Chapter 12
Parthenogenesis in Oribatid Mites
(Acari, Oribatida): Evolution Without Sex

Michael Heethoff, Roy A. Norton, Stefan Scheu and Mark Maraun

Abstract Oribatid mites (Acari, Oribatida) are an extraordinarily old and speciose
group of chelicerate arthropods that probably originated in Silurian times. A high
number (~10%) of oribatid mite species reproduces via parthenogenesis, presum-
ably by terminal fusion automixis with holokinetic chromosomes and an inverted
sequence of meiotic divisions. Several of the old taxa of oribatid mites likely have
radiated while being parthenogenetic. Many species of those parthenogenetic clus-
ters are morphologically distinct — this distinctness contrasts with high genetic
variance, as has been confirmed by molecular studies, e.g. for Platynothrus peltifer
and species of the genus Tectocepheus. Platynothrus peltifer comprises at least
seven distinct molecular lineages which are geographically separated and may be
recognized as cryptic species. Stable isotope ratios ("PN/!*N and 3C/'2C) of orib-
atid mite species indicate that they occupy distinct trophic niches; however, the exact
nature of these niches is unknown. One of the few microhabitats colonized by spe-
cific oribatid mite species is the bark of trees. The tree-inhabiting genus Crofonia
re-evolved sexual reproduction from parthenogenetic ancestors, potentially while
colonizing trees. Understanding the high degree of parthenogenetic reproduction in
soil living oribatid mites allows the dissection of the functional role and evolution
of sexual reproduction, and the factors responsible for the long-term survival and
radiation of parthenogenetic species.

12.1 General Biological Aspects of Oribatid Mites

12.1.1 Overview

Oribatid mites (Acari, Oribatida; Fig. 12.1) are a speciose group: about 10,000
species are now described (Subias 2004) and 100,000 may actually exist (Schatz
2002). While mainly soil-living, several groups also live on trees or in aquatic
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Fig. 12.1 Micrographs (SEM) of Archegozetes longisetosus (Trhypochthoniidae). a: dorsal view,
b: ventral view. Apl: anal plate, Gpl: genital plate, Hyst: hysterosoma, Op: ovipositor, Prot:
proterosoma.

systems. They range in length mostly between 200 and 800 wm, and are unusual
among chelicerates for two reasons. Firstly, they are principally particle-feeding
saprophages and microbivores, rather than fluid-feeders (Heethoff and Norton
2009). Secondly, as adults, they display a great range of physical and chemi-
cal defense mechanisms (Sanders and Norton 2004; Schmelzle et al. 2008), the
most common of which is heavy sclerotization or mineralization of the cuticle
that results in the common names “beetle mites”, “armoured mites” and “box
mites”. An interesting feature of oribatid mites is that parthenogenesis is one or
two orders of magnitude more common than in most other eukaryotic groups: about
10% of all species reproduce parthenogenetically (Norton and Palmer 1991; Norton
et al. 1993).

12.1.2 Geological Age

Oribatid mites have seemingly existed since the first complex terrestrial communi-
ties evolved. The first indisputable fossil record is from the Devonian (380 million
years; Shear et al. 1984; Norton et al. 1988), although the origin of the group proba-
bly dates back to 400—440 million years (Lindquist 1984). Based on specific patterns
of occurrence, low dispersal power and genetic distances, the distribution of oribatid
mite species seems to largely reflect vicariance associated with continental drift,
rather than dispersal (Hammer and Wallwork 1979; Heethoff et al. 2007a). From
biogeographic inferences, some species predated the breakup of the great landmass
of Pangea about 200 million years ago yet kept their distinct morphology (Hammer
and Wallwork 1979).
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12.1.3 Population Density

The population density of oribatid mites is predictable within broad ranges
(Maraun and Scheu 2000). In acidic boreal forests, they reach densities of up to
400,000 ind/m? whereas in calcareous forests, densities are usually somewhere
between 20,000 and 40,000 ind/m?. In tropical lowland and mountain rainforests
densities are also rather low, e.g. in a tropical Brazilian lowland about 10,000 ind/m?2
(Badejo et al. 2002) and in a tropical mountain rainforest about 15,000 ind/m?
(Maraun et al. 2008). There is little seasonal fluctuation of oribatid mite densities,
indicating that the communities are in equilibrium conditions.

One of the main factors regulating the density of oribatid mites is the substrate:
however, this affects oribatid mites indirectly by triggering, for example, the pres-
ence of macrofauna decomposers such as earthworms and diplopods. These reach
high density and biomass in calcareous forests, and by feeding and removing litter
material they destroy the habitat of litter-living mesofauna, thereby detrimentally
affecting oribatid mite communities. The density of oribatid mites in base-rich
forests therefore is low. Exceptions are some Canadian forests which are base-
rich but virtually devoid of macrodecomposers, in particular earthworms, due to
glaciation. In these forests (e.g. in the mountain ranges of western Alberta, Canada),
oribatid mite densities are high. However, recent invasion by European earthworm
species has transformed these systems by incorporating the ectorganic matter into
the mineral soil thereby damaging the habitat of litter-living invertebrates; this in
turn has caused the density of oribatid mites to decline strongly (Migge-Kleian et al.
2006; Eisenhauer et al. 2007).

Laboratory and field experiments with European soil showed that mechanical
disturbance by earthworms is one of the main factors responsible for low densi-
ties of oribatid mites (Maraun et al. 2001). The low densities in tropical mountain
rainforests cannot be explained by high densities of macrodecomposers since, at
these sites, the density of such macrodecomposers is low; presumably other factors
including low resource quality are responsible for these low densities of oribatid
mites in tropical forest ecosystems (Maraun et al. 2008). Overall, the low density
of oribatid mites in calcareous forest soils presumably is mainly due to macrofauna
activity, whereas their density in more acidic forest soils probably is limited by
the availability of high quality resources (bottom-up control; Salamon et al. 2006).
Predation (top-down control) is likely to be of little importance as a regulatory factor
for adult oribatid mites since these are well-defended (enemy free space hypothe-
sis; Peschel et al. 2006). However, predation on more vulnerable juvenile oribatid
mites has not been studied and may be an important factor regulating oribatid mite
density.

12.1.4 Niche Differentiation and Feeding Biology

Anderson (1975) hypothesized that trophic niche differentiation contributes to
the high diversity of soil animal species. However, laboratory feeding choice
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Fig. 12.2 Variation of §'°N values of oribatid mites from litter (open symbols) and from the bark of
trees (filled symbols; species names in bold) of different beech forests. Data for litter are calibrated
to the L/F litter material of the Solling (L/F layer); data for bark are calibrated to the average
815N signature of the outer bark layer of the four forest types. Single measurements (without SD)
and means of 2-5 replicates with SD. Species were ordered according to increasing 8'°N value.
Underlined species occurred in the litter and also on the bark of trees (modified after Schneider
et al. 2004 and Erdmann et al. 2007).

experiments indicate that soil-living microarthropods such as adult oribatid mites
are generalist feeders, suggesting that trophic niche differentiation is poor. They
feed on a variety of substrates when offered the choice, including algae, lichens,
different species of saprophytic and mycorrhizal fungi and dead organic mate-
rial (Maraun et al. 1998a, 2003a; Schneider and Maraun 2005; Schneider et al.
2005; Heethoff et al. 2007b). In contrast, natural variations in stable isotope ratios
(BN/MN, 13C/12C) of oribatid mites indicate distinct trophic niches that collec-
tively span a wide range of trophic levels, including phytophagous species feeding
on algae, primary decomposers feeding on detritus, secondary decomposers feeding
on fungi, predators presumably feeding on nematodes or necrophages feeding on
small dead invertebrates (Schneider et al. 2004). Stable isotope signatures (319N) of
soil and bark-living oribatid mite species span over about 20 3 units — equivalent to
about six trophic levels (cf. Minagawa and Wada 1984; Post 2002) — which is unique
for a single animal taxon (Schneider et al. 2004; Erdmann et al. 2007; Fig. 12.2).
The contradiction between field data (which indicate narrow trophic niches) and
laboratory data (which indicate generalist feeding) is unresolved and deserves fur-
ther attention. Possibly, immature oribatid mites are more specialized feeders and
change to a wider food spectrum when adult.
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The high diversity of soil animals, especially of soil microarthropods, has been
considered enigmatic (Anderson 1975; Maraun et al. 2003a), mainly for two rea-
sons. First, the spatial structure of the soil system appears to be rather homogeneous
compared with above-ground habitats. Second, co-evolutionary processes between
decomposer soil invertebrates and their resources are probably weak; there is no
selection pressure for dead organic matter to “defend” itself against detritivores,
and co-evolution between microbivorous microarthropods and their prey species
may have been prevented by difficulty in physically isolating individual microbial
species for ingestion (Scheu and Setéld 2002). Like many soil animal taxa, few orib-
atid mite species inhabit specific physical niches (microhabitats) such as earthworm
burrows or specific litter types (Migge et al. 1998; Maraun et al. 1999; Hansen
2000). While soil-associated microhabitats like mosses and decaying wood might
contain oribatid mite species with strong substrate affiliations, these species often
are also present at other places. If there is microhabitat specificity it is mostly found
in the immature instars, many of which burrow in rather specific types of living
(fungal fruiting bodies, lichens) or decomposing (needles, twigs, seeds, wood) sub-
strates. One exception may be arboreal oribatid mite species which, even as adults,
almost exclusively occur on the bark or in the canopy of trees (Erdmann et al. 2006,
2007; Lindo and Winchester 2006).

12.1.5 Functioning

As a combined result of feeding on decomposing organic matter and their high
density, oribatid mites are important decomposers in forest ecosystems, fallows,
fields and meadows (Hansen 1999; Maraun and Scheu 2000). In particular in acidic
forests, they are among the major decomposer groups (along with collembolans,
enchytraeids and dipteran larvae) and drive mineralization processes and humus
formation. The fossil record of oribatid mites indicates that this was already the
case in Palaeozoic forests (Labandeira et al. 1997). Despite this perceived ancient
importance of oribatid mites for terrestrial ecosystems, their function in the soil
system and their role in aboveground — belowground interactions have been little
studied. The main reason for this probably is their slow reproduction rate which
makes rearing for experimental purposes difficult. The few available studies indicate
that oribatid mites affect the composition of microbial communities via dispersal of
fungal spores (Maraun et al. 1998b). These can be dispersed in the gut of the animals
via their faeces but also attached to the body surface (Behan and Hill 1978; Renker
et al. 2005). Besides these indirect effects on decomposition processes via modifica-
tion of the microbial community, oribatid mites also affect decomposition processes
directly by feeding on dead plant material. For example, box mites (Ptyctima) and
Adoristes ovatus (Koch) feed inside decomposing needles and leaves (Harding and
Stuttard 1974; Lions and Gourbiere 1988).

Due to their wide ecological tolerance, their limited reaction after disturbances
and their broad feeding habits, oribatid mites are of limited use as bioindicators
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in forest ecosystems (Lindo and Visser 2004). However, they may be used as
bioindicators during ecosystem succession, especially in early successional stages
of agroecosystems (Behan-Pelletier 1999).

12.2 Reproductive and Developmental Biology

12.2.1 General Aspects

Mites are without peer among chelicerates with respect to their reproductive poten-
tial and the diversity of their reproductive strategies, genetic systems and ontogenies
(Norton et al. 1993; Walter and Proctor 1999). Oribatid mites are diplodiploid
organisms (usually with 2n = 18; Heethoff et al. 2006) in which fertilization is usu-
ally indirect, via spermatophores deposited by males in the absence of females;
alternatively, parthenogenetic development occurs. They retain the presumed ances-
tral developmental series of Acari: embryological development terminates in a
regressive prelarva which is succeeded by the larva, protonymph, deuteronymph,
tritonymph and adult. As in most acariform mites, the first active instar is the hexa-
pod larva; the prelarva is inactive (calyptostase) and remains inside the egg shell
in all known species, unlike some other groups with active prelarvae in primitive
species (Otto 1997).

Egg laying strategies range from iteroparity (repeated production of a few eggs)
to semelparity (single production of many eggs). Eggs are usually laid in crevices
at an early developmental stage (embryo or prelarva), but larviparity also occurs
(Walter and Proctor 1999). With some exceptions, oribatid mites tend to have low
reproductive outputs, and long developmental times of 50 weeks or more are com-
mon for species of temperate zones (Norton 1994; Walter and Proctor 1999, Sovik
and Leinaas 2003; Heethoff et al. 2007b).

12.2.2 Female System and Reproductive Strategies

The morphology of the female reproductive system in the Acari is variable (Evans
1992). Depending on the group, the ovary can be unpaired, paired or divided into
germinal and nutritive regions (Evans 1992; Alberti and Coons 1999; Bergmann
et al. 2008). Oribatid mites usually have an unpaired ovary from which two oviducts
originate and proceed through the opisthosoma until they fuse at the vagina (Alberti
and Coons 1999; Heethoff et al. 2007b; Bergmann et al. 2008). Oviposition is
accomplished with an extrusible ovipositor (Fig. 12.3), but the mechanism of
extrusion is poorly understood. It has been assumed that haemolymph pressure
extends the ovipositor and that muscles attached to its wall retract it (Michael 1884;
Grandjean 1956). However, more probably, direct muscular action is also responsi-
ble for ovipositor extrusion (U. Kurz and M. Heethoff, unpubl.). Wallwork (1977)
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Fig. 12.3 Micrographs (SEM) of the extruded ovipositor and its appendages of Archegozetes
longisetosus cf: circular fold, euL: eugenital lobes, euO: eugenital orifice, Gp: genital papillae,
L4: walking leg, Op: ovipositor.

further suggested that muscles inserting on the pleated wall are responsible for
oviposition, although he did not provide a mechanism.

12.2.3 Parthenogenesis

Parthenogenesis is widespread among oribatid mites, but the cytological mecha-
nism involved is poorly understood. Available data suggest that automixis is the rule
(Taberly 1987; Heethoff et al. 2006; see also Chapter 4). Taberly (1987) performed
the first cytological study of meiosis in parthenogenetic oribatid mites. He observed
that the parthenogenetic species Platynothrus peltifer (Koch) and Trhypochthonius
tectorum (Berlese) restore diploidy by terminal fusion (fusion of the egg pronucleus
with the second polar nucleus), a mechanism expected to produce homozygous off-
spring (Wrensch et al. 1994). This mechanism was also suggested for Archegozetes
longisetosus (Heethoff et al. 2006; Laumann et al. 2008). However, using isozyme
techniques, Palmer and Norton (1992) found fixed heterozygosity, absence of com-
plete homozygosity and absence of recombination in nine parthenogenetic oribatid
mite species. They proposed that apomixis or central fusion automixis may be
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Fig. 12.4 Effects of inverted meiosis on the genetic reconstitution of the embryo under the aspect
of terminal fusion automixis (exemplified by one homologous chromosome pair under the absence
of recombination). A normal meiosis with monocentric chromosomes. B inverted meiosis with
holokinetic chromosomes. a: diploid cell. b: chromosomes duplicated by replication prior to the
initiation of meiosis. ¢: meiosis I: separation of homologous chromatids in normal meiosis (A
reductional division) and sister chromatids in inverted meiosis (B equational division) leading to
haploid cells (A) and diploid cells (B). d: meiosis 1I: equational division in normal meiosis (A),
reductional division in inverted meiosis (b). e: the genetic constitution of the embryo as compared
to the mother’s genome dramatically differs in (A) and (B): A — embryo constitutes a diploid
chromosome number containing sister chromatids of one of the initiating chromosomes of the
mother, B — embryo has the same genetic constitution as the mother (and hence is in effect a clone)

common in parthenogenetic oribatid mites, even if neither mechanism had yet been
discovered. However, Wrensch et al. (1994) suggested inverted meiosis as an alter-
native mechanism — made possible by holokinetic chromosomes of oribatid mites —
in which the sequence of meiotic divisions (reductional and equational) is inverted
compared to normal meiosis, leading to a reversal in effects of terminal and cen-
tral fusion. Fixed heterozygosity and terminal fusion would thus be compatible
observations (Wrensch et al. 1994; Heethoff et al. 2006; Laumann et al. 2008;
Fig. 12.4).

We studied oogenesis of the parthenogenetic oribatid mite Archegozetes
longisetosus Aoki, a widely used model organism for Chelicerata with mother-
daughter genetic fidelity, i.e. no recombination of heterozygous isoenzyme geno-
types (Palmer and Norton 1992). Oocytes grow inside the rhodoid of the ovary,
vitellogenesis takes place in the meros of the ovary and afterwards, eggs enter the
oviducts via an ovarial bulb (Bergmann et al. 2008). Meiotic divisions probably
occur in the meros of the ovary, the first polar body seems to be expelled (Laumann
et al. 2008). The first three to five embryonic cleavages are holoblastic and occur in
the beginning/middle of the oviduct (M. Laumann, P. Bergmann and M. Heethoff,
unpubl.).

Clearly, the chromosomal kinetics during meiotic divisions still has to be investi-
gated in more detail since Schaefer et al. (2006) showed that the so-called “Meselson
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effect” (diverging allelic sequences in absence of recombination; Mark Welch and
Meselson 2000), expected to occur in this scenario, does not occur in partheno-
genetic oribatid mites even with the probable absence of genetic recombination.
These authors used partial sequences of the genes of the elongation factor-1a (ef-1c)
and the heat shock protein 82 (sp82) to test the existence of the “Meselson effect”
for putative ancient parthenogenetic oribatid mite lineages. Unexpectedly, the intra-
individual divergence of parthenogenetic lineages was rather low and resembled that
in sexual species. Additionally, strong selection pressure may keep both the ef-/«
and the hsp82 gene functioning. No evidence for recombination or gene conversion
was found for sexual or parthenogenetic oribatid mite species in the hsp 82 gene sup-
porting the assumption that homogenizing mechanisms prevent the accumulation of
sequence divergences, i.e. the “Meselson effect”.

The sex determination mechanism in oribatid mites is unknown (Heethoff et al.
2006). In diplodiploid systems, sex determination is often accomplished by sex
chromosomes and the sex ratio is assumed to be close to unity, i.e. 1:1 (Fisher 1930).
Sex determination may also be influenced by external factors, such as temperature
(Ewert et al. 1994), or by hormonal or pheromonal control (White 1973). Oribatid
mites lack sex chromosomes despite their diplodiploidy (Sokolov 1954; Norton
et al. 1993; Wrensch et al. 1994; Heethoff et al. 2006). Nevertheless, the sex ratio of
sexual oribatid mite species is close to unity, whereas in parthenogenetic species,
males are rare (spanandric) and sterile. Spermatophores are non-functional, as
spermatogenesis is incomplete (Taberly 1988), and there is no evidence for recom-
bination or incorporation of paternal genetic material into the offspring (Palmer
and Norton 1992; see also Cianciolo and Norton 2006; Schaefer et al. 2006).
A genetic mechanism based on inverted meiosis with terminal fusion automixis
does not explain the occurrence of these spanandric males. Environmental sex
determination is also unlikely because sexual and parthenogenetic oribatid mite
species coexist under a wide variety of conditions, i.e. they are exposed to similar
external stimuli. Further efforts are necessary to uncover the mechanism for the spo-
radic production of sterile males in parthenogenetic oribatid mite species (Heethoff
et al. 2006).

12.2.4 Endosymbiotic Bacteria

In recent years, much has been written about the ability of endosymbiotic bacteria
(Wolbachia, Cardinium) to control the reproductive biology of hosts, particularly
arthropods, and the induction of parthenogenesis is one of several possible mani-
festations of infection (Stouthamer et al. 1999). The first use of DNA techniques to
search for Wolbachia in parthenogenetic oribatid mites was negative for all species
tested (Perrot-Minnot and Norton 1997), but Wolbachia was detected in an unidenti-
fied oribatid mite by Cordaux et al. (2001) and the parthenogenetic species Oppiella
nova (Oudemans) can serve as host for both Wolbachia and Cardinium (Weeks et al.
2003). Ongoing research (A. Weeks, R. Stouthamer and R. A. Norton, unpubl.) sug-
gests that both bacteria are present in a small range of oribatid mite species. While
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bacterial phenotypes remain unproven, the distribution of endosymbionts in relation
to mite reproductive mode does not support inducement of parthenogenesis.

12.3 Phylogeny of Parthenogenetic Lineages

12.3.1 General Phylogeny

A morphology-based classification of oribatid mites that reflects “natural” phyloge-
netic groups was first established by Grandjean (1953, 1965, 1969). He grouped
oribatid mites into six taxa, including (1) the basal Palacosomata, with few
species; (2) the Enarthronota, including e.g. the species-rich Brachychthonioidea
and Hypochthonioidea; (3) the small group Parhyposomata; (4) the “Mixonomata”,
which includes the species-rich box mites (Phthiracaroidea and Euphthiracaroidea);
(5) the “Desmonomata”, with several species-rich groups; and (6) the diverse,
species-rich Circumdehiscentiae (=Brachypylina). As indicated by quotes, two
of these groups are probably paraphyletic (Haumann 1991; Norton et al. 1993;
Weigmann 1996). Maraun et al. (2004) and Weigmann (2006) summarized a
common view of oribatid mite phylogeny based on morphological characters.
Phylogenetic studies using molecular markers (18S rDNA, 28S rDNA, hsp82, elon-
gation factor 1 a) have largely confirmed this view (Maraun et al. 2004; I. Schaefer
et al. unpubl.; Fig. 12.5), but efforts to refine phylogenetic hypotheses continue.

12.3.2 Radiation of Parthenogenetic Lineages

The existence of ancient parthenogenetic taxa questions the necessity of sexual
reproduction for the evolution and diversification of lineages into discrete genetic
and morphological entities (Barraclough et al. 2003; see also Lushai et al. 2003 and
Chapter 10). A single parthenogenetic population may display a tree-like ances-
try and give the appearance of discrete taxa, but the degree of diversification
is determined by the time elapsed since the split of the last common ancestor.
Diversification at this level could be achieved through isolation in different geo-
graphic areas or adaptive divergence in a heterogeneous environment (Barraclough
et al. 2003; Laumann et al. 2007). Diversifying selection and geographic isola-
tion drive speciation in sexual species and are expected to have similar effects in
parthenogenetic species.

The radiation and diversification of ancient taxa of parthenogenetic species
has empirically been little studied. It challenges theories on the evolution and
maintenance of sex, and ancient parthenogenetic taxa therefore have been termed
“evolutionary scandals” (Maynard Smith 1978; Judson and Normark 1996). It is
generally assumed that parthenogenetic lineages are “dead ends” in evolution for
various reasons. They are believed to be unable to keep up in the evolutionary
arms race with pathogens and predators (cf. Red Queen hypothesis; van Valen 1973;
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Fig. 12.5 Neighbour-joining tree of 26 genera of oribatid mites with Trachytes sp. (Mesostigmata,
Uropodina) as outgroup taxon, constructed using the 18S rDNA sequences and a part of the heat
shock protein (hsp82) region Numbers at nodes represent percentages of 1000 bootstrap repli-
cates (only values above 50% are reported; I. Schaefer, K. Domes, S. Scheu and M. Maraun;

unpubl. data).

Hamilton 1980; see also Chapter 7), they may be unable to adapt to different ecolog-
ical niches (cf. Tangled bank hypothesis; Ghiselin 1974; Bell 1982), and they may
accumulate deleterious mutations (cf. Muller’s ratchet; Muller 1964; cf. Mutation
load reduction theory; Kondrashov 1993; Crow 1994; see also Chapter 5).
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Despite the theoretical arguments, there is increasing empirical evidence that
oribatid mites comprise many clades of various size, extant members of which
reproduce exclusively via parthenogenesis (Norton and Palmer 1991; Norton et al.
1993; Maraun et al. 2003b, 2004; Heethoff et al. 2007a; Laumann et al. 2007). These
groups presumably radiated without sexual reproduction. The largest clades are
within early to middle-derivative groups, such as Enarthronota (Brachychthoniidae;
102 spp.; Lohmanniidae; 156 spp.) and “Desmonomata” (Nanhermanniidae, 56
spp.; Malaconothridae, 104 spp.; Trhypochthoniidae, 68 spp.; Camisiidae, 92 spp.;
and the genus Nothrus (Nothridae, 54 spp.)). Within the “Desmonomata”, sexual
reproduction reevolved in the family Crotoniidae. This evolutionary recovery of a
complex trait (sexual reproduction) is a unique evolutionary scenario in the ani-
mal kingdom and was termed a “breaking of Dollo’s law” (Domes et al. 2007).
Violation of Dollo’s law has been controversial (Goldberg and Igic 2008) but recent
phylogenetic studies have demonstrated that the re-evolution of complex features
occurs more often than previously assumed. If the underlying developmental path-
way is retained after the loss of a certain character, it may be regained quickly when
needed (Collin and Miglietta 2008).

Molecular evidence further suggests the existence of parthenogenetic speciation
for several groups of oribatid mites. Maraun et al. (2003b) used comparisons of
sequence divergences of the 28S rDNA D3-region of closely related parthenogenetic
oribatid mite species to show that parthenogenesis is an ancient phenomenon for
the genus Tectocepheus (Brachypylina) and lineages within the “Desmonomata”.
Phylogenetic analyses of the D3-region also suggest the existence and radia-
tion of multiple parthenogenetic and diverse lineages, such as Nanhermanniidae,
Malaconothridae, Camisiidae and the genus Tectocepheus (Maraun et al. 2004).
Laumann et al. (2007) analysed four nuclear genes of three controversial species
of Tectocepheus and showed that T. velatus (Michael), T. sarekensis (Trighard) and
T. minor (Berlese), although similar in morphological aspects, have distinct geno-
types and likely split into separate species while being parthenogenetic. Heethoff
et al. (2007a) found seven distinct genetic lineages (which can be termed cryptic
species) for the mitochondrial gene cytochrome oxidase 1 (cox!) of Platynothrus
peltifer (Camisiidae), corresponding to their geographical origin (North America,
Northern/Central Europe, Southern Europe, Northern Tyrolia, Eastern Europe and
Japan).

The 4X rule is a quantitative measurement for speciation in parthenogen-
tic species based on genetic distances and is used to identify species under the
Evolutionary Genetic Species Concept (EGSC; W. Birky, pers. comm.; see also
Chapter 10 in this book). The seven lineages of Platynothrus peltifer fulfill the con-
ditions of the 4X rule and thus may be considered evolutionary genetic species. High
genetic distances corresponded to divergence times up to 64 million years and it was
concluded that the current distribution of lineages result from vicariance rather than
dispersal. This supports the old theory that the general distribution of oribatid mites
is largely related to patterns of continental drift (Hammer and Wallwork 1979).

Besides the phylogenetically clustered, ancient parthenogenetic lineages of ori-
batid mites, there are also recent and phylogenetically isolated parthenogenetic
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lineages with close sexual congeners (Cianciolo and Norton 2006). Of the pro-
posed explanations for the ecological distribution of parthenogenetic oribatid mites,
three were examined by Cianciolo and Norton (2006), namely a correlation with
overall biotic uncertainty (as generated by competitors and predators); a lack of
ecological correlation consistent with Muller’s ratchet and the existence of general
purpose genotypes (Lynch 1984; see also Chapter 6) among ancient parthenogenetic
lineages and recent parthenogenetic lineages. They rejected biotic uncertainty as
an explanatory mechanism for either ancient parthenogenetic lineages or recent
parthenogenetic lineages; further, there was no evidence for the existence of gen-
eral purpose genotypes in the two groups, although this clearly deserves further
investigation. However, while Muller’s ratchet (Muller 1964) seems unimportant
for ancient parthenogenetic lineages, it may influence the distribution of recent
parthenogenetic lineages (Cianciolo and Norton 2006). This is surprising since
Muller’s ratchet acts in the long-term and should therefore apply more strongly to
ancient parthenogenetic lineages than to recent parthenogenetic lineages.

The large number of parthenogenetic lineages, the spectrum-like distribution
of reproductive modes (ancient parthenogenetic lineages to recent parthenogenetic
lineages) and the unusual mode of reproduction (terminal fusion automixis and pos-
sibly inverted meiosis) make oribatid mites a unique model system to analyse the
ecological and evolutionary advantages and disadvantages of parthenogenetic repro-
duction. It is a challenge for future studies to elucidate the mechanisms that allow
the presence and persistence of numerous parthenogenetic oribatid mite clades that
vary widely in size and, presumably, in age.

12.4 Glossary

Hysterosoma: the hind body division of Acari consisting of the opisthosoma and
the metapodosoma (segments bearing the two hind legs).

Meros: distal part of the ovary in Acari with vitellogenetic oocytes.

Proterosoma: the fore body division of Acari consisting of the gnathosoma (mouth-
parts) and the fore two segments with walking legs.

Rhodoid: central part of the ovary in Acari with previtellogenetic oocytes.
Vitellogenesis: process of yolk deposition and formation via nutrients being
deposited in the oocyte.
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