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Abstract
Nephilid systematics has been subject to several changes in the last years, and the use of non-classical characters could be
useful for evolutionary considerations. In this study, we analyzed the mitotic chromosomes of two nephilid spiders, Nephila
clavipes and Nephila sexpunctata, using standard staining, silver nitrate impregnation and C-banding techniques, aiming to
discuss the chromosomal similarities of Nephilidae and Tetragnathidae, and chromosome evolution within Nephila and
Nephilingis. The basic karyotype characteristics observed in these two species (2n♂ = 22 + X1X20 and monoarmed
chromosomes) were similar to those registered for most araneoid families, i.e., Araneidae, Linyphiidae, Nephilidae,
Nesticidae and Tetragnathidae. However, the occurrence of both prominent secondary constrictions and nucleolar organizer
regions (NORs) is a shared characteristic between Nephilidae and Tetragnathidae, considering that these regions were not
observed in any other Araneoidea species cytogenetically examined. Furthermore, in the present study we showed that
within Nephila and Nephilingis species, change in the number and location of NORs as well as in the quantity and
distribution of constitutive heterochromatin were the main events responsible for chromosome evolution, and that these
differences can be useful in the cytotaxonomy of this group.
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Introduction

Nephilids are araneoid spiders whose composition,
taxonomical ranking, internal and external relation-
ships, and genera monophyly have been intensively
discussed in the last years (Wunderlich 2004;
Kuntner 2006; Kuntner et al. 2008, 2013; Álvarez-
Padilla et al. 2009; Dimitrov & Hormiga 2009;
Dimitrov et al. 2009; Hormiga & Griswold 2014).

Several hypotheses have considered nephilids as
part of Tetragnathidae and composed of
(Phonognatha (Clitaetra (Nephila (Herennia +
Nephilengys)))) (Hormiga et al. 1995; Griswold
et al. 1998; Álvarez-Padilla 2007; Dimitrov &
Hormiga 2009). According to Wunderlich (2004),
nephilids are a sister group to Araneidae. Kuntner
(2006) proposed a new taxonomical ranking for the

nephilids, raising them to familial status –

Nephilidae – constituted of (Clitaetra (Herennia
(Nephilengys + Nephila))). Álvarez-Padilla et al.
(2009) and Dimitrov et al. (2009) corroborated the
monophyly of Nephilidae and their placement out-
side Tetragnathidae, as sister group to Araneidae,
with an internal topology similar to that proposed
by Hormiga et al. (1995), Griswold et al. (1998),
Álvarez-Padilla (2007) and Dimitrov and Hormiga
(2009), with the exclusion of Phonognatha. A recent
phylogenomic analysis, aiming to discuss the orb-
weavers monophyly (Bond et al. 2014), shows a
cladogram with Nephilidae closer to Araneidae
than to Tetragnathidae. However, except for a brief
mention on the position of Theridiidae, the internal
Araneoidea phylogeny is not discussed, because,
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according to these authors, denser taxon sampling is
needed for a number of these clades.

Kuntner et al. (2013) confirmed Nephilidae as a
monophyletic group and refused its placement as a
Tetragnathidae subfamily, considering that the clade
seems to be more closely related to “araneids” than
to tetragnathids. Moreover, Kuntner et al. (2013)
rejected the monophyly of Nephilengys, transferring
some species to a new genus, Nephilingis. The mono-
phyly of Nephila was also strongly questioned, but in
this case, the author chose not to formally reclassify
those species, which may not belong to this genus.
Thus, Kuntner et al. (2013) denominated those spe-
cies as the “Nephila” clade and proposed two alter-
native topologies: ((Nephilengys + Herennia) (Nephila
(“Nephila” (Clitaetra + Nephilingis)))) or
((Nephilengys + Herennia) (Nephila (Nephilingis
(Clitaetra + “Nephila”)))).

The World Spider Catalog (2015) lists 61 species
of Nephilidae, now included in five genera: Clitaetra
(six species from Africa/Asia), Herennia (11
Australasian species), Nephila (38 species with a
worldwide distribution), Nephilengys (two
Australasian species) and Nephilingis (four
Afrotropical/South American species).

Cytogenetically, only Nephila clavata L. Koch,
1878, from Japan/India, and Nephilingis cruentata
(Fabricius, 1775), under Nephilengys cruentata
(Fabricius, 1775), from Brazil, were analyzed, both
presenting 2n♂ = 24 and/or 2n♀ = 26, with the
X1X20/X1X1X2X2 sex chromosome system, and
telo-acrocentric chromosomes (Suzuki 1950, 1951;
Datta & Chatterjee 1988; Araujo et al. 2005). It is
worthy to note that Nephila clavata as well as the
South American Nephila clavipes (Linnaeus, 1767)
and Nephila sexpunctata (Giebel, 1867) might be
formally reclassified soon, and are provisionally trea-
ted as part of the “Nephila” clade by Kuntner et al.
(2013).

The aim of this paper is to chromosomally char-
acterize the two other nephilid species that occur in
Brazil, both belonging to the genus Nephila: N. cla-
vipes and N. sexpunctata, to determine the diploid
number, type of sex chromosome system, chromo-
somal morphology, distribution of C-banding and
nucleolar organizer regions (NORs), in order to dis-
cuss the nephilid chromosomal evolution.

Material and methods

The sample studied in this work included: 28 specimens
of N. clavipes (10 adult females and 18 embryos – 13
males and five females) from Rio Claro (22°24ʹ39” S,
47°33ʹ39”W), state of São Paulo, Brazil, and 14 indivi-
duals of N. sexpunctata (six adult females and eight

embryos – three males and five females) from Tupã
(21°56ʹ06” S, 50°30ʹ50” W), state of São Paulo,
Brazil. Many attempts were made to obtain chromoso-
mal preparations of male adult specimens, but the lack
of mitotic and meiotic cells indicated that the sperma-
togenesis occurs in an early developmental stage in these
species, as suggested by Araujo et al. (2005) for N.
cruentata. The vouchers were deposited in the
Laboratório Especial de Coleções Zoológicas, Instituto
Butantan (IBSP), city of São Paulo, state of São Paulo
(SP), Brazil (curator A.D. Brescovit). The chromoso-
mal preparations were obtained from ovaries of adult
females and from embryos, following the procedure
described byAraujo et al. (2008): gonads were dissected
in physiologic solution for insects (7.5 g Sodium
Chloride (NaCl), 2.38 g Sodium phosphate dibasic
(Na2HPO4), 2.72 g Potassium dihydrogen phosphate
(KH2PO4), in 1 L of distilled water), transferred to
colchicine solution (0.16% in physiologic solution for
insects) and left for 2 h. A volume of hypotonic solution
(tap water) equal to that of the colchicine solution was
added. After 15min of hypotonization, the material was
placed in methanol:acetic acid (3:1) for 60 min. Pieces
of tissuewere dissociated in a drop of 60%acetic acid on
the surface of microscope slides. The preparation was
dried on a metal heating plate (35–40°C) and stained
with 3% Giemsa solution.
To establish the constitutive heterochromatin and

nucleolar organizer region (NOR) distribution pat-
tern, the chromosomes were submitted to C-banding
(Sumner 1972) and silver nitrate impregnation
(Howell & Black 1980), respectively. The images of
the chromosomes were captured using an Olympus
BX51 microscope coupled to an Olympus DP71
digital camera with the DP Controller software.
The chromosomes were morphologically classified
following Levan et al. (1964).

Results

Mitotic metaphase cells of N. clavipes and N. sex-
punctata showed 2n = 26 in female adult individuals
and female embryos, and 2n = 24 in male embryos
(Figure 1). The chromosomes presented telo-acro-
centric morphology and gradually decreased in size.
The sex chromosomes were not identified in
Giemsa-stained cells due to the lack of differential
characteristics in relation to the autosomes, such as
size, condensation and pycnotic behavior. However,
the diploid numbers observed in the sample of cells
investigated, and the C-banding pattern, revealed
that the sex chromosomes of the X1X20/X1X1X2X2

system corresponded to the largest elements of the
karyotype. Giemsa-stained cells showed secondary
constriction in the terminal region of the X1 and X2
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sex chromosomes of both species and pairs 1 and 2
of N. sexpunctata (Figure 1). An intraindividual het-
eromorphism in relation to the presence and/or size
of these secondary constrictions were observed in
both species.

C-banded metaphase cells showed constitutive het-
erochromatin in the pericentromeric region of all
chromosomes (Figure 1B, E and G). In the X1 and
X2 sex chromosomes of N. sexpunctata, the constitu-
tive heterochromatin extended to the

Figure 1. Karyotypes of Nephila clavipes (A-C) and Nephila sexpunctata (D-G) stained with Giemsa (A, C, D, F) and submitted to C-banding
(B, E, G). A, B, D, E, male, with 2n = 22 + X1X20. C, F, G, female, with 2n = 22 + X1X1X2X2. The details in c and f show the
heteromorphism in relation to the size of secondary constrictions. Arrowhead: secondary constriction. Large arrow: constitutive hetero-
chromatin in paracentromeric region of long arm. Small arrow: constitutive heterochromatin in terminal region of long arm. Scale bar:
10 µm.
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paracentromeric region of the long arm; in the X2

chromosome, this paracentromeric block was larger
than in the X1 chromosome (Figure 1E and G).
Moreover, in both species, some chromosomes exhib-
ited a telomeric C-band in the long arm, which were
tenuous in autosomal pairs 2, 7 and 11 and sex chro-
mosomes ofN. clavipes (Figure 1B), and pairs 1, 2, 4,
5, 6, 7 and 11 of N. sexpunctata (Figure 1E and G).
The telomeric C-bands in the sex chromosomes of
both species and pairs 1 and 2 of N. sexpunctata were
coincident with the secondary constriction.

The silver impregnation revealed six and eight
NORs in male and female metaphase cells of N.
clavipes, respectively, which were located on the
long-arm terminal region of pairs 5, 6, X1 and X2

chromosomes (Figure 2A–F); in N. sexpunctata, 14
and 16 NORs localized on autosomal pairs 1, 2, 3, 5,
6, 11 and X1 and X2 sex chromosomes were
observed in cells of males and females, respectively
(Figure 2G–L). The NORs located on X1 and X2 sex
chromosomes of N. clavipes seemed to be larger than
those of N. sexpunctata (Figure 2D, F, H, J and L).
The NORs on sex chromosomes of both species, and
on the first and second autosomal pairs of N. sex-
punctata, were coincident with the secondary con-
strictions and constitutive heterochromatin.

Discussion

Nephilidae chromosomes and araneoid karyotype
evolution

The Nephila species studied here presented karyo-
type characteristics (2n♂ = 22 + X1X20 and mono-
armed chromosomes) similar to those described for
the other nephilids chromosomally analyzed up to
now: Nephila clavata (Suzuki 1950, 1951; Datta &
Chatterjee 1988) and Nephilingis cruentata (under
Nephilengys cruentata – Araujo et al. 2005). These
chromosomal features seem to be conserved within
Araneoidea, considering that they were also observed
in all six araneoid spider families cytogenetically
examined: Araneidae, Linyphiidae, Nephilidae,
Nesticidae, Tetragnathidae and Theridiidae (Araujo
et al. 2015). With the exception of Theridiidae, in
which 2n♂ = 20 + X1X20 predominates, the
2n♂ = 22 + X1X20 occurs in most species of the
other five araneoid families analyzed, along with less
frequent karyotype formulae (for a review, see
Araujo et al. 2015). It is true that the karyotype
2n♂ = 22 + X1X20, with monoarmed chromosomes,
was also recorded in many other Entelegynae
families. However, except in Cybaeidae, Mimetidae
and Psechridae for which only one species has been
karyotyped, there are no entelegyne families in which

these chromosomal characteristics are the most fre-
quent (Araujo et al. 2015). The chromosome num-
bers registered in Uloboridae, which together with
Deinopidae forms Deinopoidea, the sister group to
Araneoidea (Griswold et al. 1998), are markedly low
(2n = 10, 17, 18, 19 and 22; Araujo et al. 2015).
Considering that the 2n♂ = 24 was found in all
analyzed araneoids and was absent in Uloboridae,
the karyotype 2n♂ = 22 + X1X20, with monoarmed
chromosomes, could be hypothesized as ancestral for
Araneoidea. However, it is worth pointing out that
there is no cytogenetical data for seven araneoid
families: Anapidae, Cyatholipidae, Mysmenidae,
Pimoidae, Symphytognathidae, Synotaxidae and
Theridiosomatidae (Araujo et al. 2015).
Taking into account that the ancestral karyotype

proposed for entelegyne spiders is 2n♂ = 42, X1X20,
with monoarmed elements (Král et al. 2006), both
araneoids and uloborids underwent chromosomal
rearrangements that reduced their diploid numbers,
but to different degrees, with the number becoming
lowest in species of the family Uloboridae. Given
that the chromosomal morphology, excluding some
very few cases, is also monoarmed in araneoid spi-
ders (Araujo et al. 2015), tandem fusions and/or
centric fusions followed by pericentric inversions
seem to be the rearrangements involved in these
reductions of diploid number. Centric fusion is a
well-documented mechanism that commonly under-
lies the karyotype evolution of spiders, as registered
in some araneids with 2n♂ = 14 (10 biarmed and
four monoarmed chromosomes), a karyotype that
certainly evolved from the 2n♂ = 24 (all monoarmed
chromosomes) (Hackman 1948; Suzuki 1951;
Amalin et al. 1993), and in one araneid specimen
of Parawixia velutina (Taczanowski, 1873), which
was heterozygous for a centric fusion, presenting an
odd metacentric element in the karyotype (Araujo
et al. 2011). Evidence of several pericentric inver-
sions were encountered by Stávale et al. (2010) in
Argyrodes elevatus Taczanowski, 1873 (Theridiidae),
in which all 20 autosomal chromosomes are
biarmed, contrasting with the majority of theridiid
species, in which all 20 autosomes are monoarmed
(Araujo et al. 2015).

Chromosomal data and Nephilidae placement within
araneoids

Considering that the karyotype 2n♂ = 24, X1X20,
with monoarmed chromosomes, recorded in all
nephilid species analyzed up to now (Suzuki
1950, 1951; Datta & Chatterjee 1988; Araujo
et al. 2005; present work), is similar to that pre-
dominantly found in tetragnathids and araneids
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(Araujo et al. 2015), the basic cytogenetic data
available do not provide additional clues into the
question of the position of nephilids within
Araneoidea, whether they are more closely related
to Tethagnathidae or Araneidae (Hormiga et al.
1995; Griswold et al. 1998; Wunderlich 2004;
Kuntner 2006; Kuntner et al. 2008, 2013;

Álvarez-Padilla et al. 2009; Dimitrov & Hormiga
2009; Dimitrov et al. 2009). Nevertheless, the pre-
sence of sex chromosomes with prominent second-
ary constrictions in both Nephila species studied
here, and in Meta and Metellina species
(Tetragnathidae) investigated by Král et al.
(2011), is at least one shared character between

Figure 2. Mitotic chromosomes of Nephila clavipes (A–F) and Nephila sexpunctata (G–L) stained with Giemsa (A, C, E, G, I, K) and
submitted to silver impregnation (B, D, F, H, J, L). A, B, male, with 2n = 22 + X1X20. C, D, G, H, female, with 2n = 22 + X1X1X2X2.
Arrowhead: nucleolar organizer regions. Scale bar: 10 µm.
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Nephilidae and Tetragnathidae. Those regions
were not described on sex chromosomes in any of
the 14 species of Araneidae, Linyphiidae,
Nesticidae and Theridiidae that were cytogeneti-
cally analyzed with similar procedures to that
employed here (Matsumoto 1977; Tugmon et al.
1990; Gunnarsson & Andersson 1992; Araujo et al.
2010, 2011; Stávale et al. 2010; Zhao et al. 2010).
The importance of sharing secondary constrictions
on sex chromosomes is still more relevant when we
notice that these regions are also related to NORs,
as revealed by silver impregnation in the species
analyzed here and in the tetragnathid spiders exam-
ined by Král et al. (2011). The proposition of an
X-linked NOR as a synapomorphy to Nephilidae +
Tetragnathidae was pointed out by Král et al.
(2011), considering that this NOR pattern was
not observed in any entelegyne spiders. The
absence of secondary constrictions in Nephila cla-
vata can be due to the fact that Suzuki (1950)
presented the karyotype data only in a short table,
without detailed descriptions of chromosome fea-
tures. Suzuki (1951) analyzed only male meiotic
divisions that are not adequate to see these regions.
Moreover, in Suzuki (1951) and Datta and
Chatterjee (1988), the methods did not include
all steps used in the present work, which are ideal
for visualizing chromosomal regions such as sec-
ondary constrictions.

NOR and constitutive heterochromatin evolution in
nephilids

In spiders, NORs are usually located on autosomes
(Araujo et al. 2012). This condition can be consid-
ered basal for the clade composed of (“Nephila”
(Nephilingis + Clitaetra)). In Nephilingis, conspicuous
NORs remained exclusively on pairs 1, 2 and 3 of N.
cruentata, as revealed by Araujo et al. (2005). If one
assumes that these are autosomal pairs, in the
“Nephila” species studied here, the rDNA cistrons
probably underwent translocation from autosomes to
sex chromosomes, taking into account that both
types of chromosomes possess NORs. This auto-
some-sex chromosome rDNA translocation is even
more remarkable in N. clavipes (“Nephila” African
clade, Kuntner et al. 2013), due to two features: (1)
N. clavipes possess a lower number of autosomes
carrying NORs (two pairs) than the basal N. sexpunc-
tata (six pairs) (“Nephila” Australasian clade,
Kuntner et al. 2013); (2) in N. clavipes, the NORs
on X1 and X2 chromosomes are larger than those
observed on sex chromosomes of the basal
N. sexpunctata.

However, we cannot exclude the possibility that
the pairs 1 and 2 of N. cruentata analyzed by Araujo
et al. (2005) are, in fact, the sex chromosomes,
because in that work, the authors did not identify
the sex chromosomes The eventual confirmation of
NORs on sex chromosomes of N. cruentata would be
an additional chromosome similarity between
Nephilidae and Tetragnathidae. Association of
NORs with constitutive heterochromatin, as encoun-
tered in both “Nephila” species (present work) and
Nephilingis (under Nephilengys, Araujo et al. 2005),
reinforces the proposition that translocations were
involved in the change of NORs from autosomes to
sex chromosomes (Cerbah et al. 1998; Lohe &
Roberts 2000). Interestingly, a high rate of rDNA
cistron translocation between autosomes and sex
chromosomes, as verified here and by Král et al.
(2011), was accompanied by a high evolution rate
in the ribosomal genes (18S and 28S) in nephilids,
when compared with the outgroups, as stated by
Kuntner et al. (2013).
The pericentromeric C-banding pattern verified in

the chromosomes of N. clavipes and N. sexpunctata is
similar to that described for the majority of
Entelegynae spiders analyzed regarding this aspect
(Brum-Zorrilla & Cazenave 1974; Brum-Zorrilla &
Postiglioni 1980; Rowell 1985; Datta & Chatterjee
1988; Gorlova et al. 1997; Rodríguez-Gil et al.
2007), including the nephilid N. clavata (Datta &
Chatterjee 1988) and the tetragnathid Metellina mer-
ianae (Scopoli, 1763) (Král et al. 2011).
Nevertheless, this pattern differs from that recorded
by Araujo et al. (2005) in N. cruentata, in which the
C-bands were absent from the pericentromeric
region of most chromosomes, and occurred predo-
minantly in interstitial and/or telomeric regions of
some chromosomes. This notable difference in the
C-banding pattern between Nephila and Nephilingis
indicated that change in the quantity and distribu-
tion of constitutive heterochromatin is also involved
in chromosome evolution of these related species
with similar karyotype features.
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