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> Abstract
Discussions of phylogenetic studies based on morphological data focus mainly on results of the cladistic analysis while 
selection and evaluation of characters themselves are often underrepresented. Our paper seeks to address this with a survey 
of characters of the circulatory organs to contribute to the analysis of phylogenetic relationships of hexapod orders. The 
survey is based on examination of literature and includes, in addition, numerous unpublished data. Of 38 variable traits of the 
dorsal vessel and the various accessory circulatory organs, we selected 11 which are potentially informative at supraordinal 
level. They are critically discussed and coded as characters for use in comprehensive future cladistic analyses employing 
greater sets of morphological data. It must be stated that many features of circulatory organs for higher systematic categories 
are still based on one or few species for most orders of hexapods; this defi ciency is due to the great methodological effort 
required to investigate internal organs. In general, circulatory organs of hexapods are simply organized making it diffi cult 
to discriminate homology from convergence. In addition to phylogeny, general aspects of the evolution of the circulatory 
system are outlined. In an appendix we provide comprehensive information on the traits, characters and the species in which 
they occur.
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1.  Introduction

Reconstruction of insect phylogeny has indeed pro-
gressed over the past decades. Most extant orders of 
Hexapoda are well-supported as monophyletic groups 
(KRISTENSEN 1997; AX 1999; GRIMALDI & ENGEL 
2005). Yet despite intensive efforts at molecular and 
morphological levels many supraordinal relationships 
remain unsettled (e.g. KRISTENSEN 1991; WHITING et 
al. 1997; BITSCH & BITSCH 1998; EDGECOMBE et al. 
2000; BEUTEL & GORB 2001; WHEELER et al. 2001; 
HOVMÖLLER et al. 2002; BITSCH & BITSCH 2004; BITSCH 
et al. 2004; GIRIBET et al. 2004; KJER 2004; LUAN et al. 
2005; TERRY & WHITING 2005; BEUTEL & GORB 2006; 
KJER et al. 2006; CAMERON et al. 2006). This is also 
evident from the contradictory results presented in the 
listed publications.

The contributions from morphologists to phylo ge ne-
tic analyses are in general plagued by several short-
comings. Since it is hardly possible for one per son 
to collect suffi cient original data from the various 
organ systems for cladistic analyses, morpho logists 
must extract data to a great extent from the literature. 
Yet reliance on such data is problematic in several 
respects. Review papers and general textbooks tend to 
over-simplify and ignore the full range of variation, 
and primary literature is usually not focused on 
phylogeny. Those who have not acquired profi ciency in 
an area of morphological research will inevitably fi nd 
it diffi cult to compare literature data especially when 
the scope of studies, their level of accuracy and range 
of observation vary considerably. A specifi c diffi culty 
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in morphological analyses has been the assessment of 
homology, a task which often requires broad experience 
in a particular fi eld. Another problem is that the taxon 
sample is often meager and generalized statements 
intended to apply to a higher systematic category 
are formulated on the basis of only one or very few 
investigated species. These insuffi ciencies may lead to 
fallacious character matrices, biased data analyses and 
consequently uncertain phylogenetic interpretations. 
Our approach is intended to partially remedy this. 
In this paper we evaluate the circulatory organs of 
hexapods – our research topic for many years – and 
seek to provide a morphological character set suitable 
for incorporation into cladistic analyses. This was 
achieved by a thorough search for morphological 
variation of the organ system. From this survey 
we identifi ed distinguishing traits, some of which 
were appropriate for character coding because they 
appeared to be informative at the supraordinal level. 
To show the full extent of data on which hypotheses of 
particular characters are based we provide an extensive 
appendix that lists the traits and characters, the species 
investigated, and all references. We thereby hope to 
fi ll in the gap between morphological raw data and the 
phylogenetic analysis of that data. 

As a brief reminder, the circulatory system in insects 
is classed as open, and hemolymph circulates freely 
among the internal organs (Figs. 1, 2). The main 
component of the circulatory organs is the dorsal vessel 
(heart), which functions as the central pumping organ 
and extends throughout the whole body from head to 
the tip of the abdomen. Little appreciated is that most 
insects possess additional circulatory organs, such as 
diaphragms, which regulate the fl ow of hemolymph 
in the body cavity, and autonomous pumps (auxiliary 
hearts), which ensure circulation in the various body 
appendages (Fig. 2) (reviews on hexapod circulatory 
system: JONES 1977; MILLER 1985; PASS 1998, 2000; 
WASSERTHAL 1998; HERTEL & PASS 2002).
Few anatomical features of the circulatory system 
have been previously employed in cladistic analyses 
of arthropods and hexapods (BITSCH & BITSCH 1998, 
2004; EDGECOMBE et al. 2000; BEUTEL & GORB 2001, 
2006; WHEELER et al. 2001; GIRIBET et al. 2004). Based 
on literature data and many unpublished results from 
our laboratory we present additional characters, make 
proposals for their coding and discuss their phylo-
genetic value. Further we outline general aspects of 
the evolution of the circulatory organs relevant for a 
deeper understanding of the topic. 

Fig. 1. Circulatory organs in Campodea (Diplura) illustrating the probable plesiomorphic condition for Hexapoda (modifi ed after 
GEREBEN-KRENN & PASS 1999). Arrows indicate direction of hemolymph fl ow.
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2.  Material and methods

Character selection and coding. Primary litera ture 
was examined for accurate descriptions of mor pho-
logical variation of the circulatory organs of hexa-
pods and combined with unpublished data from our 
laboratory. We attempted to consider all traits re-
gardless of their phylogenetic implications, and selec t-
ed only those traits for character coding which were 
suffi ciently investigated to permit comparison across 
hexapod orders. Characters were defi ned for which 
discrete character states could be delineated that are 
relatively constant at ordinal level and that contain 
only a moderate degree of variation at the supraordinal 
level. Furthermore, the states of a character were 
defi ned as homologous variables within the frame-
work of a transformational hypothesis (e.g. DE PINNA 
1991; BROWER & SCHAWAROCH 1996; HAWKINS et al. 
1997; CARINE & SCOTLAND 1999; JENNER 2002). For 
a few traits, character construction would result in a 
character state distribution that is clearly in confl ict with 
all known phylogenetic hypotheses. These traits are 
described and discussed but excluded from character 
construction to avoid the introduction of noise into 
phylogenetic analyses. The plesiomorphic condition 

and polarity of characters were usually determined 
with some degree of confi dence by consideration of 
the condition in myriapods and crustacean outgroups; 
exceptions are discussed in the text. 
Hexapod orders which could not be assigned to any 
state of a particular character, because the surrounding 
character complex is absent (e.g. wing circulatory 
organs in wingless taxa), were scored as inapplicable, 
although many standard cladistic software programs 
treat the inapplicable condition as missing data (see 
LEE & BRYANT 1999; STRONG & LIPSCOMB 1999). Sco r-
ing inapplicability as missing data withholds valu able 
information from the reader, while scoring such data 
with its own state may introduce a strong bias into 
the data set. Also we avoided coding the secondary 
absence of a character as a separate state, because this 
would introduce disputable presumptions on character 
evolution and phylogenetic relationships into an 
analysis.

Morphological studies. Original investigations 
presented in this paper are based on analysis of serial 
semi-thin and TEM sections. The procedure for 
preparing semi-thin sections followed PERNSTICH et 
al. (2003). To investigate with TEM, specimens were 

Fig. 2. A generalized pterygote insect showing dorsal vessel and associated structures, as well as a maximum set of auxiliary 
hearts (ventral diaphragm not shown) (modifi ed after PASS 2000). Arrows indicate direction of hemolymph fl ow. 
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fi xed initially in Karnovsky solution, subsequently 
transferred to Karnovsky solution with 1% Tannin and 
postfi xed in 1% aqueous osmiumtetroxide. Dehydration 
and embedding as described in PERNSTICH et al. (2003). 
Ultra-thin sections were stained with uranyl acetate 
and lead citrate.

3.  Results

The following sections describe the anatomical traits of 
the dorsal vessel and the accessory circulatory organs 
of hexapods without regard to possible phylogenetic 
implications. Thereafter characters are selected which 
represent potential synapomorphies at the supraordinal 
level. Traits and characters are marked by bold numbers 
in text and Appendix. Within the respective sections 
proposals are given for the coding of characters. Names 
of the investigated species pertinent to the traits and 
characters throughout the insect orders can be found 
in the Appendix. 

3.1.  Dorsal vessel and associated structures

Almost all insects possess a dorsal vessel; it may be 
absent only in very minute species (e.g. the chalcidid 
wasp Encarsia formosa: Krenn & Pass unpubl. data; 
Coleoptera-Ptiliidae: Polilov pers. comm.). In most 
papers dealing with the dorsal vessel only its general 
course and the location of ostia are described; very 
little information has been published on the condition 
in the head, on vessel suspension and the alary muscles. 
Detailed descriptions exist for one or a few species of 
Archaeognatha (BÄR 1912), Ephemeroptera (MEYER 
1931), Blattaria, Mantodea, Isoptera, Phasmatodea, 
Orthoptera, Dermaptera, Plecoptera, Embioptera, 
Grylloblattodea, Zoraptera (NUTTING 1951; Orthoptera 
also in BAYER 1968), Phthiraptera (FULMEK 1917), 
Hemiptera (HINKS 1966), Megaloptera (SELMAN 1965), 
Hymenoptera (FREUDENSTEIN 1928), Coleoptera (KUHL 
1924) and Diptera (JONES 1954; CURTIS et al. 1999). 
Aside from the study of NUTTING (1951) extensive 
comparative investigations on the dorsal vessel and its 
associated structures are still lacking.

3.1.1. Vessel morphology. The dorsal vessel is a 
muscular tube formed by two rows of opposing (left 
and right) crescent-shaped cells, which interlock at 
their dorsal and ventral margins (WASSERTHAL 1999; 
BODMER & FRASCH 1999). The vessel lumen is lined 
by a basal lamina, and the outer surface is coated by 
the adventitia, a sheath which consists of collagen 
fi bers, elastic fi laments and fi broblasts (FRANÇOIS 

2003). The shape of the dorsal vessel is not uniform 
along its course through the body. In general, the 
portion of the dorsal vessel, which contains the 
ostia, has a thicker muscular wall and is traditionally 
distinguished as the heart, while a portion anterior 
of it has a thinner wall, lacks ostia and is referred 
to as the aorta (IMMS 1970). Accordingly, the length 
of the aorta depends on the distribution of ostia 
(trait 1). The diameter of the dorsal vessel lumen 
(trait 2) is more or less constant throughout the 
whole length, or it is enlarged either in the anterior 
or posterior abdominal region. Additio nally, local 
enlargements form ampullae or diverticula in the 
pterothoracic region (see wing circulatory or gans) 
or segmental enlargements (heart chambers) (trait 
3). Only some Diptera possess prothoracic en large-
ments, whereby the aorta dilates to form a bulb-like 
sinus or sac with a single sphincter-like opening in 
the ventral wall (JONES 1954). Likewise correlated 
with the wing circulatory organs is the course of the 
dorsal vessel through the thorax (trait 4). In some 
taxa the vessel runs straight through the center of the 
thorax; in others it is dorsally arched and may adjoin 
the wing circulatory organs. In addition, in some 
Hymenoptera the portion of the dorsal vessel lying in 
the fi rst abdominal segment forms a series of loops 
(trait 5) (FREUDENSTEIN 1928; WILLE 1958).
Differences between larval instars and adults 
regarding number and position of ostia, as well as 
length and course of the dorsal vessel occur in some 
insects (JONES 1977). 

3.1.2. Alary muscles, dorsal vessel suspension 
and dorsal diaphragm. Along its entire length, 
attachment of the dorsal vessel is achieved by fi ne 
suspending strands of elastic connective tissue (trait 
6) which connect to the integument, fat body, and other 
organs as well (JONES 1977). Alary muscles (trait 7), 
by contrast, are always segmentally arranged pairs 
of muscles which are mainly found in the region of 
the heart. Usually, they spread fan-shaped from their 
insertion points at the anterior margin of the tergites 
to the dorsal vessel. Their mode of attachment to the 
dorsal vessel varies (trait 8). In the region where 
alary muscles are present, the dorsal connective 
tissue strands may be lacking and the dorsal vessel is 
directly attached to the tergal cuticle. 
The dorsal diaphragm (traits 9–10), consisting of 
connective tissue (LOCKE 1998), and the alary muscles 
separate the pericardial sinus from the perivisceral 
sinus. The dorsal diaphragm is either developed as 
a single membrane, a continuous double membrane, 
a single membrane with an additional membrane in 
abdominal segments bearing excurrent ostia, or it is 
reduced to various extents.
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3.1.3. Anterior end of dorsal vessel. The dorsal vessel 
enters the head capsule through the narrow neck and 
passes either beneath the brain close to the esophagus 
up to the front of the brain or ends in the region just 
behind the brain. In some hexapods the anterior end of 
the dorsal vessel is connected directly to the antennal 
vessels or indirectly via a frontal sac (see antennal 
circulatory organs). In all other cases the dorsal vessel 
opens anteriorly either into the sinus in front of the 
brain or into the channel-like space between the ventral 
side of the brain and the esophagus. Some species of 
Hymenoptera and Diptera deserve special mention 
(trait 11). In Apis mellifera (Hymenoptera) the dorsal 
vessel is enlarged behind the brain and completely 
envelopes the esophagus; the suspension muscles of 
the esophagus cross the aortic wall through openings 
that also permit exit of hemolymph to the brain 
(FREUDENSTEIN 1928). In Calliphora erythrocephala 
(Diptera), the dorsal vessel extends only as far as the 
neck region, where it is perforated forming an excurrent 
opening. This opening is associated with a pulsatile 
organ consisting of cuticle, muscles and tracheal air 
sacs; its contractions are coordinated with those of the 
dorsal vessel (WASSERTHAL 1999). 

3.1.4. Circumesophageal vessel ring. In species from 
almost all apterygotan orders, a pair of vessels laterally 
branch off the dorsal vessel immediately posterior of 
the brain, and encircle the esophagus forming the 
circumesophageal vessel ring (Fig. 1). Ventrally, a 
short anteriorly directed vessel opens like a funnel 
into the hemocoel of the head capsule. Hemolymph 
discharged through this opening supplies the ventral 
head region. The lateral vessels and ring formation are 
absent in all examined Pterygota (trait 12: char 1).

Character 1. Head vascular system, 0: containing a 
circumesophageal vessel ring branching off the dorsal 
vessel posterior of the brain – Diplura, Collembola, 
Archaeognatha, Zygentoma. 1: containing no circum-
e sophageal vessel ring branching off the dorsal vessel 
posterior of the brain – all Pterygota. Missing data: 
Protura.

3.1.5. Ostia. The lateral passage of hemolymph 
through the heart wall is mediated by minute openings 
each created by two special cardiomyocytes. In 
hexapods, two basic kinds of ostia are discernible 
according to the anatomy of the valve. One kind, ostia 
with lips, is characterized by the lip-like extension of 
the ostia-forming cardiomyocytes that project into the 
vessel lumen and thereby function as a valve (trait 
13: char 2). In almost all hexapods, both the anterior 
and the posterior cardiomyocytes are developed as 
lips. The paired lips enclose the aperture and prevent 

outfl ow of hemolymph independent of the direction of 
the contraction waves across the dorsal vessel. Thus, 
they are generally referred to as incurrent ostia (Figs. 
3, 4, 6). In some Neuroptera and some Diptera, only 
the anterior lip is developed in the most posterior pair 
of ostia, which are located at the terminal end of the 
dorsal vessel. These ostia, too, function as incurrent 
ostia since just one lip suffi ces to close the opening. 
In Ephemeroptera, pocket valves (trait 14) in the 
anterior portion of the dorsal vessel are characterized 
by reduction of the posterior lips and the openings. 
The anterior lips are enlarged and their anterior 
orientation prevents backfl ow of hemolymph during 
diastole (MEYER 1931). By contrast, in Lepidoptera 
(WASSERTHAL 1980, 1981, 1998; Tögel & Pass unpubl. 
data) and Trichoptera (Tögel & Pass unpubl. data) 
so-called two-way ostia occur which always lack the 
anterior lip (Figs. 5, 7). This anatomical construction 
prevents the outfl ow of hemolymph during anterograde 
beating phases and enables it during retrograde beating 
phases (heartbeat reversal). One exception to this is a 
Trichoptera species in which the posterior-most ostia 
are located at a terminal position and have paired lips 
(Tögel & Pass unpubl. data).
A comparative investigation on the posterior portion 
of the dorsal vessel in Holometabola (Tögel & Pass 
unpubl. data) reveals that the position of the lipped 
ostia differs considerably. The opposing ostia either 
are distinctly separate from each other, or meet along 
the dorsal midline, or meet along the dorsal and 
ventral midlines; when ostia meet their posterior lips 
are attached to each other (trait 15). 
The segmental occurrence of lipped ostia varies in 
Hexapoda, as well (Tab. 1) (trait 16). The maximum 

3 4 5
Figs. 3–5. Diagrams of a segmental portion of dorsal vessel 
illustrating various kinds of ostia. Arrows indicate direction 
of hemolymph fl ow. 3: Incurrent ostia with paired lips. 4: In-
current ostia plus excurrent ostia. 5: Two-way ostia with a single 
(posterior) lip; left side: incurrent fl ow during anterograde 
phase, right side: excurrent fl ow during retrograde phase, gray 
arrows indicate fl ow during retrograde phase. 
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number of pairs is twelve (Mantodea, Blattaria, some 
Orthoptera), with each segment from the prothorax 
to the ninth abdominal segment bearing a pair of 
ostia. The minimum of one pair is found in larvae 
of Odonata at the posterior end of the dorsal vessel 
(WIGGLESWORTH 1955). 

Character 2. Ostia with lips, 0: anterior and posterior 
lips present (incurrent ostia) – all orders except those 
with state (1). 1: only posterior lip present (two-way 
ostia) – Trichoptera, Lepidoptera. 

The second kind of ostia are excurrent ostia (trait 17: 
char 3) (Fig. 4). In contrast to incurrent or two-way 
ostia, they lack lips but instead have a valve consisting 
of unusual muscle cells (MILLER 1985; Merl & Pass 
unpubl. data). These cells unlike typical muscle cells 
are plasma-rich and contain very few myofi brils which 
extend in all directions (Fig. 12). Additionally, annulate 
lamellae occur in these cells suggesting high metabolic 
activity (Fig. 13). The anatomical construction of valved 
excurrent ostia ensures that the hemolymph fl ows only 
out of the dorsal vessel. The ostia open independently 
and out-of-phase with the contractions of the dorsal 
vessel (MILLER 1985). Excurrent ostia always occur 
additionally to the incurrent ostia within a particular 
segment. They have either paired or unpaired (ventrally 
located) openings (trait 18: char 4). NUTTING (1951) 
mentioned in his comprehensive paper that he found 
six unpaired excurrent ostia in Zygentoma. BARNHART 

(1961) and recent re-investigations (Gereben-Krenn & 
Pass unpubl. data) could not confi rm the existence of any 
excurrent ostia in Zygentoma. Regarding the number 
and distribution of paired or unpaired excurrent ostia 
along the dorsal vessel there is considerable variation at 
the ordinal level (Tab. 1) (traits 19–21). Even the mode 
of hemolymph discharge into the abdominal hemocoel 
varies widely (traits 22–23). The excurrent ostia open 
either above the dorsal diaphragm (when present) or 
below it, or they open into the space between the two 
layers of the diaphragm (and hemolymph is channeled 
into the abdominal viscera), or they open into blind 
diverticula (the so-called phagocytic organs of the 
abdomen), or into the segmental vessels (NUTTING 
1951).

Character 3. Dorsal vessel, 0: containing only ostia 
with lips – all orders except those with state (1). 1: 
containing in addition ostia without lips (excurrent 
ostia) – Dermaptera, Grylloblattodea, Plecoptera, 
Embioptera, Phasmatodea, Orthoptera, Mantodea, 
Blattaria.

Character 4. Position and number of excurrent ostia 
within a segment, 0: ventro-lateral and one pair – 
Dermaptera, Grylloblattodea, Phasmatodea, Ortho-
ptera, Mantodea, Blattaria. 1: ventro-median and 
unpaired – Plecoptera, Embioptera. Inapplicable: all 
orders except those with states (0) or (1).

Number of Ostia 

Incurrent 
paired

Excurrent 
paired

Excurrent 
unpaired

Segmental 
vessels 

Thorax Abdomen Thorax Abdomen Thorax Abdomen Thorax Abdomen 

Ephemeroptera 0–1 1–4 ? ? ? ? ? ? 

Odonata 0–2II,III 2 ? ? ? ? ? ? 

Dermaptera 1-2 9 0 0 or 4II-V 0 0 0 0 

Mantophasmatodea 2 9 ? ? 0 0 ? ? 

Plecoptera 2 9 0 0 1II 0 0 0 

Embioptera 2 9 0 0 2II,III 1I 0 0 

Phasmatodea 0 9 1III 2I-II 0 0 0 0 

Grylloblattodea 2 9 0 0 2II,III 6I-IV 0 0 

Orthoptera 2–3 9 1–2II,III 0–5I-V 0 0 0 0 

Mantodea 3 9 0 4III-VI 0 0 0 0 or 4III-VI

Blattaria 3 9 2II,III 4III-VI 0 0 2II-III 4III-VI

Isoptera 2 9 0 0 0 0 0 0 

Tab. 1. Occurrence and number of ostia and segmental vessels in lower Pterygota (compiled after SCHWERMER 1914; MEYER 1931; 
NUTTING 1951; KRENN & PASS 1994/95; Merl & Pass unpubl.). Question marks indicate that taxa were not investigated or that their 
investigation predated discovery of excurrent ostia and segmental vessels. Segment numbers are indicated by Roman numerals. 
See Appendix for taxa investigated for each order.
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3.1.6. Segmental vessels. In Blattaria (MCINDOO 
1939; NUTTING 1951) and some Mantodea (NUTTING 
1951), segmentally arranged vessels branch off the 
dorsal vessel to channel the hemolymph to the lateral 
body regions (Fig. 8) (trait 24: char 5). At the origin 
of each segmental vessel the dorsal vessel is equipped 
with an excurrent ostium (Figs. 10–11). The wall of the 
segmental vessels contains no muscle cells but consists 

of connective tissue (Fig. 14) which is continuous with 
the adventitia of the dorsal vessel (Merl & Pass unpubl. 
data) (Fig. 9).

Character 5. Vascular system of anterior abdomen, 
0: consisting of the dorsal vessel alone – all orders 
except those with state (1). 1: consisting of the dorsal 
vessel and segmental vessels – Mantodea, Blattaria.

P 5 E 5 P 6 E 6

Figs. 6–7. Diagrams of section of dorsal vessel with ostia and corresponding horizontal semi-thin sections. 6: Incurrent ostia with 
paired lips of abdominal segment 7, Tenebrio molitor (Coleoptera). 7: Two-way ostia in abdominal segment 8, Drusus monticola 
(Trichoptera); the posterior lips of the opposing ostia meet along the dorsal midline, anterior lip absent.

6

7
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3.1.7. Intracardiac valves and related structures. 
These regulate the hemolymph fl ow inside the dorsal 
vessel. They occur in the thorax and abdomen. The 
location of the thoracic intracardiac valve varies 
(trait 25). In Archaeognatha it is in the mesothorax 
anterior to the fi rst pair of ostia (BÄR 1912), in Diplura 
(GEREBEN-KRENN & PASS 1999) and some Phasmatodea 
(OPOCZYNSKA-SEMBRATOWA 1936) in the metathorax, 
likewise anterior to the fi rst pair of ostia; whereas in 
Embioptera it is between the incurrent ostia and the 
unpaired excurrent ostium of the metathorax (NUTTING 
1951). The presence of an abdominal intracardiac valve 
(trait 26: char 6) as in Diplura (Fig. 1), Archaeognatha 
(Fig. 24), Zygentoma and Ephemeroptera (Fig. 25) 
(GEREBEN-KRENN & PASS 1999, 2000) is conditional 
for the bi-directional fl ow of hemolymph in the 
dorsal vessel, i.e., hemolymph can be pumped at the 
same time anteriorly toward the head and posteriorly 
toward the rear end (GEREBEN-KRENN & PASS 2000; 
Ephemeroptera: CREUTZBURG 1885; DRENKELFORT 1910; 
MEYER 1931). 
In Diptera, various structures project from the heart 
wall into the dorsal vessel lumen and probably function 
as valves, such as muscle pillars, large spongy cells 
(trait 27), or cellular pads between adjacent ostia in 
larvae (POPOVICI-BAZNOSANU 1905; WETTINGER 1927) 
and adults (DEMEREC 1950; WASSERTHAL 1999; Tögel 
& Pass unpubl. data). 

Character 6. Dorsal vessel in abdomen, 0: containing 
an intracardiac valve – Diplura, Archaeognatha, 

Zygentoma, Ephemeroptera. 1: without intracardiac 
valve – all orders except those with state (0).

3.1.8. Region posterior to the abdominal intracar-
diac valve. In basal Hexapoda, the region of the 
dorsal vessel posterior to the abdominal intracardiac 
valve is variously modifi ed (trait 28). In Diplura, the 
region is enlarged and termed the caudal chamber. In 
Archaeognatha, the region is designated the caudal 
tube; it is characterized by an enlarged muscle layer 
and a rather narrow lumen. In Zygentoma, the wall of 
this region, although hardly thicker than the anterior 
part, is widened to form a caudal pulsatile ampulla 
(ROUSSET 1974; GEREBEN-KRENN & PASS 2000). In 
Ephemeroptera, the region forms a pear-shaped 
caudal pulsatile ampulla (Fig. 25) (ZIMMERMANN 
1884; CREUTZBURG 1885; POPOVICI-BAZNOSANU 1905; 
DRENKELFORT 1910; MEYER 1931; GEREBEN-KRENN & 
PASS 2000). The ampulla is functionally independent 
of the anterior part of the dorsal vessel and contracts 
at a very different frequency (MEYER 1931). A small 
structure, termed the spherical body, is located 
between the end of the caudal pulsatile ampulla and 
the base of the terminal fi lament vessel and probably 
functions as a valve (Fig. 25) (GEREBEN-KRENN & PASS 
2000).
In Diplura, Archaeognatha and Zygentoma, the pos-
terior end of the dorsal vessel opens into the vessels of 
the terminal fi lament and cerci (trait 29). In Collem-
bola (BÄR 1912; FRISH 1978) and Protura (FRAN ÇOIS 
2003) the posterior end of the dorsal vessel is closed. 
This condition occurs likewise in almost all Pterygota. 
In Megaloptera, some Neuroptera, some Trichop tera, 
and some lower Diptera the last pair of ostia is ter-
minally positioned. A posteriorly open dorsal vessel 
is found only in a few Holometabola: Raphidioptera 
(Tögel & Pass unpubl. data), some Coleoptera (WAS-
SERTHAL 1982), and some Diptera (SNODGRASS 1935; 
WIGGLESWORTH 1955; WASSERTHAL 1982, 1999; ANGIOY 
et al. 1999; Tögel & Pass unpubl. data). 

3.2.  Antennal circulatory organs

The antennae are essential body appendages in he-
xapods, lacking only in Protura. Special organs exist 
in nearly all insects to supply the antennae with 
hemolymph. Taxa lacking such organs are generally 
those with small antennae (imagines of Ephe me ro-
p tera and Odonata) or small body size (some Collem-
bola, Phthiraptera, Siphonaptera). In general, the 
antennal circulatory organs are characterized by an 
extra ordinary morphological diversity. Comparative 
studies are available for apterygotes and exopterygotes 
(PASS 1991). However, only single representatives 

Fig. 8. Dorsal vessel portion with base of segmental vessels 
in Periplaneta americana (Blattaria). Segmental vessels 
are associated with excurrent ostia (valves shown as open). 
Segmental vessel wall continuous with the outer connective 
tissue layer of dorsal vessel (adventitia). Lateral cardiac nerve 
shown only on left side.
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from various endopterygotes have been examined 
(Megaloptera: SELMAN 1965; Coleoptera: PASS 1980; 
Hymenoptera: FREUDENSTEIN 1928; MATUS & PASS 
1999; Lepidoptera: SCHNEIDER & KAISSLING 1959; 
Diptera: CLEMENTS 1956; DUDEL 1977, 1978a,b; nu-
merous orders: Pass unpubl. data). 

3.2.1. Antennal vessels. The structure which guides 
the fl ow of hemolymph in the antenna is generally a 
vessel that extends the whole length of the appendage 
and terminates at the tip with a distal pore. Hemolymph 
enters the antennae through the vessels and returns to 
the head capsule in the antennal hemocoel. 

Figs. 9–14. Segmental vessels and excurrent ostia of Periplaneta americana (Blattaria). 9: Horizontal semi-thin section of dorsal 
vessel and origin of segmental vessel. Valve of excurrent ostium extends deeply into segmental vessel lumen. Wall of segmental 
vessel continuous with outer connective tissue layer of dorsal vessel. Bar = 0.1 mm. 10: Semi-thin cross section of ventrolateral 
part of dorsal vessel and attached segmental vessel showing excurrent ostium valve at base. Branch of lateral cardiac nerve extends 
to segmental vessel wall (arrow). Bar = 0.1 mm. 11: Semi-thin cross section of base of segmental vessel. Ostium valve fi lls lumen 
of segmental vessel. Lateral cardiac nerve is located dorsally to segmental vessel and branches anteriorly to segmental vessel 
sending axons to segmental vessel wall. Bar = 0.1 mm. 12: TEM section of valve cell with dispersed bundles of myofi brils. Bar = 
1 μm. 13: TEM section of ostium valve cells with annulate lamellae. Bar = 1 μm. 14: TEM cross section of segmental vessel wall. 
Wall contains no muscle cells and is covered by thick external laminae of collagen fi bers (arrows). Bar = 1 μm. AL = annulate 
lamellae, DD = dorsal diaphragm, FB = fat body, LCN = lateral cardiac nerve, LDV = lumen of dorsal vessel, LSV = lumen of 
segmental vessel, M = muscle fi bers, Mi = mitochondria, N = nucleus, PC = pericardial cells, PcC = pericardial cavity, SV = 
segmental vessel, TR = trachea, V = excurrent ostium valve. 
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The antennal vessels (trait 30) are only in Diplura 
directly connected to the anterior end of the dorsal 
vessel and are thus termed arteries. In some insects the 
antennal vessels are connected to a sac-like enlargement 
( frontal sac) in front of the brain (Odonata: PASS 1991; 
Orthoptera: BAYER 1968; PASS 1991; Megaloptera: 
SELMAN 1965; Lepidoptera: SCHNEIDER & KAISSLING 
1959). The antennal vessels in Zygentoma have been 
described as detached from the dorsal vessel (CHAU-
DONNERET 1950; PASS 1991), but reinvestigation shows 
the existence of a connection via a frontal sac (Gereben-
Krenn & Pass unpubl. data). The frontal sacs give rise 
to additional vessels leading to the optic lobe or to 
other parts of the head in various taxa. Probably, the 
frontal sacs are compressed by pharyngeal movements 
and thus serve as accessory pumps for circulation in 
antennae. In many Lepidoptera the antennal vessels, 
which originate from the frontal sac, have an am-
pullary enlargement at the base, which contains a 
tissue clod. The tissue clod serves as a valve and may 
have an endocrine function in addition (GEROULD 1938; 
EHNBOHM 1948; SCHNEIDER & KAISSLING 1959; VONDRAN 
& WASSERTHAL 1998; WASSERTHAL 2003).
In all other insects the antennal vessels are entirely se-
parate from the dorsal vessel. At the base of the vessels 
are ampullary enlargements equipped with valved 
ostia. Hemolymph coming from the frontal sinus 
enters the antennal vessels through these ostia. In very 
few taxa, the antennal vessels are replaced by short 
diaphragms, which enable a countercurrent hemolymph 
fl ow by spatial division of the antennal hemocoel (some 
Collembola, larvae of Ephemeroptera) (trait 31).

3.2.2. Antennal vessel wall. The structure and cel-
lular make-up of the antennal vessel wall (trait 32: 
char 7) is uniform in almost all hexapods consisting of 
thin and simple wall cells. However in Blattaria (Figs. 
15–17) (PASS 1985), Mantodea and Mantophasmatodea 
(Pass in prep.) the proximal part of the antennal vessel 
is enlarged and forms a glomerule before entering the 
antenna. Ultrastructural investigation revealed that the 
wall of this part consists of two tissue layers: an outer 
cell layer, which lacks specialized organelle equipment, 
and an inner layer of typical transporting cells with 
deep invaginations of the basal membrane, numerous 
mitochondria, and specifi c cell junctions which are 
typically in tissues with ionic or osmoregulatory 
function (Fig. 16) (PASS 1985). 

Character 7. Antennal vessel wall, 0: uniform – Di-
p lura, Archaeognatha, Zygentoma, all Pterygota 
ex cept those with state (1). 1: bipartitioned – Manto-
phasmatodea, Mantodea, Blattaria. Inapplicable: 
Protura, Collembola, Ephemeroptera, Odonata, 
Phthiraptera, Siphonaptera, Strepsiptera. Missing 
data: Zoraptera, Psocoptera, Thysanoptera.

3.2.3. Ampullary formations and associated pum-
ping muscles. Insects in which the antennal vessels 
are not adjoined to the dorsal vessel possess either 
non-pulsatile ampullae or the ampullae are associated 
with muscles and are therefore pulsatile. The former 
kind is characteristic for Archaeognatha, some Plecop-
tera and Grylloblattodea, and the latter for most other 
insects. The attachment sites of the pumping mus-
cles, which are associated with the ampullae, vary 
considerably among insects (Fig. 18) (trait 33: char 
8). In the majority of species, the muscles are attached 
to the ampulla wall, their contraction causes dilation 
of the ampullary lumen; following their relaxation the 
ampulla is compressed due to the elasticity of its wall. 
The second attachment of these dilator muscles may 
be the other ampulla (ampullo-ampullary dilator), the 
pharynx, the frontal cuticle or the anterior end of the 
aorta. In a few other species, the pumping muscle is not 
directly attached to the ampulla wall. Contraction of 
this muscle causes compression of the ampulla lumen 
while its dilation is effected by the elastic suspension.

Character 8. Antennal ampullae, 0: not connected by 
a muscle – Archaeognatha, Zygentoma, all Pterygota 
except those listed below. 1: connected by an ampullo-
ampullary dilator muscle – Phasmatodea, Mantodea, 
Blattaria, Isoptera, Orthoptera partim. Inapplicable: 
Diplura, Protura, Collembola, Ephemeroptera, 
Odonata, Phthiraptera, Siphonaptera, Strepsiptera. 
Missing data: Zoraptera, Psocoptera, Thysanoptera.

3.3.  Leg circulatory organs

Pulsatile organs are described for only few insects 
(DEBAISIEUX 1936; HANTSCHK 1991); however most 
insects possess non-pulsatile diaphragms to guide 
hemolymph fl ow in the legs (trait 34: char 9) 
(Ephemeroptera: MEYER 1931; Plecoptera: SCHWERMER 
1914; Blattaria: BROCHER 1922; Megaloptera: SELMAN 
1965; Hymenoptera: FREUDENSTEIN 1928; Diptera: 
SHANBHAG et al. 1992; comprehensive investigation 
in species from almost all hexapod orders: Pernstich 
& Pass unpubl. data). The diaphragms extend the 
entire length of the leg, terminating shortly before 
the apex. They effectively partition the leg hemocoel 
into two sinuses thus enabling a countercurrent fl ow 
of hemolymph. In this pattern of circulation, one sinus 
serves for the efferent fl ow to the tip and the other sinus 
for the afferent fl ow back to the thoracic cavity. In some 
Ephemeroptera and some Diptera, the leg diaphragm 
consists of connective tissue only (Fig. 19), whereas 
in most other insects it is associated with tubular 
tracheae (Fig. 20) that may be quite voluminous and 
form the greater part of the leg hemocoel-partitioning 
structure. 
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The morphology of the hemocoel-partitioning structure 
in the legs of Lepidoptera and Trichoptera is different 
from that described above. It consists entirely of a 
voluminous tracheal sac which differs from tubular 

tracheae by its very thin and irregularly shaped cuticle 
and by differences in taenidial structure. It resembles 
the tracheal sacs of the body cavity in that they collapse 
and expand according to pressure changes. WASSERTHAL 

Figs. 15–17. Antennal circulatory organs in Periplaneta americana (Blattaria). 15: Antennal vessel with enlarged proximal part 
forming a glomerule before entering the antenna (modifi ed after PASS 1985). Arrow indicates fl ow of hemolymph into opening of 
ostium. 16: TEM cross section of distal part of antennal vessel consisting of a single, thin cell layer inside antenna. 17: TEM cross 
section of proximal part of antennal vessel consisting of two cell layers; inner layer of transporting cells with basal invaginations 
(arrow) and numerous mitochondria; outer layer of connective tissue. CS = connective tissue sheath, Hy = hypodermis, L = lumen 
of antennal vessel, M = mitochondria, VW = vessel wall. 

15
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(1982, 1996, 1998) observed changes in the volume of 
leg tracheal sacs in correlation with periodic heartbeat 
reversal in some Lepidoptera, thereby indicating their 
role in hemolymph exchange (Figs. 21–22). 
An unusual kind of dividing structure is found in the 
legs of Odonata; in the femur and tibia it is formed by 
a modifi ed vessel but as it enters the more distal leg 

segments it transforms into a longitudinal diaphragm 
(BROCHER 1917). 
As mentioned, muscles are generally not associated 
with the leg hemolymph-partitioning structures, 
and it remains unclear how the countercurrent fl ow 
is generated in these cases. However, in Locusta 
(middle leg only) (HUSTERT 1999) and many Hemiptera 

Fig. 18. Antennal circulatory organs and their occurrence in hexapod orders. Numbers 1–9 indicate different patterns of 
organization. Non-pulsatile organs: 1 antennal vessels connected to dorsal vessel; 2 antennal vessel with non-pulsatile ampulla; 3 
ampulla or frontal sac indirectly compressed by pharyngeal movements. Pulsatile organs are associated with muscles: 4 fronto-
pharyngeal compressor; 5 fronto-frontal compressor; 6 ampullo-pharyngeal dilator; 7 ampullo-ampullary dilator; 8 ampullo-aortic 
dilator; 9 ampullo-frontal dilator.  trait present;  trait absent; – antennal circulatory organs absent; ? not investigated (table 
modifi ed after PASS 2000). Right side: diagrams of heads showing various organizational patterns of antennal circulatory organs 
(modifi ed after PASS 2000). A: Campodea (Diplura), B: Machilis (Archaeognatha), C: Gryllotalpa (Orthoptera), D: Periplaneta 
(Blattaria). Numbers in parentheses refer to organization patterns in table. Vessels in solid black, arrows indicate direction of 
hemolymph fl ow.
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(DEBAISIEUX 1936; HANTSCHK 1991) muscles are 
present which are associated with the diaphragms and 
contract rhythmically, thus forming pulsatile organs. 
Contractions of the pumping muscles narrow the 
afferent sinus and, thereby, propel hemolymph toward 
the thoracic cavity. Simultaneously, the efferent sinus 
is dilated and hemolymph is drawn from the thorax 
into the leg. 
Leg circulatory organs are completely lacking in 
basal hexapods, and it is enigmatic how hemolymph 
exchange is achieved in their appendages. 

Character 9. Leg hemocoel, 0: not partitioned – Di  -
p lura, Protura, Collembola, Archaeognatha, Zy gen-
toma, Embioptera, Psocoptera, Phthiraptera, Thy-
sanoptera. 1: partitioned by diaphragm composed of 
connective tissue and associated tracheal tubes – all 
Pterygota except those with state (2). 2: partitioned 
by diaphragm formed by elastic tracheal sac – Tri-
choptera, Lepidoptera.

3.4.  Wing circulatory organs

The wing veins in insects are tubular channels fi lled 
with hemolymph which usually circulates according 
to a common pattern, i.e., the efferent fl ow occurs in 
the anterior veins and the afferent fl ow in the posterior 
veins. 
The pulsatile organs which enforce circulation through 
the wing veins are located in the dorsal thorax. They 
are termed wing hearts and consist of a cuticular 
pumping case and an associated pulsatile apparatus. 
The scutellum of the wing-bearing segments, an 
elevation of the tergal cuticle, forms the pumping case. 
The small hemolymph space beneath the scutellum 
is connected to the posterior wing veins via tubular 

foldings of tergal cuticle; ventrally this space is 
delimited by the pulsatile apparatus (comparative 
study of non-Holometabola: KRENN & PASS 1994; 
Ephemeroptera: MEYER 1931; Odonata: WHEDON 1938; 
comparative study of Holometabola: KRENN & PASS 
1994/95; Mecoptera: KRENN & PASS 1993; Lepidoptera: 
BROCHER 1919; Hymenoptera: FREUDENSTEIN 1928; 
Megaloptera: SELMAN 1965; Diptera: THOMSEN 1938).
While the cuticular structures of the wing hearts are 
relatively uniform in pterygote insects, the associated 
pulsatile apparatuses differ considerably (trait 35) 
(Fig. 23). In almost all exopterygotes, an enlarged and 
specifi cally modifi ed part of the dorsal vessel represents 
the pulsatile apparatus which is attached to the margin 
of the scutellum (this confi guration is termed dorsal 
vessel modifi cation) (Fig. 23A). Hemolymph exiting 
the wing veins empties into the small hemolymph 
space beneath the scutellum and enters the dorsal 
vessel through its incurrent ostia. In some, the pulsatile 
apparatus consists of an arched muscular plate (termed 
pulsatile diaphragm) which contracts independently 
from the dorsal vessel (Fig. 23C). In some Neuroptera, 
Trichoptera and Lepidoptera the muscle plate is 
attached posteriorly to the dorsal vessel modifi cation 
and is thus termed attached pulsatile diaphragm 
(Fig. 23B). Contractions of the muscle cells fl atten the 
diaphragm and hemolymph is drawn out of the wing 
veins and enters the lumen of the dorsal vessel via 
its incurrent ostia or empties into the thoracic cavity 
through a slit-like opening. Usually each winged-
segment contains one pulsatile diaphragm (Fig. 23D); 
in some Lepidoptera and Diptera, however, they are 
paired and located at the wing bases (Fig. 23E) (KRENN 
& PASS 1994/95). 
It is remarkable that the wing hearts of the mesothorax 
and metathorax may be entirely different from each 
other in the same species. In some Coleoptera and 

Figs. 19–21. Cross semi-thin sections of legs showing different leg-hemocoel partitioning structures (photos: A. Pernstich). 
19: Tibia with diaphragm in Ephemera danica (Ephemeroptera). 20: Tibia with diaphragm with associated trachea tube in 
Periplaneta americana (Blattaria). 21: Femur with elastic tracheal sac in Polyommatus icarus (Lepidoptera). 

19 20 21
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Lepidoptera, the fl ow of hemolymph is held to be 
different. It occurs simultaneously in all wing veins 
in the same direction and is referred to as oscillating 
hemolymph fl ow. It is reportedly produced by the 
concerted action of several factors: changes in the 
fl ow direction in the dorsal vessel (heart beat reversal), 
the intermittent pumping activity of the pulsatile 
diaphragms in the thorax, and volume changes in 
abdomen and tracheal system (WASSERTHAL 1996, 
1998).

3.5.  Circulatory organs of abdominal appendages

The circulatory organs of the various abdominal 
appendages have received little attention so far. Com-
parative investigations are available for the cerci and 
terminal fi lament only (Diplura: GRASSI 1887; MARTEN 
1940; GEREBEN-KRENN & PASS 1999; Archaeognatha: 
BÄR 1912; BARTH 1963; GEREBEN-KRENN & PASS 2000; 
Zygentoma: ROUSSET 1974; GEREBEN-KRENN & PASS 
2000; Ephemeroptera: MEYER 1931; GEREBEN-KRENN 
& PASS 2000; Plecoptera: SCHWERMER 1914; PASS 
1987). The circulatory organs of these appendages are 
composed of vessels or diaphragms. 
In Campodea (Diplura) a pair of cercal vessels (trait 
36: char 10) is connected to the caudal chamber of 
the dorsal vessel (Fig. 1). A vessel extends into each 
cercus and terminates in an opening near the tip of 

the appendage. Hemolymph fl ows through the cercal 
vessel and returns back to the body cavity via the 
cercal hemocoel. 
In Archaeognatha, Zygentoma and Ephemeroptera, the 
cercal vessels are not directly joined with the dorsal 
vessel but originate at the transverse septum at the base 
of the terminal fi lament (trait 37). The vessel of the 
terminal fi lament is continuous with the dorsal vessel in 
Archaeognatha and Zygentoma, but in Ephemeroptera 
the two vessels are separate (Figs. 24–25). All three 
taxa share the same pattern of hemolymph fl ow in the 
cerci and terminal fi lament. 
In Plecoptera, the dorsal vessel is closed posteriorly 
and the supply of hemolymph to the cerci is achieved 
differently (Fig. 26). The efferent opening of the cercal 
vessels is located on the transverse septum at the base 
of the cerci and the hemolymph fl ow is effected by an 
autonomous pump in each anal lobe (cercal heart). 
In Grylloblattodea, Mantodea and Blattaria, the hemo-
coel of the cerci is partitioned by a diaphragm (trait 
38: char 11) which regulates the countercurrent fl ow 
(Blattaria: MURRAY 1967; Pass unpubl. data; Gryllo-
blattodea, Mantodea: Hartl & Pass unpubl. data). 
Despite the ovipositor of many insects being a long and 
conspicuous structure, detailed comparative studies 
on its circulatory organs are lacking. In the cricket, 
at least, a pulsatile organ is found at the base of the 
valvulae (PASS 1988).

Fig. 22. Diagrams of cross section of tibia in Deilephila elpenor (Lepidoptera). Leg hemocoel is divided into two sinuses by an 
elastic tracheal sac. Hemolymph volume varies according to states of extension of tracheal sac (left: less distended, right: highly 
distended) (modifi ed after WASSERTHAL 1982).
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Character 10. Cercal vessels, 0: connected to dorsal 
vessel – Diplura. 1: separate from dorsal vessel – Ar-
chaeognatha, Zygentoma, Ephemeroptera, Plecoptera. 
Inapplicable: all taxa except those in states (0) and (1).

Character 11. Cercal hemocoel, 0: not partitioned – 
Diplura, Archaeognatha, Zygentoma, Ephemeroptera, 
Plecoptera, Odonata, Mantophasmatodea, Embio-
p tera, Phasmatodea, Orthoptera, Isoptera. 1: partitio-
ned by diaphragm – Grylloblattodea, Manto dea, 
Blattaria. Inapplicable: all taxa except those in states 
(0) and (1).

3.6.  Ventral diaphragm 

Much of the information on the ventral diaphragm is 
based on the comprehensive work of RICHARDS (1963). 
The structure is a horizontal membrane situated above 
the nerve cord and is generally composed of connective 
tissue and fan-shaped muscles. The connective tissue 
and muscles vary greatly in attachment sites, overall 
shape and thickness. Small openings of the diaphragm 
permit the exchange of hemolymph between the 
perineural and perivisceral sinuses. Only in Lepidoptera 

Fig. 23. Wing circulatory organs and their occurrence in insects.  trait present;  absent; – inapplicable (i.e. wingless); ? not 
investigated (modifi ed after PASS 2000). Right half: diagrams of dorsal part of pterothoracic segment showing various organizational 
patterns of wing circulatory organs (A–C: sagittal, D–E: cross section) (modifi ed after PASS 2000, 1998). Numbers in parentheses 
refer to organization patterns in table. Arrows indicate direction of hemolymph fl ow.
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and Trichoptera is the ventral diaphragm directly 
attached to the nerve cord (KRISTENSEN & NIELSEN 
1980). Usually it is located only in the abdomen, but 
in some taxa it extends into the thorax or even to the 
base of the head (Dissosteira, Orthoptera) (SNODGRASS 
1935). The ventral diaphragm may also vary according 
to the developmental stage. 
The ventral diaphragm is absent in many taxa, like 
Machilis (Archaeognatha), Campodeidae (Diplura), 
Thermobia (Zygentoma), Acheta, other Ensifera 
(Orthoptera), various genera of Trichoptera and 
some Lepidoptera (RICHARDS 1963; KRISTENSEN & 
NIELSEN 1980; KLASS 2001). At least in Ensifera and 
the respective Trichoptera, transverse muscles are 
present which pass over the nerve cord (FORD 1923; 
RICHARDS 1963). Within Dictyoptera, Blattaria and 
Isoptera possess a so-called hyperneural muscle in the 
abdomen, which is likewise located above the ventral 
nerve cord. This hyperneural muscle is composed of 
a segmental series of unpaired transverse plates of 
connective tissue, which are connected by longitudinal 
muscles (KLASS 1999, 2000, pers. comm.).

4.  Discussion

In our survey of the circulatory organs of hexapods 
we aimed to remedy the diffi culties faced by 
phylogeneticists when using characters of this organ 
system in cladistic analyses. Our study revealed that 
the greatest impediment to the selection and coding 
of characters from circulatory organs still lies in the 
lack of comprehensive comparative investigations. For 
this reason we excluded traits from character coding 
on which information was insuffi cient to permit 
comparison across hexapod orders (e.g. dorsal vessel 
suspension, dorsal diaphragm, innervation of the 
dorsal vessel). Furthermore, traits were excluded if 
they represent autapomorphies for a single order or a 
lower taxonomic unit (e.g. dorsal vessel loops, pocket 
valves), if they contain high intraordinal variability 
(e.g. length of aorta, presence of incurrent ostia, ventral 
diaphragm), and if they are evidently convergent 
developments (e.g. wing hearts). The assessment of the 
homology of structures continues to present problems, 
in particular, because circulatory organs are relatively 
simply organized and contain only few structural 
elements.

4.1.  Dorsal vessel and associated structures

Six characters of the dorsal vessel and its associated 
structures were selected and coded. 

Figs. 24–26. Diagrams of circulatory organs of terminal ab-
dominal appendages (modifi ed after GEREBEN-KRENN & PASS 
2000 and PASS 2000). 24: Archaeognatha: posterior region of 
dorsal vessel developed as a caudal tube which is connected to 
terminal fi lament vessel; cercal vessels originate at transverse 
septum of terminal fi lament. 25: Ephemeroptera: posterior 
region of dorsal vessel developed as a caudal pulsatile ampulla; 
terminal fi lament vessel separate from dorsal vessel; cercal 
vessels originate from muscular transverse septum. 26: Pleco-
p tera: posterior region of dorsal vessel closed; cercal vessels 
originate at transverse septum of cercus, anal lobe with 
compressor muscles enforce hemolymph fl ow. Arrows indicate 
direction of hemolymph fl ow.

24
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Circumesophageal vessel ring (trait 12: char 
1). This structure is characteristic for apterygote 
orders (Protura have not yet been investigated in this 
respect). We conclude that the presence of the ring 
represents the plesiomorphic condition for Hexapoda. 
It is more parsimonious to consider the similarly 
shaped circumesophageal vessel ring in Chilopoda 
(FAHLANDER 1938; RILLING 1968; WIRKNER & PASS 
2002) a convergent development. Independent of this 
question, the loss of the ring is an apomorphy of the 
Pterygota, as pointed out by KRISTENSEN (1997) and 
BITSCH & BITSCH (1998). 
Ostia with paired lips (trait 13: char 2) are nearly 
universal in hexapods and probably represent the 
plesiomorphic condition (Fig. 3, Tab. 1). In Lepidoptera 
(WASSERTHAL 1982) and Trichoptera (Tögel & Pass 
unpubl. data) the anterior lip is completely reduced in 
all ostia (Fig. 5), which thus function as two-way ostia. 
They are considered to be a potential synapomorphy 
of Trichoptera and Lepidoptera, further corroborating 
the well-established taxon Amphiesmenoptera. In 
one species of Trichoptera, however, the terminally-
positioned ostia possess paired lips (Tögel & Pass 
unpubl. data). This exception may be explained by the 
specifi c fl ow conditions occurring at the terminal end 
of the dorsal vessel. 
Excurrent ostia (trait 17: char 3) are found in 
several orders of lower Neoptera (some Dermaptera, 
Grylloblattodea, Plecoptera, Embioptera, Phasmato-
dea, some Orthoptera, Mantodea and Blattaria) (Fig. 4). 
Their segmental appearance may vary, nonetheless ex-
current ostia are regarded as homologous structures 
since they correspond in their ventral location and struc-
ture of the valve (NUTTING 1951). Excurrent ostia are 
considered to belong to the order-level ground patterns 
of Dermaptera and Orthoptera, although they are absent 
in some species. At a higher level, excurrent ostia serve 
as a synapomorphy of Dermaptera, Grylloblattodea, 
Plecoptera, Embioptera, Phasmatodea, Orthoptera, 
and Dictyoptera.
Excurrent ostia – paired or unpaired (trait 18: char 
4). The correspondence in the structure of the valves 
in paired and unpaired excurrent ostia indicates that 
they are homologous structures (NUTTING 1951) but 
this has been questioned by KRISTENSEN (1975, 1991). 
Ultrastructural investigations of the valve cells would 
be highly desired for clarifi cation of this question. 
Regardless, following the argumentation of NUTTING 
(1951) and KRISTENSEN (1991), the single median ostium 
is a potential synapomorphy of Plecoptera and Embio-
p tera, a clade proposed by e.g. WHEELER et al. (2001). 
Segmental vessels (trait 24: char 5) are found only 
in Blattaria (Figs. 8–14, Tab. 1) and some genera of 
Mantodea (NUTTING 1951); they most likely represent 
homologous structures. The base of the segmental 
vessels is always associated with an excurrent ostium. 

We believe that the presence of segmental vessels 
belongs to the ground pattern of Mantodea. In some 
species they are lacking probably due to decreased 
body size (NUTTING 1951). 
Although segmental vessels occur in some chelicerates, 
myriapods, and crustaceans, it is far more parsimonious 
to assume an independent evolution in the stem lineage 
of Mantodea and Blattaria than multiple reductions in 
the remaining hexapods (HERTEL & PASS 2002). The 
presence of segmental vessels is thus considered a 
potential synapomorphy of Mantodea and Blattaria, 
a conclusion which supports the hypothesis of the 
relationships among Dictyoptera proposed by THORNE & 
CARPENTER (1992). KRISTENSEN (1975, 1991) alternative-
ly proposed a secondary reduction of segmental vessels 
in Isoptera, since regressive traits are generally ab-
undant in the latter order. The latter hypothesis is 
strongly confi rmed by all recent phylogenetic analyses 
based on morphological or molecular data (LO 2003; 
KLASS 2003; TERRY & WHITING 2005; KLASS & MEIER 
2006; KJER et al. 2006), which consistently obtain the 
Isoptera as a subordinate clade of Blattaria.
Abdominal intracardiac valves (trait 26: char 6) 
enable the bidirectional hemolymph fl ow and occur in 
Diplura, Archaeognatha, Zygentoma and Ephe mero-
p tera. We consider the valves found in these taxa to 
be homo logous structures although they may appear 
in dif ferent segments, since the segmental allocation 
of in ternal organs in the posterior most body region is 
often not consistent. It is unclear if the valves are plesio-
morphic for Hexapoda since similarly shaped valves 
are present in various Crustacea (SIEWING 1956). The 
loss of valves may be considered a synapomorphy of 
Odo nata and Neoptera, a clade (Metapterygota) which 
has been previously proposed (KRISTENSEN 1975, 1981, 
1991; BEUTEL & GORB 2001, 2006; WHEELER et al. 2001).
Other traits. A vascular connection between the 
cercal vessel and the posterior end of the dorsal vessel 
(trait 29) is regarded to be the plesiomorphic condition 
in hexapods. Since trait 29 is dependent on traits 36 (= 
char 10) and 37 we did not code it as a separate character. 
Abdominal appendages in Diplura, Archaeognatha, 
Zygentoma and Ephemeroptera are supplied with 
hemolymph by vessels which are linked to the dorsal 
vessel in various ways. In the remaining hexapods, the 
loss of these connections was accompanied by closure 
of the posterior end of the dorsal vessel. Presumably, 
the loss occurred independently in Collembola, 
Protura and Metapterygota. The posteriorly open 
dorsal vessel in some orders of Holometabola thus 
represents a secondary condition, which evolved on 
multiple occasions. 
At present, information is lacking on many aspects 
of the morphology of the dorsal vessel (traits 1, 2, 3, 
6, 11) and its course in the body cavity (traits 4, 5); 
hence characters in these structures cannot at present 
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contribute to the elucidation of hexapod phylogeny. 
Likewise, several traits of the dorsal vessel may pro-
vide useful characters for phylogenetic analyses at 
intraordinal levels, but comparative investigations are 
needed to evaluate them, e.g., alary muscles (trait 7), 
dorsal diaphragm (traits 8, 9, 10), as well as features 
of incurrent ostia (traits 15, 16) and excurrent ostia 
(traits 19–23). 

4.2.  Antennal circulatory organs

Some characters of the antennal circulatory organs 
have been previously used in cladistic analyses (BITSCH 
& BITSCH 1998; BEUTEL & GORB 2001, 2006; WHEELER 
et al. 2001; GIRIBET et al. 2004). The organs are re-eva-
luated in this paper from a phylogenetic point of view. 
Antennal vessel wall (trait 32: char 7). The bi-
partitioned antennal vessels of Mantophasmatodea, 
Mantodea (Pass in prep.) and Blattaria (PASS 1985) are 
distinguished by the proximal part being composed 
of inner and outer cell layers (Figs. 15–17). The 
outer layer probably corresponds to the wall of the 
distal portion of the vessel within the antenna; the 
inner layer consisting of transporting cells represents 
probably a new acquisition and would be a potential 
synapomorphy for these taxa. This is consistent with 
a similar structure of parts of the male genitalia in 
Dictyoptera and Mantophasmatodea (KLASS et al. 
2003). Remarkably, the Grylloblattodea, which have 
been regarded as the sistergroup of Mantophasmatodea 
by TERRY & WHITING (2005), possess a uniform single-
layered antennal vessel wall (Pass unpubl. data).
Antennal ampulla with ampullo-ampullary di-
lator muscle (trait 33: char 8). With respect to 
the muscles of the antennal pulsatile organ the 
ampullo-ampullary muscle might yield a potential 
synapomorphy of the Dictyoptera, Phasmatodea and 
Orthoptera. In some Orthoptera this muscle is not very 
well developed and consists of only a few fi bers which 
are associated with the frontal sac (BAYER 1968); in 
Gryllotalpa it is completely lacking (PASS 1991). An 
ampullo-ampullary muscle has been reported from 
the dipteran Hemipenthes morio (DUDEL 1977), but 
actual reinvestigation could not confi rm these fi ndings 
(Szucsich unpubl. data). Phasmatodea and Dictyoptera 
have a muscular complex which comprises, in addition 
to the ampullo-ampullary muscle, a pair of small fan-
shaped ampullo-aortic muscles (PASS 1991). This might 
yield a potential synapomorphy of the Phasmatodea 
and Dictyoptera (BEUTEL & GORB 2001; GIRIBET et 
al. 2004, 2005). The assessment of this character, 
however, is based on few species only and additional 
data are highly desired. 
Other traits. The antennal arteries in Diplura most like-
ly represent the plesiomorphic condition in Hexapoda. 

This is substantiated by outgroup comparison with 
myriapods (Chilopoda: PASS 1991; WIRKNER & PASS 
2002; Diplopoda: PASS 1991) and basal Malacostraca 
(SIEWING 1956). The lack of antennal vessels in some 
Collembola must then be regarded as secondary; the 
same holds true for pterygote insects with extremely 
small antennae (Phthiraptera, Siphonaptera). Antennal 
vessels connected indirectly to the dorsal vessel by a 
frontal sac probably represent a derived condition in 
insects which developed several times independently 
(trait 30).
In insects with detached antennal vessels, the base 
of the antennal vessel is enlarged to form an ampulla 
and is equipped with valved ostia. Generally, 
pumping muscles are associated with the ampullae, 
but their attachment sites vary and, thus, are diffi cult 
to homologize. Several convergencies are clearly 
apparent, e.g., the fronto-frontal compressor muscle 
in Hemiptera and Coleoptera (Fig. 18). Some sets of 
pumping muscles represent autapomorphies of insect 
orders (e.g. Dermaptera, Embioptera, Coleoptera). 
In some orders intraordinal variation can be found 
(Orthoptera, Diptera). The pumping muscles may be 
originally derived from pharyngeal dilators as deduced 
from innervation studies in the cockroach Periplaneta 
(PASS et al. 1988). 

4.3.  Leg circulatory organs

Characters of leg circulatory organs have so far not 
been included in phylogenetic analyses since the data 
base is insuffi cient. The comprehensive study cited in 
this paper (Pernstich & Pass unpubl. data) enables a 
preliminary view of the leg circulatory organs from a 
phylogenetic perspective. 
Hemolymph guiding structures (trait 34: char 9). 
No circulatory organs are identifi able in the legs of 
apterygotes; this condition is considered plesiomorphic 
for Hexapoda. Leg diaphragms consisting of connective 
tissue probably represents an autapomorphy of the 
Pterygota (Pernstich & Pass unpubl. data). In almost 
all hexapods, tubular tracheae are associated with 
the diaphragm. The elastic tracheae in the legs of 
Trichoptera and Lepidoptera differ distinctly from the 
above mentioned hemolymph guiding structure. These 
elastic tracheae are unique in hexapods and serve as 
a potential autapomorphy for the Amphiesmenoptera 
(Pernstich & Pass unpubl. data) (Figs. 19–21).
Other traits. Pulsatile organs that ensure the circula-
tion in legs are known only in Locusta (HUSTERT 1999) 
and some Hemiptera (DEBAISIEUX 1936; HANTSCHK 
1991). Differences in the anatomy of the leg pulsatile 
organs in these taxa clearly suggest that they evolved 
independently. For Hemiptera it could be demonstrated 
that the pumping muscles were probably recruited 
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from a skeletal muscle, namely the claw retractor. 
The muscle attachments vary considerably in the 
investigated hemipteran species, so that multiple and 
parallel evolution of the various leg pumping organs 
has to be assumed for this order (HANTSCHK 1991). 
Leg vessels have only been described in dragonfl ies 
(BROCHER 1917). Most likely they are not homologous 
to the leg arteries of other arthropods, since they are 
distally enlarged and form a diaphragm in the tibia. 
We conclude that the leg vessels of Odonata represent 
an autapomorphy. 

4.4.  Wing circulatory organs

The distribution of the various wing circulatory 
organs in insect orders (Fig. 23) distinctly shows that 
the dorsal vessel modifi cation is the plesiomorphic 
condition in Pterygota (trait 35). The occurrence of 
such dorsal vessel modifi cations in some Coleoptera 
and Hymenoptera indicates that the condition may 
also be plesiomorphic for the Holometabola. Pulsatile 
diaphragms are derived structures; they clearly 
developed independently in Hemiptera and several 
times within Holometabola. Since the parallel-evolved 
structures appear nearly identical, it was not possible to 
formulate distinct homologous character states, and we 
thus excluded them from the list of selected characters. 
Paired pulsatile diaphragms are obviously derived 
from unpaired diaphragms and evolved independently 
in some species of Lepidoptera and Diptera.
The attachment sites, ultrastructure and associated 
elastic suspending strands indicate that the pulsatile 
diaphragms are individualized portions of the 
myocardium. The hypothesis of derivation from the 
cardiac mesoderm is supported by developmental 
genetic studies in Drosophila (LAWRENCE 1992; SELLIN 
et al. 2006).

4.5.  Cerci and terminal fi lament circulatory
 organs

It is debatable whether the hexapod ancestor bore 
cerci (KRISTENSEN 1991; KUKALOVÁ-PECK 1991; BITSCH 
1994; AX 1999). We consider the organization of 
cercal circulation found in Diplura to represent the 
plesiomorphic condition of Hexapoda (trait 36: char 
10) (GEREBEN-KRENN & PASS 1999) or alternatively of a 
clade formed by Diplura and Ectognatha. Conspicuous 
cerci are also present in some Polyneoptera. In 
Plecoptera cercal vessels remain, but in other taxa new 
hemolymph guiding structures evolved (Figs. 24–26). 
Among them are cercal diaphragms (trait 38: char 
11) which occur in Grylloblattodea, Mantodea and 
Blattaria (but not in the investigated Isoptera) and 

may represent a synapomorphy of the three orders. In 
Plecoptera, a new pulsatile organ evolved at the base 
of each cercus, and it probably is an autapomorphy for 
this order (PASS 1987). 
The evolutionary origin of the terminal fi lament 
in the stem lineage of Ectognatha is an innovation 
which radically changed the hemolymph circulation 
in the abdominal appendages. The direct connection 
between the dorsal and cercal vessels was severed in 
the stem lineage of Ectognatha. Thus, the separate 
cercal vessels and the association of the terminal 
fi lament vessel with the dorsal vessel (traits 36, 
37) represent potential apomorphies of Ectognatha. 
The loss of the terminal fi lament in basal Pterygota 
was a key event in the evolution of the circulatory 
organs of the caudal appendages. The closure of the 
terminal end of the dorsal vessel and the resulting 
appearance of unidirectional fl ow can be regarded as 
an autapomorphy of the Metapterygota. 

4.6.  Ventral diaphragm 

The high variability of ventral circulatory structures 
(ven tral diaphragm, so-called hyponeural muscle, ven -
tral muscle-tendon-system, etc.) and the scattered dis tri -
bution of their descriptions in literature prohibit us from 
construc ting plausible characters. A thorough compa -
  rison among hexapod orders would be desirable to 
permit the necessary steps for character construc tion: 
hypothesizing homologies to delineate character states, 
and hypothesizing transformations relating character 
states to unite alternative states into charac ters. It may 
turn out that ventral circulatory structures are phylo-
genetically informative at the interordinal level. 
KRISTENSEN & NIELSEN (1980) e.g. consider a ventral dia-
phragm directly attached to the nerve cord as a potential 
synapomorphy for Lepidoptera and Trichop tera.

5.  Concluding remarks

This paper aimed to bring together the expertise 
and experience our laboratory has acquired over the 
years on the circulatory organs of hexapods. As with 
other internal organs, generalized statements at the 
order level are usually based only on one or few in-
ves ti gated species. One should, however, remember 
that collection of data from internal organs is much 
more time consuming than from external structures, 
which can often be quickly surveyed and checked in 
numerous species. 
A special objective of this paper was to provide a 
detailed appendix of the various traits of the circu-
latory organs. The appendix contains information 
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at the species level which can be used for cladistic 
analyses at various higher systematic categories. 
We selected only those characters which appear to 
contain phylogenetic value at the supraordinal level. 
Some traits of the circulatory organs were ultimately 
not selected because of obvious convergency. We are 
aware that these decisions are not free of phylogenetic 
preconceptions. Those who oppose this procedure 
are free to code further characters by consulting the 
data in the Appendix. Since many data are scattered 
and sometimes hidden in the various anatomical 
monographs and other literature we would greatly 
appreciate receiving any additional information to the 
topic. Finally, we hope that specialists from other fi elds 
will be encouraged to produce similar evaluations of 
“their” organ systems, so that a combination of data 
sets can be analyzed together to help clarify broad 
phylogenetic relationships in Hexapoda. 
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8.  Appendix

The appendix is a compilation of the traits and 
characters of the circulatory system in hexapods and 
provides full references of the data base at the species 
level. The list can give an impression of the usefulness 
of these organs for phylogenetic studies and refl ects our 
ideas on character construction. The ventral diaphragm 
and related structures were not considered in this part 
of the paper, due to the diffi culities of comparing the 
heterogeneous data and our lack of expertise regarding 
these specifi c circulatory organs.

8.1.  Dorsal vessel and associated structures

Trait 1. Aorta present in: (i) head, prothorax: Or -
thop tera: see “variable” below; Mantodea: Para te no-
dera sinensis, Stagmomantis carolina, S. cali  for  ni-
ca, Lita neutria minor, Paramusonia cuben sis (NUT-
TING 1951: 516); Blattaria: Blatella vaga, Supella 
supellectilium, Symploce capitata, Blatta orien  ta lis, 
Eury cotis fl oridana, E. balteata, Peripla neta ame ri -
cana, P. australasiae, Epilampra burmeisteri, Pan -
chlora cubensis, Pycnoscelus surina mensis, Bla  berus 
craniifera, B. trapezoideus, Compsodes mexi canus, 
Arenivaga erratica, Panesthia javanica, Macro-
panes thia rhinocerus, Sal ganea sp., Cryptocercus 
punctulatus (NUTTING 1951: 516). (ii) head, pro-
thorax, mesothorax: Dermap  tera: see “variable” 
below; Grylloblattodea: Gryllo  blatta campodeiformis 
(NUTTING 1951: 516); Plecoptera: Pteronarcys califor-
nica (NUTTING 1951: 516); Embioptera: Oligotoma nigra 
(NUTTING 1951: 516); Zoraptera: Zorotypus hubbardi 
(NUTTING 1951: 516); Orthoptera: see “variable” below; 
Isoptera: Mastotermes darwiniensis, Neotermes cas-
ta neus, Zootermopsis angusticollis, Reticulitermes 
fl a vi pes, Nasutitermes costalis (NUTTING 1951: 516); 
Hyme nop  tera: see “variable” below; Lepidoptera: see 
“vari able” below. (iii) head, prothorax, mesothorax, 
meta  thorax: Protura: Acerentomon affi ne (FRANÇOIS 
2003: 263); Diplura: Campodea augens, Catajapyx 
aquilonaris (GEREBEN-KRENN & PASS 1999); Ephe-
mero ptera: Siphlurus lacustris (DRENKELFORT 1910: 
583–584); Odonata: Aeschna sp. (ZAWARZIN 1911: 
484); Dermaptera: see “variable” below; Phasmatodea: 
Anisomorpha buprestoides, Diapheromera covilleae, 
D. velii eucnemis (NUTTING 1951: 516); Hymenoptera: 
see “variable” below; Lepidoptera: see “variable” below. 
(iv) head, prothorax, mesothorax, metathorax, 
abdomen: Odonata: Aeschna sp. (ZAWARZIN 1911: 484); 
Phthiraptera: Goniocotes compar, Lipeurus baculus, 
Nirmus sp., Lipeurus jejunus, Gyropus gracilis, G. 
ovalis, Menopon pallidum, Trichodectes subrostratus 
(FULMEK 1917: 10); Hemiptera: Dysdercus fasciatus, 
Phonoctonus nigrofasciatus, Triatoma infestans, Eu-
ry gaster integriceps, Heterogaster urticae, Enoplops 
scapha, Elasmostethus interstinctus, Dolichonabis 
limbatus, Leptopterna dolobrata, Velia caprai, Gerris 
lacustris (HINKS 1966: 377), Nepa cinerea (HAMIL TON 
1931: 1122), Dysdercus koenigii (KHANNA 1964: 405), 
Rhodnius prolixus (CHIANG et al. 1990: 10); Megaloptera: 
Sialis lutaria (SELMAN 1965: 506); Hymenoptera: see 
“variable” below; Coleoptera: Dytiscus marginalis 
(KUHL 1924: 88); Diptera: Anopheles quadrimaculatus 
(JONES 1954), Drosophila melanogaster (DEMEREC 
1950: 442, 447), Calliphora vicina (WASSERTHAL 1999: 
112, 115), Protophormia terraenovae (ANGIOY et al. 
1999: 23); Siphonaptera: Ctenocephalides felis (Tögel 
& Pass unpubl. data).
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Variable. Dermaptera: (ii) Anisolabis maritima, For-
fi cula auricularia (NUTTING 1951: 516). (iii) Hemi-
merus vosseleri (NUTTING 1951: 516).
Variable. Orthoptera: (i) Ceuthophilus sp., Nomotet-
tix cristatus, Taeniopoda eques, Romalea microptera, 
Bra chystola magna, Melanoplus femur-rubrum, S chi -
s to cerca shoshone, Dissosteira carolina, Enco pto -
lo phus sordidus, Trimerotropis maritima, T. p. palli-
di pennis, Mermiria maculipennis (NUTTING 1951:
516). (ii) Acheta assimilis, Gryllodes sigillatus, Pa ra  -
gryllus martini, Amphiacusta sp., Nemobius f. fas-
ciatus, Myrmecophila nebrascensis, Cycloptilum 
com  prehendens fortior, Hoplosphyrum boreale, Pa-
roe  canthus aztecus, Anaxipha sp., Oecanthus n. ni-
gri cornis, O. n. quadripunctatus, O. californicus, O. 
niveus, Gryllotalpa hexadactyla, Stenopelmatus fus-
cus, Eugaster spinulosus, Pterophylla camellifolia, 
Liparoscelis sp., Capnobotes fuliginosus, Pediodec-
tes americanus, P. grandis, P. bruneri, Eremopedes 
bili neatus, E. ephippiatus sonorensis, Atlanticus ame-
ricanus, Neoconocephalus ensiger, N. robustus, N. 
retusus, Orchelimum erythrocephalum, O. vul gare, 
Dichopetala brevihastata, Insara e. elegans, Arethaea 
sp., Scudderia texensis, S. furcata furcifera, Ambly-
corypha oblongifolia carinata, Microcentrum rhom bi-
folium, M. retinerve (NUTTING 1951: 516).
Variable. Hymenoptera: (ii) Leioproctus zonata, Hy-
laeus modestus, H. cressoni, Colletes punctipennis, 
C. spp. 2–3, Ptiloglossa mexicana, Augochloropsis 
brachycephala, A. diversipennis, A. sparsilis, A. cu-
prea, Augochlora pura, Augochlorella aurata, A. 
striata, Agapostemon sericeus, A. sp., Ruizantheda 
divaricatus, Halictus hesperus, H. ligatus, H. paral-
lelus, Megalopta genalis, Pseudaugochlora graminea, 
Paroxystoglossa jocasta, Sphecodes sp., Lasioglossum 
imitatus, Dufourea marginata, Dieunomia heteropo-
da, Nomia foxii, Andrena argemonis, A. miserabilis, 
Perdita albi pennis, Protandrena cockerelli, Pseudo-
panurgus sp., Calliopsis andreniformis, Oxaea fl a-
vescens, Heri ades carinata, H. variolosa, Megachile 
brevis, M. sp., Coelioxys octodentata, Osmia l. lignar-
ia, Anthidium maculosum, Trachusa zebratum, Paran-
thidium sp., Dianthidium curvatum sayi, Trigo nopedia 
oligotricha, Exomalopsis solani, E. sp., Ancylosceles 
armata, Monoeca mexicana, Nomada sp., Triepeolus 
concavus, Holcopasites illinoiensis, Ptilothrix sumi-
chrasti, Diadasia diminuta, D. ena vata, Melitoma 
euglossoides, Xenoglossa fulva, Tetra loniella spissa, 
Florilegus condignus, Thygater analis, Svastra obli-
qua, Melissodes coloradensis, M. agilis, Peponapis 
sp., Anthophora walshii, A. spp. 2–3, Centris vittata, 
C. lanosa, Epicharis elegans, Xylocopa fi mbriata, X. 
virginica, X. brasilianorum, Ceratina dupla, Trigona 
angustula, T. mombuca aequinotiales, T. nigra pau-
pera, Scraptotrigona postica, Dactylurina stauding-
eri, Meliponula beccarii, Cephalotrigona capitata, 

Melipona marginata, M. schencki pica densis, M. 
scutellaris, M. beecheii, Lestrimelitta limao, Bombus 
medius, B. ephippiatus, B. fraternus, Apis mellifera, 
Euglossa cupreiventris, Eufriesea caeru  lescens, E. 
mussitans, Eulaema meriana, (WILLE 1958: 539). (iv) 
Apis mellifera (FREUDENSTEIN 1928: 409, 426), Cam-
ponotus rufi pes (MARQUES & CAETANO 2001: 553).
Variable. Lepidoptera: (ii) Attacus atlas (WASSERTHAL 
1981: 2), Bombyx mori (GEROULD 1938). (iii) Papilio 
machaon (WASSERTHAL 1980: 153, fi g. 9).

Trait 2. Diameter of dorsal vessel lumen: (i) about 
the same throughout the whole length: Dermaptera: 
Hemimerus vosseleri, Anisolabis maritima, Forfi cula 
auricularia (NUTTING 1951); Grylloblattodea: Gryllo-
blatta campodeiformis (NUTTING 1951); Plecoptera: 
Pteronarcys californica (NUTTING 1951); Embioptera: 
Oligotoma nigra (NUTTING 1951); Zoraptera: Zoro-
typus hubbardi (NUTTING 1951); Phasmatodea: Aniso-
morpha buprestoides, Diapheromera covilleae, D. 
velii eucnemis (NUTTING 1951); Orthoptera: Acheta 
assimilis, Gryllodes sigillatus, Paragryllus martini, 
Amphiacusta sp., Nemobius f. fasciatus, Myrmeco-
phila nebrascensis, Cycloptilum comprehendens for-
tior, Hoplosphyrum boreale, Paroecanthus aztecus, 
Ana xipha sp., Oecanthus n. nigricornis, O. n. quadri-
punctatus, O. californicus, O. niveus, Gryllotalpa 
hexadactyla, Ceuthophilus sp., Stenopelmatus fuscus, 
Eugaster spinulosus, Pterophylla camellifolia, Lipa-
roscelis sp., Capnobotes fuliginosus, Pediodectes 
americanus, P. grandis, P. bruneri, Eremopedes bili-
neatus, E. ephippiatus sonorensis, Atlanticus ameri-
canus, Neoconocephalus ensiger, N. robustus, N. 
retusus, Orchelimum erythrocephalum, O. vulgare, 
Dichopetala brevihastata, Insara e. elegans, Are-
thaea sp., Scudderia texensis, S. furcata furcifera, 
Amblycorypha oblongifolia carinata, Microcentrum 
rhombifolium, M. retinerve, Tridactylus apicalis, 
Nomotettix cristatus, Taeniopoda eques, Romalea 
microptera, Brachystola magna, Melanoplus femur-
rubrum, Schistocerca shoshone, Dissosteira carolina, 
Encoptolophus sordidus, Trimerotropis maritima, T. p. 
pallidipennis, Mermiria maculipennis (NUTTING 1951); 
Mantodea: Paratenodera sinensis, Stagmomantis 
caro lina, S. californica, Litaneutria minor, Para mu-
so nia cubensis (NUTTING 1951); Blattaria: Blatella 
vaga, Supella supellectilium, Symploce capitata, 
Blatta orientalis, Eurycotis fl oridana, E. balteata, 
Periplaneta americana, P. australasiae, Epilampra 
burmeisteri, Panchlora cubensis, Pycnoscelus suri na-
mensis, Blaberus craniifera, B. trapezoideus, Comp-
sodes mexicanus, Arenivaga erratica, Panesthia 
javanica, Macropanesthia rhinocerus, Salganea sp., 
Cryptocercus punctulatus (NUTTING 1951); Isoptera: 
Mastotermes darwiniensis, Neotermes castaneus, 
Zoo termopsis angusticollis, Reticulitermes fl avipes, 
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Nasutitermes costalis (NUTTING 1951); Diptera: see 
“variable” below. (ii) greatest at posterior end: 
Phthiraptera: Goniocotes compar, Lipeurus baculus, 
Nirmus sp., Lipeurus jejunus, Gyropus gracilis, G. 
ovalis, Menopon pallidum, Trichodectes subrostratus 
(FULMEK 1917: 6); Hemiptera: Dysdercus fasciatus, 
Phonoctonus nigrofasciatus, Triatoma infestans, Eu-
rygaster integriceps, Heterogaster urticae, Enoplops 
scapha, Elasmostethus interstinctus, Dolichonabis 
limbatus, Leptopterna dolobrata, Velia caprai, Gerris 
lacustris (HINKS 1966: 377), Nepa cinerea (HAMILTON 
1931: 1122), Dysdercus koenigii (KHANNA 1964: 405), 
Rhodnius prolixus (CHIANG et al. 1990: 20); Coleoptera: 
Dytiscus marginalis (KUHL 1924: 129). (iii) greatest 
in anterior abdominal region: Megaloptera: Sialis 
lutaria (SELMAN 1965: 506); Diptera: see “varia -
ble” below; Lepidoptera: Attacus atlas (WASSERTHAL 
1981: 2).
Variable. Diptera: (i) Anopheles quadrimaculatus 
(JONES 1954: 77). (iii) Drosophila melanogaster 
(DEMEREC 1950: 444–445, fi g. 12A), Calliphora 
vicina (WASSERTHAL 1999: 113, 114), Protophormia 
terraenovae (ANGIOY et al. 1999: 17).
Variable. Hymenoptera: (i) Leioproctus zonata, 
Hylaeus modestus, H. cressoni, Colletes punctipennis, 
C. spp. 2–3, Ptiloglossa mexicana, Augochloropsis bra-
chycephala, A. diversipennis, A. sparsilis, A. cuprea, 
Augochlora pura, Augochlorella aurata, A. striata, 
Agapostemon sericeus, A. sp., Ruizantheda divaricatus, 
Halictus hesperus, H. ligatus, H. parallelus, Megalopta 
genalis, Pseudaugochlora graminea, Paroxystoglossa 
jocasta, Sphecodes sp., Lasioglossum imitatus, Du-
fourea marginata, Dieunomia heteropoda, Nomia 
foxii, Andrena argemonis, A. miserabilis, Perdita al-
bi pennis, Protandrena cockerelli, Pseudopanurgus 
sp., Calliopsis andreniformis, Oxaea fl avescens, 
Heriades carinata, H. variolosa, Megachile brevis, 
M. sp., Coelioxys octodentata, Osmia l. lignaria, 
Anthidium maculosum, Trachusa zebratum, Paran-
thidium sp., Dianthidium curvatum sayi, Trigonopedia 
oligotricha, Exomalopsis solani, E. sp., Ancylosceles 
armata, Monoeca mexicana, Nomada sp., Triepeolus 
concavus, Holcopasites illinoiensis, Ptilothrix sumi-
chrasti, Diadasia diminuta, D. enavata, Melitoma 
euglossoides, Xenoglossa fulva, Tetraloniella spissa, 
Florilegus condignus, Thygater analis, Svastra obli-
qua, Melissodes coloradensis, M. agilis, Peponapis 
sp., Anthophora walshii, A. spp. 2–3, Centris vittata, 
C. lanosa, Epicharis elegans, Xylocopa fi mbriata, X. 
virginica, X. brasilianorum, Ceratina dupla, Bombus 
medius, B. ephippiatus, B. fraternus, Apis mellifera. 
(ii) Trigona angustula, T. mombuca aequinotiales, T. 
nigra paupera, Scraptotrigona postica, Dactylurina 
staudingeri, Meliponula beccarii, Cephalotrigona
 capi tata, Melipona marginata, M. schencki picaden-
sis, M. scutellaris, M. beecheii, Lestrimelitta limao, 

Euglossa cuprei ventris, Eufriesea caerulescens, E. 
mussitans, Eu laema meriana (WILLE 1958: 540).
Note. FREUDENSTEIN (1928: 411), contrary to WILLE 
(1958), described an enlarged posterior end in Apis 
mellifera.

Trait 3. Heart chambers (segmental enlargements): 
(i) absent: Hymenoptera: Apis mellifera (FREUD-
ENSTEIN 1928: fig. 1). (ii) at anterior region of seg-
ment: Ephemeroptera: Siphlurus lacustris (DRENKEL-
FORT 1910: 583) however according to MEYER (1931) 
there are no chambers; Diptera: see “variable” below. 
(iii) at about the middle of segment: Coleoptera: 
Dytiscus marginalis (KUHL 1924: 79). (iv) at poste-
rior end of segment (segmental fold): Dermaptera: 
Hemi merus vosseleri, Anisolabis maritima, Forficula 
auri cularia (NUTTING 1951: 518); Grylloblattodea: 
Gryllo blatta campodeiformis (NUTTING 1951: 518); 
Plecop tera: Pteronarcys californica (NUTTING 1951: 
518); Embiop tera: Oligotoma nigra (NUTTING 1951: 
518); Zorap tera: Zorotypus hubbardi (NUTTING 1951: 
518); Phasma todea: Anisomorpha buprestoides, Dia -
pheromera covilleae, Diapheromera velii euc nemis 
(NUTTING 1951: 518); Orthoptera: Acheta assi milis, 
Gryllodes sigillatus, Paragryllus martini, Am phia-
custa sp., Nemobius f. fasciatus, Myrmecophila ne-
brascensis, Cycloptilum comprehendens fortior, Ho-
plosphyrum boreale, Paroecanthus aztecus, Ana xipha 
sp., Oecanthus n. nigricornis, O. n. quadri punc tatus, 
O. californicus, O. niveus, Gryllotalpa hexa dactyla, 
Ceuthophilus sp., Stenopelmatus fuscus, Eugaster spi-
nulosus, Pterophylla camellifolia, Lipa ros celis sp.,
Capnobotes fuliginosus, Pediodectes ameri canus, P.
grandis, P. bruneri, Eremopedes bili neatus, E. ephip-
piatus sonorensis, Atlanticus ame ricanus, Neocono-
  cephalus ensiger, N. robustus, N. retusus, Orche -
limum erythrocephalum, O. vulgare, Dicho  petala 
bre vihastata, Insara e. elegans, Arethaea sp., Scud-
deria texensis, S. furcata furcifera, Ambly corypha 
ob longifolia carinata, Microcentrum rhom bi folium, 
M. retinerve, Tridactylus apicalis, Nomo  tettix cris-
tatus, Taeniopoda eques, Romalea microp tera, Bra-
chystola magna, Melanoplus femur-rubrum, Schis-
to cerca shoshone, Dissosteira carolina, Encoptolo-
phus sordidus, Trimerotropis maritima, T. p. pallidi-
pennis, Mermiria maculipennis (NUTTING 1951: 518); 
Mantodea: Paratenodera sinensis, Stagmomantis caro-
lina, S. californica, Litaneutria minor, Paramu sonia 
cubensis (NUTTING 1951: 518); Blattaria: Blatella 
vaga, Supella supellectilium, Symploce capi tata, Blat-
ta orientalis, Eurycotis floridana, E. balteata, Peripla-
neta americana, P. australasiae, Epilam pra burmeis-
teri, Panchlora cubensis, Pyc noscelus surinamensis, 
Blaberus craniifera, B. trapezoideus, Compsodes 
mexicanus, Arenivaga erra tica, Panesthia javanica, 
Macropanesthia rhinocerus, Salganea sp., Cryptocer-
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cus punctulatus (NUTTING 1951: 518); Isop tera: Mas-
totermes darwiniensis, Neotermes castaneus, Zoo-
termopsis angusticollis, Reticulitermes flavipes, Na-
sutitermes costalis (NUTTING 1951: 518); Diptera: 
see “variable” below; Lepidoptera: Papilio machaon 
(WASSERTHAL 1980: fig. 9).
Variable. Diptera: (ii) Anopheles quadrimaculatus 
(JONES 1954: 77). (iv) Drosophila melanogaster (DEME-
REC 1950), Calliphora vicina (WASSERTHAL 1999), Pro-
to phormia terraenovae (ANGIOY et al. 1999: 17, 19). 

Trait 4. Course of the dorsal vessel through thorax: 
(i) central, straight: Coleoptera: Dytiscus margi-
nalis (KUHL 1924: 119, fi gs. 1, 2); Hymenoptera: see 
“variable” below; Diptera: Drosophila melanogaster 
(DEMEREC 1950: 444, fi g. 12A), Calliphora vicina 
(WASSERTHAL 1999: fi g. 1), Protophormia terraenovae 
(ANGIOY et al. 1999: 23). (ii) dorsal arch: Hymeno-
ptera: see “variable” below; Lepidoptera: Attacus 
atlas (WAS SERTHAL 1981: 2, fi g. 2), Papilio machaon 
(WASSERTHAL 1980: 153, fi g. 9).
Variable. Hymenoptera: (i) Leioproctus zonata, Hy-
laeus modestus, H. cressoni, Augochlorella aurata, 
A. striata, Agapostemon sericeus, A. sp., Ruizantheda 
divaricatus, Halictus hesperus, H. ligatus, H. paralle-
lus, Megalopta genalis, Pseudaugochlora graminea, 
Paroxystoglossa jocasta, Sphecodes sp., Lasioglos-
sum imitatus, Dufourea marginata, Perdita albipen-
nis, Protandrena cockerelli, Pseudopanurgus sp., Cal-
liopsis andreniformis, Oxaea fl avescens, Heriades ca-
rinata, H. variolosa, Dianthidium curvatum sayi, Os-
mia l. lignaria, Coelioxys octodentata, Trigonopedia 
oligotricha, Exomalopsis solani, E. sp., Ancylosceles 
armata, Nomada sp., Triepeolus concavus, Holcopa-
sites illinoiensis, Ceratina dupla, Trigona angustula, 
T. mombuca aequinotiales, T. nigra paupera, Dacty-
lurina staudingeri, Scraptotrigona postica, Melipo-
nula beccarii, Cephalotrigona capitata, Lestrimelitta 
limao (WILLE 1958: 539). (ii) Apis mellifera (FREUDEN-
STEIN 1928: 431), Colletes punctipennis, C. spp. 2–3, 
Ptiloglossa mexicana, Dieunomia heteropoda, Nomia 
foxii, Megachile brevis, M. sp., Anthidium maculo-
sum, Trachusa zebratum, Paranthidium sp., Monoeca 
mexicana, Ptilothrix sumichrasti, Diadasia diminuta, 
D. enavata, Melitoma euglossoides, Xenoglossa fulva, 
Florilegus condignus, Tetraloniella spissa, Thygater 
analis, Svastra obliqua, Melissodes coloradensis, M. 
agilis, Peponapis sp., Anthophora walshii, A. spp. 2–3, 
Centris vittata, C. lanosa, Epicharis elegans, Xyloco-
pa fi mbriata, X. virginica, X. brasilianorum, Melipona 
marginata, M. schencki picadensis, M. scutellaris, M. 
beecheii, Apis mellifera, Bombus medius, B. ephippia-
tus, B. fraternus, Euglossa cupreiventris, Eufriesea 
caerulescens, E. mussitans, Eulaema meriana (WILLE 
1958: 539). WILLE (1958) described intermediate types 
in Augochloropsis brachycephala, A. diversipennis, 

A. sparsilis, A. cuprea, Augochlora pura, Andrena ar-
gemonis and A. miserabilis.

Trait 5. Dorsal vessel with a series of loops in fi rst 
abdominal segment: (i) present, although num-
ber of loops varies: Hymenoptera: Apis mellifera 
(FREUDENSTEIN 1928: 426), Monoeca mexicana, Te-
traloniella spissa, Thygater analis, Svastra obliqua, 
Melissodes coloradensis, M. agilis, Peponapis sp., 
Anthophora walshii, A. spp. 2–3, Centris vittata, C. 
lanosa, Epicharis elegans, Xylocopa fi mbriata, X. vir-
ginica, X. brasilianorum, B. ephippiatus, Apis melli-
fera, Euglossa cupreiventris, Eufriesea caerulescens, 
E. mussitans, Eulaema meriana (WILLE 1958: 540). In 
the opinion of WILLE (1958), a vessel without loops is 
the general condition in bees. 

Trait 6. Dorsal vessel suspension accomplished by: 
(i) two rows of elastic strands: Megaloptera: Sialis 
lutaria (SELMAN 1965: 493); Hymenoptera: see “note” 
below; Coleoptera: Dytiscus marginalis (KUHL 1924). 
(ii) four rows: Hemiptera: Nepa cinerea (HAMILTON 
1931). (iii) multiple suspensions: Hymenoptera: see 
“note” below. (iv) dorsal vessel connected directly 
to tergite: Sternorrhyncha: Aleurodes (WIGGLESWORTH 
1955).
Note. Hymenoptera: (i) Apis mellifera (FREUDENSTEIN 
1928: 411, fi g. 3). (iii) Apis mellifera (WIGGLESWORTH 
1955). The information on Apis thus is contradictory.

Trait 7. Alary muscles: (i) well-developed (fan-
shaped): Ephemeroptera: Cloeon dipterum, C. similis, 
Heptagenia sulphurea, Baetis sp., Ephemerella ignita, 
Caenis sp., Ephemera vulgata, Leptophlebia margina-
ta, Habroleptoides modesta (MEYER 1931: 10); Odona-
ta: Aeschna sp. (ZAWARZIN 1911: 485) (only two pairs 
in abdominal segments 8 and 9); Dermaptera: Aniso-
labis maritima (NUTTING 1951: fi g. 32); Grylloblat-
todea: Grylloblatta campodeiformis (NUTTING 1951: 
fi g. 5); Phasmatodea: Diapheromera covilleae (NUT-
TING 1951: fi g. 28); Orthoptera: see “variable” below; 
Mantodea: Paratenodera sinensis (NUTTING 1951: fi g. 
3); Blattaria: Blaberus trapezoides (NUTTING 1951: fi g. 
1); Phthiraptera: Goniocotes compar, Lipeurus bacu-
lus, Nirmus sp., Lipeurus jejunus, Gyropus gracilis, G. 
ovalis, Menopon pallidum, Trichodectes subrostratus 
(FULMEK 1917: 7); Hemiptera: Dysdercus fasciatus, 
Phonoctonus nigrofasciatus, Triatoma infestans, Eu-
rygaster integriceps, Heterogaster urticae, Enoplops 
scapha, Elasmostethus interstinctus, Dolichonabis 
limbatus, Leptopterna dolobrata, Velia caprai, Gerris 
lacustris (HINKS 1966: 380); Nepa cinerea (HAMILTON 
1931: 1122), Dysdercus koenigii (KHANNA 1964: 407), 
Rhodnius prolixus (CHIANG et al. 1990: 10); Megalo-
ptera: Sialis lutaria (SELMAN 1965: 494); Coleoptera: 
Dytiscus marginalis (KUHL 1924: 125, 134); Hyme-
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noptera: Apis mellifera (FREUDENSTEIN 1928: 436), 
Camponotus rufi pes (MARQUES & CAETANO 2001: 554, 
not described, but visible in their fi gs. 1, 2); Diptera: 
see “variable” below. (ii) consisting of few fi bers (two 
bundles): Diptera: see “variable” below. (iii) reduced, 
single fi bers / discrete, non-anastomosing muscle 
bundles: Protura: Acerentomon affi ne (FRANÇOIS 
2003: 263); Plecoptera: Pteronarcys californica (NUT-
TING 1951: 534, fi g. 34). (iv) broad multiple origin: 
Orthoptera: see “variable” below.
Variable. Orthoptera (fi gure numbers refer to NUT-
TING 1951): (i) Acheta assimilis (fi g. 7), Paroecanthus 
aztecus (fi g. 9), Hoplosphyrum boreale (fi g. 11), Oe-
canthus nigricornis quadripunctatus (fi g. 12), Ceu-
thophilus sp. (fi g. 16), Gryllotalpa hexadactyla (fi g. 
14), Stenopelmatus fuscus (fi g. 18), Liparoscelis sp. 
(fi g. 20), Eremopedes ephippiatus sonorensis (fi g. 
22), Neoconocephalus ensiger (fi g. 24), Microcen-
trum rhombifolium (fi g. 26). (iv) Nomotettix cristatus, 
Taeniopoda eques, Romalea microptera, Brachystola 
magna, Melanoplus femur-rubrum, Schistocerca sho-
shone, Dissosteira carolina, Encoptolophus sordidus, 
Trimerotropis maritima, T. p. pallidipennis, Mermiria 
maculipennis, Tridactylus apicalis (fi g. 30).
Variable. Diptera: (i) Anopheles quadrimaculatus 
(JONES 1954: 81), Calliphora vicina (WASSERTHAL 1999: 
115). (ii) Drosophila melanogaster with delicate and 
inconspicuous muscle fi bers (DEMEREC 1950: 448).

Trait 8. Attachment of alary muscles to dorsal vessel: 
(i) along ventral midline of dorsal vessel: Hymeno-
ptera: Apis mellifera (FREUDENSTEIN 1928: 411, fi gs. 3, 
6). (ii) along ventral and lateral sides: Megaloptera: 
Sialis lutaria (SELMAN 1965: 493). (iii) via fi laments 
(dorsal diaphragm and alary muscles pass under 
the heart): Coleoptera: Dytiscus marginalis (KUHL 
1924: 83, fi gs. D, E, F); Diptera: Protophormia terrae-
novae (ANGIOY et al. 1999: 25). 

Trait 9. Dorsal diaphragm: (i) present and well-
developed: Protura: Acerentomon affi ne (FRANÇOIS 
2003: 263) (only in part of abdomen); Ephemeroptera: 
Cloeon dipterum, C. similis, Heptagenia sulphurea, 
Baetis sp., Ephemerella ignita, Caenis sp., Ephemera 
vulgata, Leptophlebia marginata, Habroleptoides mo-
desta (MEYER 1931: 12) (abdominal segments 4–10); 
Grylloblattodea: Grylloblatta campodeiformis (NUT-
TING 1951); Phasmatodea: Anisomorpha buprestoides, 
Diapheromera covilleae, D. velii eucnemis (NUTTING 
1951: 536–537); Orthoptera: Acheta assimilis, Gryllo-
des sigillatus, Paragryllus martini, Amphiacusta sp., 
Nemobius f. fasciatus, Myrmecophila nebrascensis, 
Cycloptilum comprehendens fortior, Hoplosphyrum 
boreale, Paroecanthus aztecus, Anaxipha sp., Oecan-
thus n. nigricornis, O. n. quadripunctatus, O. califor-
nicus, O. niveus, Gryllotalpa hexadactyla, Ceuthophi-

lus sp., Stenopelmatus fuscus, Eugaster spinulosus, 
Pterophylla camellifolia, Liparoscelis sp., Capnobotes 
fuliginosus, Pediodectes americanus, P. grandis, P. 
bruneri, Eremopedes bilineatus, E. ephippiatus sono-
rensis, Atlanticus americanus, Neoconocephalus en-
siger, N. robustus, N. retusus, Orchelimum erythroce-
phalum, O. vulgare, Dichopetala brevihastata, Insara 
e. elegans, Arethaea sp., Scudderia texensis, S. furca-
ta furcifera, Amblycorypha oblongifolia carinata, Mi-
crocentrum rhombifolium, M. retinerve, Tridactylus 
apicalis, Nomotettix cristatus, Taeniopoda eques, Ro-
malea microptera, Brachystola magna, Melanoplus 
femur-rubrum, Schistocerca shoshone, Dissosteira 
carolina, Encoptolophus sordidus, Trimerotropis 
maritima, T. p. pallidipennis, Mermiria maculipen-
nis (NUTTING 1951); Blattaria: Blatella vaga, Supella 
supellectilium, Symploce capitata, Blatta orientalis, 
Eurycotis fl oridana, E. balteata, Periplaneta ameri-
cana, P. australasiae, Epilampra burmeisteri, Pan-
chlora cubensis, Pycnoscelus surinamensis, Blaberus 
craniifera, B. trapezoideus, Compsodes mexicanus, 
Arenivaga erratica, Panesthia javanica, Macropane-
sthia rhinocerus, Salganea sp., Cryptocercus punctu-
latus (NUTTING 1951: 536); Hemiptera: Nepa cinerea 
(HAMILTON 1931); Coleoptera: Dytiscus marginalis 
(KUHL 1924: 131); Megaloptera: Sialis lutaria (SELMAN 
1965: 494, 499, fi g. 10); Hymenoptera: Apis mellifera 
(FREUDENSTEIN 1928: 436, fi g. 17), Camponotus rufi pes 
(MARQUES & CAETANO 2001: 552); Diptera: Anopheles 
quadrimaculatus (JONES 1954: 81), Drosophila me-
lanogaster (DEMEREC 1950: 448), Calliphora vicina 
(WASSERTHAL 1999: 115), Protophormia terraenovae 
(ANGIOY et al. 1999: 17, 21, 25). (ii) absent or reduced: 
Odonata: Aeschna sp. (ZAWARZIN 1911: 485); Manto-
dea: Paratenodera sinensis, Stagmomantis carolina, 
S. californica, Litaneutria minor, Paramusonia cu-
bensis (NUTTING 1951: 529, 536); Isoptera: Mastoter-
mes darwiniensis, Neotermes castaneus, Zootermop-
sis angusticollis, Reticulitermes fl avipes, Nasutitermes 
costalis (NUTTING 1951: 536); Plecoptera: Pteronarcys 
californica (NUTTING 1951: 536); Embioptera: Oligoto-
ma nigra (NUTTING 1951: 536); Zoraptera: Zorotypus 
hubbard (NUTTING 1951: 536); Hemiptera: Dysdercus 
fasciatus, Phonoctonus nigrofasciatus, Triatoma infe-
stans, Eurygaster integriceps, Heterogaster urticae, 
Enoplops scapha, Elasmostethus interstinctus, Doli-
chonabis limbatus, Leptopterna dolobrata, Velia ca-
prai, Gerris lacustris (HINKS 1966: 391). 

Trait 10. Constitution of dorsal diaphragm: (i) single 
membrane: Protura: Acerentomon affi ne (FRANÇOIS 
2003: 263); Orthoptera: see “variable” below; Blat-
taria: Blatella vaga, Supella supellectilium, Symplo-
ce capitata, Blatta orientalis, Eurycotis fl oridana, 
E. balteata, Periplaneta americana, P. australasiae, 
Epilampra burmeisteri, Panchlora cubensis, Pycno-



193Arthropod Systematics & Phylogeny 64 (2)

scelus surinamensis, Blaberus craniifera, B. trape-
zoideus, Compsodes mexicanus, Arenivaga erratica, 
Panesthia javanica, Macropanesthia rhinocerus, Sal-
ganea sp., Cryptocercus punctulatus (NUTTING 1951); 
Megaloptera: Sialis lutaria (SELMAN 1965: 494); Hy-
menoptera: Apis mellifera (FREUDENSTEIN 1928: 436–
437), Camponotus rufi pes (MARQUES & CAETANO 2001: 
552); Diptera: Drosophila melanogaster (DEMEREC 
1950: 443). (ii) double membrane in abdomen: Der-
maptera: Anisolabis maritima, Forfi cula auricularia, 
Hemimerus vosseleri (NUTTING 1951: 537). (iii) dou-
ble membrane, only in segments bearing excurrent 
ostia: Grylloblattodea: Grylloblatta campodeiformis 
(NUTTING 1951: 521–522); Orthoptera: see “variable” 
below. 
Variable. Orthoptera: (i) Acheta assimilis, Gryllo-
des sigillatus, Paragryllus martini, Amphiacusta sp., 
Nemobius f. fasciatus, Myrmecophila nebrascensis, 
Cycloptilum comprehendens fortior, Hoplosphyrum 
boreale, Paroecanthus aztecus, Anaxipha sp., Oecan-
thus n. nigricornis, O. n. quadripunctatus, O. califor-
nicus, O. niveus, Gryllotalpa hexadactyla, Ceuthophi-
lus sp., Tridactylus apicalis, Nomotettix cristatus, 
Tae niopoda eques, Romalea microptera, Brachystola 
magna, Melanoplus femur-rubrum, Schistocerca sho-
shone, Dissosteira carolina, Encoptolophus sordidus, 
Trimerotropis maritima, T. p. pallidipennis, Mermiria 
maculipennis (NUTTING 1951: 521, fi gs. 18, 44). (iii) Ste-
nopelmatus fuscus, Eugaster spinulosus, Pterophylla 
camellifolia, Liparoscelis sp., Capnobotes fuliginosus, 
Pediodectes americanus, P. grandis, P. bruneri, Ere-
mopedes bilineatus, E. ephippiatus sonorensis, Atlan-
ticus americanus, Neoconocephalus ensiger, N. ro-
bustus, N. retusus, Orchelimum erythrocephalum, O. 
vulgare, Dichopetala brevihastata, Insara e. elegans, 
Arethaea sp., Scudderia texensis, S. furcata furcifera, 
Amblycorypha oblongifolia carinata, Microcentrum 
rhombifolium, M. retinerve (NUTTING 1951: 521–522). 

Trait 11. Anterior end of dorsal vessel (neck): (i) 
enclosing esophagus: Hymenoptera: Apis mellifera 
(FREUDENSTEIN 1928: 432, fi g. 13). (ii) bulb-like sinus 
or sac: Diptera: see “variable” below. (iii) coated with 
air sacs: Diptera: see “variable” below.
Variable. Diptera: (ii) Anopheles quadrimaculatus 
(JONES 1954: 78). (iii) Calliphora vicina (WASSERTHAL 
1999: 117, 127) with valve function.

Trait 12, Character 1. Head vascular system: (0) 
containing a circumesophageal vessel ring bran-
ching off the dorsal vessel posterior of the brain: 
Collembola: Onychiurus fi mentarius (DENIS 1928: 
121); Diplura: Campodea augens, Catajapyx aquilo-
naris (GEREBEN-KRENN & PASS 1999: 73); Archaeogna-
tha: Dilta sp. (BITSCH 1963: 583–584, fi g. 22); Zygento-
ma: Thermobia domestica (CHAUDONNERET 1950: 189, 

fi g. 29); (1) containing no circumesophageal vessel 
ring branching off the dorsal vessel posterior of the 
brain: all Pterygota. Missing data: Protura: Aceren-
tomon affi ne (FRANÇOIS 2003).

Trait 13, Character 2. Ostia with lips: (0) anterior 
and posterior lips present (incurrent ostia): Ephe-
meroptera: Cloeon dipterum, C. similis, Heptagenia 
sulphurea, Baetis sp., Ephemerella ignita, Caenis sp., 
Ephemera vulgata, Leptophlebia marginata, Habro-
leptoides modesta (MEYER 1931: 5); Odonata: Aeschna 
sp. (ZAWARZIN 1911: 484); Dermaptera: Hemimerus 
vosseleri, Anisolabis maritima, Forfi cula auricularia 
(NUTTING 1951: 519); Grylloblattodea: Grylloblatta 
campodeiformis (NUTTING 1951: 519); Plecoptera: 
Pte ronarcys californica (NUTTING 1951: 519); Embio-
ptera: Oligotoma nigra (NUTTING 1951: 519); Zora-
ptera: Zorotypus hubbardi (NUTTING 1951: 519); Phas-
matodea: Anisomorpha buprestoides, Diapheromera 
covilleae, Diapheromera velii eucnemis (NUTTING 
1951: 519); Orthoptera: Acheta assimilis, Gryllodes si-
gillatus, Paragryllus martini, Amphiacusta sp., Nemo-
bius f. fasciatus, Myrmecophila nebrascensis, Cyclo-
ptilum comprehendens fortior, Hoplosphyrum bore-
ale, Paroecanthus aztecus, Anaxipha sp., Oecanthus 
n. nigricornis, O. n. quadripunctatus, O. californicus, 
O. niveus, Gryllotalpa hexadactyla, Ceuthophilus sp., 
Stenopelmatus fuscus, Eugaster spinulosus, Pterophyl-
la camellifolia, Liparoscelis sp., Capnobotes fuligino-
sus, Pediodectes americanus, P. grandis, P. bruneri, 
Eremopedes bilineatus, E. ephippiatus sonorensis, At-
lanticus americanus, Neoconocephalus ensiger, N. ro-
bustus, N. retusus, Orchelimum erythrocephalum, O. 
vulgare, Dichopetala brevihastata, Insara e. elegans, 
Arethaea sp., Scudderia texensis, S. furcata furcifera, 
Amblycorypha oblongifolia carinata, Microcentrum 
rhombifolium, M. retinerve, Tridactylus apicalis, 
Nomotettix cristatus, Taeniopoda eques, Romalea 
microptera, Brachystola magna, Melanoplus femur-
rubrum, Schistocerca shoshone, Dissosteira carolina, 
Encoptolophus sordidus, Trimerotropis maritima, 
T. p. pallidipennis, Mermiria maculipennis (NUT-
TING 1951: 519); Mantodea: Paratenodera sinensis, 
Stagmomantis carolina, S. californica, Litaneutria 
minor, Paramusonia cubensis (NUTTING 1951: 519); 
Blattaria: Blatella vaga, Supella supellectilium, Sym-
ploce capitata, Blatta orientalis, Eurycotis fl oridana, 
E. balteata, Periplaneta americana, P. australasiae, 
Epilampra burmeisteri, Panchlora cubensis, Pycnos-
celus surinamensis, Blaberus craniifera, B. trape-
zoideus, Compsodes mexicanus, Arenivaga erratica, 
Panesthia javanica, Macropanesthia rhinocerus, Sal-
ganea sp., Cryptocercus punctulatus (NUTTING 1951: 
519); Isoptera: Mastotermes darwiniensis, Neotermes 
castaneus, Zootermopsis angusticollis, Reticulitermes 
fl avipes, Nasutitermes costalis (NUTTING 1951: 519); 
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Phthiraptera: Goniocotes compar, Lipeurus baculus, 
L. jejunus, Nirmus sp., Gyropus gracilis, G. ovalis, 
Menopon pallidum, Trichodectes subrostratus (FUL-
MEK 1917: 8–9); Heteroptera: Dysdercus fasciatus, 
Phonoctonus nigrofasciatus, Triatoma infestans, Eu-
rygaster integriceps, Heterogaster urticae, Enoplops 
scapha, Elasmostethus interstinctus, Dolichonabis 
limbatus, Leptopterna dolobrata, Velia caprai, Gerris 
lacustris (HINKS 1966: 377), Nepa cinerea (HAMILTON 
1931: 1122), Dysdercus koenigii (KHANNA 1964: 405), 
Rhodnius prolixus (CHIANG et al. 1990: 10); Coleo-
ptera: Dytiscus marginalis (KUHL 1924: 114), Oryctes 
nasicornis (WASSERTHAL 1982: 107); Megaloptera: Si-
alis lutaria (SELMAN 1965: 492, 506); Hymenoptera: 
Apis mellifera (FREUDENSTEIN 1928: 418–419, fi g. 9), 
Camponotus rufi pes (MARQUES & CAETANO 2001: 
554); Diptera: Anopheles quadrimaculatus (JONES 
1954: 78, fi g. 7), Drosophila melanogaster (DEMEREC 
1950: 443), Calliphora vicina (WASSERTHAL 1982: 107; 
1999: 112), Protophormia terraenovae (ANGIOY et al. 
1999: 16, 25). (1) posterior lip present only (two-way 
ostia): Lepidoptera: Attacus atlas (WASSERTHAL 1982: 
108), Bombyx mori (GEROULD 1929); Trichoptera: Cyr-
nus trimaculatus, Hydropsyche angustipennis, Drusus 
monticola, Mystacides azurea (Tögel & Pass unpubl. 
data).
Note. Trichoptera: Mystacides azurea: in the poste-
rior-most pair of ostia, two lips are present (Tögel & 
Pass unpubl. data).
Note. Neuroptera: Chrysopa vulgaris (Tögel & Pass 
unpubl. data); Diptera: Anopheles quadrimaculatus 
(JONES 1954: 78), Culex sp. (Tögel & Pass unpubl. 
data); in these taxa in the posterior-most pair of ostia 
one lip is present (anterior).

Trait 14. Pocket valves: (i) present: Ephemeroptera: 
Cloeon dipterum, C. similis, Heptagenia sulphurea, 
Baetis sp., Ephemerella ignita, Caenis sp., Ephem-
era vulgata, Leptophlebia marginata, Habroleptoides 
modesta (MEYER 1931: 5–6); Odonata: Aeschna sp. 
(ZAWARZIN 1911: 484).

Trait 15. Lips of opposing ostia: (i) widely separated 
from each other (lateral position of ostia): Ephe-
meroptera: Cloeon dipterum, C. similis, Heptagenia 
sulphurea, Baetis sp., Ephemerella ignita, Caenis sp., 
Ephemera vulgata, Leptophlebia marginata, Habro-
leptoides modesta (MEYER 1931: 4–5); Dermaptera: 
Hemimerus vosseleri, Anisolabis maritima, Forfi cu-
la auricularia (NUTTING 1951: 519); Grylloblattodea: 
Grylloblatta campodeiformis (NUTTING 1951: 519); 
Plecoptera: Pteronarcys californica (NUTTING 1951: 
519); Embioptera: Oligotoma nigra (NUTTING 1951: 
519); Zoraptera: Zorotypus hubbardi (NUTTING 1951: 
519); Phasmatodea: Anisomorpha buprestoides, Di-
apheromera covilleae, Diapheromera velii eucnemis 

(NUTTING 1951: 519); Orthoptera: Acheta assimilis, 
Gryllodes sigillatus, Paragryllus martini, Amphia-
custa sp., Nemobius f. fasciatus, Myrmecophila nebra-
scensis, Cycloptilum comprehendens fortior, Hoplos-
phyrum boreale, Paroecanthus aztecus, Anaxipha 
sp., Oecanthus n. nigricornis, O. n. quadripunctatus, 
O. californicus, O. niveus, Gryllotalpa hexadactyla, 
Ceuthophilus sp., Stenopelmatus fuscus, Eugaster 
spinulosus, Pterophylla camellifolia, Liparoscelis sp., 
Capnobotes fuliginosus, Pediodectes americanus, 
Pediodectes grandis, P. bruneri, Eremopedes bilinea-
tus, E. ephippiatus sonorensis, Atlanticus americanus, 
Neoconocephalus ensiger, N. robustus, N. retusus, Or-
chelimum erythrocephalum, O. vulgare, Dichopetala 
brevihastata, Insara e. elegans, Arethaea sp., Scud-
deria texensis, S. furcata furcifera, Amblycorypha ob-
longifolia carinata, Microcentrum rhombifolium, M. 
retinerve, Tridactylus apicalis, Nomotettix cristatus, 
Taeniopoda eques, Romalea microptera, Brachystola 
magna, Melanoplus femur-rubrum, Schistocerca sho-
shone, Dissosteira carolina, Encoptolophus sordidus, 
Trimerotropis maritima, T. p. pallidipennis, Mer-
miria maculipennis (NUTTING 1951: 519); Mantodea: 
Paratenodera sinensis, Stagmomantis carolina, S. 
californica, Litaneutria minor, Paramusonia cubensis 
(NUTTING 1951: 519); Blattaria: Blatella vaga, Supella 
supellectilium, Symploce capitata, Blatta orientalis, 
Eurycotis fl oridana, E. balteata, Periplaneta ameri-
cana, P. australasiae, Epilampra burmeisteri, Pan-
chlora cubensis, Pycnoscelus surinamensis, Blaberus 
craniifera, B. trapezoideus, Compsodes mexicanus, 
Arenivaga erratica, Panesthia javanica, Macropanes-
thia rhinocerus, Salganea sp., Cryptocercus punctula-
tus (NUTTING 1951: 519); Isoptera: Mastotermes dar-
winiensis, Neotermes castaneus, Zootermopsis angus-
ticollis, Reticulitermes fl avipes, Nasutitermes costalis 
(NUTTING 1951: 519); Phthiraptera: Goniocotes com-
par, Lipeurus baculus, L. jejunus, Nirmus sp., Gyropus 
gracilis, G. ovalis, Menopon pallidum, Trichodectes 
subrostratus (FULMEK 1917: 8); Hemiptera: Dysdercus 
fasciatus, Phonoctonus nigrofasciatus, Triatoma in-
festans, Eurygaster integriceps, Heterogaster urticae, 
Enoplops scapha, Elasmostethus interstinctus, Doli-
chonabis limbatus, Leptopterna dolobrata, Velia cap-
rai, Gerris lacustris (HINKS 1966: 377); Neuroptera: 
Dilar turcicus, Isoscelipteron fulvum, Chrysopa vul-
garis (= Chrysoperla carnea) (Tögel & Pass unpubl. 
data); Coleoptera: see “variable” below; Diptera: Cal-
liphora vicina (WASSERTHAL 1999: 114, fi g. 2), Tipula 
sp., Ctenophora pectinicornis, Culex sp. (Tögel & 
Pass unpubl. data); Siphonaptera: Ctenocephalides fe-
lis (Tögel & Pass unpubl. data); Mecoptera: see “vari-
able” below. (ii) meet along ventral and dorsal mid-
lines (dorso-ventral position of ostia): Hymenoptera: 
Apis mellifera (FREUDENSTEIN 1928: 415), Camponotus 
rufi pes (MARQUES & CAETANO 2001: 554, fi g. 3), Pris-
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tiphora abietina, Paravespula germanica (Tögel & 
Pass unpubl. data). (iii) meet along the dorsal mid-
line (dorsal position of ostia): Raphidioptera: Raph-
idia (= Dichrostigma) fl avipes, Inocellia crassicornis 
(Tögel & Pass unpubl. data); Megaloptera: Sialis lu-
taria (SELMAN 1965: 492; Tögel & Pass unpubl. data). 
Coleoptera: see “variable” below; Trichoptera: Cyrnus 
trimaculatus, Hydropsyche angustipennis, Drusus 
monticola, Mystacides azurea (Tögel & Pass unpubl. 
data); Lepidoptera: Nemophora degeerella, Polyom-
matus icarus (Tögel & Pass unpubl. data); Mecoptera: 
see “variable” below.
Variable. Coleoptera: (i) Dytiscus marginalis (KUHL 
1924: 114, fi gs. v–y), Nebria castanea, Tenebrio moli-
tor (Tögel & Pass unpubl. data). (iii) Corymbites cu-
preus (Tögel & Pass unpubl. data). 
Variable. Mecoptera: (i) Boreus hyemalis (Tögel & 
Pass unpubl. data). (iii) Panorpa communis (Tögel & 
Pass unpubl. data).

Trait 16. Presence of incurrent ostia in: (i) protho-
rax, mesothorax, metathorax, abdomen: Ortho-
ptera (this condition presumably belongs to the ground 
pattern of this order: see “variable” below); Mantodea: 
Paratenodera sinensis, Stagmomantis carolina, S. 
californica, Litaneutria minor, Paramusonia cubensis 
(NUTTING 1951: 518); Blattaria: Blatella vaga, Supella 
supellectilium, Symploce capitata, Blatta orientalis, 
Eurycotis fl oridana, E. balteata, Periplaneta ameri-
cana, P. australasiae, Epilampra burmeisteri, Pan-
chlora cubensis, Pycnoscelus surinamensis, Blaberus 
craniifera, B. trapezoideus, Compsodes mexicanus, 
Arenivaga erratica, Panesthia javanica, Macropanes-
thia rhinocerus, Salganea sp., Cryptocercus punctu-
latus (NUTTING 1951: 518). (ii) mesothorax, metatho-
rax, abdomen: Dermaptera: see “variable” below; 
Grylloblattodea: Grylloblatta campodeiformis (NUT-
TING 1951: 518); Plecoptera: Pteronarcys californica 
(NUTTING 1951: 518); Embioptera: Oligotoma nigra 
(NUTTING 1951: 518); Zoraptera: Zorotypus hubbardi 
(NUTTING 1951: 518); Orthoptera: see “variable” be-
low; Isoptera: Mastotermes darwiniensis, Neotermes 
castaneus, Zootermopsis angusticollis, Reticulitermes 
fl avipes, Nasutitermes costalis (NUTTING 1951: 518); 
Lepidoptera: see “variable” below. (iii) metathorax, 
abdomen: Dermaptera: see “variable” below; Hyme-
noptera: see “variable” below; Lepidoptera: see “vari-
able” below. (iv) entire abdomen, not thorax: Phas-
matodea: Anisomorpha buprestoides, Diapheromera 
covilleae, D. velii eucnemis (NUTTING 1951: 519); Co-
leoptera: Dytiscus marginalis (KUHL 1924: 88, 89, fi gs. 
1, 2); Megaloptera: Sialis lutaria (SELMAN 1965: 504); 
Hymenoptera: see “variable” below; Diptera: Anophe-
les quadrimaculatus (JONES 1954: 78), Drosophila me-
lanogaster (DEMEREC 1950: 443, fi g. 12a), Calliphora
vicina (WASSERTHAL 1999: 112), Protophormia ter-

raenovae (ANGIOY et al. 1999: 17). (v) only posterior 
abdominal region: Ephemeroptera: Cloeon dipterum, 
C. similis, Heptagenia sulphurea, Baetis sp., Epheme-
rella ignita, Caenis sp., Ephemera vulgata, Leptophle-
bia marginata, Habroleptoides modesta (MEYER 1931: 
5); Odonata: Aeschna sp. (ZAWARZIN 1911: 484); Phthi-
raptera: Goniocotes compar, Lipeurus baculus, L. je-
junus, Nirmus sp., Gyropus gracilis, G. ovalis, Meno-
pon pallidum, Trichodectes subrostratus (FULMEK 
1917: 6); Hemiptera: Dysdercus fasciatus, Phonocto-
nus nigrofasciatus, Triatoma infestans, Eurygaster 
integriceps, Heterogaster urticae, Enoplops scapha, 
Elasmostethus interstinctus, Dolichonabis limbatus, 
Leptopterna dolobrata, Velia caprai, Gerris lacus-
tris (HINKS 1966: 377), Nepa cinerea (HAMILTON 1931: 
1122), Dysdercus koenigii (KHANNA 1964: 405), Rhod-
nius prolixus (CHIANG et al. 1990: 10); Siphonaptera:
Ctenocephalides felis (Tögel & Pass unpubl. data). 
Variable. Dermaptera: (ii) Anisolabis maritima, For-
fi cula auricularia (NUTTING 1951: 518). (iii) Hemi-
merus vosseleri (NUTTING 1951: 518–519).
Variable. Orthoptera: (i) Ceuthophilus sp., Nomotet-
tix cristatus, Taeniopoda eques, Romalea microptera,
Brachystola magna, Melanoplus femur-rubrum, Schi-
stocerca shoshone, Dissosteira carolina, Encoptolo-
phus sordidus, Trimerotropis maritima, T. p. pallidi-
pennis, Mermiria maculipennis (NUTTING 1951: 518). 
(ii) Acheta assimilis, Gryllodes sigillatus, Paragryllus 
martini, Amphiacusta sp., Nemobius f. fasciatus, Myr-
mecophila nebrascensis, Cycloptilum comprehen-
dens fortior, Hoplosphyrum boreale, Paroecanthus 
aztecus, Anaxipha sp., Oecanthus n. nigricornis, O. 
n. quadripunctatus, O. californicus, O. niveus, Gryl-
lotalpa hexadactyla, Stenopelmatus fuscus, Eugaster 
spinulosus, Pterophylla camellifolia, Liparoscelis sp., 
Capnobotes fuliginosus, Pediodectes americanus, P. 
grandis, P. bruneri, Eremopedes bilineatus, E. ephip-
piatus sonorensis, Atlanticus americanus, Neocono-
cephalus ensiger, N. robustus, N. retusus, Orchelimum 
erythrocephalum, O. vulgare, Dichopetala brevihas-
tata, Insara e. elegans, Arethaea sp., Scudderia tex-
ensis, S. furcata furcifera, Amblycorypha oblongifolia 
carinata, Microcentrum rhombifolium, M. retinerve 
(NUTTING 1951: 518).
Variable. Hymenoptera: (iii) Leioproctus zonata, Hy-
laeus modestus, H. cressoni, Colletes punctipennis, 
C. spp. 2–3, Ptiloglossa mexicana, Augochloropsis 
brachycephala, A. diversipennis, A. sparsilis, A. cu-
prea, Augochlora pura, Augochlorella aurata, A. 
striata, Agapostemon sericeus, A. sp., Ruizantheda 
divaricatus, Halictus hesperus, H. ligatus, H. paral-
lelus, Megalopta genalis, Pseudaugochlora graminea, 
Paroxystoglossa jocasta, Sphecodes sp., Lasioglos-
sum imitatus, Dufourea marginata, Dieunomia hete-
ropoda, Nomia foxii, Andrena argemonis, A. mise-
rabilis, Perdita albipennis, Protandrena cockerelli, 
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Pseudopanurgus sp., Calliopsis andreniformis, Oxaea 
fl avescens, Heriades carinata, H. variolosa, Mega-
chile brevis, M. sp., Coelioxys octodentata, Osmia l. 
lignaria, Anthidium maculosum, Trachusa zebratum, 
Paranthidium sp., Dianthidium curvatum sayi, Tri-
gonopedia oligotricha, Exomalopsis solani, E. sp., 
Ancylosceles armata, Monoeca mexicana, Nomada 
sp., Triepeolus concavus, Holcopasites illinoiensis, 
Ptilothrix sumichrasti, Diadasia diminuta, D. ena-
vata, Melitoma euglossoides, Xenoglossa fulva, Te-
traloniella spissa, Florilegus condignus, Thygater 
analis, Svastra obliqua, Melissodes coloradensis, 
M. agilis, Peponapis sp., Anthophora walshii, A. spp. 
2–3, Centris vittata, C. lanosa, Epicharis elegans, 
Xylocopa fi mbriata, X. virginica, X. brasilianorum, 
Ceratina dupla, Trigona angustula, T. mombuca ae-
quinotiales, T. nigra paupera, T. sp., Scraptotrigona 
postica, Dactylurina staudingeri, Meliponula bec-
carii, Cephalotrigona capitata, Melipona marginata, 
M. schencki picadensis, M. scutellaris, M. beecheii, 
Lestrimelitta limae, Bombus medius, B. ephippiatus, 
B. fraternus, Apis mellifera, Euglossa cupreiventris, 
Eufriesea caerulescens, E. mussitans, Eulaema me-
riana (WILLE 1958: 539). (iv) Apis mellifera (FREUDEN-
STEIN 1928: 409), Camponotus rufi pes (MARQUES & 
CAETANO 2001: 554).
Variable. Lepidoptera: (ii) Attacus atlas (WASSERTHAL 
1981: 2). (iii) Papilio machaon (WASSERTHAL 1980: 
153, 158, fi g. 9).

Trait 17, Character 3. Dorsal vessel: (0) containing 
only ostia with lips: all orders except those with state 
(1). (1) containing in addition ostia without lips (ex-
current ostia): Dermaptera (this condition presumably 
belongs to the ground pattern of this order: see “vari-
able” below); Grylloblattodea: Grylloblatta campode-
iformis (NUTTING 1951: 547–549); Plecoptera: Ptero-
narcys californica (NUTTING 1951: 521, fi gs. 34, 35, 
48); Embioptera: Oligotoma nigra (NUTTING 1951: 521, 
fi g. 36); Phasmatodea: Anisomorpha buprestoides, Di-
apheromera covilleae, Diapheromera velii eucnemis 
(NUTTING 1951: 547–549); Orthoptera (this condition 
presumably belongs to the ground pattern of this or-
der: see “variable” below); Mantodea: Paratenodera 
sinensis, Stagmomantis carolina, S. californica, Lita-
neutria minor, Paramusonia cubensis (NUTTING 1951: 
547–549); Blattaria: Blatella vaga, Supella supellec-
tilium, Symploce capitata, Blatta orientalis, Eury-
cotis fl oridana, E. balteata, Periplaneta americana, 
P. australasiae, Epilampra burmeisteri, Panchlora 
cubensis, Pycnoscelus surinamensis, Blaberus cra-
niifera, B. trapezoideus, Compsodes mexicanus, Are-
nivaga erratica, Panesthia javanica, Macropanesthia 
rhinocerus, Salganea sp., Cryptocercus punctulatus 
(NUTTING 1951: 547–549). 
Variable. Dermaptera: (0) Hemimerus vosseleri, For-

fi cula auricularia (NUTTING 1951: 547–549). (1) Aniso-
labis maritima (NUTTING 1951: 547–549).
Variable. Orthoptera: (0) Myrmecophila nebrascensis, 
Ceuthophilus sp. (NUTTING 1951: 547–549). (1) Acheta 
assimilis, Gryllodes sigillatus, Paragryllus martini, 
Amphiacusta sp., Nemobius f. fasciatus, Cyclopti-
lum comprehendens fortior, Hoplosphyrum boreale, 
Paroecanthus aztecus, Anaxipha sp., Oecanthus n. 
nigricornis, O. n. quadripunctatus, O. californicus, 
O. niveus, Gryllotalpa hexadactyla, Stenopelmatus 
fuscus, Eugaster spinulosus, Pterophylla camellifolia, 
Liparoscelis sp., Capnobotes fuliginosus, Pediodectes 
americanus, P. grandis, P. bruneri, Eremopedes bi-
lineatus, E. ephippiatus sonorensis, Atlanticus ame-
ricanus, Neoconocephalus ensiger, N. robustus, N. 
retusus, Orchelimum erythrocephalum, O. vulgare, 
Dichopetala brevihastata, Insara e. elegans, Arethaea 
sp., Scudderia texensis, S. furcata furcifera, Amblyco-
rypha oblongifolia carinata, Microcentrum rhombifo-
lium, M. retinerve, Nomotettix cristatus, Taeniopoda 
eques, Romalea microptera, Brachystola magna, 
Melanoplus femur-rubrum, Schistocerca shoshone, 
Dissosteira carolina, Encoptolophus sordidus, Trime-
rotropis maritima, T. p. pallidipennis, Mermiria ma-
culipennis (NUTTING 1951: 547–549). 

Trait 18, Character 4. Position and number of ex-
current ostia within a segment: (0) ventro-lateral 
and one pair: Dermaptera: Anisolabis maritima (NU-
TTING 1951: 547–549); Grylloblattodea: Grylloblatta 
campodeiformis (NUTTING 1951: 547–549); Phasma-
todea: Anisomorpha buprestoides, Diapheromera 
covilleae, Diapheromera velii eucnemis (NUTTING 
1951: 547–549); Orthoptera: Acheta assimilis, Gryl-
lodes sigillatus, Paragryllus martini, Amphiacusta 
sp., Nemobius f. fasciatus, Cycloptilum comprehen-
dens fortior, Hoplosphyrum boreale, Paroecanthus 
aztecus, Anaxipha sp., Oecanthus n. nigricornis, O. 
n. quadripunctatus, O. californicus, O. niveus, Gryl-
lotalpa hexadactyla, Stenopelmatus fuscus, Eugaster 
spinulosus, Pterophylla camellifolia, Liparoscelis sp., 
Capnobotes fuliginosus, Pediodectes americanus, P. 
grandis, P. bruneri, Eremopedes bilineatus, E. ephip-
piatus sonorensis, Atlanticus americanus, Neocono-
cephalus ensiger, N. robustus, N. retusus, Orchelimum 
erythrocephalum, O. vulgare, Dichopetala brevihas-
tata, Insara e. elegans, Arethaea sp., Scudderia texen-
sis, S. furcata furcifera, Amblycorypha oblongifolia 
carinata, Microcentrum rhombifolium, M. retinerve, 
Nomotettix cristatus, Taeniopoda eques, Romalea 
microptera, Brachystola magna, Melanoplus femur-
rubrum, Schistocerca shoshone, Dissosteira carolina, 
Encoptolophus sordidus, Trimerotropis maritima, T. 
p. pallidipennis, Mermiria maculipennis (NUTTING 
1951: 547–549); Mantodea: Paratenodera sinensis, 
Stagmomantis carolina, S. californica, Litaneutria mi-
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nor, Paramusonia cubensis (NUTTING 1951: 547–549); 
Blattaria: Blatella vaga, Supella supellectilium, Sym-
ploce capitata, Blatta orientalis, Eurycotis fl oridana, 
E. balteata, Periplaneta americana, P. australasiae, 
Epilampra burmeisteri, Panchlora cubensis, Pycnos-
celus surinamensis, Blaberus craniifera, B. trapezoi-
deus, Compsodes mexicanus, Arenivaga erratica, 
Panesthia javanica, Macropanesthia rhinocerus, Sal-
ganea sp., Cryptocercus punctulatus (NUTTING 1951: 
547–549). (1) ventro-median and unpaired: Pleco-
ptera: Pteronarcys californica (NUTTING 1951: 521, 
fi gs. 34, 35, 48) (ventrally, on the mesothoracic am-
pulla); Embioptera: Oligotoma nigra (NUTTING 1951: 
521, fi g. 36) (three pairs, from mesothorax to fi rst ab-
dominal segment). Inapplicable: all taxa except those 
with states (0) or (1).

Trait 19. Occurrence of paired excurrent ostia in: (i) 
mesothorax, metathorax and abdomen: Grylloblat-
todea: Grylloblatta campodeiformis (NUTTING 1951: 
547–549); Orthoptera: Acheta assimilis, Gryllodes 
sigillatus, Paragryllus martini, Amphiacusta sp., Ne-
mobius f. fasciatus, Cycloptilum comprehendens for-
tior, Hoplosphyrum boreale, Paroecanthus aztecus, 
Anaxipha sp., Gryllotalpa hexadactyla, Stenopelma-
tus fuscus, Pterophylla camellifolia, Liparoscelis sp., 
Capnobotes fuliginosus, Pediodectes americanus, P. 
grandis, P. bruneri, Eremopedes bilineatus, E. ephip-
piatus sonorensis, Atlanticus americanus, Neocono-
cephalus ensiger, N. robustus, N. retusus, Orchelimum 
erythrocephalum, O. vulgare, Dichopetala brevihas-
tata, Insara e. elegans, Arethaea sp., Scudderia texen-
sis, S. furcata furcifera, Amblycorypha oblongifolia 
carinata, Microcentrum rhombifolium, M. retinerve, 
Nomotettix cristatus, Taeniopoda eques, Romalea 
microptera, Brachystola magna, Melanoplus femur-
rubrum, Schistocerca shoshone, Dissosteira carolina, 
Encoptolophus sordidus, Trimerotropis maritima, T. p. 
pallidipennis, Mermiria maculipennis (NUTTING 1951: 
547–549); (only in thorax): Anaxipha sp., Oecanthus n. 
nigricornis, O. n. quadripunctatus, O. californicus, O. 
niveus (mesothorax, metathorax), Eugaster spinulosus 
(mesothorax) (NUTTING 1951: 547–549); Blattaria: Bla-
tella vaga, Supella supellectilium, Symploce capitata, 
Blatta orientalis, Eurycotis fl oridana, E. balteata, 
Periplaneta americana, P. australasiae, Epilampra 
burmeisteri, Panchlora cubensis, Pycnoscelus surina-
mensis, Blaberus craniifera, B. trapezoideus, Comp-
sodes mexicanus, Arenivaga erratica, Panesthia ja-
vanica, Macropanesthia rhinocerus, Salganea sp., 
Cryptocercus punctulatus (NUTTING 1951: 547–549). 
(ii) metathorax and abdomen: Phasmatodea: Aniso-
morpha buprestoides, Diapheromera covilleae, D. ve-
lii eucnemis (NUTTING 1951: 547–549). (iii) abdomen: 
Dermaptera: Anisolabis maritima (NUTTING 1951: 
547–549); Mantodea: Paratenodera sinensis, Stag-

momantis carolina, S. californica, Litaneutria minor, 
Paramusonia cubensis (NUTTING 1951: 547–549). 

Trait 20. Number of paired abdominal excurrent 
ostia: (i) six: Grylloblattodea: Grylloblatta campode-
iformis (NUTTING 1951: 547–549) (abdominal segments 
1–6). (ii) fi ve: Orthoptera (this condition presumably 
belongs to the ground pattern of this order: see “vari-
able” below). (iii) four: Dermaptera: Anisolabis mari-
tima (NUTTING 1951: 547–549) (segments 2–5); Man-
todea: Paratenodera sinensis, Stagmomantis caro-
lina, S. californica, Litaneutria minor, Paramusonia 
cubensis (NUTTING 1951: 547–549) (segments 3–6); 
Blattaria: Blatella vaga, Supella supellectilium, Sym-
ploce capitata, Blatta orientalis, Eurycotis fl oridana, 
E. balteata, Periplaneta americana, P. australasiae, 
Epilampra burmeisteri, Panchlora cubensis, Pycno-
scelus surinamensis, Blaberus craniifera, B. trape-
zoideus, Compsodes mexicanus, Arenivaga erratica, 
Panesthia javanica, Macropanesthia rhinocerus, Sal-
ganea sp., Cryptocercus punctulatus (NUTTING 1951: 
547–549) (segments 3–6). (iv) three: Orthoptera: see 
“variable” below. (v) two: Orthoptera: see “variable” 
below. (vi) absent: Orthoptera: see “variable” below.
Variable. Orthoptera: (ii) Stenopelmatus fuscus, 
Pterophylla camellifolia, Liparoscelis sp., Capno-
botes fuliginosus, Pediodectes americanus, P. gran-
dis, P. bruneri, Eremopedes bilineatus, E. ephippiatus 
sonorensis, Atlanticus americanus, Neoconocephalus 
ensiger, N. robustus, N. retusus, Orchelimum erytro-
cephalum, O. vulgare, Dichopetala brevihastata, In-
sara e. elegans, Arethaea sp., Scudderia texensis, S. 
furcata furcifera, Amblycorypha oblongifolia cari-
nata, Microcentrum rhombifolium, M. retinerve, 
Nomo tettix cristatus, Taeniopoda eques, Romalea 
mi crop tera, Brachystola magna, Melanoplus femur-
rubrum, Schistocerca shoshone, Dissosteira carolina, 
Encoptolophus sordidus, Trimerotropis maritima, T. 
p. pallidipennis, Mermiria maculipennis (NUTTING 
1951: 547–549). (iii) Cycloptilum comprehendens for-
tior, Hoplosphyrum boreale, Gryllotalpa hexadactyla 
(NUTTING 1951: 547–549); (iv) Acheta assimilis, Gryl-
lodes sigillatus, Paragryllus martini, Amphiacusta 
sp., Paroecanthus aztecus (NUTTING 1951: 547–549). 
(v) Nemobius f. fasciatus (NUTTING 1951: 547–549). 
(vi) Anaxipha sp., Oecanthus n. nigricornis, O. n. 
quadripunctatus, O. californicus, O. niveus (excurrent 
ostia in meso and metathorax), Eugaster spinulosus 
(excurrent ostia in mesothorax).

Trait 21. Presence of single median excurrent os-
tia in: (i) mesothorax, metathorax and abdomen: 
Embioptera: Oligotoma nigra (NUTTING 1951: 521). 
(ii) mesothorax: Plecoptera: Pteronarcys californica 
(NUTTING 1951: 521). 
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Trait 22. Excurrent ostia open into: (i) unpartitioned 
abdominal hemocoel (dorsal diaphragm absent): 
Plecoptera: Pteronarcys californica (NUTTING 1951: 
521); Embioptera: Oligotoma nigra (NUTTING 1951: 
521); Mantodea: Paratenodera sinensis, Stagmoman-
tis carolina, S. californica, Litaneutria minor, Para-
musonia cubensis (NUTTING 1951: 529). (ii) pericar-
dial sinus (above dorsal diaphragm): Phasmatodea: 
Anisomorpha buprestoides, Diapheromera covilleae, 
D. velii eucnemis (NUTTING 1951: 521); Blattaria: Bla-
tella vaga, Supella supellectilium, Symploce capitata, 
Blatta orientalis, Eurycotis fl oridana, E. balteata, 
Periplaneta americana, P. australasiae, Epilampra 
burmeisteri, Panchlora cubensis, Pycnoscelus su-
rinamensis, Blaberus craniifera, B. trapezoideus, 
Compsodes mexicanus, Arenivaga erratica, Panes-
thia javanica, Macropanesthia rhinocerus, Salganea 
sp., Cryptocercus punctulatus (NUTTING 1951: 528). 
(iii) perivisceral sinus (beneath dorsal diaphragm): 
Dermaptera: Anisolabis maritima (NUTTING 1951: 
521); Grylloblattodea: Grylloblatta campodeiformis 
(NUTTING 1951: 521). 
Variable. Orthoptera: (ii) Nemobius f. fasciatus, Cyclo-
ptilum comprehendens fortior, Hoplosphyrum bore-
ale, Paroecanthus aztecus, Gryllotalpa hexadactyla 
(NUTTING 1951: 521). (iii) Nomotettix cristatus, Taenio-
poda eques, Romalea microptera, Brachystola magna, 
Melanoplus femur-rubrum, Schistocerca shoshone, 
Dis sosteira carolina, Encoptolophus sordidus, Trime-
ro tropis maritima, T. p. pallidipennis, Mermiria macu-
lipennis (NUTTING 1951: 521). (ii) + (iii) excurrent ostia 
which are associated with phagocytic organs open 
above dorsal diaphragm; excurrent ostia without pha go-
cytic organs open beneath dorsal diaphragm: Acheta 
assimilis, Gryllodes sigillatus, Paragryllus martini, 
Amphiacusta sp., Pterophylla camellifolia, Liparoscelis 
sp., Dichopetala brevihastata, Insara e. elegans, Are-
thaea sp., Scudderia texensis, S. furcata furcifera, 
Amblycorypha oblongifolia carinata, Microcentrum 
rhombifolium, M. retinerve (NUTTING 1951: 521).

Trait 23. Structures associated with excurrent ostia: 
(i) none: Dermaptera: Anisolabis maritima (NUTTING 
1951: 521); Plecoptera: Pteronarcys californica (NUT-
TING 1951: 521); Embioptera: Oligotoma nigra (NUT-
TING 1951: 521). (ii) segmental vessels: Blattaria: Bla-
tella vaga, Supella supellectilium, Symploce capitata, 
Blatta orientalis, Eurycotis fl oridana, E. balteata, 
Periplaneta americana, P. australasiae, Epilampra 
burmeisteri, Panchlora cubensis, Pycnoscelus su-
rinamensis, Blaberus craniifera, B. trapezoideus, 
Compsodes mexicanus, Arenivaga erratica, Panes-
thia javanica, Macropanesthia rhinocerus, Salganea 
sp., Cryptocercus punctulatus (NUTTING 1951: 528); 
Mantodea (this condition presumably belongs to the 
ground pattern of this order: see “variable” below). 

(iii) two layers of dorsal diaphragm without other 
structures (i.e., phagocytic organs): Grylloblattodea: 
Grylloblatta campodeiformis (NUTTING 1951: 521); Or-
thoptera: see “variable” below. (iv) phagocytic organs 
without other structures (only in abdomen): Or-
thoptera: see “variable” below. (v) phagocytic organs 
plus excurrent ostia with double dorsal diaphragm 
(only in abdomen): Orthoptera: see “variable” below.
Variable. Mantodea: (i) Litaneutria minor, Paramuso-
nia cubensis (NUTTING 1951: 529). (ii) Paratenodera 
sinensis, Stagmomantis carolina, S. californica (NUT-
TING 1951: 528).
Variable. Orthoptera: (i) Anaxipha sp., Oecanthus n. 
nigricornis, O. n. quadripunctatus, O. californicus, 
O. niveus, Eugaster spinulosus, Nomotettix cristatus, 
Taeniopoda eques, Romalea microptera, Brachystola 
magna, Melanoplus femur-rubrum, Schistocerca sho-
shone, Dissosteira carolina, Encoptolophus sordidus, 
Trimerotropis maritima, T. p. pallidipennis, Mermiria 
maculipennis (NUTTING 1951: 521, 547–549). (iii) Ste-
nopelmatus fuscus, Capnobotes fuliginosus, Pedio-
dectes americanus, P. grandis, P. bruneri, Eremope-
des bilineatus, E. ephippiatus sonorensis, Atlanticus 
americanus, Neoconocephalus ensiger, N. robustus, 
N. retusus, Orchelimum erythrocephalum, O. vul-
gare (NUTTING 1951: 521, 547–549). (iv) Nemobius f. 
fasciatus, Cycloptilum comprehendens fortior, Ho-
plosphyrum boreale, Paroecanthus aztecus, Gryllo-
talpa hexadactyla (NUTTING 1951: 521, 547–549). (v) 
Acheta assimilis, Gryllodes sigillatus, Paragryllus 
martini, Amphiacusta sp., Pterophylla camellifolia, 
Liparoscelis sp., Dichopetala brevihastata, Insara 
e. elegans, Arethaea sp., Scudderia texensis, S. fur-
cata furcifera, Amblycorypha oblongifolia carinata, 
Microcentrum rhombifolium, M. retinerve (NUTTING 
1951: 521, 547–549). 

Trait 24, Character 5. Vascular system of anterior ab-
domen: (0) consisting of the dorsal vessel alone: all 
orders except those with state (1). (1) consisting of the 
dorsal vessel and segmental vessels: Mantodea (this 
state presumably belongs to the ground pattern of the 
order, see “variable” below); Blattaria: Blatella vaga, 
Supella supellectilium, Symploce capitata, Blatta ori-
entalis, Eurycotis fl oridana, E. balteata, Periplaneta 
americana, P. australasiae, Epilampra burmeisteri, 
Panchlora cubensis, Pycnoscelus surinamensis, Bla-
berus craniifera, B. trapezoideus, Compsodes mexi-
canus, Arenivaga erratica, Panesthia javanica, Mac-
ropanesthia rhinocerus, Salganea sp., Cryptocercus 
punctulatus (NUTTING 1951: 528) (6 pairs: mesothorax, 
metathorax, abdominal segments 3–6).
Variable. Mantodea: (0) Litaneutria minor, Paramuso-
nia cubensis (NUTTING 1951: 529) (4 pairs of excurrent 
ostia occur in abdominal segments 3–6). (1) Parateno-
dera sinensis, Stagmomantis carolina, S. californica 
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(NUTTING 1951: 528, fi g. 3) (4 pairs: abdominal seg-
ments 3–6).

Trait 25. Thoracic intracardiac valve: (i) absent: 
Coleoptera: Dytiscus marginalis (KUHL 1924: 118); 
Megaloptera: Sialis lutaria (SELMAN 1965: 492, 504); 
Hymenoptera: Apis mellifera (FREUDENSTEIN 1928: 
412). (ii) present: Diplura: Campodea augens, Cata-
japyx aquilonaris (GEREBEN-KRENN & PASS 1999: 72); 
Collembola: Onychiurus fi mentarius (DENIS 1928: 
121); Archaeognatha: “Machiloidea” (BÄR 1912: 43); 
Zygentoma: Ctenolepisma campbelli, Lepisma sac-
charinum (BARNHART 1961: 189); Embioptera: Oli-
gotoma nigra (NUTTING 1951: 516, fi g. 36, plate 16); 
Phasmatodea: Carausius morosus (OPOCZYNSKA-SEM-
BRATOWA 1936: 414). 
Note. NUTTING (1951: 516) could not confi rm the pre-
sence of such valves in Phasmatodea.

Trait 26, Character 6. Dorsal vessel in abdomen: (0) 
containing an intracardiac valve: Diplura: Campo-
dea augens, Catajapyx aquilonaris (GEREBEN-KRENN 
& PASS 1999: 72); Archaeognatha: Machilis hrábei 
(GEREBEN-KRENN & PASS 2000: 286); Zygentoma: 
Lepisma saccharina, Thermobia domestica GERE-
BEN-KRENN & PASS 2000: 287), Thermobia domestica 
(ROUSSET 1974: 2450, fi g. 1); Ephemeroptera: Epeorus 
sylvicola, Ephemera danica, Cloeon sp., Rhithro-
gena sp., Heptageniidae sp. (GEREBEN-KRENN & PASS 
2000: 288), Cloeon dipterum, C. similis, Heptage-
nia sulphurea, Baetis sp., Ephemerella ignita, Cae-
nis sp., Ephemera vulgata, Leptophlebia marginata, 
Habroleptoides modesta (MEYER 1931: 4), Cloeon 
dipterum, C. binoculata, Palingenia longicaudata, 2 
undetermined species (ZIMMERMANN 1884: 405, lar-
vae), Ephemera diptera (CREUTZBURG 1885: 246, lar-
vae), Cloeon dipterum (POPOVICI-BAZNOŞANU 1905: 
679, larvae), Siphlurus lacustris (DRENKELFORT 1910: 
583–584). (1) without intracardiac valve: all orders 
except those with state (0).

Trait 27. Spongy cells between two adjacent ostia: 
(i) present: Diptera: Tipula sp., Ctenophora pectini-
cornis (Tögel & Pass unpubl. data), Chironomus sp., 
Tanypus sp. (POPOVICI-BAZNOSANU 1905), Calliphora 
vicina (WASSERTHAL 1999: 128), Drosophila melano-
gaster (DEMEREC 1950). (ii) absent: Diptera: Culex 
sp. (Tögel & Pass unpubl. data); and probably all non-
dipteran orders.

Trait 28. Region of dorsal vessel posterior to ab-
dominal intracardiac valve: (i) developed as a cau-
dal chamber: Diplura: Campodea augens, Catajapyx 
aquilonaris (GEREBEN-KRENN & PASS 1999: 72–73, fi g. 
1). (ii) caudal tube: Machilis hrábei (GEREBEN-KRENN 
& PASS 2000: 286–287, fi g. 1). (iii) caudal pulsatile 

ampulla: Zygentoma: Lepisma saccharina, Thermo-
bia domestica (GEREBEN-KRENN & PASS 2000: 287, fi g. 
1), Thermobia domestica (ROUSSET 1974: 2450–2451); 
Ephemeroptera: Epeorus sylvicola, Ephemera danica, 
Cloeon sp., Rhithrogena sp., Heptageniidae sp. (GE-
REBEN-KRENN & PASS 2000: 287–288, fi g. 1), Cloeon 
dipterum, C. similis, Heptagenia sulphurea, Baetis 
sp., Ephemerella ignita, Caenis sp., Ephemera vul-
gata, Leptophlebia marginata, Habroleptoides mo-
desta (MEYER 1931: 4), Cloeon dipterum, C. binocula-
ta, Palingenia longicaudata, 2 undetermined species 
(ZIMMERMANN 1884: 405, larvae), Ephemera diptera
(CREUTZBURG 1885: 246, larvae), Cloeon dipterum 
(POPOVICI-BAZNOŞANU 1905: 679, larvae), Siphlurus la-
custris (DRENKELFORT 1910: 583–584).

Trait 29. Posterior end of dorsal vessel: (i) opens into 
vessels of terminal appendages: Diplura: Campodea 
augens, Catajapyx aquilonaris (GEREBEN-KRENN & 
PASS 1999: 72–73, fi g. 1); Archaeognatha: “Machiloi-
dea” (BÄR 1912: 41), “Machilide” (BARTH 1963: 197), 
Machilis hrábei (GEREBEN-KRENN & PASS 2000: 286–
287, fi g. 1); Zygentoma: Lepisma saccharina, Thermo-
bia domestica (GEREBEN-KRENN & PASS 2000: 287, fi g. 
1), Thermobia domestica (ROUSSET 1974: 2450, fi g. 1); 
Ephemeroptera: Epeorus sylvicola, Ephemera danica, 
Cloeon sp., Rhithrogenia sp., Heptageniidae sp. (GE-
REBEN-KRENN & PASS 2000: 287–288, fi g. 1), Cloeon 
dipterum, C. similis, Heptagenia sulphurea, Baetis 
sp., Ephemerella ignita, Caenis sp., Ephemera vulga-
ta, Leptophlebia marginata, Habroleptoides modesta 
(MEYER 1931: 4, larvae and adults), Cloeon dipterum, C. 
binoculata, Palingenia longicaudata, 2 undetermined 
species (ZIMMERMANN 1884: 405, larvae), Ephemera 
diptera (CREUTZBURG 1885: 246, larvae), Cloeon di-
pterum (POPOVICI-BAZNOSANU 1905: 679, larvae), Si-
phlurus lacustris (DRENKELFORT 1910: 583–584). (ii) 
closed: Protura: Acerentomon affi ne (FRANÇOIS 2003: 
263); Collembola: Anurida sp., Podura sp., Isotoma 
sp., Orchesella sp., Seira sp., Lepidocyrtus sp., Ac-
taletes sp., Sminthurus sp., Neanura sp., Tomocerus sp. 
(FRISH 1978: 177); Dermaptera: Hemimerus vosseleri, 
Anisolabis maritima, Forfi cula auricularia (NUTTING 
1951); Grylloblattodea: Grylloblatta campodeiformis 
(NUTTING 1951); Plecoptera: Pteronarcys californica 
(NUTTING 1951), Perla marginata (SCHWERMER 1914: 
301); Embioptera: Oligotoma nigra (NUTTING 1951); 
Zoraptera: Zorotypus hubbardi (NUTTING 1951); Phas-
matodea: Anisomorpha buprestoides, Diapheromera 
covilleae, Diapheromera velii eucnemis (NUTTING 
1951); Orthoptera: Acheta assimilis, Gryllodes sigilla-
tus, Paragryllus martini, Amphiacusta sp., Nemobius 
f. fasciatus, Myrmecophila nebrascensis, Cyclopti-
lum comprehendens fortior, Hoplosphyrum boreale, 
Paroecanthus aztecus, Anaxipha sp., Oecanthus n. 
nigricornis, O. n. quadripunctatus, O. californicus, 
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O. niveus, Gryllotalpa hexadactyla, Ceuthophilus sp., 
Stenopelmatus fuscus, Eugaster spinulosus, Ptero-
phylla camellifolia, Liparoscelis sp., Capnobotes 
fuliginosus, Pediodectes americanus, Pediodectes 
grandis, Pediodectes bruneri, Eremopedes bilineatus, 
E. ephippiatus sonorensis, Atlanticus americanus, 
Neoconocephalus ensiger, N. robustus, N. retusus, Or-
chelimum erythrocephalum, O. vulgare, Dichopetala 
brevihastata, Insara e. elegans, Arethaea sp., Scud-
deria texensis, S. furcata furcifera, Amblycorypha ob-
longifolia carinata, Microcentrum rhombifolium, M. 
retinerve, Tridactylus apicalis, Nomotettix cristatus, 
Taeniopoda eques, Romalea microptera, Brachystola 
magna, Melanoplus femur-rubrum, Schistocerca sho-
shone, Dissosteira carolina, Encoptolophus sordidus, 
Trimerotropis maritima, T. p. pallidipennis, Mermiria 
maculipennis (NUTTING 1951); Mantodea: Parateno-
dera sinensis, Stagmomantis carolina, S. californica, 
Litaneutria minor, Paramusonia cubensis (NUTTING 
1951); Blattaria: Blatella vaga, Supella supellectilium, 
Symploce capitata, Blatta orientalis, Eurycotis fl ori-
dana, E. balteata, Periplaneta americana, P. aus-
tralasiae, Epilampra burmeisteri, Panchlora cuben-
sis, Pycnoscelus surinamensis, Blaberus craniifera, 
B. trapezoideus, Compsodes mexicanus, Arenivaga 
erratica, Panesthia javanica, Macropanesthia rhi-
nocerus, Salganea sp., Cryptocercus punctulatus 
(NUTTING 1951); Isoptera: Mastotermes darwiniensis, 
Neotermes castaneus, Zootermopsis angusticollis, 
Reticulitermes fl avipes, Nasutitermes costalis (NUT-
TING 1951); Phthiraptera: Goniocotes compar, Lipeu-
rus baculus, Nirmus sp., Lipeurus jejunus, Gyropus 
gracilis, G. ovalis, Menopon pallidum, Trichodectes 
subrostratus (FULMEK 1917: 7); Hemiptera: Dysder-
cus fasciatus, Phonoctonus nigrofasciatus, Triatoma 
infestans, Eurygaster integriceps, Heterogaster urti-
cae, Enoplops scapha, Elasmostethus interstinctus, 
Dolichonabis limbatus, Leptopterna dolobrata, Velia 
caprai, Gerris lacustris (HINKS 1966: 378–379, 381), 
Rhodnius prolixus (CHIANG et al. 1990: 11); Neuro-
ptera: Dilar turcicus, Isoscelipteron fulvum, Chrysopa 
vulgaris (= Chrysoperla carnea) (Tögel & Pass un-
publ. data); Coleoptera: see “variable” below; Hyme-
noptera: Apis mellifera (FREUDENSTEIN 1928: 409, 413), 
Camponotus rufi pes (MARQUES & CAETANO 2001: 552), 
Pristiphora abietina, Paravespula germanica (Tögel 
& Pass unpubl. data); Trichoptera: Cyrnus trimacula-
tus, Hydropsyche angustipennis, Drusus monticola, 
Mystacides azurea (Tögel & Pass unpubl. data); Lepi-
doptera: Nemophora degeerella, Polyommatus icarus 
(Tögel & Pass unpubl. data), Attacus atlas (WASSER-
THAL 1982: 108); Megaloptera: Sialis lutaria (SELMAN 
1965: 493, 505; Tögel & Pass unpubl. data); Diptera: 
see “variable” below; Siphonaptera: Ctenocephalides 
felis (Tögel & Pass unpubl. data); Mecoptera: Boreus 
hyemalis (Tögel & Pass unpubl. data). (iii) opens into 

abdominal hemocoel: Coleoptera: see “variable” 
below; Diptera: see “variable” below. Raphidioptera: 
Raphidia fl avipes, Inocellia crassicornis (Tögel & 
Pass unpubl. data) (single unpaired opening).
Variable. Coleoptera: (ii) Dytiscus marginalis (KUHL 
1924: 86), Nebria castanea, Corymbites cupreus (Tö-
gel & Pass unpubl. data). (iii) Goliathus goliathus, 
Oryctes nasicornis (WASSERTHAL 1982: 107) (single 
unpaired opening).
Variable. Diptera: (ii) Anopheles quadrimaculatus 
(JONES 1954: 78), Drosophila melanogaster (DEME-
REC 1950: 443), Culex sp. (Tögel & Pass unpubl. data). 
(iii) Calliphora vicina (WASSERTHAL 1982: 107) (sin-
gle pair of openings), Calliphora vicina (WASSERTHAL 
1999: 112, 115) (two pairs of openings), Protophor-
mia terraenovae (ANGIOY et al. 1999: 21, 25) (single 
unpaired opening: “terminal cone”), Ceromasia sp., 
larvae of Chironomus and Tipula (SNODGRASS 1935; 
WIGGLESWORTH 1955), Tipula sp., Ctenophora pecti-
nicornis (Tögel & Pass unpubl. data) (single unpaired 
opening with lips: “terminal ostium”).

 
8.2. Antennal circulatory organs

Trait 30. Antennal vessels: (i) connected directly to 
dorsal vessel: Diplura: Campodea augens (PASS 1991: 
151), Catajapyx aquilonaris (GEREBEN-KRENN & PASS 
1999: 73). (ii) connected to frontal sac: Zygentoma: 
Lepisma saccharina (Gereben-Krenn & Pass unpubl. 
data); Odonata, larvae only: Chalcolestes viridis, Aesh-
na cyanea, Libellula depressa (PASS 1991: 151); Lepi-
doptera: Sphinx convolvuli (BROCHER 1920), Bombyx 
mori, Syntomis phegea, Macroglossum stellatarum 
(SELVATICO 1887: 562–563), Bombyx mori (SCHNEIDER 
& KAISSLING 1959: 124), Sphingidae sp., Saturniidae 
sp., Papilionidae sp. (VONDRAN & WASSERTHAL 1998: 
69), Artogeia rapae, Vanessa cardui, Mamestra bras-
sicae, Triodia sylvina (Pass unpubl. data); Tricho-
ptera: Philopotamus ludifi catus (Pass unpubl. data). 
(iii) separate from dorsal vessel: Archaeognatha: 
Machilis sp. (BITSCH 1963: 621), Machilis tyrolenisis, 
Trigonophthalmus alternatus (PASS 1991: 151); Der-
maptera: Forfi cula auricularia, Chelidurella acantho-
pygia, Labidura riparia (PASS 1991: 154); Grylloblat-
todea: Grylloblatta campodeiformis (PASS 1991: 153); 
Plecoptera: Protonemoura sp. juv., Isoperla sp. juv., 
Dictyogenus fontium, Isogenus nubecula, Dinocras 
cephalotes juv., Perla marginata juv., P. bipunctata 
juv. (PASS 1991: 151); Embioptera: Haploembia solieri, 
Embia contorta, Embia thyrrenica (PASS 1991: 153); 
Phasmatodea: Carausius sp. (PASS 1991: 154); Manto-
dea: Mantis religiosa (PASS 1991: 154), Blattaria: Bla-
berus craniifer, Periplaneta americana (PASS 1991: 
154; PAWLOWA 1895: 9); Isoptera: Syntermes molestus 
(PASS 1991: 154); Orthoptera: Gryllotalpa gryllotalpa, 
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Oecanthus pellucens, Acheta domesticus, Tachycines 
asynamorus, Tettigonia viridissima, Jimenezia ele-
gans, Phaneroptera falcata, Platycleis grisea, Callip-
tamus italicus, Chorthippus parallelus, Chrysochraon 
dispar, Stenobothrus nigromaculatus (PASS 1991: 
154–156), Locusta migratoria (BAYER 1968); Hemi-
ptera: Pyrrhocoris apterus, Dolycoris baccharum, Ste-
nodema laevigatum, Lygus saxatilis, Ranatra linearis, 
Naucoris cimicoides (Pass unpubl. data); Coleoptera: 
Cionus scrophulariae (DÖNGES 1954: 67), Melolontha 
melolontha (PASS 1980: 80), Ocypus olens, Cantharis 
fusca, Carabus intricatus, Abax ovalis, Coccinella 
septempunctata, Plagionotus arcuatus (Pass unpubl. 
data); Strepsiptera: Stylops sp., Xenos sp. (KINZEL-
BACH 1966), but no antennal circulatory organ found 
in Triozocera mexicana (Pass unpubl. data); Raphi-
dioptera: Phaeostigma notata, Dichrostigma fl avipes 
(Pass unpubl. data); Megaloptera: Sialis lutraria (SEL-
MAN 1965: 511); Neuroptera: Libelloides macaronius, 
Chrysopa sp., Osmylus fulvicephalus, Dilar turicus, 
Micromus sp. (Pass unpubl. data); Hymenoptera: Xye-
la alpigena, Cephalcia abietis, Urocerus augur, Neo-
diprion sertifer, Diprion sp., Xiphidria sp., Allantus 
sp., Pristiophora abietina, Tenthredo campestris, Tra-
chetus tabidus, Janus compressus, Hartigia linearis, 
Evania appendigaster, Diplolepis rosae, Andricus sp., 
Leucospis gigas, Amblyteles sp., Ophion luteus, Sco-
lia hirta, Mutilla europaea, Dasylabris maura, Tiphia 
femorata, Paravespula germanica, P. vulgaris, Necta-
rinella championi, Lasius niger, Camponotus sp., 
Mellinus arvensis, Sceliphron sp., Ampulex compres-
sa, Apis mellifera, Bombus hortorum, Osmia cornuta, 
Andrena humilis (MATUS & PASS 1999: 98–102), Apis 
mellifera (FREUDENSTEIN 1928: 454–456); Mecoptera: 
Panorpa sp. (Pass unpubl. data); Diptera: Dilophus 
febrilis, Nemotelus pantherinus, Rhagio strigosa, Ta-
banus sp., Bombylius venosus, Hemipenthes morio, 
Empis tesselata, Dolichopus aenaeus, Pipunculus sp., 
Eristalis pertinax, Micropeza corrigiolata, Diase-
mopsis fasciatia, Limnia fumigata, Carnus hemapte-
rus, Melophagus ovinus, Calliphora erythrocephala, 
Echinomyia fera (DUDEL 1977, 1978a,b).

Trait 31. Antennal diaphragms: (i) present: Collem-
bola: Orchesella cincta, Tomocerus longicornis, Te-
trodontophora bielanensis (PASS 1991); Ephemeropte-
ra: Ephemera danica juv. (PASS 1991: 151).

Trait 32, Character 7. Antennal vessel wall: (0) uni-
form: all species listed in trait 30, except those listed 
under state (1) in the following. (1) bipartitioned, 
proximal portion with additional inner layer of 
transporting cells: Mantophasmatodea: Karoophas-
ma biedouwensis (Pass unpubl. data); Blattaria: Peri-
planeta americana (PASS 1985), Blaberus craniifer 
(Pass unpubl. data); Mantodea: Mantis religiosa (Pass 

unpubl. data). Inapplicable: Protura lacking antennae, 
species with antennal diaphragms (trait 31) and taxa 
without any antennal circulatory organs: Odonata, 
imagines only: Chalcolestes viridis, Platycnemis pen-
nipes, Aeshna cyanea, Libellula depressa (PASS 1991: 
151); Phthiraptera: Pediculus sp. (Pass unpubl. data); 
Siphonaptera: Ctenocephalides canis (Pass unpubl. 
data); Strepsiptera: Stylops sp. (“blasige Aorta”, no 
antennal vessel, KINZELBACH 1966: 653), Triozocera 
mexicana (no antennal circulatory organ, Pass unpu-
bl. data). Missing data: Zoraptera, Psocoptera, Thy-
sanoptera.

Trait 33, Character 8. Antennal ampullae: (0) not 
connected by a muscle: Archaeognatha; Zygentoma; 
all Pterygota except those with state (1), “inapplicable” 
and “missing data”. (1) connected by an ampullo-
ampullary dilator muscle: Phasmatodea: Carausius 
sp. (PASS 1991: 154); Mantodea: Mantis religiosa (PASS 
1991: 154); Blattaria: Blaberus craniifer, Periplaneta 
americana (PASS 1991: 154; PAWLOWA 1895: 9); Iso-
ptera: Syntermes molestus (PASS 1991: 154); Ortho-
ptera: (this condition presumably belongs to the ground 
pattern of this order: see “variable” below). Inappli-
cable: Diplura, Protura, Collembola, Ephemeroptera, 
Odonata, Phthiraptera, Siphonaptera, Strepsiptera. 
Missing data: Zoraptera, Psocoptera, Thysanoptera.
Variable. Orthoptera: (0) Gryllotalpa gryllotalpa 
(PASS 1991: 154–155) (1) Oecanthus pellucens, Ache-
ta domesticus, Tachycines asynamorus, Tettigonia 
viridissima, Jimenezia elegans, Phaneroptera falcata, 
Platycleis grisea, Calliptamus italicus, Chorthippus 
parallelus, Chrysochraon dispar, Stenobothrus nigro-
maculatus (PASS 1991: 154–156), Locusta migratoria 
(BAYER 1968). 

8.3. Leg circulatory organs

Trait 34, Character 9. Leg hemocoel: (if not other-
wise indicated, data from Pernstich & Pass, unpubl. 
data) (0) not partitioned: Diplura: Campodea augens, 
Metajapyx jonicus; Protura: Acerentomon sp.; Collem-
bola: Tetrodontophora bielanensis; Archaeognatha: 
Machilis hrábei; Zygentoma: Lepisma saccharina. (1) 
partitioned by diaphragm composed of connective 
tissue and associated tracheal tubes: Ephemeroptera: 
Cloeon sp., Cloeon dipterum, Heptagenia sp., Hepta-
genia sulphurea, Baetis sp., Ephemerella sp., Caenis 
sp., Ephemera vulgata, Leptophlebia sp. (MEYER 1931), 
Ameletus inopinatus, Ephemera danica, Rhithrogena 
sp.; Odonata: Libellula depressa, Coenagrion sp.; 
Dermaptera: Forfi cula auricularia, Apterygolia me-
dia; Grylloblattodea: Grylloblatta campodeiformis; 
Plecoptera: Perla marginata (SCHWERMER 1914), P. 
burmeisteriana, Nemoura sp.; Embioptera: Haploem-
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bia solieri, Embia tyrrhenica, E. contorta; Phasmato-
dea: Baculum extradentatum, Exartosoma tiaratum; 
Mantodea: Mantis religiosa; Blattaria: Periplaneta 
americana (BROCHER 1922); Isoptera: Bifi ditermes sp.; 
Orthoptera: Gryllotalpa gryllotalpa, Acheta domesti-
cus, Oecanthus pellucens, Tettigonia cantans, Ephip-
piger ephippiger, Chorthippus sp., Locusta migrato-
ria; Psocoptera: Dorypteryx pallida; Phthiraptera: Li-
nognathus setosus, Haematopinus suis, Haemodispus 
ventricosus; Thysanoptera: Gynaikothrips fi corum, 
Aelothrips sp.; Hemiptera: Rhodnius prolixus; Cole-
optera: Cetonia aurata, Meloe sp., Ocypus olens, Ne-
bria castanea, Dytiscus sp.; Raphidioptera: Subilla 
physodes, Phaeostigma major, Puncha ratzeburgi; 
Megaloptera: Corydalis cornutus, Chauliodes pecti-
cornis; Neuroptera: Sialis lutraria (SELMAN 1965: 516), 
Drepanepteryx phalaenoides, Osmylus fulvicephalus, 
Chrysopa pallens; Hymenoptera: Apis mellifera, Xylo-
copa violacea, Osmia bicolor, Vespula sp., Tenthredo 
atra, Mutilla europaea, Mellinus arvensis, Amblyetes 
sp., Rhodites rosae, Camponotus sp., Formica lemani; 
Mecoptera: Panorpa communis, P. alpina, Boreus 
hyemalis; Siphonaptera: Ctenocephalides felis; Strep-
siptera: Triozocera mexicana; Diptera: Drosophila 
melanogaster (SHANBHAG et al. 1992), Hippobosca sp., 
Musca domestica, Bombylius sp., Drosophila mela-
nogaster, Tabanus bromius. (2) partitioned by dia-
phragm formed by elastic tracheal sac: Trichoptera: 
Mystacides azurea, Drusus monticola, Hydropsyche 
angustipennis; Lepidoptera: Deilephila elpenor (WAS-
SERTHAL 1982), Triodia sylvina, Nemophora degeer-
ella, Zygaena sp., Ochlodes venatus, Coenonympha 
pamphilus, Polyommatus icarus, Notodonta ziczac, 
Siona lineata, Agrius convolvuli, Vanessa cardui. 

8.4. Wing circulatory organs

Trait 35. Pulsatile apparatus associated with scutel-
lum: (i) dorsal vessel modifi cation: Ephemeroptera: 
Cloeon sp., Cloeon dipterum, Heptagenia sulphurea, 
Ephemera vulgata (MEYER 1931), Caenis sp., Habro-
leptoides confusa, Ecdyonurus sp., Ephemera dani-
ca (KRENN & PASS 1994: 9); Odonata: Anax junius, 
Tramea sp., Libellula sp., Sympetrum sp., Calopteryx 
sp., Lestes sp. (WHEDON 1938), Ischnura elegans, Pla-
tycnemis pennipes, Calopteryx virgo (KRENN & PASS 
1994: 9); Dermaptera: Labidura riparia, Forfi cula au-
ricularia (KRENN & PASS 1994: 12); Grylloblattodea: 
Grylloblatta campodeiformis (KRENN & PASS 1994: 
12); Plecoptera: Dictyogenus fontium, Leuctra sp., 
Nemoura sp. (KRENN & PASS 1994: 9); Embioptera: 
Oligotoma nigra (KRENN & PASS 1994: 15); Phasma-
todea: Baculum sp., Exartosoma tiaratum (KRENN & 
PASS 1994: 13); Mantodea: Mantis religiosa (KRENN & 

PASS 1994: 12); Blattaria: Periplaneta americana, Ec-
tobius sylvestris (KRENN & PASS 1994: 9–12); Isoptera: 
Stenidea sp.; Orthoptera: Locusta migratoria, Chort-
hippus parallelus, Oedipoda caerulescens, Miramella 
alpina, Chrysochraon dispar, Tetrix sp., Pholidoptera 
griseoaptera, Metrioptera roeseli, Platycleis grisea, 
Acheta domesticus, Phaneroptera falcata, Leptophyes 
punctatissima (KRENN & PASS 1994: 12); Psocoptera: 
Graphopsocus cruciatus (KRENN & PASS 1994: 15); 
Coleoptera: (meso- and metathorax:) Nebria castanea, 
N. jockischii, (only in metathorax:) Rhagonycha fulva, 
Ctenicera cuprea, Coccinella septempunctata, Pityo-
genus chalcographus (KRENN & PASS 1994/95: 151). 
(ii) pulsatile diaphragm attached to dorsal vessel: 
Neuroptera; Trichoptera; Lepidoptera: see “variable” 
below. (iii) pulsatile diaphragm separate and un-
paired: Hemiptera: Alydus calcaratus, Pyrrhocoris 
apterus, Miris striata, Gerris sp., Ranatra linearis, 
Nepa cinerea, Psylla sp., Cercopis sanguinolenta, Rho-
palisiphum padi, Cicadetta montana (KRENN & PASS 
1994: 15); Megaloptera: Sialis lutraria (SELMAN 1965: 
518), Corydalis sp. (KRENN & PASS 1994/95: 151). (iv) 
separate and paired: Lepidoptera: see “variable” be-
low; Diptera: see “variable” below.
Variable. Neuroptera: (ii) Osmylus fulvicephalus, Di-
lar turicus, Hemerobius fenestratus, Chrysoperla car-
nea, Libelloides macaronius. (iii) Mantispa styriaca 
(KRENN & PASS 1994/95: 151).
Variable. Lepidoptera: (ii) Micropterix calthella (me-
sothorax and metathorax), Triodia sylvina (mesotho-
rax, metathorax, muscular cord), Yponomeuta cagna-
gella (mesothorax), Syntomis phegea (mesothorax), 
Ma mestra brassicae (mesothorax). (iii) Nemophora 
dege erella (mesothorax and metathorax), Yponomeuta 
cag nagella (metathorax), Syntomis phegea (metatho-
rax), Mamestra brassicae (metathorax). (iv) Zygaena 
fi li pendula (mesothorax), Papilio machaon (mesotho-
rax), Heliconius melpomene (mesothorax), Polyom-
ma tus icarus (mesothorax) (KRENN & PASS 1994/95: 
156).
Variable. Diptera: (iii) Tabanus sp. (THOMSEN 1938: 
420), Tipula sp., Bibio marci, Aphidoletes aphidimyza, 
Haematopota pluvialis. (iv) Musca domestica (THOM-
SEN 1938: 420), Bombylius major, Eristalis tenax, Epi-
syrphus balteatus, Drosophila immigrans, Ceratitis 
capitata, Musca domestica, Calliphora sp. (KRENN & 
PASS 1994/95: 159).
Variable. Hymenoptera: (i) Urocerus gigas, Pristipho-
ra bietina, Macrophya sp., Neodiprion sertifer, Apan-
theles sp. (iii) Ophion luteus, Paravespula germani-
ca, Ampullex compressa, Colletes sp., Apis mellifera 
(KRENN & PASS 1994/95: 151).
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8.5. Circulatory organs of abdominal appendages

Trait 36, Character 10. Cercal vessels: (0) connected 
to dorsal vessel: Diplura: Campodea augens, Cata-
japyx aquilonaris (GEREBEN-KRENN & PASS 1999: 
73–74, fi g. 1). (1) separate from dorsal vessel: Ar-
chaeognatha: Machilis hrábei (GEREBEN-KRENN & 
PASS 2000: 286–287, fi g. 1); Zygentoma: Lepisma sac-
charina, Thermobia domestica (GEREBEN-KRENN & 
PASS 2000: 287, fi g. 1), Thermobia domestica (ROUS-
SET 1974: 2450–2451); Ephemeroptera: Epeorus syl-
vicola, Ephemera danica, Cloeon sp., Rhithrogenia 
sp., Heptageniidae sp. (GEREBEN-KRENN & PASS 2000: 
287–288, fi g. 1), Cloeon dipterum, C. similis, Hepta-
genia sulphurea, Baetis sp., Ephemerella ignita, Cae-
nis sp., Ephemera vulgata, Leptophlebia marginata, 
Habroleptoides modesta (MEYER 1931: 4, larvae and 
adults), Cloeon dipterum, C. binoculata, Palingenia 
longicaudata, 2 undetermined species (ZIMMERMANN 
1884: 405, larvae), Ephemera diptera (CREUTZBURG 
1885: 246, larvae), Cloeon dipterum (POPOVICI-BAZNO-
SANU 1905: 679, larvae), Siphlurus lacustris (DRENKEL-
FORT 1910: 583–584); Plecoptera: Perla marginata, Di-
nocras cephalotes, Dictyogenus fontium (PASS 1987: 
440–441). Inapplicable: all taxa except those in states 
(0) and (1). Not known: Odonata, Dermaptera. 

Trait 37. Terminal fi lament vessel: (i) present and 
directly connected to dorsal vessel: Archaeognatha: 
Machilis hrábei (GEREBEN-KRENN & PASS 2000: 286–
287, fi g. 1), “Machilide” (BARTH 1963), “Machiloidea” 
(BÄR 1912: 41); Zygentoma: Lepisma saccharina, 
Thermobia domestica (GEREBEN-KRENN & PASS 2000: 
287, fi g. 1; ROUSSET 1974: 2450–2451). (ii) present with 
enlarged base and not directly connected but very 
close to posterior end of dorsal vessel: Ephemero-
ptera: Epeorus sylvicola, Ephemera danica, Cloeon 
sp., Rhithrogenia sp., Heptageniidae sp. (GEREBEN-
KRENN & PASS 2000: 287–288, fi g. 1).

Trait 38, Character 11. Cercal hemocoel: (0) not 
partitioned: in taxa with a cercal vessel (see trait 36) 
and Mantophasmatodea: Karoophasma biedouwensis 
(Pass unpubl. data); Embioptera: Haploembia solieri 
(Hartl & Pass unpubl. data); Phasmatodea: Carausius 
morosus (Hartl & Pass unpubl. data); Orthoptera: Lo-
custa migratoria (Hartl & Pass unpubl. data); Isoptera: 
sp.indet. (Hartl & Pass unpubl. data). (1) partitioned 
by diaphragm: Grylloblattodea: Grylloblatta cam-
podeiformis (Hartl & Pass unpubl. data); Mantodea: 
Mantis religiosa (Pass unpubl. data); Blattaria: Blat-
tella germanica (MURRAY 1967), Periplaneta ameri-
cana (Pass unpubl. data). Inapplicable: all taxa ex-
cept those in states (0) and (1). Not known: Odonata, 
Dermaptera. 
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