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Abstract This study characterizes the male gametic cells in

two ant species (Pachycondyla striata and Pachnoda mar-

ginata) by light and transmission electron microscopies.

The sperm of both species is composed of head, flagellum,

and transition regions. The head consists of the acrosome,

tapered and bilayer, and a cylindrical nucleus. In P. mar-

ginata, the intranuclear material is homogeneously

compacted, and in P. striata, there are translucent inclusions

and density variations. In the transition region of both

species, centriolar adjunct, nuclear base, and the modified

basal body (structure of the spermatozoa equivalent to the

spermatids’ centriole) coexist and are progressively

replaced by two oval and symmetrical mitochondrial

derivatives and an axoneme 9 ? 9 ? 2, respectively, in

addition to two symmetrical triangular accessory bodies.

Moreover, cytochemical analysis with Ethanolic Phospho-

tungstic Acid Method (E-PTA) revealed species-specific

features not previously reported in the Formicidae, such as

the presence of E-PTA negative acrosomal vesicle, E-PTA

positive perforatorium, and E-PTA positive nucleus, all in

P. marginata. Mitochondrial derivatives exhibited distinct

behavior in its internal composition, with E-PTA negative

mitochondrial cristae and E-PTA positive paracrystalline in

both species. Sperm morphology in Pachycondyla has

marked morphological similarities with other ant groups,

and its specific features can be useful tools to understand

phylogenetic relationships within the Formicidae and

Hymenoptera.
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Introduction

As observed for many groups of insects (Phillips 1970;

Dallai 1974, 2014; Jamieson 1987; Dallai and Afzelius

1993; Jamieson et al. 1999), sperm morphological charac-

terization may be a relevant tool for understanding ant

taxonomy and phylogenetic relationships within the

Formicidae. In this context, some studies have focused on

the morphology of the Hymenoptera spermatozoa, as it

seems to be sufficiently varied among groups and conserved

within species (Wheeler et al. 1990; Quicke et al. 1992;

Newman and Quicke 1999a, b, 2000; Lino-Neto et al.

1999, 2000a, b; Lino-Neto and Dolder 2001a, b, 2002;

Zama et al. 2001; Zama 2003). Although the family

Formicidae has widely been studied in various aspects,
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spermatic analysis is still required. The seven records

reported in the literature represent only 15 of the 13.000 ant

species described (Thompson and Blum 1967; Caetano

1980; Wheeler et al. 1990; Lino-Neto and Dolder

2002, 2008; Moya et al. 2007; Brunett and Heinze 2014).

Among Ponerinae tribes, the Ponerini shows weakly

supported and controversial monophyletic features (Bolton

et al. 2006; Moreau et al. 2006; Schmidt 2013), including

the genus Pachycondyla. This genus includes a considerable

amount of synonyms associated with few synapomorphies,

which are responsible for its phylogenetic problems (Smith

2009; Mariano et al. 2011; Moreau and Bell 2013; Schmidt

2013; Schmidt and Shattuck 2014). Therefore, considering

the importance of sperm characterization for understanding

the systematics in insects, the reduced sperm data in

Formicidae, as well as the existence of controversial phy-

logenetic characters in Pachycondyla, this study describes

the spermatozoa of two Pachycondyla species.

Materials and methods

Males of Pachycondyla marginata and Pachycondyla stri-

ata were collected from excavated nests in the Santa

Genebra Forest Reserve (Campinas, São Paulo, southeast

Brazil), and in the campus of the Federal University of

Viçosa (Viçosa, Minas Gerais, Brazil), respectively.

Drops of sperm suspension from the seminal vesicle were

spread on histological slides and fixed with paraformalde-

hyde 4% in sodium phosphate buffer 0.1 M at room

temperature. After fixation, the slides were quickly washed

in tap water and dried. Then, they were examined and

photographed in light microscope equipped with photo-

graphic camera. The measurements of the sperm average

length were carried out with the Program Image Pro Plus,

IPWin4.

For transmission electron microscopy analysis, testes and

vesicles were dissected in sodium phosphate buffer and

fixed in 2.5% glutaraldehyde and 4% paraformaldehyde for

a period of 48 h at 4 �C. These fragments were washed in

sodium phosphate buffer and postfixed in 1% osmium

tetroxide for 2 h at room temperature. They were dehy-

drated in acetone series and embedded in epoxy resin at

60 �C for 72 h. Ultrathin sections were stained with aque-

ous solutions of 2% uranyl acetate and 0.1% lead citrate.

To improve the preservation of axonemal microtubules,

testes and vesicles were fixed in 2.5% glutaraldehyde, 1%

tannic acid, and 1.8% sucrose in 0.1 M sodium phosphate

buffer for 3–5 days at 4 �C (Dallai and Afzelius 1990). This

material was washed in the same buffer and stained with 2%

aqueous uranyl acetate, in the dark, for 2 h at room tem-

perature. Finally, the fragments were dehydrated,

embedded, sectioned, and stained according to the protocol

described above.

For detection of basic proteins, it was used the Ethanolic

Phosphotungstic Acid method (E-PTA). Some materials

were fixed in 2.5% glutaraldehyde solution in 0.1 M sodium

phosphate buffer to which 1.5% sucrose was added. After

washing in the respective buffer, they were dehydrated in

increasing series of ethanol for 2 h at 4 �C and stained in 2%

phosphotungstic acid with absolute ethanol for 2 h at room

temperature (Modified from Bloom and Aghajanian 1968).

Subsequently, the fragments were embedded and sectioned

according with the protocol described above.

Results

Sperm morphology

The spermatozoa of P. striata and P. marginata are filiform,

measuring about 130 and 200 lm in length, respectively

(Figs. 1a, 2a). They are divided in two regions: the head

measures about 20 lm in P. striata and 35 lm in P. mar-

ginata, and the flagellummeasures about 105 and 160 lm in

length, respectively (Figs. 1a, 2a). In both species, the head

region consists of the acrosome in its anterior tip and the

nucleus. The flagellum consists of an axoneme, two mito-

chondrial derivatives, and two accessory bodies. Both

regions are interconnected by a transition portion.

The acrosome in both species is an elongated, tapered,

and bilayer structure composed of an acrosomal vesicle—

with 1.8 lm in length in P. striata and 1.0 lm in P. mar-

ginata, an internal perforatorium, and a slender translucent

space between these two structures (Figs. 1b, 2b). The

perforatorium measures about 1.5 lm in P. striata and

1.0 lm in P. marginata. In cross section of the acrosomal

anterior tip of both species, it is observed an acrosomal

vesicle followed by a perforatorium and translucent space,

all of which present a circular shape (Figs. 1c, 2c, d). In the

transverse section of the acrosomal posterior portion, the

translucent space and the acrosomal vesicle acquire trian-

gular shape, while the perforatorium maintains its circular

shape. Although acrosomal shape alterations occur in both

species, it is less prominent in P. striata compared to P.

marginata (Figs. 1d, 2e). At its base, the acrosome presents

an oblique contact with the nucleus, as the perforatorium

extends to the nucleus anterior tip—for a length of 0.3 lm
in P. striata and 0.2 lm in P. marginata (Figs. 1e, f, 2f, g).

Cytochemical analyses showed that the acrosomal vesicle

was E-PTA negative, whereas the perforatorium was E-PTA

positive in P. marginata (Fig. 2h). In turn, in P. striata, the

acrosome vesicle was E-PTA positive—although its initial

portion has shown to be a pronounced E-PTA negative
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structure (Fig. 1g, h)—and the perforatorium was E-PTA

negative (Fig. 1g, h).

In both species, the nucleus is elongated and electron

dense with high compacted chromatin (Figs. 1i, 2i). In P.

striata, its anterior tip has a circular shape in cross section,

which progressively acquires an oval shape (Fig. 1f, j, k),

maintaining its diameter constant. In P. marginata, the

nucleus remains circular in cross section for its entire

extension, but the diameter increases toward the posterior

end (Fig. 2i). In P. striata, the nucleus has areas with dif-

ferent densities, showing electron-lucid inclusions, which

accumulate especially in the periphery (Fig. 1i–k). In

cytochemical analyses, the nucleus of P. striata was E-PTA

negative, with high positivity in some areas (Fig. 1g, m). On

the other hand, in P. marginata, the nucleus was slight

E-PTA positive in its entire extension (Fig. 2j, k).

In the transition region, the nuclear posterior portion is

oblique with a protrusion of 1.6 lm in length in P. striata

(Fig. 1l, n), and 2.2 lm in P. marginata (Fig. 2l). In both

species, this nuclear portion is of semicircular shape and

rests on the anterior concave base of the centriolar adjunct

(Figs. 1l, 2m). The nuclear posterior tip progressively

reduces in diameter, showing a small circle partly sur-

rounded by the anterior tip of the modified basal body—

both juxtaposed to the concavity of the centriolar adjunct. In

its anterior portion, the centriolar adjunct has a semicircular

shape in P. striata and an ovoid shape in P. marginata

(Figs. 1o, p, 2n, o). In both species, the axoneme is formed

from the modified basal body with a 9 ? 9 ? 0 micro-

tubular configuration that turns into a 9 ? 9 ? 1 and,

finally, a 9 ? 9 ? 2 configuration, as it approaches the

flagellum (Fig. 2o–r). In this region, it is possible to observe

the beginning of accessory bodies and mitochondrial

derivatives between axoneme and centriolar adjunct

(Fig. 2q, r). The mitochondrial derivatives, in its initial

portions, are symmetrical to each other and increase in

diameter as they occupy the centriolar adjunct space

(Figs. 1r, s, 2r). By the E-PTA technique, the structures of

the transition region showed different behaviors between

the studied species. In P. striata, the centriolar adjunct was

E-PTA negative, except in its periphery, becoming E-PTA

positive in its posterior portion, especially with the emer-

gence of mitochondrial derivatives (Fig. 1t–v). In turn, in P.

marginata, the centriolar adjunct was intense E-PTA neg-

ative in its luminal region and E-PTA positive in its

periphery along its entire length (Fig. 2s, t). In both species,

accessory bodies were E-PTA negative and the anterior tip

of the mitochondrial derivatives was positive (Figs. 1v, 2u).

The flagellum of both species is characterized by axo-

neme with 9 ? 9 ? 2 microtubular arrangement (with 16

protofilaments in the accessory microtubule) (inset, Fig. 3a,

h), two symmetrical mitochondrial derivatives (oval in P.

striata and pyriform in P. marginata, in cross section), and

two symmetrical and triangular accessory bodies, in trans-

verse section (Fig. 3a, f). Along the flagellum, except in its

posterior portion, the mitochondrial derivatives in both

species differ in the configuration of their two internal

contents. In P. marginata, they exhibit a granular area of

low density, corresponding to the paracrystalline material

proximal to the axoneme, and a greater density area corre-

sponding to the mitochondrial cristae (Fig. 3a). In turn, in P.

striata, the mitochondrial derivatives exhibit a dense

paracrystalline area proximal to the axoneme, whereas the

mitochondrial cristae are electron lucid (Fig. 3f). Along the

flagellum, both accessory bodies present triangular shape, in

transverse section, with the periphery poor electron dense

and filled with low density amorphous material (Fig. 3a, f).

In cytochemical analyses, in both species, the microtubules

of the axoneme are E-PTA positive, especially the accessory

tubules. In the central pair, both luminal and radius justax-

onemal portions are positive (Fig. 3b, l). The mitochondrial

derivatives exhibit specific E-PTA reaction for each species.

In P. marginata, only the mitochondrial cristae region is

E-PTA negative (Fig. 3b). In contrast, in P. striata, the

mitochondrial proximal area to the axoneme seemed to be

strongly E-PTA positive, different from the distal one. In

this distal region, its outline was E-PTA positive, as well as

the mitochondrial derivative membrane. The mitochondrial

middle portion was E-PTA negative (Fig. 3l).

At the distal end of the flagellum, the configuration of

components differs between the species. In P. striata, one

mitochondrial derivative ends before the other (Fig. 3g–k).

The microtubules of the central pair are the first to end,

before the mitochondrial derivatives and accessory bodies,

resulting in a 9 ? 9 ? 0 microtubule arrangement. The

mitochondrial derivatives disappear in different levels,

followed by accessory bodies, and finally, the axoneme

remains with only the accessory microtubules (Fig. 3g–k).

On the other hand, in P. marginata, the mitochondrial

derivatives and accessory bodies end together and before

any axonemal disarrangement (Fig. 3c–e).

bFig. 1 Spermatozoa of P. striata. a Light micrograph. b Longitudinal

section of the anterior tip. c–f Serial cross sections of the acrosomal

components. g E-PTA, longitudinal section of the anterior end. h E-

PTA, acrosomal cross section. i Longitudinal section of the nucleus. j–
l Serial nuclear cross sections, from the anterior to the posterior end.

m E-PTA, cross section of the nucleus. n Longitudinal section of the

transition nucleus–flagellum region. o–s Serial cross sections of the

transition nucleus–flagellum region. t–v E-PTA, serial cross sections

of the nucleus–flagellum transition region. ab accessory body, av

acrosomal vesicle, ax axoneme, mb modified basal body, ca centriolar

adjunct, f flagellum, h head, md mitochondrial derivative, n nucleus,

p perforatorium, translucent inclusions (arrowhead) and density

nuclear change (*)
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Discussion

Both Pachycondyla species analyzed differ from each other

in relation to the chromatin configuration. The nucleus in P.

marginata displays a homogeneously compact chromatin,

whereas scattered electron-lucid inclusions are observed in

P. striata. Similar inclusions were also reported for

Solenopsis invicta (Lino-Neto and Dolder 2002) and Pseu-

domyrmex penetrator (Moya et al. 2007). In P. penetrator,

in addition to the inclusions, intense unpacking chromatin

occurs at the nuclear periphery. The chromatin configura-

tion with electron-lucid inclusions observed in P. striata

exhibited a specific pattern to the species, never observed to

other Hymenoptera, which suggests that could be an

autapomorphy of the species.

The penetration of the nuclear distal portion in the cen-

triolar initial base is not reported for most Apoidea,

including Formicidae (Caetano 1980; Lino-Neto and Dolder

2002; Zama et al. 2001, 2004, 2005a, b; Báo et al. 2004;

Fiorillo et al. 2005a, b; Moya et al. 2007; Lino-Neto et al.

2008). In addition, in Pachycondyla, this region exhibits

configuration different from Apidae (Peng et al. 1993; Lino-

Neto et al. 2000b; Gracielle et al. 2009; Gomes et al. 2012)

and Vespidae (Mancini et al. 2006, 2009; Moreira et al.

2012), since in Apidae, the nucleus is surrounded by the

modified basal body, while in Vespidae, the beginning of

longer mitochondrial derivative acts as base. Therefore,

these character states could be synapomorphies of the genus

Pachycondyla, considering the specific provision of this

region in each Pachycondyla.

The presence of a symmetrical centriolar adjunct, situ-

ated between the nucleus base and the anterior end of both

mitochondrial derivatives, as noted in these Pachycondyla

species, is common to Formicidae (Caetano 1980; Wheeler

et al. 1990; Lino-Neto and Dolder 2002; Moya et al. 2007;

Lino-Neto et al. 2008). Although this character state is

shared with Symphyta Siricoidea (Newman and Quicke

1999a) and Parasitica Chalcidoidea (Lino-Neto et al.

1999, 2000b; Lino-Neto and Dolder 2001b), in most

Aculeata, this structure is located between the nucleus and

only one mitochondrial derivative (Zama et al.

2004, 2005b, 2007; Araujo et al. 2005; Fiorillo et al. 2005b;

Gracielle et al. 2009; Mancini et al. 2006, 2009). Therefore,

considering that Formicidae is recognized as a family

derived from Aculeata, it is possible to suppose that the

symmetric condition of the adjunct may have been expres-

sed more than once in Hymenoptera.

Although the spermatozoa of Pachycondyla present

flagellar configuration commonly observed in Hyme-

noptera, they also show some variation. In both species,

mitochondrial derivatives exhibit traits that differ from

other Aculeata and relate them to Formicidae. The mito-

chondrial derivatives of ants show shapes ranging from

ovoid to pear shape, similar diameter in cross sections and

presence of paracrystalline material proximal to the axo-

neme (Caetano 1980; Wheeler et al. 1990; Lino-Neto and

Dolder 2002; Moya et al. 2007; Lino-Neto et al. 2008).

However, several groups phylogenetically distant from

Formicidae—such as Eucoilidae, Megalyroidea (Newman

and Quicke 1999b, 2000; Gracielle et al. 2009; Gomes et al.

2012), Apidae (Lino-Neto et al. 2000b; Zama et al.

2001, 2004, 2005a; Báo et al. 2004), and Halictidae (Fiorillo

et al. 2005a, b)—and Vespidae (Mancini et al. 2006, 2009;

Moreira et al. 2012)—which is a group phylogenetically

similar to Formicidae—exhibit asymmetry in their mito-

chondrial derivatives.

In the terminal region, the end of the mitochondrial

derivatives with the perfectly organized axoneme, as

observed in P. marginata, has been observed in other

Formicidae, but the end of the derivatives after the disar-

rangement of the central pair, as observed in P. striata, was

reported only in Pseudomyrmex (Moya et al. 2007). In P.

marginata, the microtubule disorganization in the final

flagellum region is preceded by a change in the disposition

of the intertubular material that can be specific to the spe-

cies, since it was not reported to other Formicidae species,

or even to other Hymenoptera.

This study is the first to perform cytochemical analyses of

spermatozoa in the Formicidae, finding relevant differences

between the species studied and with respect to some

Hymenoptera. Whereas in P. striata, E-PTA was positive

only in the central region—as described for Meliponini

Apidae and Euglossini Bombini (Zama 2003; Zama et al.

2001, 2004, 2005a), in P. marginata, basic proteins were

observed across the entire nuclear area, a feature not yet

reported for any other Hymenoptera. The variation of

E-PTA negative in the anterior portion and positive at the

distal end exhibited by centriolar adjunct in P. striata was

never reported to any Hymenoptera, and could be an

autapomorphy in this species. The mitochondrial deriva-

tives presented different reaction to E-PTA not yet

bFig. 2 Spermatozoa of P. marginata. a Light micrograph. b Longitu-

dinal acrosomal section. c–g Serial cross section of the acrosomal

components. h E-PTA, longitudinal section of the acrosome. i Cross
section of nuclear portion. j E-PTA, cross section of the nuclear

portion. k E-PTA, longitudinal section of the nucleus. l Longitudinal
section of the nucleus–flagellum transition region. m–r Serial cross

sections of the nucleus–flagellum transition portion. s E-PTA,

longitudinal section of the nucleus–flagellum transition region. t–
u E-PTA, cross sections of the nucleus–flagellum transition. ab

accessory bodies, av acrosomal vesicle, ax axoneme, mb modified

basal body, ca centriolar adjunct, f flagellum, h head,mdmitochondrial

derivatives, n nucleus, p perforatorium
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described for Hymenoptera, including Formicidae, having

the same potential to act as a species-specific character.

The characters shown by both species, P. marginata and

P. striata, are widely consistent with the data displayed by

the Formicidae already studied, when considered: (1)

acrosomal components, (2) centriolar adjunct disposal in

relation to mitochondrial derivatives and (3) shape, cross

symmetry, and distribution of the internal content of

mitochondrial derivatives. The sharing of these characters

highlights the existence of a morphological pattern for

Formicidae. In addition, other traits suggest the presence of

additional synapomorphies between Pachycondyla species,

such as the arrangement of components in the transition

region, giving further support for the monophyly of the

genus. Other characters have the potential to be used in

future studies of Pachycondyla systematics, such as the

Fig. 3 Spermatozoa of P. marginata and P. striata (Transmission

electron microscopy). Pachnoda marginata—a cross section of the

flagellar portion. Note the protofilaments in detail. b E-PTA, cross

section of the flagellar components. c–e Serial cross sections of the

flagellar end. Pachycondyla striata—f flagellar cross section. g–
k Serial cross sections of the flagellar end; h note the protofilaments in

detail. l E-PTA, flagellar cross section. ab accessory bodies, am

microtubules accessories, ax axoneme, cm central microtubules, md

mitochondrial derivatives, pm peripheral microtubules, paracrystalline

(*), mitochondrial cristae (arrow), material between derivatives

(arrowhead)
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distribution pattern of the internal content of mitochondrial

derivatives and density variations of the chromatin material

(especially observed in P. striata). The characters described

represent a potential tool for the phylogeny of Pachy-

condyla and Formicidae, although more representative

analyses of the genus and family are necessary to define

phylogenetic relationships more precisely.
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