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ABSTRACT Morphology of spermatozoa in bees has provided promising results for phyloge-
netic analyses. In this work, the structure and ultrastructure of spermatozoa from Thygater
(Thygater) analis and Melitoma segmentaria were characterized and the synapomorphies shared
in the family Apidae are discussed. In these species, spermatozoa bundles which are undone in the
seminal vesicle possess, on average, 50 cells. Spermatozoa consist of a head and a flagellar region.
The head includes an acrosome containing the perforatorium, covered by the acrosomal vesicle and
a nucleus. The flagellum is formed by two mitochondrial derivatives, which are asymmetric in di-
ameter and length, with one centriolar adjunct, one axoneme (9 1 9 1 2), and two accessory bodies.
In cross section the centriolar adjunct is asymmetric and the accessory bodies are triangular in
shape. In the distal region of the flagellum, the derivative terminates before the axoneme and the
small derivative terminates first. The axoneme is gradually disorganized and the accessories
microtubules are the last to terminate. In these two species, spermatozoa share diverse synapomor-
phies with those of other bee species previously described in the literature, which allows for the
establishment of a morphological pattern for spermatozoa of the family Apidae. Microsc. Res. Tech.
75:74–80, 2012. VVC 2011 Wiley Periodicals, Inc.

INTRODUCTION

The morphology of insect spermatozoa is important
for distinguishing traits for phylogenic analyses at
different taxonomic levels (Baccetti, 1970; Dallai,
1974; Dallai and Afzelius, 1993; Jamieson, 1987;
Jamieson et al., 1999; Phillips, 1970). The first com-
parative morphology study of spermatozoa in Hyme-
noptera was performed by Quicke et al. (1992), with
species from 14 families representing symphyta, both
Aculeata and Parasitica. Jamieson et al. (1999)
proposed a phylogeny for endopterygota utilizing
morphological and molecular traits, in addition to
apomorphic traits of spermatozoa for each order.
These authors suggest that ‘‘perforatorium inserted
in a small cavity on the anterior extremity of the
nucleus’’ is the only apomorphic characteristic of
spermatozoa in Hymenoptera.

In bees, the ultrastructure of spermatozoa has been
described in species of Apinae (Araújo et al., 2005a;
Báo et al., 2004; Cruz-Hofling et al., 1970; Hoage
and Kessel, 1968; Lensky et al., 1979; Lino-Neto
et al., 2000; Peng et al., 1992, 1993; Quicke et al.,
1992; Rothschild, 1955; Woyke, 1984; Zama et al.,
2001, 2004, 2005a,b), Halictinae (Fiorillo et al., 2005),
Megachilinae and Andreninae (Gracielle et al., 2009;
Quicke et al., 1992). In these bees, spermatozoa

present a common short head region, formed by the
acrosome and nucleus, and a flagellum region com-
posed of two asymmetric mitochondrial derivatives,
one centriolar adjunct, one axoneme with a microtu-
bule arrangement of 9 1 9 1 2 and two accessory
bodies. In bees, as in Aculeata in general, spermato-
zoa are transferred to the seminal vesicles in bundles
(spermatodesm), which are disrupted during sexual
maturation (Araújo et al., 2005b; Moreira et al.,
2004, 2008).

In this study, the ultrastructure of spermatozoa in
two Apinae species were characterized and compared
with those of other species previously published to
investigate synapomorphic characteristics for bees.
This provides an ultrastructural pattern for spermato-
zoa in the Apidae family.
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MATERIALS ANDMETHODS

Eight adult males of Thygater (Thygater) analis
(Lepeletier 1841) and of Melitoma segmentaria (Fabri-
cius 1804) were collected with entomological nets while
visiting Ipomoea sp. (Convolvulaceae) flowers on the
campus of the Federal University of Viçosa, Minas
Gerais, Brazil.

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% (wt/vol) paraformaldehyde in 0.1 M so-
dium phosphate buffer (PBS), 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 photo-
graphed to be measured. To access nucleus measure-
ments, some of these preparations were stained for 15
min with 0.2 lg/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 BP360–370 nm
excitation filter and 50 nuclei were photographed. All
the measurements were obtained with the software
Image Pro-Plus, version 4.5 (Media Cybernetics, MD)
and the lengths were averaged from the total number
of spermatozoa analyzed.

Transmission Electron Microscopy (TEM)

From each male, one of the seminal vesicles was
fixed for 24 h, at 48C, in a solution containing 2.5% glu-
taraldehyde, 0.2% picric acid, 3% sucrose, and 5 mM
CaCl2 in 0.1 M sodium cacodylate buffer at pH 7.2.
After rinsing buffer, they were postfixed with 1% os-
mium 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 Zeiss EM 109
transmission electron microscope.

RESULTS

Spermatozoa from T. analis and M. segmentaria are
long, slender and measure, on the average, 500 lm and
300 lm in length, respectively (Figs. 1A and 1C). In T.
analis the nucleus is on the average, 45 lm in length
(Fig. 1B) with a nucleus/flagellum length ratio of 0.09,
whereas in M. segmentaria the nucleus is on the aver-
age 30 lm in length (Fig. 1D) and the nucleus/flagel-
lum ratio is equal to 0.1.

Spermatozoa of both T. analis and M. segmentaria
exit the testes in bundles and become frequently
undone in the seminal vesicle lumen (Fig. 1E). How-
ever, the bundles or their fragments are sometimes
observed in the seminal vesicle (Figs. 1F–1G). Sperma-
tozoa arranged in bundles are maintained by a fibrous
cap of extracellular material in which the anterior
portion of the sperm heads (acrosome and part of the
nucleus) are embedded (Fig. 1F). These bundles pos-
sess, on the average, 50 spermatozoa (Fig. 1G).

The head region of the spermatozoa consists of
an acrosomal complex and the nucleus (Figs. 1H–1K).
The acrosome measures �1.8 lm in both species and is

composed of a cone shaped acrosomal vesicle which
covers the perforatorium, and spans its entire length
(Figs. 1I–1J). The base of the perforatorium is inserted
into a cavity at the anterior nucleus tip (Fig. 1K). This
cavity measures �0.2 lm in T. analis (Fig. 1K) and
0.18 lm in M. segmentaria. In cross section, we
observed that an acrosomal vesicle is formed by the
lamellar structure (Figs. 1L–1Q). Cross sections of the
acrosomal vesicle are circular in the anterior region
and become oval in shape toward the nucleus
(Figs. 1L–1Q). Along the acrosome, an electron-lucid
layer separates the perforatorium from the acrosomal
vesicle (Figs. 1J and 1O–1P).

The nucleus is linear and electron-dense, with many
electron-lucid lacunae, principally in the peripheral
regions spanning its length (Figs. 2A and 2B). In cross
section, the nucleus presents an oval shape (Fig. 2B).
The posterior extremity of the nucleus is asymmetric
and positioned parallel to the anterior region of the
axoneme and at the top of the large mitochondrial de-
rivative (Figs. 2C–2E).

The centriolar adjunct begins at the nuclear base,
extends parallel to the axoneme and large mito-
chondrial derivative (Figs. 2E–2F) and terminates
just above the small mitochondrial derivative, which
gives this adjunct an asymmetric pattern. In trans-
verse section, the centriolar adjunct presents a
triangular format and is compact and electron dense
(Fig. 2F).

The flagellum consists of two accessory bodies, an
axoneme and two mitochondrial derivatives. In cross
section, the accessory bodies present triangular for-
mats (Figs. 2H–2J) and are located between the axo-
neme and the mitochondrial derivatives, but are not
found between the axoneme and the centriolar adjunct
(Fig. 2F). In the anterior region, the axoneme began as
an atypical centriole, without the central microtubules,
since they begin posterior to the centriolar region
(Figs. 2C–2D). The axoneme follows the typical 9 1 9 1
2 microtubule arrangement, where the nine single
accessory microtubules are the most external and are
followed by the nine doublets and a central pair (Figs.
2H and 3A–3B).

Mitochondrial derivatives are asymmetric in both
size and diameter (Figs. 2H and 3A). Anteriorly, the
large mitochondrial derivative begins adjacent to the
nuclear extremity (Fig. 2C), while the small mitochon-
drial derivative begins immediately below the centrio-
lar adjunct. Mitochondrial derivatives are divided into
four regions: (1) a clear, circular, and centrally localized
region; (2) an electron dense region adjacent to the axo-
neme; (3) a cristae region, which is confined to distal
border in relation to the axoneme and (4) a paracrystal-
line region which is found only on the large mitochon-
drial derivative (Figs. 2H and 3C). In longitudinal sec-
tions, cristae are perpendicular along the axis of the
derivatives and with regular interval spaces which
measure 25 nm in T. analis (Fig. 2G) and 29 nm in M.
segmentaria. In the final region of the flagellum, the
derivatives terminate before the axoneme and the de-
rivative with smallest diameter is the first to terminate
(Figs. 2I–2K). The axoneme is the longest component of
the flagellum, and in its posterior extremity, the micro-
tubules are the last to terminate (Figs. 2K–2P). In the
final region, the two central microtubules terminated
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Fig. 1. A-B. Micrographs of T. analis spermatozoa. A: Phase con-
trast, the arrow indicates the limit between the head and the flagel-
lum B: Head region, showing the nucleus stained with DAPI. C,D:
Micrographs of M. segmentaria spermatozoa. C. Phase contrast, the
arrow indicates the limit between the head and the flagellum. D.
Head region, showing the nucleus stained with DAPI. E–Q. Trans-
mission electron micrographs of the spermatozoa in the seminal vesi-
cle of T. analis. E. Section of the seminal vesicle showing the epithe-
lial region (ep) and the lumen (L) filled with spermatozoa; the arrow-
heads indicate sectioned spermatozoa in the nucleus region. F: Cross
section of a spermatodesm, sectioned in the nucleus region (arrow)
and acrosome (arrowhead) embedded in a less dense extracellular

material matrix (m). G: Cross section of a spermatodesm at the
height of the nuclei, with 50 spermatozoa. H: Longitudinal section of
the anterior region of the head showing the acrosome (ac) and the nu-
cleus (n). I-J: Longitudinal section of the acrosome indicating the
acrosomal vesicle (av) and the perforatorium (p). K: Longitudinal sec-
tion of the transition region between the acrosome (ac) and the nu-
cleus (n), showing that the base of the perforatorium is established in
a cavity at the tip of the nucleus (asterisk). L-Q: Cross sections from
the anterior to posterior region for the acrosome, showing the acroso-
mal vesicle (av) and the perforatorium (p). Bar lengths: A and C 5 50
lm; B and D 5 20 lm; E and G 5 2 lm; F 5 1 lm; H-K 5 0.2 lm; L-Q
5 0.1 lm.
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Fig. 2. Transmission electron micrographs of the spermatozoa
in the seminal vesicle of T. analis (A-B and D-P) and M. segmen-
taria (C). A,B: Longitudinal and transversal sections, respec-
tively, of the nucleus showing the electron lucid lacunae along
the perimeter (arrowheads). C–E: Longitudinal sections of the
nucleus-flagellum transition region. The arrowhead indicates the
nucleus base (n). Note the posterior nuclear projection (arrow-
head), the axoneme insertion (ax), the large mitochondrial deriv-
ative (md), the centriolar adjunct (ca) and the centriolar region
of the flagellum (asterisk). F: Cross section of the flagellum
showing a prominent centriolar adjunct (Ca) in the anterior por-
tion of the flagellum, adjacent the axoneme (ax) and the large
mitochondrial derivative (md) and an accessory body (arrow). G:
Longitudinal section of the mitochondrial derivatives showing
the cristae region (arrow). H: Cross section of the flagellum
showing the axoneme with nine accessories microtubule (am),

nine doublets (dm) and one central pair (cm). Arrowheads indi-
cate the accessory bodies and arrows indicate a central material
between flagellar structures. Both derivatives possess a less
dense central area (a), an electron dense region adjacent to the
axoneme (b) and a cristae region opposite the axoneme (c). The
asterisk indicates a paracrystalline region present only in the
large derivative. I–P: Cross sections of the posterior flagellar ex-
tremity. I: Showing the axoneme (ax), the mitochondrial deriva-
tives (dm) and the accessory bodies (arrowheads). J: Showing the
axoneme (ax) and a mitochondrial derivative (dm). Note that one
derivative terminates before the other. An arrow indicates an
accessory body. K–P: Disorganization of microtubules. The arrow-
heads indicate the accessories microtubules which are the last to
terminate in the posterior flagellar extremity. Bar lengths: A-C
and G 5 0.4 lm; D-F and I-K 5 0.2 lm; H and L-O 5 0.1 lm;
O 5 0.07 lm.



first, followed by nine doublets and, finally, the acces-
sory microtubules (Figs. 2K–2P).

DISCUSSION

Spermatozoa of T. analis and M. segmentaria mea-
sure 500 lm and 300 lm, respectively, and are within
the interval encountered in other bees, which vary
from 80 lm in Scaptotrigona xanthotricha (Araújo
et al., 2005a) to 1500 lm in Euglossa mandibularis
(Zama et al., 2005a). This large interval of lengths
demonstrates that the total length of spermatozoa can-
not be used as a valid trait in phylogenic studies
because it presents many homoplasies, but is a good
taxonomic indicator because it possesses distinct meas-
urements in closely related species (Cruz-Landim,
2008). When observing the length ratio between the
nucleus and the flagellum of T. analis (0.09) and M.
segmentaria (0.1), high similarity was observed
between species of the tribes Eucerini and Emphorini,
respectively. In other phylogenetically related tribes
Apinae, nucleus/flagellum length ratios of 0.6 in Exo-
malopsis auropilosa (Exomalopsini) and 0.7 in Parate-
trapedia (Lophopedia) sp. (Tapinotaspidini) were also
very similar (Báo et al., 2004). Therefore, it is neces-
sary to analyze the nucleus/flagellum length ratio in a
number of species to confirm whether this ratio
remains similar in closely related groups.

The presence of spermatozoa remaining in bundles
in the seminal vesicle has been observed in all sym-
phyta species studies (Lino-Neto et al., 2008a; Newman
and Quicke, 1999; Quicke et al., 1992) and bundles or
its fragments have also been observed in the seminal
vesicle of Aculeata (Moreira et al., 2004, 2008; Zama
et al., 2004). However, in bees and Aculeata in general,
when individuals become sexually mature, bundles
begin to break down and are rarely observed in the

seminal vesicle. Rather, the presence of individual
spermatozoa is more common, which can then be trans-
ferred to the female. This characteristic represents a
synapomorphy for bees and the Aculeata. This is
because in all observed symphyta, the spermatozoa are
observed in bundles in the seminal vesicle (Lino-Neto
et al., 2008a; Newman and Quicke, 1999; Quicke et al.,
1992). Lino-Neto et al. (2008a) suggested that conser-
vation of these bundles in the seminal vesicle of the
symphyta, may possibly be related to enzyme content
and/or pH of fluids present in the lumen.

In the testes, organization of the germinative cells in
cysts is a characteristic common to insects. The num-
ber of spermatozoa in the bundle surely represents the
final number of cells that develop in synchrony, within
the cysts, from a single spermatogonial cell (Lino-Neto
et al., 2008b). In bees, males are haploid and during
spermatogenesis, at least half of the spermatids are
nonviable cells (Conte et al., 2005; Cruz-Landim and
Beig, 1980a,b; Cruz-Landim, 2001; Lino-Neto et al.,
2008b). However, in T. analis and M. segmentaria, an
average of 50 spermatozoa in each bundle indicates the
occurrence of six mitotic cell divisions, as observed for
the majority of bees. An exception is the tribe Melipo-
nini, which possesses 128 spermatozoa per bundle,
indicating seven mitotic cycles which can be considered
a derived trait within this family.

Spermatozoa from T. analis and M. segmentaria
present various similarities with those previously
described for other Apidae species. In bees, the acro-
some measures 1–2 lm and is formed by the acrosomal
vesicle and the perforatorium (Araújo et al., 2005a;
Báo et al., 2004; Fiorillo et al., 2005; Zama et al., 2001,
2004, 2005a), with the exception of Apis mellifera, in
which the acrosome is exceptionally long, and meas-
ures 5.6 lm (Cruz-Hofling et al., 1970; Hoage and Kes-
sel, 1968; Lensky et al., 1979; Woyke, 1984). In cross

Fig. 3. A–C. Transmission electron micrographs of spermatozoa
in the seminal vesicle of M. segmentaria. Cross section of the flagel-
lum showing the axoneme (ax), accessory bodies (arrowheads) and a
central material between the flagellar structures (arrow). Both deriv-
atives have a less dense central region (a), an electron dense region
adjacent to the axoneme (b) and a cristae region opposite the axo-
neme (c). The asterisk indicates a unpublished data paracrystalline

region present only on the large derivative. B,C: Detail of the axo-
neme and the large mitochondrial derivative. In (B), axoneme with
formed by nine accessories microtubule (am), nine doublets (dm) and
one central pair (cm); in (C), the large mitochondrial derivative shows
the less electron dense (a), more electron dense (b) and cristae (c)
regions and the paracrystalline material (asterisk). Bar lengths: A 5
0.2 lm; B-C 5 0.1 lm.
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section, the acrosome generally varies from a circular
shape in the anterior region, to an ellipsoidal shape in
the posterior region, except in Meliponini, in which the
posterior region is triangular (Araújo et al., 2005a;
Zama et al., 2001, 2004). The acrosomal vesicle, which
is formed by lamella in T. analis and M. segmentaria,
has not been found in other bee species. The perforato-
rium is compact, as in other Apini (Báo et al., 2004),
Euglossini (Zama et al., 2005a), and Meliponini (Araújo
et al., 2005; Zama et al., 2001, 2004). In Halictinae
(Fiorillo et al., 2005), the perforatorium is paracrystal-
line. The base of the perforatorium inserted in an ante-
rior external cavity of the nucleus is a characteristic
observed in practically all Hymenoptera, and therefore,
it can be considered a synapomorphic trait of this
order.

In spermatozoa from the majority of bee species, nu-
clear chromatin is very electron dense and compact.
However, in T. analis and M. segmentaria it presents
various electron lucid lacunae, as observed in Exoma-
lopsini and Tapinotaspidini (Báo et al., 2004), and in
Halictidae, numerous paracrystalline inclusions are
observed (Fiorillo et al., 2005). In Melipona marginata
and M. rufiventris (Meliponini), the chromatin is com-
pacted in cloys, giving the nucleus a flaccid chromatin
appearance (Zama et al., 2004). An asymmetric projec-
tion on the posterior portion of the nucleus is a synapo-
morphic trait shared among bees. In this transition
region, the nucleus is connected to the anterior extrem-
ity of the large mitochondrial derivative by a series of
electron-dense lamella. In Apidae, the centriolar
adjunct initiates at the nuclear base, extends parallel
to the axoneme and the large mitochondrial derivative,
and terminates at the tip of the small mitochondrial de-
rivative (asymmetric pattern). This is a synapomorphic
trait for this family. In general, the centriolar adjunct
is electron-dense and compact, its length varying from
2–7 lm in Meliponini (Araújo et al., 2005a; Zama et al.,
2001, 2004) to 30 lm in Apis mellifera (Lino-Neto et al.,
2000). Among the Aculeata, a symmetric centriolar
adjunct, when preceding both mitochondrial deriva-
tives, was encountered in Crabronidae wasps (Araújo
et al., 2009; Zama et al., 2005b), which is considered a
sister group to bees, as well as in ants (Lino-Neto and
Dolder, 2002; Moya et al., 2007).

Asymmetry of length and diameter in the mitochon-
drial derivatives are synapomorphic traits for Apidae.
In other Aculeata, such as Microstigmus (Zama et al.,
2007) and in ants (Lino-Neto and Dolder, 2002; Moya
et al., 2007), the mitochondrial derivatives are sym-
metric. However, in bees the asymmetric diameter of
the mitochondrial derivatives is very evident since the
large derivative is up to three times greater than the
small derivative, as observed in Euglossini (Zama
et al., 2005a). In T. analis and M. segmentaria the
derivatives presents a pear-shaped format, and this is
also evident in Euglossini (Zama et al., 2005a) and
Meliponini (Araújo et al., 2005a; Zama et al., 2001,
2004). In Halictidae (Fiorillo et al., 2005), the deriva-
tives are oval-shaped. Another synapomorphic trait of
bees is the presence of paracrystalline material in the
large mitochondrial derivative, in the region opposite
the axoneme.

In insects in general, the axoneme presents a 9 1 9
1 2 microtubule arrangement and begins with the cen-

triole in the anterior region of the flagellum. At the end
of the flagellum, the axoneme is gradually disorganized
in most Aculeata: the central pair first terminates, fol-
lowed by the nine doublets and lastly, the accessory
bodies (Araújo et al., 2005a; Báo et al., 2004; Fiorillo
et al., 2005; Lino-Neto et al., 2000; Mancini et al., 2006;
Zama et al., 2001, 2004, 2005a,b,c, 2007). In ants, they
terminate approximately at the same point (Lino-Neto
and Dolder, 2002; Wheeler et al., 1990), and in para-
sitic wasps (Chalcidoidea), the accessories microtubule
terminate first (Lino-Neto et al., 1999).

Accessory bodies have a triangular shape and are
inserted between the mitochondrial derivatives and
the axoneme, but not between the axoneme and the
centriolar adjunct, as in Aculeata in general (Araújo
et al., 2005a; Báo et al., 2004; Fiorillo et al., 2005;
Lino-Neto et al., 2000; Mancini et al., 2006, 2008;
Moya et al., 2007; Zama et al., 2001, 2004,
2005a,b,c, 2007).

The two bee species analyzed in this study shared
various spermatozoa morphological traits with other
previously described bee species. These similarities
allow for establishment of a general pattern for the
family based on the synapomorphic characteristics: (1)
spermatozoa bundle disassembly in the seminal vesi-
cle; (2) perforatorium insertion in a small cavity at the
anterior tip of the nucleus; (3) a lateral projection in
the posterior region of the nucleus; (4) asymmetric cen-
triolar adjunct; (5) asymmetry of the mitochondrial
derivatives and the paracrystalline region in the large
derivative; (6) termination sequence of the microtu-
bules and (7) triangular shape of the accessory bodies.
The synapomorphies not only establish a general pat-
tern for spermatozoa in Apidae but also reinforce the
proposal of Brothers (1999) and Melo (1999), which
states that all bees are grouped in the single family
Apidae.
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ultrastructure of the spermatozoa of Halictidae (Hymenoptera.
Apoidea). J Submicrosc Cytol Pathol 37:75–81.

Gracielle IMS, Fiorillo BS, Lino-Neto J, Báo xSN. 2009. Morphology
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