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Abstract

The systematic positions of Enicocephalomorpha and Dipsocoromorpha are still controversial and the available morphological information
is very fragmentary. Consequently, head structures of Cryptostemma (Dipsocoromorpha: Dipsocoridae) and Systelloderes (Enicocephalo-
morpha: Enicocephalidae) were investigated in detail using SEM, serial sectioning and computer-based 3D-reconstruction. The observed
features were compared to putatively homologous structures in Nepomorpha, Leptopodomorpha, Cimicomorpha, and Pentatomomorpha.
A cladistic analysis based on 71 cephalic characters scored for 16 heteropteran terminals and outgroup taxa resulted in a strict consensus
of two minimum length trees. The monophyly of Heteroptera is strongly supported. However, in the present study, the branching pattern
within the group is not compatible with recent hypotheses (e.g., Nepomorpha paraphyletic herein). Characters of the head alone are not
sufficient to reconstruct the basal branching events in Heteroptera. This is arguably due to homoplasy related to similar feeding habits.
Consequently, we evaluated the cephalic characters based on previously published cladograms. A hypothesis with Enicocephalomorpha as
the sister group of the remaining Heteroptera (Euheteroptera), followed by Dipsocoromorpha, required the lowest number of steps. Euhet-
eroptera are supported by the presence of distinct bucculae, and Neoheteroptera (Euheteroptera excl. Dipsocoromorpha) by the presence
of paired postoccipital condyles and distinctly bi-lobed principal salivary glands. A conspicuous autapomorphy of Enicocephalomorpha is
the distinct constriction of the head capsule posterad of the compound eyes and probably also the elongation of the head and the presence
of “scapus sclerites”. Dipsocoromorpha differ strongly form Enicocephalomorpha in their head morphology. Convincing cephalic autapo-
morphies are lacking. Gerromorpha are characterized by cephalic trichobothria originating in a deep pit and by a quadrangular mandibular
lever.
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1. Introduction

Heteroptera or True Bugs are a megadiverse group of He-
miptera (>40.000) displaying remarkable morphological
variation (e.g., SCHUH & SLATER 1995; HENrY 2009). De-
spite considerable efforts to reconstruct the phylogeny
of the group for more than 30 years (see e.g., SCHUH &
WEIrRAuUCH 2011), the higher-level systematics of Hetero-

ptera is clearly an issue of ongoing debate (see e.g., Li et
al. 2012b). This controversy concerns in particular the re-
spective positions of Enicocephalomorpha (unique-head-
ed bugs), Dipsocoromorpha (minute litter bugs), Nepo-
morpha (aquatic bugs), and Gerromorpha (semi-aquatic
bugs). The modern era of heteropteran classification
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started in the 1950s with attempts to subdivide the poly-
phyletic Geocorisae, the terrestrial groups, recognized by
earlier authors: LEsTON et al. (1954) defined Pentatomo-
morpha (stink bugs and allies) and Cimicomorpha (as-
sassin and plant bugs and relatives), but as other authors
during this period they did not apply explicitly phyloge-
netic (Hennigian) approaches. Mivamoto (1961) subse-
quently suggested a basal position for the unique-headed
bugs and the minute litter bugs based on the plesiomor-
phic condition of the alimentary system. He combined
the “Dipsocoridae” and “Enicocephalidae” as “Dipso-
corimorpha”, a group that was obviously based on sym-
plesiomorphies and that he considered to be “parallel”
to Cimicomorpha and Pentatomomorpha. Stys & KEr-
ZHNER (1975) created the currently used scheme for the
higher-level classification of Heteroptera in which they
recognized 7 infraorders: Enicocephalomorpha Stichel,
1955; Dipsocoromorpha Miyamoto, 1961; Gerromorpha
Popov, 1971; Nepomorpha Popov, 1968; Leptopodomor-
pha Popov, 1971; Cimicomorpha Leston, Pendergrast &
Southwood, 1954 and Pentatomomorpha Leston, Pen-
dergrast & Southwood, 1954. A phylogenetic evaluation
of this scheme was beyond the scope of their publication.

Subsequent attempts to incorporate phylogenetic in-
terpretation into the classification of Heteroptera were
made by CoBBEN (1968, 1978) in his seminal comparative
morphological studies, although he emphasized that cla-
distic methods were unsuitable to reveal the phylogeny
of true bugs due to the high degree of homoplasy within
the group (reviewed by ScHuH 1979). CoBBEN (1978) pro-
posed Heteroptera to be derived from a “gerromorphan
stock”, with different groups having evolved to differ-
ent degrees from this ancestral assemblage. Based on this
scheme, he considered Enicocephalomorpha and Dipsoc-
oromorpha to be anagenetically close to the heteropteran
ancestor and all other taxa to be more derived.

ScHun (1979) re-analyzed Cobben’s data using expli-
cit cladistic procedures. This analysis placed Enicoce-
phalomorpha as the most basal heteropteran lineage with
the complete branching pattern as follows: Enicocepha-
lomorpha + (Dipsocoromorpha + (Gerromorpha + ((Le-
ptopodomorpha+Nepomorpha) + (Cimicomorpha + Pen-
tatomomorpha)))). A study based on 31 morphological
characters and 669 base pairs of 18S rDNA (WHEELER et
al. 1993) gave further support (at least in some of their
analyses) to the phylogeny proposed by ScHun (1979),
and the concept of Enicocephalomorpha, Dipsocoromor-
pha and Gerromorpha as basal heteropteran lineages was
also adopted by SweEeT (1979), ScHuH & SLATER (1995),
HEeNRY (2009), Cassis & ScHuH (2010), and WEIRAUCH &
SchHun (2011) (see also Carver et al. 1991 [Coleorrhyn-
cha included as most basal branch]). In the cladograms
of ScHuH (1979) and WHEELER et al. (1993), Heteroptera
are subdivided into the following monophyletic clades:
Enicocephalomorpha + Euheteroptera (Stys 1983, 1984)
(= Dipsocoromorpha + (Neoheteroptera (= Gerromorpha
+ (Panheteroptera (= Nepomorpha + (Leptopodomorpha
+ (Cimicomorpha + Pentatomomorpha))))))). However,
the morphology-only analysis of WHEELER et al. (1993)
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itself does not support Euheteroptera but forms a clade
consisting of (Gerromorpha + (Dipsocoromorpha + Eni-
cocephalomorpha)), based on the 1-segmented tarsi in
the 1% instar nymphs of these taxa (see corrected version
of fig. 3). Apomorphic characters shared among Panhet-
eroptera in the morphological analysis are: the absence
of arolia in adults (character #21), the differentiation of
the fore wing into corium (leathery part) and membrane
(character #22), and the interlocking mechanism link-
ing the hemelytra and the body known as ‘Druckknopf’
(character #24) (but see WEIRAUCH & Cassis 2009 for an
alternative interpretation on the evolution of this feature).

In two morphological studies focused on male geni-
talic features it was also attempted to shed light on the
relative positions of higher-level heteropteran taxa.
A “unique position” was assigned to Enicocephalidae
based on an unusual feature of the testes (Kumar 1964).
However, it was pointed out in the same study that testes
with a single follicle have likely evolved several times
independently within different heteropteran families.
Moreover, the interpretations were based on a single
character system without a sound phylogenetic concept.
Based on characters of the male genitalia YaNG (2002)
suggested Dipsocoromorpha, Gerromorpha and Nepo-
morpha together to be monophyletic and placed this as-
semblage as the sister group to Coleorrhyncha (!) + Eni-
cocephalomorpha + (Leptopodomorpha + Cimicomor-
pha + Pentatomomorpha). Similar to Kumar (1964), the
phylogenetic approach in this study was problematic and
character sampling insufficient.

YosHizawa & Saigusa (2001) reported a primitive
condition of the forewing base structure of Enicocephali-
dae likely supporting the basal split of Enicocephalomor-
pha from the rest of Heteroptera.

Similar to the results of WHEELER et al. (1993), Enico-
cephalomorpha were placed as the most basal branch
in the molecular study of XiE et al. (2008). In contrast,
Nepomorpha and Leptopodomorpha were placed as the
second and third branches, respectively, with (Gerromor-
pha + Dipsocoromorpha) and (Pentatomomorpha + Ci-
micomorpha) as sister groups. A basal position of Enico-
cephalomorpha is also supported by the analysis of 13
protein-coding genes from mitochondrial genomes (Li et
al. 2012a). The drawback of this study is the absence of
Dipsocoromorpha in the taxon-sampling and the poly-
phyly of Cimicomorpha.

The hypotheses proposed by ScHun (1979) and WHEE-
LER et al. (1993), which place Enicocephalomorpha, Di-
psocoromorpha and Gerromorpha as basal lineages, are
in conflict with several alternative scenarios. Based on
morphological data, MauNER (1993) tentatively suggest-
ed “Cryptocerata” (Nepomorpha) as the sister group to
the remaining Heteroptera. However, he explicitly point-
ed out the uncertain position of Enicocephalomorpha
and Dipsocoromorpha in this hypothesis, due to the lack
of crucial character data. SHcHErRBAKOV & Porov (2002)
analyzed 50 morphological characters and like MaH-
NER (1993) suggested that Nepomorpha may have to be
considered as the first branch within Heteroptera. In the
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phylogeny of SHCHERBAKOV & Popov (2002) Enicocepha-
loidea is placed in the Dipsocoromorpha, which form a
clade with Leptopodoidea and Gerromorpha. The most
recent and comprehensive multiple gene analysis (18S
rDNA, 28S rDNA, 16S rDNA and COI) of Heteroptera
was carried out by Li et al. (2012b) using different ana-
lytical approaches. Nepomorpha was unambiguously
placed as the most basal branch. However, the arrange-
ment of the remaining groups varied very strongly, with
Cimicomorpha + Pentatomomorpha being recovered as
the only stable sister group relationship among the in-
fraorders (see also WHEELER et al. 1993; XiE et al. 2003;
WEIRAUCH & ScHun 2011). Phylogenetic hypotheses on
relationships among the heteropteran infraorders except
Cimicomorpha and Pentatomomorpha must therefore be
considered tentative at best.

Phylogenetic reconstructions for Heteroptera are clear-
ly impeded by sparse and scattered morphological data.
Comprehensive data on the internal cephalic morphology
of Enicocephalomorpha and Dipsocoromorpha are cur-
rently unavailable (e.g. tentorium, musculature, nervous
system) and those on members of the Gerromorpha are
very limited. The need for more detailed investigations of
head morphology, among other morphological character
complexes, is underlined by an erroneous placement of
Enicocephalomorpha close to Reduviidae (REUTER 1910;
UsINGER 1932, 1945; CHINA & MILLER 1959; JorDAN
1972) that was based mostly on superficial similarities of
external head structures (ScHun 1986).

Even though the monophyly of Enicocephalomorpha
has not been tested in a phylogenetic framework (see e.g.,
WEIRAUCH & ScHuH 2011), the group is likely of single
origin judging from the uniquely modified head shape,
raptorial legs, and distinctive wing venation. Relation-
ships within the group have not been investigated using
phylogenetic procedures. The situation is more critical in
Dipsocoromorpha, which have long been suspected to be
non-monophyletic (WEIRAUCH & Schun 2011), although
a morphological or combined analysis of the group is
lacking as well. However, the first cladistic analysis of
Dipsocoromorpha, based on a molecular dataset of 87
Hemiptera including 35 Ceratocombidae, Dipsocoridae,
and Schizopteridae, found high support for the monophy-
ly of the entire group and also for the 3 families includes
in the analysis (WERAUCH & STYs in press).

In addition to the striking lack of anatomical data for
both Dipsocoromorpha and Enicocephalomorpha, the bio-
logy and ecology of Dipsocoromorpha is poorly known.

Enicocephalomorpha (“Henicocephalidae”,  Stal,
1860 in UsINGER 1932) comprises the two families Eni-
cocephalidae (“Henicocephalinae” in USINGER 1932;
405 species) and Aenictopecheidae (“Aenictopechinae”
in USINGER 1932; 20 species) (e.g., CARVER et al. 1991;
Stys 1995a, 2008; HENRY 2009). They are characterized
by a bilobed head (“unique-headed bugs”) (e.g., KrITsky
1977) and completely membranous wings with a distinct
radius, media and cubitus reaching the posterior mar-
gin (e.g., USINGER & WyGoDzINSKY 1960; JorRDAN 1972;
ScHun & SraTter 1995). The size of the elongated, of-
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ten brownish bugs ranges between 2 and 15 mm (Stvs
1995a; BaNAR 2008; Stys & BaNar 2008). Micropterous
and apterous forms are characterized by the loss of ocelli,
reduction of eye size and modification of the pronotum
(WyGopzinsky & ScHmIDT 1991). Enicocephalomorpha
are predators of different arthropods or polyphagous
(e.g., Wycopzinsky & ScHMIDT 1991). Some species are
likely associated with ants (‘myrmecophily’) as differ-
ent life stages were found in ant nests (summarized in
WyYGODZINSKY & ScHMIDT 1991 and Stys et al. 2010), but
do not necessarily feed on their hosts (ScHun & SLATER
1995). The area of distribution comprises the southern
Nearctic and the Neotropics, the Afrotropical region in-
cluding Madagascar, the Middle East, the Oriental and
Australian regions including New Zealand and the south-
western Pacific (Stys 1995a, 2008).

Dipsocoromorpha comprises the five families Cerato-
combidae (52 species), Stemmocryptidae (1 species), Di-
psocoridae (51 species), Hypsipterygidae (4 species),
and Schizopteridae (229 Species) (HEnry 2009). The di-
psocoromorph bugs are characterized by their miniatu-
rization and contain some of the smallest heteropterans
(0.5—4 mm) (Stys 1995b). The body is much more com-
pact than in Enicocephalomorpha and the appearance of
some taxa is similar to that of beetles (STys 1995¢). A
characteristic feature, even though not exclusive to the
minute litter bugs, is the long setation on the antennal
flagellum in many species (except Stemmocryptidae)
(JorpAN 1972; StYs 1995b). Other head structures are
quite variable (e.g., presence or absence of ocelli, num-
ber and length of labial segments) (ScHun & Stys 1991;
Stys 1995¢). Most species are assumed to be predators of
small arthropods (CARVER et al. 1991; Stys 1995c¢,d), but
members of some genera of Ceratocombidae have been
suggested to feed on molds (Stys 1995¢). Hypsipterygi-
dae and Stemmocryptidae are restricted to the Oriental
regions, but Ceratocombidae, Dipsocoridae, and Schiz-
opteridae have worldwide distributions, typically with
highest diversity in tropical areas (e.g., EMSLEY 1969;
CARVER et al. 1991; Stys 1995b). Similar to Enicocepha-
lomorpha, their habitats are rather cryptic and include
leaf litter and gravel along river banks, and they also oc-
cur in nests of ants (CARrVER et al. 1991). Species of Schiz-
opteridae are in addition collected by screen-sweeping
vegetation or canopy fogging (C. Weirauch pers. obs.),
indicating that some taxa are vegetation dwelling. Early
fossils of Dipsocoromorpha are known from the Triassic/
Jurassic boundary (SueErBAKOV & Poprov 2002) and the
Lower Cretaceous (Schizopteridae) (Azar & NEL 2010).

In contrast to the former groups, Gerromorpha are
very polymorphic and will not be treated here in detail.
Instead we refer to ANDERSEN’s (1982) comprehensive
compilation on this infraorder. Gerromorpha are either
elongate and slender (up to 36 mm in Gerridae) or small
and stout (ca. I mm in Veliidae) (ScHUH & SLATER 1995).
Gerromorph bugs are either polyphagous or predators of
other arthropods (CARVER et al. 1991; ScHuH & SLATER
1995). The fossil record of Gerromorpha goes back to the
Triassic (DAMGAARD 2008).
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In addition to comprehensive molecular data, mor-
phological studies documenting a broad range of char-
acter systems and features are necessary for the recon-
struction of a well corroborated phylogeny that allows
evolutionary interpretations. This is in particular true for
Heteroptera, where current phylogenetic hypotheses are
unstable and in clear need of additional character data.
The main aim of this study is therefore to provide a de-
tailed documentation of the head morphology (including
musculature, tentorium, cephalic nervous system and
alimentary tract) for representatives of the potentially
basal heteropteran lineages Enicocephalomorpha, Dipso-
coromorpha and Gerromorpha. This study will close a
major gap in the documentation of head structures across
Heteroptera (see e.g., PArRsoNs 1960a, 1962 for studies on
Nepomorpha and Leptopodomorpha). In a second step,
characters derived from head structures are phylogeneti-
cally explored and analyzed using different approaches,
with focus on the basal branching pattern in Heteroptera.

2. Material and methods

2.1. Material

The following specimens were examined:

Cryptostemma waltli Fieber, 1860 (Dipsocoromorpha: Dipsocori-
dae), Germany: Mindelsee (Lake Constance), in pitfall traps
on a fallow, 24.x.1989, leg. Kiechle, det. R. Heckmann (same
specimens as in HEckmann & RieGER 2001), two specimens.

Gerris sp. (Gerromorpha: Gerridae), Germany: Jena, 11°35'07"E
50°54"23"N, vii.2012, leg. et det. R. Spangenberg, one speci-
men.

Systelloderes sp. (Enicocephalomorpha: Enicocephalidae), Peru:
Cuzco: Wayqecha Research Center, 2821 m, 13°1022"S
71°35'32"W, 05.xii.2011, leg. et det. C. Weirauch, P11L57
sweep, two specimens (same as in SPANGENBERG et al. 2013).

Cryptostemma waltli was killed in formaldehyde and afterwards
stored in 70% ethanol. Gerris sp. and Systelloderes were fixed
and preserved in 70% (Gerris) and 95% ethanol (Systello-
deres). In the following all species listed here will be referred
to by the generic name only.

2.2. Scanning electron microscopy

Scanning electron (SEM) micrographs of Systelloderes
and Cryptostemma were taken with a Philips XL 30
ESEM (FEI Company, Oregon, USA) and Scandium 5.0
Software (Soft Imaging System GmbH, Miinster, Ger-
many). They were completely dehydrated with ethanol
(100%) over several stages. Subsequently, the specimens
were dried using HMDS (hexamethyldisilazane) (for de-
tails see BRowN 1993) and sputter-coated with gold (Em-
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iTech K500, Quorum Technologies, West Sussex, UK). A
rotatable specimen holder was used to mount the sample
(see Ponr 2010).

2.3. Cross-section series and 3D-recon-
struction

One specimen each of Cryptostemma, Gerris and Sys-
telloderes was embedded in Araldite® (Huntsman Ad-
vanced Materials, Bergkamen, Germany) for semi-thin
cross sectioning (1 um; Cryptostemma, Systelloderes) or
longitudinal sectioning (1 pm; Gerris) with a glass knife
on a microtome HM 360 (Microm, Walldorf, Germany).
The sections were stained with toluidin-blue. Images of
sections for 3D-reconstruction of Cryptostemma and Sys-
telloderes were taken with a Zeiss Axioplan (Zeiss, Got-
tingen, Germany), the AnalySIS® documentation system
(Soft Imaging System GmbH, Miinster, Germany) and a
pixelink CCD-camera (PixeLINK, Ottawa, Canada). Fig-
ures were processed in Adobe® Photoshop® CS2 Ver-
sion 9.0 (Adobe Systems Incorporated San Jose, Califor-
nia, USA) and Adobe® Illustrator® CS2 12.0.0 (Adobe
Systems Incorporated, San Jose, California, USA). Align-
ment and three-dimensional reconstructions were done
with Mercury Amira® 4.1.2 (Visage Imaging GmbH,
Berlin, Germany) and surfaces were smoothed with Au-
todesk Maya® 7.0 (Autodesk GmbH, Munich, Germany).

2.4. Terminology

The terms dorsal, ventral, anterior and posterior consist-
ently refer to the longitudinal body axis (e.g., vertex dor-
sal, labium ventral), the mouthparts being considered as
extending anteriad from the head capsule (prognathous
condition). Muscles are continuously numbered in order
of appearance and follow the terminology established
in SPANGENBERG et al. (2013). The definition of ridges,
sutures and tentorium follows WipFLER et al. (2011). A
suture is interpreted as ecdysial cleavage line whereas a
ridge is a cuticular strengthening. In some cases an adap-
tion of this terminology is necessary to facilitate the mor-
phological comparison of different borders throughout
the infraorders and with other studies (i.a. “mandibular
sulcus”, see 3.1. Head).

2.5. Cladistic analysis

The analysis comprises 61 characters of the head of 16
representatives of Heteroptera and two outgroup taxa.
Winclada 1.00.08 (Nixon 2002) was used for compiling
the matrix and NONA (Ratchet, search settings: 1000
replicates) (GoLoBorr 1999) and TNT (GoLoBorF et al.
2008) (Settings Memory: General Ram 200 Mbytes,
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Max. trees 99999; Analyze Traditional Search, random
seed 999999) for calculating minimum length trees. Only
unambiguous character transformations were evaluated.
Branch support values (BREMER 1994) were calculated
with the “Bremer Support” function implemented in TNT
(calculate support with TBR, collapse nodes with support
below 0, retain trees suboptimal by 30 steps). Characters
were coded as non-additive and of equal weight. For addi-
tional character evaluations and character mapping three
alternative topologies on earlier hypotheses (WHEELER et
al. 1993; ManNER 1993; SHcHERBAKOV & Porov 2002; L1
etal. 2012; XiE et al. 2008) were enforced with Winclada
(“move branch mode”). The “collapse node mode” was
used for collapsing relationships within the infraorders.

3. Results

3.1. Systelloderes (Enicocephalomorpha)

The head structures are treated starting with the head cap-
sule, followed by the appendages, the digestive tract in-
cluding salivary complex, and finally the elements of the
cephalic nervous system. The muscles belonging to these
structures are treated in the corresponding subsections.

Head capsule

The elongated, prognathous head is very distinctly divid-
ed into a cylindrical anterior part, a large globular middle
part and a smaller globular occipital region (Fig. 1). The
three cephalic portions are separated from each other by
constrictions extending across the dorsal and lateral parts
of the head. The anterior and middle portions are densely
covered with long setae. Minute setae are also present
but restricted to the ventro-lateral areas. Pairs of cephalic
trichobothria are not recognizable.

The anterior part is formed by the flattened frons (fr),
which is located dorsally between the globular compound
eyes (ce) (Fig. 1A,B). It is separated from the clypeus by
the epistomal ridge (epr) (Fig. 2B). However, the inter-
nal strengthening is less distinct. The compound eyes are
slightly located ventrad. They are enclosed by a weakly
developed circumocular ridge (cor) and bear two setae
in the posterior part (Fig. 1B). The ventro-lateral region
of the anterior part of the head capsule is formed by the
genae (ga). They expand upward in front of the maxillary
plates to form a collar, and their anterior margin articu-
lates with the basal margin of the labium (Fig. 1B). Buc-
culae (“flanges of gena, on each side of basal portion of
labium* [ScHuH & SLATER 1995]) are not developed. The
bases of the antennae are located laterally and anterad of
the compound eyes. Mandibular and maxillary plates are
present on the antero-dorsal side of the anterior head por-
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tion between the bases of the antennae. The small trian-
gular and glabrous mandibular plates or lora (lor) origi-
nate at the fronto-clypeal border region (cly). Along their
posterior margins they are separated from the remainder
of the head capsule by the genal suture (gs) (see ANDERs-
EN 1982). In the stricter sense this is no ecdysial cleavage
line (see 2.4.). However, we apply this term for compari-
son with the detailed study of ANDERSEN (1982). Mesally
the lora extend beneath the clypeus along the clypeoloral
cleft (clc) (Figs. 1B, 2B). The plates are fused with each
other medially beneath the clypeus (Fig. 8D) and with the
head capsule on their ventral side caudally. The lora form
the dorsal guiding device for the feeding stylets (Figs. 3,
8D). The rectangular, sclerotised maxillary plates (mxpl)
bear three long setae on their anterior part and originate
anterad the apex of the mandibular plates. They are sepa-
rated from the latter by the mandibular sulcus (msu) (see
SiNGH 1971; “lorogenal cleft” of PArsons 1968) and from
the collar-like part of the genae by the ventral cleft (vc)
(Figs. 1B, 2B). The maxillary plates are divided into
two bean-shaped subunits which are connected basally.
The outer ones enclose the ventrolateral margins of the
clypeus (Fig. 8C). The inner subunits are not visible ex-
ternally (Fig. 3A). They lie below the clypeus and both
structures together form the ventral guiding device for
the feeding stylets (Fig. 3A). Subgena, subgenal ridges
and the frontal and coronal (= epicranial) sutures are not
distinguishable.

The middle cephalic subunit is the broadest and high-
est part of the head capsule and bears a median longi-
tudinal incision. It is mainly formed by the vertex (vx)
dorso-laterally (and likely the occiput posteriorly) (Fig.
1A). The paired ocelli (oc) in the postero-dorsal region
are separated by the longitudinal incision (Fig. 1A). The
ventral closure of the head capsule is not subdivided by
any ridges or sutures and tentatively referred to as “gular
region” (gu) (Fig. 1B,C).

The postoccipital region (poc) is separated from the
middle cephalic region by a weakly developed ridge
(pocr) (Fig. 1A). This region of the head capsule is partly
retracted into the prothorax (pt) and both structures to-
gether form a ball-and-socket joint (Figs. 1B, 3A). The
thickness of the lateral sides of the postoccipital region
is partly increased (stout paired cuticular condyles, in-
dicated by arrows in Figs. 3 and 9L). The dorsal side is
formed by a sclerotised, but thin, lip-like apodeme (Fig.
3A). The diameter of the foramen occipitale is slightly
smaller than that of the postoccipital region. The lat-
ter merges continuously with the cervix (cv) (Figs. 3A,
9L.M).

Musculature. (M1-M5b). M1 (Figs. 3B, 9M,N):
O (= origin) — laterally on the pronotum; I (= insertion)
— laterally on the dorsal apodeme of the postocciput; F
(= function) — levator and retractor of the head (simulta-
neous contraction) or rotator. M1a (muscles with a small
letter are treated as a separate unit) (Fig. 3B): minute
transverse muscle ventrad the anterior region of the dor-
sal apodeme. M2 (Figs. 3B, 9M,N): O — mesonotum; I —
dorsolaterally on the dorsal apodeme; F — levator of the
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Fig. 1. Systelloderes sp.: head and thorax, basi- and distiflagellum omitted, Scanning Electron Micrograph (SEM). A: dorsal view; B: lat-

eral view; C: ventral view. as, antennal socket; car, circumantennal ridge; ce, compound eye; cly, clypeus; cor, circumocular ridge; fr, frons;

ga, genal area; gu, gular region; L1—L4, labial segment 1 —4; lbr, labrum; lor, lorum/mandibular plate; mxpl, maxillary plate; oc, ocellus;

pd, pedicellus; poc, postoccipital region; pocr, postoccipital ridge; pt, prothorax; sc, scapus; vx, vertex.

head. M2a (Figs. 3B, 9M): O — laterally on the pronotum,
anterad M1; I — dorsomedially on the dorsal apodeme;
F — levator of the head. M3 (Figs. 3A, 9M,N): O — mesal
region of the pronotum; I — ventrolaterally on the postoc-
ciput; F — depressor of the head. M4 absent. M5 (Figs.
3B, 9M,N): O — anterior side of the profurcal arm; I —
ventrolaterally on the cervical membrane, posterad the
ventral region of the foramen occipitale; F — depressor
and retractor of the head. M5a absent. M5b (Figs. 3B,
OM,N): O — anterior side of the profurcal arm, laterad
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of M5; I — ventrolaterally on the cervical membrane and
laterad M5, posterad the ventral region of the foramen
occipitale; F — depressor and retractor of the head.

Tentorium
The tentorium is completely reduced. Anterior and posteri-

or tentorial pits are not developed. Sclerotised elements not
belonging to the tentorium but lying within the head cap-
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Fig. 2. Systelloderes sp.: head, SEM. A: dorsal view; B: dorsal view, enlarged detail of Fig. 2A; C: tip of labium, enlarged detail of Fig. 1C. as,
antennal socket; bf, basiflagellum; car, circumantennal ridge; clc, clypeoloral cleft; cly, clypeus; clyr, clypeo-labral ridge; df, distiflagellum;
epr, epistomal ridge; fr, frons; ga, genal area; gs, genal suture; if, intraflagelloid; L1—L4, labial segment 1—4; Ibr, labrum; lg, labial groove;

lor, lorum/mandibular plate; msu, mandibular sulcus; mxpl, maxillary plate; pd, pedicellus; pf, preflagelloid; sc, scapus; ve, ventral cleft.

sule are the hypopharynx, the hypopharyngeal wings, the
piston of the salivary pump and the mandibular and maxil-
lary lever, which are treated in the following chapters.

Clypeus and labrum
The rectangular and slightly convex clypeus (cly) is not

divided into an anteclypeus, paraclypeus and postclypeus.
Its dorsal side is densely covered with long setae (Figs.
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1B, 2B). A longitudinal rim functioning as a guiding de-
vice for the stylets is present on the ventral side (indicated
by an arrow in Fig. 8B). The ventrolateral area of the mid-
dle region is interlocked longitudinally with the parts of
the gena and of the mandibulary plates that lie beneath
the clypeus, for further mechanical support during feed-
ing (Fig. 8D).

The tongue-shaped labrum (lbr) originates along the
distal margin of the clypeus (Fig. 1A,B). It is separated
from the clypeus by a distinct clypeo-labral ridge (clyr)
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epr fr

M6 oc VX M15 poc M3

M12 M1 M2

Fig. 3. Systelloderes sp.: head and thorax, 3D-reconstruction, sagital section, different muscles and feeding stylets shown (blue: scleroti-

zation, grey: membrane, red: musculature). ap2L3, unpaired bar-shaped apodeme of the 3rd labial segment; apL4, apodeme of 4th labial

segment; ce, compound eye; cly, clypeus; cv, cervical membrane; epr, epistomal ridge; ft, frons; gu, gular region; hw, hypopharyngeal wing

(semitransparent); L1—L4, labial segment 1—4; lbr, labrum; lor, lorum/mandibular plate; M, muscle with appropriate number (number of

muscle corresponds to number in text, Figs. 4—9, Tables 1, 2); md, mandible; mdl, mandibular lever; mds, mandibular sac; mx, maxilla;

mxl, maxillary lever; mxpl, maxillary plate; mxs, maxillary sac (semitransparent); oc, ocellus; poc, postoccipital region; pt, prothorax; vx,

vertex. Arrow in (B) indicates each partly increased thickness of lateral sides of postoccipal region (see also Fig. 9L).

(Fig. 2B). The dorsal side is densely covered with setae
posteriorly while the clypeal longitudinal guiding rim is
continued on its ventral side (Fig. 3A). The labrum cov-
ers the first labial segment and the base of the second one
(Fig. 2B).

Musculature. No muscles are associated with the
clypeus and the labrum. M10 and M11 absent.

Antennae

The four-segmented antennae are inserted on a promi-
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nent antennal socket (as) anterad the compound eyes
and laterad the mandibular and maxillary plates (Figs. 1,
2A). The circumantennal ridge is distinct (car) (Figs. 1C,
2B). An antennifer is absent. The scapus (sc) is cylin-
drical, densely covered with setae on its lateral side and
half as long as the pedicellus (Fig. 2A). The histologi-
cal section in the plane of the base of the scapus shows
two bean-shaped sclerites embedded in the membrane,
the “scapus sclerites” (ss) (Figs. 7, 8D). The pedicellus
(pd) is more narrow and all sides are covered with se-
tae (Fig. 2A). Its base is connected with membranes to
a minute oval sclerite laterally (pp, Fig. 7). This likely
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Fig. 4. Systelloderes sp.: detail of mandible connected with mandibular lever,
3D-reconstruction (blue: sclerotization, red: musculature). M, muscle with ap-
propriate number (number of muscle corresponds to number in text, Figs. 3,
5-9, Table 1); md, mandible; mdl, mandibular lever; mds, mandibular sac.
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Fig. 5. Systelloderes sp.: labium schematic (transparent) and elongated, dorsal view. ap1L2, apodeme of 2nd labial segment; ap2L2; un-

paired apodeme of 2nd labial segment; ap1L3, apodeme of 3rd labial segment; ap2L.3, unpaired apodeme of 3rd labial segment; apL4,

apodeme of 4th labial segment; L1—L4, labial segments 1—4; Ig, labial groove; M, muscle with appropriate number (number of muscle

corresponds to number in text, Figs. 3, 4, 6—9, Table 1).

represents the “prepedicellite” of Zrzavy (1990). The
flagellomere comprises the “basiflagellum” or “basiflag-
ellite” (bf) and “distiflagellum” or “distiflagellite” (df)
(see Zrzavy 1990) (Fig. 2A). They are similar in shape,
length and setation to the pedicellus. A separate globular
and glabrous sclerite is present between the pedicellus
and basiflagellum, and between the basiflagellum and
distiflagellum, respectively. They likely represent the
“preflagelloid Type II”” (pf) and “intraflagelloid Type I”
(if) of Zrzavy (1990: “hardly sclerotised, thick-walled
cylinder with the diameter approximately equal to the
height”) (Fig. 2A).

Musculature. Extrinsic and intrinsic antennal mus-
cles M6—-M9). M6 (Figs. 3A, 7, 91): O —roof of the head
capsule, border region of the anterior and middle part;
I — posterad the ventral base of the scapus; F — depressor
of the antenna. M7 (Figs. 3A, 7, 91): O —roof of the head
capsule, anterad O of M6; I — posterad the dorsal base of
the scapus; F — levator of the antenna. M8 (Figs. 7, 8B):
O — proximal base of the scapus; I — proximal base of the
pedicellus; F — extensor of the pedicellus. M9 (Figs. 7,
8B): O — distal base of the scapus; I — distal base of the
pedicellus; F — flexor of the pedicellus.

Mandible

The mandibles (md) are a pair of symmetrical, long and
slender stylets. Their bases are deeply sunk into the head
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capsule. Two thirds of their entire length is situated in the
head capsule where they reach the posterior margin of the
middle cephalic part (Fig. 3B). The proximal halves fol-
low the longitudinal body axis while the distal parts are
strongly bent ventrocaudad in resting position (Fig. 3B).
The distal parts are crescent-shaped in cross section, with
protruding inner edges. They partly enclose the maxillae
(Fig. 10). The curved part starts at the level of the first la-
bial segment (L1) (Fig. 3B). The mandibular part located
mesad the compound eyes forms a hollow widened tube
which opens posterad (Fig. 3B, 8G). The lumen reaches
into the apical part (Fig. 10). The proximal opening of the
mandibular base is transformed into a long and slender
cuticular tendon dorsally (Figs. 3B, 9J).

The mandibles are connected with a curved, acutely
triangular, sclerotised mandibular lever (mdl) (type III of
RIEGER 1976). It is located at a level posterad the anten-
nal socket. The mandibular lever tapers caudally and is
transformed into a longitudinal sclerotised stripe anterad
the widening (Fig. 4). Only this stripe-part is connected
with the mandible directly. The membranous mandibular
sac (mds) is attached to the proximal end of the lorum. It
partly surrounds the proximal region of the lever and the
stylet in the region of the antennal socket (Figs. 3B, 4 and
8E). Mandibular glands are absent.

Musculature. Retractor and promotors of the mandi-
bular stylet (M12—-M14). M12 (Fig. 3B): very thin muscle,
O — dorsally on the head capsule, on the constriction be-
tween the anterior and middle part; I — posterad the widen-
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Fig. 6. Systelloderes sp.: head and thorax, 3D-reconstruction, sagital section, different muscles, alimentary system (A) and nervous sys-

tem (B) shown (blue: sclerotization, dark green: pharynx, light green: salivary complex, red: musculature, yellow: nervous system). ah,

antennal heart; anv, antennal nerve; ao, aorta cephalica; cnv, clypeo-labral nerve; dts, deuto-tritocerebrum-subesophageal-complex; eps,

epipharyngeal sense organ; fg, frontal ganglion; ftg, first thoracal ganglion; hyp, hypopharynx; Inv, labial nerve; M, muscle with appropri-

ate number (number of muscle corresponds to number in text, Figs. 3—5, 7—9, Table 1) (M25 semitransparent); mx, maxilla; oclo, ocellar

lobe; oplo, optic lobe; p, passage through brain for aorta and pharynx; pc, pumping chamber; pcrlo, protocerebral lobe; ph, pharynx; pis,

piston; pph, prepharynx; sd, common salivary duct; sd2, accessory duct; sdmx, salivary duct connecting pumpnig chamber with salivary

channel of maxillae; sgl, principal duct.

ing of the mandible; F — retractor. M12a (Figs. 3B, 9K,L):
O — laterally on the distal postoccipital region, dorsad the
strengthening of the postoccipital region; I — bar-shaped
region of the mandible; F — retractor. M12b (Figs. 3B, 8H,
9I): two small bundles, attached to M16, O — proximal end
of the hypopharyngeal wing; I — ventrally on the widened
part of the mandible; F — third retractor. M 13 (Figs. 3B, 4,
8E): O — dorsally on the border region of head capsule and
clypeus; I — laterally on the mandibular lever; F — protrac-
tor. M14 (Figs. 3B, 4, 8E): O — dorsally on the roof of the
head capsule, anterad the compound eyes; I — laterally on
the mandibular lever; F — protractor.

Maxilla

The maxillae consist mainly of the very elongate lacini-
ae. The palp and galea are absent. The proximal elements
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appear indistinguishably fused, without a recognizable
detachment of the lacinia from the stipes. The laciniae,
probably together with the parts corresponding with the
cardo and stipes (mx), form a pair of hollow, slender sty-
lets. Two thirds of their entire length is situated within the
head capsule. Proximally the maxillae reach the anterior
region of the posterior cephalic part (Figs. 3A, 9J). The
right maxilla originates more proximally than the left one
(Fig. 9K). The distal thirds of the stylets (from the begin-
ning of the base of the mandibular plates) are linked with
each other forming a dorsal food channel and a ventral
salivary channel, with the mesal regions each forming a
curved “E” in cross section, with three sclerotised exten-
sions. The food channel (fc) is about twice as large as the
salivary channel (sa) and is formed by both stylets to the
same extent. In contrast, the ventral extension of the left
maxilla is more prominent and thus encloses a larger part
of the salivary channel (Fig. 10). The E-shaped structure
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M20a M19

Fig. 7. Systelloderes sp.: head (semitransparent), 3D-reconstruction, dorsal view (blue: sclerotization, red: musculature and aorta, yellow:

Inv M17

nervous system). ah, antennal heart; anv, antennal nerve; ao, aorta cephalica; as, antennal socket; ce, compound eye; cnv, clypeo-labral

nerve; fg, frontal ganglion; Inv, labial nerve; M, muscle with appropriate number (number of muscle corresponds to number in text, Figs.

3-6, 8,9, Table 1); oplo, optic lobe; per, protocerebrum; pp, prepedicellite; sc, scapus; ss, scapus sclerite.

reaches the region posterad the compound eyes (Fig. 91).
The following proximal part of the maxilla is an almost
circular widened tube with the opening posterad (Fig.
9J). The membranous maxillary sac (mxs) covers the sty-
lets along the hypopharyngeal wing and maxillary lever
(Figs. 3A, 8E). The sac ends proximad the end of the E-
shaped region. It is apparently not linked with the head
capsule. Maxillary glands are not present.

Musculature. Retractor and promotor of the maxillary
stylet (M15, M16). M15 (Figs. 3A, 9J,L): O — laterally on
the distal postoccipital region, dorsad the strengthening
of the foramen occipitale, ventrad O of M12a; I — dor-
sally on the maxillary stylet, posterad the E-shaped struc-
tue; F — retractor. M16 (Figs. 3A, 9J): one of the largest
intrinsic cephalic muscle, O — on the border region of the
hypopharynx and maxillary plate; I — ventrolaterally on
the proximal circular stylet region; F — promotor.

Labium

The tube-like, four-segmented labium (lab) forms the an-
terior closure of the head capsule (Fig. 1) and a sheath for
the mandibles and the maxillae (Fig. 3). This functional
complex is called the “feeding tube” or “suctorial beak”.
In its resting position its tip is directed ventrally to ven-
trocaudally (Figs. 1B, 3). The exposed surface of the la-
bium is covered with long setae (Fig. 1B). The proximal!
sides of segments three and four are glabrous (Fig. 1C).
The labial groove (lg) is situated on the distal' side of
segments two to four (Figs. 2B,C, 5). The four segments
are separated from each other by articulation membranes
(Fig. 1C). The basal segment (L1) is the shortest (Fig. 1).

' The terms distal, proximal, dorsal and ventral refer to the
position of the labium as seen in Fig. 1B.
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The feeding stylets are placed in a shallow depression
on its dorsal side and covered by the clypeus and labrum
(Fig. 3.). The second segment (L2) is twice as long as L 1.
A slender, deep incision on its dorsal side forms trans-
ition to the labial groove (Figs. 1B, 2B). Its proximal re-
gion is partly retracted into the basal segment. A pair of
lateral apodemes originates from its base (ap1L2) and an
unpaired bar-shaped apodeme medially from its dorsal
edge (ap2L2) (Fig. 5). The third segment (L3) is the long-
est and twice as long as L2 (Fig. 1B). Its base is partly re-
tracted and bears an apodeme on both sides (ap1L3) (Fig.
5). The floor of the proximal labial groove is strongly
sclerotised and forms a bar-shaped apodeme anteriorly
(ap2L3) (Figs. 3A, 5). The lateral edges of the groove are
interlocked with each other by a groove-and-tongue con-
nection. Two sclerotised extensions (“tongues”) on the
left side fit with the corresponding folds (“grooves”) on
the right side (indicated by arrows in Figs. 8B—D). The
interlocking mechanism is less tight in the basal and dis-
tal region of the segment. The cone-shaped apical labial
segment (L4) is about as long as L2 (Fig. 1B). Two bar-
shaped apodemes (apL4) originate on its base and reach
into L3 over half its length (Figs. 3A, 5). Three furrows
are present at the apex. A row of sensilla is not recogniz-
able (Fig. 2C). Intercalary sclerites are not present in the
labium.

Musculature. Extrinsic and intrinsic labial muscles
(M17-M22). M17 (Figs. 3B, 5, 7, 8G): largest extrinsic
labial muscle, O — ventrally on the anterior half of the
hypopharyngeal wing; I — ventrally on the base of L2;
F —extensor of the labium. M17a (Figs. 3B, 5,7, 8B): O —
laterally on the proximal part of the unpaired apodeme
ap2L.2; 1 —distal region of L1, dorsad the paired apodeme
aplL2; F — flexor of the labium (simultaneous contrac-
tion) or rotator. M18 (Figs. 3B, 5, 7, 8B): O — dorsally on
the roof of the anterior part of the head capsule; I — near
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Fig. 8. Systelloderes sp.: head and thorax, cross sections. A: head and thorax, schematic, lateral view showing planes of section of light
micrographs B—N (continued in Fig. 9). anv, antennal nerve; ao, aorta cephalica; apL4, apodeme of 4th labial segment; ce, compound eye;
cle, clypeoloral cleft; cly, clypeus; cnv, clypeo-labral nerve; eps, epipharyngeal sense organ; fg, frontal ganglion; fs, feeding stylets; hw,
hypopharyngeal wing; hyp, hypopharynx; L1—L4, labial segment 1—4; lg, labial groove; Inv, labial nerve; lor, lorum/mandibular plate; M,
muscle with appropriate number (number of muscle corresponds to number in text, Figs. 3—7, 9, Table 1); md, mandible; mdl, mandibular
lever; mds, mandibular sac; mx, maxilla; mxpl, maxillary plate; mxs, maxillary sac; oplo, optic lobe; pc, pumping chamber; pis, piston;
pph, prepharynx; sc, scapus; sd, common salivary duct, sdmx; salivary duct connecting pumpnig chamber with salivary channel of maxil-
lae; ss, scapus sclerite. Upper arrow in (B) indicates longitudinal rim functioning as a guiding device for the stylets (the latter are damaged
in this slice); lower arrow in (B—D) indicates interlocking of lateral edges of labial groove. Arrow in (F) indicates linkage of maxillae and

hw pis M17 ce

hypopharyngeal wing (see also Fig. 8E,G).
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Fig. 9. Systelloderes sp.: head and thorax, cross sections, Fig. 8 continued. anv, antennal nerve; ao, aorta cephalica; bc, bark cell; ce, com-
pound eye; cnv, cylpeo-labral nerve; dts, deuto-tritocerebrum-subesophageal-complex; ftg, first thoracal ganglion; hw, hypopharyngeal
wing; Inv, labial nerve; M, muscle with appropriate number (number of muscle corresponds to number in text, Figs. 3—8, Table 1); md,
mandible; mx, maxilla; mxl, maxillary lever; mxs, maxillary sac; n, nucleus; nct, nucleus of connective tissue; nl, neural lamella; np, neuro-
pil; nr, neurilemma; oc, ocellus; oclo, ocellar lobe; oplo, optic lobe; p, passage through the brain for pharynx and aorta; per, protocerebrum;
ph, pharynx; pis, piston; poc; postoccipital region; pph, prepharynx; pt, prothorax; sd, common salivary duct; sd1, principal duct; sd2, ac-
cessory duct; se, secretion granules; sgl, principal gland; tp, tunica propria; tr, trachea. Arrow in (J) indicates ring muscle layer. Arrow in
(L) indicates each partly increased thickness of lateral sides of postoccipal region (see also Fig. 3).
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the paired apodeme ap1L2, ventrad I of M17; F — flexor
of the labium (simultaneous contraction) or rotator. M19
(Figs. 3B, 5, 7): smallest labial muscle, O — laterally on
the unpaired apodeme ap2L.2; [ — paired apodeme ap1L2,
ventrad I of M18; F — support of M17 and M18. M20
(Figs. 3B, 5, 7, 8B): largest intrinsic labial muscle, un-
paired, O — ventrally on the unpaired apodeme ap2L2
and dorsally on L2; I — dorsally on L3 and its paired ap-
odemes; F — flexion of L3 and L4. M20a (Figs. 3B, 5, 7):
O — laterally on the apodemes ap1L3; I — strengthening of
the floor of the labial groove in L3; F — pulls the floor of
the labial groove upwards, closes the lateral sides of the
labial groove (locking mechanism of the feeding stylets).
M21 (Figs. 3B, 5, 8C): unpaired, stout muscle, O — dorsal
region of L3, posterior part; I — floor of the labial groove
in L3; F — pulls the floor of the labial groove upwards
and closes the lateral sides of the labial groove (locking
mechanism of the feeding stylets) and likely extension of
L4 (connection over the labial floor). M22* (Figs. 3B, 5,
8B): first partition of M22, O — dorsal region of L3, ante-
rior part; I — dorsally on the apodemes apL4; F — flexion
(simultaneous contraction) or rotator of L4. M22** (Figs.
3B, 5, 8B): second partition of M22, O — laterally on the
anterior side of L3; I — ventrally on the apodemes apL4;
F — flexion (simultaneous contraction) or rotator of L4.

Hypopharynx, salivary pump and salivary glands

The sclerotised hypopharynx (hyp) is composed of a
slender flattened anterior part (“hypopharyngeal lobe” of
CRANSTON & SPRAGUE 1961) and a widened area posterad.
The anterior part is fused with the head capsule at a level
of the base of the maxillary plates, and is partly connect-
ed by membranes with the base of the mesal region of the
mandibular plate (Figs. 6A, 8D). In this area it forms two
protrusions dorsally which enclose the efferent salivary
duct (sdmx, see below) (Fig. 8D). The posterior third
of the hypopharynx is almost globular and widens to a
bowl-shaped structure enclosing the membranous pump-
ing chamber (Figs. 6A, 8E,F).

The plate-like hypopharyngeal wing (hw) arises at
the anterior fifth of the hypopharynx and extends along
the E-shaped mesal edge of the maxillary stylet (Fig.
3A). Its posterior region is fused with the short and flat-
tened maxillary lever (mxl) (Figs. 3A, 91). The two up-
per extensions of the stylet each fit into a corresponding
fold of the wing and lever, while the third ventral one en-
closes a protrusion (Figs. 8E—G, indicated by an arrow).
Posterior to the compound eyes its proximal part forms a
membranous connection to the ventral region of the head
capsule (Fig. 91). The wing and lever provide a guiding
device for the maxillary stylet.

The functional complex of the salivary pump com-
prises the bowl-like part of the hypopharynx, the pump-
ing chamber, the piston, the salivary glands, the salivary
ducts and the retractor muscle of the piston. The membra-
nous pumping chamber (pc) is anterodorsally linked with
the efferent salivary duct (sdmx), which forms the con-
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nection with the salivary channel of the maxillae (Figs.
6A, 8E). The duct lies above the hypopharynx and enters
the salivary channel in the region of the base of the man-
dibular plate (Fig. 6A). The paired long and slender com-
mon afferent salivary ducts (sd) are fused anterad, just
before they enter the pumping chamber anteroventrally
(Figs. 6A, 8F). The common salivary duct originates in
the cervical region where the principal and accessory
duct fuse, enclosed by the principal gland (Fig. 8M,N).
The principal duct (sd1) is very short (Fig. 8N) while the
accessory duct (sd2) is long and slender and forms a loop
in the middle part of the head capsule (Figs. 6A, 9K,M).
The sac-shaped principal gland (sgl) is composed of few
large cells with a circular arrangement (Figs. 6A, 9L).
The cells are densely filled with secretion granules (se)
enclosing a bean-shaped nucleus (n) (Fig. 9L,M). The
thin tunica propria (tp) forms the external tissue layer
(Fig. 9M). Innervations are not recognizable. Detailed
information on the accessory gland is given in Miyamoto
(1976) and CoBBEN (1978).

The sclerotised piston (pis) is connected membra-
nously with the pumping chamber (Figs. 6A, 8F). It is
composed of a short ovoid anterior part and a long flat-
tened posterior part with a bifurcated ending (Figs. 6A,
91). The transition region to the ovoid part is strongly
folded in cross section (Fig. 8@G).

Musculature. M23 (Figs. 6A, 8H, 9K): one of the
largest muscles of the head, O — lateroventrally on the
postoccipital region, ventrad the strengthened part; I — la-
terally on the middle region of the piston, enclosing of
the bifurcated ending; F — contraction results in an exten-
sion of the pumping chamber and influx of saliva from
the salivary glands; relaxation pulls the piston back into
the pumping chamber which pumps saliva through the
salivary duct (sdmx) to the maxillary salivary channel.
M24 absent.

Epipharynx

The epipharynx is not present as a clearly defined struc-
ture. It may be represented by a flat area of the caudal cly-
peal region. The density of the tissue in the caudoventral
clypeal region is distinctly higher than in the surrounding
medium. It is likely that this flattened agglomeration of
cells is the epipharyngeal sense organ (eps) (Figs. 6, 8D).
Some authors (e.g. CRANSTON & SPRAGUE 1961) also as-
signed the dorsal region of the food pump to the epiphar-
ynx.

Musculature. No musculature is associated directly
with the epipharynx.

Pharynx
The pharynx is divided into two regions which are dis-
tinctly different anatomically and histologically. The

precerebral part (“food pump”) has a wide lumen and
reaches from the origin of the maxillary food channel to
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the anterior part of the brain (prepharynx, pph) (Fig. 6A).
It is followed by a “intracerebral” part with a distinctly
narrowed lumen (pharynx sensu stricto, ph) (Fig. 9J). In
cross section the precerebral pharynx appears U- to V-
shaped. Ventrolaterally it is strongly sclerotised whereas
the dorsal part forms a membranous cover which is pro-
longed as a tendon dorsally (Fig. 8E—G). The tendon is
the attachment side for the anterior cibarial muscle bun-
dles (Fig. 6A). In the posterior region the muscle inserts
directly on the dorsal side of the pharynx (Fig. 91). The
transition to the tube-like “intrarcerebral” part is abrupt
(Fig. 6A) and marked by the presence of a ring muscle
layer (indicated by an arrow in Fig. 9J), which is less
strongly developed in the posterior part.

Musculature. Pharyngeal muscles (M25-M30). Lon-
gitudinal muscles not recognizable. M25 (Figs. 6A, 8E):
unpaired, V-shaped, O — dorsally on the roof of the head
capsule, posterad the epistomal ridge; I — dorsally on the
tendon of the precerebral pharynx; F — dilation of the
cibarium. M26 (Figs. 6A, 8E): a paired delicate muscle,
O — dorsally on the roof of the head capsule, posterad the
epistomal ridge, laterad the O of M25; I — laterally on the
anterior region of the precerebral pharynx; F — dilator.
M27 (Figs. 6A, 8H, 91): unpaired, V-shaped, O — dorsally
on the roof of the head capsule, mesad the compound
eyes, posterad the O of M25; I — with a tendon on the
precerebral pharynx, posterad the I of M26; F — dilator.
M28 absent. M29 absent. M30 (Figs. 6A, 8H, 9I): un-
paired, O — dorsally on the incision between the anterior
and middle part of the head capsule; I — dorsally on the
posterior part of the prepharynx; F — dilator.

Brain

The brain is largely restricted to the middle part of the
head capsule and nearly fills out its entire lumen (Fig.
6B). The cephalic part of the central nervous system is
subdivided into the protocerebrum (pcr) and a compact
complex comprising the deuto- and tritocerebrum and
the subesophageal complex (dts). The protocerebrum is
composed of two connected lateral lobes which cover the
proximal region of the brain, and two short lobes (pcrlo)
at the posterior end. The latter are directed caudad and
reach the postoccipital region (Figs. 6B, 7, 9J). The lat-
eral lobes provide a narrow passage (p) for the pharynx
and aorta cephalica (Figs. 6B, 9J). The circumesophageal
connectives are very broad, short and compact, and hard-
ly recognizable as separate structures. The optic lobes
(oplo) originate on the anterior region of the lateral pro-
tocerebral lobes (Figs. 7, 91I). A short nerve tract connects
the ocellar lobes (oclo) to the dorsal side of the lateral
lobes (Figs. 6B, 9J). The elongated unit formed by the
deuto- and tritocerebrum and the subesophageal complex
(dts) is distinctly separated from the first prothoracal gan-
glion (ftg) by two short, mesally fused connectives (Figs.
6B, 9L—N). The paired labial nerves (Inv) originate ven-
trally in the middle region of the subesophageal complex
(Figs. 6B, 8C, 9J). The paired antennal nerves (anv) arise
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Fig. 10. Systelloderes sp.: head, cross section, plane of section an-
terad Fig. 8C. cly, clypeus; fc, food channel; md, mandible; mx,
maxilla; mxpl, maxillary plate; sa, salivary channel.

anteriorly from the deutocerebral region mesad the optic
lobes (Figs. 6B, 9I). In the same area the short frontal
connectives originate which connect the protocerberal
region with the arched frontal ganglion (fg) (Figs. 6B,
7). Two long nerves (cnv), extending into the clypeal re-
gion originate on the anterior part of the frontal ganglion.
They end close to the assumed epipharyngeal sense or-
gan (Figs. 6B, 7, 8H). The hypocerebralganglion is not
distinguishable. Maxillary and mandibular nerves could
not be reconstructed precisely with the available section
series.

A thin neural lamella (nl) forms the external cell layer
of the brain, followed by a sparsely developed neuri-
lemma (nr) composed of few flattened cells. A bark cell
layer (bc) (GraicHEN 1936) of variable thickness encloses
the dense internal neuropil (np). The bark cell layer is
distinct in the anterolateral region of the protocerebrum
and the caudal lobes, reduced to a thin layer in the deuto-
tritocerebrum-subesophageal-complex, strongly reduced
in the circumesophageal connectives, and absent in the
labial, antennal and clypeolabral nerves. The neuropil is
less dense in the connectives and contains scattered sin-
gle nuclei of the connective tissue (nct) (Fig. 9J—N).

Aorta cephalica and antennal hearts

The aorta (ao) is attached to the pharynx dorsally (Figs.
6, 9J). Anterad the middle part of the head capsule the
lumen of the aorta widens (Fig. 7). It is shifted dorsad
and situated between the bundles of the V-shaped cibarial
dilators. The antennal hearts (ah) are placed in the dorsal
region of the antennal socket (Fig. 7). The transition to
the aorta cephalica could not be reconstructed precisely
with the available section series.

3.2. Cryptostemma waltli (Dipsocoro-
morpha)

Like in the previous morphological section the head
structures are treated in a morphology-based sequence.
In some cases only differences to Systelloderes are point-
ed out.
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Head capsule

The ellipsoid head capsule is prognathous. It is partly re-
tracted into the prothorax (Figs. 11, 14). The dorsal and
lateral areas bear a sparse vestiture of long and short setae
(Fig. 11A,B). Pairs of cephalic trichobothria are not re-
cognisable. The triangular vertex (vx) is not clearly sepa-
rated from the flattened frons (fr) (Fig. 11A). The frons is
separated from the clypeus by the epistomal ridge (epr)
(Fig. 11B), which is less distinct than in Systelloderes.
The compound eyes are located laterally, composed of
fewer ommatidia than in Systelloderes and restricted to
the posterior part of the head, close to the anterior mar-
gin of the prothorax (Fig. 11B). A thin sclerotised plate
separates the anteromesal side of the eye from the adja-
cent region of the head capsule (indicated by arrows in
Figs. 12A, 16G). The circumocular ridge (cor) is indis-
tinct. Ocelli are absent. The genal area (ga) is adjacent
to the anteroventral region of the compound eye (Fig.
11B). The anterior region of the head capsule is trans-
formed into a ring-like bulge representing the bucculae
(bu) (Figs. 11B,C, 16C—E). The antennal socket (as)
lies between the bucculae and the genal area (Figs. 11B,
16F). Setose maxillary and mandibular plates are present
dorsad the bucculae, between the antennal base and the
clypeus, respectively. The maxillary plates (mxpl) are
blunt cone-shaped sclerites separated from the bucculae
by the ventral cleft (vc, see Parsons 1968) (Figs. 11B,
16C). The mesal areas are slightly protruding inwards
and form the ventral guiding device for the feeding sty-
lets (Figs. 12, 16C). Their posterior regions are fused
with the head capsule (Fig. 16C,D). The lora or mandibu-
lar plates (lor) are similar in shape to the maxillary plates
but more pointed dorsally. They are separated from the
former by the mandibular sulcus (msu) and from the cly-
peus by the clypeoloral cleft (clc) (Figs. 11B, 16C). The
mesal edges are attached to the hypopharynx while the
caudal ones are fused with the head capsule (Fig. 16C,D).
In contrast to Systelloderes the genal suture is not recog-
nizable. The anterior and mesal regions of the maxillary
and mandibular plates are both covered by the clypeus
(Fig. 16C). Subgena, subgenal ridges and the frontal and
coronal (= epicranial) sutures are not distinguishable.

The ventral closure of the head capsule is formed by
the “gular region” (gu). It is separated from the bucculae
by a rim (Fig. 11C). The gular region is glabrous, except
for two setae located mesally in the same plane as the
compound eyes (Fig. 11B,C).

The dorsolateral area of the short postoccipital region
is completely retracted into the prothorax (Figs. 12, 161).
The postoccipital ridge is not distinguishable. In contrast
to the enicocephalid species, this region of the head does
not form a ball-and-socket joint. The thickness of the lat-
eral sides of the postoccipital region is partly increased
(stout paired cuticular condyles, indicated by an arrow in
Fig. 16I). The dorsal side is not transformed into a thin
lip-like apodeme. The ventral region of the postoccipital
region ends with the anterior margin of the prothorax and
is not covered by the latter (Fig. 11C). The cervix is re-
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Fig. 11. Cryptostemma waltli Fieber, 1860: head and thorax, basi-
and distiflagellum omitted, SEM. A: dorsal view; B: lateral view;
C: ventral view. as, antennal socket; bu, buccula; car, circumanten-
nal ridge; ce, compound eye; clc, clypeoloral cleft; cly, clypeus;
epr, epistomal ridge; fr, frons; fs, feeding stylets; ga, genal area;
gu, gular region; L1-L4, labial segment 1—4; lbr, labrum; lg, la-
bial groove; lor, lorum/mandibular plate; msu, mandibular sulcus;
mxpl, maxillary plate; pd, pedicellus; pt, prothorax; r, ring-like
structure between scapus and pedicellus; sc, scapus; vx, vertex.
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Fig. 12. Cryptostemma waltli Fieber, 1860: head and thorax, 3D-reconstruction, sagital section, different muscles and feeding stylets
shown (blue: sclerotization, red: musculature), labium in (B) semitransparent. ap2L3, unpaired bar-shaped apodeme of the 3rd labial seg-
ment; apL4, paired apodeme of 4th labial segment; ap2L4, unpaired apodeme of 4th labial segment; b, buccula; ce, compound eye; cly,
clypeus; epr, epistomal ridge; ft, frons; gu, gular region; hw, hypopharyngeal wing (semitransparent); L1—L4, labial segment 1—4; lbr,
labrum; lor, lorum/mandibular plate; M, muscle with appropriate number (number of muscle corresponds to number in text, Figs. 14—16,
Table 1); md, mandible; mdl, mandibular lever; mx, maxilla; mxl, maxillary lever; mxpl, maxillary plate; pd, pedicellus; poc, postoccipital
region; pt, prothorax; vx, vertex. Arrow in (A) indicates sclerotised plate of compound eye (see also Fig. 16G).

duced. The pronotal collar (see EMsLEY 1969) is absent in
Cryptostemma.

Musculature. (M1—MS5). M1 not distinguishable in
Cryptostemma. M1a (Figs. 12A, 161): larger than in Sys-
telloderes, O —mesal area of the pronotum; I — mediodor-
sal region of the postocciput; F — depressor of the head.
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M2 (Figs. 12A, 161, J): O — mesonotum; I — dorsally on
the postocciput; F — levator of the head. M2a (Figs. 12B,
161): O — laterally on the pronotum; I — dorsomedially on
the postocciput; F — levator of the head. M3 (Figs. 12A,
161): O — mesal region of the pronotum; I — ventrolater-
ally on the postocciput; F — depressor of the head. M4
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Fig. 13. Cryptostemma waltli Fieber, 1860: hypopharyngeal wing
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and maxillary lever, 3D-reconstruction. A: dorsolateral view; B:
frontal view. hw, hypopharyngeal wing; Imx, left maxilla; mxl,
maxillary lever; rmx, right maxilla.

absent. M5 (Figs. 12B, 161, J): likely fused with M5b,
O — anterad the profurcal arm; I — ventrally near the post-
occipital region; F — depressor and retractor of the head.
M5a absent.

Tentorium

The tentorium is completely reduced. Anterior and pos-
terior tentorial pits are not developed. Endoskeletal ele-
ments not belonging to the tentorium are the hypophar-
ynx, the hypopharyngeal wings, the piston of the salivary
pump and the mandibular and maxillary lever, which are
treated separately in the following chapters.

Clypeus and labrum

The rectangular and flat clypeus (cly) is not divided into
an anteclypeus, paraclypeus and postclypeus. Its dorsal
side is densely covered with long setae (Fig. 11A,B). The
anterior part of its ventral region forms a longitudinal rim
functioning as a guiding device for the stylets (Fig. 16B).
Its posterior ventral region and the dorsal side of the hy-
popharynx together form a tongue-and-groove-joint (Fig.
16C).

In contrast to Systelloderes, the clypeus of Cryp-
tostemma is directed more dorsoventrally (Figs. 11B,
12A). The triangular labrum follows this orientation. It is
almost as long as the clypeus and bent in a ventrocaudal
direction. The clypeo-labral ridge (clyr) is distinct (Fig.
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Fig. 14. Cryptostemma waltli Fieber, 1860: head and thorax, 3D-
reconstruction, sagital section, different muscles, alimentary sys-
tem (A) and nervous system (B) shown (blue: sclerotization, dark
green: pharynx, light green: salivary complex, red: musculature,
yellow: nervous system). dts, deuto-tritocerebrum-subesophageal-
complex; eps, epipharyngeal sense organ; ftg, first thoracal gangli-
on; hyp, hypopharynx; M, muscle with appropriate number (num-
ber of muscle corresponds to number in text, Figs. 12, 15, 16, Table
1); mx, maxilla; p, passage through brain for pharynx; pc, pumping
chamber; pcr, protocerebrum; pcrlo, protocerebral lobe; ph, phar-
ynx; pis, piston; pph, prepharynx; sd, common salivary duct; sdmx,
salivary duct connecting pumping chamber with salivary channel
of maxillae; sgl, principal gland; sg2, accessory gland. Arrow in
(B) indicates extension of protocerebrum (see also Fig. 16D).

11C). The dorsal side of the clypeus is densely covered
with setae. The clypeal longitudinal guiding rim contin-
ues on the ventral side (Fig. 16B,C). Due to the hypo-
gnathous placement of the tip of the labium, the labrum
is not attached to the first and second labial segments (as
in Systelloderes). A large cleft is present between these
structures (Fig. 11B).

Musculature. No muscles are associated with the cly-
peus and the labrum. M10 and M11 absent.
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Fig. 15. Cryptostemma waltli Fieber, 1860: head and thorax (semitransparent), 3D-reconstruction, ventral view (blue: sclerotization, red:

musculature, yellow: nervous system). anv, antennal nerve; ap2L3, unpaired apodeme of 3rd labial segment; apL4, paired apodeme of 4th

labial segment; ap2L4, unpaired apodeme of 4th labial segment; as, antennal socket; bu, buccula; ce, compound eye; cly, clypeus; dts,

deuto-tritocerebrum-subesophageal-complex; eps, epipharyngeal sense organ; ftg, first thoracal ganglion; L1—L3, labial segment 1-3; lbr,

labrum; M, muscle with appropriate number (number of muscle corresponds to number in text, Figs. 12, 14, 16, Table 1); pcr, protocer-

ebrum; pd, pedicellus; pt, prothorax; sc, scapus.

Antennae

The four-segmented antenna is inserted on an indistinct
antennal socket (as). It is located anterad the compound
eye (Fig. 11B). The circumantennal ridge is indistinct.
An antennifer is absent. The scapus (sc) is cylindrical and
sparsely covered with setae posteriorly and laterally. It is
half as long as the pedicellus (Fig. 11B,C). “Scapus scle-
rites” (see 3.1. Systelloderes sp.) are not developed. The
pedicellus (pd) is covered with setae on all sides (Fig. 11).
A ring-like structure (1) is present between the tip of the
scapus and the base of the pedicellus (Fig. 11). It likely
represents the prepedicellite. It is distinct in SEM images
but not recognizable in the corresponding histological
sections (Fig. 16D). The very fragile flagellomeres were
missing in the specimens available to us, but a detailed
description of the antennae of Dipsocoromorpha was
provided by Zrzavy (1990).

Musculature. Extrinsic and intrinsic antennal muscles
(M6—-MD9). M6 (Figs. 12A, 15, 16G): O — roof of the head
capsule, at the level of the compound eye; I — posterad the
ventral base of the scapus; F — depressor of the antenna.
M7 (Figs. 12A, 15, 16G): O — roof of the head capsule,
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mesad the O of M6; I — posterad the dorsal base of the
scapus; F — levator of the antenna. M8 (Figs. 15, 16D):
O — proximal base of the scapus; I — proximal base of the
pedicellus; F — extensor of the pedicellus. M9 (Figs. 15,
16): laterad M8, O — distal base of the scapus; I — distal
base of the pedicellus; F — flexor of the pedicellus.

Mandible

The mandibles (md) are a pair of symmetrical, long and
slender stylets. One third of their entire length lies within
the head capsule where their bases reach the region of the
compound eye (Fig. 12B). The orientation of the proxi-
mal halves is approximately parallel to the longitudinal
boxy axis while the distal parts are strongly bent caudad
in their resting position (Fig. 12B). In contrast to Systel-
loderes the distal parts are ellipsoid in cross section and
apparently do not enclose the maxillae (Figs. 16C—E).
The hollow widened part anterad of the compound eye
(Figs. 12B, 16G) is transformed into a sclerotised tendon
on its dorsal side posteriorly with an irregular shape in
cross section (Fig. 12A, 16H).

121



SPANGENBERG et al.: Head of enicocephalomorph and dipsocoromorph Heteroptera

The sclerotised mandibular lever (mdl) is a stout right
angle. The arm which is attached to the stylet is elongated
(type II of RieGer 1976) (Fig. 12B). It is located posterad
the lorum and attached to the mandible by its simple an-
terior apex (Fig. 16E,F). A longitudinal sclerotised stripe
of cuticle is not present. The mandibular sac is indistinct.
Mandibular glands are absent.

Musculature. Retractor and promotors of the man-
dibular stylet (M12—-M14). M12 (Figs. 12B, 16G, H):
O — laterally on the roof of the head capsule, posterad the
compound eye; I — posterad the widening of the mandi-
ble; F — retractor. M12a (Figs. 12B, 16H): O — laterally
on the postoccipital region, near the thickening of the
cuticle; I — slender apodeme of the mandible; F — retrac-
tor. M12b: absent. M13 (Figs. 12B, 16C—E): O — lorum,;
I — laterally on the distal side of the mandibular lever;
F — protractor. M14 (Figs. 12B, 16D—F): O —dorsally on
the border region of clypeus and head capsule; I — later-
ally on the distal side of the mandibular lever, posterad
the I of M13; F — protractor.

Maxilla

The maxillae consist mainly of the very elongate lacini-
ae. The palp and galea are absent. The proximal elements
appear indistinguishably fused, without a recognizable
detachment of the lacinia from the stipes. The laciniae,
probably together with the parts corresponding with the
cardo and stipes (mx), form a pair of hollow, slender sty-
lets. They are similar to the mandibles in position and
shape. However, they end abruptly posteriorly with their
widened part (Figs. 12A, 16H). The linkage of the anteri-
or two thirds resulting in the formation of the food chan-
nel and salivary channel is similar to that of Systelloderes
(Fig. 16H). The E-shaped structure reaches the region
posterad the antennal socket (Fig. 16F). The maxillary
sac is not distinct. The posterior region of the maxilla
is mesally connected with a crescent-shaped maxillary
lever (Fig. 12A). The proximal part of this sclerotised
structure is strongly bent laterad and attached to the me-
sal side of the maxilla, while the distal region follows the
lateral extension of the hypopharyngeal wing (Figs. 13,
16H). Maxillary glands are not present.

Musculature. Retractor and promotor of the maxillary
stylet (M15, M16). M15 (Figs. 12A, 16H, I): O — laterally
on the distal postoccipital region, ventrad the increased
sclerotization, ventrad the O of M12a; I — dorsally on the
maxillary stylet, posterad the E-shaped structure; F — re-
tractor. M16 (Figs. 12A, 16C, G, H): one of the largest
intrinsic cephalic muscles, O — on the maxillary plate; I —
ventrolaterally on the base of the stylet; F — promotor.

Labium
The tube-like, four-segmented labium forms the ven-

tral closure of the anterior part of the head capsule (Fig.
11B,C). The feeding stylets lie within this tube (Fig.
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12). In its resting position it is caudally oriented (Fig.
11B). In contrast to Systelloderes the entire surface of
the labium is covered with a sparse vestiture of long
setae (Fig. 11B,C). The labial groove (Ig) is present on
the ventral side of segments two to four (Fig. 16G). The
four segments are separated from each other by articula-
tion membranes (Fig. 11B,C). The basal segment (L1) is
shorter than the others, only weakly sclerotised, and not
in contact with the feeding stylets (Figs. 11B, 16C,D). Its
ventral area is strongly folded and clearly separated from
the second segment (Fig. 11C, 16A). The second (L2)
and third segments (L3) are similar in shape. The base
of L2 is partly retracted into the basal segment. In con-
trast to Systelloderes, no distinct apodemes are present.
The third segment (L3) is the longest and 1.5 as long as
L2 (Fig. 11B,C). Its base is partly retracted into L2 and
bears an apodeme on both sides. The floor of the proxi-
mal labial groove is strongly sclerotised and forms a bar-
shaped apodeme anteriorly as in Systelloderes (ap2L3)
(Figs. 12A, 15, 16H). A distinct linkage of the edges of
the labial groove is not present (Fig. 16H—1J). The cone-
shaped apical labial segment (L4) is half as long as L2
(Fig. 11C). Two bar-shaped apodemes (apL4) originate
on its base and reach almost the distal end of L3 (Figs.
12A, 15, 16]). Additionally, an unpaired bar-shaped ap-
odeme is present (ap2L4). It originates on the dorsal base
of L4 and is attached to the dorsal side of the middle re-
gion of L3. A distinct apical row of sensilla is not present
(Fig. 11C). Intercalary sclerites are also missing.
Musculature. Extrinsic and intrinsic labial muscles
(M17-M22). M17 (Figs. 12B, 15, 16D): largest extrin-
sic labial muscle, O — ventrolaterally on the postoccipital
region; I — distally on the base of L1; F — extensor of
the labium. M17a (Figs. 15, 16B,C): O — anterior part
of the bucculae; I — anterior base of L2; F — flexor of
the labium (simultaneous contraction) or rotator. M18
(Figs. 12B, 15, 16D): O — anterior border region of the
hypopharyngeal wing and the mesal wall of the maxil-
lary plate; I — posterior base of L2; F — flexor of the la-
bium (simultaneous contraction) or rotator. M19 (Figs.
15, 16C,E): unpaired, O — mesally on the anterior region
of the bucculae L2; I — with its bifurcated posterior re-
gion on the anterior base of L2, mesad the I of M17;
F — flexor of the labium. M20 (Figs. 12B, 15, 16F, H):
unpaired, O — anterior base of L2, posterad the [ of M19;
I — dorsally on the base of L3; F —flexion of L3 and L4.
M20a (Figs. 12B, 15): O — laterally on the base of L3;
I — laterally on the posterior part of the apodeme ap2L3;
F — contraction likely results in an extension of L2. M21
(Figs. 12B, 16]): unpaired, stout muscle, O — ventrally
on the apodeme ap2L4; I floor of the labial groove in
L3; F — pulls the floor of the labial groove upwards and
closes the lateral sides of the labial groove, probably also
extension of L4 (connection over the labial floor). M22*
(Figs. 12B, 16]): first partition of M22, O — dorsally on
the anterior side of L3; I — dorsally on the apodemes
apL4; F — flexion (simultaneous contraction) or rotator
of L4. M22** (Figs. 12B, 16I): second partition of M22,
O — ventrolaterally on the anterior side of L3; I — ven-
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trally on the apodemes apL4; F — flexion (simultaneous
contraction) or rotator of L4.

Hypopharynx, salivary pump and salivary glands

The sclerotised hypopharynx (hyp) is subdivided into a
three-cornered anterior part (“hypopharyngeal lobe”) and
a bowl-shaped posterior part (Fig. 14A). The former is
dorsally enclosed by the clypeus, laterally by the man-
dibular and maxillary plates, and ventrally by the buc-
culae and the dorsal base of the first labial segment (Fig.
16C). The anterodorsal side of the hypopharynx forms a
rim (Fig. 16C). In combination with the ventral extension
of the clypeus, it forms the transition between the pre-
pharynx and the food channel formed by the maxillary
stylet. Its ventrolateral sides bear two paired indentations
functioning as the dorsal guiding device for the feed-
ing stylets (Fig. 16C). The duct connecting the pumping
chamber with the salivary channel of the maxillae (sdmx)
lies within the ventral hypopharyngeal region (Figs. 14A,
16C). The proximal areas of the anterior part are fused
with the mesal walls of the maxillary plates laterally and
the prepharynx dorsally (Fig. 16D). The posterior part
encloses the membranous pumping chamber (pc) (Figs.
14A, 16D).

The hypopharyngeal wings (hw) are more complex
than those in Systelloderes. They are formed by lateral
extensions of the anterior hypopharyngeal part (Fig.
16C,D). The mesoventral wall of the maxillary plate and
the ventral wall of the lorum are partly integrated in the
anterior region of the wings, the latter on the dorsal side
(Fig. 16D). Consequently, the wings have a dorsoventral
orientation in this region of the head (Figs. 13B, 16D).
The two lateral rims of the hypopharynx are guiding
devices for the feeding stylets, with the posterior part
interacting only with the maxillae (Figs. 13A, 16D,E).
Anterad the compound eyes the orientation of the hy-
popharyngeal wings switches from dorsoventral to trans-
verse (Figs. 13A, 16G). In the ocular region, the wing
is more planar and forms a triangular extension laterally
which is directed dorsad and located close to the internal
ocular plate (Figs. 13, 16G, H). In its posterior region the
wing tapers and switches back to a dorsoventral orienta-
tion (Figs. 13B, 16I). Its posterior end is located in the
border region of the head capsule and prothorax (Figs.
14B, 161).

The structure of the functional complex of the sali-
vary pump is similar to that of Systelloderes. However,
the duct “sdmx” in Cryptostemma is located more ven-
trally in relation to the hypopharynx. The connection
between the salivary duct “sd” and the principal gland
(sgl), the principal duct and the accessory duct could not
be reconstructed precisely with the available section se-
ries (Fig. 14A). The sac-shaped elongated principal gland
(sgl) is composed of few large cells and situated in the
border region between the head capsule and prothorax
(Figs. 14A, 16H, J). The cells are densely filled with se-
cretion granules (se) which enclose a bean-shaped large
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nucleus (n) (Fig. 16H). The thin tunica propria (tp) forms
the external layer (Fig. 16H). A second gland (sg2) of
vesicular structure, possibly homologous with the acces-
sory gland, is present posteroventrad the principal gland.
According to Mivamoto (1967) it is located “below the
principal gland”. This gland is also sac-shaped but com-
posed of smaller cells. Associated nerves are not recog-
nizable.

The sclerotised piston (pis) is similar to that of Systel-
loderes (Fig. 14A). However, the posterior end is blunt
and not bifurcated. The transition of the ovoid part to
the plate-like part is smooth without a distinct folding in
cross section (Fig. 16E).

Musculature. M23 (Figs. 14A, 16E, H): one of the
largest muscles of the head, O — mesal side of the poste-
rior and middle region of the hypopharyngeal wing; I —
laterally on the middle region of the piston; F — contrac-
tion results in an extension of the pumping chamber and
influx of saliva from the salivary glands; relaxation pulls
the piston back into the pumping chamber, thus pumping
saliva through the salivary duct (sdmx) to the maxillary
salivary channel. M24 absent.

Epipharynx

The epipharynx is not present as a clearly defined struc-
tural unit. It may be represents a flat area of the caudal
clypeal region. The density of the tissue in the antero-
ventral clypeal region is distinctly higher than in the
surrounding areas. This flattened agglomeration of cells
likely represents the epipharyngeal sense organ (eps)
(Figs. 14A, 15, 16B).

Musculature. No muscles are directly associated
with the epipharynx.

Pharynx

The cephalic digestive tract is divided into two regions
which distinctly differ morphologically and histologi-
cally. The short precerebral part, i.e. the prepharynx, has
a wide lumen and reaches from the origin of the max-
illary food channel to the level of the antennal socket
(prepharynx, pph) (Fig. 14A). As in Systelloderes it is
V-shaped in cross section with a sclerotised ventral floor
and a membranous dorsal wall with a strongly sclerotised
tendon attached to it (Fig. 16C—E). The prepharynx is
partly covered by the protocerebrum (pcr) dorsally (Fig.
16F). The transition to the tube-shaped pharynx (ph) is
enclosed by the anterior part of the brain and surrounded
by a delicate ring muscle layer (Fig. 16G). In this region
the pharynx is strongly bent and appears like a reversed
“V” in cross section (Fig. 14A). The posterior pharyngeal
section is shifted to the right side of the head whereas the
esophagus lies in the median plane in the thoracic seg-
ments (Figs. 14A, 16I).

Musculature. Pharyngeal muscles (M25-M30).
Longitudinal muscles not recognizable. M25 (Figs. 14A,
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Fig. 16. Cryptostemma waltli Fieber, 1860: head and thorax, cross sections. A: head and thorax, basi- and distiflagellum omitted, schematic,

apL4

lateral view showing planes of section of light micrographs B—J: C: left antenna omitted; I, J: labium displaced dorsolaterally. anv, antennal
nerve; ap2L.3, unpaired apodeme of 3rd labial segment; apL4, paired apodeme of 4th labial segment; ap2L4, unpaired apodeme of 4th labial
segment; as, antennal socket; be, bark cell; bu, buccula; ce, compound eye; clc, clypeoloral cleft; cly, clypeus; dts, deuto-tritocerebrum-
subesophageal-complex; eps, epipharyngeal sense organ; fr, frons; fs, feeding stylets; ftg, first thoracal ganglion; hw, hypopharyngeal wing;
hyp, hypopharynx; L1-L3, labial segment 1-3; lbr, labrum; lg, labial groove; lor, lorum/mandibular plate; M, muscle with appropriate
number (number of muscle corresponds to number in text, Figs. 12, 14, 15, Table 1); md, mandible; mdl, mandibular lever; msu, mandibular
sulcus; mx, maxilla; mxl, maxillary lever; mxpl, maxillary plate; n, nucleus; np, neuropil; pc, pumping chamber; pcr, protocerebrum; perlo,
protocerebral lobe; pd, pedicellus; ph, pharynx; pis, piston; poc, postoccipital region; pph, prepharynx; pt, prothorax; sc, scapus; sdmx; sali-
vary duct connecting pumping chamber with salivary channel of maxillae; se, secretion granules; sgl, principal gland; sg2, accessory gland;
tp, tunica propria; ve, ventral cleft; vx, vertex. Arrow in (D) indicates extension of protocerebrum (see also Fig. 14B). Arrow in (G) indicates
sclerotised plate of compound eye (see also Fig. 12A). Arrow in (I) indicates partly increased thickness of lateral sides of postoccipal region.
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A M14 M16 M7 M6 poc M2 M1a

B 50 um sd s

Fig. 17. Gerris sp.: A: head and thorax, right half, parasagittal lon-
gitudinal section. B: detail of salivary pump, sagittal longitudinal
section. dts+ftg, fused complex of deutocerebrum, tritocerebrum,
subesophagealganglion and first thoracic ganglion; hw, hypopha-
ryngeal wing; M, muscle with appropriate number (number of mus-
cle corresponds to number in text and Table 1); md, mandible; mdl,
mandibular lever; mxg, maxillary gland; pc, pumping chamber;
poc, postoccipital region; sd, afferent salivary duct; va, valve with
appropriate number.

16C): unpaired, V-shaped, O — dorsally on the posterior
region of the clypeus; I — dorsally on the prepharygeal
tendon; F — dilator of the cibarium. M26 not distinguish-
able as a separate unit. M27 (Figs. 14A, 16C): unpaired,
V-shaped, O — dorsally on the posterior region of the cly-
peus, posterad the O of M25; I — dorsally on the pre-
pharygeal tendon, posterad the I of M25; F — dilator. M28
absent. M29 absent. M30 (Figs. 14A, 16D, G): unpaired,
interrupted by two extensions of the protocerebrum an-
teriorly, O — frontal region; I — dorsally on the middle
region of the prepharynx; F — dilator.

Brain

Due to the very small size of the head the brain appears
greatly compressed. As in Systelloderes it is subdivid-
ed into the protocerebrum (pcr) and a compact com-
plex comprising the deuto- and tritocerebrum and the
subesophageal complex (dts) (Fig. 14B).
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The protocerebrum (pcr) is composed of two exten-
sions anterad which are likely the origin of the innerva-
tion of the epipharyngeal sense organ (Figs. 14B, 16D, in-
dicated by arrows) and two dorsal lobes (pcrlo) covering
the proximal region of the brain (Figs. 14B, 16G). The
latter are caudally directed and reach the postoccipital re-
gion (Fig. 14B). In contrast to Systelloderes the narrow
passage for the pharynx is very short. The circumesopha-
geal connectives are not distinguishable. The optic lobes
are indistinguishably fused with the lateral sides of the
protocerebral lobes (Fig. 16H). The globular unit formed
by the deuto- and tritocerebrum and the subesophageal
complex (postcerebral complex, dts) is distinctly separat-
ed from the first prothoracal ganglion (ftg) by short and
flat, mesally fused connectives (Fig. 16G—J). The paired
antennal nerves (anv) arise from the anterior region of
the postcerebral complex (Figs. 15, 16F). The frontal
ganglion and the hypocerebralganglion are not recogniz-
able as separate structures. Maxillary, mandibular and la-
bial nerves could not be reconstructed precisely with the
available section series.

As in Systelloderes, the thin neural lamella forms the
external cell layer of the brain. The neurilemma is com-
posed of single flattened cells and is even more sparsely
developed than the one in Systelloderes. A bark cell layer
(be) of variable thickness encloses the dense internal
neuropil (np) (Fig. I6E—G). The bark cell layer is very
distinct in the anterodorsal region of the protocerebrum
and the caudal lobes and reduced to few scattered cells in
the proximal parts of brain. The density of the neuropil is
uniform in the different parts of the brain.

Aorta cephalica and antennal hearts

Not clearly recognizable in the available section series,
possibly reduced.

3.3. Gerris sp. (Gerromorpha)

The external and internal cephalic morphology was al-
ready described in detail in Marsupa (1961) and An-
DERSEN (1982). Consequently, we only present missing
information here, especially on the muscle system (Fig.
17A). The cephalic muscles are numbered following the
system used for Systelloderes and Cryptostemma (see Ta-
ble 1). A distinctive feature of the salivary pump is the
presence of three valves (Fig. 17B, val—va3). The first
valve (val) is composed of two anteriorly directed flaps.
They are placed at the anterior end of the common af-
ferent salivary duct (sd) where it merges with the pump-
ing chamber. The second valve (va2) on the floor of the
salivary pump is formed by a large dorsal flap and a very
small ventral one. Both are also anteriorly directed. The
third pair of valve flaps (va3) is inserted directly anterior
to the origin of the salivary duct, which is connected to
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the salivary canal of the maxilla. Both are posteriorly di-
rected. The valves obviously function passively as mus-
cles are lacking.

4. Discussion

4.1. Morphology and homology

Systelloderes, Cryptostemma and Gerris differ strongly
in their external and internal head morphology even
though some heteropteran ground plan features are pre-
served in all three groups. We compared skeletal and
muscular features potentially relevant in a phylogenetic
context to conditions found in other heteropteran groups
(Tables 1, 2) using extensive literature data (see Table 3).
Antennal features were adopted from Zrzavy (1990) and
features of the digestive tract from Mivamoto (1961). In-
formation on the feeding stylets was provided by CoBBEN
(1978).

Inconsistent designations for different cephalic areas
were used by different authors dealing with Heteroptera
(see below, e.g. “postclypeus”). Consequently we strictly
follow the terminology used for head structures in ScHun
& SLaTER (1995) and in a detailed study on the gener-
alized Grylloblattodea (WipFLER et al. 2011). The head
of Hemiptera is generally composed of the vertex, the
variously shaped frontoclypeal region, semicircular to
quadrangular mandibular plates, triangular maxillary
plates, mandibular and maxillary stylets, the tube-like
labial rostrum, and a triangular labrum (SmgH 1971;
ScHun & SrLater 1995). Enicocephalomorpha are the
only infraorder with the head capsule distinctly con-
stricted behind the compound eyes which is combined
with a distinctly swollen portion bearing the ocelli (aut-
apomorphy) (see also WHEELER et al. 1993). The subdi-
vision of the clypeus in ante-, post- and paraclypeus is
indistinct in Systelloderes, Dipsocoromorpha, Ochteri-
dae (RIEGER 1976), Gerromorpha (Matsupa 1960; AN-
DERSEN 1982), Nepidae (Nepomorpha) (HamiLton 1931)
and Saldidae (PAarRsons 1962), whereas the substructures
are very clearly separated in other families such as for
instance Corixidae (BeEnwitz 1956: paraclypeal struc-
tures as “Clypeus-Seitenfliigel”). The “postclypeus” of
Saldula (Parsons 1962), Gerris (Gerridae) (CRANSTON
& SprAGUE 1961), Gerromorpha (ANDERSEN 1982) and
Schizopteridae (Dipsocoromorpha) (EMsLEY 1969) is
in fact the morphological frons, and consequently the
“frons” in Saldula (ParsoNs 1962) is the vertex in the
stricter sense (according the sequence from cranial to
caudal: labrum, clypeolabral ridge, anteclypeus fused
with postclypeus, epistomal ridge, frons, vertex). As-
suming that, the epistomal ridge is homologous to the
“clypeal fold” in Schizopteridae (EMSLEY 1969), to the
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Table 1. Proposed homology of the musculature of Systelloderes, Cryptostemma and Gerris with other representatives of Hemiptera. Unclear homologies set in parentheses, (---) muscle absent, (?) not men-

tioned by the author or further figures and descriptions for a clear conclusion are absent in the cited works. 2 “T” referring to number of musculature of thorax, “H” referring to number of musculature of head.

3 Muscles were not named in BEnwitz (1956); therefore, the nomenclature of the enicocephalid species is applied.
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“clypeal cleft” in Gerromorpha (ANDERSEN 1982, see also
his statement on page 31: “[...] divide the clypeal region
into an anteclypeus [...] and a postclypeus ([...] “frons”
of many authors).”) and to the “frontal suture” in Gerris
(CrANSTON & SPRAGUE 1961). In Saldula (PArRsoNs 1962)
the border of frons (“postclypeus”) and clypeus (“ante-
clypeus”) is indicated in fig. 3 but not labeled. The buc-
culae usually partly enclose the base of the labium. In
Saldula (“gular lobe”) (Parsons 1962) they are vestigial
and completely absent in Enicocephalidae, Corixidae
(BEnwiITZ 1956), Gerromorpha (ANDERSEN 1982). Genae
partially reaching beyond the maxillary plates anteriorly
probably only occur in Enicocephalidae and Reduviidae
(WERAUCH 2008). An apomorphic feature generally char-
acterizing Heteroptera (autapomorphy) is the presence of
a gula (e.g. SPOONER 1938).

The median ocellus is always missing, whereas ab-
sence or presence of the paired ocelli varies among and
within the higher groups of Heteroptera. Both charac-
ter states occur for instance in Schizopteridae (Dipso-
coromorpha) (EmsLEY 1969), Enicocephalomorpha (Stys
1995a) and Gerromorpha (ANDERSEN 1982), and are fre-
quently, but not always, correlated with a shortening of
the hemelytron (brachypterous to apterous).

The postoccipital condyles are usually well devel-
oped, but reduced in Hydrometra (SPRAGUE 1956) and
Dysdercus (Kumart 1955; KHan 1972). According to
GrIrFrITH (1945) they are vestiges of the cervical scler-
ites, whereas HamiLtoN (1981) interpreted the two ven-
tral spurs as “posterior tentorial bars”. We follow RIEGER
(1976) and ANDERSEN (1982) who interpreted them as
simple extensions of the postoccipital region.

The homology of the “dorsal apodemes” of Saldula
(Parsons 1962) is ambiguous. Their specific position
suggests that they may represent anterior tentorial arms.
Accordingly, the corresponding indentations in Saldula
(PArsons 1962), the small pits associated with the cly-
peal connectives (“sclerotised connections [...] which
run from the clypeus to the dorsolateral margins of the
[foodpump]”) in Gelastocoris (PArRsoNs 1959), and the
vestigial anterior pits in Lethocerus (PARSONs 1968)
may be identified as anterior tentorial grooves. The hy-
popharyngeal wing of Nepa is flanked by an additional
paired sclerotised structure referred to as “anterior arm
of tentorium” (HamiLtoNn 1931). Its relative position sug-
gests that it may be in fact homologous with the anterior
arm. However, the assumed anterior arms do not origi-
nate on the epistomal ridge (= “frontal suture” of HAamIL-
ToN 1931) but laterally between the clypeus and lora.

Three pairs of cephalic trichobothria are present in
Leptopodomorpha, Gerromorpha and in some groups of
Cimicomorpha (ScHUH & SLATER 1995). An additional
fourth pair is present in Gerridae, arguably an autapomor-
phy of the family. The gerromorph cephalic trichobothria
clearly differ from the “usual” flat articulation by their
origin in a deep funnel-shaped pit (autapomorphy) (An-
DERSEN 1982) (character 12 in the phylogenetic analysis).
WEIRAUCH (2012) documented “three pairs of very long
and stout setae” for the dipsocoromorph species Vorago-
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coris schuhi Weirauch (Schizopteridae). However, they
differ not distinctly from the surrounding setae and are
arguably no cephalic trichobothria in a stricter sense.

The antenna of Heteroptera varies considerably in
its shape and composition. In the ground plan it is com-
posed of four elongate tubular segments separated from
each other by intraflagelloides (Zrzavy 1990). The pref-
lagelloides (pedicello-flagellar intersegmental sclerites)
also occur in Thysanoptera and Coleorrhyncha (Zr-
zavy 1990), but they are extremely reduced or absent
in Hackeriella (SPANGENBERG et al. 2013). Although the
antenna of Enicocephalomorpha is largely conforming
to the assumed ancestral state, the condition of the pre-
pedicellite and its affiliation to the ground plan remains
uncertain. It is absent in Nymphocorinae and Alienati-
nae (see Zrzavy 1990). So far, the “scapus sclerites” are
only documented for Systelloderes which is treated here
(autapomorphy). According to Zrzavy (1990), there are
two antennal synapomorphies for Dipsocoromorpha —
“the preflagelloid of type IV and the tubulous extension
of the pedicellar apex into the pedicello-flagellar articu-
lation”. A ring-like desclerotised region of the basiflag-
ellite and distiflagellite (“R-structure”) occurs in Dip-
socoromorpha, Gerromorpha, Leptopodomorpha and
Cimicomorpha (Zrzavy 1990). However, its shape is
highly variable in Dipsocoromorpha and Gerromorpha
and it can be absent in the former. Apparently, the entire
antennal morphology is of limited value for phyloge-
netic reconstruction on a higher level due to its extreme
variability within the infraorders.

Hydrometra and Systelloderes are the only taxa with
the retractor muscles of the piston originating on the
posterior cephalic region. This is likely due to the ex-
tremely elongated head and the limited capacity of the
hypopharyngeal wings to extend.

The presence of maxillary glands in the ground
plan of Heteroptera is questionable (ScHUH & SLATER
1995). They are absent in Systelloderes, Cryptostemma,
Hydrometra, Saldula, and Triatoma. The presence of
mandibular glands in the ground plan of Heteroptera is
also questionable. They are documented for Oncopeltus
(Lygaeidae, Pentatomomoprha) (LINDER 1956) and also
for some Aphididae (SAxENA & CHADA 1971).

Triturating devices of the food pump for crushing and
grinding particles in the food stream occur only in in-
fraorders mainly or exclusively containing carnivorous
species. However, they are absent in the predacious Sys-
telloderes, Cryptostemma, Gerris, Hydrometra and the
blood-feeding Triatoma. According to CoBBEN (1978)
it is unclear why some groups evolved these nodes and
ridges and others apparently did not.

The homology of cephalic muscles of members of
Heteroptera and the other hemipteran lineages is still
greatly impeded by a severe lack of reliable data, espe-
cially for Auchenorrhyncha. In the following, selected
ambiguous muscles of representatives of Heteroptera,
Coleorrhyncha (Hackeriella) and Sternorrhyncha (Aphis)
are discussed, based on the results presented here, the
detailed treatment of the head morphology of Hacke-
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circles show homoplasious changes and encircled numbers give Bremer support values. The numbers correspond to those in chapter 4 and

Table 2.

riella in SPANGENBERG et al. (2013), and previously pub-
lished anatomical studies on members of Heteroptera
and Aphis. The homology of M3 (M. pronoti secundus,
terminology of Parsons 1959, 1960a and RIEGER 1976)
of Heteroptera and Coleorrhyncha (Hackeriella) is prob-
lematic. The muscle originates on the pronotum and in-
serts on the posterior margin of the head capsule in Het-
eroptera (and Aphis), but on the apodeme of the maxil-
lary plate in Hackeriella. The homology would imply a
shift of the insertion. MSa (M. dilatator oris glandulae
capitis) of Hackeriella is likely equivalent to the dilata-
tor muscle of the maxilliary gland in Heteroptera. The
gland is probably generally absent in Coleorrhyncha,
and the muscle is a vestigial unpaired structure. Nev-
ertheless, the similar position suggests homology. The
labial abductor muscles ABL of Dysdercus fasciatus are
located in a similar position as M17a and M18. How-
ever, the description in Knan (1972) does not allow an
unambiguous interpretation. KHan (1972) documented
transverse muscles TLB2 in the fourth labial segment
of Dysdercus fasciatus. These are apparently very small
fibers distinctly differing from muscles functioning as a
compact unit. They are also present in the enicocephalid
species but extremely small. The interpretation of the
labial muscles of Corixa is complicated by the reduced
structure of the labium. This applies for instance to the
depr b2 (m. depressor labii secundus) which may or
may not be homologous with M22 (M. retractor seg-
menti ultimi labii). Both M24 of Coleorrhyncha and m.
dil. cupl (m. dilatator primus cupulae) of Aphis origi-
nate on the hypopharynx (WEBER 1928), which suggests
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possible homology. However, in contrast to the condi-
tion in Aphis M24 inserts on the afferent common sali-
vary channel and not directly on the pumping chamber.
The homology of the two muscles would imply a shift
of insertion in Hackeriella. As already stated in Span-
GENBERG et al. (2013), the structure of the musculature
of the food pump is highly variable and the separation
of defined sets of muscles (M25-M27, M30) is difficult
(i.e. fig. 15 in PAarsons 1968). In particular this concerns
the subdivision or fusion of the two partitions of M30
(M. dilatator cibarii quartus). Therefore, we treat the
posterior set of the cibarial retractors as a single mor-
phological entity.

A hypothesis on homology of muscles listed and
named in the systems of von KELER (1963), FRIEDRICH
& BEUTEL (2008), and WIpFLER et al. (2011) was already
presented in SPANGENBERG et al. (2013) and is shown here
in Table 1.

4.2. Phylogeny and character evolution

A cladistic analysis based on 71 head characters of 16
heteropteran terminals and Hackeriella and Aphis as out-
groups (Table 2) yielded two minimum length trees (L:
175) with the strict consensus (L: 176) as shown in Fig.
18. Apart from the well supported monophyly of Heter-
optera, the branching pattern is in contrast to other cur-
rently favored hypotheses. Some results, in particular the
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Table 2. Character states of adults of selected taxa of Heteroptera with the outgroups Aphis and Hackeriella (below on this page; numbers

correspond to those in text and Fig.

18), and List of Characters (following page).

0123456789012 345678901234561789012345

00000OO0OO0OO0OO0OO0O11111111112222222222333333
Sternorrhyncha: Aphis 210-10001100110-111000-0-0-0-21001141
Coleorrhyncha: Hackeriella o00-11001100110-111120---0-0--0000-0
Enicocephalomorpha:Systelloderes |1 2 1 0 0 - 01 0000110-000010-0-10111111121
Dipsocoromorpha: Cryptostemma |1 0 1 0 0 - 1 1 0000 100-0000110100-121111112
Dipsocoromorpha: Hypsipteryx 1022?20-010000110-2?222010-0-0-121?22?21%??3?2?
Dipsocoromorpha: Schizopteridae |1 - 2 2 0 -1 10000100 -222010-0-0-1217?22?212?2?%?7?
Nepomorpha: Ochterus 22110-110011100-000110-0-0-0-0101111
Nepomorpha: Corixa 221011010000000~-00O0110-0-0-0-011210?7?
Nepomorpha: Gelastocoris 12110-111001000-000110-0-0-130111101
Nepomorpha: Lethocerus 10110-111011100-000110-0-0-0-011112°7?
Nepomorpha: Belostoma 10110-110001110-000110-0-0-0-0101122
Nepomorpha: Hydrocyrius 10?2?2??0~-010001100-?2?22110-0-0-0-01?211272?
Nepomarpha: Nepa 10?2?20-010011110-100120-0-0-0-021112?7?
Gerromorpha: Gerris 10110-0100111110000010-0-0-111111131
Gerromorpha: Hydrometra 100-0-1100000110000010-110-0-111113-
Leptopodomorpha: Saldula 22110-1110011011100010-0-10101011112
Cimicomorpha: Triatoma 121010110000100-00001111211111111102
Pentatomomorpha: Dysdercus 100-0-11000-000-000010-0-0-101111102

6789012345678 90123456178901234567890

33334444444444555555555562626862862686°86°6 6 7
Sternorrhyncha: Aphis 20110102100010101000000101010001011
Coleorrhyncha: Hackeriella 20000102110010101111011101110010111
Enicocephalomorpha:Systelloderes {0 0 1 1 0 0 0 2 0 -1 1 00002000100110001111001
Dipsocoromorpha: Cryptostemma |1 01 1. 0 0 0 2 0 - 01 10001000101110001011001
Dipsocoromorpha: Hypsipteryx 2012200222212 ?220101%?2%?2%?2?%?2?2?2??2?7?7?22?22?27?27?227?227?2?
Dipsocoromorpha: Schizopteridae |2 0 1 2 2 0 0 - 2 2 01 2 2 2 01000101122 ?2?27?27?2?%?2?27?2?7?2?
Nepomorpha: Ochterus 211110120-0111011002?22?2?2?10101011111
Nepomorpha: Corixa 00101001100011111100010010100001111
Nepomorpha: Gelastocoris 111110120-01112?11011100110101011111
Nepomoarpha: Lethocerus 211010120-0111011000110110101001111
Nepomorpha: Belostoma 1010101210011101100%2%?2%?2%?2??2??2??2?27?2?27?27?27?27?27?2727?2?
Nepomorpha: Hydrocyrius 2100201210022 221100?2?%?2%?2?2%?2%???22?27?2%?2?2??22?2727?2?7?2?
Nepomorpha: Nepa 2110101210011101100011012%2%?2?20201%?2%?21
Gerromorpha: Gerris 211010120-1110011000111110001111001
Gerromorpha: Hydrometra 210000020-1100011000101017?2?7©?2%?2??2??%?2??7?27?27?
Leptopodomorpha: Saldula 201100020-0111031102??2??2?2?2?200001011111
Cimicomorpha: 7riatoma 2000000110111001110%?2?%?220?2??2??2?2?201010100
Pentatomomorpha: Dysdercus 101110011001100221101202222010012720

paraphyly of Nepomorpha appear very unlikely. It is ap-
parent that cephalic features alone are insufficient for a
clarification of the relationships of the major lineages of
Heteroptera. Consequently, we used different published
phylogenies to evaluate our set of characters and to dis-
cuss different scenarios. In the following the characters
are indicated in the text in bold and in parentheses. The
numbers correspond to those in Table 2 and Figs. 18 and
19.

Heteroptera is supported as a clade by 12 cephalic
apomorphies in our analysis, i.e. the presence of cuticu-
lar condyles on the postocciput (2) (implying reversal
in Dysdercus), the presence of a gula (7); the absence of
the posterior and anterior tentorial pits (implying rever-
sals in Saldula, Gelastocoris and Lethocerus; homol-
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ogy not fully clarified, see above) (8, 9); the absence
of the tentorium (with possible reversal in the case of
the anterior arms of Nepa and Saldula) (16, 17, 18);
the origin of the labium on the anterior part of the head
capsule (41); the presence of triturating devices (with
reduction in several infraorders, see below and CoB-
BEN 1978) (49); the presence of M2a (M. proepisterno-
postoccipitalis secundus) (60) and the absence of M4
(depressor of the head, connecting the pronotum and the
posterior tentorial arms) (61) and M11 (loral apodeme-
postclypeal muscle) (63).

Hypotheses based on different data sets were pre-
sented by MAaHNER (1993), WHEELER et al. (1993),
SHcHERBAKOV & Porov (2002), XIE et al. (2008), and L1
et al. (2012b). We mapped our character data on three al-
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List of characters

0 orientation of base of mouthparts relative to head: (0) posteri-
orly or posteroventrally = hypognathous; (1) anteriorly = pro-
gnathous; (2) ventrally = orthognathous

1 number of ocelli: (0) 0; (1) 3; (2) 2

2 cuticular condyles of postocciput: (0) absent; (1) present

3 shape and number of postoccipital condlyes: (0) 2 processes; (1)
2 short + 2 long processes

4 subdivision of clypeus: (0) absent; (1) present

5 classification of clypeal subdivision: (0) subdivided in ante- and
postclypeus; (1) additional paraclypeus

6  bucculae: (0) absent; (1) present

7 gula: (0) absent; (1) present

8 anterior tentorial pits: (0) absent; (1) present

9 posterior tentorial pits: (0) absent; (1) present

10 epicranial (=coronal) suture (adults): (0) absent; (1) present

11 frontal suture (adults): (0) absent; (1) present

12 epistomal ridge (separates clypeus from frons): (0) absent; (1)
present

13 genal suture (separates lorum from remainder of head capsule):
(0) absent; (1) present

14 pairs of cephalic trichobothria: (0) absent; (1) present

15 origin of cephalic trichobothria: (0) in a deep pitlike depression;
(1) in a flat depression

16 anterior tentorial arms: (0) absent; (1) present

17 posterior tentorial arms: (0) absent; (1) present

18 corpotentorium: (0) absent; (1) present

19 antenna folded under head, received in a groove formed by ge-
nae: (0) absent; (1) present

20 number of antennomeres of flagellum: (0) 5 or more; (1) 4; (2) 3

21 basiflagellite equipped with R-Structure (Zrzavy 1990): (0) ab-
sent; (1) present

22 type of R-Structure of basiflagellite (Zrzavy 1990): (0) Bf(RVI);
(1) Bf(RI)

23 distiflagellite equipped with R-Structure (Zrzavy 1990): (0) ab-
sent; (1) present

24 type of R-Structure of distiflagellite (Zrzavy 1990): (0) Df(RVI);
(1) Df(RV); (2) Df(RI)

25 intercalary slerite between scapus and pedicellus (“prepedicel-
lite, pp”) (Zrzavy 1990): (0) absent; (1) present

26 types of prepedicellite (Zrzavy 1990): (0) pp(1); (1) pp(1I)

27 intercalary sclerite (“preflagelloid, pf” or “prebasiflagellite, pb”)
between antennomeres 2 and 3 (Zrzavy 1990): (0) absent; (1)
present

28 type of preflagelloid or prebasiflagellite (Zrzavy 1990): (0)
pf(D); (1) pA(I); (2) (pITV); (3) pb

29 intercalary sclerite (“intraflagelloid, if””) between antennomeres
3 and 4 (Zrzavy 1990): (0) absent; (1) present as if(I)

30 origin of extrinsic antennal muscles (M6, M. depressor scapi +
M7, M . levator scapi): (0) anterior armstentorium; (1) head cap-
sule;

31 protrusion of the proximal mandibular part in a long and slender
apodeme or tendon: (0) absent; (1) present

32 shape of mandibular stylets in lateral view: (0) linear; (1) boo-
merang-shaped

33 mandibular lever (“Protraktorarm” of WeBer 1928): (0) absent;
(1) present

34 shape of mandibular lever (characters 0—2 from RIEGER 1976):
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35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66

67
68

69

70

(0) equilateral triangle; (1) acute triangle, arm attached to man-
dible elongated; (2) acute triangle, arm attached to mandible
elongated directed caudally; (3) quadrangular; (4) bar-shaped
formation of salivary canal: (0) by indentation of right maxilla;
(1) by indentation of left maxilla; (2) mutual or variable in entire
labial length

shape of maxillary stylets in cross-sectional view: (0) com-
pressed dorso-ventrally; (1) compressed laterally; (2) circular
setae at tip of maxilla: (0) absent; (1) present

barb-like structures at tip of maxilla: (0) absent; (1) present
maxillary lever: (0) absent; (1) present

maxillary glands (“cephalic glands”): (0) absent; (1) present
origin of labium: (0) anterior part of head capsule; (1) cervical
region

intercalary sclerites between 3rd and 4th labial segment (1 pair):
(0) absent; (1) present

number of labial segments: (0) 1; (1) 3; (2) 4

sensilla at apex of labial rostrum: (0) absent; (1) present
sensilla grouping: (0) one group; (1) two rows

interlocking of the edges of the labial groove: (0) absent; (1)
present

orientation of hypopharynx (including pumping chamber): (0)
dorso-ventral; (1) cranio-caudal

origin of retractor muscle of piston (M23, M. retractor pistilli):
(0) posterior region of head capsule; (1) hypopharyngeal wing
pharyngeal triturating devices (“striated plates”; “Kauapparat™):
(0) absent; (1) present

distinct bent (dorso-ventral orientation to cranio-caudal) of
pharynx: (0) absent; (1) present

principal salivary gland: (0) obscurely bi-lobed; (1) distinctly
bi-lobed; (2) four-lobed; (3) single-lobed

structure of accessory gland: (0) vesicular; (1) tubular

structure of principal gland: (0) aciniform; (1) irregular

length of principal duct: (0) short; (1) long

triangular processes of tritocerebrum: (0) absent; (1) present
fusion of subesophageal ganglion with brain (to dts): (0) absent;
(1) present

fusion of subesophagealganglion or dts with first thoracic gan-
glion: (0) absent; (1) present

frontal ganglion: (0) distinct; (1) indistinct, reduced in size
circumesophageal connectives: (0) elongate; (1) short and broad
M2a (M. proepisterno-postoccipitalis secundus): (0) absent; (1)
present

M4 (depressor of the head, connecting the pronotum and the
posterior tentorial arms): (0) absent; (1) present

M5a (M. dilatator oris glandulae capitis): (0) absent; (1) present
M11 (loral apodeme-postclypeal muscle): (0) absent; (1) present
M12a (M. retractor setae mandibularis secundus): (0) absent; (1)
present

M12b (M. retractor setac mandibularis tertius): (0) absent; (1)
present

M14 (M. protractor setae mandibularis secundus): (0) absent;
(1) present

M20a (M. transversalis labii secundus): (0) absent; (1) present
M28 (M. dilatator postpharyngis dorsalis): (0) absent; (1) pres-
ent

M29 (M. dilatator postpharyngis ventralis): (0) absent; (1) pres-
ent

M19 (M. transversalis labii primus): (0) absent; (1) present
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Fig. 19. A: phylogeny after WHEELER et al. (1993) (modified); B: phylogeny after MAHNER (1993), SucHERBAKOV & Porov (2002) and Li et
al. (2012b) (modified); C: phylogeny after XiE et al. (modified). Full circles show unambiguous apomorphic character states, white circles

for homoplasious changes not shown. The numbers correspond to those in chapter 4 and Table 2.

ternative topologies using Winclada (Fig. 19). The most
parsimonious hypothesis is that of WHEELER et al. (1993,
fig. 5), which required 201 steps (Fig. 19A), whereas 202
and 212 were required under the phylogenies suggested
by XiE et al. (2008) (Fig. 19C) and MaHNER (1993) (Fig.
19B), respectively. The monophyly of Heteroptera is
supported in the case of WHEELER et al. (1993) by 20 ce-
phalic autapomorphies (Fig. 19A), in the case of MAHNER
(1993) by 21 (Fig. 19B), and in the scenario of XIE et al.
(2008) by 18 (Fig. 19C). In contrast, there are only single
or very few apomorphies supporting major infraordinal
branches, i.e. those supporting relationship between the
infraorders. In the tree of WHEELER et al. (1993) (Fig.
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19A), Euheteroptera (Heteroptera excl. Enicocephalo-
morpha) are supported by the presence of distinct buccu-
lae (6), monophyletic Dipsocoromorpha by the presence
of the preflagelloid antennal type IV (28), Neoheteroptera
(Euheteroptera excl. Dipsocoromorpha) by the presence
of paired cuticular condyles of the postocciput (3) and
distinctly bi-lobed principal glands (51) (Fig. 19A), and
Gerromorpha by the presence of cephalic trichobothria
originating in a deep pit-like depression (15, not dis-
played in Fig. 19A) and a quadrangular mandibular lever
(34). No cephalic features support Panheteroptera (Neo-
heteroptera excl. Gerromorpha) (Fig. 19A). Nepomorpha
is supported by the absence of the intraflagelloid between
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Table 3. List of taxa and corresponding literature used for morphological comparison and phylogenetic reconstruction.

Taxa Literature
Dipsocoromorpha

Hypsipteryx sp. (Dipsocoridae) S1vs 1970
Schizopteridae EmsLEY 1969
Nepomorpha

Ochterus marginatus (Latreille, 1804) (Ochteridae) RIEGER 1976

Corixa punctata (llliger, 1807) (Corixidae)

BENwITZ 1956

Gelastocoris oculatus (Fabricius, 1798) (Gelastocoridae)

PaRsoNs 1958, 1959, 1960a,b

Lethocerus uhleri (Montandon, 1896) (Belostomatidae)

PARSONS 1968

Belostoma sp. (Belostomatidae)

VERMA et al. 1973; SWART & FELGENHAUER 2003

Hydrocyrius columbiae columbiae Spinola (Belostomatidae)

KoPeLKE 1978

Nepa cinerea Linnaeus, 1758 (Nepidae)

HamiLTon 1931; RieGer 1976

Gerromorpha

Gerris sp. (Gerridae)

MaTsupa 1960; CRANSTON & SPRAGUE 1961; ANDERSEN 1982

Hydrometra martini Kirkaldy, 1900 (Hydrometridae)

SPRAGUE 1956; ANDERSEN 1982

Leptopodomorpha

Saldula pallipes (Fabricius, 1794) (Saldidae)

PARsONS 1962, 1963

Cimicomorpha

Triatoma infestans Klug, 1834 (Reduviidae)

BARTH 1952a,b, 1953a,b; RIEGER 1976

Pentatomomorpha

Dysdercus koenigii Fabricius (Pyrrhocoridae)

KumaRi 1955

Dysdercus fasciatus Signoret (Pyrrhocoridae)

KHaN 1972

Outgroups

Aphis fabae Scopoli, 1763 (Sternorrhyncha, Aphididae)

WEBER 1928, 1929; Forses 1977

Hackeriella veitchi (Hacker, 1932) (Coleorrhyncha, Peloridiidae)

SPANGENBERG et al. 2013

antennomeres three and four (29). A potential additional
nepomorphan autapomorphy is the position of the anten-
na that is folded underneath the head, but a very similar
condition is present in Coleorrhyncha, arguably a result
of parallel evolution. A potential synapomorphy of Pen-
tatomomorpha and Cimicomorpha is the absence of M19
(M. transversalis labii primus) (70) (Fig. 19A).

In ManNER (1993), Nepomorpha are placed as the
sister group of the remaining Heteroptera. A potential
apomorphy of Heteroptera excluding Nepomorpha is the
reduction of M29 (M. dilatator postpharyngis ventralis)
(69) (Fig. 19B). This scenario appears less likely con-
sidering the number of steps and the implied character
transformations.

XIE et al. (2008) suggested the monophyly of Euhe-
teroptera as in WHEELER et al. (1993), but with Nepomor-
pha, instead of the Dipsocoromorpha, in a second basal
position (Fig. 19C). Euheteroptera was supported by
three potential apomorphies: the presence of distinct buc-
culae (6) (in agreement with the hypothesis of WHEELER
et al. 1993), a reduced genal suture (13), and distinctly
bi-lobed principal salivary glands (51).

Even though parsimony favors the pattern of WHEEL-
ER et al. (1993), with basal Enicocephalomorpha, and
Dipsocoromorpha as the second branch, it is apparent
that this issue is far from being settled. Apparently, mor-
phological characters of the head are not sufficient for
a reliable reconstruction of phylogenetic relationships of
the major heteropteran lineages. The hemipteran head is
highly derived, but main features are conserved within
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the entire lineage and within the megadiverse Hetero-
ptera. This is likely linked to the ubiquitous mechanism
of liquid feeding and related functional constraints. Pre-
dacious feeding habits are presumably an apomorphic
groundplan feature of Heteroptera and this has resulted
in an entire series of cephalic character transforma-
tions, among them prognathism and the related presence
of a gula and modified insertion of the labium (SWEET
1979). The ancestral feeding habits were largely main-
tained in the basal lineages, again resulting in more or
less conserved cephalic structures. Evolutionary changes
of cephalic features related with a switch to phytophagy
may have played a role in the evolution of some of the
“higher” heteropteran groups, i.e. the Pentatomomorpha
and Cimicomorpha. An evaluation of this hypothesis is
currently impeded by a severe lack of detailed morpho-
logical data.

What is apparently needed for a reliable phylogenetic
reconstruction is more detailed morphological data, not
only covering the head structures of a broader taxon sam-
pling, but also features of the thorax and abdomen includ-
ing the genitalia. This approach combined with extensive
molecular data assembled in the 1KITE project (http://
www. L kite.org/) and the hemipteroid AToL project (http://
www.nsf.gov/awardsearch/showAward? AWD ID=1239
788&Historical Awards= false) will likely lead to a robust
heteropteran phylogeny, which will be an ideal basis for
developing a complex evolutionary scenario using well
documented morphological (and palacontological) infor-
mation.
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