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High heterochromatin content in somatic chromosomes of two
unrelated species of Diplopoda (Myriapoda)
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For the first time, a conventional analysis of C-
banded karyotypes was carried out in two distantly
related diplopod species; this revealed an impress-
ive percentage of heterochromatin in both genomes.
In Acanthopetalum sicanum (Order Callipodida)
(2n = 12), heterochromatin constitutes about 60% of
the total DNA in females and 56% in males, whereas
in Enologus oxypygum (Order Julida) (2n=22) it is
about 67% in both sexes. Heterochromatin of the
two species was found to be similar in base compo-
sition (AT rich) and heterochromatin distribution,
indicating that it has accumulated in a species-
specific manner. Sex-determining mechanisms of
the XY type were detected in both A. sicanum and E.
oxypygum. In A. sicanum, the Y presented the
lowest heterochromatic content of all chromosomes
in the karyotype, whereas the X presented the high-
est.
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Introduction

Molecular analyses have shown that C-heterochromatin
regions in plants and animals consist of short tandemly
repeated sequences that are predominantly composed
on non-transcribed satellite DNA (e.g. Cionini et al.
1985, Arnold & Shaw 1985). It has also been demon-
strated that constitutive heterochromatin has a typical
and non-random distribution within a given genome
(e.g. John et al. 1985).

The idea of heterochromatin equilocality was initially
based solely on the locations of C-positive regions
within a complement (Heitz 1935). Later, studies on
both plants (Dover & Flavell 1984, Dover 1986, Kenton
1991) and animals (John & King 1983, John et al. 1985),
combining this technique with fluorescent DNA-binding
dyes of different specificities, such as DAPI (AT specific)
and CMA3 (GC specific), led to a more refined view of
heterochromatin distribution. For example, heterochro-
matic regions in the plant Gibasis karwinskyana (Comme-
linaceae) were found not only to be equilocally
distributed in the karyotype but also to agree in base

composition (AT rich) (Kenton 1991), while heterochro-
matins with either similar or different fluorescence
behaviour were seen to be accumulated at similar sites
in acridid grasshoppers (John et al. 1985).

Other than the above-mentioned paper of John et al.
(1985) and other relevant papers concerning Insecta (i.e.
Juan et al. 1990, Ugarkovic et al. 1994), there are few
exhaustive studies of heterochromatin differentiation in
other phyla of invertebrates using combined C-banding,
staining with fluorochromes and chromosomal digestion
with restriction endonucleases (REs). Among these few,
the most important deal with the identification of six
different types of heterochromatin in the mussel (Bival-
via) Mytilus galloprovincialis (Martinez-Lage et al. 1994),
the existence of chromosomal markers in three different
species of the genus Mytilus (Martinez-Lage et al. 1995)
and supernumerary chromosomes of Nephros norvegicus
(Crustacea, Decapoda) (Deiana et al. 1996).

Millipedes are invertebrates belonging to the class
Diplopoda whose most characteristic feature is the
presence of many legs arranged in two pairs per body
segment (diplosegments). They are usually found under
leaf litter or stones or just below the soil surface
(Hopkin & Read 1992). Although abundant in many
parts of the world, diplopods have not been fully
investigated cytologically, probably because of difficul-
ties in obtaining chromosome spreads. As far as we
know, only chromosome numbers in spermatocytes
from about 60 species have been determined (Akar
1984, 1986, 1987).

The present study shows that heterochromatin is not
only present in impressive amounts in the genomes of
the distantly related species Acanthopetalum sicanum and
Enologus oxypygum but also as a species-specific mode
through which it has accumulated in the two species.
The heterochromatin pattern of each species was first
determined by C-banding and then explored using the
fluorochrome DA/DAPI in an attempt to elucidate
heterochromatin composition. The heterochromatic
DNA of A. sicanum was also analysed after digestion
with the enzyme Haelll (5'-GGCC-3'), and nucleolus
organizer regions of the two species were characterized.
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Materials and methods

A. sicanum and E. oxypygum are diplopods belonging to the
orders Callipodida and Julida respectively. Details on the
biology of these organisms have been compiled by Hopkin &
Read (1992).

Specimens of A. sicanum (156 males and 194 females) and of
E. oxypygum (130 males and 145 females) were collected from
1992 to 1995 under stones and from leaf litter in the Botanic
garden of Palermo (Sicily, Italy) and processed at the Institute
of Zoology, University of Palermo. In Callipodida, male speci-
mens were identified by the presence of gonopods and in
Julida by the modified first pair of legs, which form a ‘crotchet-
like’ structure (Hopkin & Read 1992).

Somatic chromosomes were prepared by means of the air-
drying technique (Vitturi et al. 1991) from tissues of the midgut
wall, dissected from animals previously immersed in fresh-
water colchicine solution (0.1%) at room temperature for
90 min. The slides were treated with various staining tech-
niques within 1 week of their preparation.

Conventional staining of chromosomes followed current
methods (Vitturi et al. 1991): BSG C-banding (Sumner 1972);
Ag-NOR staining (Howell & Black 1980); DAPI staining
(Schmid et al. 1983); Haelll restriction enzyme digestion
(Mezzanotte et al. 1983).

Chromosomes were classified by the criteria of Levan et al.
(1964).

Results

Acanthopetalum sicanum (2n = 12)

A diploid number of 12 chromosomes was determined
from Giemsa-stained preparations. The very large chro-
mosomes could be arranged into five homomorphic
pairs (pairs nos 1-5) of continuously decreasing length
plus a sex chromosome pair that was heteromorphic in
the males (XY) (Figure la) and homomorphic in the
females (XX) (Figure 1b). Autosomes consisted of four
metacentric pairs (pairs nos 1, 2, 4 & 5) and of one pair
(pair no. 3) only tentatively identified as metacentric
because of the tight pairing of sister chromatids (Figure
1a). The sex pair consisted of metacentric chromosomes,
of which the X was the largest in the complement and
the Y the smallest (Table 1) (Figure 1a).

Specific staining with silver nitrate of either Giemsa-
stained (Figure la) or C-banded (Figure 2a) chromo-
somes clearly localized nucleolar organizer regions
(NORs) in a slightly subterminal position of the C-
positive arm of pair no. 3 (Figures 1a & 2a, see arrows).

Analysis with barium hydroxide (C-banding) re-
vealed that each chromosome of A. sicanum possessed
large amounts of constitutive heterochromatin (Figure
2a). Ten high-quality C-banded metaphases of one male
was selected for measurements of the haploid chromo-
some length and the length of the corresponding
heterochromatic regions (5A +X+Y) (Table 1).” An
average total chromosome length of the diploid karyo-
type of 89.6 um and an average heterochromatin length
of 53.4 um were found in the female (5AA + XX); an
average total chromosome length of the diploid karyo-
type of 84 um and an average heterochromatin length of
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46.9 um were found in the male (S5AA +XY). This
implies that in the females heterochromatin constitutes
about 60%, while in the males 56% of total chromatin.

Whereas the X chromosome and autosomes contained
large amounts of constitutive heterochromatin (Figure
2a), very little heterochromatin was located in the Y
chromosome, which, besides a small and faint C-band
in the centromeric region, was completely euchromatic
and presented the lowest heterochromatic amount of all
chromosomes in the karyotype (Figure 2b) (Table 1).

Centromere-symmetric heterochromatin could be ob-
served in all chromosome pairs except pair no. 3. In this
pair heterochromatin occupied an entire arm (the NOR-
bearing one), except a small distal euchromatic region
mainly detectable in decondensed chromosomes (Figure
2a, see underlined pair 3), plus a medium-large region
of the other arm (Figure 2a).

After digestion with Haelll enzyme, chromosomal
regions previously identified as heterochromatic using
the C-banding appeared to be undigested and well
stained (Figure 3):

In DA/DAPI-stained metaphases, the fluorescence in
all heterochromatic regions was distinctly higher than
that in euchromatic chromosomal segments (Figure 4),
and this intensity along the entire heterochromatic
region was uniform.

Enologus oxypygum (2n = 22)

The diploid chromosomal number was found to be
2n = 22. As in A. sicanum, in E. oxypygum, the chromo-
somes were large so that they often overlapped. The
morphology of these chromosomes was not easy to
determine because sister chromatids were tightly
paired. Hence, the chromosomes of E. oxypygum could
be tentatively arranged into ten homomorphic pairs
(autosomes), which were identified as metacentric or
submetacentric from analysis of several spreads, and
one small-sized pair that was heteromorphic in the
males (XY) (Figure 5a) and homomorphic in the females
(XX) (Figure 5b). The X chromosomes was metacentric
and slightly larger than the Y, which was submeta-
centric.

Analysis with silver nitrate of a few Giemsa-stained
metaphases showed positive Ag signals on five chromo-
somes (Figure 6), of which only two were identified as
homologues because of their resemblance in morph-
ology and size. NORs were terminally located in four
chromosomes (Figure 6, see arrows) and interstitially
located in one chromosome. Additional Ag signals seem
to occur in two chromosomes. Because the silver pattern
of this species mainly includes unpaired chromosomes,
NOR polymorphism may occur in E. oxypygum.

A characteristic pattern of very large C-positive
blocks could be observed (Figure 7a & b). These
constantly occupied one entire arm of all chromosomes
and, except for a few pairs, small pericentromerical
regions of the other arm. As chromosomes of pairs from
5 to 10 and the X chromosome could hardly be
identified, only average total chromosome length of
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Figures 1-4. Mitotic chromosomes of Acanthopetalum sicanum. Giemsa-stained male karyotype (Figure 1a, arrows
indicate silver-stained chromosomes of pair 3). Giemsa-stained female sex chromosome pair (Figure 1b). C-banded
female karyotype (Figure 2a, arrows indicate silver-stained chromosomes of pair No. 3; decondensed chromosomes
of pair 3 showing C-positive arm with distal euchromatic regions are underlined). C-banded male metaphase (Figure
2b). Metaphase after Haelll enzyme digestion (Figure 3). DAPI stained metaphase (Figure 4) (Bar = 10 um).

80.8 um and average length of 54.2 um of the total
heterochromatin from ten C-banded metaphases of one
male was measured. Thus, heterochromatin was about
67% of the total genome size in the males (10AA + XY),
whereas the heterochromatin percentage in female
specimens was almost equal that in male specimens
because the sex pair was composed of chromosomes
very similar in size and with almost identical hetero-
chromatin amounts (Figure 7c).

As observed in A. sicanum, in E. oxypygum also, DAPI
staining showed heterochromatin with a uniform fluor-

escence intensity distinctly higher than that of the
euchromatic regions (Figure 8).

Discussion

The unrelated diplopod species A. sicanum and E.
oxypygum are extremely attractive for cytogenetic stud-
ies both because they possess long chromosomes and
because their heterochromatin is abundant. In fact,
heterochromatin in A. sicanum constitutes about 60%
and 56% of the total female and male genome length,
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Table 1. Eu- and heterochromatin absolute lengths, arm ratio and centromere position of Acanthopetalum sicanum*

Chromosome Length (um) Arm ratio Centromere position
Euchromatin Heterochromatin Total +£ SD
1 1.6 6.6 82+23 1.23 M
2 3.5 3.7 7.3+ 1.1 1.30 M
3 25 4.3 6.8+2 1.16 M
4 3.8 2.1 59+1.9 1.03 M
5 3.5 2.4 594109 1 M
X 3.2 7.4 10.6 +2.4 1.23 M
Y 4.5 0.5 5+1.9 1.05 M

*The chromosomes of 10 high-quality C-banded metaphases from the midgut wall of one male animal were used for the
measurements.
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Figures 5-7. Mitotic chromosomes of Enologus oxypygum. Giemsa-stained male karyotype (Figure 5a). Giemsa-
stained female sex chromosome pair (Figure 5b). Silver-stained metaphase (Figure 6, arrows indicate terminal
NORs). C-banded female metaphase (Figure 7a). C-banded female karyotype (Figure 7b). C-banded male sex
chromosome pair (Figure 7¢). (Bar = 10 um).

respectively, and in E. oxypygum about 67% of the total  ered as exceptional, heterochromatin is only about 40%
genome in both sexes. In the tree frog Agalychnis and 50% of the whole genome respectively.

callidryas (Schmid et al. 1995) and in the mealworm This study suggests that heterochromatin distribution
beetle Tenebrio molitor (Petitpierre et al. 1988), consid-  reflects two different species-specific modes through
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Figure 8. DAPI-stained mitotic metaphase of E. oxypy-
gum (Bar =10 um).

which heterochromatin has accumulated in both diplo-
pod species. In A. sicanum, heterochromatin is typically
distributed symmetrically with respect to the centromere
in the X chromosome and all autosomes except pair no. 3
and is centromerical in the Y (Figure 9A). In E. oxypygum
on the other hand, heterochromatin is accumulated
asymmetrically with respect to the centromere in all
chromosomes, including the sex pair (Figure 9B).

On the whole, these different modes of heterochro-
matin accumulation in the diplopod species here inves-
tigated, irrespective of heterochromatin functions, may
be the expression of a general karyoevolutionary trend
towards an increase in karyotype symmetry (Stebbins
1950).

Evidence from this study strongly indicates that the
karyoevolutionary tendency towards an increase of the
heterochromatin amount, although expressed to a dif-
ferent degree in the two species, also involved those

9A A. sicanum
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pairs that have been identified as the sex chromosome
pairs. Whether the heteromorphism of the sex chromo-
somes is the result of a loss of amplified heterochroma-
tin, as reported in the marsupial frogs G. walkeri and G.
ovifera (Schmid et al. 1988), or of a lack of heterochroma-
tin amplification cannot be evaluated from the available
data. However, whatever the process operating in the
constitution of the heteromorphic pair, it certainly
involves the Y chromosome in both species.

It is worth remarking that, like G. walkeri and G.
ovifera (Schmid et al. 1988), A. sicanum and E. oxypygum
also present examples of Y chromosomes with less
heterochromatin than the X chromosomes. This con-
trasts with most amphibian Y chromosomes and the Y
or W chromosomes of most other vertebrates with only
a few exceptions in fish (e.g. Phillips & Ihssen 1985,
Lloyd & Thorgaard 1988) and reptiles (Bull 1978, Sites et
al. 1979). As in G. walkeri and G. ovifera (Schmid ef al.
1988), in A. sicanum the Y contains the smallest amount
of heterochromatin of all the chromosomes. Moreover,
as the X contains the highest amount of heterochroma-
tin, then total diploid heterochromatin in males is 5%
lower than in females (Table 1).

The uniform fluorescence intensity, which was dis-
tinctly higher than that of euchromatin detected with
DAPI in every heterochromatin region of A. sicanum
and E. oxypygum, would suggest that the repetitive
DNA of these species is not only peculiarly distributed
but also agrees in base composition (AT rich). Re-
sponses to DAPI staining similar to those reported here
have been obtained in the chromosomes of the meal-
worm beetle Tenebrio molitor (Juan et al. 1990), the
mouse Mus musculus (i.e. Mezzanotte & Ferrucci 1984)
and the plant Gybasis karwinskiana (Kenton 1991).

Finally, although the in sifu digestion using only one
restriction enzyme is not sufficient to provide exhaus-
tive information on the relative composition of hetero-
chromatic DNA, the enzyme Haelll (GG/CC) digestion
of mitotic chromosomes in A. sicanum seems to support
results obtained with fluorochrome DAPI, i.e. that the
heterochromatic DNA of this species is poor in GC base
pairs. In fact, Haelll digestion produces a C-band-like

9B E. oxypygum
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Chromosome pair

Figure 9. Diagrammatic representation of karyotypes and C-bands determined in somatic metaphase chromosomes
of males of A. sicanum (A) and E. oxypygum (B). White sectors, euchromatin; dark sectors, constitutive

heterochromatin.
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band pattern, the heterochromatin of this species
appearing undigested and well stained.
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