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Abstract: Two synaptonemal complexes (SCs) were present in the pachytene nuclei of Ascaris megalocephala. The SC was tripartite
and comprised of two lateral elements (25 nm) with a striated central element (25 nm) and a central region of 65 nm. Spherical
recombination nodules were observed to be associated only with the central element, although they are non-existent in the related
A. lumbricoides var. suum (Goldstein, 1977). The SCs were attached to the nuclear envelope at only one end, while the other end was
free in the nucleoplasm. This lack of bouquet formation of the chromosomes is consistent with all other nematodes studied.
Morphologically distinct sex chromosomes were not observed, which differs from the presence of five Y-chromosomes present in A.
lumbricoides var. suum (Goldstein and Moens, 1976). Centrioles (0.2 µm wide) reproduced by budding off the parental centriole. The
centrioles consisted of nine singlet microtubules connected by an electron-dense proteinaceous ring. This structure is consistent
with centrioles described in other nematodes, yet distinctly different from the centriole structure observed in most organisms in
which it consists of nine triplet microtubules without any connecting ring. Multiple synaptonemal complexes, or polycomplexes, are
found in A. megalocephala and A. lumbriocoides var. suum. They appear as stacked SC and are present inside the nucleus during
zygotene and in the cytoplasm at pachytene.
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Ascaris megalocephala, a parasitic nematode of horses,
has a haploid chromosome number of n = 2. It was
Boveri (1887) who showed that the two chromosomes
present in meiosis appeared as many minute chromo-
somes during mitosis in the early embryo. This led to
the discovery of “chromosome diminution,” whereby
somatic cells of the early embryonic cleavages lose por-
tions of the chromosomes while germline chromo-
somes remain intact. The process has also been de-
scribed in A. lumbricoides var. suum (Goldstein, 1978).
The ancestral species, A. megalocephala, (n = 2) gave

rise to a number of different species via polyploidiza-
tion, which is considered to be the mechanism for the
origin of A. lumbricoides var. suum (n = 12). In such
cases, there is often a change in the reproductive mode
of the two species. However, both of these species re-
produce via amphimixis. The synaptonemal complexes
(SCs) structures found only in the nucleus in meiotic
prophase I are identical. The morphology of the sex
chromosomes may change with speciation. This is
taken to the extreme in these two species whereby A.
megalocephala has no visible sex chromosomes, yet A.
lumbricoides var. suum has five Y-chromosomes (Gold-
stein, 1978; Goldstein and Moens, 1976). Other pro-
cesses that are integral to meiosis also may change with
speciation. Although crossing-over (recombination) oc-
curs in all nematodes that reproduce via amphimixis,
the mechanism may vary. For example, the “recombi-
nation nodule,” a chromosomal structure observed at

the ultrastructural level in meiotic prophase I nuclei,
and which may be the equivalent of chiasmata, is absent
in some nematodes of the same genus.
The components of meiosis in A. megalocephala have

not been fully described or compared with A. lumbricoi-
des var. suum. In this paper, we discuss the SCs, recom-
bination nodules (RNs), and centrioles that are the in-
tegral components.

Materials and Methods

Ascaris megalocephala were collected from horses at
the abattoir and immediately fixed in 4% glutaralde-
hyde, 0.05 M phosphate buffer, pH 6.3. The testes were
removed, cut into 5-mm portions in consecutive series
(beginning from the distal germinal end), and placed
into fresh fixative for 2 hours. Post-fixation was in Dal-
ton’s osmium-chromic acid for 2 hours at room tem-
perature, followed by dehydration through an alcohol
and propylene oxide series, embedded in Epon, and
stained with uranyl acetate and lead citrate (Fiske,
1966). Ultrathin sections were cut on an LKB Nova
(Sweden) and examined on a Zeiss EM10 (Germany).
Computer analysis: Karyotypes of three pachytene nu-

clei were determined using reconstruction of entire nu-
clei from electron microscopy of serial ultrathin sec-
tions (Table 1). Two different computer packages were
used for determination and three-dimensional analysis
of the reconstructed nuclei: (i) METAMORPHOSIS for
data entry from electron micrographs via a Houston
Instruments Hi-Pad digitizer (Voight and Goldstein,
1987), and (ii) BIOGRAF 3-D for rotational and spatial
analysis of interrelationships between chromosomes
and associated nuclear structures (Peeples and Gold-
stein, 1989). The numbering system for SCs was based
on relative length. The nuclear volumes were calcu-
lated using a subroutine in METAMORPHOSIS.
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Results

As in all other nematodes, the spermatocytes in the
pachytene stage of meiosis prophase I were arranged
peripherally around a central rachis in A. megalocephala
(Favard, 1961). In the pachytene nuclei, only one end
of the SC was attached to the nuclear envelope while
the other end was free in the nucleoplasm (Fig. 1). This
lack of bouquet formation of the chromosomes is con-
sistent with all other nematodes studied. The SC ap-
peared as a tripartite structure consisting of two lateral
elements (each an average of 25 nm wide based on 50
measurements), one central element (an average of 25
nm based on 50 measurements), and the central region
(an average of 65 nm based on 50 measurements). The
central element was striated while the lateral elements
were amorphous (Fig. 2). The overall width of the SC
was an average of 115 nm (based on 50 measurements).

The length of the SCs ranged from 29.9 µm to 17.8 µm
(Table 1). The total karyotype length was, on the aver-
age, 48 µm. The average nuclear volume was 73.5 µm3.
The structure of the SCs in A. megalocephala were iden-
tical to those reported in A. lumbricoides var. suum
(Goldstein and Moens, 1976). Condensed heterochro-
matin was never observed to be associated with the SC
in the specimens examined in this study. There were no
recognizable sex chromosomes, which is different than
the five Y-chromosomes present in A. lumbricoides var.
suum (Goldstein and Moens, 1976).
Recombination nodules, which are the site of cross-

ing-over between the homologous chromosomes, were
associated with the central element of the SC in A.
megalocephala (Fig. 2A). Only spherical RNs were ob-
served, and not the ellipsoid type. Spherical RNs have
been reported at zygotene and may facilitate homolo-
gous chromosome pairing (Ashley, 1994). This is dif-
ferent than in A. lumbricoides var. suum, where RNs were
never observed (Goldstein, 1977, 1978; Goldstein and
Moens, 1976).
Centrioles were present in all stages of meiotic pro-

phase I in A. megalocephala and A. lumbricoides var. suum
(Fig. 3). They were either associated with the nuclear
envelope or in the cytoplasm. Reproduction appeared
as budding off the parental centriole. The centrioles

Fig. 2. The SCs in Ascaris megalocephala (A) and A. lumbricoides var.
suum (B). Lateral elements (LE). Central element (CE). A recombi-
nation nodule (asterisk) is present in A. megalocephala but absent in A.
lumbricoides var. suum. Chromatin (CH) Nuclear envelope (NE). Bar
equals 0.1 µm in A and B.

TABLE 1. Synaptonemal complexes of Ascaris megalocephala.

SC#

Nucleus 1 Nucleus 2 Nucleus 3 Average

length % length % length % length %

1 29.3 59.8 27.2 57.5 29.9 62.7 28.8 60.0
2 19.7 40.2 20.1 42.5 17.8 37.3 19.2 40.0
Total length (µm) 49.0 47.3 47.7 48.0
Nuclear volume (µm3) 73.2 77.3 70.1 73.5

Fig. 1. Spermatocyte pachytene nucleus from Ascaris megalo-
cephala reconstructed from 57 consecutive serial sections. The two
synaptonemal complexes (SCs) are attached at one end to the
nuclear envelope, and the opposite end (circle) is free in the nucleo-
plasm. The SCs are numbered according to length. The centriole (C)
is associated with the nuclear envelope (NE). Bar equals 0.5 µm.
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consisted of nine singlet microtubules connected by an
electron-dense proteinaceous ring. Such structure is
consistent with centrioles described in other nema-
todes, yet distinctly different than the centriolar struc-
ture observed in all other organisms, which consists of
nine triplet microtubules without any connecting ring.
The average diameter of the centriole was 0.2 µm
(based on 10 measurements).
In A. megalocephala, multiple SCs (polycomplexes)

were observed inside the nucleus (associated with the
nucleolus) and outside the nucleus (associated with the
nuclear envelope) (Fig. 4). They consisted of short re-
gions of SCs stacked together and were completely de-
void of any associated chromatin. These polycomplexes
were identical to those observed in A. lumbricoides var.

suum (Fig. 4) (Bogdanov, 1977; Fill et al., 1977). Re-
combination nodules were not observed in the poly-
complexes, which is consistent with the lack of chroma-
tin in these structures.

Discussion

Synaptonemal complexes: Ascaris megalocephala (n = 2),
the ancestral form, and A. lumbricoides var suum (n = 12)
had SC that were identical in structure. Because A. lum-
bricoides var. suum arose via polyploidization, which is a
common mechanism in nematodes (Triantaphyllou,
1983), the SCs can be altered because polyploidization
may be accompanied by either chromosome fragmen-
tation or chromosome duplication. Polyploidization is

Fig. 3. Centrioles in Ascaris megalocephala and A. lumbricoides var. suum. Nine singlet microtubules (Fig. 2A, asterisk) connected by an
electron-dense ring. Longitudinal view of the centriole (Fig. 2B). Replication of the centriole in both species is by budding off the parental
centriole (Fig. 2C). The diam. of the centriole is 0.2 µm. Bar equals 0.1 µm in A-C.

Fig. 4. Multiple SCs, or polycomplexes, are found in Ascaris megalocephala (A) and A. lumbriocoides var. suum (B). They appear as stacked
SCs and are present inside the nucleus during zygotene and in the cytoplasm at pachytene. The polycomplexes shown in A and B are in the
cytoplasm. Nuclear envelope (NE). Bar equals 0.5 µm in A and 0.1 µm in B.
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also the mechanism for the evolution of a strain of A.
suum with n = 24 (Mutafova, 1975), and the SCs are
unaltered. This mechanism has been implicated in the
evolution of chromosomes in other Ascaridida, for ex-
ample, Ascaridia galli and Ascaridia dissimilis (2n = 10)
(Mutafova, 1976), Toxocara canis (2n = 36), Heterakis
gallinarum (2n = 10), and Toxocara mystax (2n = 20)
(Triantaphyllou, 1983).
With polyploidization devoid of chromosome frag-

mentation, pairing of homologues could be normal,
and the SC could be unchanged, as was described in
the plant-parasitic nematode Meloidogyne hapla tetra-
ploid (n = 34) (Goldstein and Triantaphyllou, 1978).
When homologues pair normally, crossing-over and
segregation of the chromosomes at anaphase are highly
regulated to ensure genetic balance. In other organ-
isms, there is an alternative way for pairing in polyploid
chromosomes, called “switching of pairing partners.”
This can occur when three or four homologues each
undergo a cross-over event with any of the others,
which results in the unequal distribution of chromo-
somes to each of the gametes, decreased fertility, and
fecundity. However, switching of partners has never
been described in any nematode; thus, pairing of ho-
mologues occurs only via the normal pairing mecha-
nisms.
Centrioles: In work using A. megalocephala (Boveri,

1887) the terms “centrosome” and “centriole” were first
used. A centriole appears as a short cylinder, which is
on average 0.15 µm in diam. and 0.5 µm long. Centri-
oles are generally paired, and at right angles to each
other. The structure is conserved through evolution,
such that organisms at all levels of the evolutionary
scale have centrioles with similar structure: nine triplet
microtubules arranged in a circle (Marshall and Rosen-
baum, 1999). They are composed of a large number of
polypeptides, including �/�/�/� tubulin (Dutcher,
2001) and centrin (Salisbury, 1995), as well as tektin
filaments and their associated structural proteins (Stef-
fen et al., 1994). At the ultrastructural level, the cen-
trosomes are comprised of a pair of centrioles associ-
ated with pericentriolar material and tubulin. Centri-
oles are required to organize the centrosome in which
they are embedded and are also needed for cilia and
flagella (Hinchcliffe and Sluder, 2001).
Replication of centrioles is via budding. A procentri-

ole (Fig. 3) appears on the parental centriole as a short
cylinder that progressively elongates to reach to final
size (Bobinnec et al., 1998). Before the cell enters
meiosis, the single interphase centriole has replicated.
The centrioles move to the poles, the nuclear envelope
breaks down, and the microtubules, organized by that
centriole in the centrosome, provide part of the mecha-
nism for chromosome segregation. Failure of the cell to
precisely control this duplication can result in aneu-

ploidy, polyploidy, and other segregational abnormali-
ties.
Centrioles found in nematodes are comprised of

nine singlet microtubules, which are connected by a
dense proteinaceous ring (Justine and Jamieson, 1999;
Justine, 2002). This may be the result of loss of inter-
actions between microtubular triplets or by the desta-
bilization of the triplets themselves (Bobinnec et al.,
1998). The structure is conserved throughout the
Nematoda with the following as examples: Heterodera
betulae, H. glycines, Meloidogyne hapla, M. natalie, M.
spartinae, M. carolinensis, Ascaris lumbricoides var suum, A.
megalocephala (Favard, 1961), Caenorhabditis elegans
(Wolf et al., 1978), Sphaerolaimus hirsutus (Noury-Srairi
et al., 1993), Trichinella spiralis (Slomianny et al., 1981),
Heterakis gallinarum (Lee, 1971), Dipetalonema viteae
(McLaren, 1973), Capillaria muris (Wright and Som-
merville, 1985), and Nipponstrongylus brasiliensis
(Jamuar, 1966). Variations have been reported. For ex-
ample, in the nematode Heligmosomoides polygyrus, the
centriole is comprised of 10 singlet microtubules con-
nected by a dense ring (Mansir and Justine, 1995),
while in Gastromermis sp., it is comprised of nine dou-
blets (Poinar and Hess-Poinar, 1993).
Recombination nodules: Recombination nodules are

electron-dense structures located in the central region,
or attached to the lateral elements, of SCs (Fig. 2). They
are approximately 100 nm in diam. and were first dis-
covered in Drosophila (Carpenter, 1975). Recombina-
tion nodules are observed during zygotene and pachy-
tene of Prophase I of meiosis, at which time crossing-
over has occurred. There may be a direct correlation
between the presence of RNs and the location of chi-
asmata in most organisms (Ashley, 1994). In nema-
todes, there is no correlation between the length of the
SCs and the occurrence of RNs (Goldstein and Trian-
taphyllou, 1995).
In mammals, recombination nodules exist at two

separate times during Prophase I. “Early” RNs form at
zygotene and facilitate homologous chromosome pair-
ing along with the formation of the SC. “Late” RNs
mediate reciprocal recombination resulting in crossing-
over and chiasmata formation. These two types are
morphologically distinct, such that the early RNs are
spherical nodules and the late RNs are bar-shaped
(Ashley, 1994). In the present study involving only
nematodes, only spherical RNs were observed; however,
their exact role has yet to be determined.
Spherical RNs have been identified in Meloidoigyne

hapla (Goldstein and Triantaphyllou, 1978) and M.
spartinae (Goldstein and Triantaphyllou, 1995). One
study has shown putative RNs in A. suum (Bogdanov,
1977); however, this was not seen by Goldstein (1977).
This may be a real difference between subspecies. Re-
combination nodules were not observed in the amphi-
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mictic nematodes M. microtyla, M. carolinensis, and M.
megatyla.
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