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Abstract The head of third instar larvae Bfydroscapha ed in current classifications (Lawrence and Newton
natanswas reconstructed three dimensionally on a cot995). A sister-group relationship with the Polyphaga
puter. This technique allowed a detailed examination ands proposed by Klausnitzer (1975) and Beutel (1997),
presentation of internal features of a representative of the features of wing venation suggest a sister-group rela-
‘suborder’ Myxophaga, which is characterized by the vetipnship between the Myxophaga and the Adephaga (Ku-
small size of the immature stages and adults. Larval cHaalova-Peck and Lawrence 1993).
acter states oH. natanswere compared with features The Myxophaga are represented by four families (Hy-
found in other representatives of the Coleoptera. Tti@scaphidae LeConte, 1874; Lepiceridae Hinton, 1936;
monophyly of the Myxophaga (excluding Lepiceridae) iBorridincolidae Steffan, 1964; Microsporidae Crotch,
supported by several autapomorphies of the larval head:8&3) and comprise approximately 60 species (Lawrence
broadened, transverse head, scale-like cuticular surfand Newton 1995). There are three genera of Hydroscaph-
structures, round and flattened labral sensilla, short antelae: ScaphydreReichardt, 1973 (3 species in Brazifara
nae with only two antennomeres, a ligula with papillaBeichardt and Hinton, 1976 (2 species in Brazil and Pana-
and a broadened tentorial bridge. A monophylum comprnisa), andHydroscaphd.eConte, 1874 (11 species in North
ing the Hydroscaphidae and Microsporidae is charactdmerica, Eurasia, North Africa, and Madagascar) (Rei-
ized by a very unusual semientognathous condition of tfeardt 1971, 1973; Reichardt and Hinton 1976; Lawrence
mouthparts and an unusual shape and large relative sizanof Reichardt 1991; Lawrence and Newton 1995).
the brain. The last common ancestor of the Hydroscaph-All species of Myxophaga are characterized by their
idae, Torridincolidae, and Microsporidae was probably livery small size. The body length of adults does not ex-
ing in hygropetric habitats. Several apomorphies haseed 2.6 mm (Reichardt 1973; Reichardt and Hinton
evolved in correlation with this peculiar life style. Thd976; Reichardt and Vanin 1976; Vanin 1991). Adults
very dense arrangement of muscles and other interavadl larvae of the Hydroscaphidae and Torridincolidae
structures, and the unusual shape and size of the cerelmrtenmost commonly collected in hygropetric habitats,
have resulted from miniaturization. The overall complexityhereas adults of the Microsporidae live in moist sub-
of the head is not reduced in comparison to larvae of othrate at the edges of rivers (Britton 1966; Lawrence and
representatives of Coleoptera. A negative allometric reReichardt 1991). Adults of the Lepiceridae were collect-
tionship between body size and the size of the brain, arelaalong streams in flood debris (Reichardt 1976). Lar-
correlation between brain size and the size of neurons was of this family are not yet known.
found in several species of Coleoptera examined. The present paper is aiming at a clarification of the
sister-group relationship of the Hydroscaphidae and the
monophyly of Myxophaga, based on a non-numerical
A. Introduction phylogenetic evaluation of external and internal character
o . states of the larval head. Morphological feature$ipf
The phylogenetic importance of the Myxophaga is e@roscapha natanswhich are described in detail in the
phasized by their position as a separate ‘suborder’ of figrphological section, are compared with those found in
Coleoptera, as proposed by Crowson (1955) and acceizae of representatives of the Microsporidae, Torridin-

colidae, and other groups of the Coleoptera. An attempt is

:?1-5 ﬁt-u theUUrteS'pgz)ié@ 'Z"C?Sf)gie und Evolutionsbiologie made to clarify which of the presumably derived charac-
Friedrich-Schiller-Universitat, Erbertstrasse 1, ’ ter Stat.es found in Iar\(ae of the Hydroscaph|da§e or Myxo-
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bution is to clarify the effects of miniaturization on the
morphology of the larvae dfl. natans It is discussed
whether shape and size of the brain, the muscle arrange-
ment, and structural changes such as fusion of sclerites
are correlated with the very small size of the larvae.

It is probably due to the strong degree of miniaturiza-
tion that internal features of the larvae of Myxophaga
have remained undescribed until now. Reliable morpho-
logical results are difficult to obtain by dissection; the
same is true for a proper understanding of the internal
features from serial sections. One purpose of this study is
to demonstrate that computer-based three-dimensional re-
construction, which has not yet been applied in the pres-
ent field, permits a detailed description and innovative
presentation of minute and complex internal structures.

B. Materials and methods

The following species were examined (number of specimens in pa-
rentheses)Myxophaga HydroscaphidaeHydroscapha natanke-
Conte, 1874 (20). Microsporida®licrosporusspp. (European and
North American species; 3 and 6, respectively). Torridincolidae:
zeusReichardt, 1973 (2)apir britskii (Reichardt and Costa, 1967)
(2), Delevea namibensiEndrody-Younga, 1997 (5)Torridincola
rhodesicaSteffan, 1964 (5)Satonius kurosawgiSato, 1982) (20).
Polyphaga Hydraenidae:Davidraena sp. (8), Hydraenasp. (2),
Ochthebiusspp. (30). LeiodidaeCatopssp. (30). AgyrtidaeNe-
crophilus hydrophiloide§uérin-Menneville, 1835 (2). Spercheidae:
Spercheus emarginatuéSchaller, 1783) (5). Helophoridaéiel-
ophorussp. (3). HydrophilidaeBerosussp. (2),Hydrochara carabo-
ides(Linné, 1758) (3) Hydrophilus piceugLinné, 1758) (3)Ade-
phaga Haliplidae: Brychius elevatugPanzer, 1794) (6). Trachy-
pachidae:Trachypachus holmbergilannerheim, 1853 (2). Dytis-
cidae:Acilius sulcatugLinné, 1758) (2)Megaloptera Sialissp. (6).

Specimens oH. natans Microsporussp., . britskii, D. nami-
bensis Hydraenasp., Ochthebiussp., N. hydrophiloides Catops
sp., andA. sulcatuswere embedded in Historesin and cut with a
glass knife into 3#m-thick sections on a microtome (Microm,
Walldorf, Germany). The sections were stained with methylene
blue and acid fuchsin. Larval skins dficrosporus sp. were
mounted in glycerin on microscope slides.

All sections (58) ofH. natanswere drawn with the aid of a
camera lucida-equipped microscope. Subsequently, the drawings
were scanned electronically and digitized interactively. The contour
lines obtained were used to reconstruct the larval head anatomyign 1A—C Hydroscapha natanshead.A Anterolateral view, ex-
a Silicon Graphics IndigoExtreme computer (Silicon Graphics,ternal structuresB Dorsal view.C Ventral view.ant Antenna,cll
Mountain View, Calif., USA) using Alias Studio 7.01 softwarelypeolabrum,cs coronal suturefs frontal suture,gf genal fold,
(Alias Wavefront, Toronto, Canada). Full-size pictures and vidga gula, ma mala,md mandible,pmt prementumscascale,smtm
animations of the reconstruction can be requested from the authstdbmentomentunstestemmi:

Scanning electronic microscopi.(natans, Microsporusp.,l.
britskii, Ytu sp., D. namibensisT. rhodesica and S. kurosawai
was carried out with specimens which had been cleaned with
warm water, detergent, and ultrasonic sound, dried (critical-point
method), and coated with gold. 1.1 mm). It is only slightly compressed dorsoventrally,

rounded laterally, and the posterior part is retracted into
the prothorax. Distinct paramedian impressions are

C. Results present on the posterodorsal part of the head capsule
(Fig. 2D). The labrum is completely fused with the cly-

I. Head capsule peus. The clypeolabrum extends strongly anteroventrally,
almost completely covering the mandibles, and is con-

1. General appearance (Figs. 1, 2) nected laterally with the anterior margin of a conspicuous

triangular genal fold. A clypeofrontal suture is absent, but
The head ofH. natansis subprognathous, distinctlythe frontal suture is fairly distinct and lyriform. The frons
broadened, and large in relation to the body size (hésdtrongly extended posteriorly and the coronal suture is
length: 0.2 mm, head width: 0.3 mm, total lengttvery short. Five stemmata are present, arranged in two
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Fig. 2A-D H. natans head, SEM micrographsA Mouthparts, horizontal rows of three and two. Stemma 5 is located be-
ventral view.B Labrum and triangular genal fol@. Antenna, pos- |gw the second stemma of the upper row and is only visi-

terolateral viewD Posterodorsal surface of head capsatd.an- : : :
tennacll clypeolabrumfr frons, gf genal fold lig ligula, mamala, ble as an internal pigmented spot, not as a cuticular ele\(a'
sapl sensorial appendage of maxillary pafiap2 sensorial ap- tion (Figs. 1A, 3). The ventral part of the head capsule is

pendage of labial pain much shorter than the dorsal part and the ventral mouth-
parts are retracted. The maxillary articulatory area (fossa
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maxillaris) is deep, with a well-developed articulatingA). Musculature (Table 1)M. labroepipharyngalis (M. 7)
membrane, laterally adjacent with the genal fold. Tle probably present, but is not clearly identified on micro-
edge of the fold is very distinct and set with conspicuotsme sections. M. frontoepipharyngalis (M. 9) is absent.
setiferous tubercles (Figs. 1C, 2A,B). The gula is broad

and short, sclerotized, inserted between the fissure-like i

posterior tentorial grooves, and distinctly separated frgmAntenna (Figs. 1, 2C)

the submentomentum (Figs. 1C, 2A). The antennae are very short, composed of two anten-

nomeres, and inserted on a distinct cuticular elevation.
2. Setation and microsculpture (Figs. 1, 2) Antennomere 1 is moderately broad and short whereas

antennomere 2 is very slender, with a minute distal sen-
The distribution of setae is fairly irregular (Fig. 1B). Mosdilla. A sensorial appendage is present. It is slightly lon-
parts of the cuticula are covered with minute tubercles ajst than antennomere Rlusculature (Fig. 3C—F, Table
spines. The interspaces are covered with extremely smaliM. tentorioscapalis anterior (M. 1) is a very thin mus-
cuticular micropapillae (Fig. 2). There are dorsomediagle originating on the dorsal wall of the head capsule, on
dorsolateral, and ventrolateral areas with unusual scalesmall internal cuticular elevation. It inserts anteriorly
like surface structures with serrate anterior edges. Sengjhiathe scapal base. M. tentorioscapalis posterior or medi-
campaniformia are present between the cuticular scalis§ (M. 2 or 4) is also very thin and originates on the

(Fig. 2D). The anterior clypeolabral area is smooth. dorsal wall of the head capsule, on an internal cuticular
elevation, but inserts posteriorly on the scapal base. The
3. Tentorium (Fig. 3B,D,F) strongly shortened antenna may be slightly turned for-

ward and backward by these thin muscles.

Strong posterior tentorial arms arise close to the foramen
occipitale and are continuous with the postoccipital ridge . .
posterolaterally. The tentorial bridge is unusually brogd Mandible (Figs. 3A, 4C)

(Fig. 3A). The anterior arms are strong and round o mandible is fairly short, with a moderately flattened,

cross-section (Fig. 3F) whereas the dorsal arms are shat- 4 asal ; ;

) part. A well-developed, sclerotized mola is
very broad (Fig. 3D), and attached to the dorsal wall gfyereq with rows of minute spines and a small mesal
the head capsule by means of fibrillar structures. tooth is present immediately anterior to the molar region.

There is a narrow distal part with several apical and sub-

Il. Appendages and their musculature apical teeth. A fairly large subapical pseudomola is pre-
sent which is semimembranous and set with posteriorly
1. Labrum (Figs. 1, 2A,B, 3A,B) directed spines. The outer margin of the mandible forms

a distinct angle and two setae are inserted in a shallow
The labrum is fused with the clypeus and is strongly exxcavation of the lateral edge. The anterior seta is modi-
tended. The anterior margin is lined with setae and fdiad, with a varying number of minute spine-like protu-
scale-like, round sensilla are present medially (Figs. 1@rances or with a frayed apex in other specimdus-

culature (Fig. 3A,C,E, Table 1M. craniomandibularis

internus (M. 11) is the strongest muscle of the head and
Fig. 3A-F H. natans head, three-dimensional reconstructign. iS composed of ten subcomponents. It arises from exten-
Similar view as in Fig. 1A, sagittal section, dorsal wall of heasive parts of the dorsolateral, lateral, and ventrolateral ar-

Cagsg'e.remo"e‘B dlgegd, same Vlie‘."” doésa' "‘l’a” Cl’lf hfeﬁd ‘éaF’SU@as of the head capsule and inserts on the adductor ten-
and brain removedC Dorsolateral view, dorsal wall of head cap : . ; b
sule removedD Same view, dorsal wall of head capsule, braigON- M. craniomandibularis externus (M. 12) is divided

and M. craniomandibularis internus removesl. Posterodorsal INto three subcomponents which originate on the dorso-
view, dorsal wall of head capsule remov&dSame view, dorsal lateral and lateral wall of the head capsule and insert on

wall of head capsule and brain removedtm antennal muscles, the abductor tendon. These muscles act as adductor or
ata anterior tentorial armger cerebrum,clr clypeal region,dta : :
dorsal tentorial armfg frontal ganglion,lbr labrum, Itm labial abductor of the mandible respectively.

transverse musclend mandible,ol optical lobesph pharynx,pta

posterior tentorial armsoessubesophageal ganglioste stemma, . .

th tentorial bridgetcer tritocerebrumtcomtritocerebral commis- 4. Maxilla (Figs. 1C, 2A)

sure,tm transverse muscld,1 M. craniomandibularis internug2

M. craniomandibularis externu5 M. craniocardinalis externus, ; ; ;

17 M. tentoriocardinalis18 M. tentoriostipitalis,19 M. craniolaci- The m?lxclj"aryl artl(amatgry arga 3nd 3r}|0ulatl(l)rybmeml.:)rane
nialis, 28 M. submentopraementali29 M. tentoriopraementalis are well developea an are oraere ater‘_"‘ y by a triangu-
inferior, 30 M. tentoriopraementalis superiotl M. frontohypo- lar genal fold. The cardo is moderately sized, transverse,
pharyngalis 42 M. tentoriohypopharyngalis}3 M. clypeopalata- laterally rounded and divided into an external and an inter-
}'Sv ?4le C'IYPeOblt’CC.a“jéAfAMi fr?“t.ogucca:!s a”ie“_orgg m nal portion by a distinct cuticular furrow. The stipes is
rontobuccalis posterior . tentoriobuccalis anterio . .
tentoriopharyngalis (muscular nomenclature: von Kéler 196 .oderately eIongated. The gale_a and 'ac'”'?‘ are complete-
Full-sized pictures and video animations of the reconstruction dinfused, thus forming a sclerotized, hook-like mala. The

be requested from the auth:rs apical part of the mala bears three distinct teeth and the
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Table 1 Muscles of the larval head (numbers: von Kéler 196@): to stipital base. The following larvae were examined by other
anterior tentorial armgita dorsal tentorial armd)c head capsuld, authors:Sialis (R6ber 1942)Corydalus(Kelsey 1954)pPterostichus
lateralis la longitudinal arrangement) medialis,susubunit,v strict-  (Trdster 1987)Hydrochara(Moulins 1959),Helodes(Beier 1949),

ly vertical arrangement, + present, ++ unusually strong, * uncleéaryctes (Crome 1957),Limnius (Delachambre 1965)Cantharis
homology, 8 M. frontolabralis,21 M. stipitogalealis,33 M. prae- (Lagoutte 1966). For more detailed information on larval muscula-
mentopalpalis internug9b M. craniolacinialis with insertion shifted ture, see Beutel (1993, 1995, 1¢36)

Muscle 1 2 4 7 8 9 11 12 15 17 18 19a 19% 20 21 22 23
Megaloptera

Corydalus hc hc hc + + + + + + + + + - + - + +
Sialis hc - hc + + + + + + + + + - + — + +
Myxophaga

Hydroscapha hc hc*  hc* +? - - + + + + + + - + - + +
Microsporus ata ata ata ? - ++ o+ + + + + + - ? - + +
Adephaga

Dineutus dta dta dta - - - + + + la la + - — - + +
Trachypachus dta dta dta — — — + + + la la — + _ — +*
Pterostichus dta dta dta - - - + + + la la — + — — _ +x
Staphyliniformia

Catops ata ata ata + - + + + + + + + — + - + +
Silpha ata ata ata - - + + + + + + + - + - + +
Tachinus dta dta dta - - + + + + + + + - + - + +
Staphylinus dta dta dta - - - + + + la la - + - - _ +
Hydraena ata ata ata ? - + + + + + + + - + - + +
Hydrochara dta dta dta - - - + + + la la — + _ _ + _
Eucinetoidea

Elodes dta - dta -2 =2 =2 o+ + + + + + + — +* 7
Scarabaeoidea

Oryctes hc hc hc + - + + + + + + + - + - + +
Dryopoidea

Lanternarius hc - hc + - - + + + ve ve + — - + + _
Elmis hc - hc + - - + + + ve ve + — - — + +
Elateroidea

Eurypogon hc ? hc - - - + + + ve ve + - ? ? ? ?
Melanotus hc hc hc - - - + + + ve ve + - -2 + + +
Cantharoidea

Cantharis hc - hc - - - + + + ve ve + - -2 + + +
Derodontoidea

Nosodendron dta dta dta - - - + + + + + + - + - + +

mesal margin is set with a row of spines. A palpifer is a#rm. It inserts onto the mesal edge of the stipes and acts as
sent. Two palpomeres are present. The proximal oneaiflexor and levator of the stipes and mala.

partly subdivided by a fairly indistinct ventral furrow and M. craniolacinialis (M. 19) originates posterolateral-
the distal palpomere is moderately elongated and lateréilyirom the head capsule, between the attachment areas
adjacent to a fairly large appendage with two openingkthe dorsal portions of M. 15 and M. 12 and inserts
bearing short cone-shaped sensilla (Fig. 2A). A small, wnr the base of the mala by means of a short tendon. It is
sclerotized and pointed apical sensillum is flanked by twoflexor and levator of the mala. M. stipitolacinialis (M.
small, tooth-like structures at its base (Fig. 20uscula- 20), which originates laterally on the stipes and proba-
ture (Fig. 3A,B,D,E, Table 1). M. craniocardinalis (M. 15)bly inserts on the proximomesal margin of the mala (not
the extensor of the maxilla, has two separate areas of ioléntified on microtome sections), has an unknown
gin, posterodorsally from the head capsule below the oriflimction.

of M. 19 and laterally from the head capsule between theM. stipitopalpalis (M. 22, 23) originates ventrally and
attachment areas of the lateral portions of M. 12. The laterally from the stipes, but the point of insertion could
sertion is the lateral condyle of the cardinal base. M. tentwt be identified on available microtome sections. It
riocardinalis (M. 17) is divided into a stronger lateral conprobably functions as an extensor and flexor of the palp.
ponent and a thinner mesal component. The origin is later-

ally from the tentorial bridge and the insertion is on the lat-

eral parts of the inner surface and the semimembranbutabium (Figs. 1C, 2A)

mesal margin of the cardo. This muscle acts as a flexor and

levator of the cardo. M. tentoriostipitalis (M. 18) is a strorihe mentum and submentum are fused, thus forming a
muscle which originates mesally from the tentorial bridgeapeziform submentomentum. This is laterally bordered
and laterally from the upper part of the posterior tentortay the maxillary groove, is sclerotized posteriorly, and
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Table 1 (continued,

Muscle 28a 28b 29 30 33 41 42m 42l 43 44 45 46 48 51 52
Megaloptera

Corydalus - + + + + + + +? 2su ? + ? 2 + +
Sialis -? + + + + + + - 3su + + + + + +
Myxophaga

Hydroscapha + + +* +* + + + - 4su + + + + - +
Microsporus + - + — ? + + - ++ — + + + — +
Adephaga

Dineutus + - + + + + - + 3su - + + — + +
Trachypachus + - + + + + + + 3su - + + — + +
Pterostichus - - + + + + — + 5su - + - — - _
Staphyliniformia

Catops + + + + + + + - 2su - + 7su + - +
Silpha - + + + + + + - + ? + 2su ? - +
Tachinus + + + + + + + - 3su - + 2su + - )
Staphylinus + - + + - + + - 5su - + + _ + +
Hydraena + + + + + + + - 2su - + 4su ++ - +
Hydrochara +* + +* + -2 + + - 3su - + + + 2 _
Eucinetoidea

Elodes - - - + - + + +? + - + 2su - - -
Scarabaeoidea

Oryctes - - + + + + - - 3su + + + + + +
Dryopoidea

Lanternarius - - + + - 3su + - 5su - + 3su - - +
Elmis - - + + - 3su - - 5su + + 8su +* +*
Elateroidea

Eurypogon - - + + - 2su - + 4su - + ++ - - -
Melanotus - - + + - ++ - ++ 4su - + 3su - - -
Cantharoidea

Cantharis - - + + - + - ++ 7su - + 7su +* %
Derodontoidea

Nosodendron + - + + + ++ + - 2su - + 3su +* _ 4%

is semimembranous along the anterior margin. The phié- Preoral cavity

mentum is fairly small, mostly semimembranous, and

has a distinct, broad ligula with 12 sensorial papillag. Epipharynx (Figs. 2A, 3A,B)

One moderately long palpomere is present, with a dis-

tinct, hyaline lateral sensorial appendage (Fig. 2A)he ventral side of the labrum is semimembranous, with

Musculature(Figs. 3B, 4A, Table 1)M. submentoprae- a dense anterior field of very fine, short hairs. A distinct

mentalis (M. 28) originates laterally from the hind mamedian ridge separates lateral hemispherical excavations

gin of the submentomentum and inserts ventromediaWjich closely fit with the upper margin of the mandibles.

on a fold of the submentomentum. M. tentoriopraemenhe cibarium is open and the posterior epipharynx is

talis inferior (M. 29) originates mesally from the base ofot fused with the hypopharynx laterallusculature

the posterior tentorial arm and inserts ventrolaterally @ig. 3B,F, Table 1)M. clypeopalatalis (M. 43) consists

the anterior submentomentum. M. tentoriopraementadi two strong bundles which originate on the anterior

superior (M. 30) has its origin lateral to M. 28 and irpart of the clypeal region and insert on the posterior epi-

serts laterally on the submentomentum, distinctly anfgharynx. It functions as a dilator of the cibarium.

rior to the insertion of M. 29. These three muscles act as

retractors of the anterior labium. The function of M.

praementopalpalis externus (M. 34) is unclear. It origi@: Hypopharynx (Fig. 2A)

ates ventrally from the prementum, but its insertion

could not be clearly identified; it is probably attached fthe semimembranous, moderately bulging hypopharynx

the apodeme of the labial palp. A strong transveriseseparated from the dorsal wall of the prementum by a

muscle connects the lateral walls of the submentomelistinct fold. The upper surface is densely set with short

tum (tm, Fig. 3B), and is a contractor of the anterior ldrairs (Fig. 2A).Musculature(Fig. 3B,D,F) M. frontohy-

bium and hypopharynx. popharyngalis (M. 41) is composed of two closely adja-
cent bundles. They originate in the posterolateral frontal
area, close to the attachment area of the dorsal tentorial
arms, insert laterally to the anatomical mouth, and act
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Fig. 4 A, B Cross-sectioné

H. natanshead, cerebrum with
protocerebral commissurB.
Acilius sulcatusead, cerebrum
with protocerebral commissure.
C Mandible, ventral view.

¢ cardo,cer cerebrumgc circum-
esophageal connectivpcom
protocerebral commissurgh
pharynx,pth prothorax,ym ring
muscle ,soessubesophageal
ganglion,tb tentorial bridge,

11 M. craniomandibularis inter-
nus,12 M. craniomandibularis
externus15 M. craniocardinalis
externus,17 M. tentoriocardin-
alis, 18 M. tentoriostipitalis,

19 M. craniolacinialis28 M.
submentopraementalid9 M.
tentoriopraementalis inferior,
30 M. tentoriopraementalis su-
perior,42 M. tentoriohypopha-
ryngalis, 52 M. tentoriopha-
ryngalis posteric

0,05 mm C

as levators and retractors of the mouth angle. M. tentuiginate at the frons, mesal to M. 41 and insert on the
riohypopharyngalis (M. 42), a fairly strong, median muslorsolateral fold of the pharynx, posterior to the frontal
cle, originates at the tentorial bridge, inserts ventrally ganglion and the insertion of M. 44. M. frontobuccalis
the posterior hypopharyngeal margin, and functions apasterior (M. 46) is composed of several thin bundles,
retractor of the hypopharynx. arranged in two longitudinal rows. Its origin is the frons,
posterior to M. 41, it inserts dorsally and dorsolaterally
on the pharynx, and it dilates the pharynx. M. tentorio-
IV. Pharynx (Fig. 3B,D,F) buccalis anterior (M. 48) originates anteromedially from
the tentorial bridge together with M. tentoriohypophar-
The pharynx is moderately wide, with distinct dorsolagngalis medialis and inserts ventrally on the pharynx, be-
eral and ventrolateral folds. low the insertion area of the anteriormost bundle of M.
frontopharyngalis posterior. It functions as a ventral dila-
tor of the anterior pharynx. M. verticopharyngalis (M.
Musculature(Figs. 3B,D,F, 6A, Table 1). 51) is absent. M. tentoriopharyngalis (M. 52) is fairly
strong and is composed of two posterior subcomponents
M. clypeobuccalis (M. 44), composed of two thin, paradnd an anterior pair of bundles. Originating laterally
lel pairs of muscles, originates on the central clypeal diiom the tentorial bridge (Fig. 3D,F) and inserting
ea, and inserts on the pharynx, immediately below thentrolaterally and ventrally on the pharynx, it functions
frontal ganglion. It is a dilator of the anatomical moutlas a ventral dilator of the posterior pharynx.
M. frontobuccalis anterior (M. 45) is composed of two A dense layer of thin ring muscles is present over the
moderately sized anterior bundles and two strong postdtole length of the pharynx and is used for contraction
rior bundles, which dilate the anterior pharynx. Theyf the pharynx.
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Fig. 5 A Head width / cerebral widtlB Head width / cell size of 2. Surface structures
neuronsl Microsporus 2 Hydroscapha 3 Delevea 4 lapir, 5

Ochthebius6 Silpha 7 Acilius, 8 Hydrochara 9 Staphylinus Scale-like, serrate cuticular modifications, as found on

the posterior head capsule of larvae ldf natans
V. Cerebrum and subesophageal (Fig. 2D), are also present in the larvaeMitrosporus
ganglion (Figs. 3A,C,E, 5A) species (Microsporidae]). namibensisand other spe-
cies of the Torridincolidae. This is a possible autapo-
The suboesophageal ganglion is located in the antenworphy of the Myxophaga. Similar surface structures
prothorax and the posteriormost region of the heddhve not yet been described for other larvae of represen-
reaching the tentorial bridge anteriorly. An anterolatertives of the Coleoptera. The functional interpretation is
processus reaches the posteroventral part of the protalifficult. Larvae ofH. natansand D. namibensidive in
rebrum. The circumpharyngeal connective is undividéygropetric habitats, whereas larvaeMi€rosporusspe-
posteriorly and laterally compressed. Anteriorly divickies live in moist substrate. The scales seem to maintain
ing branches are connected by a tritocerebral comnasvisible, thin layer of liquid on the body surface in the
sure between M. tentoriohypopharyngalis and M. tentervae ofMicrosporusspecies (personal observation) and
riobuccalis anterior (Fig. 3A). The cerebrum is unusuahey may be involved in cuticular respiration in these
ly large in relation to body size (see Fig. 5A), stronglyery small larvae. Scale-like cuticular modifications on
reclined, and the posterior globulous part of the protodhe abdominal sternites of adults of some species of the
rebrum is partly shifted into the anterior prothorax. Theorridincolidae were interpreted as a microplastron (Hin-
tritocerebrum is strongly extended anteriorly, curvethn 1969).
and connected with the circumpharyngeal connective.
Very large lateral lobes of the cerebrum are separated
from the tritocerebrum by broad dorsal tentorial arn® Tentorium
(Fig. 3A,C,E).
An unusually broad tentorial bridge (Fig. 3A,B) is a
- - characteristic, presumably derived feature of the larvae
D. Discussion of H. natansand larvae of other species of the Myxo-
phaga examined. It is the main attachment area of the
very strong M. tentoriocardinalis and M. stipitalis (17,
18; Fig. 3B,D). The tentorial bridge is moderately
strong, very thin, or absent in other larvae of representa-

A transverse, distinctly broadened head is a charactef{€S ©f the Coleoptera examined. The origin of M. tento-
cardinalis and M. tentoriocardinalis and -stipitalis is

tic apomorphic feature shared by larvae of represe o X ; .
tives of the Hydroscaphidae and other families of t gely or completely restricted to the posterior tentorial
Myxophaga. A similar shape of the head capsule was AB{'S:

found in the other larvae examined.

|. Characters

1. Size and shape of the head capsule
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4. Labrum rous feeding habits are probably ancestral for the Coleo-
ptera (Lawrence 1989). A shift of the trophic behavior to-
A unique feature shared by larvae Hbf natansand Mi- wards a diet of algae requires apparently little changes to
crosporusspecies is the strongly enlarged labrum whichtise mandibular structures. This is also in agreement with
laterally connected with a triangular genal lobe (Figs. 18bservations made by Leschen (1993) in larvae of repre-
2B). This semientognathous condition is a synapomorm@sntatives of the Staphylinoidea (e.g., Oxytelinae).
of the Hydroscaphidae and Microsporidae. It may haveThe mandibular muscles and the craniomaxillary
evolved as an adapation to feeding in running water. Thhescles of larvae oH. natansform a tightly packed
mandible and the distal maxillary parts are almost cosemplex which apparently allows a well-synchronized
pletely enclosed in a preoral working chamber. Smalberation of both mouthparts (Fig. 3C-F). A similar
lumps of algae can be removed without being washmdiscular arrangement has not been described so far for
away by the current. The presence of characteristic, flather larvae or adults of representatives of the Coleo-
tened sensilla at the anteromedian margin of the labrptara. This may be partly due to the technical difficulty
(Fig. 2A) is probably a synapomorphy of the Hydroscaf three-dimensional muscular reconstruction without
phidae, Microsporidae, and Torridincolidae. Similar strucomputer techniques as applied in this study.
tures are not found in other groups of the Coleoptera.

7. Maxilla
5. Antenna

Fusion of the galea and lacinia is probably an autapo-
The presence of a short larval antenna composed of twarphic feature of the Myxophaga. However, the same
antennomeres is a shared derived feature of the Mygondition has evolved in larvae of many representatives
phaga. A causal correlation between shortened antermia¢he Polyphaga (e.g., Scydmaenidae, Staphylinidae,
(Fig. 2C; Costa et al. 1988) and life in a more or less tlucujiformia partim; Lawrence and Newton 1982; New-
film of flowing water appears possible as strongly shotbn 1991).The undivided distal part of the maxilla is
ened antennae are also found in the rheophilous larvagvell developed and hook-like. The apex is similar to the
Brychius elevatugPanzer, 1794) (Haliplidae; see Beutelpical part of the mandibles. Both structures share the
1993). However, it is evident that shortened larval antdonction of collecting algal material.
nae have evolved as adaptations toward woodboring (e.g.The complex lateral appendage of the maxillary palp
Buprestidae, Callirhipidae; Lawrence 1991) or burrowirgf larvae ofH. natans(Fig. 2A) is a feature not yet de-
in sand (e.g., Limnichidae, Heteroceridae; Beutel 1995)sicribed for any other representative of the Coleoptera. It
most cases. It cannot be excluded that shortened antemnakstinctly different from the digitiform sensilla found
of larvae of Myxophaga have evolved in a common ances- the subapical palpomeres of larvae of species of the
tor which was burrowing in wet substrate and algae Hydraenidae and Staphylinoidea (Newton 1991; Beutel
the edges of streams as do adults of extant species ofatiet Molenda 1997). A chemoreceptory function seems
Microsporidae and Lepiceridae. The presence of omikely, but is not yet supported by evidence.
two very thin antennal muscles (Fig. 3D,F) is probably an
autapomorphy of the Hydroscaphidae and correlated with
the extreme degree of shortening of the antennae. 8. Labium (maxilla 2)

The presence of a lateral, presumably sensorial appen-
6. Mandible dage of the labial palp (Fig. 2a) in larvaet-bfnatanss a
derived feature which has not been described so far in
An unusual apomorphic mandibular feature is the pregher groups of the Coleoptera. Fusion of the mentum and
ence of a subapical pseudomola in larvae of the Hydsobmentum is a derived character state shared with larvae
scaphidae and Torridincolidae (Fig. 4C; Costa et af Microsporusspecies. The presence of papillae on the
1988). This structure may help to break up cell structutagila is probably an autapomorphic feature of the Myxo-
of the ingested material. The presence or absence inghaga. The latter condition may be related to specialized
extremely small larvae d¥licrosporusspecies could not feeding habits. Similar ligular structures are only found in
be verified. A similar, even though more strongly sclethe algophagous larvae of representatives of the Hydraen-
otized structure has independently evolved in larvae idée (Beutel and Molenda 1997), but not in carnivorous
representatives of the Scaphidiinae (Leschen 1993). aquatic larvae (e.g., species of the Gyrinidae, Noteridae,
The presence of a well-developed mola and a sleniggrobiidae, Dytiscidae, and Hydrophilidae).
distal part in larvae of representatives of the Hydroscaph-
idae and Torridincolidae (and Hydraenidae) is probably a
plesiomorphic feature. The mandibles of these algopi8aPreoral cavity
gous larvae are similar to the mandibles of fungivorous
larvae of representatives of the Polyphaga (e.g., Leiodidar,open cibarium and a moderately bulging, pubescent
Scaphidiinae; Newton 1991). Microphagous and fungivbypopharynx which is retracted by a well-developed M.
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tentoriohypopharyngalis medialis and lifted by M. frored with extremely small size. A less strongly modified
tohypopharyngalis (Fig. 3B,D; Table 1) are plesiomobrain is found in the larvae db. namibensis(head
phic features shared by larvaetbf natansand larvae of length: 0.33 mm) and britskii (head length: 0.26 mm).
D. namibensigTorridincolidae). A similar condition is
found in many non-predacious larvae of representatives
of the Polyphaga (e.g., Staphylinoidea excluding PaedérMiniaturization
inae and Staphylininae, Scarabaeidae, and Byrrhidae;
Crome 1957; Beutel 1995; Beutel and Molenda 199M).can be assumed that Myxophaga species are derived
An elongated, closed prepharyngeal tube, a more or Igesn larger ancestors. The earliest fossil representatives
flattened hypopharynx, a narrow functional mouth, ancoathe Coleoptera measure about 10 mm or slightly less
gradual reduction of the M. tentoriohypopharyngalis mée.g., SylvacoleusPonomarenko, 1963) (Ponomarenko
dialis are characteristic features of predacious larvael®69). Catiniidae, which are considered to represent a
several groups of Coleoptera such as Adephaga (sessible stem lineage of the Myxophaga (Crowson
Beutel 1993), Helophoridae (personal observations), Hy881), range in size between 5 and 15 mm as adults
drophilidae (Moulins 1959), Paederinae, StaphylininédBonomarenko 1969).
(see Beutel and Molenda 1997), Histeridae (personal ob-Miniaturization does not only mean small size per se,
servations), and Cantharoidea (see Beutel 1995). Hdowt also has considerable effects on the anatomy, physiolo-
ever, a short prepharyngeal tube is also present in gigeecology, life history, and behavior (Hanken and Wake
algophagous larvae dficrosporusspecies and in larvae1993). Relatively large head size and a very dense arrange-
of most species of the Torridincolidae. ment of muscles, tentorium, and other internal structures in
larvae ofH. natansare almost certainly a result of size re-
duction. Internal structures such as brain, tentorium, and
10. Pharynx musculature appear to be very tightly packed (Fig. 3A,C,E).
This condition is clearly different from that which is found
The pharyngeal pumping apparatus of larvakl.afiatans in larger coleopteran larvae such &silius sulcatus
is unusually well developed (Table 1). A M. frontobuccali{§ig. 4B), Dytiscus marginalit.inné, 1758 (see De Marzo
anterior has not been described for any other larvae in 18&9), Oryctes nasicornidinné, 1758 (see Crome 1957),
Coleoptera so far (Fig. 3B; Table 1). Its presence is a pasd Carabus coriaceusinné, 1758 (see Beutel 1992). In
sible autapomorphy of the Hydroscaphidae. Mm. frontlarvae of these species, fairly large internal areas are not
buccalis anterior and posterior and M. tentoriopharyngatiscupied by muscles and other internal structures.
are composed of several bundles each (Fig. 3B) as in otheA correlation between body size and the extension of
larvae of representatives of the Myxophaga. M. tentoritre cuticular scales is likely. The scales are conspicuous
buccalis anterior is also well developed in larval represaén-the extremely small larvae Microsporusspecies, but
tatives of the Hydroscaphidae, Microsporidae, and Torfidrly indistinct in the comparatively large larvae of rep-
dincolidae, whereas it is absent in many other larvae (ergsentatives of the Torridincolidae (body length:
Adephaga, Elateriforimia, and Nosodendridae; Beutll mm). An intermediate condition is found in the lar-
1993, 1995, 1996). The absence of M. verticopharyngalee ofH. natans(Fig. 2D).
in all larvae of Myxophaga species is probably the resultHanken and Wake (1993) observed in vertebrates that
of the posterior shift of the cerebrum. The muscle is préise most common effect of miniaturization is reduction
ent in the larvae of several representatives of the Aded structural simplification. This tendency is not clearly
phaga (e.g.Amphizoa leconteiand Trachypachus holm- expressed in the larvae bf. natans A correlation be-
bergi; Beutel 1993), but is also absent from most larvaetafeen extremely small size (length of headHohatans
the Polyphaga species examined (Dorsey 1943; Be@& mm) and the fusion of galea and lacinia and of labial
1995, 1996; Beutel and Molenda 1997; Table 1). subunits cannot be excluded. However, the overall com-
plexity of the larval head and other structures (e.g., legs)
is not decreased compared with larger larvae of represen-
11. Cerebrum tatives of the Coleoptera. The presence of only one labial
palpomere in the larvae &f. natansis probably not the
The presence of very large anterolateral lobes of the pmsult of miniaturization. Two palpomeres are present in
tocerebrum (Fig. 3C,E) is a possible autapomorphy tbe extremely small larvae dicrosporusspecies. Loss
the Hydroscaphidae. A similar condition has not yef one of three antennal muscles and the absence of M.
been described for larvae of other representatives of ttamtoepipharyngalis are correlated with shortening of
Coleoptera. The unusually large relative size of the braive antenna and fusion of the labrum, respectively, but
and the strong extension of the tritocerebrum are shaatdost certainly not with small size. Reduction of the
derived features dfl. natans(Fig. 3A,C,E) andVlicros- clypeolabral suture is probably the result of an extremely
porus species (head length: 0.12 mm). However, tlextended and arched labrum. A movable labrum is pres-
brain is almost completely shifted into the prothorax emt in the extremely small larvae Mfcrosporusspecies.
larvae of representatives of the latter taxon. The unusuaNegative allometric relationships of size and head
configuration of cerebral structures is probably correlatructures were described for vertebrates by Hanken
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(1983) and Hanken and Wake (1993). A similar effectlmgical changes, decrease in size, and adaptation to the
apparent in the larvae ¢i. natans the cerebrum fills peculiar habitat and feeding behavior. It is plausible to as-
nearly all the space between the muscles and endoskalee that miniaturization in the Myxophaga has evolved
tal parts of the head (see above; Figs. 3A,C,E, 6A). Né@g-association with the unusual life style of larvae and
ative allometric relationships between body size and semults in the first place. Derived structural features of lar-
of the brain may be a common feature in Coleopterae of Myxophaga, such as serrate cuticular scales
(Fig. 5A). A brain which is very small in relation to th€Fig. 2D) or ballon-like spiracular gills (Hinton 1967), are
size of the head capsule is found in large coleopteran faebably only functional when the larvae are very small.
vae such af€arabus coriaceusinné, 1758 (see BeutelHowever, at the same time, they only make sense in in-
1992),Dytiscus marginaligsee De Marzo 1979Acilius sects which live among algae in running water or at least
sulcatus(Fig. 4B), andOryctes nasicornigsee Crome in wet interstitial conditions at the edges of streams.
1957). An unusually large relative size of the brain is
characteristic for adults oSpanglerogyrus albiventris
which are distinctly smaller than other Gyrinidae (apH. Conclusions
proximately 2,9 mm; Beutel 1989). A medium-sized
brain is present in adults dbyrinus substriatusSte- Larval characters strongly suggest the monophyly of the
phens, 1829 (5-7 mm; Honomichl 1975) and a relativel§yxophaga (excluding Lepiceridae). A distinctly trans-
small brain in adult representatives of the ger#ireeu- verse head capsule, scale-like, serrate surface structures,
tusMacleay, 1825 anéndogyrusOchs, 1924, which areround cuticular sensilla at the anterior labral margin, sen-
among the largest representatives of this family (betwesarial papillae on the ligula, and a very broad tentorial
15 and 20 mm; Beutel 1989). Very similar conditions &sidge are apomorphic character states shared by the
found in larval representatives of the Myxophaga (i.&¢rridincolidae, Hydroscaphidae, and Microsporidae.
large relative size of brain, reclined protocerebrunihe strong degree of miniaturization, the distinctly flat-
Fig. 3A,C,E) were also described for miniaturized repreened head and body, and the presence of spiracular gills
sentatives of non-coleopteran groups such as Thysan@eichardt 1973) are probably further synapomorphies of
tera (see Mickoleit 1963) and Phtiraptera (see Trostleese families. A sister-group relationship between the
1990). Sensory, motor, and humoral control functions ldfydroscaphidae and Microsporidae is well supported by
the brain and its integration of signal inputs requireaavery characteristic, unique condition of the larval head.
certain number of neurons. It is likely that the miniatuf-he labrum is strongly enlarged and connected with the
ization of the brain, therefore, cannot go beyond a migienal fold, thus enclosing the mouthparts in a preoral
mum limit. Other structures, however, such as musclesrking chamber. Fusion of mentum and submentum,
could be further miniaturized, for example, by reductidhe unusually dense arrangement of muscles, and the pe-
of fiber bundles. A limited minimal number and minimatuliar shape and large relative size of the brain are also
size of neurons in the cerebrum and suboesophageal gassible synapomorphies of these families.
glion would explain corresponding modifications in taxa Several larval apomorphies found in the Hydroscaph-
which are characterized by very small size, but belongidae + Microsporidae or Myxophaga (excluding Lepicer-
different orders of insects. The size of neurons is obidae) are correlated with life on rocks with a thin film of
ously correlated with the size of the head in the larvaevadter and an exclusive diet of algae. The proposed sister-
Coleoptera species, but a lower limit seems to be reachealip relationship between the Hydroscaphidae and Mi-
in representatives of the Myxophaga. We found the si@®sporidae suggests that the last common ancestor of the
relation of maximum head width / cerebral cell diametdtyxophaga (excluding Lepiceridae) was living in hy-
to be 2.25 mm / 12im (= 187) in larvae oSilphasp., gropetric habitats. This implies a secondary shift of Mi-
1.4 mm / 8um (= 175) in larvae oStaphylinussp. (sec- crosporidae to the interstitium at the edges of streams. Of
ond instar), 0.4 mm / 2,6m (= 160) in larvae of. brit- course the knowledge of the larval representatives of Lep-
skii, 0.25 mm / 2,5um (= 100) in larvae oH. natans iceridae is crucial for a final interpretation of the life style
and 0.13 mm / 2.5m (= 52) in the larvae of thilicros- of immature stages of the stem species of the Myxophaga.
porus species examined (Fig. 5). A negative correlation Miniaturization results in an unusual size and shape
between cell size and the morphological complexity of the head and brain and an unusually dense arrange-
the amphibian tectum mesencephali was postulatednbgnt of muscles in larvae of representatives of the Hy-
Roth et al. (1994). This does not apply to beetle larvdwscaphidae and Microsporidae. A negative allometry
according to our observations. between size of head capsule and cerebrum seems to be a
Hanken and Wake (1993) found a consistent asso@aneral feature in Coleoptera. Other derived features
tion between extreme phylogenetic body size decreésend in larvae oH. natansare probably not correlated
and derived morphological features in vertebrates. Myxeith miniaturization (e.g., fused labrum, loss of labral
phaga in general and especially larvadHofnatansare and antennal muscles). The overall complexity of the
characterized by many apomorphic character states. Howad is not reduced in comparison to larvae of other rep-
ever, it is difficult to evaluate which of these apomorphiessentatives of Coleoptera. Besides a considerable num-
can be explained by miniaturization (see above). Therdé of specialized features, Hydroscaphidae and other
obviously a complex interrelationship between morphbtyxophaga share several, presumably plesiomorphic lar-
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val character states with non-predacious, microphag®gsMarzo L (1979) Studi sulle larve dei Coleotteri Ditiscidi X.

larvae of Polyphaga. Only a few changes to the structuralAnatomia e funzionamento dell'apparato succhiante cibario-
| faringeo in alcune forme larvali delle subff. Dytiscinae, Coly-
features of the mouthparts and musculature result from @nbetinae, Laccophilinae e Hydroporinae. Entomologica 15:

shift from fungus feeding to a diet of algae. 5-72
The enormous lack of the knowledge of intern@lorsey CK (1943) A comparative study of the larvae of six spe-
structures of immature and adult Coleoptera (e.g., cies ofSilpha(Coleoptera, Silphidae). Ann Entomol Soc Am

: : : : : 33:120-139
Archostemata) is certainly a serious impediment to a Finken J (1983) Miniaturization and its effects on cranial mor-

liable clarification of the interrelationships of higher phology in plethodontid salamanders, gefbsrius(Amphib-
groups of Coleoptera. Computer techniques as applied inia, Plethodontidae). Il. The fate of the brain and sense organs
this study will faciliate detailed morphological recon- and their role in skull morphogenesis and evolution. J Morphol

i i 177:255-268
S_tructlons which were so far neglected because of sml—%ulken J, Wake DB (1993) Miniaturization of body size: organis-
size or other reasons.

mal consequences and evolutionary constraints. Annu Rev

) Ecol Syst 24:501-519
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