but
morphologically based on the same
characters. Molecular data and for example
the location of the taenidiophore also
suggest a common origin. A comparison to a
potential sister group of Ptyctima, the
Collohmannioidea, indicates that the mode
of pressure build-up of Euphthiracaroidea is
ancestral (based on the elongated state of
the ventral plates and the associated
musculature). This is also affirmed by
molecular studies showing that the
Phthiracaroidea are a derived group
originating from euphthiracaroid ancestors.

Further investigations regarding ptychoidy

should include the two remaining—
unexamined—ptyctime groups,
Synichotritidae  (Euphthiracaroidea) and
Steganacaridae (Phthiracaroidea), and the
two groups that have evolved ptychoidy
independently within the Enarthronota,
Mesoplophoridae and  Protoplophoridae.
Especially the two enarthronote groups are
of particular interest since they developed
ptychoidy on a different phylogenetic basis.
External observation of the
Mesoplophoridae for example leads to the
assumption that their mode of pressure
build-up might be similar to that of the
Phthiracaroidea. However, anal and genital
valves of Mesoplophoridae are embedded in
a single ventral plate of partially notogastral
origin. In Protoplophoridae the anal and
genital valves are not observable externally
in encapsulated state. They are covered by
cuticular plates that were converted from
static notogastral plates into moveable and
retractable plates that potentially function as
system for the build-up of pressure.

These observations support the assumption
of a convergent evolution of ptychoidy in the

three groups.
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ZUSAMMENFASSUNG

Hornmilben (Oribatida) sind in der Laubstreu
gemaligter Walder arten- und zahlreich
vertreten. Sie sind detritivor oder fungivor und
verzehren diese Nahrung in Form von festen
Partikeln. Diese relativ niederwertige Nahrung
soll zu einer langsamen Bewegungsweise,
einer verlangerten Generationsdauer und einer
verminderten Reproduktionsrate fuhren.
Deshalb  haben

verschiedene und sehr effektive Mechanismen

Hornmilben zahlreiche
zum Schutz vor Pradation entwickelt.

Der wohl komplexeste mechanische

Defensivmechanismus ist die Ptychoidie,
welche es den Tieren erlaubt ihre Beine und
das Gnathosoma in einen sekundaren
Hohlraum im Idiosoma einzuziehen und mit
dem Prodorsum zu verschlieBen. In diesem
eingekapselten Zustand prasentieren die Tiere
nach auflen hin nur noch feste, durch
Sklerotisierung und Biomineralisierung
gehartete, Kutikula und keine weichhautigen
Membranen mehr. Dadurch erlangen sie einen
effektiven Schutz vor zahireichen Fressfeinden.
Fir die Evolution der Ptychoidie muissen
bestimmte Vorbedingen erfillt sein: das
Coxisternum muss frei beweglich sein, darf also
mit keiner anderen kutikuldren Struktur fest
verbunden sein; die Kutikula des Notogaster
muss gehartet sein; das Coxisternum muss
zusammenklappbar sein; und es muss ein
System geben, welches die mit der Ptychoidie
assoziierte Volumenanderung kompensieren
kann.

Trotz dieser Komplexitat ist die Ptychoide

vermutlich dreifach unabhangig entstanden:
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einmal bei den Ptyctima und zweimal innerhalb
der Enarthronota (bei den Mesoplophoridae
und Protoplophoridae).

Zur Untersuchung der morphologischen und
funktionellen Merkmale der Ptychoidie in den
Uberfamilien der

beiden Ptyctima

(Euphthiracaroidea  und Phthiracaroidea),

verwendeten wir Synchrotron-Réntgen-
Mikrocomputertomographie (SRuCT),
Rasterelektronenmikroskopie und

Hochgeschwindigkeitsaufnahmen.

Schon auf den ersten Blick unterscheiden sich
Euphthiracaroidea und Phthiracaroidea in der
Auspragung der Ventralplatten-Morphologie.
Die Phthiracaroidea besitzen verschmolzene
Anal- und Adanalplatten (Analklappen) sowie
verschmolzene Genital- und Agenitalplatten
(Genitalklappen). Die Anal- und Genitalklappen
sind dabei voneinander abgegrenzt und sind in
einer umlaufenden weichhautigen Membran
eingebettet (Anogenitalmembran).

Die Euphthiracaroidea besitzen entweder
Holoventralplatten (vollstdndig verschmolzene
Anal- und Genitalklappen) oder behalten nur
eine feine Naht zwischen den beiden Klappen.
In beiden Fallen sind die Platten stark
verlangert und sind umrahmt von den
Holoventralfalten, die eine Sklerotisierung der

Anogenitalmembran darstellen.

Die mit den Ventralplatten assoziierte
Muskulatur unterscheidet sich
dementsprechend ebenfalls. Der

Lateralkompressor des Notogaster (nlc)
verbindet bei den Euphthiracaroidea Uber die

gesamte Lange den Notogaster mit der



Gelenkstelle zwischen den (Holo-)

Ventralplatten und Holoventralfalten. Die
Gruppe bestehend aus nlc, Ventralplatten-
kompressor (vpc) und Ventralplattenadduktor
(vpa) Uberspannt dabei auf Héhe des praanalen
Apodems wie eine Brlicke die ventralen Platten.
Die simultane Kontraktion dieser Muskeln
bewirkt eine Ubertragung der Krafte via des
praanalen Apodems auf den Notogaster und
fuhrt somit zu einer lateralen Kompression
desselben. Bei den Phthiracaroidea hat der nic
seinen Ursprung zwar ebenfalls am Notogaster,
jedoch nur im letzten Drittel des Koérpers und
inseriert, anders als bei den Euphthiracaroidea,
auf der Anogenitalmembran. Die Kontraktion
des nlc fuhrt hier aber in Kombination mit der
Kontraktion des postanalen Muskels (poam) zu
einem Einziehen der Ventralplatten in das
Idiosoma.

Weitere Unterschiede betreffen beispielsweise
das Manubrium (nur bei den Euphthiracaroidea
vorhanden) und eine Nut, die ein Einklemmen
des Sensillus’ zwischen Notogaster und
Prodorsum im eingekapselten Zustand der
Tiere verhindert (in dieser Auspragung nur bei
den Phthiracaroidea vorhanden). Der Protraktor
des Coxisternum (csp) kommt nach dem
bisherigen Stand unserer Forschung nur bei
den Phthiracaroidea vor. Er ist in der Lage
sowohl als Pro- wie auch als Retraktor der
Beine zu fungieren.

Das Druck-Kompensationssystem fir die
Volumenéanderung unterscheidet sich

funktionell deutlich zwischen den zwei
Gruppen, obwohl zum groRen Teil dieselben
morphologischen Strukturen involviert sind.
Molekulare Untersuchungen und zum Beispiel

die Position der Taenidiophore sprechen

ebenfalls fur einen gemeinsamen Ursprung der
beiden Uberfamilien. Durch den Vergleich mit
einer potentiellen AufRengruppe der Ptyctima,
den Collohmannioidea, kann angenommen
werden, dass die laterale Kompression wie sie
bei den Euphthiracaroidea zu finden ist den
urspringlichen Zustand darstellt (basierend
zum Beispiel auf der in die Ldnge gezogenen
Form der Ventralplatten und der damit
assoziierten Muskulatur). Dies wird auch durch
molekulare Studien belegt, die zeigen, dass die
Phthiracaroidea eine

abgeleitete  Gruppe

darstellen die ihren Ursprung in den
Euphthiracaroidea haben.

Weitere Forschungsvorhaben zur Ptychoidie
sollten den Fokus auf  die zwei
verbleibleibenden (bisher nicht untersuchten)
Gruppen der Ptyctima, Synichotritidae und
Steganacaridae, sowie die zwei Gruppen, die
Ptychoidie

innerhalb der Enarthronota entwickelt haben

den Defensivmechanismus
(Mesoplophoridae  und  Protoplophoridae),
richten.

Die beiden Gruppen der Enarthronota sind
dabei von besonderem Interesse, da sie die
Ptychoidie auf einer géanzlich anderen
phylogenetischen Basis evolviert haben. Schon
eine aulerliche Betrachtung der
Mesoplophoridae lasst den Schluss zu, dass
der Druckaufbau &hnlich wie bei den
Phthiracaroidea funktioniert. Allerdings sind hier
die Anal- und Genitalklappen anders als bei
den Phthiracaroidea in eine unpaare ventrale
Platte eingebettet, die zum Teil aus Platten des
Notogaster aufgebaut ist. Bei den
Protoplophoridae sind die Ventralplatten (Anal-
und Genitalklappen) durch eine &ulerliche

Betrachtung  eingekapselter  Tiere  nicht
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auszumachen. Sie sind durch ehemals jetzt potentiell dem Druckaufbau dienen.

statische Platten des Notogaster verdeckt, Diese aulerliche Betrachtung festigt die
die zu beweglichen und einziehbaren Annahme konvergenter Evolution der
Strukturen umgewandelt worden sind und Ptychoidie bei den drei Gruppen.
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Acari

The Oribatida belong to the Acari (Fig. 1), an
arachnid group with a small body size (about
100-1500 pm) that is, according to newer
phylogenetic studies, likely diphyletic (split into
the two groups Acariformes and Parasitiformes;
Giribet et al. 2002, Shultz 2007, Regier et al.
2010, Dabert et al. 2010, Sharma et al. 2014).

Grandjean (1969a) classified the Acari into
three groups: the Opilioacarida,
Anactinotrichida and Actinotrichida, but Evans
et al. (1961), van der Hammen (1972, 1977,
1989), and Krantz (1978) placed the
Opilioacarida within the Parasitiformes (=
Anactinotrichida), leaving the Acari with only
two main groups. Based on sperm morphology,
Alberti (2006) also is of the opinion that only
two main groups exist within the Acari (cf.
Alberti 1980a,b, 1984): (i) Parasitiformes

Introduction
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(=Anactinotrichida) including  Opilioacarida,
Holothyrida, Ixodida, Gamasida, and (ii)
(= Actinotrichida) including

Actinedida, Oribatida, and Acaridida. Besides

Acariformes

sperm morphology especially the eponymous

“absence  (Anactinotrichida) or presence
(Actinotrichida) of birefringence of setal
structures under polarized light* (Alberti
2006) differentiates the two groups.

Regarding the phylogenetic relationship of
those two groups within the Arachnida, Dabert
et al. (2010) stated that the Solifugae are well
supported as sister group to the Actinotrichida,
whereas the Pseudoscorpionida turned out to
be the sister group of the Anactinotrichida, but
with less support. Giribet et al. (2002) found the
same relationship of Pseudoscorpionida with—

in this case—Opilioacarida and Parasitiformes.

Opiliones
Araneae

Schizomida

Amblypygi
Palpigradi
Scorpiones

Acariformes

Solifugae

Ricinulei
Pseudoscorpionida

Parasitiformes

Fig. 1. Phylogenetic tree based on molecular data showing the position of the likely diphyletic Acari
(Acariformes and Parasitiformes; in red) within the Arachnida (after Dabert et al. 2010).



Introduction

Oribatida
With about 10,000 described species and
estimations of up to 100,000 species (Travé et
al. 1996, Schatz 2002, Subias 2004), Oribatida
are diverse and abundant in temperate forest
litter (going up as high as 400.000 individuals
per m? making them a possible valuable
resource for predators; Heethoff et al. 2009),
tropical forests, lichens, moss (hence the
common name ‘moss mites’), decaying wood,
tree bark, and also inhabit fresh and salt water,
e.g. intertidal zones, and natural springs (cf.
Evans 1992, Weigmann 2006; Krantz & Walter
2009 and citations therein). They are an
important part of the soil decomposer system
and were probably among the first land
colonizers directly following the first terrestrial
plants (Silurian/Devonian; Schaefer et al. 2010).
They nourish on particles of dead or dying plant
matter (as either external or internal
saprophages), or even on fungi (mycophagy)
decomposing the very same plant matter
(Norton 2007). Hence, as secondary particle
feeders that evolved out of a more or less
purely fluid-feeding phylogenetic relationship
(the Arachnida; Walter & Proctor 1998, Heethoff
& Norton 2009b) coupled with low quality food
(Norton 2007, Heethoff & Norton 2009a, b),
they are burdened with constraints like a
comparatively slow movement, a prolonged
generation time and a low reproductive
potential (Norton 1994, Sanders & Norton 2004,
Heethoff et al. 2007). To cope with these
constraints and the consequential constant risk
of predation (also due to their high abundance),
and to ultimately achieve reproduction requiring
a long adult life, the animals developed several

complex defensive strategies.

\o]

Defensive mechanisms

Defensive mechanisms in Oribatida are very
common and diverse. They can be of a
chemical, mechanical and behavioral nature.
Chemical defensive strategies are based on
secretions of the opisthonotal glands (also
known as oil glands, Michael 1884). The
secretions can include alarm pheromones, and
predator repellents as well as antimicrobial
agents (Kuwahara et al. 1975; Shimano et al.
2002, Raspotnig 2006, Saporito et al. 2007,
Heethoff et al. 2011).

Behavioral strategies include for example
thanatosis (playing dead), finding sheltered
gaps or even habitation in places predators
can’t reach, e.g. for oviposition or habitation
inside leaf veins during the juvenile life phase,
respectively (Hansen 1999; see also Chapter
‘Outlook - Evolution of the ptychoid defensive
mechanism’, p. 21).

Mechanical defense for example includes
heavy sclerotization, or even biomineralization
of the cuticle (calcium carbonate, calcium
oxalate or calcium phosphate; Norton & Behan-
Pelletier 1991a,b). Protective setae can be
either permanently erected to build a safe
space around the animal (Norton 2007) or can
be actively erected (Michael 1888), which is
believed to be the “first morphological
adaptation for predator defense in oribatid
mites” (Norton 2001). They can either be
erected in independent rows, as a whole
(Enarthronota, cf. Norton 2001), or individually
(Palaeosomata, Norton 2007). Some mites
possess flattened and hardened armor plate
like setae, others adhere debris to their cuticle
to create armor (Norton 2007). Pedofossae

(grooves on the body for the safe stowage of



legs) and tecta protecting the joints are very
common and diverse (Schmid 1988, Norton
2007). The latter can in some cases also be
moveable to completely hide the legs (so called
pteromorphs; Norton 2007). But the most
complex mechanical defensive mechanism is

ptychoidy.

Ptychoidy (cf. Tables 1-3)

Ptychoidy enables the animals to retract the
legs and gnathosoma into a secondary body
cavity in the idiosoma and by deflecting the
prodorsum they can encapsulate themselves.
This is always combined with a hardening of
the exoskeleton through mineralization (Norton
& Behan-Pelletier 1991a,b), and can in some
groups also be combined with secretions of the
opisthonotal glands (e.g. Oribotritia berlesei,
Raspotnig et al. 2008), presumably functioning
as chemical defense (e.g. own observations of
Euphthiracarus  cribrarius BERLESE when
confronted with the predatory staphylinid beetle
Stenus sp.). As morphological addition in some
groups—resulting in an altered flight behavior—
an escape jump can be present (Wauthy et al.
1998).

For the complete encapsulation of the animals
several exoskeletal and muscular features are
necessary. Grandjean (1969b) stated three
prerequisites found in the direct ancestors to
enable ptychoidy and Norton (2001) added a
fourth: (i) the coxisternum must be embedded
in a soft membrane and free from solid
exoskeletal connections, (ii) the cuticle of the
opisthosoma (hysterosoma) has to be
hardened, (iii) the coxisternum itself must be
foldable and (iv) there must be a system that

can accommodate the huge volume changes

Introduction

associated with ptychoidy (Sanders & Norton
2004, Grandjean 1969b). Since Acari lack most
antagonistic musculature (cf. Evans 1992,
Krantz & Walter 2009), functions like the flexing
of the legs are facilitated by specialized
systems through the build-up of hemocoel
pressure, becoming especially important in
ptychoidy. Exceptions from this lack of
antagonistic musculature can be found for
example in the claws and the chelicerae where
both, flexors and extensors of the moveable
elements, are present (Heethoff & Koerner
2007).

Another externally visual characteristic in the
sister groups of ptychoid taxa is, that the
prodorsum is also hardened and separated by
the notogaster through soft membrane or at
least distinct cuticular folds that could have
evolved into pliable membrane (sejugal
furrow/articulation, cf. Norton 2001, Sanders &
Norton 2004, Norton & Sidorchuk 2014).
Ptychoidy probably evolved three times
independently (Fig. 2), one time each in the
Ptyctima and in the two enarthronote groups
Protoplophoridae and Mesoplophoridae (groups
that are separated for about 380 million years;
Shear et al. 1984, Norton et al. 1988; trace
evidence for the Ptyctima and body fossils of
Protoplophoridae both date back to the
Carboniferous: Labandeira et al. 1997 and
Subias & Arillo 2002, respectively). Although
their  phylogenetic  relationship  changes
depending on what phylogeny is considered,
the three ptychoid groups are always clearly
separated (Maraun et al. 2004, Pachl et al.
2012), strongly supporting a convergent
evolution of this complex defensive mechanism.

Out of the three groups, the first study
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regarding morphology and function of ptychoidy
was done on the Ptyctima (Sanders & Norton
2004). They have a worldwide distribution and
are abundant in soil collected in Germany (see
for example Niedbata 2012); therefore obtaining
samples of numerous ptyctime species is fairly
easy, especially in contrast to the
Mesoplophoridae and even more the
Protoplophoridae (cf. Niedbata 2004, Subias

2004, Niedbata 2012).

Ptyctima
The completely ptychoid Ptyctima consist of
two superfamilies, the Euphthiracaroidea and
the Phthiracaroidea. Whilst the Phthiracaroidea

only comprise of Phthiracaridae, the
Euphthiracaroidea consists of three families:
Euphthiracaridae, Oribotritiidae and
Synichotritiidae (cf. Norton & Lions 1992,
Lions & Norton 1999). The former sister
family = of the  Phthiracaridae, the
Steganacaridae, has been widely dismissed
(e.g. Balogh & Mahunka 1983, Mahunka
1990, Subias 2004) and its species have
been allocated to the Phthiracaridae.
Sanders & Norton (2004) did the first
detailed study of the ptychoid defensive
mechanism  studying the exoskeletal,
muscular and functional characteristics of a
member of Euphthiracaridae,

Holosomata

== Phthiracaroidea —

b Euphthiracaroidea s

Malacanothroidea & Astigmata

e Ptyctima

Collohmanioidea

Epilohmannioidea

Perlohmannioidea

Holonota

Lohmannioidea

Novoribatida

Eulohmannioidea

Nehypochthonoidea

Parhyposomata

Protoplophoroidea

Pterochthonioidea

Atopochthonioidea

Heterochthonioidea

Enarthronota

Hypochthoniidae

e Eniochthoniidae

b Mesoplophoridae

Brachychthonioidea

Palaeosomata

Fig. 2. Phylogenetic tree based on molecular data showing the position of ptychoidy (red branches)

within the Oribatida (after Maraun et al. 2008).



Euphthiracarus cooki NORTON, SANDERS, &
MINOR (Euphthiracaridae, Euphthiracaroidea),

in great detail.

Goal of this thesis
The goal of this study is to gain further
knowledge about the morphology and function
of ptychoidy in the Ptyctima. For that purpose

we posed several questions:

1) Are the characteristics of ptychoidy
consistent within the Euphthiracaroidea, within
the Phthiracaroidea, and ultimately within the

Ptyctima?

2) Do Euphthiracaroidea and Phthiracaroidea
differ from each other regarding ptychoidy-

related characteristics?

3) In comparison to members of their sister
group (Collohmannioidea), which superfamily
within the Ptyctima most likely resembles the

ancestral state?

The study of Sanders & Norton (2004)

regarding ptychoidy was done on one species

Introduction

of the Euphthiracaridae (Euphthiracarus cooki),
but to answer the questions above, it is
necessary to gain knowledge on a broad basis,
iie. to study more groups  within
Euphthiracaroidea and Phthiracaroidea.
Therefore we first investigated two more
species of Euphthiracaroidea from two more
genera belonging to two families. We compared
the exoskeletal (Schmelzle et al. 2008) and
muscular characteristics (Schmelzle et al. 2009,
including some functional aspects) of Acrotritia
ardua KocH (Euphthiracaridae) and Oribotritia
banksi OUDEMANS (Oribotritiidae). In the next
step we investigated a species of
Phthiracaroidea (with its single family
Phthiracaridae; Phthiracarus longulus KOCH,
Schmelzle et al. 2010) and afterwards another
species from the same genus to see if there are
noticeable differences between closely related
species (Phthiracarus  globosus  KOCH,
Schmelzle et al. 2012). To truly understand the
functional aspects of ptychoidy, we studied the
morphological characteristics regarding
ptychoidy and on this basis compiled our
knowledge regarding the functional morphology

(Schmelzle et al. 2015).



Material and methods

MATERIAL AND METHODS

To facilitate our studies on exoskeletal and
muscular elements involved in ptychoidy in their
natural position, we used non-invasive
synchrotron X-ray microtomography (SRuCT).
With this technique it is possible to gain virtual
serial sections without the destruction of the
specimen (like for example histological
sectioning) and associated artifacts (for a
detailed description of the method see Betz et
al. 2007, Heethoff & Cloetens 2008, Heethoff et
al. 2008, Heethoff & Norton 2009a). We then
used voxel rendering (VGStudio MAX 1.2.1,
Volume Graphics, Heidelberg, Germany) and
segmentation (creation of 3D models; amira™

4.0.1 and Amira 5.6.0, FEI SAS, France.) as
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well as scanning electron microscopy for
visualization. Furthermore, we used high-speed
videography to capture the dynamic of en- and
ecptychosis (cf. Table 1). A combination of both
methods, SRuUCT and high-speed videography,
allows for an animation of the generated 3D
models and thus the in silico calculation of
relative force vectors, which additionally gives
us an insight into the dynamic of the
musculature. For a Glossary of Terms
(procedural and morphologic) related to
ptychoidy and a list containing muscle names
and abbreviations as well as their origin and

insertion see Tables 1-3, p. 24-25.



Publication 1: The

mechanism in

ptychoid  defensive
Euphthiracaroidea  (Acari,
Oribatida): A comparison of exoskeletal
elements

[2008; Schmelzle, S., Helfen, L., Norton, R.A.,
Heethoff, M.; Soil Organisms 80 (2), 227—-241]

Sanders & Norton (2004) studied the functional
morphology of the ptychoid defense mechanism
for one species of Euphthiracaroidea. Their
study on Euphthiracarus cooki was done in
great detail and reveals the exoskeletal and
muscular characteristics responsible for the
ability to encapsulate as well as the temporal
dynamic underlying the whole process (e.g. the
‘lazy hinge’ mechanism). However, the
superfamily Euphthiracaroidea comprises three
families: Euphthiracaridae, Oribotritidae and
Synichotritidae. To fully understand the
ptychoid defense mechanism in
Euphthiracaroidea, we studied the exoskeletal
characteristics of ptychoidy in two species,
Acrotritia  ardua;
Oribotritia

(Oribotritiidae) by means of synchrotron x-ray

Rhysotritia  ardua (=
Euphthiracaridae) and banksi
microtomography (SRuCT) and compared our
results to those of Euphthiracarus cooki. We
were able to show that although the families are
closely related they show distinct differences. In
contrast to R. ardua and E. cooki, O. banksi
lacks interlocking triangles, the terminal fissure,
the sagittal apodeme, the scale receptacle, and
retains the articulation between ventral plates
(in contrast to a complete fusion, called

holoventral plates). Furthermore, its manubrium

Synopses

SYNOPSES

is—compared to the other two—relatively small.
On the other hand, R. ardua and O. banksi
share the location of the sensillus (beneath in
contrast to above the bothridial scale), lack of
the tooth as prolongation of the lateral anterior
tectum (as found in E. cooki), and the presence
of two (instead of three) carinae lateral on the
prodorsum. As unique feature, the postanal
apodeme of R. ardua is much smaller than the
preanal apodeme, whereas in E. cooki and O.
banksi both are of nearly the same size.

In conclusion, functional constraints related to
ptychoidy lead to similar exoskeletal
characteristics in all three species, but the
closer relationship of R. ardua and E. cooki
(both belonging to the family Euphthiracaridae)
leads to distinct differences from O. banksi
(belonging to the Oribotritiidae). Similarities
between O. banksi and R. ardua clearly
differing from E. cooki are of a rather cosmetic
nature.

Publication 2: The ptychoid defensive
mechanism in  Euphthiracaroidea  (Acari:
Oribatida): A comparison of muscular elements
with functional considerations

[2009; Schmelzle, S., Helfen, L., Norton, R.A.,
Heethoff, M.; Arthropod
Development 38  (6),

10.1016/j.asd.2009.07.001]

Structure  and
461472, DOI:

Sanders & Norton (2004) studied ptychoidy in
E. cooki (Euphthiracaridae) including the
musculature, whereas Schmelzle et al. (2008)

only studied the exoskeletal characteristics



Synopses

related to ptychoidy in Acrotritia ardua (=
Rhysotritia  ardua; Euphthiracaridae) and
Oribotritia banksi (Oribotritidae). There are four
muscle systems actively involved in ptychoidy:
(i) dorsoventral muscles of the prosoma (DVP),
(ii) endosternal division of the prosoma (EDP),
(iii) longitudinal division of the prosoma (LDP),
and (iv) opisthosomal compressor system
(OCS). Differences between the muscular
characteristics of the three species (R. ardua,
O. banksi and for comparison E. cooki) can be
of a quantitative (e.g. number of muscle fibers)
as well as of a qualitative nature (e.g. the
presence or absence of muscles).

Dorsoventral muscles of the prosoma (DVP) -
The coxisternal retractor (csr) has 12 muscle
fibers in E. cooki, 17 in R. ardua, and 80 in O.
banksi. The body size of the studied species
greatly differs (300, 900, and 1800 pm,
respectively). Hence there could be a
correlation between body size and number of
muscle fibers.

Endosternal division of the prosoma (EDP) -
The area of insertion of the anterior dorsal
endosternal muscle (ade) is comparatively
small in O. banksi. This could be due to the
smaller manubrium simply not allowing for a
broad insertion, as it is the case in E. cooki and
R. ardua.

Longitudinal division of the prosoma (LDP) -
The origin of the inferior prodorsal retractor (ipr)
is more posterior in E. cooki and R. ardua than
in O. banksi. It consists of 13 muscle fibers in E.
cooki, 28 - 32 in R. ardua and 90 - 100, strongly
resembling the proportions found for the
coxisternal retractor and thus also indicating a
possible correlation of body size and number of

muscle fibers.

The insertion of the prodorsum lateral adjustor
(pla) on the manubrium of O. banksi is like the
insertion of the anterior dorsal endosternal
muscle comparatively small and its origin is
dorsal in contrast to dorsolateral (as it is the
case for R. ardua and E. cooki).

Opisthosomal compressor system (OCS) -
Sanders & Norton (2004) named the muscles of
the OCS according to the conditions they found
in E. cooki. This is unfortunate since structures
used in the naming of some muscles are not
present in all of the euphthiracarid groups, more
precisely the holoventral plates. Unfortunately,
O. banksi lacks these completely fused ventral
plates and hence the muscle names would be
misleading. Thus we suggested a renaming
from holoventral adductor (hva) and holoventral
compressor (hvc) to ventral plate adductor
(vpa) and ventral plate compressor (vpc),
respectively, using ventral plates as simple term
for the entirety of anal, adanal, genital, agenital,
and plicature plates.

In contrast to E. cooki and R. ardua, O. banksi
lacks the ventral plate adductor, and the
notogaster lateral compressor (nlc) inserts not
directly but via tendons on the medial edge of
the ventral plates.

For the analysis of relative force vectors, the
prodorsum lateral adjustor was ideal because
its insertion on the manubrium is fairly stable,
but its point of origin differs between the
species. The analysis revealed more
differences between the species in addition to
the purely morphologic observation.

The lateral force vector of O. banksi is
comparatively small. Its dynamic is two times
higher in R. ardua and possibly also in E. cooki

judging by the origin and insertion of its



prodorsum lateral adjustor. This discrepancy
can possibly be explained by the lack of a scale
receptacle within the tectonotal notch in O.
banksi: the bothridial scale comes to rest on the
tectonotal notch in O. banksi and does not need
to be anchored within the scale receptacle.
Therefore the need for a muscle being able to
correct a lateral misalignment of the prodorsum
does not exist. The posterior force vector of the
prodorsum lateral adjustor on the other hand is
very high in O. banksi, possibly providing for a
stabilizing connection of bothridial scale and
tectonotal notch. The presence of the scale
receptacle in R. ardua leads to a drop of the
posterior force vector of the prodorsum lateral
adjustor by a factor of 8.

Due to the presence of holoventral plates, and
the more complex connection of prodorsum and
notogaster, the Euphthiracaridae supposedly
are more derived than the Oribotritidae. The
development of the prodorsum lateral adjustor
thereby follows the evolution of the scale

receptacle.

Publication 3: The
mechanism in Phthiracarus longulus (Acari,
Oribatida, Phthiracaroidea): Exoskeletal and
muscular elements

[2010; Schmelzle, S., Helfen, L., Norton, R.A.,
Heethoff, M.; Soil Organisms 82 (2), 253-273]

ptychoid  defensive

The Ptyctima comprises the two sister groups
Euphthiracaroidea and Phthiracaroidea. So far
the ptychoid defensive mechanism had only
been studied for species of Euphthiracaroidea
(Sanders & Norton, 2004; Schmelzle et al.
2008, 2009).

The Phthiracaroidea comprise only one family,

Synopses

the Phthiracaridae. The former sister family,
Steganacaridae, had been disregarded (e.g.
Balogh & Mahunka 1983, Mahunka 1990,
Subias 2004).

Phthiracarus longulus differs from previously
investigated species of Euphthiracaroidea in
some exoskeletal key features of ptychoidy.
The most obvious difference is the complete
separation of anal and genital valves (fusion of
anal with adanal and genital with agenital
plates, respectively) that are embedded in soft
membrane (in contrast to plicature plates in
Euphthiracaroidea). The state of the anterior
lock (left-fitting or right-fitting lock at the anterior
margin of the anal valves) is equally distributed
(n=67, LR x2 = 2.54, p = 0.11) and indicates
intraspecific variation rather than a taxonomic
character (van der Hammen, 1989). P. longulus
lacks a terminal fissure, but like E. cooki has a
tooth (prolongation of the lateral anterior
tectum) that in this case internally articulates
with the ventral plates. The notogastral gap
housing the ventral plates has a broad marginal
tectum. At its posterior end there is a distinct
indentation present, which has a counterpart on
the posterior end of the anal valves (lock and
key principle). Like E. cooki and R. ardua, P.
longulus has a scale receptacle within the
tectonotal notch, but in contrast to any of the
euphthiracaroid species also has a pronounced
sensillus ridge for the safe, un-pinched
deposition of the sensillus in encapsulated
state. Similar as in O. banksi, the manubrium is
short, but more delicate than in any of the
euphthiracaroid species.

Dorsoventral muscles of the prosoma (DVP) -
The coxisternal retractor of P. longulus has 20—

30 muscle fibers, but a body size of only 540
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pm. Having more muscle fibers than R. ardua
and at the same time being smaller contradicts
a correlation of body size and the number of
muscle fibers found in Euphthiracaroidea for at
least the entirety of Ptyctima.

The coxisternal protractor (csp) originates
lateral on the notogaster and inserts on the
sejugal apodeme. It has not been described for
the Euphthiracaroidea and seems to be a
unique feature of the Phthiracaroidea. Unique is
also its assumed functional morphology,
because (i) it acts as protractor for the legs
(and therefore as antagonist) and (ii) during
ptychosis changes its function from protractor
to retractor and back.

Endosternal division of the prosoma (EDP) - In
contrast to Euphthiracaroidea the anterior
dorsal endosternal muscle of P. globosus is
longer, but due to the small manubrium has a
small insertion area like O. banksi.

Longitudinal division of the prosoma (LDP) -
The inferior prodorsal retractor of P. longulus
again fits the body size / number of muscle fiber
correlation found in Euphthiracaroidea: E. cooki
has 13 muscle fibers and a body size of 300
Mm, P. longulus 20-25 muscle fibers and a
body size of 540 ym, R. ardua has 28-32
muscle fibers and a body size of 900 um, and
O. banksi has 90—100 muscle fibers and a body
size of 1800 um.

Opisthosomal compressor system (OCS) - The
different organization of ventral plates leads to
different muscle morphology as well. E.g. the
notogaster lateral compressor inserts on the
soft anogenital membrane as opposed to the
medial ridge of the ventral plates. It consists of
2 portions, an anterior and a posterior one,

although the anterior one is hardly

distinguishable from the genital papilla
retractors. Also, considering the different
morphology of the ventral plates, the ventral
plate adductor and ventral plate compressor
probably play no role in ptychosis.

Phthiracaroid species clearly differ from
euphthiracaroid species in features relating to
functional aspects of ptychoidy, but overall they
have the same set of systems enabling
ptychoidy and the common origin of both
groups is still strongly supported (e.g. by the

location of the taenidiophore).

Publication 4: A morphological comparison of
two closely related ptychoid oribatid mite
species: Phthiracarus longulus and P. globosus
(Acari: Oribatida: Phthiracaroidea)

[2012; Schmelzle, S., Norton, R.A., Heethoff,
M.; Soil Organisms 84 (2), 431-443)]

In this study, we investigated the exoskeletal
and muscular characters related to ptychoidy in
Phthiracarus globosus and compared our
results to the closely related Phthiracarus
longulus. Although they are closely related they
show subtle differences mainly concerning ‘soft
characters’ though: in comparison to P.
longulus, the body of P. globosus is more
spherical, the sensillus groove more prominent,
the bothridial scale more angular, the
notogastral cuticle thicker, the sagittal apodeme
and the indentation at the posterior end of the
marginal tectum more pronounced.

Although stated differently before (Schmelzle et
al., 2010), Phthiracaroidea do not possess a
real manubrium in the sense of a hard,
posterolateral prolongation of the prodorsum,

but rather a manubrial sclerite within the



articulating membrane  (surrounding the
prodorsum) located at the same area the
manubrium would be and acting as a functional
manubrium.

The differences between the two closely related
species concerning ‘soft characters’ also
continue regarding muscle morphology: all of
the differences are found only in the quantity of
muscle bands and muscle fibers. Again
contradicting the body size / muscle fiber
correlation, the inferior prodorsal retractor of P.
globosus (body size 495 ym) has 35-40 muscle
fibers, the anterior dorsal endosternal muscle
has 5-6, and the superior prodorsal retractor
(spr) has 8 muscle fibers in total (4 muscle
bands with 2 muscle fibers each) whereas the
inferior prodorsal retractor of P. longulus (body
size 540 ym) has 20-25 muscle fibers, the
anterior dorsal endosternal muscle 2 muscle
fibers, and the superior prodorsal retractor 2—4
muscle fibers. Thus, the number of muscle
fibers of the instanced muscles of P. globosus
is two to three times higher than the number of
homologous muscles in P. longulus. We
suspect, that the correlation to body size
actually concerns muscle volume instead of the
number of muscle fibers. The notogaster lateral
compressor in P. globosus only consists of the
posterior portion described in Schmelzle et al.
(2010) leading us to believe that the anterior
portion in both species are actually muscle
fibers of the genital papilla retractors (as
already suspected). The coxisternal protractor
newly described for P. longulus (Schmelzle et
al., 2010) is also present in P. globosus and is
of similar shape making it a probable
synapomorphy for the Phthiracaridae and

possibly also the Phthiracaroidea.

Synopses

The study of P. globosus and the comparison to
the closely related P. longulus shows that the
informative signals on a large phylogenetic
scale are in the presence or absence of whole
characters whereas informative signals on a
small phylogenetic scale are mostly in the

quality and quantity of characters.

Publication 5: Mechanics of the ptychoid
defense mechanism in Ptyctima (Acari,
Oribatida): one problem, two solutions

[2015; Schmelzle, S., Norton, R.A., Heethoff,
M.; Zoologischer Anzeiger - A Journal of
Comparative Zoology 254, 27-40; DOIl:
10.1016/j.jcz.2014.09.002]

Oribatida lack most antagonistic musculature
(cf. Evans 1992, Krantz & Walter 2009).
Exceptions are for example the extensors of the
chelicerae and the claws. During ptychosis the
animals have to accommodate huge volume
changes and hemolymph movement. Norton
(2001) noted this as fourth precondition
enabling the evolution of ptychoidy and
Sanders & Norton (2004) already suspected
two different modes of pressure build-up within
the Ptyctima; one associated with each of the
superfamilies Euphthiracaroidea and
Phthiracaroidea. To elucidate these different
functions we studied one species of each
superfamily: Acrotritia ardua (= Rhysotritia
ardua, Euphthiracaroidea) and Phthiracarus
longulus (Phthiracaroidea).

High-speed recordings revealed a narrowing of
the notogastral gap housing the ventral plates
(holoventral and plicature plates) and a lateral
compression of the notogaster during

ecptychosis in A. ardua. No such observation
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could be made for the Phthiracaroidea. Instead,
during ecptychosis the ventral plates (anal and
genital valves) functionally combined into one
big ventral plate get retracted into the idiosoma.
As suspected before, the Euphthiracaroidea
seem to use lateral compression as mode for
the build-up of pressure whereas the
Phthiracaroidea use a piston-like technique by
retracting the single ventral plate. Based on the
study of Sanders & Norton (2004), the muscle
system responsible for the compression of the
notogaster is the opisthosomal compressor
system (OCS) comprising three different
muscles (terminology according to Schmelzle et
al., 2009): the ventral plate adductor (vpa),
ventral plate compressor (vpc) and the
notogaster lateral compressor (nlc). The
combined contraction of those muscles leads to
a transmission of force via the preanal
apodeme (acting as a kingpost) onto the
notogaster, thereby narrowing the notogastral
gap and compressing the notogaster laterally.

Phthiracaroidea possess the same muscle
system, although developed differently. The
notogaster lateral compressor is restricted to
the last third of the animal and inserts on the
soft anogenital membrane surrounding the
single ventral plate. A contraction of the
notogaster lateral compressor then leads to a
retraction of the ventral plate. And so does the
postanal muscle (poam) based on its position
and orientation (originating terminal on the
notogaster and inserting on the postanal
apodeme which gets retracted as well in the
process of ecptychosis). A calculation of its
dynamic revealed a possible contraction of 40%
of its original length (length in encapsulated

state), whereas the dynamic of the postanal

muscle in A. ardua is basically zero (just being
able to act as stabilizing element for the ventral
plates). This would make the postanal muscle
an integral part of the opisthosomal compressor
system. The ventral plate adductor and ventral
plate compressor on the other hand seem to
play no role in this process except possibly
holding the ventral plates together.

Calculations of volume changes during
ptychosis revealed a possible volume change
of about 2-3.5 % for both groups and although
seemingly low, this amount seems to be
sufficient. How the animals deal with defecation
and oviposition is still not yet clear. The total
amount of ‘disposables’ adds up to about 18%
of the body volume of the animals, exceeding
the calculated volume change by lateral
compression as well as the intake of the ventral
plates by a factor of six. A fluxional system
where the animals strictly control uptake and
disposal to maintain a more or less constant
volume and therefore pressure level seems to
be most likely.

Since Phthiracaroidea probably evolved within
the Euphthiracaroidea (Pachl et al., 2012),
lateral compression seems to be the ancestral
mode of operation. This hypothesis is
supported by comparison with the suspected
sister group of the Ptyctima, the
Collohmannioidea, which also uses lateral
compression (Norton 2006) instead of—by
Acari often used (e.g. Archegozetes

longisetosus)—dorsoventral compression.



Out of the four families of Ptyctima, ptychoidy
has now been well studied in three:
Euphthiracaridae, Oribotritiidae, and

Phthiracaridae.

Differences regarding ptychoidy can even be
found in closely related species (e.g. within a
genus, cf. Phthiracarus), although the
differences on such a small phylogenetic scale
are mostly ‘soft characters’, i.e. qualitative and
quantitative differences in the state of
characters: for example the number of muscle
fibers of the csr, and the depth of the tectonotal
notch. On a larger phylogenetic scale (e.g.
between families, cf. Euphthiracaridae and
Oribotritiidae) the informative signals are mostly
differences in the presence or absence of
whole characters (‘hard characters’), although
‘soft character differences of course are still
present: for example the presence of
holoventral plates in Euphthiracaridae, but not
in Oribotritidae and again the number of
muscle fibers of the csr. On superfamily level
those differences can even add up to
differences on key functional characters
regarding ptychoidy, like the build-up of
hemocoel pressure facilitated by lateral
compression in Euphthiracaroidea on the one
hand, and by retraction of the (functionally
unified) single ventral plate into the idiosoma in
Phthiracaroidea on the other hand. Another
example is the csp that can act as a protractor

for the legs. So far it is exclusively found in

Conclusions

CONCLUSIONS

phthiracaroid species and might be a
synapomorphy for the Phthiracaroidea.
In the beginning we posed some questions and

now we can address them:

1) Are the characteristics of ptychoidy
consistent within the Euphthiracaroidea, within
the Phthiracaroidea, and ultimately within the

Ptyctima?

The characteristics of ptychoidy are mostly
consistent within the Euphthiracaroidea, within
the Phthiracaroidea, and—with exceptions—

also within the Ptyctima.

2) Do Euphthiracaroidea and Phthiracaroidea
differ from each other in regard to ptychoidy-
related characteristics?

The most substantial difference between
Euphthiracaroidea and Phthiracaroidea is the
system responsible for the build-up of pressure
and the absence or presence of the coxisternal

protractor (csp), respectively.

3) In comparison to members of their sister
group (Collohmannioidea), which superfamily
within the Ptyctima most likely resembles the

ancestral state?

Based on the similar morphology of the ventral
plates and the associated system for the build-
up of pressure, the Euphthiracaroidea likely

represent the ancestral state.



Conclusions

OUTLOOK

Despite the insights gained through this thesis,
the knowledge of the ptychoid defensive

mechanism is still far from complete:

What is the state of ptychoidy in the remaining
unexamined ptyctime groups Synichotritidae

(and Steganacaridae)?

How is the ptychoid defensive mechanism
realized in the two groups of Enarthronota,

Mesoplophoridae and Protoplophoridae?

And what are the morphological and functional
differences to the Ptyctima? For example, what
principles is their system of pressure build-up

based on?

How did ptychoidy evolve, i.e. what can we
learn from the ontogenesis and from direct non-
ptychoid sister groups and in turn what
inference can be drawn on possible pre-

adaptations in the ground plan of the Oribatida?

Are there new techniques better suited to gain

these insights?

In the following | will shortly address each of

these points:

Ptychoidy in Ptyctima
To actually confirm the synapomorphy of the
csp more ptyctime species have to be studied,
including species of the-in regard to ptychoidy-
o) far unexamined Synichotritiidae
(Euphthiracaroidea) as well as phthiracaroid

species of other genera (e.g.

Hoplophthiracarus) and especially the genus
Steganacarus (Phthiracaroidea; Fig. 3), which
once constituted the family Steganacaridae
until it has been disregarded and its entire
species have been attributed to the
Phthiracaridae (Balogh & Mahunka 1983,
Mahunka 1990, Subias 2004). Niedbata (1992,
1994), however, does not acknowledge this re-
classification.

Another factor is, that Steganacarus in contrast
to Phthiracarus seems to better withstand an
attack of the predatory staphylinid beetle
Euconnus pubicollis  MULLER AND KUNZE
(Jatoszynski & Olszanowski 2013). The
question just is, why?

What morphological or functional
characteristics distinguish Steganacarus from
Phthiracarus giving it a better protection against
this beetle (cf. Fig. 3)?

Ptychoidy in Enarthronota
As stated before, ptychoidy probably evolved
three times independently, once in the Ptyctima
and twice within the Enarthronota (one time
each in the Mesoplophoridae and
So far the
defensive mechanism has been well studied for
the Ptyctima (Sanders & Norton, 2004;
Schmelzle et al. 2008, 2009, 2010, 2012,

2015), but no studies have been done for any

Protoplophoridae). ptychoid

of the ptychoid enarthronote species. The
Enarthronota are defined by a notogaster
comprised of several cuticular plates and serial
transverse scissures that can be modified in

various ways up to the point where they



become articulations (Grandjean 1947, see
also Grandjean 1969b), which becomes
especially important in ptychoidy.

The question remains: How is the ptychoid
defensive mechanism realized in the two

enarthronote groups and how does it differ from

Outlook

the ptyctime state? Based on our findings and
the findings of Sanders & Norton (2004),
especially regarding the functional morphology
(Schmelzle et al. 2009, 2010, 2015), we can try

to elucidate these questions.
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Fig. 3. Voxel renderings of two specimens of Steganacarus carinatus KocH in extended (A, B, C)
and encapsulated (D, E, F) state, and sagittal sections of a 3D model showing right (G) and left (H)
half. A, D. Lateral view. B, E. Lateral view of a virtual sagittal section. C, F. Ventral view. G, H.
Lateral view of a virtual sagittal section of 3D model showing musculature involved in ptychoidy
(incomplete). Notogaster in blue, prodorsum in yellow, ventral plates in red.



Outlook

Mesoplophoridae — In Mesoplophoridae the
anal and genital valves are embedded within a
single ventral plate that takes up nearly the
whole ventral side of the species. This plate is a
secession of parts of the notogaster (cf. Norton
2001). Anal and genital valves can be either
spatially separated by a ventral plate bridge (in
the genus Mesoplophora, Fig. 4) or in direct
contact with each other (in the genus
Archoplophora). The single ventral plate and
the overall body form suggest a mode of
pressure build-up similar to the
Phthiracaroidea: the retraction of the single

ventral plate into the notogaster.

Protoplophoridae — Externally, the ventral
plates of the Protoplophoridae are not or only
partly visible in the encapsulated animals (e.g.
in Prototritia major JACOT and P. n. sp.,
respectively; own observations of both; cf. Fig
6). The notogaster is divided into three parts: 1)
the pronotaspis, functionally corresponding the
whole notogaster of the Ptyctima and as static
element, 2) the unpaired pygidium and 3) the
paired pleuraspis (Fig. 5). The set-up of the
pygidium and the pleuraspis together with the
ventral plates functionally corresponds to the
dynamic elements: to the single ventral plate

encompassing the anal and genital venter of

Fig. 4. Voxel renderings of Mesoplophora cubana CALUGAR AND VASILIU in nearly encapsulated state
(A — C), and sagittal sections of 3D model showing right (D) and left (E) half. A. Ventral view. B.
Lateral view showing left half of animal. C. Lateral view of a virtual sagittal section. D, E. Lateral
view of virtual sagittal section of 3D model showing musculature involved in ptychoidy (incomplete).
av, anal venter (in red); gv, genital venter (in red); NG, notogaster (in blue); PR, prodorsum (in
yellow); vp, single ventral plate (in orange). Arrow indicates the separation of genital and anal
valves.
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Fig. 5. Voxel renderings of Prototritia major JACOT in encapsulated state (A — C), and sagittal
sections of 3D model showing right (D) and left (E) half. A. Ventral view. B. Lateral view showing
left half of animal. C. Lateral view of a virtual sagittal section. D, E. Lateral view of a virtual sagittal

section of 3D model showing musculature involved in ptychoidy (incomplete). Note the position of

the ventral plates (in red) inside the encapsulated animal and dorsal to the pleuraspis. av, anal

venter (in red); gv, genital venter (in red); PR, prodorsum (in yellow). Notogastral parts (in shades

of blue): plasp, pleuraspis; prasp, pronotaspis; pyg, pygidium.

Mesoplophoroidea and the functionally unified

ventral plates (anal and genital venter
combined) of Phthiracaridae. During ptychosis
this set-up gets retracted into the idiosoma as
well, though the mode of operation is different:
first the paired pleuraspis plates get pulled to the
side gliding on a rail built by the pygidium in the
process exposing the ventral plates up to a point
where the membrane between pleuraspis and
ventral plates is maximally strained. The setup
including the pygidium then gets retracted into

the idiosoma.

Evolution of ptychoidy
Ontogenesis — Another important aspect of the
ptychoid defensive mechanism is its distribution
over the ontogenetic stages: juveniles of the
Ptyctima are not ptychoid whereas
enarthronote juveniles are (Fig. 6; cf.
Weigmann 2006). This is presumably linked to
their way of life: burrowed in leaf veins (Hansen
1999, also adults of A. ardua) vs. free-living in
soil, respectively. Studying the ontogenetic
stages could provide new insights into the

evolution of ptychoidy in these groups.



Outlook

Phylogeny — The study of sister groups to each
ptychoid group allows for the distinction of
phylogenetic and functional traits of ptychoidy.
For  example, the newly described

Collohmannia Jjohnstoni NORTON AND
SIDORCHUK (Norton & Sidorchuk 2014; Fig. 7),
regarded as a member of the Ptyctima sister
group, already shows exoskeletal
characteristics that resemble the
euphthiracaroid pattern (e.g. the elongated
state of the anal and genital valves; white

arrows in Fig. 7A,C). Further outgroups include

Eniochthonius minutissimus BERLESE for the
Mesoplophoridae (Fig. 8A-D) and species of
the genus  Sphaerochthonius  for the

Protoplophoridae (Fig. 8E-H).

Sphaerochthonius (Sphaerochthoniidae) — The
genus Sphaerochthonius is not only interesting
because of its phylogenetic position as a
member of the sister group of
Protoplophoridae, but also because it shows
some sort of gradient behavior to ptychoidy: the

animals are able to fold up their legs (white

Fig. 6. Scanning electron micrographs showing ventrolateral views of Archoplophora rostralis
WILLMANN in adult (A) and juvenile stage (B) and voxel renderings of Phthiracarus longulus in adult

(C) and non-ptychoid juvenile stage (D).




arrows in Fig. 8G,H), pull them towards their
body and subsequently fold down the
prodorsum a little bit giving the whole animal a
more compact body form, though not [yet] able
to encapsulate themselves (Fig. 8G,H). This
behavior indicates, that most exoskeletal and
muscular characteristics regarding ptychoidy in
Protoplophoridae should already be present in

Sphaerochthonius.

Outlook

Palaeosomata — The inference on pre-
adaptations to ptychoidy can only be resolved
by studying and comparing the basal oribatid
out-group  Palaeosomata (c¢f. Fig. 2).
Palaeosomata still have a low degree of
cuticular hardening (Norton 2001), supposably
resembling the ground plan of the Oribatida.
Therefore they are perfect to study the

hypothesized pre-adaptations to ptychoidy.

Fig. 7. Voxel renderings showing the two ptyctime groups and their sister group Collohmanniidae.
A, B. Acrotritia ardua (Euphthiracaroidea). C, D. Collohmannia johnstoni (cf. Norton & Sidorchuk
2014). E, F. Phthiracarus longulus (Phthiracaroidea). Upper images show ventral view; lower
images lateral view. Arrows indicate the elongated state of the ventral plates in Euphthiracaridae
and Collohmanniidae.



‘(sBa| dn papj|o} 8y} 8)e2Ipul SMOLIe S)Iym ‘aepliuoyiyoosaeyds) “ds sniuoyjyooiseyds
"H ‘© “(eepuoydojdojoid) Jofew enujojoid "4 ‘3 (epluoyiyooiuy) snwissnnuiw sniuoyyooiug *q ‘0 “(eepuoydojdosayy) eueqno eioydojdossyy 'g ‘v
(9 ‘3 ‘q ‘g) maia [eaaie| pue (H ‘4 ‘D ‘V) [esuaa ul sdnoub Jaysis anjoadsal Jiay) pue sdnoib sjouosypeus omy ayy Buimoys sbulispual |9xoA ‘g B




New methods for structural research
Wet scans — Using ultra-fast tomography, the
time for a complete SRUCT scan of a sample is
greatly reduced (within seconds) and thus
samples can now also be scanned within a
liquid (100% EtOH)

evaporation of the liquid that would occur

without complete
during a long-time scan (15—45 minutes). This
eliminates artifacts originating from the drying
of the animals (critical point drying with liquid
carbon dioxide) like shrinking of tissues and the
associated tearing of e.g. muscle fibers (cf. Fig.
9). The clarity of the scans is greatly enhanced
especially when combined with a contrasting
agent (e.g. 1% iodine solution). For example,
muscle fibers within a muscle bundle can be
clearly separated from each other since
agglutination of the former is no longer a
problem. Furthermore, artifacts coming from the
fixing of the animals on the sample holder
(instant adhesive collar; Fig. 9; cf. Fig. 3 - 8) are
hereby eliminated. The container holding the
sample can be easily removed from the virtual

image stack without affecting specimen data.

Outlook

ASTOR - After already using high-speed
radiography (cf. Fig. 10), the next step would be
time-resolved computer tomography (4D
SRuCT or cine-tomography; cf. dos Santos
Rolo et al. 2014) of small animals like mites
enabling the observation of—for example—
muscle contractions in 3D/4D. A project funded
by the BMBF (Bundesministerium fir Bildung
und Forschung, Germany) dealing with this
issue is currently ongoing: Arthropod Structure
revealed by ultra-fast Tomography and Online
Reconstruction (ASTOR - project number
05K13VTA). First achieved goals include high-
throughput  tomography and high-speed
radiography of living animals, which—in
contrast to conventional high-speed
videography—also exposes dynamic processes
within the animal, e.g. the movement of the gut
and the positioning of the legs during

enptychosis (Fig. 10).



Outlook

Fig. 9. Comparison of ‘raw’ data of wet and dry scans showing multiple related artifacts. A. Wet
scan of Steganacarus magnus NICOLET. Arrow 1 points to clearly separated muscle fibers. Arrow 2
points to tissue still directly in contact with cuticle. B. Dry scan of Mesoplophora cubana. Arrow
indicates muscle bundle with indissoluble muscle fibers due to agglutination during drying. C. Wet
scan of Steganacarus magnus. Arrow 1 points to gap between specimen and sample holder. Arrow
2 points to well preserved cells. D. Dry scan of Steganacarus carinatus. Arrow 1 points to instant
adhesive that entered the dried specimen. Arrow 2 points to instant adhesive directly touching the
specimen. E, F. Dry scan of Mesoplophora cubana. Arrows point to tearing of muscle fibers.
Asterisks indicate the empty space left behind by shrinkage of the tissue.
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Outlook

Fig. 10. Still images of Synchrotron radiography showing the enptychosis of
Steganacarus magnus (recorded at 250 frames per second). Ventral plates, coxisternum
and internal organs are well visible through the cuticle of the notogaster.
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Tables

Table 1. Glossary of procedural terms (after Schmelzle et al. 2015).

Term Definition

Ptychoidy The mechanism/body form/ability to encapsulate

Ptychosis The process of changing between states/the process ‘enabled’ by the ptychoid
body form

Enptychosis  The process of encapsulation

Ecptychosis The process of extension/re-opening

Extended The state of being extended/open. ‘Active’ mode of operation, i.e. walking, feeding,

etc.

Encapsulated The state of being encapsulated/closed. ‘Inactive’ mode of operation

Table 2. Glossary of morphological terms (modified after Schmelzle et al. 2009).

Structure

Description

coxisternum
endosternum
epimere
epiprosoma

gnathosoma

holoventral plates

idiosoma

inferior retractor process
manubrium

notogaster

plicature plates
prodorsum

sagittal apodeme
subcapitulum

taenidiophore

ventral assemblage of epimeres

transverse ligament dorsal to coxisternum

coxal elements of walking leg segment

acron and cheliceral and pedipalpal segments

anterior body region (containing the segments that bear mouthparts
(chelicerae) and pedipalps)

fused genital, agenital, anal, and anal plates

posterior body region (containing the segments that bear legs, ventral
plates, etc.)

ridge in the lateral margin of prodorsum

handle-like postero-lateral process of prodorsum

dorso-lateral cuticular shield of opisthosoma

sclerotized plates connecting notogaster and holoventral plates
dorsal shield of epiprosoma

unpaired medial apodeme of prodorsum

fusion of sternite and pedipalpal coxae

condyle on each side of the subcapitulum




Tables

Table 3. List of muscle names and corresponding abbreviations (modified after Schmelzle et

al. 2012).

Muscle Abbr. Origin Insertion

Dorsoventral muscles of DVP

the Prosoma

coxisternal retractors csr notogaster, dorsal apodeme 2 of the epimeres,
apodemal shelves 3 and 4

coxisternal protractors csp notogaster, lateral sejugal apodeme

Endosternal Division of the EDP

Prosoma

anterior dorsal endosternal ade manubrium endosternum

muscles

Longitudinal Division of LDP

the Prosoma

inferior prodorsal retractors ipr notogaster, dorsolateral inferior retractor process,
intercalary wall induration

prodorsum lateral adjustors  pla notogaster, dorsolateral manubrium

superior prodorsal retractors  spr notogaster, dorsal basis of manubrium

Opisthosomal Compressor OCS

System

notogaster lateral nlc notogaster, ventral anogenital membrane

compressors curvature

postanal muscles poam terminal at posterior end of  postanal apodeme

notogaster
ventral plate adductors vpa preanal apodeme genital valve
ventral plate compressors vpc preanal apodeme lateral edge of genital valve
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Abstract

Ptychoidy is a mechanical defensive mechanism of some groups of oribatid mites, in which the legs
and coxisternum can be completely retracted into the idiosoma and the prodorsum acts as a seal to the
encapsulated animal. Here, we use two microscopical techniques, scanning electron microscopy and
synchrotron X-ray microtomography, to compare exoskeletal features of two species of ptychoid oribatid
mites. Oribotritia banksi and Rhysotritia ardua both belong to the superfamily Euphthiracaroidea and
are analysed here in direct comparison to Euphthiracarus cooki, for which the functional morphology
has already been described. Rhysotritia ardua and E. cooki — both members of Euphthiracaridae — are
similar in most skeletal features that relate to ptychoidy, but differ in the size of their postanal apodemes.
Oribotritia banksi — a member of Oribotritiidae — differs from the former two in some well-known
features, including the retention of articulations between components of the ventral plates (compared to
fused, holoventral plates in Euphthiracaridae), and the absence of interlocking triangles that are
associated with the pre- and postanal apodemes in Euphthiracaridae. Our study uncovered two internal
skeletal differences in the prodorsum that relate to muscle attachment surfaces: compared to E. cooki and
R. ardua, O. banksi lacks the sagittal apodeme and has a distinctly smaller manubrium, but only the latter
functions in ptychoidy.

Keywords: Synchrotron-X-Ray-Microtomography, Euphthiracarus cooki, Rhysotritia ardua,
Oribotritia banksi

Zusammenfassung

Ptychoidy ist ein bei einigen Gruppen der Oribatida verbreiteter mechanischer Defensivmechanismus,
bei dem die Beine und das Coxisternum komplett in das Idiosoma eingezogen werden konnen und das
Prodorsum dann als Verschlusskappe des eingekapselten Tieres fungiert. Wir verwenden hier zwei
verschiedene mikroskopische Techniken, Rasterelektronenmikroskopie und Synchrotron-Rontgen-
Mikrotomographie, um die exoskeletalen Anpassungen zweier Gattungen ptychoider Oribatida zu
vergleichen. Oribotritia banksi und Rhysotritia ardua gehdren beide zu der Gruppe der
Euphthiracaroidea und werden im direkten Vergleich mit Euphthiracarus cooki, bei dem die funktionelle
Morphologie schon beschrieben ist, untersucht. Rhysotritia ardua und E. cooki — beide zur Familie der
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Euphthiracaridae gehorend — besitzen in den meisten skeletalen Merkmalen die in Verbindung mit
Ptychoidie stehen groBe Ahnlichkeit, weichen aber in der GroBe des postanalen Apodems voneinander
ab. Oribotritia banksi — zur Familie der Oribotritiidae gehérend — unterscheidet sich von den beiden in
einigen Merkmalen: zwischen den Komponenten der ventralen Platten befinden sich Gelenke, welche
bei den verschmolzenen holoventralen Platten der Euphthiracaridae fehlen; weiterhin fehlen den
Euphthiracaridae die den prd- and postanalen Apodemen zugehdrigen Verbindungsdreiecke. Unsere
Untersuchung deckt zwei interne skeletale Unterschiede im Prodorsum auf, die sich auf
Muskelansatzstellen beziehen: im Vergleich zu E. cooki und R. ardua fehlt O. banksi das sagittale
Apodem und diese Art besitzt ein deutlich kleineres Manubrium, wobei nur letzteres bei der Ptychoidie
eine Rolle spielt.

1. Introduction

Oribatid mites are a speciose group of mainly soil-dwelling microarthropods. About 9000
— 10 000 species have been described, but estimates of true diversity range from 50 000 —
100 000 (Travé et al. 1996, Schatz 2002, Subias 2004). Oribatid mites have an unusual
feeding behaviour among the Chelicerata: they consume particulate instead of fluid food. The
lower quality of the resources and a lower digestive efficiency result in slow growth, a
relatively long generation time and low reproductive potential, which requires a long adult
life-span (Norton 1994). Hence, another characteristic of the Oribatida is their diverse
strategies and adaptations for predator defence. Some relate to chemical defences associated
with opisthonotal oil glands, which produce a variety of hydrocarbons, terpenes, aromatic
compounds and alkaloids that are demonstrated or thought to relate to alarm pheromones,
antimicrobial activity or predator repulsion (e.g. Shimano et al. 2002, Raspotnig 2006,
Saporito et al. 2007). Mechanical defences include modified body setae, which can variously
result in a hedgehog-like appearance or scale-like covering of the body. Cuticular hardening
by sclerotisation or mineralisation is widespread. The latter can involve deposition of calcium
carbonate, calcium phosphate or calcium oxalate (Norton & Behan-Pelletier 1991; Alberti et
al. 2001). If the cuticle is hardened, protection of soft articulations can be achieved through
the formation of overhanging tecta (Grandjean 1934).

A special defensive strategy is seen in the ptychoid body form, which involves several
exoskeletal adaptations. The walking legs and the coxisternum can be completely retracted
into the idiosoma, after which the prodorsum seals the secondary cavity to create an
encapsulated state, in which the animals are firmly closed and appear seed-like (Figs 1B, D).
In the active extended state, they look and move much like mites with a dichoid body form
(Figs 1A, C). As a defensive behaviour, a few species exhibit a combination of ptychoidy with
an escape jump (Wauthy et al. 1998). The ptychoid body form presumably has evolved at least
three times (Sanders & Norton 2004). Two families of the Enarthronota, Protoplophoridae and
Mesoplophoridae, have developed ptychoidy independently (Grandjean 1969, Norton 1984,
Norton 2001). All other ptychoid families are members of Ptyctima (Mixonomata), including
the two superfamilies Phthiracaroidea and Euphthiracaroidea (Grandjean 1954, Grandjean
1967, Balogh & Balogh 1992).

With such convergence on a similar set of adaptations, there is a strong possibility that
mechanical problems were solved in different ways, but to demonstrate this requires good
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knowledge of each group. Here, we present a comparative study of the exoskeletal features
associated with ptychoidy in two species of Euphthiracaroidea, Oribotritia banksi Oudemans
and Rhysotritia ardua Koch, and compare the results with the morphology of Fuphthiracarus
cooki (Sanders & Norton 2004). General features of these mites were described by Mérkel &
Meyer (1959; see Mahunka 1990 and Haumann 1991 for discussions of their systematics and
evolution). Since exoskeletal adaptations to ptychoidy are found in different parts of the body,
we examine five distinct regions: the prodorsum, the opisthosomal venter, the notogaster, the
podosoma and the subcapitulum.

Fig. 1 Renditions of synchrotron-X-ray-microtomography data of Phthiracarus globulosus in
extended (A, C) and encapsulated state (B, D). A: Extended animal showing a nearly dichoid
body form. B: Encapsulated animal showing a seed-like appearance. C: Virtual sagittal
section showing the positions of the legs and the organs in extended state. D: Same, but in
encapsulated state. Ch: chelicera; NG: notogaster; PR: prodorsum.
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1.1. Prodorsum

The prodorsum acts as an operculum-like seal for the encapsulated animal. Thus, there are
adaptations that provide suitable origins or insertions for the musculature that is responsible
for enptychosis (the enclosing of the animal) and ecptychosis (the opening of the animal).
Additionally there are adaptations that help fit the prodorsum perfectly onto the opisthosoma.
The distal part of the prodorsum is the solid rostral limb that merges with the rostrophragma
(Grandjean 1939 called it the ‘cloison rostral’) which, in turn, merges with the tegulum, the
soft cuticular frame around the chelicerae (Sanders & Norton 2004). Attachment points for
musculature include the manubrium, a process at the posterior laterovenral edge of the
prodorsum; the inferior retractor process at the lateral interior wall; and the sagittal apodeme,
which is located medially on the posterior wall of the prodorsum. Two types of structures
interact with nearby body regions to ensure that the prodorsum aligns properly during
enptychosis. One is the bothridial scale, a process located laterodorsally near the bothridial
seta, or sensillus. The other includes two or three lateral, longitudinal carinae. The dorsal and
sometimes middle carinae originate at the bothridial scale, while the ventral carina, near the
prodorsal border, originates in the nuchal region. All end near the rostral notch, a gentle
depression of the ventral outline of the prodorsum.

1.2. Opisthosomal venter

The opisthosomal venter consists of a number of elongated paired plates that comprise: the
plicature plates (sclerotised ventral plicature band of Grandjean 1933, 1967); the fused
aggenital and adanal plates; and genital and anal plates that may be independent (in
Oribotritiidae) or may be fused with each other and with the former to form a holoventral
plate (in Euphthiracaridae; Norton et al. 2003). The holoventral plate occurs only in
Euphthiracaridae. At the anterior (podosomal) edge, these plates turn vertically to form the
phragma, with the pair connected through the phragmatal bridge; since they lack muscle
attachments, these structures are considered solely structural, adding transverse stability to the
venter (Sanders & Norton 2004). Anteriorly, the ventral plates can form a carina, which
accommodates to the rostrum and thereby helps in completely sealing the encapsulated
animal. In Euphthiracaridae, between the genital (about at the middle of the holoventral
plates) and anal atrium (at the posterior end of the holoventral plates) an inward facing
sclerotised structure, the prominence of the preanal apodeme, connects the two holoventral
plates together. At its ventral margin is the anterior interlocking triangle, which is formed by
interdigitating corrugations of the opposing plates. At the posterior end of the anal atrium, a
similar postanal apodeme and interlocking triangle may be present.

1.3. Notogaster

The notogaster is heavily mineralised and therefore very rigid. For building up hemocoel
pressure, the notogaster can be flexed inward so that its opening at the ventral end lessens.
This is accomplished by a series of muscles that span the folds of the venter, which when
contracted decreases the angle between the plates, thereby flexing the notogaster. This
increases the hemocoel pressure for the ecptychosis, the opening of the enclosed animal
(Sanders & Norton 2004). The notogastral fissure at the posterior end of the notogaster
ensures that — even at that especially firm location — a certain level of flexure is possible.
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Anterior adaptations allow the prodorsum to fit perfectly onto the notogaster at enptychosis.
The notogastral collar at the anterior border of the notogaster is divided into two parts, the
pronotal tectum and the lateral anterior tectum. In the encapsulated state the lateral anterior
tectum fits perfectly to the dorsal carina of the prodorsum and the pronotal tectum covers the
articulation between notogaster and prodorsum. Between the pronotal tectum and the lateral
anterior tectum is an emargination, the tectonotal notch. This notch comprises the scale
receptacle that anchors the bothridial scale of the prodorsum when encapsulation is complete,
and is supposed to add precision to the movement during enptychosis (Walker 1965).

1.4. Podosoma

The podosoma is very soft, except for the epimeres, with three different lines or furrows.
The abjugal line marks the anterior boundary of the podosoma to the epiprosoma (consisting
of prodorsum, chelicerae and subcapitulum) and the disjugal line marks the posterior
boundary of the podosoma and the idiosoma. The podosoma itself is divided by the sejugal
line, which runs between the leg bearing segments two and three, separating the proterosoma
and hysterosoma. The soft podosoma with its different articulating lines is one of the
adaptations that enable enptychosis. The articulation between subcapitulum and epimeres 1 is
V-shaped, the circumcapitular furrow. The articulation between epimeres 2 and 3 comprises
the ventrosejugal furrow. Epimeres 1 are the largest and are undivided, but other epimeres are
subdivided by a soft median furrow of different widths (Sanders & Norton 2004). In the
centre of the coxisternum (all epimeres, collectively) is a large area of membrane, the
coxisternal umbilicus. It functions as a reservoir that holds enough membrane for the folding
and reorienting of the epimeres during enptychosis (Sanders & Norton 2004).

1.5. Subcapitulum

At least in Euphthiracarus cooki, the subcapitular adaptations for ptychoidy include a
prominent capitular apodeme and equally prominent projection of the mentum, as well as the
fusion of the taenidiophore part of supracoxal sclerite 1 to the subcapitulum. In most oribatid
mites, the capitular apodeme protrudes into the interior as a narrow sclerotised shelf. In
Ptyctima, the capitular apodeme can instead be a large triangular, flat process. The capitular
apodeme is reinforced at its margins by a lemniscus (Sanders & Norton 2004). Normally in
oribatid mites, the taenidiophore projects from the expanded dorsal border of supracoxal
sclerite 1 and acts as a dicondylic articulation between the subcapitulum and the podosoma.

2. Materials and methods
2.1. Specimens

Living specimens of Oribotritia banksi were collected by R. A. Norton from forest litter in
the Otter Creek Wilderness, West Virginia, USA, in May 2005 and extracted the following
year after prolonged storage. Specimens of Rhysotritia ardua were collected by R. A. Norton
in Lafayette, New York, USA, in November 2006 and extracted immediately.
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2.2. Sample preparation

Live specimens were killed and fixed in 1 % glutaraldehyde for 60 hours and then stored
in 70 % ethanol for shipping. Afterwards the specimens were dehydrated stepwise in an
increasing ethanol series of 70 %, 80 %, 90 %, 95 %, and 100 %, with each step being
repeated three times for 10 minutes. The samples were stored overnight in fresh 100 %
ethanol and then critical-point dried in CO, (CPD 020, Balzers).

2.3. Imaging techniques
2.3.1. Scanning electron microscopy

Dried specimens were sputter-coated with a 20-nm thick layer of a gold-palladium mixture.
Micrographs were taken on a Cambridge Stereoscan 250 Mk2 scanning electron microscope
at 20 keV.

2.3.2. Synchrotron-X-Ray-Microtomography

Dried specimens were super-glued to the tip of a plastic pin (1.2 cm long; 3.0 mm in
diameter) and mounted onto a goniometer head. Microtomography scans were carried out at
the European Synchrotron Radiation Facility (ESRF) in Grenoble at beamline ID19
(experiment SC-2127). For each scan, a multitude (typically 1500) of x-ray radiographs (with
a resolution of up to 2048 x 2048 pixels) with an effective pixel size of 0.7 pum were
acquired at an x-ray energy of 20.5 keV and an object-detector distance of 20 mm, making
use of the coherence properties of the incident x-ray beam to obtain edge-enhancing phase
contrast. For further information on the technique, see Betz et al. (2007). The tomographic
voxel-data were visualised with VGStudio MAX (Volume Graphics, Heidelberg, Germany)
and segmented in amira™ (Mercury Computer Systems Inc., Chelmsford, Massachusetts).

3. Results
3.1. Prodorsum

The inner texture of the prodorsum itself is uniform in Rhysotritia ardua (Fig. 2B), but
rough-textured in Oribotritia banksi (Fig. 2A). In R. ardua the differentiation between the
solid, distal rostral limb (rl) and the rostrophragma (rp) at point y and between the
rostrophragma and the tegulum (teg) at point x (Fig. 3B) is distinct. In contrast, at least the
sum-along-ray picture (a virtual x-ray rendering of the 3D data) of the prodorsum of O. banksi
(Fig. 3A) shows no clear differentiation, although it is visible in the original synchrotron
micrographs. The manubrium differs between the species. In O. banksi it is a short stump
(Fig. 3C, mn), with a broad and very robust base. In R. ardua, it is longer, with the base being
relatively smaller (Fig. 3D, mn). The inferior retractor process appears similar in both species,
though it is slightly shallower in O. banksi (Fig. 3E, irp). The sagittal apodeme in R. ardua is
well developed (Fig. 3F, sa), but in O. banksi there is no evidence of it at all. The bothridial
scale of O. banksi (Figs 4C, E; bs) is slightly more rounded with a small distal dent, compared
to the relatively square one of R. ardua (Figs 4D, F; bs). The sensillus of the two species is
very different: in O. banksi it tapers distally (Fig. 4E, ss), while it splits into many small
branches in R. ardua (Fig. 4F, ss). In both species, the bothridium is ventral to the bothridial
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scale, so that at enptychosis it is squashed into the articulation (Figs 2A — D). Around the
internal part of the bothridium is a system of chambers. Laterally on the prodorsum there are
two carinae — dorsal and ventral — in both animals (Figs SA, B; Figs 3C, D). They end near
the rostral notch, which is more distinct in R. ardua (Fig. SA, ) than in O. banksi (Fig. 3B).

Fig. 2

Virtual transverse sections of synchrotron-X-ray-microtomography data (A, B) and virtual
sections of synchrotron-X-ray-microtomography data of 3-D models (C, D dorsal view; E,
F lateral view). A: O. banksi. Detail in the region of the bothridium. A: R. ardua, same. C:
O. banksi, same as in A. D: R. ardua, same. E: O. banksi, prominence of preanal and
postanal apodeme are clearly shown, also the manubrium. The aggenital and genital plate
are not distinguishable on this picture; therefore they are combined as the genital region (gr).
The adanal and anal plate are not distinguishable on this picture; therefore they are
combined as the anal region (ar). F: R. ardua, same. The three-dimensional modelling
(segmentation) of the tegulum on C —F is not completed. agp: aggenital plate; ar: anal
region; bs: bothridial scale: Ch: chelicera; gp: genital plate; gr: genital region; HV:
holoventral plates; irp: inferior retractor process; mn: manubrium; NG: notogaster; phr:
phragma of holoventral plate; PL: plicature plates; poa: postanal apodeme; PR: prodorsum;
pra: prominence of preanal apodeme; ss: sensillus; teg: tegulum. Asterisk indicates
bothridium.
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Fig. 3

Lateral view of renderings of the prodorsum with synchrotron-X-ray-microtomography
data. a, b; Sum along ray (a rendering option in ‘VGStudio Max’: a virtual x-ray projection
of the 3D data), and 3D models (C, D lateral view; E, F posterior view). A: O. banksi. X-
ray-like image to illustrate the structure of the prodorsum. B: R. ardua, same as in A. C: O.
banksi, lateral view of prodorsum with short manubrium. D: R. ardua, lateral view of
prodorsum with long manubrium. E: O. banksi. f: R. ardua, same as in E. The tegulum in E
and F is not shown. bs: bothridial scale; Ch: chelicerae; irp: inferior retractor process; mn:
manubrium; PR: prodorsum; rl: rostral limb; rn: rostral notch; rp: rostrophragma; sa: sagittal
apodeme; ss: sensillus; teg: tegulum; x, y: proximal and distal limits of rostrophragma.
Asterisk indicates bothridium.
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Fig. 4

Scanning electron micrographs. A: Oribotritia banksi in nearly encapsulated state, ventral
view (scale bar: 200 pm). B: Rhysotritia ardua in partly encapsulated state, ventral view
(scale bar: 100 pm). C: O. banksi in nearly encapsulated state, lateral view. The aggenital
and genital plate are not distinguishable in this picture; therefore they are combined as the
genital region (gr) (scale bar: 200 um). D: R. ardua in partly encapsulated state, lateral view
(scale bar: 100 um). E: Detail of the bothridial scale, the sensillus and the tectonotal notch
of O. banksi (scale bar: 20 um). F: Same as in E, but from R. ardua (scale bar: 10 pm). The
frame shows the same area, but with focus on the tip of the sensillus. adp: adanal plate; agp:
aggenital plate; ap: anal plate; bs: bothridial scale; car: carina; gp: genital plate; gr: genital
region; HV: holoventral plates; nf: notogastral fissure; NG: notogaster; PL: plicature plates;
PR: prodorsum; ss: sensillus; TLA: lateral anterior tectum; tn: tectonotal notch; TPN:
pronotal tectum; trl: interlocking triangle one; tr2: interlocking triangle two.
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3.2. Opisthosomal venter

The plicature plates run paramedian from the anterior margin of the notogaster and fade out
to posterior in both species. Those of R. ardua (Fig. 4B, PL) are rather narrow, relative to
those of O. banksi (Fig. 4A, PL). The holoventral plates of R. ardua are nearly constant in
width except close to the posterior margin (Figs 6F, 4B; HV), whereas the homologous
collective plates of O. banksi narrow continually, from anterior to posterior (Figs 2E, 4A;
HV). Additionally, the holoventral plates, present in R. ardua, do not exist in O. banksi where
the adanal and anal plates as well as the aggenital and genital plates are not fused (Figs 4A,
7A, C). There is no distinct difference between the carina, phragma or phragmatal bridge in
O. banksi and R. ardua (Figs 7A, B; 5C, D). The postanal apodeme in R. ardua is extremely
small, whilst the prominence of the preanal apodeme is relatively large (Fig. 2F, poa, pra). By
contrast, in O. banksi, the size of these two apodemes is quite similar (Fig. 2E, poa, pra). The
interlocking triangle 1 of R. ardua has six interdigitating corrugations (Fig. 6B, trl), while
that of interlocking triangle 2 has four (Fig. 6D, tr2). As in all members of Oribotritiidae, there
is no interlocking triangle associated with either apodeme in O. banksi (Fig. 6C). Instead, it
looks like an overhang of the anterior plate, directed posteriorly.

Fig. 5 Scanning electron micrographs, lateral view (A, B) and renderings of transversal sections
with synchrotron-X-ray-microtomography data (C, D), frontal view. A: O. banksi. Detail of
the rostral notch region. The aggenital and genital plate are not distinguishable in this
picture; therefore they are combined as the genital region (gr). (scale bar: 20 um). B: Same,
but from R. ardua. (scale bar: 10 um). C: O. banksi. Detail of the anterior region of the
ventral plates. Visible is also the connecting phragmatal bridge. D: R. ardua , same as in C.
car: carina; gr: genital region; HV: holoventral plates; NG: notogaster; pb: phragmatal
bridge; phr: phragma of ventral plate; PL: plicature plate; rn: rostral notch.
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Fig. 6

Scanning electron micrographs, ventral view. A: O. banksi. Detail of the region of the
interlocking triangle 1 (scale bar: 50 um). B: R. ardua. Detail of the region of the
interlocking triangle 1 (scale bar: 10 pm). C: O. banksi. Detail of the region of the
interlocking triangle 2 (scale bar: 50 um). D: R. ardua. Detail of the region of the
interlocking triangle 2 and the notogastral fissure (scale bar: 50 pm). aa: anal atrium; adp:
adanal plate; agp: aggenital plate; ap: anal plate; ga: genital atrium; gp: genital plate; HV:
holoventral plates; nf: notogastral fissure; NG: notogaster, PL: plicature plates; trl:
interlocking triangle one; tr2: interlocking triangle two.

Scanning electron micrographs. Specimens in nearly encapsulated state, ventral view. The
carina is located at the anterior margin of the ventral plates. A: O. banksi (scale bar: 50 um).
B: R. ardua (scale bar: 10 pm). car: carina; ga: genital atrium; HV: holoventral plates; NG:
notogaster; PL: plicature plates; PR: Prodorsum.
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3.3. Notogaster

Oribotritia banksi lacks a terminal notogastral fissure (Fig. 6C), but it is present in R. ardua
(Fig. 6D, nf). The pronotal tectum and the lateral anterior tectum are similar in both species
(Figs 4E, F; TPN, TLA). The margin of the tectonotal notch of R. ardua is a nearly round,
continuous half circle (Fig. 4F; tn), while in O. banksi it has a lateral elevation (Figs 4C, E;
tn). In R. ardua, the scale receptacle is visible as a furrow on the anterior margin of the
notogaster (Fig. 2D; sr), but there is no obvious receptacle in O. banksi (Fig. 2C).

3.4. Podosoma

There is no noticeable difference in the podosoma of O. banksi and R. ardua. Both species
feature the circumcapitular furrow, ventrosejugal furrow, the median furrow and the
coxisternal umbilicus.

3.5. Subcapitulum

The capitular apodeme and its lemniscus are nearly identical in O. banksi and R. ardua. The
location of the taenidiophore has not yet been discovered.

4. Discussion

Grandjean (1969) suggested three exoskeletal characteristics that were necessary prior to
the evolution of ptychoidy in any oribatid mite group, and Norton (2001) suggested a fourth.
First, the coxisternum must be surrounded only by flexible integument with no direct
connection to hard cuticular elements. Second, except for articulations, the opisthosomal
cuticle must be hardened. Third, the coxisternum must be articulated and therefore
deformable. Fourth, some aspect of structure must be able to accommodate the large internal
volume changes associated with leg retraction and extension, and be able to inflate a pliable
podosoma hydraulically with sufficient pressure to support ambulatory activity. These traits
are present in Oribotritia banksi and Rhysotritia ardua, but these species differ in some
details, which are compared below with those of Euphthiracarus cooki, as described by
Sanders & Norton (2004).

4.1. Prodorsum

The inner texture of the prodorsum is uniform in both E. cooki and R. ardua but rough-
textured in O. banksi. The proximal and distal borders of the rostrophragma are distinct in R.
ardua and E. cooki, but not in O. banksi. The manubrium is elongated in E. cooki and R.
ardua, but that of O. banksi is merely a short stump. The inferior retractor process is similar
in all three species. The sagittal apodeme is well developed in R. ardua and E. cooki, but
absent in O. banksi. The bothridial scale of O. banksi and E. cooki is slightly rounder than in
R. ardua. Only the latter species has a small indentation at its distal margin, which could be
a resting place for the sensillus during enptychosis. The sensillus differs in all three species:
split into many small branches in R. ardua, broadened in E. cooki, and tapered in O. banksi.
In both O. banksi and R. ardua, the bothridial scale is located dorsally to the sensillus.
However, it is located ventrally to it in E. cooki, so that it remains free of the articulation at
enptychosis. Around the internal part of the bothridium is a system of chambers in all species.
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Grandjean (1967) described them as internalised cuticular chambers, which in
Euphthiracaridae have short tracheae that are probably respiratory structures.

Lateral on the prodorsum there are two carinae in both O. banksi and R. ardua, but three
carinae (dorsal, medial and ventral) in E. cooki. The rostral notch of E. cooki is far more
distinct than in R. ardua or in O. banksi (Fig. 3B).

4.2. Opisthosomal venter

Rhysotritia ardua and E. cooki are very similar in having holoventral plates that taper very
little along their length, whereas in O. banksi, the various ventral plates are not fused and
collectively they gradually taper posteriorly. The former two species share interlocking
triangles at the bases of the preanal and postanal apodemes — which are absent from O. banksi
— although the posterior triangle in R. ardua is less conspicuous than that of E. cooki. Various
authors have mistakenly considered the posterior triangle to be absent from members of
Rhysotritia and used this as a diagnostic trait (e.g. Mérkel & Meyer 1959, Balogh & Balogh
1991). The posterior apodeme in R. ardua is also much smaller in vertical dimension than the
anterior one, whereas in both E. cooki and O. banksi the two apodemes are similar in size (Fig.
2E, poa, pra). The anterior carina is similar in all the species.

4.3. Notogaster

At its ventral end, the lateral anterior tectum of E. cooki is prolonged into a tooth, but both
R. ardua and O. banksi lack this tooth. Both R. ardua and E. cooki have the terminal
notogastral fissure, but O. banksi lacks it. The pronotal tectum and the lateral anterior tectum
are similar in all three species. In O. banksi and E. cooki the tectonotal notch has a lateral
elevation, but the margin of the notch in R. ardua is a continuous half circle. In both R. ardua
and E. cooki the scale receptacle is present as a furrow on the anterior margin of the
notogaster, but a receptacle is not distinctly developed in O. banksi.

4.4. Podosoma and subcapitulum

The podosoma of O. banksi and R. ardua is essentially indistinguishable from that of E.
cooki. Both the capitular apodeme and its lemniscus are identical in all three species.

4.5 Conclusions

Ptychoidy is a complex mechanical defensive mechanism with a number of functional
constraints for internal and external morphological features. For most exoskeletal characters,
R. ardua and E. cooki are similar, as would be expected for confamilial species
(Euphthiracaridae). We showed that Oribotritia banksi, a member of Oribotritiidae, differs
from them in a number of exoskeletal characters. The internal functional morphology of
ptychoidy, especially the arrangements of musculature and their attachment sites, remains to
be compared for the three species. Further studies of ptychoidy in other families of the
Ptyctima, as well as in groups of the Protoplophoridae and Mesoplophoridae, in combination
with comparisons to non-ptychoid closely related outgroups, will help to differentiate
between functional and phylogenetic constraints of ptychoidy.
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Ptychoidy is a mechanical predator defence in some groups of Oribatida (Acari), where the animals can
retract their legs into the idiosoma and encapsulate. This mechanism is enabled by a number of
morphological adaptations. We used the non-invasive technique of synchrotron X-ray microtomography
to compare muscular elements involved in ptychoidy of two species from the Euphthiracaroidea (Ori-
botritia banksi and Rhysotritia ardua) which differ in a number of cuticular elements involved in pty-
choidy. We hypothesize that a strong functional correlation exists between these cuticular structures and
their corresponding musculature. We found a number of distinct differences concerning quantitative and
qualitative muscle morphology. For testing the functional impact of different muscle configurations we
simulated two conditions in silico (encapsulated / opened) and analysed the spatial relative force vectors
of the prodorsum lateral adjustor muscles (pla) which are responsible for retraction and adjustment of
the prodorsum during encapsulation. We show that the functional morphology of these muscles strongly
differs between the two species and that this can be explained by the structure of corresponding
cuticular elements. Furthermore, the dynamics of pla, as measured by the extent of contraction during
encapsulation, is more than two times higher in R. ardua than in O. banksi.
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1. Introduction

Oribatid mites (Acari, Oribatida) are a group of mainly soil-
dwelling microarthropods, which in contrast to most other Cheli-
cerata feed on particulate rather than fluid food (Heethoff and
Norton, 2009). The constraints of low diet quality (usually dead
plant parts or saprophagous fungi) and a low digestive efficiency
lead to life history traits that are often mistaken for results of K-
selection, including slow growth, a relatively long generation time
and a low reproductive potential with an elongated adult life span
(Norton, 1994; Sanders and Norton, 2004). In this context, two
different approaches to defence from antagonists have evolved -
chemical and mechanical. Chemical predator defence is one role —
perhaps the ancestral role - for secretions of the opisthonotal oil
glands, which most oribatid mites possess. Oil glands produce
a variety of hydrocarbons, terpenes, aromatic compounds and
alkaloids that function in predator repulsion, antimicrobial activity

* Corresponding author. Tel.:+49 7071/2976953; fax: +49 7071/294631.
E-mail address: sebastianschmelzle@gmail.com (S. Schmelzle).

1467-8039/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.asd.2009.07.001

and as alarm pheromones (Shimano et al., 2002; Raspotnig, 2006;
Saporito et al., 2007). Mechanical predator defence is achieved in
various ways, for example through prolongation of the body setae
to form a hedgehog-like appearance. Overhanging cuticular tecta
conceal articulations (Grandjean, 1934) and indentations of the
notogaster provide room for safely containing the legs.
A mechanical hardening of the notogaster, whether through
sclerotization or through mineralization with calcium carbonate,
calcium phosphate and calcium oxalate, is also common
(Norton and Behan-Pelletier, 1991; Alberti et al., 2001).

Another mechanical approach to predator defence in oribatid
mites is called ptychoidy - a special body form in which all legs
and the coxisternum can be completely retracted into a temporary
cavity in the idiosoma to achieve a seed-like appearance (Fig. 1);
in this state, all soft integument is hidden and therefore not
available for a possible attack. This body form can also be
combined with an escape jump (Wauthy et al., 1998). The ptychoid
defensive mechanism has probably evolved three times inde-
pendently (Sanders and Norton, 2004) - in two families of the
Enarthronota (Protoplophoridae and Mesoplophoridae; Grand-
jean, 1969; Norton, 1984, 2001) and once in the Mixonomata
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Fig. 1. Scanning electron micrographs of two ptychoid mite species, Oribotritia banksi and Rhysotritia ardua. Overview (anterior: left). (a) O. banksi in encapsulated state, ventral view.
(b) R. ardua in partly encapsulated state, ventral view. (c) O. banksi in encapsulated state, lateral view. (d) R. ardua in partly encapsulated state, lateral view. Scale bars = 200 pm. (adp,
adanal plate; agp, aggenital plate; ap, anal plate; gp, genital plate; gr, genital region; HV, holoventral plates; NG, notogaster; PL, plicature plates; PR, prodorsum.)

(the monophylum Ptyctima containing the superfamilies Phthir-
acaroidea and Euphthiracaroidea; Grandjean, 1954, 1967; Balogh
and Balogh, 1992). The ptychoid body form requires numerous
exoskeletal and muscular adaptations (see Table 1 for a glossary of
terms). Descriptions of exoskeletal elements for three species of
euphthiracaroid mites are available: Euphthiracarus cooki Norton
et al., 2003 (Sanders and Norton, 2004) and Oribotritia banksi
(Oudemans, 1916, Fig. 1a,c) and Rhysotritia ardua (Koch, 1841,
Fig. 1b,d, in Schmelzle et al., 2008).

Enptychosis (the process of retraction and encapsulation) and
ecptychosis (the process of opening) are enabled by several
muscular elements and the cuticular plates or apodemes on which
they insert. The most important muscle insertions on the pro-
dorsum are on the inferior retractor process, the exobothridial field,
the sagittal apodeme and the manubrium (Sanders and Norton,
2004; Schmelzle et al., 2008). Muscles associated with the opis-
thosomal venter insert on the plicature plates and the various
paired plates (anal and adanal, genital and aggenital) or their fused
analogue, the holoventral plates (Figs. 1 and 2). Additional inser-
tions are on the preanal and postanal apodemes, located anterior
and posterior to the anal opening, respectively (Sanders and Norton,
2004; Schmelzle et al., 2008). Muscle insertions on the notogaster
are simple, as this plate lacks specialized exoskeletal structures on
the inner surface. The podosoma consists of a soft, pliable podo-
somal membrane and the coxisternum. The podosomal membrane
itself also functions as a muscle insertion area, however, also
without specialized cuticular regions. The coxisternum, consisting
of the four epimeres, also bears places for muscle insertions - the
apodemes and apodemal shelves. Some muscles that insert on the
trochanters of the walking legs are secondarily involved in
the process of ptychoidy (Sanders and Norton, 2004). The
subcapitulum bears muscle insertions on the taenidiophore, the
mentum of the subcapitulum and the anchoral process of
the subcapitular apodeme. Another crucial structure for ptychoid-

related muscle insertions is the endosternum, a transversely posi-
tioned 'ligament’ that offers a loosely suspended and moveable,
‘customizable’ endoskeletal element within the podosoma (Sanders
and Norton, 2004).

The muscles associated with ptychoidy in euphthiracaroid
oribatid mites were first studied by Yastrebstov (1991) and Akimov
and Yastrebstov (1991), but Sanders and Norton (2004) provided
a more detailed analysis. According to the latter authors, these

Table 1

Glossary of terms.

Structure Description

Coxisternum Ventral assemblage of epimeres

Ecptychosis Process of opening

Endosternum Transverse ligament dorsal to coxisternum
Enptychosis Process of encapsulation

Epimere Coxal elements of walking leg segment
Epiprosoma Acron and cheliceral and pedipalpal segments
Exobothridial field Internal posterior field of the prodorsum

Holoventral plates
Inferior retractor
process
Manubrium
Mentum of the
subcapitulum
Notogaster
Opisthosomal venter

Plicature plates

Podosoma
Prodorsum
Ptychoidy
Sagittal apodeme
Subcapitulum
Taenidiophore

Fused genital, aggenital, anal and anal plates
Internal ridge / apophysis in the lateral margin of
prodorsum

Handle-like posterolateral process of prodorsum
Sternite of the pedipalpal segement

Dorsolateral cuticular shield of opisthosoma

Sum of ventral plates (aggenital, genital, adanal, anal or their
homologues) in opisthosoma

Sclerotized plates connecting notogaster and holoventral
plates or their homologues

Leg-bearing segments

Dorsal shield of epiprosoma

Special body form enabling encapsulation

Unpaired medial apodeme of prodorsum

Fusion of sternite and pedipalpal coxae

Condyle on each side of the subcapitulum
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Fig. 2. Posterodorsal view of segmented synchrotron X-ray microtomography data of Oribotritia banksi and Rhysotritia ardua with transparent notogaster (blue). All relevant
muscles for ptychoidy are shown. Red, dorsoventral muscles of the prosoma (DVP); turquoise, endosternal division of the prosoma (EDP); purple, longitudinal division of the
prosoma (LDP); green, opisthosomal compressor system (OCS); yellow, additional muscles. (a) 3D model of O. banksi. (b) 3D model of R. ardua. Scale bars = 200 pm. (ar, anal region;
gr, genital region; HV, holoventral plates; NG, notogaster; PR, prodorsum; tab, trochanteral abductor. Asterisk indicates insertion of cheliceral retractors (chr).)

muscles (all paired) can be grouped into four systems (Fig. 2,
Table 2): (i) the dorsoventral muscle division of the prosoma (DVP;
in red); (ii) the endosternal division of the prosoma (EDP; in
turquoise); (iii) the longitudinal muscle division of the prosoma
(LDP; in purple); and (iv) the opisthosomal compressor system
(OCS; in green).

The DVP consists of the coxisternal retractors (csr), the inferior
podosomal membrane adjustors (ima), the prodorsal dorsoventral

muscle (pdv) and the superior podosomal membrane adjustors (sma).
This system is responsible for the retraction of the coxi-sternum, the
podosomal membrane and the proper positioning of the latter in the
temporary chamber.

The EDP consists of the muscles associated with the endo-
sternum, namely the anterior dorsal endosternal muscles (ade), the
posterior dorsal endosternal muscles (pde), the subcapitulum
endosternal retractors (ser) and the taenidiophore endosternal

Table 2

Abbreviations, origin and insertion of the muscular elements.

Muscle Abbreviation Origin Insertion

Dorsoventral muscles of the prosoma DvP

Coxisternal retractors csr Notogaster, dorsal Apodeme 2 of the epimeres, apodemal shelves 3 and 4

Inferior podosomal membrane adjustors ima Anterior half of notogaster, ventrolateral
Prodorsal dorsoventral muscles 1 pdvl Exobothridial field

Prodorsal dorsoventral muscles 2 pdv2 Exobothridial field

Prodorsal dorsoventral muscles 3 pdv3 Manubrium

Superior podosomal membrane adjustors sma Notogaster, lateral

Endosternal division of the prosoma EDP

Anterior dorsal endosternal muscle ade Manubrium

Posterior dorsal endosternal muscles pde Notogaster, dorsolateral

Subcapitulum endosternal retractors ser Endosternum

Taenidiophore endosternal retractors ter Endosternum

Longitudinal division of the prosoma LDP

Inferior prodorsal retractors ipr Notogaster, dorsolateral

Prodorsum lateral adjustors pla Notogaster, dorsolateral

Subcapitular retractors scr Apodeme 1, 2 of the epimeres 1
Superior prodorsal retractors spr Notogaster, dorsal

Opisthosomal compressor system (0[6Y

Holoventral adductors hva Preanal apodeme

Ventral plate adductors vpa Preanal apodeme

Holoventral compressors hvc Preanal apodeme

Ventral plate compressors vpc Preanal apodeme

Notogaster lateral compressors nlc Notogaster, ventral

Cheliceral retractors chr Posterior wall of prodorsum, sagittal apodeme
Postanal muscles (=holoventral levators) poam Terminal at posterior end of notogaster
Trochanteral abductor tab Endosternum

Podosomal membrane
Lateral margin of apodemes 1
Lateral margin of apodemes 2
Sejugal apodeme

Podosomal membrane

Endosternum
Endosternum

Mentum of subcapitulum
Taenidiophore

Inferior retractor process, intercalary wall induration
Manubrium

Anchoral process of subcapitular apodeme

Basis of manubrium

Lateral edge in genital region of holoventral plates
Lateral edge in genital region of ventral plates
Lateral edge in genital region of holoventral plates
Lateral edge in genital region of ventral plates
Medial edge of ventral plates

Posterior surface of basal cheliceral segment
Postanal apodeme
Leg trochanter
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retractors (ter). This supplementary system is responsible for the
retraction and positioning of the subcapitulum, the coxisternum
and the prodorsum.

The LDP consists of the inferior prodorsal retractors (ipr), the
prodorsum lateral adjustors (pla), the subcapitular retractors (scr)
and the superior prodorsal retractors (spr). These muscles are
important for the movement of the cheliceral and pedipalpal
segments and the acron (epiprosoma).

Muscles of the OCS are grouped because of their functional role
in ptychoidy. These muscles build up the hemocoel pressure
needed for both enptychosis and ecptychosis, and the upkeep of the
active state. The system consists of the holoventral adductors (hva),
the holoventral compressors (hvc) and the notogaster lateral
compressors (nlc).

Other muscles (Fig. 2; in yellow), which are only indirectly
involved in ptychoidy by withdrawing extremities, are the
trochanteral abductors (tab), originating on the endosternum and
inserting on the leg trochanter, and the cheliceral retractors (chr),
originating on the sagittal apodeme and exobothridial field and
inserting directly on the chelicerae. The postanal muscles (poam,
Heethoff and Norton, 2009; also known as holoventral levators,
Sanders and Norton, 2004) originate on the posterior end of the
notogaster and insert on the postanal apodeme. The latter muscles
presumably act solely as a system to withstand hemocoel pressure
in that area (Sanders and Norton, 2004).

Here, we present a comparative study of the muscular
elements associated with ptychoidy in Oribotritia banksi and
Rhysotritia ardua, which represent two families of Euphthiracar-
oidea (Oribotritiidae and Euphthiracaridae, respectively). We
compare our results with those of Akimov and Yastrebtsov (1991)
and Yastrebtsov (1991) on the same or similar species, and of
Norton and Sanders (2004) on Euphthiracarus cooki. Qualitative
differences are analyzed and discussed with respect to their
functional implications (relative spatial force transmission).

Datawere obtained at the European Synchrotron Radiation facility
(ESRF) in Grenoble by means of synchrotron X-ray microtomography
(Betz etal.,2007). This non-invasive method allows studying internal
structures in their natural state with a pixel resolution of 0.7 pm. In
contrast to thin sectioning, the resulting voxel dataset is already
perfectly aligned and there are no sectioning artefacts (for details see
Betz et al.,, 2007; Heethoff and Cloetens, 2008).

2. Methods
2.1. Specimens

Adults of Oribotritia banksi (size about 1800 um) were collected
from rhododendron leaf litter in a mixed forest at the Otter Creek
Wilderness, Randolph Co., WV, USA. Adults of Rhysotritia ardua
(=Acrotritia ardua; size about 900 pm) were collected from litter of
Norway spruce (Picea abies) in Lafayette, Onondaga Co., NY, USA.

2.2. Sample preparation

Specimens were killed and fixed in 1% glutaraldehyde for 60 h
and stored in 70% ethanol. For the final preparation, specimens
were dehydrated in an increasing ethanol series with steps of 70,
80, 90, 95 and 100%, with three changes at each step and 10 min at
each change. After storage in fresh 100% ethanol they were critically
point dried in CO, (CPD 020, Balzers).

2.3. Scanning electron microscopy (SEM)

Critical-point dried specimens were glued onto a T-section-like
metal foil sitting on a stub and then sputtered with a 20 nm thick

layer of a gold-palladium mixture. Micrographs were taken on
a Cambridge Stereoscan 250 MKk2 scanning electron microscope
with a beam energy of 20 keV.

2.4. Synchrotron X-ray microtomography

Critical-point dried animals were fixed by the notogaster to the
tip of a plastic pin (1.2 cm long; 3.0 mm diameter) using instant
adhesive. Radiographs were taken at the European Synchrotron
Radiation Facility (ESRF) in Grenoble at beamline ID19 with a beam
energy of 20.5 keV and at a sample-detector distance of 20 mm.
A cooled 14-bit CCD-camera with a resolution of 2048 x 2048
pixels and an effective pixel size of 0.7 pm per pixel was used (a
detailed description of the method is given in Betz et al., 2007 and
Heethoff and Cloetens, 2008).

The data were visualized with the program VGStudio MAX
1.2.1 (Volume Graphics, Heidelberg, Germany) and three-dimen-
sional modeling of muscles and cuticular elements were
conducted with amira™ 4.0.1 (Mercury Computer Systems Inc.,
Chelmsford, MA). Counting of muscle fibers was conducted with
the original phase contrast microtomography data and, where not
possible, by the number of split ends in the resulting 3D model.
Different portions of muscles (cf Fig. 4d, ima) are called muscle
bands and subdivisions of muscle bands are called muscle fibers
(Sanders and Norton, 2004).

2.5. Functional analyses

An encapsulated and opened condition was simulated in silico
for both species in amira™ through rotation and translation of the
prosomal surface. The coordinates (x, y, z) of muscle origin and
insertion of the prodorsum lateral adjustor were measured for both
situations. The length, spatial organization and relative spatial force
vectors of pla were calculated in a Cartesian coordinate system
(Fig. 3), where the X-axis corresponded to the medial-lateral axis,
the Y-axis corresponded to the anterior-posterior axis and the
Z-axis corresponded to the ventral-dorsal axis. Angles were
calculated based on Pythagoras’ theorem and relative force vectors,
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Fig. 3. Diagram showing the three-dimensional calculation of force composition in
lateral, posterior and dorsal components. (pla, prodorsum lateral adjustors.)
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based on corresponding angles, were calculated using the formulas
given in Fig. 3.

3. Results
3.1. Dorsoventral muscles of the prosoma (DVP)

Each coxisternal retractor of Oribotritia banksi (Fig. 4a) consists
of 80 muscle fibers. Its origin is dorsal on the notogaster and the
insertion is on apodeme 2 of the epimeres and apodemal shelves 3
and 4 (Table 2). Rhysotritia ardua differs only in the number of
muscle fibers, 17 in each muscle (Fig. 4b). For both species, the
origin of the inferior podosomal membrane adjustor (Fig. 4¢,d) is
ventrolateral on the anterior half of the notogaster and the inser-
tion is on the podosomal membrane. Both species have two muscle
bands, but bands of O. banksi (Fig. 4c) have about 10 fibers while
those of R. ardua have nine fibers each (Fig. 4d). The superior
podosomal membrane adjustor originates laterally on the
notogaster and also inserts on the podosomal membrane.
The muscles have a similar general appearance, but in O. banksi
each muscle has a single band with about nine fibers (Fig. 4c) while
in R. ardua (Fig. 4d) it consists of two muscle bands with 1-3 fibers
each. In contrast to R. ardua, the sma of O. banksi is connected with
the podosomal membrane through tendons. The prodorsal
dorsoventral muscle (Fig. 4e,f) is divided into three pairs of muscles
- pdvl, pdv2 and pdv3. The largest of the three muscles, pdv3,
originates on the manubrium and inserts at the sejugal apodeme,
but pdv1 and pdv2 originate on the exobothridial field and insert on
the lateral margin of apodemes 1 and 2, respectively. The number of
muscle fibers for pdv1 (two) and pdv2 (one) is equal in O. banksi
(Fig. 4e) and R. ardua (Fig. 4f); presumably the same is true for pdv3,
which has at least two muscle fibers, but this was not proven.

3.2. Endosternal division of the prosoma (EDP)

The anterior dorsal endosternal muscle (Fig. 5a,b) originates on
the manubrium and inserts on the endosternum. In both O. banksi
(Fig. 5a) and R. ardua (Fig. 5b) it consists of two muscle bands. The
origin on the manubrium is broader in R. ardua than in O. banksi,
probably due to the relatively longer manubrium. The posterior
dorsal endosternal muscle (Fig. 5a,b) consists of two muscle fibers
each. They are long and thin and insert on the endosternum. The
origin in R. ardua (Fig. 5b) is dorsolateral on the notogaster at about
half its length, whilst in O. banksi (Fig. 5c,d) the origin is more
anterior, at about one-third the length of the notogaster. The sub-
capitulum endosternal retractor and the taenidiophore endosternal
retractor are similar in O. banksi (Fig. 5¢) and R. ardua (Fig. 5d). Both
muscles have their origin on the endosternum and have two fibers
each. Respectively, they insert on the mentum of the subcapitulum
and, via tendons, on the tip of the taenidiophore.

3.3. Longitudinal division of the prosoma (LDP)

The inferior prodorsal retractors each consist of 90-100 muscle
fibers in O. banksi (Fig. 6a) and 28-32 fibers in R. ardua (Fig. 6b).
They insert by tendons on the inferior retractor process and the
intercalary wall induration of the prodorsum. The origin is dorso-
lateral on the notogaster, far more posterior in O. banksi than in R.
ardua. The prodorsum lateral adjustor (Fig. 6¢,d) originates in R.
ardua on the notogaster at about the same level where the ventral
plates begin, but more posteriorly in O. banksi (at about the level
the anal plates begin). The origin on the notogaster is dorsolateral
in R ardua, but only dorsal in O. banksi. The insertion is on the
manubrium and consists of two muscle bands with two fibers each
in O. banksi (Fig. 6¢) and up to five fibers each in R. ardua (Fig. 6d).

The insertion is directly on the manubrium in R. ardua, but the
fibers merge and insert via a single tendon in O. banksi. The func-
tional consequences of the different orientation of pla and their role
in ecptychosis and enptychosis will be discussed below. The
subcapitular retractor (Fig. 7a,b) connects the coxisternum and the
subcapitulum. The four muscle fibers originate as two muscle
bands, one band each on the first and second apodemes; these
merge on their way anteriorly, and insert as a single muscle band on
the anchoral process of the subcapitular apodeme. There appears to
be no difference between the scr of O. banksi (Fig. 7a) and R. ardua
(Fig. 7b). The superior prodorsal retractor (Fig. 7c,d) each consists of
four muscle fibers with its origin located dorsally on the notogaster
and its insertion on the basis of the manubrium. Again, there
appears to be no difference between O. banksi (Fig. 7c) and R. ardua
(Fig. 7d).

3.4. Opisthosomal compressor system (OCS)

The antero-medial components of this system originate on the
preanal apodeme (Fig. 8). Oribotritia banksi (Fig. 8a) has only one
paired muscle originating on the preanal apodeme and inserting on
the lateral edge of the ventral plates (vpc; see Section 4), with 25
muscle fibers. Rhysotritia ardua has two such paired muscles. The
holoventral adductor runs diagonally to its insertion in the genital
region of the holoventral plates (Fig. 8b); each consists of about 40,
partly very flat and short, muscle fibers. The holoventral
compressor each consists of 10-20 muscle fibers, running to its
insertion on the lateral edge of the holoventral plates (Fig. 8b).

The notogaster lateral compressor consists of a paired series of
transverse muscle fibers running nearly the whole length of the
opisthosomal venter (Fig. 8). It originates on the ventral curvature
of the notogaster and inserts on the lateral edge of the ventral
plates (i.e., on the holoventral plates in R. ardua and on the adanal
and aggenital plates in O. banksi). In O. banksi (Fig. 8a) there are 30-
34 thin muscle bands with 2-6 fibers each, but the muscles do not
extend as far posteriorly as in R. ardua (Fig. 8b), which has only 25
slightly broader muscle bands with 3-6 fibers each.

3.5. Additional muscles

The cheliceral retractors and the trochanteral abductors are well
developed in both species (Fig. 2). The origin of the chr in R. ardua is
on the sagittal apodeme and the exobothridial field (the posterior
wall of the prodorsum), but in O. banksi — which lacks this apodeme -
all muscle bands insert directly on the posterior wall of the
prodorsum. The insertion is directly on the posterior surface of the
basal cheliceral segment. The tab originates on the endosternum and
inserts on the inner surface of the leg trochanters.

The postanal muscle (or holoventral levator; Fig. 8) each consists
of eight muscle bands with 4-5 fibers in O. banksi (Fig. 8a), while in
R. ardua it consists of two muscle bands with approximately 10-20
fibers (Fig. 8b). In both species the poam originates on the posterior
end of the notogaster and inserts on the postanal apodeme, directly
in R. ardua but through tendons in O. banksi.

4. Discussion
4.1. Dorsoventral muscles of the prosoma (DVP)

The coxisternal retractor of R. ardua and O. banksi (Fig. 4a,b) do
not differ from those of E. cooki (Sanders and Norton, 2004) in
their origin and insertion, but do differ in the number of muscle
fibers (12 in E. cooki vs. 17 and 80 muscle fibers in R. ardua and
0. banksi, respectively). The number of fibers correlates roughly
with the size of the species: E. cooki is only 300 um long, hence
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Fig. 4. DVP. Renderings of segmented synchrotron X-ray microtomography data of Oribotritia banksi and Rhysotritia ardua. Coxisternal retractors (csr) (lateral view of renderings of
a virtual sagittal section): (a) 3D model of O. banksi (anterior: left). Scale bar = 100 um. (b) 3D model of R. ardua (anterior: left). Scale bar = 100 pm. Inferior podosomal membrane
adjustors (ima) and superior podosomal membrane adjustors (sma) (posterior view of segmentations of a virtual cross-section): (c) 3D model of O. banksi. Scale bar = 200 um. (d)
3D model of R. ardua. Scale bar = 100 pm. Prodorsal dorsoventral muscles (pdv) (lateral view of renderings of the legs and prodorsum): (e) 3D model of O. banksi (anterior: left).
Scale bar = 100 um. (f) 3D model of R. ardua (anterior: left). Scale bar = 100 um. (I, II, III, IV, walking legs; bs, bothridial scale; csr, coxisternal retractors; gr, genital region; HV,
holoventral plates; ima, inferior podosomal membrane adjustors; mn, manubrium; NG, notogaster; pdv, prodorsal dorsoventral muscle; PL, plicature plates; podo, podosomal
membrane; PR, prodorsum; sma, superior podosomal membrane adjustors; tn, tectonotal notch. Arrowheads indicate tendons.)

small compared to R. ardua (900 um) and O. banksi (1800 pm).
This correlation probably relates to the need for higher force to
move the heavier coxisternum and legs in larger species, which
presumably requires a higher number of muscle fibers. Yas-
trebtsov (1991) and Akimov and Yastrebtsov (1991) named these
muscles ‘retractors of the walking legs’ (abbreviated ’'rst’ and
alternatively 'rep’). In Table 3 of Akimov and Yastrebtsov (1991)
this muscle is accidentally abbreviated as 'rpe’. In this work the csr

is stated to insert on apodeme 1 of the epimeres of R. ardua. This
contrasts with our results as we found that these muscles insert
on apodeme 2 of the epimeres - as was also shown for E. cooki
(Sanders and Norton, 2004). Also, there is no evidence for crossing
of the muscle fibers of apodeme (1 and) 2 with the ones of apo-
deme 3 and 4 (as shown by Yastrebtsov, 1991 and Akimov and
Yastrebtsov, 1991) and the number of muscle fibers drawn for
R. ardua (four; Akimov and Yastrebtsov, 1991, Fig. 5:2) and
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Fig. 5. EDP. Segmentations of synchrotron X-ray microtomography data of Oribotritia banksi and Rhysotritia ardua. Anterior dorsal endosternal muscle (ade) and posterior dorsal
endosternal muscle (pde) (posterior view of renderings of a virtual cross-section): (a) 3D model of O. banksi. Scale bar = 300 um. (b) 3D model of R. ardua. Scale bar = 100 pm.
Subcapitulum endosternal retractors (ser) and taenidiophore endosternal retractors (ter) (posterior view of segmentations of subcapitulum and endosternum): (c) 3D model of O.
banksi (anterior: right). Scale bar = 100 um. (d) 3D model of R. ardua (anterior: right). Scale bar = 50 um. (ade, anterior dorsal endosternal muscles; cal, lemniscus of capitular
apodeme; endo, endosternum; gr, genital region; HV, holoventral plates; irp, inferior retractor process; LA, labrum; mn, manubrium; NG, notogaster; PA, pedipalpus; pde, posterior
dorsal endosternal muscles; PL, plicature plates; PR, prodorsum; ru, rutella; ser, subcapitulum endosternal retractors; ter, taenidiophore endosternal retractors; tph, taenidiophore.)

Oribotritia sp. (eight; Yastrebtsov, 1991, Fig. 2.3) are not congruent
with our results either. The inferior podosomal membrane
adjustor (Fig. 4c,d) concurs in all three species. The number of
muscle bands (two) and fibers (nine and 10) is nearly congruent in
R. ardua and O. banksi. It is not exactly known for E. cooki (Sanders
and Norton, 2004). The superior podosomal membrane adjustor
(Fig. 4c,d) comprises one muscle band with 3-4 fibers in E. cooki
and nine fibers in O. banksi. In R. ardua we found two muscle
bands with 1-3 fibers each. The prodorsal dorsoventral muscle
(Fig. 4e,f) consists of three portions (pdvi, pdv2, pdv3) and the
origin and insertion do not differ among the three species. The
ima, sma and pdv do not appear in the work of Yastrebtsov (1991)
or Akimov and Yastrebtsov (1991) and therefore cannot be
compared.

4.2. Endosternal division of the prosoma (EDP)
The anterior dorsal endosternal muscle (Fig. 5a,b) inserts

broadly on the manubrium of E. cooki and R. ardua, but only in
a small region in O. banksi, probably due to its rather short

manubrium. The posterior dorsal endosternal muscle (Fig. 5) is
quite similar in all three species, except that the origin on the
notogaster is a bit more anterior in O. banksi. The taenidiophore
endosternal retractor (Fig. 5¢,d) each consists of one muscle fiber in
E. cooki and two muscle fibers in R. ardua and O. banksi. In all three
species, this muscle inserts through tendons on the taenidiophore.

In Akimov and Yastrebtsov (1991) all three mentioned endo-
sternal muscles are called ‘suspensors of the endosternite’ ('ses’). In
their Table 3, the origins of these muscles are stated to be the dorsal
(for ade) and dorsolateral (pde) surface of the hysterosoma, but the
origin of the ade is on the manubrium, not the notogaster. The
location of the insertion and origin of our ter in Table 3 of their
publication is inverted and the insertion is not located on the
hysterosoma (rather notogaster), but the taenidiophore. The ser is
termed ‘flexor of the gnathosoma’ (‘fgn’) or ‘dilator of the gnatho-
soma’ (‘dgn’). Their list (Chapter 2.1) and all their figures only show
the dgn, whereas their Table 3 only lists the fgn. The insertion for
the ser is the endosternum, which is correctly listed in their Table 3,
but is incorrectly drawn in their Fig. 3 (which shows the posterior
prodorsum as insertion).
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Fig. 6. LDP. Posterolateral view of segmentations based on synchrotron X-ray microtomography data of Oribotritia banksi and Rhysotritia ardua with transparent notogaster. Inferior
prodorsal retractors (ipr): (a) 3D model of O. banksi. Scale bar = 200 um. (b) 3D model of R. ardua. Scale bar = 100 um. Prodorsum lateral adjustors (pla): (c) 3D model of O. banksi.
Scale bar = 200 pm. (d) 3D model of R. ardua. Scale bar = 100 um. (ar, anal region; bs, bothridial scale; gr, genital region; HV, holoventral plates; ipr, inferior prodorsal retractors;
mn, manubrium; NG, notogaster; PL, plicature plates; pla, prodorsum lateral adjustors; PR, prodorsum; ss, sensillus. Arrowheads indicate tendons.)

4.3. Longitudinal division of the prosoma (LDP)

The insertion of the inferior prodorsal retractors (Fig. 6a,b) is
identical in all investigated species. The origin, however, is located
more posteriorly in E. cooki and R. ardua (about two-thirds of the
length of the notogaster) than in O. banksi (about one-third). But, as
for the csr (Fig. 4a,b), the number of muscle fibers differs strongly:
E. cooki has 13, R. ardua 28-32 and O. banksi 90-100 fibers. As for
the csr, this probably can be explained by the different absolute size
of the respective structures (in this case, the prodorsum). The
different types of insertion of the prodorsum lateral adjustor
(broadly on the manubrium of E. cooki and R. ardua (Fig. 6d), and
through a single tendon in O. banksi (Fig. 6¢)) resemble those of the
ade. The different origin (dorsolateral in R. ardua and E. cooki, dorsal
in 0. banksi) suggests a different function of this muscle in
Euphthiracaridae and Oribotritiidae, as will be discussed below.
The origin of the subcapitular retractor is located on apodemes 1
and 2 in R. ardua and O. banksi, but only on apodeme 1 in E. cooki.
For this muscle Yastrebtsov (1991) and Akimov and Yastrebtsov
(1991) seem to use two terms more or less interchangeably: ’levator
of the gnathosoma’ (‘Ign’) and ‘extensor of the gnathosoma’ (‘egn’).
In their figures, the origin of this muscle also varies. In Fig. 1 of
Akimov and Yastrebtsov (1991) the partly drawn muscle is directed
posteriorly, whilst in their Fig. 3 the origin is located on the
posterior part of the prodorsum. The list in their Chapter 2.1 only
contains the ’levator of the gnathosoma’ (‘Ign’), and their Table 3
only the ‘extensor of the gnathosoma’ (‘egn’). Also the insertions
listed are confusing. For the scr (Fig. 7a,b) they named the origin as

the ‘lateral surface of the sejugal fissures, in the back of the
cheliceral retractors’ and the insertion as the ‘posterior lateral
surface of the epistoma’.

The superior prodorsal retractor (Fig. 7c,d) each consists of three
(E. cooki) or four (R. ardua and O. banksi) muscle fibers. The spr are
named ‘extensors of the camerostome’ (‘eks’; for Oribotritia sp.) in
Yastrebtsov (1991) and ‘muscles of the camerostome’ (‘mca’; for
R. ardua) in Akimov and Yastrebtsov (1991). They probably used the
term camerostome to indicate the prodorsum; in fact, ‘camero-
stome’ denotes the secondary cavity formed around the chelicerae
by the rostral limb and the subcapitulum (van der Hammen, 1980).
The spr inserts on the manubrium, hence the term camerostome is
misapplied by Akimov and Yastrebstov. Except for the scr, the
insertions of the muscles of the LDP (ipr, pla, spr) are located more
posteriorly in E. cooki and O. banksi than in R. ardua.

4.4. Opisthosomal compressor system (OCS)

As mentioned above, O. banksi has only one muscle pair origi-
nating on the preanal apodeme, compared to two pairs (hva, hvc) in
Euphthiracaridae (Fig. 8a, cf Fig. 8b). According to its origin and
insertion, this muscle is probably the homologue of the holoventral
compressor — despite its star-shaped orientation in contrast to the
more or less direct lateral orientation in R. ardua. Since plates in
the genital and anal regions of O. banksi are not fused to form
holo-ventral plates, we propose to call this muscle the ventral plate
compressor (vpc).
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Fig. 7. LDP. Segmentations of synchrotron X-ray microtomography data of Oribotritia banksi and Rhysotritia ardua. Subcapitular retractors (scr) (posterior view of renderings of
sagittal section of subcapitulum and legs): (a) 3D model of O. banksi (anterior: right). Scale bar = 100 pm. (b) 3D model of R. ardua (anterior: right). Scale bar = 50 um. Superior
prodorsal retractors (spr) (posterolateral view of renderings with transparent notogaster): (c) 3D model of O. banksi. Scale bar =200 pm. (d) 3D model of R. ardua. Scale
bar = 100 pm. (1, II, III, IV, walking legs; ar, anal region; cal, lemniscus of capitular apodeme; gr, genital region; HV, holoventral plates; mn, manubrium; NG, notogaster; la, labrum;
pa, pedipalpus; PL, plicature plates; podo, podosomal membrane; PR, prodorsum; ru, rutella; scr, subcapitular retractors; spr, superior prodorsal retractors.)

Fig. 8. OCS and postanal muscles (poam) of Oribotritia banksi and Rhysotritia ardua. Dorsal view of segmentations of a virtual horizontal section based on synchrotron X-ray
microtomography data. (a) 3D model of O. banksi. Scale bar = 300 um. (b) 3D model of R. ardua. Scale bar = 100 um. (ar, anal region; gr, genital region; HV, holoventral plates; hva,
holoventral adductors; hvc, holoventral compressors; NG, notogaster; nlc, notogaster lateral compressors; PL, plicature plates; poa, postanal apodeme; poam, postanal muscles; pra,
prominence of preanal apodeme; vpc, ventral plate compressors.)
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Table 3
Measurements of the prodorsum lateral adjustors (pla).

Oribotritia banksi Rhysotritia ardua

Encapsulated Length (um) 247 54
Fx = cos « (lateral) 0.06 0.53
Fy = cos 8 (posterior) 0.81 0.67
F7 = cos v (dorsal) 0.59 0.54
Extended Length (um) 300 144
Fx = cos « (lateral) 0.04 0.22
Fy = cos 8 (posterior) 0.48 0.08
Fz = cos vy (dorsal) 0.88 0.97

In our studies, the hvc consists of 10-20 (R. ardua; Fig. 8b) and
the vpc of 25 (0. banksi; Fig. 8a) muscle fibers. Euphthiracarus cooki
has five muscle bands with an unknown number of fibers. In O.
banksi the muscle fibers are more or less arranged star-like around
the preanal apodeme, whilst in the other two species they are
directed more or less straight laterally. Yastrebtsov (1991) and
Akimov and Yastrebtsov (1991) called them ‘internal dilators of the
anal valves’ (‘dan2’) and ‘internal dilators of the genital valves’
(‘dgeT’). Considering their function, taking part in the buildup of the
hemocoel pressure, these names are rather confusing, as was
recently discussed by Heethoff and Norton (2009).

The holoventral adductor exists in E. cooki (with 25 or more flat,
broad muscle fibers) and R. ardua (with 40 muscle fibers; Fig. 8b).
Their homologue in Oribotritia we propose to call the ventral plate
adductor (vpa; Table 2); this pair exists in the unidentified
Oribotritia sp. studied by Yastrebtsov (1991; his Fig. 2), but not in O.
banksi. For both Oribotritia sp. and R. ardua, Yastrebtsov (1991) and
Akimov and Yastrebtsov (1991) call them the ‘constrictors of the
genital valve’ or ‘genital plate constrictors’ (‘cge’) and depict the
origin as the ‘anterior edge of the anal valve’ and the insertion as
the ‘lateral edge of the genital valve leaflets’. At least for R. ardua,
their stated origin is incorrect: it is the preanal apodeme.

Each notogaster lateral compressor consists of 30-40 muscle
bands with 2-6 muscle fibers each in O. banksi (Fig. 8a), 25 muscle
bands with 3-6 fibers each in R. ardua (Fig. 8b) and 21 muscle bands
in E. cooki. In contrast to R. ardua and E. cooki, the muscle bands of
O. banksi insert through tendons on the medial margin of the
plicature plates. Yastrebtsov (1991) and Akimov and Yastrebtsov
(1991) termed them the ‘external dilators of the anal valves’ (‘dan1’)
and the ‘external dilators of the genital valves’ (‘dge2’).

According to Sanders and Norton (2004) the OCS builds up
hemocoel pressure, particularly important during ecptychosis.
However, it was shown for non-ptychoid mites that these muscles
can also act in closing the anal valves (Heethoff and Norton, 2009).
By a system of three different muscles originating and inserting on
the ventral plates and the preanal apodeme, the force of the con-
tracting muscles is transferred onto the notogaster which leads to
its lateral compression. This compression increases hemocoel
pressure.

4.5. Additional muscles

The cheliceral retractors of all three species are quite similar.
These muscles originate partly on the sagittal apodeme in E. cooki
and R. ardua, but on the exobothridial field in O. banksi. This can be
explained by the lack of a sagittal apodeme in O. banksi (Schmelzle
etal., 2008). According to Akimov and Yastrebtsov (1991; their Fig. 1
and Table 3) the chr of R. ardua originate on the medial and lateral
wall of the 'camerostome’. A sagittal apodeme is not mentioned.

The trochanteral abductors of all three species are similar. They
were called ‘remotors of the trochanter’ (‘rpel’) by Akimov and
Yastrebtsov (1991); in some of their figures (e.g. Fig. 5:2) this

abbreviation is also used for the ‘retractors of the walking legs’
(it should have been ‘rep’). Also, Yastrebtsov (1991) stated that
these muscles do not exist in Oribotritia sp., which is probably
wrong; they are present in O. banksi and they seem necessary for
leg movement.

The postanal muscle (Fig. 8) is called ‘constrictors of the anal
valve’ in Yastrebtsov (1991) and Akimov and Yastrebtsov (1991). The
origin is said to be the ‘anterior edge of the anal shield’ (it is normally
the posterior end of the notogaster) and the insertion is said to be the
‘anterior transversal sclerites of the anal valve’ (it is normally the
postanal apodeme). We construe this to be a simple mistake in their
list, as did Heethoff and Norton (2009). On Fig. 2:3 of Yastrebtsov
(1991) the origin of these muscles in Oribotritia sp. is located dorsally
on the notogaster, but we found the pair to originate terminally on
the notogaster of O. banksi, and insert through tendons on the
postanal apodeme.

4.6. Functional analyses of pla

The variable origin of the prodorsum Ilateral adjustor
(dorsolateral in R. ardua but dorsal in O. banksi) and the fact that
this muscle originates and inserts on stable cuticular rather than
membranous structures (notogaster and manubrium), which can
be well simulated in silico in both the extended and encapsulated
state, make it a valuable system for functional analyses. By simu-
lating the correlation of origin and insertion in the extended and
encapsulated state, the spatial relative force vectors of this muscle
can be calculated. For R. ardua, there are two muscle bands,
therefore two points for origin and insertion, but the bands operate
in parallel. Hence, the midpoints define the virtual origin and
insertion of the resulting muscle and were used for subsequent
analysis. The pla of Oribotritia banksi has two points of origin, but
just a single insertion point by tendon on the manubrium. We
calculated the midpoint on the notogaster to define the virtual
origin of the resulting muscle. In this manner we identified a set of
coordinates (x, y, z) for origin and insertion of pla for both species in
the two states (extended, encapsulated; Fig. 9). Using the formulas
given in Fig. 3, we calculated the length of pla and the relative force
vectors (Fx, Fy, Fz) in lateral, posterior and dorsal directions (Table 3,
Fig. 10). During enptychosis, the pla shortens by a factor of 1.2 (from
300 um to 247 pm) in O. banksi and a factor of 2.6 (from 144 to
54 um) in R. ardua. Not only is pla twice as dynamic in R. ardua as in
O. banksi, but the relative distribution of force vectors strongly
differs between the two species.

4.6.1. Lateral force vector

In R. ardua, the lateral component of the pla force vector in the
encapsulated state is 0.53, which is almost nine times more than in
0. banksi (0.06). When extended, the pla has a lateral force
component of 0.22 and 0.04 for R. ardua and O. banksi, respectively.
Furthermore, the pla has a (small) inward orientation in O. banksi
and not an outward one, as in R. ardua. In E. cooki, the lateral
component of pla is responsible for correcting lateral misalign-
ments of the prodorsum with respect to the lateral notogastral tecta
(Sanders and Norton, 2004). Since the pla of R. ardua has a high
relative lateral force vector, we assume a similar function in this
species. However, in O. banksi there is almost no lateral force
component, so a function related to lateral corrections of
misalignments seems virtually impossible. During en- and ecpty-
chosis, the prodorsum rotates around a transverse pseudo-articu-
lation, which results from a temporary connection of the bothridial
scale (prodorsum, Figs. 4e,f, and 6c,d) and the tectonotal notch
(notogaster, Fig. 4a,b). This connection is stabilized by a scale
receptacle in R. ardua and E. cooki, but not in O. banksi (Sanders and
Norton, 2004; Schmelzle et al., 2008). The lateral component of the



S. Schmelzle et al. / Arthropod Structure & Development 38 (2009) 461-472 471

a 300 o 300
] e
@ @
o (-5
~n 5 N 5
g 3
2 -
2
g 0 W £ 0 S
300 [um] 0 300 [um] 0
posterior X anterior posterior X anterior
2 300 2 300
e : e NG
g i E k
T ~ g
< <
3 \ :
£
g 004 I [ E 0] mn
0 [um] 300 0 [um] 300
medial X lateral medial X lateral

(o
o 300 o 300
o o
-] 9 3 h
o X
= T
N 35 N3 NGy
< NG =
z 0 hn s 0 mn)
300 [um] 0 300 [um] 0
posterior X anterior posterior X anterior
2 300 a 300
9 o
g | g m
~ 5 nEpe
< NG <
2 |/ :
s 0 mn i 0 mn
0 [um] 300 0 [um] 300
medial X lateral medial X lateral

Fig. 9. Virtual sagittal sections and force vectors through simulated encapsulated and extended states of Rhysotritia ardua and Oribotritia banksi. The black line indicates the course
of the resulting virtual prodorsum lateral adjustor (pla) from its origin on the notogaster to its insertion on the manubrium of prodorsum. (a) O. banksi, encapsulated. (b) O. banksi,
extended. (c) R. ardua, encapsulated. (d) R. ardua, extended. Sagittal projections of the orientation of pla. (e) O. banksi, encapsulated. (f) O. banksi, extended. (g) R. ardua, encap-
sulated. (h) R. ardua, extended. Cross-sectional projections of the orientation of pla. (i) O. banksi, encapsulated. (k) O. banksi, extended. (1) R. ardua, encapsulated. (m) R. ardua,
extended. (mn, manubrium; NG, notogaster; pla, prodorsum lateral adjustors, PR, prodorsum.)

pla presumably plays an additional role in adjusting the bothridial
scale into the scale receptacle during enptychosis in R. ardua, which
is not necessary in O. banksi. In the latter species, the connection of
the bothridial scale and the tectonotal notch is realized by a broad
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Fig. 10. Relative force components of the prodorsum lateral adjustor (pla) of R. ardua and O.
banksi in lateral, posterior and dorsal direction. (enc., encapsulated state; ext., extended state).

and deep cuticular furrow, and the bothridial scale encompasses
the tectonotal notch on the outer surface to attain a stable attach-
ment (Schmelzle et al., 2008). This seems to supersede a muscular
lateral adjustment of the prodorsum, but requires a larger posterior
and dorsal force vector to maintain the connection. Furthermore, in
the active extended state, the lateral stabilization of the prodorsum
by the scale receptacle is lost in R. ardua, while the bothridial scale
still encompasses the tectonotal notch in O. banksi. Hence, neces-
sary lateral stabilization must be established by muscular activity in
R. ardua. This might explain the more than five times higher lateral
force component in R. ardua, compared with O. banksi, in the
extended state.

4.6.2. Posterior force vector

The posterior component of the pla force vector in the encap-
sulated state is 0.67 and 0.81 for R. ardua and O. banksi, respectively,
and changes to 0.08 for R. ardua and 0.48 in O. banksi after ecpty-
chosis. The posterior component of pla is mainly responsible for the
retraction of the prodorsum during enptychosis. However, since
O. banksi lacks a lateral force component in the pla, the tight
connection of the bothridial scale and the tectonotal notch also has
to be maintained by posterior (and dorsal) force transmission in the
active state. This explains why the posterior force component
remains relatively high in the extended state of O. banksi, but drops
tremendously, by a factor of eight, in R. ardua.
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4.6.3. Dorsal force vector

With respective values of 0.54 and 0.59, R. ardua and O. banksi
have almost identical force components in the dorsal direction after
enptychosis. In the extended state, the dorsal force component of
pla is 0.97 in R. ardua and 0.88 in O. banksi.

The functional role of the dorsal component lies in the deflec-
tion of the prodorsum during enptychosis. This is obviously the
main function in both species.

The existence of holoventral rather than separated ventral plates
suggests a more derived phylogenetic position of Euphthiracaridae,
compared to Oribotritiidae (Haumann, 1991; Sanders and Norton,
2004; Weigmann, 2006). This is also supported by the more complex
connection of the prodorsum and the notogaster via a scale recep-
tacle in the Euphthiracaridae. Hence, we propose that the plesio-
morphic condition of the pla more or less resembles that of O. banksi
and presumably lacks a lateral force vector. The general evolution
and function of the pla seems to be connected to the evolution of the
prodorsal-notogastral connection. This system seems to be well
suited to differentiate between functional and phylogenetic
constraints of ptychoidy in other groups of Ptyctima, as well as in the
enarthronote families Mesoplophoridae and Protoplophoridae.
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Abstract

The most complex defensive mechanism in oribatid mites is ptychoidy, a special body form allowing
the animals to retract their legs and coxisternum into a secondary cavity in the idiosoma and to seal it off
with the prodorsum. Many exoskeletal and muscular adaptations are required to enable the functionality
of this mechanism, e.g. a soft and pliable podosoma. Its membranous part not only gives the coxisternum
the ability to move independently from the rest of the hardened cuticular elements, but also builds up the
‘walls’ of the secondary cavity. Here, using scanning electron microscopy and synchrotron
microtomography we present the first detailed study on ptychoidy in a phthiracaroid mite, Phthiracarus
longulus, and compare it to the Euphthiracaroidea. Morphological differences regarding ptychoidy
between these groups are already noticeable from the outside: the ventral plates of P. longulus are
embedded into the soft anogenital membrane, whereas euphthiracaroid mites connect the ventral plates
to the notogaster through the hardened plicature plates. Internally, we discovered a not yet described
coxisternal protractor muscle, which presumably assists haemolymph pressure during the deployment of
the coxisternum during ecptychosis.

Keywords: Synchrotron X-ray microtomography, Phthiracarus longulus, ptychoidy,
Phthiracaridae, box mite, convergent evolution, predator defence

1. Introduction

Particle feeding, the general mode of food ingestion in oribatid mites, is rare among the
mostly fluid-feeding chelicerates (Heethoff & Norton 2009). The low digestive efficiency
resulting from feeding on dead plant parts or saprophagous fungi leads to certain constraints:
slow growth, relatively long generation time and low reproductive potential with an elongated
adult life span (Norton 1994, Sanders & Norton 2004, Heethoff et al. 2007). These
characteristics necessitate effective predator defence mechanisms, which evolved in various
ways among oribatid mites. In general, there are two physically different strategies: chemical
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defence through secretion of predator-repelling substances from the opisthonotal oil glands
(e.g. Shimano et al. 2002, Raspotnig 2006, Saporito et al. 2007), and several mechanical
defence mechanisms (e.g. prolongation of the body setae to form a hedgehog-like appearance,
overhanging cuticular tecta concealing articulations; Grandjean 1934). Often these defensive
mechanisms are combined with a mechanical hardening of exposed cuticle (Norton & Behan-
Pelletier 1991, Alberti et al. 2001).

The most complex mechanical defensive mechanism in oribatid mites is ptychoidy, where
the legs and the coxisternum can completely be withdrawn into a temporary cavity into the
idiosoma (Sanders & Norton 2004, Schmelzle et al. 2008, 2009). In the encapsulated state the
animals — commonly known as ‘box mites’ — then exhibit no soft membrane for a possible
attack by predators (Figs. 1A, 2A, B). Rarely, this defensive mechanism can additionally be
combined with an escape jump (Wauthy et al. 1998). Ptychoidy has probably evolved three
times independently (Sanders & Norton 2004): in the Mixonomata (the monophylum
Ptyctima containing the superfamilies Phthiracaroidea and Euphthiracaroidea; Grandjean
1954, Grandjean 1967, Balogh & Balogh 1992) and in two unrelated families of Enarthronota,
Mesoplophoridae and Protoplophoridae (Grandjean 1969, Norton 1984). The special body
form needs certain requirements, which accompany several exoskeletal and muscular
adaptations: (i) the coxisternum must be isolated from all other hardened cuticle by a soft,
pliable integument (ii) the opisthosomal cuticle must be hardened (iii) the coxisternum must
be articulated and deformable and (iv) there must be a system that can manage the large
internal volume changes.

Exoskeletal elements involved in ptychoidy can be divided into 5 groups. The prodorsum
(PR) acts as an operculum-like seal for the encapsulated animal (Sanders & Norton 2004) and
it bears several structures for insertion of muscles that are directly involved in ptychoidy, for
instance the manubrium (mn) and the inferior retractor process (irp; Fig. 3; Schmelzle et al.
2008, 2009). The opisthosomal venter is the exoskeletal group that shows by far the most
structural variation among the various ptychoid families and genera, and it is often used for
identification. Only in Phthiracaroidea, which is the focus of this paper, is the basic structure
fixed. It always consists of two pairs of large plates: the genital valves (Wauthy 1984),
consisting of the fused genital and aggenital plates, and the anal valves, consisting of the fused
anal and adanal plates (Figs. 1A, 2A, B). Movements of the opisthosomal venter relative to
the notogaster (see below), which are connected through a broad articulating membrane, the
anogenital membrane (Wauthy 1984), are responsible for changes in haemocoel pressure that
are required for ptychoidy. The notogaster — dorsal plate of the opisthosoma — is ovate to
nearly spherical and hardened through mineralisation with calcium carbonate or calcium
oxalate (Figs. 1A, 2A, B; Norton & Behan-Pelletier 1991, Alberti et al. 2001). For smaller
predators (e.g. parasitiform mites) it presumably is an impenetrable and indestructible barrier.
The podosoma, or leg-bearing region, comprises a supportive coxisternum, itself composed
of four pairs of hardened epimeral plates (Sanders & Norton 2004), and a voluminous, pliable
membranous part. The membranous part is one of the main adaptations to ptychoidy; it
enables retraction of the legs into a secondary cavity built up by the membrane itself
(Grandjean 1967). The subcapitulum — venter of the gnathosoma — has adaptations for
ptychoidy that include a prominent capitular apodeme and an equally prominent projection of
the mentum, as well as a fusion with the taenidiophore part of supracoxal sclerite 1 (Fig. 6A;
Mirkel 1964, Walker 1965, Sanders & Norton 2004).
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Muscles that are directly involved in ptychoidy are grouped into four systems (Sanders &
Norton 2004; Schmelzle et al. 2009; Tab. 1). Muscles not directly involved in ptychoidy (but
nonetheless supporting the ptychoid process) are grouped together as ‘additional muscles’.
Those are the cheliceral retractor (chr), the trochanteral abductor (fab) and the postanal
muscle (poam). These systems play different general roles in ptychoidy. (i) The dorsoventral
muscles of the prosoma (DVP; Figs 4, 5) are responsible for retracting, protracting and
correctly aligning the legs and the podosomal membrane in the idiosoma. (ii) The endosternal
division of the prosoma (EDP; Fig. 6) comprises the muscles associated with the
endosternum. Its main function is the retraction and correct alignment of the prodorsum in
relation to the coxisternum and the subcapitulum. (iii) The longitudinal division of the
prosoma (LDP; Fig. 7) is mainly responsible for retraction of the cheliceral and pedipalpal
segments and the acron (epiprosoma) and for maintaining the encapsulated state. (iv) The
function of the opisthosomal compressor system (OCS, Fig. 8) in ptychoidy is the build-up of
sufficient haemocoel pressure for re-extension of the encapsulated animal. It is also
responsible for building up pressure needed during the active state (extension of the legs,
etc.).

The opisthosomal compressor system comprises three muscles according to Sanders and
Norton (2004). The classification and nomenclature of the muscles involved is based on the
morphology (associated muscle origin and insertion) of the euphthiracaroid mite
Euphthiracarus cooki Norton et al. 2003.

To date, all detailed functional studies of ptychoidy are related to members of
Euphthiracaroidea (Akimov & Yastrebtsov 1991, Sanders & Norton 2004, Schmelzle et al.
2008, 2009, Yastrebtsov 1991) or cover only parts of the characteristics relevant to ptychoidy
(e.g. the ano-genital system of Phthiracarus nitens in: Wauthy 1984). Here, we used the non-
invasive technique of synchrotron X-ray microtomography to describe the morphology of
exoskeletal and muscular elements in the phthiracaroid mite Phthiracarus longulus (C.L.
Koch, 1841) (Phthiracaridae).

2. Materials and methods

Specimens

Phthiracarus longulus is a holarctic species of the family Phthiracaridae that has many
synonyms (Niedbata 2008), of which the one most used in North American literature is P.
setosellus (Jacot). It is common and abundant in temperate forest litter, where the non-
ptychoid juvenile stages burrow within decaying woody substrates. Adults for our studies
(mean total length about 540 um) were collected from accumulated decaying needles and
cone scales of introduced Norway spruce (Picea abies) in LaFayette, Onondaga Co., NY,
USA.

Sample preparation

Specimens were killed and fixed in 1 % glutaraldehyde for 60 h and stored in 70 % ethanol.
For the final preparation, specimens were dehydrated in an increasing ethanol series with
steps of 70, 80, 90, 95 and 100 %, with three changes at each step and 10 min at each change.
After storage in fresh 100 % ethanol they were critical-point dried in CO, (CPD 020, Balzers).
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Scanning electron microscopy

Critical-point dried specimens were glued onto a T-section-like metal foil on a stub and then
sputtered with a 20 nm thick layer of a gold-palladium mixture. Micrographs were taken on
a Cambridge Stereoscan 250 Mk2 scanning electron microscope at 20 keV.

Synchrotron X-ray microtomography

Critical-point dried animals were fixed by the notogaster to the tip of a plastic pin (1.2 cm
long; 3.0 mm diameter) using instant adhesive. For each specimen, typically 1500 radiagraphs
under different projection angles were taken at the European Synchrotron Radiation Facility
(ESRF) in Grenoble using beamline ID19 with a beam energy of 20.5 keV and using a
sample-detector distance of 20 mm. A cooled 14-bit CCD-camera with a resolution of 2048 x
2048 pixels and an effective pixel size of 0.3 um per pixel was used (a detailed description of
the method is given in Betz et al. 2007, Heethoff & Cloetens 2008, Heethoff et al. 2008).

The data were visualised with the program VGStudio MAX 1.2.1 (Volume Graphics,
Heidelberg, Germany) and three-dimensional modeling of muscles and cuticular elements
was conducted with amira™ 4.0.1 (Mercury Computer Systems Inc., Chelmsford, MA).
Muscle fibres were counted using the original phase contrast microtomography data or, if that
was not possible, by the number of split ends in the resulting 3D model. Different portions of
muscles are called muscle bands and subdivisions of muscle bands are called muscle fibres
(Sanders & Norton 2004).

Terminology

Since phthiracaroid mites differ from euphthiracaroid mites in some morphological
characteristics, some of the muscle names would in this case be misleading. For reasons of
simplicity and comparability we will address the muscles of the opisthosomal compressor
system according to Schmelzle et al. (2009) throughout the manuscript. We will address the
issue of the muscles (origin, insertion and the therefore resulting name) in detail in the
discussion (cf. Tab. 2).

Tab. 2 Comparison of muscle names of the Opisthosomal Compressor System (OCS) used in the
literature.

Schmelzle  Hoebel- Sanders &  Heethoff & insertion in insertion in

et al. Mivers (1967, Norton Norton origin . . . .

(2009) in German)! (2004) 2009)? Euphthiracaroidea Phthiracaroidea

Vle':tteral holoventral - muscles of reanal enital region of the

p GMU. adductor the genital p & & genital valve

adductor (hva) plate (gm) apodeme  ventral plates

(vpa) |

ventra.

plate P‘R‘A'MU' holoventral *preanal preanal lateral edge of the lateral edge of
(‘Praecanale compressor muscles . .

compressor s apodeme  genital plates the genital valve

(vpe) Spannmuskeln’)  (hvc) (pram)

notogaster ~ NOT.MU. notogaster outer anal ventral

lateral (‘Notogastrale lateral muscles curvature lateral edge of the anogenital

compressor  Depressor- compressor (0am) of the ventral plates membrane

(nlc) Muskelbander’)  (nlc) notogaster

1 0n the non-ptychoid mite Nothrus palustris KOCH.
2 On the non-ptychoid mite Archegozetes longisetosus AOKI.
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3. Results

3.1 Exoskeletal elements

Prodorsum

The interior surface of the prodorsum (PR) is uniformly textured (Figs. 2B, 3) and is
differentiated into the solid, distal rostral limb (#/; Fig. 3B), the rostrophragma and the
tegulum (not shown). The inferior retractor process (irp), located at about mid-length of the
prodorsum on the ventrolateral inner border, is broad, robust and long and is angled
anteromedially at about 45° (Figs. 2B, 3). The manubrium (mn) at the posterolateral end of
the prodorsum is rather short and slim (Figs. 2B, 3A, B). The sagittal apodeme (sa) is located
medially on the posterior wall of the prodorsum and shows a triangular cross section (Figs. 2,
3B, D). The rounded bothridial scale (bs) overhanging the bothridium and base of the
sensillus (ss) laterally on the prodorsum (Fig. 3A, D) is, in the encapsulated state, firmly
anchored in the corresponding scale receptacle (s7) resting in the tectonotal notch (¢z) on the
anterior margin of the notogaster (Figs 3D, 4A). The short, medially thickened sensillus (=
bothridial seta; ss) originates in the cup-like bothridium positioned below the bothridial scale
(bs) and, in the encapsulated state, partly lies in a notogastral indentation — therefore pointing
ventrally (Figs 1B, 3C). The bothridium is internally surrounded by a system of chambers
(Figs 2B, 3C,D). A longitudinal carina (car) is present on each side of the prodorsum (Figs.
3A, 5). The carina originates at the bothridial scale and proceeds to the anterior tip of the
prodorsum, where it gradually effaces. There is no evidence of a rostral notch (Fig. 3A).

Opisthosomal venter

The venter consists of two pairs of large compound plates, the genital (fused genital and
agenital plates) and anal (fused anal and adanal plates) valves (gv and av, respectively), which
are smooth and lack indication of the fusion between components. Collectively, the valves
are broad, narrowing only slightly posteriorly, with the anal valves being rounded posteriorly
(Fig. 1A; av). The valves are embedded in the pliable anogenital membrane that connects
them with the notogaster (Figs. 2, 8; mem). The preanal apodeme (Fig. 2; pra) extends across
the whole width of the ventral plates, whereas the postanal apodeme (poa) is relatively narrow
and confined to the posterior end of the anal valves (Fig. 2; av). Each pair of valves is also
connected transversely: the genital valves (gv) are integrally connected to each other
anteriorly by the phragmatal bridge (Fig. 3C, D; pbr), whereas the anal valves (av) are only
functionally connected at two locking points. The latter include the left-fitting or right-fitting
anterior anal lock, consisting of two corresponding, interdigitating apophyses on each side
(partly visible on the surface; Figs. 1A, D, 2B), and the posterior anal lock, consisting of 2—3
small corresponding lobes on each side (Fig. 2B). Among the 67 examined specimens, 40
individuals showed the right-fitting and 27 the left-fitting state. Hence the state of the anterior
lock is uniformly distributed (LR y2 = 2.5385, d.f. = 1, P = 0.1111). Each genital valve has a
distinct transverse carina in the anterior region (Figs 1C, 2B; car) and a special notch at each
anterolateral corner that enables some sort of articulation with a corresponding tooth of the
notogaster (Fig. 1A, C).
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Fig. 1

Phthiracarus longulus. Scanning electron micrographs of 3 specimens (specimen 1: A, B,
E; specimen 2: C; specimen 3: D). A: Ventral overview of encapsulated specimen (the
withdrawn position of the ventral plates and the curled ends of notogastral setae are
considered fixation artifacts; scale bar: 200 um); B: Detail of the bothridial scale, the
sensillus and the tectonotal notch (scale bar: 20 pm); C: Detail of the articulation of ventral
plates and notogaster (scale bar: 10 pm); D: Detail of the right-fitting (bottom right corner)
and left-fitting state of the anterior anal lock (scale bar: 20 um); E: Detail of the simple U-
shaped ventral margin of the notogaster (scale bar: 20 um). av: anal valve; car: carina; d:
tooth; gv: genital valve; NG: notogaster; PR: prodorsum; TLA: lateral anterior tectum.
Asterisk (*) indicates the left-fitting state of the anterior lock of the anal plates and degree
(°) indicates the U-shaped plain lateral margin of the notogaster.
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Fig. 2 Phthiracarus longulus, nearly encapsulated animal. A: Virtual sagittal section of a rendition
of synchrotron X-ray microtomography data (scale bar: 100 um); B: Virtual sagittal section
of 3D-model of synchrotron X-ray microtomography data (scale bar: 100 um). ap: anal
plate; av: anal valve; car: carina; Ch: chelicera; food: food bolus; gp: genital plate; gv:
genital valve; irp: inferior retractor process; mem: anogenital membrane; mn: manubrium;
NG: notogaster; PR: prodorsum; pra: preanal apodeme; poa: postanal apodeme; sa: sagittal
apodeme. Asterisk indicates the bothridium, degree indicates the anterior anal lock and
pound indicates posterior anal lock.
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Notogaster

The notogaster (NG) is hardened and quite thick (Fig. 2). Except anteriorly, the U-shaped
ventral margin is more or less plain (Figs. 1A, E, 2), but at each anteroventral corner is a tooth
(d) that articulates with the ventral plates, and that extends internally into a ridge (Fig. 1C).
There is no terminal notogastral fissure (Fig. 1A). The border is provided with a tectum
throughout, separated into two main parts, on either side of the corner tooth. The anterior
tectum accommodates the prodorsum when encapsulated (Figs. 2B, 4A) and consists of the
lateral anterior tectum (Fig. 1B; TLA), which encompasses the tectonotal notch (i, Fig. 1A)
and smoothly transitions into the pronotal tectum (7PN) at a point dorsally of the tectonotal
notch. Posterior to the tooth the tectum (Fig. 4B) protects the articulation with the collective
ventral plates. A scale receptacle (sr) inside the tectonotal notch is present (Figs. 1B, 3D).

A

bs ss

Fig. 3 Phthiracarus longulus, nearly encapsulated animal. Renderings of 3D-model of ynchrotron
X-ray microtomography data. A: Lateral view of the prodorsum (scale bar: 100 um); B:
Ventral view of the prodorsum (scale bar: 100 um); C: Virtual frontal section in the region
of the opening of the bothridium (scale bar: 100 pm); D: Virtual frontal section in the region
of the scale receptacle (scale bar: 100 um); bs: bothridial scale; car: carina; gv: genital valve;
irp: inferior retractor process; mn: manubrium; NG: notogaster; pbr: phragmatal bridge; PR:
prodorsum; rl: rostral limb; sa: sagittal apodeme; sr: scale receptacle; ss: sensillus; TLA:
lateral anterior tectum. Asterisk (*) indicates the bothridium.
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Podosoma

The coxisternum, forming the ventral center of the podosoma, encompasses the coxisternal
umbilicus, a large area of membrane capable of compensating for the change of coxisternal
form during ptychoid movement. Three articulations, or furrows, are present (not shown;
compare Sanders & Norton 2004): the abjugal line (marking the intersection of podosomal
membrane and the epiprosoma), the sejugal line (marking the intersection of hysterosoma and
proterosoma) and the disjugal line (marking the intersection of podosomal membrane and
opisthosoma). The areas of muscle insertion located in the membranous part of the podosoma
do not seem to differ in any way from the rest of the podosomal membrane (Fig. 4B).

Fig. 4 Phthiracarus longulus, nearly encapsulated animal. DVP. Renderings of 3D-model of
segmented synchrotron X-ray microtomography data. A: Virtual sagittal section showing the
coxisternal retractor (csr) and its origin and insertion (scale bar: 100 pm); B: Virtual cross
section showing the inferior (ima) and superior (sma) membrane adjustors and the newly
discovered coxisternal protractor (csp; scale bar: 100 pm); I-IV: walking legs 1-4; av: anal
valve; csp: coxisternal protractor; csr: coxisternal retractor; gv: genital valve; ima: inferior
membrane adjustor; mem: anogenital membrane; NG: notogaster; podo: podosomal
membrane; sma: superior membrane adjustor; sr: scale receptacle.

Subcapitulum

The capitular apodeme is developed as a large triangular, flat process with margins
reinforced by a lemniscus (Figs. 6A, 7C). The mentum projects posteriorly in a shape similar
to that of the capitular apodeme (Figs. 6A, 7C). The taenidiophore is located laterally between
the base of the capitular apodeme and the projection of the mentum (Fig. 6A).

3.2 Muscular elements

Dorsoventral muscles of the prosoma (DVP)

The coxisternal retractor (csr) of Phthiracarus longulus consists of about 20 to 30 muscle
fibres, originating dorsally on the notogaster and inserting on apodeme 2 and apodemal
shelves 3 and 4 of the epimeres (Fig. 4A). The newly discovered coxisternal protractor (csp)
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originates lateral on the notogaster and inserts directly onto the lateral margin of the sejugal
apodeme (Fig. 4B). It consists of about 3 muscle fibres and is in encapsulated state directed
dorsoposteriorly. The inferior and the superior podosomal membrane adjustors (ima and sma,
respectively) both originate laterally on the notogaster and insert on the podosomal membrane
(Fig. 4B).

Fig. 5 Phthiracarus longulus, nearly encapsulated animal. Renderings of 3D-model of segmented
synchrotron X-ray microtomography data of the prodorsum and podosoma, showing the
prodorsal dorsoventral (DVP) muscle system (pdv1, pdv2 and pdv3), lateral view (scale bar:
50 pm). I-1V: walking legs 1-4; bs: bothridial scale; car: carina (dorsal and ventral); irp:
inferior retractor process; mn: manubrium; pdv1-3: prodorsal dorsoventral muscle 1-3; PR:
prodorsum. Asterisk indicates the bothridium..
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As the name implies, the inferior podosomal membrane adjustor (consisting of two muscle
bands with 8 muscle fibres each) is situated more ventrally than the superior podosomal
membrane adjustor (consisting of 2 muscle fibres) is. The ima inserts on the podosomal
membrane via tendons, whilst the sma inserts directly. The prodorsal dorsoventral muscle
(pdv) comprises three portions (Fig. 5; pdvi, pdv2, pdv3). Pdvi (two muscle fibres) and pdv2
(one muscle fibre) originate on the exobothridial field and insert on the lateral margin of
apodemes 1 and 2, respectively. Pdv3 consists of only one muscle fibre; it originates ventrally
on the manubrium and inserts on the sejugal apodeme.

Endosternal division of the prosoma (EDP)

The anterior and posterior dorsal endosternal muscles (ade and pde, respectively) each
consists of at least two muscle fibres (Fig. 6B). Both muscles insert on the endosternum, but
the ade originates on the tip of the manubrium, whilst the long, thin pde originates
dorsolaterally on the notogaster at about its midlength. The subcapitulum endosternal
retractor (ser) and the taenidiophore endosternal retractor (fer) both consist of two muscle
fibres and have the endosternum as a common origin (Fig. 6A). The ser inserts on the mentum
of the subcapitulum and the fer inserts on the tip of the taenidiophore (whether via a tendon
or not was not determined).

Fig. 6 Phthiracarus longulus, nearly encapsulated animal. EDP. Renderings of 3D-model of
segmented synchrotron X-ray microtomography data. A: Subcapitulum (ser) and
taenidiophore endosternal retractor (ter), dorsolateral view (scale bar: 50 um); B: Anterior
(ade) and posterior dorsal endosternal muscle (pde), dorsal view of virtual frontal section
(scale bar; 100 pum); ade: anterior dorsal endosternal muscle; av: anal valve; endo:
endosternum (in this form not visible in original data, but for reasons of clearness
reconstructed this way); gv: genital valve; irp: inferior retractor procress; LA: labrum; m:
mentum of subcapitulum; mem: anogenital membrane; NG: notogaster; palp: palpus; pde:
posterior dorsal endosternal muscle; PR: prodorsum; RU: rutellum; ser: subcapitulum
endosternal retractor; ter: taenidiophore endosternal retractor; tph: taenidiphore. Asterisk (*)
indicates the bothridium.
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Longitudinal division of the prosoma (LDP)

The inferior prodorsal retractor (ipr) consists of about 20-25 muscle fibres (Fig. 7A). It
originates dorsolaterally on the notogaster (at about the same level as the coxisternal retractor)
and inserts via tendons on the inferior retractor process and the intercalary wall induration of
the prodorsum. The prodorsum lateral adjustor (pla) comprises two muscle bands with two
muscle fibres each (Fig. 7B). The origin is dorsal on the first quarter of the notogaster. The
narrow insertion is via a tendon on the short manubrium. The subcapitular retractor (scr) also
consists of two muscle bands with two muscle fibres (Fig. 7C).

scr cal palp

Fig. 7 Phthiracarus longulus, nearly encapsulated animal. LDP. Renderings of 3D-model of
segmented synchrotron X-ray microtomography data. A: Dorsolateral view of anterior half
with transparent notogaster, showing both sets of inferior prodorsal retractors (irp, scale bar:
50 pum); B: Same, showing prodorsum lateral adjustors (pla, scale bar: 50 pum); C:
Subcapitular retractor (scr), posterolateral view of virtual sagittal section of the
reconstructed 3D-model of the legs and subcapitulum (scale bar: 100 um); D: Same as in A
showing superior prodorsal retractors (spr, scale bar: 50 um). I-IV: walking legs 1-4; av:
anal valve; cal: lemniscus of the capitular apodeme; gv: genital valve; ipr: inferior prodorsal
retractor; irp: inferior retractor process; LA: labrum; m: mentum of subcapitulum; mem:
anogenital membrane; mn: manubrium; NG: notogaster; palp: pedipalp; pla: prodorsum
lateral adjustor; PR: prodorsum; RU: rutellum; spr: superior prodorsal retractor.
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It originates on the first and second apodeme of the coxisternum and inserts directly on the
anchoral process of the subcapitular apodeme. The superior prodorsal retractor (spr)
originates as 2—4 muscle fibres dorsally on the notogaster at about half its length and inserts
via a single tendon on the manubrium (Fig. 7D).

Fig. 8 Phthiracarus longulus, nearly encapsulated animal. OCS. Renderings of 3D-model of
segmented synchrotron X-ray microtomography data, dorsal view of virtual frontal section
(scale bar: 100 um). av: anal valve; gv: genital valve; mem: anogenital membrane; NG:
notogaster; nlc [a]: portion a of notogaster lateral compressor; nlc [b]: portion b of
notogaster lateral compressor; poa: postanal apodeme; poam: postanal muscle; pra: preanal
apodeme; vpa: ventral plate adductor; vpc: ventral plate compressor..
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Opisthosomal compressor system (OCS)

The ventral plate adductor (vpa) and the ventral plate compressor (vpc) both originate on
the preanal apodeme (Fig. 8). The ventral plate adductor runs diagonally towards its more
anterior insertion on the genital valves and consists of at least 12 muscle fibres, probably
subdivided into six muscle bands with two muscle fibres each. The ventral plate compressor
is directed laterally and inserts entirely on the genital valves and consists of five muscle bands
with an unknown number of muscle fibres. The notogaster lateral compressor (n/c) originates
on the ventral curvature of the notogaster and inserts on the anogenital membrane; it is
probably divided into four portions (compare discussion): portion a (three muscle bands with
two muscle fibres each) and b (at least five muscle fibres) are restricted to the last third of the
animal, at the level of the anal valves (Fig. 8; nic [a], nlc [b]). Portions c (two muscle bands)
and d (two muscle bands with a total of about three muscle fibres) are located in the first half
of the animal (Fig. 8; nic [c], nilc [d]).

Additional muscles

The cheliceral retractor (chr) originates on the exobothridial field and the sagittal apodeme
(not shown). It inserts directly onto the posterior surface of the basal cheliceral segment. The
trochanteral abductor (tab) originates on the endosternum and inserts on the inner surface of
the leg trochanter (not shown). The cheliceral retractor and the trochanteral abductor have not
been studied in detail because their role in the ptychoid mechanism is only indirect. The
postanal muscle (poam; also known as the ‘holoventral levator’, Sanders & Norton 2004),
originates terminally on the notogaster and inserts directly on the postanal apodeme; it
consists of 10—15 muscle fibres (Fig. 8).

4. Discussion

A significant functional aspect of ptychoidy relates to how the animal accommodates large
changes in internal volume and hemocoel pressure that must accompany the closing and
opening of the body, and a related issue is how legs that attach to a coxisternum surrounded
by extensive soft cuticle are sufficiently supported (Sanders & Norton 2004). Mites of the two
superfamilies of Ptyctima — Phthiracaroidea and Euphthiracaroidea — have many similarities,
but the external differences are significant and probably affect how haemocoel pressure is
controlled, as well as other ptychoid functions. However, muscles systems have until now not
been studied in detail for the Phthiracaroidea. Below, we compare the morphological
adaptations to ptychoidy between the Phthiracaroidea (Phthiracarus longulus) and the
Euphthiracaroidea (Euphthiracarus cooki, Sanders & Norton, 2004; and Rhysotritia ardua
Koch, 1841 and Oribotritia banksi Oudemans, 1916, Schmelzle et al. 2008, 2009) and also
inside the Phthiracaroidea (Phthiracarus nitens Nicolet, 1855, in: Wauthy 1984).

4.1 Comparison of exoskeleton
Prodorsum

The inner texture of the prodorsum of Phthiracarus longulus is uniform (Fig. 3B) as it is in
Euphthiracarus cooki and Rhysotritia ardua, but it is rough-textured in Oribotritia banksi.
The rostrophragma is well differentiated in all four species. The manubrium of P. longulus
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(Figs. 2B, 3A) and O. banksi is relatively shorter than the elongated manubrium of E. cooki
and R. ardua. Also, in P. longulus it looks more delicate than in the euphthiracaroid species.
The inferior retractor process of P. longulus (Figs. 2B, 3) is longer than in the euphthiracaroid
species, but the angle at which it is directed is similar in all species. Except for O. banksi all
species possess a sagittal apodeme (Fig. 3B, D). The bothridial scale covers the bothridium
and base of the sensillus from above in all species except for E. cooki, although in P. longulus
it is shifted slightly posterior (Figs 3A, 5). In the encapsulated state the very short sensillus of
P. longulus lies in a ridge between the prodorsum and the notogaster (Fig. 1B), whereas it
becomes pinched between prodorsum and notogaster in O. banksi and R. ardua; it stands free
in E. cooki because its origin is dorsal to the bothridial scale. The internal system of chambers
and short tracheae around the bothridium (not described here in detail) differs from that of
euphthiracaroid mites but probably has a similar respiratory function (Figs 3C, D, 5;
Grandjean 1967, Norton et al. 1997)

Opisthosomal venter

The opisthosomal venter of Phthiracarus longulus, and phthiracaroid mites in general,
essentially differs from that of euphthiracaroid mites. Unlike the latter, there are no hardened
plicature plates in phthiracaroid mites; instead in its place is the broad and pliable U-shaped
anogenital membrane (Figs 2, 8). Unlike the rather simple, elongated ventral plates of
euphthiracaroid mites, those of P. longulus are rather boat-shaped with a flat lateral margin
(Figs 1A, 2, 8). In the encapsulated state the surrounding anogenital membrane is safely
stored inside the notogaster (Figs 2, 8). The structure of the anterior and posterior anal lock
of P. longulus (Fig. 1A, D) is similar to that of Hoplophthiracarus sp. (van der Hammen
1989), although both, right-fitting and left-fitting, locks have been found to be uniformly
distributed in P. Jongulus (and also in: Wauthy 1984, about Phthiracarus nitens, Parry 1979,
about the genus Phthiracarus Perty 1841). The state of right-fitting or left-fitting anterior
locks thus is a matter of intraspecific variation and not, like van der Hammen (1989) stated,
a specific character with taxonomical value.

Notogaster

The U-shaped ventral margin of the notogaster perfectly matches that of the ventral plates,
ensuring a tight connection during ptychosis. The presence of a broad marginal tectum (Fig.
4B) covering the articulation ensures that no membrane (stored inside the notogaster) is
exposed to possible attack by predators (Figs 1E, 2, 8). Except for some derived members of
Synichotritiidae (e.g. Norton & Lions 1992), euphthiracaroid mites lack a marginal tectum
along the ventral edge of the notogaster. The scale receptacle (Fig. 3D) present inside the
tectonotal notch resembles those of E. cooki and R. ardua, but the problem of a pinched
sensillus (in R. ardua and O. banksi) is solved in P. longulus by having a ridge along which
the resting sensillus can lie during encapsulation (Figs 1B, 4A). Oribotritia banksi completely
lacks a scale receptacle; instead, the bothridial scale rests on the tectonotal notch during
encapsulation. Both P. longulus and O. banksi lack a terminal notogastral fissure (Fig. 1A),
which is an adaptation present in E. cooki and R. ardua. This fissure probably allows slightly
more flexing in the rather rigid cuticle during lateral compression events, which are not part
of the ptychoid process in P. longulus. The tooth at the anteroventral corner of the notogastral
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margin in P. longulus (Fig. 1C) is also present in E. cooki, but not in O. banksi or R. ardua.
In contrast to E. cooki this tooth is prolonged internally as a ridge in P. longulus and forms
an articulation for the ventral plates. The tectonotal notch separates the anterior notogastral
tectum into two parts (pronotal and lateral anterior tecta) in euphthiracaroid species, but not
in P. longulus (Fig. 1A, B).

Podosoma and subcapitulum

The principal morphology of muscular insertion points on these structures is similar among
studied phthiracaroid and euphthiracaroid species.

4.2 Comparison of musculature
Dorsoventral muscles of the prosoma (DVP)

The coxisternal retractor of P. longulus consists of 20-30 fibres (Fig. 4A), which is an
intermediate number between that of Oribotritiidae (O. banksi with 80 muscle fibres) and
Euphthiracaridae (R. ardua with 17 muscle fibres, E. cooki with 12 muscle fibres). Since P,
longus (540 pum total length) is intermediate in size between E. cooki (300 um) and R. ardua
(900 pm), this contradicts the general correlation we suggested earlier (Schmelzle et al. 2009)
that the number of csr muscle fibres increases with body size within the Ptyctima. The
correlation still holds within the Euphthiracaroidea, so perhaps there is a slight difference
between these groups in the relationship of muscle fibres to body size; more data are needed
for confirmation. The coxisternal protractor (csp) originates anteriorly to the superior
membrane adjustor and inserts directly onto the lateral margin of the sejugal apodeme (Fig.
4B). In the encapsulated state it's dorsoposteriorly directed course suggests a role as protractor
for the coxisternum during reopening of the animal. We assume a change of its working
direction when switching to the active state (when the legs and coxisternum are protracted).
Then the csp should be directed anterioventrally and probably assumes a role as an auxiliary
and adjusting retractor for the coxisternum. None of the studied euphthiracaroid mites show
any evidence of this muscle (Schmelzle et al. 2008, 2009). The inferior membrane adjustors
are quite similar among the species. Whilst P. longulus has two muscle bands with eight
muscle fibres (Fig. 4B), O. banksi has two muscle bands with ten muscle fibres and R. ardua
also has two muscle bands with nine muscle fibres (unknown for E. cooki). Regarding the
superior membrane adjustors, P. longulus with two single muscle fibres (Fig. 4B) resembles
E. cooki (3—4 muscle fibres), but differs strongly from O. banksi (nine muscle fibres) and R.
ardua (two muscle bands with 1-3 fibres each). Regarding its origin and insertion there is no
essential difference noticeable amongst these species. Portions 1 and 2 of the prodorsal
dorsoventral muscle do not differ among P. longulus (Fig. 5), O. banksi and R. ardua, but the
third portion (pdv3) of P. longulus (Fig. 5) shows only one muscle fibre, while the other
species have two.

Endosternal division of the prosoma (EDP)

The numbers of muscle fibres in the 4 muscles of the EDP are the same in P. longulus,
O. banski and R. ardua. The only difference among the studied species is that the
taenidiophore endosternal retractor of E. cooki has only one muscle fibre (two in other
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species; Fig. 6A). The anterior dorsal endosternal muscle seems to be relatively longer in
P. longulus (Fig. 6B) than in O. banksi and R. ardua; its insertion is more similar to O. banksi
(a similar small area of insertion probably because of the relatively short manubrium) than to
R. ardua (a large manubrium). The taenidiophore endosternal retractor seems to either insert
directly or via a very short tendon (< 1 um) on the taenidiophore in P. longulus (Fig. 6A), but
via a prominent tendon in all of the studied euphthiracaroid mites.

Longitudinal division of the prosoma (LDP)

The number of muscle fibres (mf) of the inferior prodorsal retractors correlates roughly
with body size: E. cooki (13 mf, 300 um body length); P. longulus (20-25 mf, 540 pm body
length; Fig. 7A); R. ardua (28 —32 mf, 900 um body length); O. banksi (90-100 mf, 1800 um
body length). In all species studied they insert via tendons onto both the inferior retractor
process and the intercalary wall induration of the prodorsum. The prodorsum lateral adjustor
of P. longulus (Fig. 7B) is similar to that of O. banksi regarding number of muscle bands
(two), muscle fibres (two), and its insertion on the manubrium via tendons. The pla of R.
ardua has two muscle bands with a maximum of five muscle fibres and inserts broadly and
directly on the manubrium. The subcapitular retractor seems identical in P. longulus (Fig.
7C), O. banksi and R. ardua, originating on both apodemes 1 and 2; in contrast it originates
only on apodeme 1 in E. cooki. The superior prodorsal retractor appears to insert onto the
basal part of the manubrium via a tendon in P. longulus (Fig. 7D), O. banksi and R. ardua,
but directly in E. cooki; it consists of 2—4, 4, 4 and 3 muscle fibres, respectively.

Opisthosomal compressor system (OCS)

Because of the great variation in the associated cuticular plates, the terminology of muscles
in this system has varied. Herein we use a more generalised terminology, proposed previously
(Schmelzle et al. 2009; cf. Tab. 2). The ventral plate adductor of P. longulus consists of at
least twelve muscle fibres, probably subdivided into two muscle bands with six muscle fibres
each; it originates on the preanal apodeme and runs anteriorly to insert on the genital valve
(Fig. 8). Compared to the vpa of E. cooki and R. ardua (O. banksi lacks the vpa) the number
of muscle fibres is noticeably smaller, but the area of insertion is more restricted (only the
posterior half of the genital valve). The insertion of the ventral plate compressor of P.
longulus (five muscle bands with an unknown number of muscle fibres) also is limited to the
genital valve, probably due to the broad extension of the preanal apodeme (Fig. 8). In E. cooki
(five muscle bands with an unknown number of muscle fibres), O. banksi (25 muscle fibres)
and R. ardua (10-20 muscle fibres) the vpc inserts on both the genital and anal valves of the
ventral plates. It appear, that Wauthy (1984) combined in his ‘anterior median muscles’
(MMA; in his figure 2B) our muscles vpa and vpc, but differentiated the tendons (zam and tpm,
respectively; his figure 1C). However, in the text he wrote that the origin of the MMA is
dorsally on the notogaster. We believe this to be a confusion with the ‘lateral rectal muscle’
of Heethoff & Norton (2009; /rm). The notogaster lateral compressor of P. longulus has a gap
between an anterior and a posterior part (the anal region; Fig. 8), whereasin euphthiracaroid
species it runs continuously along nearly the complete length of the ventral plates.
Accordingly the number of muscle bands and fibres is very different. In P. longulus the nic
has probably four portions. Portion a (Fig. 8; nlc [a]) is clearly visible, whilst portion b is hard
to detect. The reconstruction therefore could only be done for the right side of the animal.
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Portion ¢ and d of the nic are difficult to distinguish from the genital papillae retractors (not
shown), because they overlap with the nlc on nearly their whole length and their origin
laterally on the notogaster and the direction they run to (median) are essentially the same. In
contrast to Wauthy’s research on P. nitens (1984) we found the genital papillae retractors (his
pga, pgm and pgp) to originate laterally on the notogaster and not on the genital valves (cf.
Fig. 2B of Wauthy 1984). Wauthy (1984) also described four portions of the nlc (his MF,,
MF,, MF;, and MF,). His MF, thereby corresponds to our portions a and b of the nlc, his MF;
to our portion ¢ and the MF, to portion d of the nlc. We believe his MF, to be our ima, which
inserts on the podosomal membrane, close to but not on the anogenital membrane. It yet is
not fully understood if portions ¢ and d really are portions of the n/c (as in Wauthy 1984) with
insertion on the anogenital membrane or if they are portions of the genital papillae retractor
(which would mean that Wauthy 1984 was wrong). Unfortunately, the spatial resolution of our
data meets its limit in this case.

This makes it difficult to compare the results with the studied euphthiracaroid mites. In P.
longulus the nlc has at least three muscle bands with two muscle fibres each (portion a) and
a separate second portion (b) with about five muscle fibres. Also there are two additional
portions (¢, d) with two muscle bands with an unknown number of muscle fibres and two
muscle bands with a total of about three muscle fibres, respectively. In contrast, in E. cooki
the nlc has 21 muscle bands with an unknown number of muscle fibres, in O. banksi it has
30-34 muscle bands with 2—6 muscle fibres and in R. ardua it has 25 muscle bands with 3—6
muscle fibres. In the euphthiracaroid species the notogaster lateral compressor originates
ventrally on the notogaster and inserts on the medial edge of the ventral plates, whilst in P.
longulus it originates laterally on the notogaster and inserts on the anogenital membrane.

Additional muscles

The cheliceral retractor originates on both the exobothridial field and the sagittal apodeme
of the prodorsum of P. longulus. The same is true of R. ardua and E. cooki, but in O. banksi
there is no sagittal apodeme. The trochanteral abductor of P. longulus is well developed and
appears to be in a single frontal plane, unlike in the euphthiracaroid species studied. The
postanal muscle seems similar in all species. It consists of 10—15 muscle fibres in P. longulus
(Fig. 8), eight muscle bands with 4-5 fibres each in O. banksi, and two muscle bands with
1020 fibres each in R. ardua. Only in O. banksi it inserts through tendons onto the postanal
apodeme. Our poam probably corresponds with the ‘posterior median muscles’ of Wauthy
(1984; MMP). The number of muscle fibres drawn in his Fig. 2B (four muscle fibres) for
Phthiracarus nitens appears in comparison to our findings in P. longulus to be very low.

5. Conclusions

In this study we have shown that phthiracaroid and euphthiracaroid mites clearly differ in
a number of characters that relate to functional aspects of ptychoidy. The most prominent
differences are in the morphology of the ventral plates, the presence or absence of plicature
plates and a posterior notogastral tectum, the number of muscle bands and fibres (e.g. the
postanal muscle), the origin/insertion of the notogaster lateral compressor and the newly
discovered coxisternal protractor muscle. However, the location of the taenidiophore and its
connection to the subcapitulum as well as the shape of the capitular apodeme support the
common origin of both groups.
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While the morphological differences are clear, their functional importance remains to be
elucidated in the future.
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Abstract

We studied exoskeletal and muscular adaptations to ptychoidy in the oribatid mite
Phthiracarus globosus (Phthiracaridae, Phthiracaroidea) using synchrotron X-ray
microtomography, and compared the results to Phthiracarus longulus, a closely related mite
that we investigated earlier. As expected, both species show high similarity in most of the
characters investigated, but there were also clear differences: the sensillus groove is more
prominent and the bothridial scale is more angular in P. globosus than in P. longulus. The
coxisternal retractor first found in P. longulus was also found in P. globosus and therefore
could be a synapomorphy for the genus. The number of muscle fibres of the anterior dorsal
endosternal muscle (ade), inferior prodorsal retractor (ipr), ventral plate adductor (vpa) and
the notogaster lateral compressor (nlc) found in P. globosus is double or even triple that found
in P. longulus. Our results suggest that muscle morphology might provide a phylogenetically
informative set of characters for oribatid mite systematics, when more data are available.

Keywords: Synchrotron X-ray microtomography, SR-uCT, Ptychoidy, Phthiracaridae, Box
mite, Predator defence

1. Introduction

Ptychoidy is the most complex morphological defensive mechanism in oribatid mites. It
enables the mite to retract its legs and coxisternum into the idiosoma and encapsulate itself
by deflecting the prodorsum ventrad as a seal (Sanders & Norton 2004). Ptychoidy appears
to have independently evolved in three groups of the Oribatida: the Mesoplophoridae,
Protoplophoridae and Ptyctima (Euptyctima in Weigmann 2006). All species of Ptyctima,
consisting of the two superfamilies Phthiracaroidea and Euphthiracaroidea, are ptychoid as
adults. The functional details of ptychoidy are best known for Euphthiracaroidea, with three
species having been studied: Euphthiracarus cooki (Euphthiracaridae; Sanders & Norton
2004), Rhysotritia ardua, (Euphthiracaridae; Schmelzle et al. 2008, 2009) and Oribotritia
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banksi (Oribotritiidae; Schmelzle et al. 2008, 2009). Similar information is available for only
a single species of Phthiracaroidea: Phthiracarus longulus (C. L. Koch, 1841; Phthiracaridae;
Schmelzle et al. 2010). These studies have shown clear differences between Euphthiracaroidea
and Phthiracaroidea, such as a different organization of the ventral plates and their associated
musculature (Schmelzle et al. 2010), and also noticeable differences within Euphthiracaroidea,
which can be found in the fusion of the ventral plates and qualitative and quantitative muscle
morphology (Euphthiracaridac and Oribotritiidae; Schmelzle et al. 2008, 2009). These
findings suggest that muscle morphology might provide phylogenetically informative data
for the Ptyctima, but closely related species must be investigated to determine the generality
of similarities and homologies at a phylogenetically small scale. Hence, we investigated a
second species of Phthiracaridae, P. globosus (C. L. Koch, 1841). We used synchrotron X-ray
microtomography to show that the two closely related species are characterised by clear
differences concerning exoskeletal and muscular characters that relate to ptychoidy.

2. Materials and Methods

Specimens: Phthiracarus globosus (synonyms: P. globus Parry, 1979; P. gl. Kamill, 1981,
Hoplophora globosa Koch, 1841) is a Holarctic species of the family Phthiracaridae that is
common and abundant in temperate forest litter (Niedbata 2002, Weigmann 2006). Adults for
our studies (mean total length of 495 pm, n = 3, sd = 12.1) were collected from accumulated
decaying needles and cone scales of introduced Norway spruce (Picea abies) in LaFayette,
Onondaga Co., NY, USA.

Sample preparation: Specimens were killed and fixed in 1% glutaraldehyde for 60 h and
stored in 70% ethanol. For the final preparation, specimens were dehydrated in an increasing
ethanol series with steps of 70, 80, 90, 95 and 100%, with three changes at each step and
10 min between changes. After storage in fresh 100% ethanol they were critical-point dried in
CO, (CPD 020, Balzers).

Scanning electron microscopy: Critical-point dried specimens were either glued onto a
T-section-like metal foil or directly onto a stub and then sputter-coated with a 20 nm thick
layer of gold or a gold-palladium mixture, respectively. Micrographs were taken on a Zeiss
Evo LS10 scanning electron microscope at 10 keV and a Cambridge Stereoscan 250 Mk2
scanning electron microscope at 20 keV.

Synchrotron X-ray microtomography: Critical-point dried animals were fixed by the
notogaster to the tip of a plastic pin (1.2 cm long; 3.0 mm diameter) using instant adhesive.
Radiographs were taken at the European Synchrotron Radiation Facility (ESRF) in Grenoble
at beamline ID19 with a beam energy of 20.5 keV and at a sample—detector distance of 20
mm. A cooled 14-bit CCD-camera with a resolution of 2048 x 2048 pixels and an effective
pixel size of 0.7 pm per pixel was used (a detailed description of the method is given in
Betz et al. 2007, Heethoff & Cloetens 2008, Heethoff et al. 2008). The data were visualized
with the programs VGStudio MAX 1.2.1 (Volume Graphics, Heidelberg, Germany) and three-
dimensional modeling of cuticular elements was conducted with amira™ 4.0.1 (Mercury
Computer Systems Inc., Chelmsford, MA). Muscle fibres were counted using the original
phase contrast microtomography data. Different portions of muscles are called muscle bands
and subdivisions of muscle bands are called muscle fibres (Sanders & Norton 2004).
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Tab. 1 Abbreviations, origin and insertion of the muscular elements associated with ptychoidy in
Phthiracarus globosus and P. longulus.
Muscle Abbr. Origin Insertion
Dorsoventral muscles of the prosoma
coxisternal protractor csp notogaster, lateral sejugal apodeme
apodeme 2 of the
coxisternal retractor csr notogaster, dorsal epimeres, apodemal
shelves 3 and 4
inferior podosomal membrane . anterior half of podosomal
. ima
adjustor notogaster, ventrolateral membrane
. . lateral margin of
prodorsal dorsoventral muscle 1 pdvl exobothridial field apodemes 1
prodorsal dorsoventral muscle 2 pdv2 exobothridial field lateral margin of
apodemes 2
prodorsal dorsoventral muscle 3 pdv3 manubrial sclerite sejugal apodeme
superior podosomal membrane podosomal
: sma notogaster, lateral
adjustor membrane
Endosternal division of the prosoma
anterior dorsal endosternal muscle ade manubrial sclerite endosternum
posterior dorsal endosternal muscle pde notogaster, dorsolateral ~endosternum
subcapitulum endosternal retractor ser endosternum mentum of
subcapitulum
taenidiophore endosternal retractor ter endosternum taenidiophore
Longitudinal division of the prosoma
inferior retractor
Do . notogaster, .
inferior prodorsal retractor ipr process, intercalary
dorsolateral - -
wall induration
prodorsum lateral adjustor pla notogaster, dorsolateral manubrial sclerite
anchoral process
subcapitular retractor scr apodeme 1,2 of the of subcapitular
epimeres 1
apodeme
superior prodorsal retractor spr notogaster, basis of manubrial
P p P dorsal sclerite
Opisthosomal compressor system
notogaster, ventral anogenital
notogaster lateral compressor nlc
curvature membrane
ventral plate adductor vpa preanal apodeme genital valve
ventral plate compressor vpc reanal apodeme lateral edge of
P P P p P genital valve
Additional muscles
terminal at posterior end
postanal muscle poam postanal apodeme

of notogaster
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3. Results and Discussion

Exoskeletal elements: Phthiracarus globosus is more spherical than P. longulus. This
affects the notogaster, the prodorsum and the ventral plates, which are all broader and shorter
than those of P. longulus (Figs 1-3).The interior and outer surfaces of the prodorsum of both
species are homogeneously textured (Fig. 1). The sagittal apodeme is more prominent in
P. longulus than in P. globosus (Figs 2b; 3b, c). The bothridial scale, covering the bothridium
(Fig. 3a) is more rounded in P. longulus than in P. globosus. Phthiracarid mites do not
possess a true manubrium like that of Euphthiracaroidea, i. e. an elongated posteroventral
apodematal process of the prodorsum serving as an attachment structure for the origin and
insertion of prodorsal retractors and adjustors (Sanders & Norton 2004, Schmelzle et al.
2008, 2009), despite our previous statement to that effect (Schmelzle et al. 2010). Instead,
in both Phthiracarus species a manubrium-like sclerotized field lies within the articulating
membrane adjacent to the posteroventral corner of the prodorsum (Fig. 3a, c, e) acting as
functional manubrium: for this we use the term ‘manubrial sclerite’ (ms). The notogaster
of P. globosus is more spherical and its cuticle is thicker (12—-18 pm; Fig. 3d) than that of
P. longulus (8—14 pum). Its anterior margin is separated into the lateral anterior tectum and
the pronotal tectum by the tectonotal notch (Fig. 1a, b). Both allow for a tight connection
of prodorsum and notogaster. The tectonotal notch exhibits a prominent sensillus groove
(Fig. 3d) offering the sensillus (Fig. 1a, b) a place to rest and a scale receptacle (Fig. 3d)
harbouring the bothridial scale whilst the animal is encapsulated. The sensillus groove is
more pronounced in P. globosus than in P. longulus. This leads to a more defined position
and less squeezing of the sensillus (Figs 1b, 3f) during encapsulation. At the ventral margin of
the notogaster a medial ridge-like indentation is present (Fig. 1¢) and also more pronounced
in P. globosus than in P. longulus. This allows for a tight connection of ventral plates and
notogaster in which the indentation (Fig. 1c) and the notch between the anal valves act
according to the lock-and-key principle.

Thus, both phthiracarid species share the organisation of the ventral plates into distinct
anal and genital valves, and also the manubrial sclerite. In these, they differ from most
Euphthiracaroidea, which have a ‘true’ manubrium (a solid, cuticular process of the prodorsum)
and elongated, bomb-bay like ventral plates, which may be fused in a variety of ways (Sanders
& Norton 2004, Schmelzle et al. 2008). Of the exoskeletal elements that relate to ptychoidy,
the two phthiracarid species differ in the shape of the bothridial scale, the size of the sagittal
apodeme and the depth of the sensillus groove.

Muscularelements: Inthe following sections muscles will be addressed by theirabbreviations
only (cf. Tab. 1). The csp (dorsoventral muscles of the prosoma; Fig. 4b), originating laterally
on the notogaster and inserting on the sejugal apodeme of the epimeres, can be found in both
phthiracarid species but is not known in Euphthiracaroidea. The csp therefore might be a
synapomorphic character for the genus Phthiracarus or even the Phthiracaroidea. Within the
endosternal division of the prosoma the ade is the only muscle showing a noticeable difference
between species: that of P. longulus consists of 2 muscle fibers while that of P. globosus
consists of 5—6 muscle fibers (Fig. 5a). It originates at the endosternum and inserts on the
manubrial sclerite in both species. The ipr originates dorsolaterally on the notogaster and
inserts on the inferior retractor process and the intercalary wall induration of the prodorsum
of both species, but the ipr of P. globosus (Fig. 6a) consists of almost twice the amount of
muscle fibers seen in P. longulus (35-40 and 20-25 muscle fibers, respectively). The same
is true for the spr: it consists of 4 muscle bands with 2 muscle fibers each in P. globosus
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Fig. 1
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Phthiracarus globosus. Scanning electron micrographs. a: Lateroventral overview of half
encapsulated specimen (the withdrawn position of the ventral plates and the curled
ends of notogastral setac are considered fixation artefacts; scale bar: 100 pm).
b: Detail of the bothridial scale, the sensillus and the lateral anterior tectum (scale bar:
25 um). e: Detail of the simple U-shaped ventral margin of the notogaster (scale bar: 100 pm).
d: Detail of the articulation of the ventral plates and notogaster, the phragmatal bridge and
ventral tooth (scale bar: 100 um). e: Detail of the anterior anal lock (scale bar: 50 pm).
Asterisk indicates the anterior lock of the anal plates, plus-symbol indicates the U-shaped
plain lateral margin of the notogaster with a medial ridge-like indentation, arrowhead
indicates the prodorsal ledge. (For abbreviations see in legend of Fig. 2).
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(Fig. 6d) in comparison to 2—4 muscle fibers in P. longulus, even though both species are
similar in size (495 pum and 540 pm, respectively). In both species, the spr originates dorsally
on the notogaster and inserts on the basis of the manubrial sclerite. The nlc of P. globosus
consists of 15—18 muscle bands with 1 or 2 muscle fibers each (Fig. 7a), whereas that of
P. longulus consists of 3 muscle bands with 2 muscle fibers each and an additional portion
of at least 5 muscle fibers. The nlc originates laterally on the notogaster and its insertion is
restricted to the last third of the anogenital membrane (Fig. 7a). This corrects our previous
statement about this muscle; portions ‘nlc [c]’ and ‘nlc [d]” of Schmelzle et al. (2010) are in
fact the retractors of the genital papillae (gpr), as already suspected by the authors. The vpa of
P. globosus (Fig. 7b, c) has nearly twice the number of muscle fibers than that of P. longulus
(10 muscle bands with 2-3 muscle fibers each and at least 12 muscle fibers, respectively;
Fig. 7b, c¢), but in both species it originates on the preanal apodeme and inserts on the genital
valve. The poam (originating terminally on the posterior end of the notogaster and inserting
on the postanal apodeme) consists of 4—6 muscle bands with about 3—4 muscle fibers in
P. globosus (Fig. 7d), compared to probably 4 muscle bands with a total of 10—-15 muscle
fibers in P. longulus (in contrast to Schmelzle et al. 2010), but the borders between the muscle
bands seem to be less clear than in P. globosus.

Fig. 2 Phthiracarus globosus, nearly encapsulated animal, lateral view. a: Overview of the
animal (rendition of synchrotron X-ray microtomography data). b: Overview of a
virtual sagittal section of a volume rendering of synchrotron X-ray microtomography
data. Symbols: arrowhead indicates the U-shaped plain lateral margin of the notogaster.

Abbreviations: -1V - walking legs 1-4, av - anal valve, bs - bothridial scale, car - carina,
Ch - chelicera, csp - coxisternal protractor, csr - coxisternal retractor, d - ventral tooth of
lateral anterior tectum, endo - endosternum, fb - food bolus, gp - genital papilla, gv - genital
valve, ima - inferior membrane adjustor, irp - inferior retractor process, m - mentum of
subcapitulum, mem - anogenital membrane, ms - manubrial sclerite, NG - notogaster,
pbr - phragmatal bridge, pde - posterior dorsal endosternal muscle, ph - pharynx,
PR - prodorsum, pra - preanal apodeme, poa - postanal apodeme, rl - rostral limb,
RU - rutellum, sma - superior membrane adjustor, sa - sagittal apodeme, ser - subcapitulum
endosternal retractor, sg - sensillus groove, sr - scale receptacle, ss - sensillus,
ter - taenidiophore endosternal retractor, TLA - lateral anterior tectum, tn - tectonotal notch,
tph - taenidiphore, TPN - pronotal tectum.
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volume rendering (e, f) of synchrotron X-ray microtomography data; c—f showing a
dorsal view. a: Lateroventral view of the prodorsum. b: Ventral view of the prodorsum.
c: Virtual frontal section in the region of the bothridial scale and its scale receptacle.
d: Lateral view of virtual sagittal section showing the tectonotal notch with its scale
receptacle and the sensillus groove. e: Virtual frontal section in the region of the manubrial
sclerite. f: Virtual frontal section in the region of the opening of the bothridium.
Asterisk in A and F indicates the location of the bothridium. (For abbreviations see in
legend of Fig. 2)
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Fig.
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Phthiracarus globosus, nearly encapsulated animal. Endosternal division of the prosoma.
Volume renderings of synchrotron X-ray microtomography data. a: Dorsal view of
virtual frontal section showing the anterior dorsal endosternal muscle (ade). b: Dorsal view
of virtual frontal section showing the posterior dorsal endosternal muscle (pde). ¢: Virtual
cross section showing the subcapitulum endosternal retractors (ser), posterior view.
d: Virtual cross section showing the taenidiophore endosternal retractors (ter) , posterior view.

Phthiracarus globosus, nearly encapsulated animal. Dorsoventral muscles of the prosoma.
Volume renderings of synchrotron X-ray microtomography data. a: Virtual sagittal section
showing the coxisternal retractor (csr) and the prodorsal dorsoventral muscles 1-3 (pdv1-3)
from lateral. b: Virtual cross section showing the coxisternal protractor (csp), posterior
view. ¢: Virtual cross section showing the inferior (ima) and superior (sma) membrane
adjustor, posterior view. (For all abbreviations see in legend of Fig. 2)
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Fig. 6

Phthiracarus globosus, nearly encapsulated animal. Longitudinal division of the prosoma.
Volume renderings of synchrotron X-ray microtomography data. a: Virtual sagittal section
showing the inferior prodorsal retractors (ipr), lateral view. b: Anterior view of virtual cross
section showing the prodorsum lateral adjustors (pla). ¢: Anterior view of virtual cross
section showing the subcapitular retractor (scr). d: Virtual sagittal section showing the
superior prodorsal retractors (spr), lateral view.

Abbr.: av - anal valve, both - bothridium, cal - lemniscus of the capitular apodeme,
Ch - chelicera, gv - genital valve, ipr - inferior prodorsal retractor, irp - inferior retractor
process, mem - anogenital membrane, ms - manubrial sclerite, NG - notogaster, pla - prodorsum
lateral adjustor, PR - prodorsum, spr - superior prodorsal retractor, ss - sensillus.
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Fig. 7 Phthiracarus globosus, nearly encapsulated animal. Opisthosomal compressor system.
Volume renderings of segmented synchrotron X-ray microtomography data. a: Anterior
view on virtual cross section showing the notogaster lateral compressor (nlc).
b: Combination of virtual cross and frontal section, anterodorsal view showing the ventral
plate adductors (vpa). ¢: Virtual cross section showing the ventral plate adductors (vpa)
and ventral plate compressors (vpc), viewing from anterior. d: Anterior view of virtual
cross section showing the postanal muscle (poam).

Abbr.: av - anal valve, gv - genital valve, mem - anogenital membrane, NG - notogaster,
nlc - notogaster lateral compressor, poa - postanal apodeme, poam - postanal muscle,
pra - preanal apodeme, vpa - ventral plate adductor, vpc - ventral plate compressor.
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4. Conclusions

Even though Phthiracarus longulus and P. globosus show a strong similarity, they clearly
differ in some exoskeletal and muscular characters. The csp is present in P. longulus and
P. globosus but so far in no euphthiracaroid mite. Further investigations of other genera
(e.g. Steganacarus) and outgroups are necessary to possibly confirm the csp as a group
synapomorphy of Phthiracaroidea. The number of bands/fibers observed for several muscles
in P. globosus does not correlate with the size of the two species. In fact, the smaller P.
globosus features double to triple the number of bands/fibers as were seen in P. longulus (ade,
ipr, hva and nlc). We see no obvious reason for the difference, but suspect that the muscle
volume might be more or less equal in the two species and just be distributed differently.

Most of the characters found in both species show a strong similarity and differences can
only be found in the quality or quantity of certain, homologous characters (e.g. the depth of
the sensillus groove and the number of muscle fibres of the ipr, respectively). By contrast,
differences between the Phthiracaroidea and the Euphthircaroidea are at a larger scale, i. e, the
presence or absence of complete features (e.g. the manubrium, the organisation of the ventral
plates and the csp). Thus, informative signals of large phylogenetic scale can be found mainly
in the presence or absence of characters, while those of small scale are found mostly in the
quality or quantity of certain homologous features.
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ABSTRACT

The most complex mechanical defense of oribatid mites is ptychoidy, in which the animals can retract
their legs and gnathosoma into the idiosoma and encapsulate by deflecting the prodorsum. Since Acari
lack most antagonistic musculature, extension of appendages is facilitated through hemolymph pres-
sure that in mites mostly is generated by dorso-ventral compression of the opisthosoma. The hardened
notogaster of box mites requires a different system of pressure generation that is also able to accommo-
date huge hemolymph movement accompanying ptychoidy. We compared the functional morphology
of ptychoidy in one model species from each of the two ptyctime superfamilies, Euphthiracaroidea and
Phthiracaroidea, using synchrotron X-ray microtomography and high-speed videography. We show that
the two groups evolved very different functional modes of hydrostatic pressure control. While euph-
thiracaroids employ a lateral compression of the notogaster using all muscles of the opisthosomal
compressor system, phthiracaroids employ a dorsoventral compression generated by only the notogaster
lateral compressor and additionally the postanal muscle; these retract the temporarily unified ventral
plates into the idiosoma, revealing the poam as an integral part of the opisthosomal compressor system in
this group. The primitive mode of operation for generating hemolymph pressure in the Ptyctima probably
was lateral compression, as molecular studies indicate that Phthiracaroidea evolved within Euphthirac-
aroidea. In this hypothesis, dorsoventral compression evolved secondarily in phthiracaroid mites, but
whether the immediate ancestors of Ptyctima used lateral or dorsoventral compression remains to be

determined.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction
1.1. General

Oribatid mites are a speciose (9000 described species; Schatz,
2002) and old group of Devonian, Silurian or even Precambrian
origin (Schaefer et al., 2010, and references therein). Reaching
high densities of up to 400,000 individuals/m?2, they represent an
important part of soil decomposer systems, and should also be a
significant resource for soil predators (Heethoff et al., 2009). Their
feeding mode (particle feeding; Norton, 2007; Heethoff and Norton,
2009a,b) and use of relatively low quality food are unusual for che-
licerates and have been considered constraints that resulted - for
most species — in comparatively slow movement, low reproductive

* Corresponding authors. Phone: +49 61511675415; fax: +49 61511675412.
E-mail addresses: sebastianschmelzle@gmail.com,
schmelzle@bio.tu-darmstadt.de (S. Schmelzle), michael@heethoff.de (M. Heethoff).

http://dx.doi.org/10.1016/j.jcz.2014.09.002
0044-5231/© 2014 Elsevier GmbH. All rights reserved.

potential and prolonged generation time (Norton, 1994; Sanders
and Norton, 2004; Heethoff et al., 2007).

To achieve the long adult life necessary for reproduction,
oribatid mites evolved various defensive strategies including
mechanical, chemical and behavioral mechanisms. Chemical
defense is based on the secretion of allomones from a pair of
opisthonotal exocrine glands, and can be effective even against
larger predators like rove beetles (Heethoff et al., 2011; Heethoff
and Raspotnig, 2012; Heethoff, 2012). Mechanical defensive mech-
anisms include elongated setae that in some cases can also be
erected (Norton, 2001), and cuticular hardening by sclerotization
or additionally biomineralization using calcium carbonate, cal-
cium oxalate or calcium phosphate (Norton and Behan-Pelletier,
1991a,b; Alberti et al., 2001). Behavioral defenses often go along
with either chemical and/or mechanical mechanisms, e.g. flight
behavior upon perception of alarm-pheromones, thanatosis (‘play-
ing dead’) in combination with a turtle like “retraction” of the
legs within protective cavities or under overhanging tecta (Schmid,
1988; Norton, 2001, 2007) or the ability to jump (Krisper, 1990;
Wauthy et al., 1998).
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Table 1
Glossary of terms.
Term Definition
Ptychoidy The mechanism/body form/ability to encapsulate

Ptychosis The process of changing between states/the process
‘enabled’ by the ptychoid body form

The process of encapsulation

The process of extension/re-opening

The state of being extended/open. ‘Active’ mode of
operation, i.e. walking, feeding, etc.

The state of being encapsulated/closed. ‘Inactive’ mode of
operation

Enptychosis
Ecptychosis
Extended

Encapsulated

The most complex mechanical defensive mechanism is pty-
choidy (Sanders and Norton, 2004), in which the animals can
effectively deflate the rather soft podosoma, retract their legs and
gnathosoma into the idiosoma and encapsulate themselves (Fig. 1).
This seems always to be combined with biomineralization (Pachl
etal., 2012) and can in some species also be combined with chemi-
cal defense by secretion of repellents (e.g. chrysomelidial as shown
for the euphthiracaroid mite genus Oribotritia; Raspotnig et al.,
2008; Raspotnig, 2010) and rarely - as a mechanical and behavioral
addition - also an escape-jump (Wauthy et al., 1998).

Ptychoidy probably evolved three times independently: one
time each in the Ptyctima, the Mesoplophoridae and the Proto-
plophoridae (Grandjean, 1932, 1969; Norton, 1984, 2001; Sanders
and Norton, 2004; Pachl et al.,, 2012). The Ptyctima consist of
the two ptychoid superfamilies Euphthiracaroidea (comprising the
families Euphthiracaridae, Oribotritiidae and Synichotritiidae) and
Phthiracaroidea (comprising only one family, the Phthiracaridae)
(Fig. 2). Ptychoidy is enabled through a system of exoskeletal and
muscular elements and has four different systems of muscles that
are actively involved in enptychosis, the process of encapsulation
(Sanders and Norton, 2004; cf. Table 1). It seems to be highly effec-
tive: rove beetles of the genus Stenus are not able to crack the
cuticle of Euphthiracarus cribrarius (Berlese, 1904) (own unpub-
lished observations). Interestingly, ptychoidy is ineffective against

Euconnus pubicollis (Miiller and Kunze, 1822), a rove beetle of the
sub-family Scydmaeninae, who given a choice of heavily protected
oribatid mites prefers species of the family Phthiracaridae to others
(Jatoszyniski and Olszanowski, 2013).

So far the morphology associated with ptychoidy has been well
studied within Euphthiracaroidea and Phthiracaroidea (Sanders
and Norton, 2004; Schmelzle et al., 2008, 2009, 2010, 2012), but
the mechanics behind it have been studied only by Sanders and
Norton (2004) for Euphthiracarus cooki (Norton, Sanders and Minor,
2003). Like Acari in general, both groups lack most antagonis-
tic musculature (except e.g. in the claws and chelicerae; Heethoff
and Koerner, 2007; Heethoff and Norton, 2009b), such that move-
ments of appendages, e.g. the straightening of a flexed leg segment,
require a hydraulic system. This system becomes especially impor-
tant in ptychoidy, as ecptychosis is also achieved through hydraulic
pressure. This process of reopening requires forced displacement
of the relatively large volumes of fluid needed to re-inflate the
podosoma and protrude the legs and gnathosoma. In species of
Euphthiracaroidea, this hydraulic action seems to be facilitated
by only one active system, the so-called opisthosomal compres-
sor system (OCS; Sanders and Norton, 2004; Fig. 3). This muscle
system exists in species of the other superfamily, Phthiracaroidea,
as well (Schmelzle et al., 2010, 2012), but the morphology of the
ventral plates (cf. Schmelzle et al., 2008, 2010) and at least one of
the muscles of the OCS suggest a different mode of operation that
also involves the postanal muscle (poam), so far not included in
the OCS.

Another morphological peculiarity is the coxisternal protractor
(csp) so far found only within the genus Phthiracarus (Schmelzle
etal., 2010, 2012) but none of the euphthiracaroid species. Its posi-
tion indicates a direct involvement and a unique mode of operation
in ptychoidy.

To investigate and compare these subjects in both ptyctime
superfamilies, we used synchrotron X-ray microtomography and
high-speed videography. Before proceeding and going into detail,
it is necessary to summarize and compare some morphological
details of the two superfamilies.

Fig. 1. Scanning electron micrographs of (A) phthiracaroid species Phthiracarus longulus in encapsulated state and (B) euphthiracaroid species Acrotritia ardua in partially
encapsulated state, ventral view. Lateral view of phthiracaroid species (C) Hoplophthiracarus sp. (light microscopic image) and (D) Phthiracarus sp. (scanning electron
micrograph). (C-D) In the extended state the soft podosomal membrane (highlighted) connecting the notogaster, coxisternum, gnathosoma and prodorsum is visible. av, anal
valves; gv, genital valves; HV, holoventral plates; NG, notogaster; PL, plicature plates; podo, podosomal membrane; PR, Prodorsum. Source of (D): Marilyn Clayton, Natural

Resources Canada, Canadian Forest Service, 2013.
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Parhyposomata 2
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Fig. 2. Phylogeny of selected groups of Oribatida (modified after Heethoff et al., 2009) showing the position of the Ptyctima and indicating the position of species/groups
discussed in Section 4.6. Top images show voxel renderings of encapsulated Phthiracarus longulus (left) and partially encapsulated Acrotritia ardua (right) as overview (left)
and sagittal section (right), respectively. ! Archegozetes longisetosus, Hermannia gibba, Nothrus palustris; 2 Parhypochthonius sp.; 3 Brachypylina; 4 Collohmanniidae; av, anal
venter; Ch, chelicera; fb, food bolus; gv, genital venter; hv, holoventral plates; NG, notogaster; PL, plicature plates; PR, prodorsum. Asterisk indicates the position of the

walking legs [-1V within the idiosoma.

1.2. Morphological background (based on the findings of Sanders
and Norton, 2004; Schmelzle et al., 2008, 2009, 2010, 2012)

So far, the morphology of ptychoidy has been studied in three
of the four families of Ptyctima, but only for a few species.
These include Phthiracaridae (Schmelzle et al., 2010, 2012 for
Phthiracarus longulus (Koch, 1841) and Phthiracarus globosus (Koch,
1841), respectively), Euphthiracaridae (Sanders and Norton, 2004
for E. cooki; Schmelzle et al., 2008, 2009 for Acrotritia (Rhysotritia)
ardua (Koch, 1841)) and Oribotritiidae (Schmelzle et al., 2008, 2009
for Oribotritia banksi (Oudemans, 1916)). Only Synichotritiidae
remains unexamined. The terms phthiracaroid and euphthirac-
aroid species/mites will be used below when referring to traits that
are found in the respective studied species, but it is perhaps too
early to be generalizing about superfamily traits.

The phthiracaroid and euphthiracaroid species clearly differ in
some externally visual key features (Fig. 1). The ventral plates of, for
example, P. longulus consist of two pairs of valves arranged in tan-
dem; the posterior valves comprise fused anal and adanal plates
(anal venter, av), while the anterior valves comprise fused geni-
tal and agenital plates (genital venter, gv). The plates are laterally
and posteriorly embedded in the soft anogenital membrane that

connects them to the notogaster, and anteriorly they connect to
the coxisternum via the soft podosomal membrane. In the encap-
sulated state the ventral plates tightly align with the notogaster and
create a smooth connection. At the same time the soft anogenital
membrane is hidden inside the encapsulated animal and therefore
not accessible to predators.

The essential plates comprising the anal and genital venter
are the same in Euphthiracaroidea, but they are elongated and
variously fused according to family and genus. In most Euph-
thiracaridae (e.g. A. ardua) they are fused to form a single pair of
valves, the so-called holoventral plates (HV; Fig. 1). In contrast to
the valves of Phthiracaridae, they are not embedded in voluminous
soft membrane but are tightly articulated and rather framed by
the so-called plicature plates, probably formed by sclerotization or
mineralization of the formerly surrounding soft membrane. The pli-
cature plates in turn articulate with the notogaster. In cross section
the ventral (holoventral plates in Euphthiracaridae) and plicature
plates combined have an M-like shape (Fig. 3F).

According to Sanders and Norton (2004) based on their study
of E. cooki the OCS in Euphthiracaridae consists of three paired
groups of muscles, also present in phthiracaroid species. The (i)
notogaster lateral compressor (nlc) spans the complete length of
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Fig. 3. Virtual sections of 3D-models of reconstructed Synchrotron X-ray microtomography data for the phthiracaroid species Phthiracarus longulus (A-C) and the euphthirac-
aroid species Acrotritia ardua (D-F) showing the muscles of the Opisthosomal Compressor System (OCS; in green). (A), (D) Horizontal sections, dorsal view. (B), (E) Sagittal
sections, lateral view of the posterior body region (anterior to top). (C), (F) Cross sections, anterior view of the posterior body region (dorsal to top). In blue: notogaster; in
red: ventral plates (P. longulus: anal and genital valves; A. ardua: holoventral plates); in gray: anogenital membrane. av; anal valves; gv, genital valves; HV, holoventral plates;
mem, anogenital membrane; NG, notogaster; nlc, notogaster lateral compressor; poa, postanal apodeme; poam, postanal muscle; PL, plicature plates; PR, prodorsum; pra,
preanal apodeme; vpa, ventral plate adductor; vpc, ventral plate compressor. The asterisk indicates the tectum surrounding the notogastral gap acting as a hard limit for the
depression of the ventral plates. To activate interactive 3D content embedded in this article, please click on the figure. Further options, e.g. different views, are available in
the viewer. Interactive 3D content of Acrotritia ardua shows exoskeletal elements and the muscles of the opisthosomal compressor system (OCS); interactive 3D content of
Phthiracarus longulus shows exoskeletal elements, the muscles of the opisthosomal compressor system (OCS), and the coxisternal protractor (csp). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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the ventral plates, originating laterally on the notogaster and insert-
ing along the junction of plicature and holoventral plates. The (ii)
ventral plate compressor (vpc; called holoventral compressor (hvc)
in Sanders and Norton, 2004) and (iii) ventral plate adductor (vpa;
called holoventral adductor (hva) in Sanders and Norton, 2004)
both originate on the preanal apodeme (located at the connection
point of anal and genital venter; pra; Fig. 3A and D) and respectively
insert on the lateral edge of the holoventral plates and the geni-
tal region of the holoventral plates (Fig. 3D-F; cf. Schmelzle et al.,
2009). The postanal muscle (poam) is also associated with the ven-
tral plates. It originates at the posterior end of the notogaster and
inserts on the postanal apodeme (located at the posterior end of
the ventral plates; poa; Fig. 3).

In phthiracaroid species the nicis restricted to the posterior third
and originates ventrolaterally on the notogaster, but in contrast
to euphthiracaroid species it inserts on the anogenital membrane
(Fig. 3A-C). The origin and insertion of the poam, vpa and vpc are
the same in both groups.

The coxisternal protractor (csp) is so far found in only
phthiracarid species and is present in each one examined (P. longu-
lus and P. globosus). It originates laterally on the notogaster and
inserts on the sejugal apodeme of the coxisternum (Fig. 4, encap-
sulated series).

2. Material and methods
2.1. Specimens

Phthiracarus longulus (Koch) (cf. Schmelzle et al., 2010) was cho-
sen to represent Phthiracaridae, which in its broad sense is the
only family in Phthiracaroidea. Acrotritia ardua (Koch) (=Rhysotritia
ardua (Koch)) (c¢f. Schmelzle et al., 2008, 2009) represents Euph-
thiracaridae, one of three families comprising the superfamily
Euphthiracaroidea. Both are common and abundant in temper-
ate forest litter: P. longulus is a Holarctic species and A. ardua
is distributed nearly worldwide. Adults for our studies (P. longu-
lus: length about 540 wm; A. ardua: length about 900 wm) were
collected from accumulated decaying needles and cone scales of
introduced Norway spruce (Picea abies) in LaFayette, Onondaga Co.,
NY, USA.

2.2. Sample preparation

Specimens for morphological analysis were killed and fixed in
1% glutaraldehyde for 60 h and stored in 70% ethanol. For the final
preparation, specimens were dehydrated in an increasing ethanol
series with steps of 70, 80, 90, 95 and 100%, with three changes at
each step and 10 min at each change. After storage in fresh 100%
ethanol they were critical point dried in CO, (CPD 020, Balzers).

2.3. Scanning electron microscopy

Critical point dried specimens were glued directly onto a stub
and then sputter-coated with a 20 nm thick layer of gold-palladium.
Micrographs were taken on a Cambridge Stereoscan 250 Mk? scan-
ning electron microscope at 20 keV.

2.4. Synchrotron X-ray microtomography

Critical point dried animals were fixed by the notogaster to the
tip of a plastic pin (1.2 cm long; 3.0 mm diameter) using instant
adhesive. For each specimen, 1500 radiographs were recorded at
the European Synchrotron Radiation Facility (ESRF) in Grenoble
using beamline ID19 with beam energy of 20.5keV and using a
sample-detector distance of 20 mm. A cooled 14-bit CCD-camera
with a resolution of 2048 x 2048 pixel and an effective pixel size

of 0.7 wm per pixel was used (a detailed description of the method
is given in Betz et al., 2007; Heethoff and Cloetens, 2008; Heethoff
et al., 2008). The data were visualized with the program VGStudio
MAX 1.2.1 (Volume Graphics, Heidelberg, Germany) and three-
dimensional modeling of muscles and cuticular elements was
conducted with amira™ 4.0.1 (Mercury Computer Systems Inc.,
Chelmsford, MA, USA). Muscle fibers were counted using the orig-
inal tomographic data or, if that was not possible, by the number
of split ends in the resulting 3D model. Different portions of mus-
cles are called muscle bands and subdivisions of muscle bands are
called muscle fibers (Sanders and Norton, 2004). Original data of A.
ardua and P. longulus is deposited in Morph-D-Base (S_Schmelzle_
20140917-M-3.1 and S_Schmelzle_20140917-M-4.1, respectively).

2.5. High-speed videography

Mites were attached to a flattened tip of an insect pin
using instant adhesive or water. Artificial stimuli, such as wind
or touching with a fine insect needle to setae, were applied
to provoke encapsulation of the mites. High-speed recordings
were performed with a Photron Fastcam SA3 at different frame
rates and analyzed using tpsDig® 2.16 (by F. James Rholf 2010,
http://life.bio.sunysb.edu/morph/soft-dataacq.html).

2.6. Functional analyses

Encapsulated and extended conditions were simulated in silico
for both ptychoid species (based on one SR-WCT dataset of one
specimen each) in amira™ through rotation and translation of the
prosomal and ventral plate surface (only for phthiracaroid species)
based on the high-speed footage. The coordinates (x, y, z) of mus-
cle origin and insertion of the poam were measured once in both
situations. The length and spatial organization were calculated in
a Cartesian coordinate system, where the X-axis corresponded to
the medial - lateral axis, the Y-axis corresponded to the anterior
- posterior axis and the Z-axis corresponded to the ventral-dorsal
axis. Based on in silico simulations the ‘real’ operating angle was
measured one time and the maximum theoretical operating angle
of the ventral plates during enptychosis was measured four times
(to minimize measuring errors due to the use of the approximate
center of the broad origin of the poam as measuring point; cf. Fig. 5).
Also, at the same time the calculations of the poam were verified.

The volume was calculated for both species by using the approx-
imate formula of an ellipsoid, having measured (a) the length, (b)
the width and (c) the height. The volume change by lateral com-
pression of the notogaster in A. ardua was calculated by changing
the values of the half axes of the ellipsoid. The retraction of the ven-
tral plates inside the notogaster of P. longulus was determined by (a)
the calculation of a three sided pyramid and (b) the area of an image
of the ventral plates (in square pixels; measured with Image] 1.46).
The volume for both was calculated by using the generalized pyra-
mid formula, where h is the measured dorsal displacement of the
ventral plates. Based on the measurement of the maximum the-
oretical operating angle we also calculated the maximum dorsal
displacement of the ventral plates and the resulting volume change.

Additionally we made a ‘whole body’ 3D model of P. longulus
by segmenting the complete, encapsulated animal as one mate-
rial (cuticle, organs, etc. combined) in contrast to segmenting the
cuticular elements (notogaster) only (filling the space where the
ventral plates would be in natural state as well) and then measuring
the volume of the resulting 3D model with amira™ 4.0.1 (Mer-
cury Computer Systems Inc., Chelmsford, MA, USA). To account for
the volume loss caused by the dorsal displacement of the ventral
plates, we afterwards segmented the “empty” space left behind (the
space between the ventral plates in the virtual natural state and the
virtual retracted state). Additionally, we segmented one of two fecal
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Fig. 4. lllustration showing the state (position and orientation) of the coxisternal protractor (csp) in the three major axes, in both encapsulated and extended states in a
3D model of the phthiracaroid species Phthiracarus longulus. The notogaster is shown transparent. The position of ventral plates (encapsulated series) and the position of
prodorsum, legs and ventral plates (extended series) are simulated in silico to show the presumed ‘natural state’. For better visibility of the csp the prodorsum and ventral
plates are not shown in the YZ and XY orientation. Encapsulated series: the csp is shown in the state it was segmented, originating laterally on the notogaster and inserting
on the sejugal apodeme of the coxisternum. Extended series: The origin (white circle) of the csp and its positions in encapsulated (red arrow) and simulated extended state
(blue arrow) are shown to illustrate a change of orientation and thus a change in function during ptychosis. The shape of the arrow indicates the point of insertion lying
below (small arrowhead) or above (large arrowhead) the plane comprising the origin of the csp. av, anal venter; csp, coxisternal protractor; gv, genital venter; legs, walking
legs I-1V; NG, notogaster; PR, prodorsum; VP, ventral plates; XZ, lateral view; YZ, dorsal view; XY, frontal view. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

pellets, one of the five present eggs and the food bolus found in the
ventriculus.

2.7. Terminology

Throughout the manuscript, we apply the terminology sug-
gested in Schmelzle et al. (2009) to the muscles of the opisthosomal
compressor system. The issue of functional muscle terminology is
addressed in detail in the discussion.

3. Results
3.1. Pressure build-up

High-speed recordings of ptychosis in A. ardua showed a
change in the overall width of the notogaster as well as the

width of the space between the notogastral edges, i.e. of the gap
holding the ventral plates (Fig. 6; cf. Supplementary material,
Acrotritia.ardua.enptychosis.mp4). During ecptychosis the noto-
gaster shows a lateral compression as well as a narrowing of
the notogastral gap and during enptychosis there is decompres-
sion and a widening of the notogastral gap (Fig. 6). High-speed
recordings of ptychosis in several mites of the genus Phthiracarus
showed no sign of a deformation of the notogaster during
enptychosis or ecptychosis (Fig. 7; cf. Supplementary material,
Phthiracarus.sp.ecptychosis.mp4). However, their ventral plates
- functionally united into one ventral plate by virtue of complex
junctures (as described in detail by Wauthy, 1984) — are retracted
into the idiosoma at their posterior point during ecptychosis and
are protruded up to the point of maximum alignment with the
protecting tectum surrounding the notogastral gap (Fig. 3B) during
enptychosis; this creates a temporarily unified opisthosoma that
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poam

origin

Fig. 5. Schematic illustration of operating angle « (as found in the fixed specimen) and the maximum operating angle omax of the phthiracaroid species Phthiracarus longulus
(lateral view of opisthosoma, anterior to right). The operating angle « is enclosed by the baseline (the virtual line connecting the fulcrum ® and the origin of the postanal
muscle (poam) on the postanal apodeme) positioned as it would be in the encapsulated state (solid black line) and the baseline as found in the fixed animal (dashed black
line), where the ventral plates are to a certain degree retracted into the idiosoma. The solid and dashed gray lines indicate the positioning of the poam in these two states,
respectively, originating on the terminal end of the notogaster (poam,ig, ) and inserting on the preanal apodeme (* and ™, respectively). For the calculation of the angles the
circular origin of the poam has been reduced to its midpoint. The maximum operating angle omax is enclosed by the baseline positioned as it would be in the encapsulated
state (solid black line) and the maximum virtual baseline (dotted black line) constituting a straight line with the poam (dotted gray line; inserting on the preanal apodeme
at *max) Because of its direction the poam has at that point no more influence on the retraction of the ventral plates into the idiosoma. *: point of insertion of the poam
on the ventral plates in encapsulated state; *: point of insertion of the poam on the ventral plates as found in the fixed animal; *™3: point of insertion of the poam on the
ventral plates in the state of maximum retraction of the ventral plates into the idiosoma. mem: anogenital membrane; NG: notogaster; poa: postanal apodeme (dark gray);

POamyyigin : origin of the postanal muscle on the notogaster (medium gray); vp: ventral plates (light gray).

constitutes a hard-limit for fluids (the maximal opisthosomal
volume). At the same time the anterior part of the ventral plates
keeps its position, acting as a fulcrum for this rocking motion.

Motions observable in the high-speed recordings during the
chronological concurrence of ecptychosis and enptychosis suggest
that hemolymph pressure is increased/decreased by opisthosomal
compression in the form of lateral compression/depression of the
notogaster in A. ardua and the retraction/protraction of the ventral
plates into and out of the space defined by the notogaster (opistho-
soma) in P. longulus.

Hence, a simultaneous contraction of all the muscles of the OCS
in A. ardua leads to a transmission of the force via the preanal
apodeme (acting as a kingpost) onto the notogaster, leading to a
tighter folding of the M-shaped ventral cross-section, a narrowing
of the notogastral gap and hence a lateral compression of the noto-
gaster (Fig. 8). Compression of the poam at the same time appears
not to contribute directly to pressure generation; at most it stabi-
lizes the ventral plates, since at its point of insertion the ventral
plates are more or less firmly connected to the notogaster via the
plicature plates.

In P. longulus on the other hand, the simultaneous contraction
of the nic and the poam applies their force to the anogenital mem-
brane, which then transmits it to the united ventral plates. This
causes the plates to retract into the idiosoma at their posterior end
(Figs. 7 and 9), depicting a circular path around a fulcrum at the
anterior connection of the ventral plates and notogaster (dashed
circle; Fig. 10A). At that time the contraction of the vpc and vpa

probably ensures that the genital valves remain closed; clearly the
two muscles are not related to the retraction of the ventral plates
and therefore do not contribute directly to the build-up of pressure.

So, the pressure build-up in euphthiracaroid species is facili-
tated by contraction of three muscles of the OCS (nlc, vpa and vpc)
leading to a lateral compression of the notogaster. By contrast, in
phthiracaroid species it is facilitated through the contraction of one
muscle of the OCS (the notogaster lateral compressor nlc; Fig. 9) and
additionally the poam leading to a retraction of the ventral plates
inside the opisthosoma around a fulcrum at the anterior connection
of the ventral plates and notogaster (Figs. Fig. 3 and 10B).

3.2. Functional analyses of the postanal muscle (poam; cf.
Table 2)

Since the poam is important for building the pressure in
phthiracaroid mites, we simulated its dynamic during ptychosis.
The mean length of the muscle in P. longulus changes from 104 wm
in the encapsulated state (ventral plates maximally protruded and

Table 2

Parameters of the postanal muscle (poam) in two species of ptychoid oribatid mites.
The brackets indicate the relative change from encapsulated to extended state and
vice versa.

State Phthiracarus longulus Acrotritia ardua
Encapsulated Length (um) 104(100%)(173%) 65(100%)
Extended Length (um) 60(58%)(100%) 65(100%)
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100 %

Fig. 6. Acrotritia ardua (Euphthiracaridae), ventrolateral view, anterior to bottom. All images show the orientation as recorded. (A), (B) Freeze frames of high-speed
recording (recorded for about 4s at 250 frames per second) of the beginning (A) and the end (B) of encapsulation (enptychosis) (cf. Supplementary material, Acrotri-
tia.ardua.enptychosis.mp4). (C), (D) Schematic illustration of (A) and (B) showing the lateral compression with relative width of the ventral plate gap (AHV) and lateral width

of the animal (A NG). HV, holoventral plates; NG, notogaster; PR, prodorsum.

aligned with the notogaster) to 60 wm in the extended state (ventral
plates retracted inside the opisthosoma). This corresponds approx-
imately to a contraction of 40%. Since euphthiracaroid mites do
not retract their ventral plates into the idiosoma, the length of
the poam in extended and encapsulated conditions remains mostly
unchanged (65 p.m).

3.3. Volume change (cf. Table 3)

During enptychosis not only the change of the state of
the exoskeletal elements, but presumably also the compression

(e.g. the caeca and the ventriculus) and re-stowage of the
organs creates additional space for the legs and the gnathosoma
inside the notogaster. Therefore we presume the encapsu-
lated animal to be in a state of ‘maximum compression’.
Theoretical volume changes were calculated based on the
assumption that the encapsulated animal thus is an enclosed
system and that the change of the state of the exoskele-
tal elements alone is responsible for the volume changes and
therefore also the pressure changes within the ptychoid ani-
mals (Figs. 6 and 10; see also Supplemental material, Fig.
11).
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Fig. 7. Phthiracarus sp. (Phthiracaridae), ventrolateral view, anterior to right. All images show the orientation as recorded. (A), (B) Freeze frames of high-speed recording of
the beginning (A) and end (B) of the reopening of the animal (ecptychosis) (cf. Supplementary material, Phthiracarus.sp.ecptychosis.mp4). (C), (D) In silico simulation of 3D
models of both stages based on high-speed recording (recorded for about 0.75 s at 250 frames per second). (E), (F) Schematic illustration of the retraction of the ventral plate
and the opening of the prodorsum. Solid arrow indicates the ventral plate retraction and dashed arrows the resulting opening of the prodorsum. av, anal valves; gv, genital

valves; NG, notogaster; PR, Prodorsum.

The measured operating angle after the intake of the ventral
plates is 10.6° in P. longulus, which corresponds to a retraction of
the posterior end of the ventral plates into the idiosoma (Fig. 5) of
about 57 pm. The mean volume of the encapsulated animal changes
to 98.6% of the original volume. The volume measured in the ‘whole
body’ 3D model of P. longulus changes to 96.8% of the original vol-
ume due to the retraction of the ventral plates inside the notogaster
of about 57 wm. The mean maximum theoretical operating angle of
15.3° (n=4; 0=0.29) in P. longulus leads to the intake of the ventral
plates of 81 wm, thus leading to a theoretical maximum volume
change of 2.0% (based on the calculated model) and 4.6% (based
on the ‘whole body’ model) instead of 1.4%. In A. ardua the lat-
eral compression of the notogaster reduces the volume to 97.7% of
the original (uncompressed) volume. In euphthiracaroid mites, the
posterior-most point of the ventral plates is connected to the noto-
gaster by a narrow, hardened conjunction, rather than a broad, soft

(membranous) only there is no intake of the plates and no operating
angle could be determined.

The 3D model of one egg of P. longulus has a volume of about
3% of the body volume of an adult female, a fecal pellet about
0.7% and a food bolus about 1.8%. Considering that the studied
animal carried five eggs, two fecal pellets and one food bolus,
the total volume of the ‘disposables’ was about 18% of the body
volume.

3.4. The role of the coxisternal protractor (csp) during ptychosis
in Phthiracaridae

In extended state, the orientation of the csp is, due to its origin
(laterally on the notogaster) and insertion (on the sejugal apodeme
of the coxisternum), ventrad, anteriad and mediad (Fig. 4, extended
series). However, during enptychosis the legs are retracted into the
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Fig. 8. Euphthiracaridae. (A) Virtual cross section in the ventral region of the 3D-
model of reconstructed Synchrotron X-ray microtomography data of Acrotritia ardua
in encapsulated state. (B) Schematic illustration of force transmission during ecpty-
chosis showing the build-up of hemolymph pressure through lateral compression of
the entire notogaster. Solid arrows indicate force vectors of the muscles and dashed
arrows underneath show the resulting overall force. HV, holoventral plates; NG,
notogaster; nlc, notogaster lateral compressor; PL, plicature plates; pra, preanal
apodeme; vpa, ventral plate adductor; vpc, ventral plate compressor. Some mus-
cles are shown approaching but not attaching to sclerites (e.g. at *); this is an artifact
based on the method of phase contrast tomography exhibiting a black outline of the
different structures in the original data.

idiosoma and therefore the insertion of the csp on the coxisternum
is shifted inwards, which leads to a dorsad, posteriad and mediad
orientation (Fig. 4, encapsulated series).

3.5. Further observations

When triggering enptychosis by different stimuli through the
course of the experiments we observed a hesitation of mites of both

A

-~ mn:

A

Fig.9. Phthiracaridae. (A) Virtual cross section in the ventral region of the 3D-model
of reconstructed Synchrotron X-ray microtomography data of Phthiracarus longulus
in encapsulated state. (B) Schematic illustration of force transmission during ecpty-
chosis showing the build-up of hemolymph pressure through intake of the ventral
plates into the idiosoma. The illustration was adapted to show the natural state of
the ventral plates enclosed by the notogaster in the encapsulated state. Solid arrows
indicate force vectors of the muscles and dashed arrows the resulting overall force.
av, anal valves; mem, anogenital membrane; nlc, notogaster lateral compressor; NG,
notogaster. The asterisk indicates the tectum surrounding the notogastral gap, act-
ing as a hard limit for the depression of the ventral plates in (B), but freely projecting
in (A).

groups to encapsulate completely. Only after emphatic application
of mechanical stimuli was encapsulation completed.

4. Discussion
4.1. Pressure build-up

Phthiracaroid species create hemolymph pressure differently
than do euphthiracaroid species. Euphthiracaroid species produce

B

Ly - = 111

Fig. 10. Schematic illustration of force transmission in the opisthosoma (anterior to top) during ecptychosis in Ptyctima. (A) Phthiracaridae, lateral view; dotted circle
indicates the fulcrum of the ventral plates. (B) Euphthiracaridae, ventral view; force vectors shown only for the right side. Solid arrows indicate force vectors of the muscles

and dashed arrows underneath the resulting overall force.
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Table 3

Volume calculations (rounded) and operating angles (&, amax) of the ventral plates of the ptychoid oribatid mites Phthiracarus longulus and Acrotritia ardua. The volume (V)
of P. longulus in encapsulated and extended states was calculated using two different methods (a and b; see Section 2 for detailed description) and also was segmented and
measured as ‘whole body’ 3D model (3D). Also, where applicable, the maximum volume change was calculated based on the maximum theoretical working angle and the

resulting maximum intake of the ventral plates.

P. longulus (a) P. longulus (b) P. longulus (X) P. longulus (3D) A. ardua
V (encapsulated) [mm?] 0.03874 0.03874 0.03874 0.03682 0.17564
V (extended) [mm?] 0.03823 0.03816 0.03820 0.03563 0.17196
A(V) 0.00051 0.00057 0.00054 0.00119 0.00367
A(Vexfenc) 98.7% 98.5% 98.6% 96.8% 97.7%
o 10.6° 10.6° 10.6° - -
Omax (Mean) 15.275° 15.275¢ 15.275° - -
A(ot/omax.) 69.39% 69.39% 69.39% - -
V(max) [mm?] 0.03802 0.03793 0.03798 0.03514 (est.) -
A(Vimaxfenc) 98.1% 97.9% 98.0% 95.4% (est.) -

pressure through lateral compression of the notogaster, using the
ventral plates as a hinge and transmitting medially directed muscle
forces via a kingpost, the preanal apodeme (cf. E. cooki in Sanders
and Norton, 2004; A. ardua and O. banksi in Schmelzle et al., 2008,
2009). As Norton (2007) suspected, Phthiracaroid species create
hemolymph pressure by retracting the posterior end of the ven-
tral plates into the idiosoma (cf. P. longulus in Schmelzle et al.,
2010; P. globosus in Schmelzle et al., 2012); this is enabled by a
voluminous membrane articulating with the notogaster posteri-
orly and laterally, while anterolaterally a narrow, tight connection
acts as a fulcrum for this rocking motion. The same is probably
true for the entire superfamilies that these two families repre-
sent, Euphthiracaroidea (probably also its families Oribotritiidae
and - solely based on their external morphology - Synichotriti-
idae) and Phthiracaroidea (cf. Norton and Lions, 1992; Lions and
Norton, 1998; Sanders and Norton, 2004; Schmelzle et al., 2008,
2009, 2010, 2012).

These two different modes of pressure build-up within the
Ptyctima could also explain why E. pubicollis given a choice of
only heavily sclerotized mites prefer Phthiracaridae to the oth-
ers (Jatoszynski and Olszanowski, 2013). After completely covering
the animals with digestive fluid (possibly killing or anesthetiz-
ing the mites so that the muscles relax), E. pubicollis turns the
phthiracarid mites on their dorsal side and then trying to pry open
the prodorsum with their mandibles usually whilst pressing down
on the ventral plates (Jatoszynski and Olszanowski, 2013), thereby
increasing hydrostatic pressure within the animals which leads to
an increase of pressure on the prodorsum until it opens and in
doing so clears the way for access to vulnerable soft membrane
of the mites. Also given as a choice were species of Euphthiracari-
dae, but in contrast to Phthiracaridae they were more or less
neglected. It is possibly easier to push in the ventral plates into
the idiosoma (with no hardened cuticle supporting the ventral
plates from their dorsal side but only embedded in soft membrane)
and to open the prodorsum than to compress the whole mineral-
ized notogaster of Euphthiracaridae with enough force up to the
point of sufficient internal pressure for the prodorsum to snap
open.

The first detailed study about the functional morphology of
ptychoidy was conducted on E. cooki (Sanders and Norton, 2004)
and the newly created terminology regarding elements involved
in ptychoidy was based on the peculiarity of elements found in
euphthiracaroid species. However, in contrast to Euphthiracaroidea
there is no lateral compression of the notogaster in Phthiracaroidea,
which leads to several misleading terms, e.g. the “notogaster lateral
compressor (nlc)” (cf. Schmelzle et al., 2009).

Another issue is the postanal muscle (poam), which in both
superfamilies originates terminally on the notogaster and inserts
on the postanal apodeme (not as Wauthy, 1984, wrote on the
anogenital membrane). This muscle was not considered part of the
opisthosomal compressor system by Sanders and Norton in a study

regarding E. cooki (2004); rather, it presumably has a passive role
in that group, acting as a stabilizing band holding back the ventral
plates. But in phthiracaroid species it gains functional importance
for the build-up of hemolymph pressure by retracting the ventral
plates, and must be considered an important part of the OCS.

4.2. Functional analyses of postanal muscle (poam) (cf. Table 2)

Since the poam assumes a different role in the two ptychoid
groups, the calculation of its dynamic (change in length between
extended and encapsulated state; Heethoff and Norton, 2009a) elu-
cidates its function. In P. longulus the length shows an explicit
dynamic between the extended and encapsulated condition (of
about 60% of its original length), whereas in the euphthiracaroid
mite A. ardua the dynamic is negligible. In A. ardua as in E. cooki
(Sanders and Norton, 2004) and O. banksi (Schmelzle et al., 2009)
the poam provides suspension (by isometric contraction) and thus
stabilizes the ventral plates to withstand the hemolymph pressure
created by lateral compression of the notogaster. The poam of A.
ardua is mainly directed dorsad, because the hemolymph pressure
isdirected outwards (ventrad) and the efficiency of the poam acting
as a band (and transmitting the force onto the notogaster) is high-
est when directed exactly in the axis of the force induced by the
hemolymph pressure on the ventral plates, namely the dorsoven-
tral axis. In phthiracaroid species the function of the poam is to aid
in retraction of the ventral plates, not their suspension and sta-
bilization. The ventral plates are retracted into the idiosoma and
thereby they are anterolaterally connected to the notogaster. This
connection serves as a fulcrum for the rocking motion of the ven-
tral plates. The distinctly posterior and dorsal direction of the poam
probably relates to the circular path that the ventral plates follow
around their anterior fulcrum, allowing it to pull with constantly
high force at all times of the sequence.

4.3. Volume change (cf. Table 3)

For phthiracaroid mites the purely theoretical volume (based
on the formula of an ellipsoid) and the measured volume of the
‘whole body’ 3D model differ by only about 5%, so the formulae
constitute a reasonable approximation of the volume of an encap-
sulated ptychoid mite and we assume that the same is true for
euphthiracaroid mites. The theoretical relative volume change dur-
ing ptychosis based on the calculations shows no clear difference
between the euphthiracaroid mite A. ardua and the phthiracaroid
species P. longulus. However, the measured volume change in the
‘whole body’ 3D model of P. longulus is about twice that of the
corresponding calculated volume change.

The relative volume change of about 2-3.5% seems to be effec-
tive for ptychoidy in both groups. Phthiracaroid species also have
additional leeway (about 0.5% based on calculations and about 1.4%
based on the ‘whole body’ model) regarding the higher maximum
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operating angle amax of the ventral plates, at which point the force
vector of the nlc also could have leveled with the ventral plates; it
would have no more pull and therefore should not be able to lead to
a further intake of the ventral plates by contraction. Nonetheless,
the dimensions of the volume change and the resulting pressure
change due to the intake of the ventral plates seems quite low, in
contrast to our expectations.

In the active, extended state the animals need a relatively
high hemolymph pressure to keep the membranous cuticle of the
podosoma inflated (acting as a stable basis for the coxisternum that
is surrounded only by membrane and not connected to hardened
cuticle) and also to act as antagonists to flexor and retractor mus-
cles during the movement of the legs and gnathosoma. The internal
pressure created during enptychosis by retraction of the podosoma
and gnathosoma into the idiosoma is supposedly very high, so that
avolume and resulting pressure change of only about 3% due to the
intake of the ventral plates is sufficient for ecptychosis. This in turn
means that in the encapsulated state the animals have to counter
a high pressure on the prodorsum, which is mainly achieved by
the contraction of the huge inferior prodorsal retractor (ipr) insert-
ing on the inferior retractor process of the prodorsum and may
also be aided by the coxisternal retractor (csr) inserting on the
coxisternum, the ‘base plate’ of the legs. Furthermore, the connec-
tion consisting of the bothridial scale on the prodorsum and the
scale receptacle on the notogaster (cf. Sanders and Norton, 2004;
Schmelzle et al., 2008, 2009, 2010, 2012) provides a mechanism
that aids in countering the pressure on the prodorsum by firmly
interlocking prodorsum and notogaster. Presumably, this leads to
a lower amount of muscle force needed to keep the prodorsum
shut, thereby allowing the muscles to ‘relax’ a little and in the
process save energy and increase the maximum possible time of
encapsulation.

In both models of P. longulus (mathematical and ‘whole body’
3D model) the anogenital and podosomal membranes are mathe-
matically not taken into account due to (i) their extremely dynamic
behavior (folding and inflation based on pressure and muscle ten-
sion) and (ii) the lack of a dataset allowing for the reconstruction
and exact measurement of the inflated volume. The cavity formed
by the inflated membrane certainly plays a major role by being
the main recipient of the displaced hemolymph (shifting from the
opisthosoma to the prosoma) (cf. Fig. 3 and Fig. 9). Hypothetically
accounting for the inflated membrane undergoing a considerable
volume change during ptychosis and the rather small volume
change caused by the opisthosomal compression, chances are that
the overall change in volume and therefore pressure is in reality
zero. That would result in a more or less constant pressure level on
the displaced fluid, peaking at the onset of en- and ecptychosis but
being more or less instantaneously ‘absorbed’ by the membrane
and the process of ecptychosis itself.

It remains unclear how ptychoid animals manage the volume
increase associated with feeding and egg development, and the
decrease during defecation and oviposition. The change can be con-
siderable: in our measured individual, the total volume of such
‘disposables’ (about 18% of the total body volume) exceeded the
volume change due to the intake of the ventral plates by a fac-
tor of 6. A food bolus, in contrast to fecal pellets and eggs, seems
to be spongy and therefore compressible. The food residues in
the fecal pellets are already highly condensed and the eggs are
mostly composed of fluids. Hence, both are expected to be relatively
incompressible. Reduction in hemolymph quantity seems to be a
suitable way to compensate for the intake of food, but the rebuild-
ing of hemolymph to compensate for defecation and especially
oviposition would seem too slow to be effective. Possibly the com-
pensation for increasing or decreasing disposable contents etc. is
only regulated by the magnitude of opisthosomal compression, but
a ‘fluxional’ system, in which the animals strictly control input and

output to maintain a more or less constant pressure level, seems to
be more likely. The same is probably true for individuals with no
gut/oviduct contents, like young females or non-feeding males that
are still able to maintain the ptychoid defensive mechanism. Also,
considering that the number of eggs found in non-ptychoid mite
species (which also hemolymph pressure as antagonistic force),
such as Archegozetes longisetosus Aoki (Trhypochthoniidae) with
egg contents as high as 30 (Heethoff et al., 2007), the number of
eggs found in P. longulus (5) is comparatively small. Besides their
low activity and rate of resource accumulation the number of eggs
in ptychoid species might be intentionally kept low so as to not
jeopardize the functionality of the ptychoid defensive mechanism.

4.4. The role of the coxisternal protractor (csp) during ptychosis
in Phthiracaridae

The orientation of the csp in the extended state clearly suggests
arole as retractor for the legs during enptychosis. However, its ori-
entation in the encapsulated state (dorsad, posteriad and mediad,
with the first two being opposite to the orientation in the extended
state), so that a contraction of the csp during ecptychosis might
add force as well as give a direction to the hemolymph movement.
So the change in orientation of the csp during ptychosis leads to
a bi-functional role as (i) protractor as well as (ii) retractor of the
legs.

4.5. Further observations

As noted, mites hesitated to encapsulate completely after appli-
cation of artificial stimuli. Possibly this is due to the stimuli being
identified by the mites as insufficient because of e.g. the absence
of chemical cues and/or the unnatural nature of the mechanical
cue. Also, the final movements needed to complete encapsulation
might be very strenuous, so the cost-value-ratio might lead to a
‘wait-and-see’ tactic, in which the animals encapsulate completely
only if the stimulus is strong enough and/or sufficiently persistent.
Furthermore, an incomplete encapsulation enables the animals to
use their strong claws to firmly attach to the substrate (cf. Heethoff
and Koerner, 2007, for A. longisetosus), which in some cases might
be a better choice than to let go entirely. For example, the highly
effective predator E. pubicollis turns the mite on its dorsal side
and then presses on the ventral plates to create the hydrostatic
pressure needed to get access to soft membrane (Jatoszynski and
Olszanowski, 2013). If the mite retains the ability to attach to the
substrate (with the ventral plates facing the substrate) it may give
an advantage when confronted with such an attack.

4.6. Structural and functional homologies in non-ptychoid mites
and their phylogenetic implications

Since two very different modes of opisthosomal compression
are exhibited by Ptyctima, two different scenarios for the evolution
of ptychoidy in this group are possible: either (i) lateral compres-
sion (as in Euphthiracaroidea) was ancestral, with dorsoventral
compression (as in Phthiracaroidea) being derived from it; or (ii)
dorsoventral compression was ancestral and lateral compression
was derived from such an ancestor. In either case, the muscles
associated with generation of hemolymph pressure must have
reoriented during the evolution of Ptyctima. To choose between
scenarios requires knowledge of the relationships between the
two superfamilies of Ptyctima, i.e. if they are monophyletic sister
groups or if one of them is paraphyletic (and if so, which), and
also an understanding of the compression mode in their close non-
ptychoid relatives.

Non-ptychoid mites often achieve pressure build-up by direct
muscular dorsoventral compression of the hysterosoma, such as
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by contraction of “dorsoventral muscles” of Archegozetes longiseto-
sus (Aoki, 1965) (dvm in Heethoff and Norton, 2009b; cf. Fig. 21),
the “dorsolateral muscles” of Parhypochthonius sp. (Akimov and
Yastrebtsov, 1991; Sanders and Norton, 2004; cf. Fig. 22) and
the ‘curtain-like series’ linking notogaster and ventral plate as
described for brachypyline mites by Grandjean, 1959 (cf. Fig. 23).
According to Sanders and Norton (2004) the nlc found in E. cooki
is probably a “derivative of these evolutionarily plastic dorsolat-
eral muscles”. Other examples are the dorsoventral muscles of
Hermannia gibba (Koch, 1839) (Akimov and Yastrebtsov, 1991; cf.
Fig. 21) and the “dorsal compressor muscles” and “ventral com-
pressor muscles” of Nothrus palustris (Koch, 1840) (Akimov and
Yastrebtsov, 1989; cf. Fig. 21). Hoebel-Mavers (1967) (referring to
Nothrus palustris) stated that the ventral plates could be distin-
guished from the notogaster only by a simple fold between them,
so a shift in origin of muscles would not be evolutionarily difficult.

So, we can hypothesize that muscle insertion on the noto-
gaster and the adanal plates may go back in time to a common
ancestral muscle (or series) inserting on the hysterosoma. That
in turn would mean that the nic might be homologous with the
outer anal muscles (oam) and dorsoventral muscles (dvm) of A.
longisetosus (cf. Heethoff and Norton, 2009b). Considering this, the
primitive mode of operation for the build-up of hemolymph pres-
sure in Oribatida most likely was due to dorsoventral compression
of the opisthosoma and that, in turn, means that the dorsoven-
tral compression mode in phthiracaroid species (the intake of the
ventral plates) would seem logically ancestral. However, molecular
studies (Pachl et al., 2012) indicate Phthiracaridae evolved within
Euphthiracaroidea and therefore the dorsoventral orientation of
the opisthosomal compression must represent a functional rever-
sal and the mode of lateral compression would be plesiomorphic
within the Ptyctima.

Lateral compression seems to have been ancestral within Ptyc-
tima, butis it an apomorphy of the group or did it evolve prior to the
appearance of Ptyctima? Little has been written about the origin of
Ptyctima, but the only family that has been supported (explicitly or
implicitly) as its sister group based on morphological traits is the
non-ptychoid family Collohmanniidae (Storkin, 1925; Grandjean,
1966, 1967; Norton, 2006; cf. Fig. 24). Molecular data are equivocal
on this topic (Dabert et al., 2010; Pachl et al., 2012).

Among other characters, species of Collohmanniidae possess
a preanal apodeme unlike that of any Oribatida outside Euph-
thiracaroidea (Norton, 2006). The musculature associated with
this apodeme is also similar, enabling Collohmanniidae species to
create hemolymph pressure through lateral compression of the
notogaster, as in Euphthiracaroidea. This would mean that lateral
compression predated Ptyctima, and could have been preadaptive,
i.e. facilitating the evolution of ptychoidy.

Answers to the questions of why a reversal from lateral back to
dorsoventral compression would happen and if there is an advan-
tage of the phthiracaroid structure and function remain unclear.

5. Conclusions

We have shown that mechanisms of pressure build-up in
examples from two families of the Ptyctima, Phthiracaridae and
Euphthiracaridae, are essentially different. Both families rely on
more or less the same muscle systems, though with partially dif-
ferent functions. For example, the poam has a more important role
in the process of ecptychosis in Phthiracaridae due to its func-
tion as a retractor of the ventral plates, and therefore should be
considered as a part of the OCS. All this is probably true for the
entire superfamilies that these two families represent. The ances-
tral mode of opisthosomal compression in Ptyctima seems to be
lateral compression of the notogaster, based on molecular evidence

(Pachl et al.,2012) that Phthiracaroidea evolved within Euphthirac-
aroidea, and on the striking similarities of the latter with the closely
related Collohmanniidae (Norton, 2006).

When contracting, the csp - so far only found in the genus
Phthiracarus - acts as protractor as well as a retractor for the legs.
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