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A B S T R A C T

The ultrastructure of the spermatozoa of Trypoxylon (Trypargilum) albitarse is described here for the first

time within this genus. Testes and seminal vesicles were dissected and processed for transmission

electron microscopy. In the testicular follicles, the spermatids are arranged in a maximum number of 32

for each cyst. The spermatozoa are slender and they measure approximately 150 mm in length. The head

is about 17 mm long and is formed by the acrosome and the nucleus. The flagellum consists in an

axoneme, two mitochondrial derivatives, two accessory bodies and, at the nucleus–flagellum transition,

a symmetric centriolar adjunct. The axoneme presents the typical 9 + 9 + 2 microtubule pattern. In the

terminal region, the central microtubules and nine doublets finish first, followed by the accessory

microtubules. Both mitochondrial derivatives begin together and are inserted in the base of the

centriolar adjunct. Along the middle region, the larger derivative has almost twice the area of the smaller

one and includes a discrete paracrystalline region. At the tip, the smaller derivative ends before the larger

one and both before the axoneme. The characters derived from the ultrastructure of the spermatozoa of

T. albitarse show synapomorphies shared with the Apoidea and present characters that are probably

apomorphic for the Crabroninae subfamily.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The Apoidea were divided into the families Apidae, Sphecidae
(Latu sensu) and Heterogynaidae (Brothers, 1975). Lomholdt
(1982), in his phylogenetic study of Apoidea, established the
proposal of Bohart and Menke (1976) that the Sphecidae could be
separated into the families, Sphecidae and Larridae (=Crabronidae).
He also suggested that the Larridae constitute a sister-group of
Apidae s.l. However, according to Ohl (1995), this hypothesis
cannot be sustained, since it is supported only by a symplesio-
morphy based on the form of the aperture of the salivary gland in
the larval stages. Melo (1999) has shown more evidence that
supports the hypothesis of monophily for the Crabronidae and its
relation to the sister-group of the Apidae s.l. and suggested
significant changes in the classification of the Crabronidae
subfamilies. This represents an important advance, since there
are few phylogenetic studies involving taxon below the family-
status (Alexander, 1992; Nemkov and Lelej, 1996; Bohart, 2000).
Recently, Brothers (1999), Melo (1999) and Melo and Gonçalves
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(2005) proposed a new, higher-level classification of the Apoidea,
recognizing four wasp families and a single bee family.

There are still doubts regarding the phylogeny of the Apoidea
and, probably, many of them will be resolved with the addition of
new characters, besides those traditionally used in the phyloge-
netic analyses. In insects, the ultrastructural diversity of the
spermatozoa has furnished character sets, which could be used in
phylogenetic inferences (Dallai, 1974; Jamieson, 1987; Wheeler
et al., 1990; Quicke et al., 1992; Dallai and Afzelius, 1993; Jamieson
et al., 1999). In Aculeata, the morphology of the spermatozoa was
described in some species of bees (Cruz-Höfling et al., 1970; Lensky
et al., 1979; Peng et al., 1993; Lino-Neto et al., 2000a; Báo et al.,
2004; Zama et al., 2001, 2004, 2005a; Fiorillo et al., 2005; Araújo
et al., 2005), wasps (Lino-Neto et al., 1999, 2000b; Lino-Neto and
Dolder, 2001a,b; Zama et al., 2005b) and ants (Wheeler et al., 1990;
Lino-Neto and Dolder, 2002; Moya et al., 2007). However, for the
spheciformes only in the genus Microstigmus (Crabronidae) (Zama
et al., 2007) and Sceliphron (Sphecidae) (Zama et al., 2005b) has the
spermatozoa morphology been described in detail, while in
Trypoxylon only the nucleus–flagellum transition region was
analysed (Zama et al., 2005c).

The Trypoxylon Latreille genus has a wide geographic distribu-
tion (Bohart and Menke, 1976) and more than 660 species have
been reported (Hanson and Menke, 1995) in the Trypoxylon and
Trypargilum Richards subgenera. The nests are built completely
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Table 1
List of non-polarized character states.

1 128 spermatozoa per cyst

10 64 spermatozoa per cyst

10 0 32 spermatozoa per cyst

2 Linear spermatozoa

20 Twisted spermatozoa

3 Paracrystalline material present only in the larger mitochondrial derivate

30 Paracrystalline material present in the both mitochondrial derivates

4 Asymmetric centriolar adjunct

40 Symmetric centriolar adjunct

5 Spermatozoa vary from 80 to 300 mm total length

50 Spermatozoa measure about 800 mm of total length

6 Acrosome is formed by an acrosomal vesicle covering a perforatorium

60 Acrosome is formed by a perforatorium without a detectable

acrosomal vesicle

7 Depth of the insertion perforatorium at the anterior extremity of

the nucleus �100 nm

70 Depth of the insertion perforatorium at the anterior extremity of

the nucleus �80 nm

8 The nucleus does not superimpose the acrosome

80 The nucleus projects anteriorly, apposing the acrosome for much

of its length

9 The mitochondrial derivates are markedly asymmetric in

cross-section

90 The mitochondrial derivates are approximately symmetric in

cross-sections
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with mud or using pre-existing cavities, such as those made in
wood by other insects, and their nests are supplied with spiders
(Bohart and Menke, 1976). This research describes, for the first
time, the ultrastructure of the spermatozoa of Trypoxylon

(Trypargilum) albitarse (subfamily Crabroninae) aiming to indicate
characters that can contribute to phylogenetic analyses of the
spheciformes, mainly in the taxa below family-status.

2. Materials and methods

Eight adult males of Trypoxylon (Trypargilum) albitarse were
sampled in nests collected from buildings on the campus of the
Federal University of Viçosa, Minas Gerais State, Brazil. The
occupied nests were taken to the laboratory where they were kept
until the emergence of the adults.

2.1. Light microscopy

For each male, the suspension of spermatozoa extracted from
one of the seminal vesicles was spread on clean glass microscope
slides and fixed for 20 min in a solution of 4% (w/v) paraformal-
dehyde in 0.1 M sodium phosphate buffer, pH 7.2. After drying at
room temperature, the preparations were observed with a
photomicroscope (Olympus, BX-60), equipped with phase contrast
and 50 spermatozoa were photographed to be measured. To access
nucleus measurements, some of these preparations were stained
for 15 min with 0.2 mg/ml 4,6-diamino-2-phenylindole (DAPI) in
PBS, washed, and mounted in 50% sucrose. They were examined
with an epifluorescence microscope (Olympus, BX-60), equipped
with a BP 360–370 nm excitation filter and 50 nuclei were
photographed. All the measurements were obtained with the
software Image Pro-Plus1, version 4.5 (Media Cybernetics Inc.,
MD, USA) and the lengths were averaged from the total number of
spermatozoa analysed.

2.2. Transmission electron microscopy

From each male, one of the seminal vesicles was fixed for 24 h,
at 4 8C, in a solution containing 2.5% glutaraldehyde, 3% sucrose,
0.2% picric acid and 5 mM CaCl2 in 0.1 M sodium cacodylate buffer
at pH 7.2. After rinsing in buffer, they were post-fixed with 1%
osmium tetroxide in the same buffer for 2 h. Dehydration was
carried out in acetone, followed by embedding in Epon 812 resin.
Ultrathin sections were stained with the 2% uranyl acetate and
0.2% lead citrate in 1 M sodium hydroxide and observed with the
LEO 906 transmission electron microscope.

2.3. Phylogenetic analysis

The cladogram was built from trees previously published by
Alexander (1992), Melo (1999) and Zama et al. (2007), with the
spermatozoa characters superimposed (Table 1).

The sperm information about Sphecidae, Apidae and Crabro-
nidae (Pemphredoninae) was obtained from published data.

3. Results

The spermatozoa of Trypoxylon albitarse are slender cells,
measuring approximately 150 mm in length (Fig. 1A). The head
comprises an acrosome and a nucleus, and the flagellum includes an
axoneme, paired mitochondrial derivatives, two accessory bodies
and a centriolar adjunct, at the nucleus–flagellum transition.

The acrosome is anterior to the nucleus and comprised of an
acrosomal vesicle and a perforatorium (Fig. 1C). The acrosomal
vesicle is conical and covers the perforatorium, is inserted into a
cavity at the anterior nucleus tip (Fig. 1C and G). In cross-sections,
the acrosomal vesicle is circular (Fig. 1D–F) and is separated from
perforatorium by an electron-lucid layer (Fig. 1E). However, near
the nucleus, this layer practically disappears, remaining in only
two regions at the opposite sides of the perforatorium (Fig. 1F).

The nucleus is slender, homogeneous, with electron-dense
chromatin, and measures about 17 mm in length (Fig. 1B). It
presents a circular shape in cross-section (Fig. 1G and H), and its
base is laterally pointed, where it is associated side by side with the
centriolar adjunct and ends immediately above the axoneme
(Fig. 1I).

The nucleus–flagellum transition region is composed of the
nuclear base, a centriolar adjunct and the anterior portions of the
axoneme and both mitochondrial derivatives. The centriolar
adjunct is compact and electron-dense, measuring about 2 mm
in length, with approximately two-thirds juxtaposed to the
unilateral nuclear projection (Fig. 1I and J). It extends laterally
to the axoneme (Fig. 1I and K), located between the nuclear base
and the beginning of both mitochondrial derivatives (Fig. 1L),
which give this adjunct a symmetrical pattern.

The axoneme begins immediately below the nucleus projection
(Fig. 1I) and follows the typical 9 + 9 + 2 pattern of microtubule
arrangement, where the nine single accessory microtubules are the
most external ones followed by the nine doublets and a central pair
(Fig. 1M). In the terminal region, the central microtubules and the
nine doublets finish first, followed by the accessory microtubules
(Figs. 1N–P).

Both mitochondrial derivatives begin exactly together, inserted
into the base of the centriolar adjunct (Fig. 1L). In transverse sections,
at this region as well as in the final region, they are circular and
present approximately the same diameter (Fig. 1L and N). However,
in mid-flagellum, the diameter of one derivative is almost twice than
that of the other one, and the larger one has a constriction which
gives its cross-section a resemblance to the number eight, while the
smaller derivative remains circular (Fig. 1M). Moreover, only the
larger mitochondrial derivative presents a paracrystalline core,
situated distally in relation to the axoneme (Fig. 1M). In the final
portion of the flagellum, the small mitochondrial derivative ends
first and both end before the axoneme (Fig. 1O and P).

The accessory bodies are approximately triangular, in cross-
section. They are located exclusively between the axoneme and the
mitochondrial derivatives and, therefore, are not seen accompany-
ing the centriolar adjunct (Fig. 1M).



Fig. 1. (A) Phase contrast micrograph of T. albitarse spermatozoa. Arrow indicates the limit between the head (H) and the flagellum (F). (B) DAPI stained fluorescence

micrographs of the nucleus. (C–Q) Electron micrographs of spermatozoa. (C) Longitudinal sections of the anterior region of the head, showing the short cavity at the nucleus

top, in which the perforatorium is inserted (asterisk). (D–H) Transverse sections at various levels, from the anterior to the posterior region of the head: (D) showing the

acrosomal vesicle (av); (E) electron-lucid layer separating the acrosomal vesicle (av) from the perforatorium (p); (F) posterior extremities of the acrosomal vesicle (av) and of

the perforatorium (arrow); (G) anterior extremity of the nucleus, in which the perforatorium (arrow) is inserted; (H) anterior region of the electron-dense nucleus (N). (I)

Longitudinal section of the nucleus–flagellum transition region, showing the nucleus (N), the centriolar adjunct (ca) and the axoneme (ax). (J–L) Transverse section of the

nucleus–flagellum transition region. The circle of broken lines indicates the anterior tip of both mitochondrial derivatives. (M) Transverse section of the flagellum, showing

the axoneme (ax) made up of accessory, doublet and central microtubules (am, dm and cm, respectively), two mitochondrial derivatives (md), with the asterisk indicating the

paracrystalline material and two accessory bodies (arrows) located between the axoneme and the mitochondrial derivative. (N and O) Transverse sections of the posterior

region of the flagellum: in (N) the mitochondrial derivatives (md) follow the axoneme and in (O) the larger derivative (asterisk) ends after the smaller. (P) Transverse section

of the final flagellar region showing the accessory microtubules (arrow), which are the last ones to end. (Q). Transverse section of the spermatids nuclei in a cyst with 32

spermatids. Scale bars: (A) 20 mm; (B) 5 mm; (C, J–L) 0.2 mm; (D) 0.5 mm; (E–F, M–P) 0.1 mm; (G–I) 0.3 mm; (Q) 1 mm.
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Fig. 2. Cladogram for Apoidea families (Sphecidae, Apidae and Crabronidae)

modified from Alexander (1992), Melo (1999) and Zama et al. (2007), with

spermatozoa characters (Table 1).
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In the testicular follicles, the spermatids are arranged with a
maximum number of 32 in each cyst (Fig. 1Q).

4. Discussion

In Hymenoptera, a large variation of spermatozoa length has
been observed, even among species of the same family. It can be
observed in the Crabronidae, which presents T. albitarse (Crabro-
ninae) with spermatozoa measuring 150 mm and therefore, smaller
than those of Pemphredoninae, Microstigmus arlei, that measure
813 mm (Zama et al., 2007). In bees, the length of such cells varies
considerably, generally from 80 to 450 mm (Baer et al., 2003; Zama
et al., 2004; Araújo et al., 2005; Fiorillo et al., 2005), but reaching up
to 1500 mm, as observed in Euglossini bees (Zama et al., 2005a).

The spermatozoa of T. albitarse have many ultrastructural
characteristics in common with other Hymenoptera (Wheeler
et al., 1990; Peng et al., 1992, 1993; Newman and Quicke, 1999;
Zama et al., 2001, 2004, 2005a,b,c; Lino-Neto and Dolder, 2002).
However, there are also important differences, as among the
species of Crabronidae and Sphecidae already studied. For
example, in Microstigmus, the perforatorium is paracrystalline,
very long and almost entirely inserted into a nuclear cavity. The
nucleus and the perforatorium show a spiralled course (e.g. Zama
et al., 2007). The difference between the acrosome of the species
studied in this work and that of Sphecidae, S. fistularium (Zama
et al., 2005b) consists in the shape of the acrosomal vesicle in cross-
section. In T. albitarse, it is circular and in S. fistularium it changes to
ellipsoidal near the nucleus.

The base of the perforatorium inserted into a cavity at the
anterior extremity of the nucleus occurs in all the Hymenoptera.
Thus, it may be considered a synapomorphic character to the order.
However, variations in the depth of the insertion are observed
among different species. In T. albitarse, the insertion, only 80 nm, is
the shortest registered for Hymenoptera. In S. fistularium (Zama
et al., 2005b) and in the Halictinae bees (Fiorillo et al., 2005),
Tapinotaspidini (Báo et al., 2004) and Meliponini (Zama et al.,
2001, 2004; Araújo et al., 2005) this insertion varies from 100 to
300 nm. The deepest insertions were 400 nm in ants (Moya et al.,
2007), 500 nm in wasps Agelaia vicina (Mancini et al., 2006), and
630 nm in Euglossini bees (Zama et al., 2005a).

In most insects, the nucleus is connected to the flagellum by an
electron-dense structure called the centriolar adjunct (Jamieson
et al., 1999). In the Hymenoptera, this structure has been classified
as symmetric or asymmetric, based on its association with the
other components of this region. It is said to be symmetric when
this structure is located between the nuclear base (which, in
general, is pointed) and the beginning of both mitochondrial
derivatives. It is considered asymmetric when the centriolar
adjunct, which usually begins at the nuclear base, extends parallel
to the axoneme and the large mitochondrial derivative and finishes
just above the anterior tip of the smaller mitochondrial derivative.
The asymmetric type is observed from ‘symphyta’ to Apoidea,
including the spheciforme S. fistularium (Zama et al., 2005b).
However, as in T. albitarse, in Siricoidea Tremex sp. (Newman and
Quicke, 1999), in Chalcidoidea (Lino-Neto et al., 1999, 2000b; Lino-
Neto and Dolder, 2001b), and in ants (Wheeler et al., 1990; Lino-
Neto and Dolder, 2002; Moya et al., 2007), the centriolar adjunct is
symmetric. Possibly, the symmetric condition in this species
represents an autapomorphy and occurred independently (40,
Fig. 2). In the parasitic wasp, Scelionidae, no centriolar adjunct was
observed (Lino-Neto and Dolder, 2001a).

Although the microtubular arrangement pattern is largely
conserved in Hymenoptera (Jamieson et al., 1999) differences can
be recognized in the sequence of their cut-off in the final axonemal
portion. In T. albitarse similar to what has been reported in all
aculeate, the central microtubules and the nine doublets terminate
first, followed by the accessory microtubules (Lino-Neto et al.,
2000a; Zama et al., 2001, 2004, 2005a,b, 2007; Báo et al., 2004;
Araújo et al., 2005; Fiorillo et al., 2005; Mancini et al., 2006) or all
terminate approximately together, as in ants (Wheeler et al., 1990;
Lino-Neto and Dolder, 2002). A different order was found for
parasitic wasps (Chalcidoidea) where the nine doublets are the last
microtubules to end at the flagellum tip (Lino-Neto et al., 1999,
2000b; Lino-Neto and Dolder, 2001b).

The asymmetry in the diameters of the mitochondrial derivatives
was observed in Sphecidae S. fistularium (Zama et al., 2005b), in
Apidae (Lino-Neto et al., 2000a; Báo et al., 2004; Zama et al., 2001,
2004, 2005a; Fiorillo et al., 2005; Araújo et al., 2005) and in Vespidae
(Mancini et al., 2006, 2008). In Microstigmus, the mitochondrial
derivatives are symmetrical (Zama et al., 2007). However, the
constriction observed in the larger mitochondrial derivative can be
used to differentiate T. albitarse from other species.

The number of spermatozoa per cyst in testicular follicles
reflects the number of mitosis and the viability of the spermatids at
the beginning of spermiogenesis (Lino-Neto et al., 2008). In T.

(Trypargilum) albitarse and T. (Trypoxylon) spp. (Moreira et al.,
2008), up to 32 spermatids were observed per cyst, indicating that
this number is possibly characteristic for the genus or, at the most,
for the subfamily Crabroninae (10 0, Fig. 2); since in Pemphredo-
ninae, Microstigmus showed up to 64 spermatozoa per cyst (Zama
et al., 2007). Also, in Sphecidae, S. fistularium, up to 128
spermatozoa were observed per cyst (Zama et al., 2005b).

As can be observed, the morphology of the spermatozoa of T.

albitarse shows several synapomorphies to the Apoidea. However,
there are characteristics shared only within the subfamily while
others are exclusive to the species or, possibly, to the genus.
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ture of the spermatozoa of Halictidae (Hymenoptera, Apoidea). J. Submicrosc.
Cytol. Pathol. 37 (1), 75–81.

Hanson, P.E., Menke, A.S., 1995. The sphecid wasps (Sphecidae). In: Hanson, P.E.,
Gauld, I.A. (Eds.), The Hymenoptera of Costa Rica. Oxford University Press, New
York, pp. 621–649.

Jamieson, B.G.M., 1987. The Ultrastructure and Phylogeny of Insect Spermatozoa.
Cambridge University Press, Cambridge.

Jamieson, B.G.M., Dallai, R., Afzelius, B.A., 1999. Insects: Their spermatozoa and
Phylogeny. Science Publishers, Inc., USA.

Lensky, Y.E., Ben-David, E., Schindler, H., 1979. Ultrastructure of the spermatozoa of
the mature drone bee. J. Apicult. Res. 18, 264–271.
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